TABLE OF CONTENTS

VOLUME I

Foreword

P. Cox & M.F. Kessler . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . i

OPENING ADDRESS & CONFERENCE SUMMARIES

The long road towards ISO’s success

L. Woltjer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

The Milky Way as seen by ISO

M. Harwit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

Galaxies as seen by ISO

R. Genzel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

INSTRUMENTS

The ISO mission: past and future

M.F. Kessler . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

Summary of ISO SWS performance and science highlights

Th. de Graauw . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

The ISO Long-Wavelength Spectrometer: description, performance and highlights P.E. Clegg . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

ISOCAM: first assessment after the end of the mission

C.J. Cesarsky . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

ISOPHOT - performance, results and outlook

D. Lemke & U. Klaas . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

Instruments: Posters

Transient correction of the ISOCAM data with the Fouks-Schubert model: first results A. Coulais & A. Abergel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

First results of the ISOPHOT observations of K-giants and G-dwarfs

G. Decin et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

Some peculiarities of the C100 detector

G. Decin et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

The ISOPHOT Interactive Analysis (PIA)

C. Gabriel & J.A. Acosta-Pulido . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

Polarization measurements with ISOPHOT: performance and first results U. Klaas et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

Aspects of LWS processing

S. Leeks et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

Calibration of the ISOCAM LW2 and LW3 filters using ELAIS stars V. Missoulis et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

ISOPHOT - photometric calibration of point sources

B. Schulz et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

FUTURE MISSIONS

ESA’s future plans in infrared and submillimetre astronomy

R.M. Bonnet et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

Next Generation Space Telescope and future missions

J.C. Mather & E.P. Smith . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

From IRTS to IRIS and beyond

H. Okuda . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

Stratospheric Observatory for Infrared Astronomy (SOFIA)

E.E. Becklin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

Scientific opportunities with SIRTF

M.W. Werner . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

SOLAR SYSTEM

Solar System observations

E. Lellouch . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

Oxygen in the stratospheres of the giant planets and Titan

H. Feuchtgruber et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

The Spectrum of Comet Hale-Bopp as seen by ISO

J. Crovisier et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

Fundamental thermal emission parameters of main-belt asteroids derived from ISO T.G. Müller et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

Solar System: Posters

Zodiacal light observations with ISOPHOT

P. Ábrahám et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

ISO observations of C_2H_2 on Uranus and CH_3 on Saturn

S.K. Atreya et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

Observations of hydrocarbons in the giant planets

B. Bézard et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

SWS Observations and detection of water vapour on Titan

A. Coustenis et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

ISO spectroscopic observations of short-period comets

J. Crovisier et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161

ISO observations of asteroids

E. Dotto et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165

Fluorescence in the 3 μm bands of methane on Jupiter and Saturn from ISO/SWS observations P. Drossart et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169

ISO observations of Mars: a determination of the water vapour vertical distribution Th. Encrenaz et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173

Observations of Jupiter with SWS: ammonia and hydrocarbons distributions T. Fouchet et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177

ISOPHOT observations of comet Hale-Bopp: initial data reduction

E. Grün et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181

First maps of comet Hale-Bopp in the far-infrared

S.B. Peschke et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 185

LWS observations of Mars - a search for rotational variability

S.D. Sidher et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 189

STARS

ISOPHOT observations of circumstellar disks around young stellar objects

M. Robberto et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 195

Vega-like stars

C. Dominik et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 203

ISOCAM spectro-imaging observations of the β-Pictoris dust disk

P.O. Lagage et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 207

The ISOGAL survey

A. Omont et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 211

ISO observations of AGB and post-AGB stars

L.B.F.M. Waters et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 219

Water in stars: expected and unexpected

T. Tsuji et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 229

ISO observations of V723 Cas and other classical novae in outburst A. Salama et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 233

Newly–synthesized elements and pristine dust in Cassiopeia A

E. Dwek et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 237

The heating and origin of grains in Cassiopeia A and SN 1987A R.J. Tuffs et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 241

ISO studies of luminous, early-type stars

P. Morris at al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 247

Stars: Posters

First detection of the cataclysmic variable AE Aquarii at 90 μm M. Abada-Simon et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 257

Search for cool circumstellar matter in the Ursae Majoris group with ISO P. Ábrahám et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 261

Far-infrared mapping of Herbig Ae/Be stars with ISO

P. Ábrahám et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 265

An ISOCAM-based search for brown dwarfs in the Hyades

B. Ali et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 269

Evolution and mass loss of AGB stars in the Magellanic clouds

J.A.D.L. Blommaert et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 273

Selected area galactic survey with ISOCAM

M. Burgdorf et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 277

Warm dioxides around O-rich AGB stars

J. Cami et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 281

Long carbon chains and small hydrocarbons in CRL 618

J. Cernicharo et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 285

Observational constraints on the origin of metals in cool DA-type white dwarfs R. Chary et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 289

Candidate young brown dwarfs observed by ISOCAM

F. Comerón et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 293

LWS and SWS spectra of the young triple system TY CrA

P. Corporon et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 297

ISOCAM observations of young supernova remnants

T. Douvion et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 301

ISO observations of XX Oph

A. Evans et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 305

The extended emission around GK Per – stranger and stranger

S. Eyres et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 309

Infrared observations of plerionic supernovae remnants: high-energy astrophysics with ISO Y.A. Gallant & R.J. Tuffs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 313

Circumstellar PAHs in IRAS 16594-4656: a new proto-planetary nebula with a strong 21 μm dust feature P. García-Lario et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 317

Molecular emission lines in Herbig Ae/Be stars

T. Giannini et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 321

Infrared radiative pumping of triatomic molecules in AGB stars

E. González–Alfonso & J. Cernicharo . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 325

SWS spectral classification of ordinary stars

A.M. Heras et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 329

ISO observations of globular clusters

M. Hopwood et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 333

The spatial distribution of cool dust in planetary nebulae

J.L. Hora & L.K. Deutsch . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 337

Mass loss along the giant branch of the globular cluster 47 Tuc

A. Jorissen et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 341

CO emission from shock and PDR in C-rich PN and post-AGB objects

K. Justtanont et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 345

Molecular absorption and emission in W Hya

K. Justtanont et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 349

The circumstellar disks around λ Bootis stars

I. Kamp & E. Paunzen . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 353

Sakurai’s object: ISO witnesses stellar evolution in “real-time”

F. Kerber et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 357

An ISOPHOT study of interstellar dust heated by red giant stars

T. Le Bertre et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 361

SWS observations and model atmospheres of carbon- and oxygen-rich AGB variables R. Loidl et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 365

ISOCAM and DENIS survey of 0.5 square degrees in the Bar of the LMC

C. Loup et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 369

IR spectral features of Herbig Ae/Be stars: correlation with other stellar properties G. Meeus & C. Waelkens . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 373

Model atmospheres of early type stars

F. Najarro et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 377

Time variation observations of ISO SWS spectra of two oxygen-rich Mira variables T. Onaka et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 381

SWS observations of the β Pictoris dust disk

E. Pantin et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 385

ISOCAM-CVF spectral images of the planetary nebulae NGC 6720 and NGC 6302 P. Persi et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 389

ISO’s (potential) view of the long-term evolution of classical novae

A. Salama et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 393

ISO observations of CH Cyg

H. Schild et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 397

Classification of silicate emission sources observed with SWS

R.F. Shipman et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 401

The infrared excess – age relationship: debris, a NASA key project

C. Spangler et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 405

ISO observations of the Magellanic Clouds globular clusters

T. Tanabé et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 409

The SWS post-helium programme: Extending the MK classification to the near infrared B. Vandenbussche et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 413

Properties of the dust emission of the planetary nebula NGC 6445

P.A.M. van Hoof et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 417

The peculiar 3.43 and 3.53 μm emission features towards HD 97048 and Elias 1 C. Van Kerckhoven et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 421

Infrared mapping of the dust around main sequence stars

H.J. Walker et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 425

The unusual carbon-rich dust around the R CrB variables

H.J. Walker at el. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 429

A silicate carbon star as seen by ISO

I. Yamamura et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 433

STAR FORMATION

ISO spectroscopy of young stellar objects

E.F. van Dishoeck et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 437

ISOCAM mapping and spectro-imaging of bipolar outflows

S. Cabrit et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 449

Luminosity distribution of young stars

T. Prusti . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 453

An ISOCAM survey of nearby star formation regions

G. Olofsson et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 459

ISO and the initial conditions of star formation

D. Ward-Thompson & P. André . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 463

Star Formation: Posters

Density structure of pre-stellar cores seen in absorption with ISOCAM E. Bacmann et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 467

ISO observations of the HH 24-26 regions

M. Benedettini et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 471

An ISOCAM deep census of low-mass stars in ρ Ophiuchi

S. Bontemps et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 475

Protostellar envelopes: modelling the dust emission

J.C. Correia et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 479

X-ray versus infrared sources in regions of star formation

N. Grosso et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 483

Properties of the young stellar object N 160 A-IR

Th. Henning & R. Klein . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 489

The young stellar population in Serpens as observed by ISOCAM A.A. Kaas et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 493

Massive star-formation in the Trifid nebula

B. Lefloch et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 497

ISOCAM H_2 images of the Cep E outflow

A. Noriega-Crespo et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 501

ISOPHOT observations of Nobeyama dense cores in the ρ Ophiuchi cloud Y. Oasa et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 505

LWS two colour diagram of young stellar objects

S. Pezzuto et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 509

FIR mapping of Bok globules CB202, CB220, and CB236 (L1166) with ISOPHOT

P.J. Richards et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 513

The LWS spectrum of T Tauri

L. Spinoglio et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 517

The spectral energy distribution of HH 30 measured with ISO

K. Stapelfeldt & A. Moneti . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 521

A survey for H_2 rotational emission in low-mass pre-main sequence stars

K. Stapelfeldt et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 525

H_2 emission from disks around Herbig Ae and T Tauri stars

W.F. Thi et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 529

ISOCAM observations of extremely young Class 0 candidates

H. Wiesemeyer et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 533

Object index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 537

Author index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 545

VOLUME II

INTERSTELLAR MEDIUM

Heating the gas in photodissociation regions

B.T. Draine & F. Bertoldi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 553

SWS spectroscopy of the Orion Peak 1 outflow: H_2 and HD

D. Rosenthal et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 561

The water vapour abundance and its spatial distribution in Orion and Sgr B2 J. Cernicharo et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 565

Far-infrared cooling lines in pre-MS sources

P. Saraceno et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 575

Interstellar and circumstellar PAHs

A.G.G.M. Tielens et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 579

SWS observations of protostars: the relevance of laboratory ices simulations L. d’Hendecourt et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 589

Cold dust in the interstellar medium

R.J. Laureijs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 599

ISO’s view on dust in comets and circumstellar media

C. Waelkens et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 607

Spatial distribution of dust from cirrus to dense clouds

A. Abergel et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 615

ISO observations of the Galactic Centre

D. Lutz . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 623

Cold GMC cores in the Galactic Centre

D. Lis et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 627

ISO spectroscopy of dense regions

P. Cox et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 631

Interstellar Medium: Posters

LWS observations of Sgr B2: NH_3 lines

J.-P. Baluteau et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 639

Far-infrared CO line emission of protostars in NGC 1333

E. Caux et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 643

Water line emission in low-mass protostars

C. Ceccarelli et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 647

The far-infrared spectrum of Orion-IRC2

J. Cernicharo et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 651

Widespread far-infrared absorption of CH, OH and H_2O in Sgr B2

J. Cernicharo et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 655

ISOGAL observations of molecular clouds: the S152/153 complex

E. Copet & A. Zavagno . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 659

The M 17 interface observed by ISOCAM

E. Crété et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 663

Spatial distribution of UIB and Extended Red Emission in Sh 152

S. Darbon et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 667

The distribution of galactic infrared dark clouds from MSX survey maps M.P. Egan et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 671

Cold spots in the Chamaeleon dark clouds

S. Hotzel et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 675

The infrared emission from dust in the M17-SW HII region

A. Jones et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 679

Ice absorption features in the 5–8 μm range

J.V. Keane et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 683

Atomic Oxygen Abundance from the Dense ISM

J. Keene et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 687

ISOCAM observations of the cloud core of M17-North

R. Klein et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 691

ISOPHOT far-infrared observations of the dark cloud DC 303.8-14.2 K. Lehtinen et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 695

Blowing a carbon-rich bubble in the Galactic Centre medium around the Quintuplet D. Levine et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 699

The behaviour of the [O i] 63 μm and [O i] 145 μm lines in the ρ Ophiuchi cloud R. Liseau et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 703

S106: morphology and excitation of PAH, H_2 and H from ISO, C10μ and BEAR J.P. Maillard et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 707

The hot gas and the cold dust in the Galactic Centre clouds as seen by ISO J. Martín-Pintado et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 711

ISOCAM observations of cirrus clouds: Chamaeleon results

M.-A. Miville Deschênes et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 715

Detection of extended low-density ionized gas around the Carina nebula M. Mizutani et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 719

Spectroscopy of the Pistol and Quintuplet stars in the Galactic centre

A. Moneti et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 723

The rich spectroscopy of reflection nebulae

C. Moutou et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 727

Unidentified infrared emission bands and sub-micron dust grains in the diffuse interstellar medium T. Onaka et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 731

Solid CO_2 in laboratory and in dense molecular clouds

M.E. Palumbo et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 735

PAHs in compact HII regions

E. Peeters et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 739

ISOCAM SW observations of the 3.3 μm PAH feature in the ordinary diffuse ISM D. Rouan et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 743

D/HD transition in photon-dominated regions

E. Roueff & T. Node-Langlois . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 747

The impact of new ionizing fluxes on ISO observations of H II regions and starbursts D. Schaerer & G. Stasińska . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 751

Submm- and FIR observations of the S 106 photon dominated region

N. Schneider et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 755

Far-infrared CO rotational lines in the Orion molecular cloud

M.J. Sempere et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 759

A ring of organic molecules around HD 97300

R. Siebenmorgen et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 763

Weak H_2 emission from diffuse and translucent clouds

W.F. Thi et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 767

Interstellar clouds as seen in the ISOPHOT serendipity survey

L.V. Tóth et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 771

Mid- and far-infrared observations of two compact H ii regions and one compact CO clump R.P. Verma et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 775

Hot chemistry in the diffuse medium: spectral signature in the H_2 rotational lines L. Verstraete et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 779

Grain dynamics in photodissociation regions

J.C. Weingartner & B.T. Draine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 783

The Galactic Centre - A spectroscopic and imaging study with the LWS

G.J. White et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 787

Dust distribution in galactic compact H ii regions

A. Zavagno & V. Ducci . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 791

GALAXIES

The ISO view of star forming galaxies

G. Helou . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 797

ISOCAM observations of galaxies

L. Vigroux et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 805

Far-infrared spectroscopy of normal galaxies with LWS S. Malhotra et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 813

An LWS spectroscopic survey of infrared bright galaxies J. Fischer et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 817

The SWS survey for H_2 in galaxies

E.A. Valentijn & P.P. van der Werf . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 821

ISO observations of active galaxies

A.F.M. Moorwood . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 825

Ultraluminous IRAS galaxies as seen with ISO

D. Rigopoulou et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 833

The ISOPHOT serendipity far-infrared sky survey - a status report M. Stickel et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 839

The far-infrared continuum of quasars

B. Wilkes et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 845

Galaxies: Posters

The starburst galaxy NGC 6089: an ISO view

J.A. Acosta-Pulido et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 849

Modelling the infrared continuum of Centaurus A

D.M. Alexander et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 853

ISO photometry of a quasar sample

P. Andreani . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 857

ISO spectroscopy of OH in the starburst galaxy NGC 253 C.M. Bradford et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 861

Radio and infrared activity of blue galaxies

O. Cardona et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 865

Mid-infrared imaging of collisional ring galaxies with ISOCAM V. Charmandaris et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 869

ISOCAM observations of compact HII regions in the LMC F. Comerón & P. Claes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 873

ISO observations of dust in elliptical galaxies

M. Fich et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 877

ISOCAM observations of the interacting galaxy system Mrk 171

P. Gallais et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 881

Cold dust in the Andromeda galaxy mapped by ISO

M. Haas et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 885

On the far-infrared emission of quasars

M. Haas et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 887

Far-infrared spectroscopy and near-infrared imaging of Mrk 231

V.I. Harvey et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 889

The US Key Project on AGN spectral energy distributions

E. Hooper et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 893

Infrared-wavelength study of the interacting galaxy pair UGC 12914/5 - “Taffy” T.H. Jarrett et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 897

Ultra-luminous infrared galaxies: far-infrared spectral energy distributions U. Klaas et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 901

Infrared properties of star-forming regions and links with starburst galaxies M. Kontizas et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 905

The ISO SWS survey of molecular hydrogen lines in active galaxies

D. Kunze et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 909

The mid-infrared spectral properties of starburst galaxies and AGNs seen by ISOCAM O. Laurent et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 913

The ISM in the edge-on galaxy NGC 891: the PAH component as seen by ISOCAM P. Le Coupanec et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 917

[C II] 158 μm observations of a sample of late-type galaxies from the Virgo cluster K.J. Leech et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 921

Medium distant clusters of galaxies seen by ISO

L. Lémonon et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 925

Infrared emission of normal galaxies from 3 to 12 μm

N.Y. Lu et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 929

The mid-infrared emission from early-type galaxies

S.C. Madden et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 933

ISO observations of the interstellar medium in elliptical galaxies

S. Malhorta et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 937

Detection of widely-distributed UIR band emission in the disk of NGC 891 K. Mattila et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 941

ISO observations of the high-redshift lensed quasar MG 0414+0534 S. Oya et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 945

[CII] emission and star formation in late-type galaxies D. Pierini et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 949

ISOPHOT observations of narrow line Seyfert 1 galaxies M. Polletta & T. J.-L. Courvoisier . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 953

Barred spirals observed in the mid-infrared

H. Roussel et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 957

Dust in the extremely metal-poor galaxy SBS 0335−052 M. Sauvage et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 961

Spectrophotometry and imaging of AGNs from 2.5 to 11.6 μm B. Schulz et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 965

The ISO LWS spectrum of the Seyfert galaxy NGC 1068 L. Spinoglio et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 969

Far-infrared spectroscopic images of M83

G.J. Stacey et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 973

ISO spectroscopy of NGC 4151

E. Sturm et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 977

Infrared emission from radio-loud nuclei

I. M. van Bemmel et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 981

The physical structure of Magellanic Cloud H II regions R. Vermeij & J.M. van der Hulst . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 985

Double-barred starburst galaxies viewed by ISOCAM

H. Wozniak et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 989

Are spiral galaxies optically thin or thick?

E.M. Xilouris . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 993

COSMOLOGY

ISOCAM extragalactic mid-infrared deep surveys

D. Elbaz et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 999

Long wavelength cosmological surveys with ISO

J.-L. Puget & G. Lagache . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1007

The European large area ISO survey: ELAIS

M. Rowan-Robinson et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1011

ISO deep far-infrared survey in the Lockman Hole

K. Kawara et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1017

A deep and ultra-deep ISOCAM cosmological survey through gravitationally lensing clusters of galaxies L. Metcalfe et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1019

Cosmology: Posters

The nature of the galaxies responsible for the excess in the 15 μm number counts

H. Aussel et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1023

ISO imaging of gamma-ray burst locations

M. Delaney et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1027

FIRBACK survey with ISO: data reduction, analysis and first results

H. Dole et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1031

Deep ISOCAM observations of galaxy clusters

F. Fadda & D. Elbaz . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1037

ELAIS: Near-infrared observations of the southern fields

P. Héraudeau et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1041

A study of the spatial fluctuations of FIR brightness in the Lockman Hole

H. Matsuhara et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1045

Molecules at high redshifts

D. Puy & M. Signore . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1049

The ESO-Sculptor survey with ISO

B. Rocca-Volmerange et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1053

A mid-infrared deep galaxy survey in the SSA13 field

Y. Sato et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1055

ELAIS: ISOPHOT results using the MPIA-pipeline

C. Surace et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1059

List of participants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1063

Object index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1077

Author index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1085 xvi

INTERSTELLAR MEDIUM

552

HEATING THE GAS IN PHOTODISSOCIATION FRONTS

B. T. Draine^1 & Frank Bertoldi^{2,3}

1Princeton University Observatory, Princeton, NJ 08544, USA 2Max-Planck-Institut für Radioastronomie, Bonn, Germany 3Max-Planck-Institut für Extraterrestrische Physik, Garching, Germany

ABSTRACT

ISO has provided us with a new perspective on gas temperatures in photodissociation regions through measurements of line emission from rotationallyexcited levels of H_2. The H_2 rotational level populations provide a thermal probe, showing that gas temperatures T_{gas} ≈ 500 − 1000 K prevail in a portion of the PDR where significant H_2 is present. Such high gas temperatures were unexpected. Theoretical models for the S140 PDR are presented. Possible mechanisms for heating the gas to such high temperatures are discussed.

Key words: Photodissociation fronts; molecular hydrogen.

1. INTRODUCTION

Photodissociation fronts play an important part in the global energetics of star-forming galaxies, as an appreciable fraction of the energy radiated by newly-formed stars is reprocessed in photodissociation fronts, resulting in H_2 and fine structure line emission. If we want to understand the emission spectra of star-forming galaxies, good theoretical models of photodissociation fronts are required.

ISO observations of line emission from rotationallyexcited levels of H_2 have provided unequivocal evidence for gas temperatures in the 500 − 1000 K range in a portion of the photodissociation region (PDR) where the H_2 fraction is appreciable. These temperatures were higher than expected from current models of the heating and cooling processes in PDRs, and therefore require reconsideration of the physics of the gas and dust in PDRs.

In Sect. 2 we review the basic structure of photodissociation fronts, and in Sect. 3 we discuss how H_2 can be used as a thermometer to indicate the gas temperatures in PDRs. In Sect.4 we use the S140 PDR as an example. Theoretical models for the heating and cooling in PDRs are discussed in Sect. 5, and in Sect. 6 we stress some of the uncertainties in the modelling of PDRs. We summarize in Sect. 7.

2. WHAT IS A PHOTODISSOCIATION FRONT?

The term “photodissociation front” refers to the interface separating a region which is predominantly molecular, and a region where the ultraviolet energy density is sufficiently high so that the molecular fraction is ≪ 1. Young O and B stars located near their natal (only partially-disrupted) molecular clouds produce conspicuous (i.e., high surface brightness) photodissociation fronts. A number of reviews of PDRs have appeared recently (Hollenbach & Tielens 1997, Sternberg et al. 1998, Walmsley 1998), including a comprehensive article by Hollenbach & Tielens (1998).

A photodissociation front is not a mathematical surface, but rather an extended “photodissociation region” (PDR). Figure 1 is a cartoon illustrating the different zones within the PDR.

The structure of the PDR is determined primarily by the attenuation of the far-ultraviolet (6 - 13.6 eV) radiation field, as one moves from the ionization front into the PDR. The H_2 abundance results from a balance between formation of H_2 on dust grains and photodissociation of H_2 by 912 < λ < 1110Å photons. The photodissociation rate is determined by both H_2 self-shielding (Draine & Bertoldi 1996) as well as attenuation by dust. Because of this self-shielding, the H/H_2 transition occurs closer to the ionization front than the C^+/C/CO or O/O_2 transitions. Atoms with ionization potentials lower than H (e.g. C) are photoionized in the PDR, whereas species with ionization potentials greater than H (e.g. O) are neutral in the PDR.

Ionization fronts and dissociation fronts are, in general, time-dependent structures (Bertoldi & Draine 1996). Under many circumstances, however, the structure can be approximated as being stationary in a frame moving with the dissociation front. Furthermore, if the dissociation front is advancing into the molecular gas with a propagation speed v_{DF}^>∼ 0.3 km s^{−1} (Bertoldi & Draine 1996), advection terms can be neglected in the equations governing the thermal and chemical conditions: the temperature is effectively determined by a local balance between heating and cooling, and abundances by a local balance between formation and destruction. For most PDRs

Proceedings of the Conference “The Universe as seen by ISO”, Paris, France, 20–23 October 1998 (ESA SP-427, March 1999)

this inequality is expected to be satisfied (Bertoldi & Draine 1996, Störzer & Hollenbach 1998), although time dependence may be important for some planetary nebulae (Hollenbach & Natta 1995).

Figure 1. The structure of a PDR produced by radiation from a star which also emits enough ionizing photons to produce an HII region. The ionization front separates the HII region from the PDR. Typical values of the effective far-ultraviolet optical depth, and H nucleon column density are shown.

3. H_2 AS A THERMAL PROBE

The (v, J) rovibrational excited states of H_2 are populated by inelastic collisions

H_2(v_1, J_1) + X → H_2(v_2, J_2) + X ± KE ;

by UV pumping:

H_2(0, J_1) + hν → H^∗_2(v_1, J_1 ± 1) → H_2(v_2, J_1 ± 0, 2) + hν(UV) → H_2(v_3, J_1 ± 0, 2, 4) + hν(IR) ... → H_2(0, J_1 ± 0, 2, 4, ...) ;

and by formation on grains:

grain + H + H → grain + H_2(v, J) + KE .

At the densities n_H^>∼ 10^4 cm^{−3} of bright PDRs, collisions maintain the (v=0, J) levels of H_2 in approximate thermal equilibrium for J^<∼ 5. Therefore measurements with ISO of the quadrupole emission line intensities from levels J^<∼ 5 provide a good indicator of the gas temperature, while the emission from the higher J levels is sensitive to both the gas temperature and density. We do not expect the level populations to be characterized by a single “excitation temperature”, but the “best-fit” excitation temperature characterizing a range of J values (e.g., J=3–5) should indicate the approximate gas temperature in the part of the PDR where these levels are predominantly excited.

The populations of very high J levels (e.g., J = 15) are potentially affected by UV pumping (the quadrupole decay cascade following a UV pump injects a small amount of H_2 into high J states) and formation on dust grains (some fraction of the newly-formed H_2 may be in high J states). Therefore excitation temperatures characterizing J^>∼ 10 may not reflect gas temperatures.

4. THE S140 PDR

ISO obtained spectra of the photodissociation region where the S140 HII region abuts the L1202/L1204 molecular cloud (Timmermann et al. 1996); see Figure 2.

Figure 2. The S140 PDR, where radiation from the B0.5V star HD 211880 impinges on a dense clump in the L1202/L1204 molecular cloud. The ionization front is shown as a shaded region. The greyscale shows [CI]610μm emission (White & Padman 1991). Contours show CO(3-2) emission (Hayashi et al. 1987). The SWS apertures are shown as rectangles positioned just interior to the ionization front, where the photodissociation front is expected to be located, viewed approximately edgeon. The exciting star is located ∼7 arcmin SW of the aperture. Figure taken from Timmermann et al. (1996).

Timmermann et al. (1996) reported measurements of line emission out of (0,J) levels with J as large as 9 (see Figure 3). The inferred column densities for 3 ≤ J ≤ 7 are characterized by an excitation temperature T_{exc} ≈ 500 K; the emission from J = 8 and 9 suggest a higher temperature. How much of the PDR is characterized by such high temperatures? To address this question, Timmermann et al. (1996) considered an ad-hoc temperature profile, shown in Figure 4.

Figure 3. Observed (filled symbols) and model (open symbols) column densities in rovibrational levels of H_2 along the line-of-sight. Observed intensities have been corrected for foreground extinction by dust with 0.3 mag of extinction at K. The PDR is assumed to be inclined with cos θ = 0.1. The broken line is a T = 500 K thermal distribution, indicating that a significant amount of H_2 is located in regions where T_{gas}^>∼ 500 K. Taken from Timmermann et al. (1996).

With this ad-hoc temperature profile, the chemical abundances are computed by requiring steadystate balance between formation and destruction, using standard assumptions for the formation rate of H_2 on grains, and a detailed treatment of H_2 selfshielding. H_2 level populations were computed for a plane-parallel PDR, including both UV pumping and collisional excitation and deexcitation (Draine & Bertoldi 1996). The H nucleon density was assumed to be n_H = 10^4 cm^{−3} (as expected for pressure balance with the HII region), and the radiation field at 1000Å was assumed to be χ = 400 times stronger than the Habing (1968) value (as expected for the ∼ 1.7 pc distance from the exciting B0.5V star).

The resulting model is shown in Figure 3, where it is assumed that cos θ = 0.1, where θ is the angle between the line-of-sight and the normal to the model PDR. It is seen that the level populations are in fairly good agreement with observations, although the model overestimates the v = 1 and 2 level populations, while underestimating the v = 3 levels. For this model, T = 500 K at the point where y ≡ 2n(H_2)/n_H = 0.2, and T = 150 K where y = 0.5.

Timmermann et al. (1996) also compared predicted and observed fine structure line intensities with those predicted by the model. Agreement is generally good, allowing for uncertainties in abundances of Si and

Fe: [CI]609μm is close to the observed value, while [SiII]35μm and [FeII]26μm agree with observations if Si/H=1.5×10^{−6} and Fe/H=5×10^{−8}. The principal discrepancy is [OI]63μm , which the model predicts to be ∼ 5 times stronger than observed.

Figure 4. Ad-hoc temperature profile adopted for S140 PDR model. With this assumed temperature profile, the H_2 abundances are computed by requiring a balance between H_2 formation and photodissociation. Taken from Timmermann et al. (1996).

5. THERMAL BALANCE IN PDRS

The obvious question now is: what temperatures do we expect the gas to have in PDRs, if we assume that the gas temperature is determined by a balance between heating and cooling? The principal heating processes in PDRs are:

• Photoelectrons emitted from dust grains;

• UV pumping, followed by collisional deexcitation of rovibrationally excited H_2;

• Photodissociation (kinetic energy of H+H);

• H_2 formation (kinetic energy, collisional deexcitation);

• Photoionization of H, C, etc.

while the dominant cooling processes are:

• fine-structure line emission from [C II]158μm , [O I]63, 146μm , [Si II]35μm , [Fe II]25μm ,...;

• H_2 quadrupole emission;

• CO rotational emission.

The grain photoelectric heating rate is quite uncertain. Here we show results assuming the photoelectric heating rate of Bakes & Tielens (1994).

The cross sections for collisional excitation and deexcitation of H_2 are also uncertain; for T_{gas} > 1000 K we use the H-H_2 inelastic rates of Martin & Mandy (1995) and Mandy & Martin (1995), while for T_{gas} <

1000 K we extrapolate the Mandy & Martin rates using eq. (16) of Draine & Bertoldi (1996), but using θ = 1000 K rather than 600 K as the transition temperature, as discussed by Draine & Bertoldi (1999).

Figure 5. Thermochemical profile of S140 PDR model, with temperatures determined by thermal balance calculations. Lowel panel: gas temperature T , H_2 fraction 2n(H_2)/n_H, and fractional ionization n(e)/n_H. Upper panel: heating (solid lines) and cooling (broken lines) due to grain photoelectric heating (“pe”), the H_2 molecule (including formation, collisional excitation and deexcitation, and photodissociation), fine structure line emission (“f.s.”), and optical line emission (“opt”). Note that H_2 has a net heating effect in much of the PDR.

The fine-structure line emission is computed using standard collision rates, abundances characteristic of the gas toward ζOph (e.g., Si and Fe depleted by factors of 40 and 250, respectively). Some of the lines – in particular, [OI]63μm – can become optically thick. An “escape probability” approximation was used to estimate local cooling rates (Draine & Bertoldi 1999).

Figure 5 shows the calculated thermochemical profile, as well as showing the contributions of different processes to heating and cooling. Close to the ionization front the fractional ionization is a few percent, and T_{gas} ≈ 4000 − 6000 K; in this region, optical line emission (e.g., [SII]6716,6739) dominates the cooling, but is unimportant when T_{gas}^>∼ 4000 K. Emission from excited fine-structure levels dominates the cooling for 50^<∼ T_{gas}^<∼ 4000 K.

H_2 contributes net heating throughout much of the PDR. This heating arises mainly from collisional deexcitation of rovibrationally excited H_2 following UVpumping or H_2 formation on grains, with a secondary contribution from the kinetic energy of newly-formed H_2 and H+H following photodissociation. The other major heating process is photoelectric emission from dust grains. Both H_2 heating and photoelectric heating are important for N_H^<∼ 10^{21} cm^{−2}; beyond this

Figure 6. Column densities N (v, J) along the line-of-sight, divided by level degeneracies g(J). Solid symbols: observed values based on line intensities corrected for foreground extinction with A_K = 0.2mag, and internal extinction within the PDR, inclined with with cos θ = 0.1. Open symbols: model for S140 PDR with χ = 400 and n_H = 10^4 cm^{−3}, with temperatures determined by thermal balance.

point H_2 self-shielding has reduced the photodissociation rate (and therefore the H_2 formation rate as well) to very low levels, and photoelectric heating dominates.

Figure 6 shows the observed column densities of excited states of H_2 along the line of sight toward the S140 PDR, corrected for an assumed extinction A_K = 0.3 mag. A number of H_2 line detections and upper limits were obtained subsequent to preparation of the Timmermann et al. (1996) paper on the S140 PDR; Figure 6 shows column densities obtained from the most recent data reduction (Bertoldi et al. private communication). Also shown are the column densities predicted by our model, which assumes an inclination of the PDR with cos θ = 0.1 – a factor of 10 “limb-brightening”.

There are significant differences between the model H_2 level populations and those observed toward S140. The assumed factor of 10 limb-brightening leads to a good match for the vibrationally excited levels. However, the v = 0 column densities predicted by the model fall off too steeply – while the J = 2, 3 column densities in the model exceed the observed values by a factor ∼ 2, the J = 3−7 column densities are too low by factors ∼ 2 − 3. This presumably indicates that either the H_2 inelastic cross sections or the thermal profile are incorrect. Note, however, that the model appears to be able to reproduce the observed population of H_2 in J = 15, and thereby a high excitation temperature for the high−J levels.

Somewhat better agreement can be obtained if the gas density and illuminating radiation field are both increased; in Figures 7 and 8 we show the result of increasing the illuminating radiation field to χ = 600, and raising the gas density to n_H = 4 × 10^4 cm^{−3}. With the increased χ and n_H, a good fit to the observed H_2 line intensities is obtained for a limbbrightening factor 1/ cos θ = 5. However, the assumed value of χ is somewhat larger than expected from our knowledge of the exciting star, and n_H is larger than expected given our estimates of the pressure in the ionization front (Timmermann et al. 1996). It should also be noted that even with these values of χ and n_H, there are still noticeable discrepancies between model and observation. It is difficult to match the low observed line ratio between 0-0S(1) and 0-0S(2). Both lines are in the same size ISO aperture, so beam dilution differences could not be the cause of the mismatch. The model also overproduces J = 15, although this line was observed after ISO’s helium boiloff, which made its flux calibration more difficult. Most other levels’ column densities are well reproduced.

Figure 7. Same as Fig. 5, but for n_H = 4 × 10^4 cm^{−3} and χ = 600.

The high gas temperatures found in S140 are not unique. Early evidence for high gas temperatures in PDRs was obtained from H_2 J = 3–1 and 4–2 line observations by Parmar et al. (1991), who inferred T_{gas} = 1000 ± 250 K at a position .0244 pc from the ionization front in the Orion Bar, and T_{gas} = 600±50 K another .0044 pc farther away from the ionization front.

High gas temperatures near the H/H_2 transition were inferred, based on ground-based spectra, for the reflection nebula NGC 2023 (Draine & Bertoldi 1996). ISO spectra of the reflection nebula NGC 7023 (Bertoldi et al. 1999) and the Orion Bar (Rosenthal et al., private communication), also show that some of the H_2 must be in a region of gas temperatures T_{gas}^>∼ 600 K.

Figure 8. Same as Fig. 6, but for n_H = 4 × 10^4 cm^{−3} and χ = 600, and with the PDR assumed to be inclined with cos θ = 0.2.

6. WHAT NEEDS TO BE CHANGED IN THE MODELS?

Where do we stand on modeling the H_2 emission from PDRs? Considering that the emission arises from a region with a range of densities, one might take the point of view that we are doing pretty well – our constant density planar PDR models can approximately reproduce the observed level populations using ultraviolet pumping of H_2 plus collisional excitation/deexcitation, with gas temperatures obtained from a balance of heating and cooling. Nevertheless, it seems to us that the discrepancies between our best models and the observations are unacceptably large. The discrepancies may be due in part to our underlying assumptions of planar geometry and uniform density, but may also be due to poor approximations in our description of the local microphysics of heating, cooling, chemistry, and level excitation. Below we indicate some of the areas where existing models may require modification.

6.1. H_2 inelastic collision cross sections

The H–H_2 collisional excitation/deexcitation rates used here for T_{gas}^>∼ 600 K are those of Martin & Mandy (1995) and Mandy & Martin (1995), which were obtained from quasi-classical trajectory calculations. These rates are thought to be accurate for T_{gas}^>∼ 600 K, but are likely to be increasingly inaccurate at low temperatures, where quantum calculations are required (Flower 1997, Forrey et al. 1997). Forrey et al. (1997) have recently reported accurate rates for ΔJ = ±2 transitions among the v = 0, J = 0−5 levels, for 100 < T_{gas} < 1000 K; our extrapolation from the Mandy & Martin (1995) results was adjusted to give good agreement with these newer rates.

While H-H_2 inelastic rates are generally larger than for H_2-H_2 collisions, the latter are important when the H fraction becomes small. Quantum calculations have recently been reported by Flower (1997).

6.2. Grain Photoelectric Heating Rate

The thermal models reported here employ a photoelectric heating rate recommended by Bakes & Tielens (1994) for heating by 6-13.6 eV photons: Γ_{pe} = n_Hσ_{uv}u_{uv}c ϵ σ_{uv} = dust EUV absorption/H ≈ 6 × 10^{−22} cm^2

u_{uv} = EUV energy density = χ × 0.033 eV cm^{−3} ϵ = photoelectric heating efficiency

= .049(1. + x/1925)^{−0.73} +

.037 T^{0.7}_4 (1. + x/5000)^{−1}

x ≡ χ(T / K)^{0.5}/(n_e/ cm^{−3})

Bakes & Tielens assumed a “MRN” power-law size distribution down to ultrasmall grains containing only ∼ 30 carbon atoms (i.e., PAH molecules). Since we have only an imprecise understanding of the composition and size distribution of the grains, this heating rate is necessarily uncertain. Under the conditions of interest (e.g., the point where 2n(H_2)/n_H = 0.1 in Figure 5), we have χ ≈ 400, n_e ≈ 1.5 cm^{−3}, and T ≈ 350 K, so that x ≈ 5000, and the heating efficiency ϵ ≈ 0.021, which increases further into the cloud to ϵ ≈ 0.049. Since photoelectric emission from grains is a dominant heating process in PDRs, its further study would be of value.

6.3. Dust-to-Gas Ratio

The dust grains play a crucial role in photodissociation regions. In particular, they determine the rate for formation of H_2 from H, and, as seen above, photoelectric emission from dust is a major heat source. Common practice is to adopt a “standard” dust-to-gas ratio and wavelength-dependent dust opacity in the PDR. However, Weingartner & Draine (these proceedings) have pointed out that the anisotropic radiation in a PDR can drive the grains through the gas at drift velocities which may be comparable to the flow velocity of the gas relative to the dissociation front, thereby leading to an increase in the dust-to-gas ratio in the PDR, at least for those grain compositions and sizes for which the grain-gas drift velocities are large. Increased dust concentrations in part of the PDR could alter the thermochemical properties of the PDR by increasing the H_2 formation rate (and therefore the local rate of UV pumping and photodissociation of H_2) and by increasing the grain photoelectric heating rate. As a result, we can expect that the gas temperature will be increased near the photodissociation front.

The anisotropic radiation incident on a dust grain results in a force which consists of the “ordinary” radiation pressure force due to absorption and scattering, plus additional forces due to anisotropic photoelectron emission (the “illuminated” side of the grain will emit more photoelectrons per second than the “dark” side) and anisotropic photodesorption (adsorbed H or H_2 can be photodesorbed, with a larger rate on the “illuminated” side of the grain). The recoil force from photoelectric emission and photodesorption can be several times larger than the “ordinary” radiation pressure (Weingartner & Draine in these proceedings).

Because the grains are charged, drift across the magnetic field lines will be inhibited. It will be of great interest to see the extent to which these effects will change the dust-to-gas ratio, and the grain size distribution, in the PDR, and how this affects the thermochemical profile of the PDR.

7. SUMMARY

ISO has opened a new window on photodissociation fronts, by allowing us to measure the populations of the rotationally-excited levels of the v = 0 state of H_2, thereby placing strong constraints on the gas temperature. The S140 PDR provides an excellent illustration of this capability.

The observed line emission from rotationallyexcited levels of H_2 indicates that gas temperatures T_{gas}^>∼ 500 K prevail in part of the PDR where appreciable H_2 is present. Attempts to construct theoretical models of the PDR tend to fall short in terms of the populations of levels J = 3 − 7,

We discuss the uncertainties in the dominant heating and cooling mechanisms; the H_2 inelastic collision rates still have significant uncertainties, and the grain photoelectric heating rate is yet not well-established. In addition, it appears possible that the dust-to-gas ratio in PDRs such as S140 may deviate from the “standard” value since the anisotropic radiation field can drive the grains through the gas with significant drift speeds.

ACKNOWLEDGEMENTS

For their contribution to the recent S140 data analysis we are grateful to the MPE SWS group, and especially to H. Feuchtgruber and E. Wieprecht. This research was supported in part by NSF grant AST 96-19429 (BTD) and by the Deutsche Forschungsgemeinschaft (FB). B.T.D. wishes to thank Osservatorio Arcetri for its gracious hospitality during the completion of part of this work.

REFERENCES

Bakes, E.L.O., Tielens, A.G.G.M. 1994, ApJ, 427, 822 Bertoldi, F., Draine, B.T. 1996, ApJ, 458, 222

Bertoldi, F., Feuchtgruber, H., et al. 1999, in preparation

Draine, B.T., Bertoldi, F. 1996, ApJ, 468, 269

Draine, B.T., Bertoldi, F. 1999, in preparation Flower, D.R. 1997, MNRAS, 288, 627 Forrey, R.C., Balakrishnan, N., Dalgarno, A., & Lepp, S. 1997, ApJ, 489, 1000 Habing, H.J. 1968, Bull. Astron. Inst. Netherlands, 19, 421 Hayashi, M., Hasegawa, D., Omodaka, D., et al.

1987, ApJ, 312, 327 Hollenbach, D.J., Natta, A. 1995, ApJ, 455, 133 Hollenbach, D.J., Tielens, A.G.G.M. 1997, ARA&A, 35, 179 Hollenbach, D.J., Tielens, A.G.G.M. 1998, Rev. Mod.

Phys., in press Mandy, M.E., Martin, P.G. 1995, ApJS, 86, 199 Martin, P.G., Mandy, M. 1995, ApJ, 455, L89 Parmar, P.S., Lacy, J.H., Achtermann, J.M. 1991, ApJ, 372, L25 Rosenthal, D., et al. 1999, private communication Sternberg, A., Yan, M., Dalgarno, A. 1998, in Molecules in Astrophysics: Probes and Processes, ed. E. van Dishoeck, p. 141 Störzer, H., Hollenbach, D.J. 1998, ApJ, 495, 853 Timmermann, R., Bertoldi, F., Wright, C.M., et al.

1996, A&A, 315, L281 Walmsley, C.M. 1998, Astr. Lett. & Comm., 37, 1 White, G.J., Padman, R. 1991, Nature, 354, 511

560

SWS SPECTROSCOPY OF THE ORION PEAK 1 OUTFLOW: H_2 AND HD

D. Rosenthal^1, F. Bertoldi^{1,2}, S. Drapatz^1, & R. Timmermann^3

1Max-Planck-Institut für Extraterrestrische Physik, Garching, Germany 2Max-Planck-Institut für Radioastronomie, Bonn, Germany 3Universität zu Köln, Köln, Germany

ABSTRACT

Using the Short-Wavelength-Spectrometer on board of ISO we obtained near- and mid-infrared spectra of Orion Peak 1, the brightest H_2 emission region in the sky. A wealth of emission and absorption features was detected, including some 80 H_2 ro-vibrational and pure rotational lines, the latter reaching to 0- 0 S(25). We speculated upon the nature of the observed high-excitation tail in the H_2 level column density distribution, suggesting H_2 formation or highvelocity collisional excitation in C-shocks as its cause.

For the first time, an infrared emission line of HD was detected in the interstellar medium, the v =0- 0 R(5) at 19.4305 μm. Assuming similar excitation conditions for H_2 and HD, and accounting for the subthermal excitation of HD, we were able to derive an abundance ratio [HD]/[H_2] = (9.0 ± 2.5) × 10^{−6} in the Orion outflow. When we take into account that HD may be selectively depleted relative to H_2 in the warm, partially dissociated layers of C-shocks, we find a deuterium abundance of [D]/[H] = (7.6±2.1)× 10^{−6}, which is on the lower end of abundances derived recently through UV absorption measurements.

Key words: ISO; Orion Peak 1; shock waves; H_2; HD

1. INTRODUCTION

At a distance of only 450 pc, the Orion Molecular Cloud (OMC) 1 has become the best studied region of ongoing low- and high-mass star formation (Genzel & Stutzki 1989). Deeply embedded in the dense cloud behind the Orion Nebula, a powerful outflow was found that originates within 5 arcsec from the bright infrared source IRc2 (Allen & Burton 1993). The interaction of this high-velocity outflow with the surrounding molecular cloud gives rise to hundreds of small peaks of H_2 emission. The brightest concentration of these emission peaks is located about 20 arcsec north of IRc2 and BN, and was named “Peak 1” from early observations that were unable to resolve the emission’s fine structure (Beckwith et al. 1978).

ISO observations toward Peak 1 for the first time enabled the detection of H_2 emission arising from levels spaced over a very broad range of energies, thereby allowing a detailed study of the excitation conditions and mechanisms in the shocked, dense gas.

Emission from the deuterated hydrogen molecule, HD, has also been searched for with great effort in numerous shock and UV excited regions. An inferred measurement of the deuterium abundance is of great cosmological interest. Deuterium is continuously burned up in stars, and since no formation process is known, the present day deuterium abundance could provide a lower limit to its primordial value, which reflects the early baryon to photon density ratio. Possible spatial variations of the present deuterium abundance may in addition trace spatial variations in the star formation history.

2. OBSERVATIONS

2.1. Data reduction

We report on ISO-SWS observations of Orion Peak 1 in the full scan grating (SWS 01) and Fabry-Perot (SWS 07) modes, and in the single line scan grating mode (SWS 02). The full 2.3 to 45 μm SWS 01 spectrum was recorded in its slowest mode with the highest possible resolution. The data reduction was carried out using standard Off Line Processing (OLP) routines up to the Standard Processed Data (SPD) stage within the SWS Interactive Analysis (IA) system. Between the SPD and Auto Analysis Result (AAR) stages, a combination of standard OLP and in-house routines were used to extract the individual spectra. The in-house routines included an interactive dark-current subtraction for individual scans and detectors as well as for the removal of fringes. The flux calibration errors range from 5% at 2.4 μm to 30% at 45 μm. The statistical uncertainties derived from the line signal to noise ratio are for most detected lines smaller than the systematic errors due to flux calibration uncertainties.

Proceedings of the Conference “The Universe as seen by ISO”, Paris, France, 20–23 October 1998 (ESA SP-427, March 1999)

2.2. Results

Figure 1 shows the larger part of the SWS 01 full grating spectrum, which contains a wealth of emission and absorption features. The spectrum is dominated by lines of molecular hydrogen. About 80 rovibrational and pure rotational H_2 lines were found; the latter range from 0-0 S(1) to 0-0 S(25) with corresponding upper level energies E(v, J)/k from 1015 K to 42,500 K.

Figure 1. Part of the SWS 01 full scan grating spectrum, showing the richest forest of H_2 lines ever detected. The continuum flux levels were artificially adjusted to be continuous over band boundaries. The insert shows a SWS 02 spectrum of the H_2 0-0 S(19) and 0-0 S(25) lines.

Emission of H recombination, ionic fine-structure, of CO and H_2O lines, and of PAHs was detected. Besides the prominent water ice and silicate absorption features at 3.1 μm and 9.7 μm, CO_2, OH and probably CO are seen in absorption. For some of the lines, these spectra provide their first detection in the interstellar medium.

Because of their small Einstein coefficients, the electric quadrupole transitions of H_2 remain optically thin. This permits a straight forward calculation of the H_2 column densities in the respective upper levels N (v, J) = 4π hν I_{obs}(v, J → v^′, J^′) A(v, J → v^′, J^′) 10^{0.4Aλ} , (1)

where A_λ accounts for dust extinction at the transition’s wavelength along the line of sight (see Section 2.3.). It is useful to plot the level column densities, divided by the level degeneracy, g = g_s(2J +1), against the level energy E(v, J)/k. The resulting excitation diagram is shown in Figure 2.

The distribution of column densities is very smooth, showing no hint of fluorescent excitation or for a deviation of an ortho-to-para degeneracy ratio of three. Fluorescently excited H_2 as seen in photodissociation regions (Timmermann et al. 1996) generally displays enhanced excitation in respectively higher vibrational levels, and ortho-to-para column density ratios lower than three in the vibrationally excited levels (Draine & Bertoldi 1996; Sternberg & Neufeld 1998). In

Figure 2. Observed, dereddened H_2 level column densities, divided by the level degeneracy, plotted against the level energy E(v, J)/k. Different vibrational levels are represented by separate symbols: squares, triangles, diamonds, +, and x, denote v =0, 1, 2, 3, 4, respectively.

Peak 1 however, the H_2 column densities (divided by g) appear to depend only on the level energy, not on the quantum number.

This might indicate that the molecules are thermally excited. The slope of the line which best fits ln[N (v, J)/g] as a function of E(v, J)/k is the inverse of an excitation temperature, T_{ex}, at level energy E(v, J). Near the lowest levels, T_{ex} ≈ 600 K, which increases toward higher level energies to about 3000 K at E(v, J)/k > 15, 000 K. Such excitation may be due to a superposition of emission from gas with a range of kinetic temperatures up to over 3000 K. To thermalize levels at E/k > 15, 000 K even at kinetic temperatures above 3000 K requires densities way in excess of 10^5cm^{−3}. We infer from the excitation diagram that only a small fraction of the warm molecular gas is at such high temperatures. This may be somewhat difficult to reconcile with the expected smooth temperature profile in a C-type shock. However, during the initial establishment of a shock, when outflow material first hits a dense cloud, a Jshock is established within the C-shock, and here a relatively small column of gas may be heated to high enough temperatures (Chièze et al. 1998) to account for the high-temperature tail of the column density distribution.

In magnetic C-type shocks, which are believed to be responsible for most of the emission in Peak 1, some H_2 may also become highly excited through nonthermal processes in the magnetic shock precursor, where ions and neutrals collide at the shock speed of 20-40 km s^{−1}. The high-velocity inelastic collisions of H_2 with ions or with accelerated H and H_2 are responsible for the partial dissociation of the gas, and at the same time they should leave many of the surviving molecules in highly excited states (O’Brien & Drury 1996).

An alternative excitation mechanism for the high states is formation pumping, i.e., the population by newly-formed H_2. Although some of the 4.5 eV released in the formation of a new H_2 molecule is required to leave the grain, the remainder is somehow split into translation, rotation, and vibration of the released molecule. The exact level distribution of newly formed H_2 is yet unknown, but it could very well contribute to the observed excitation at intermediate energies, at E/k ≈ 10, 000 − 30, 000 K.

The J = 27 level observed through the 0-0 S(25) line appears overpopulated by a factor of five over what would be expected from extrapolating the lower energy level populations. Unless we misidentified this line, it seems that a rather distinct mechanism may be populating this level, and possibly all of the very highest levels. The J = 27 level is 3.6 eV above ground and only 0.9 eV from the dissociation limit. H_2 that is newly formed on grains is unlikely to be able to populate states that high, because some fraction of the formation energy is lost to overcome the grain surface potential, and some goes to kinetic and vibrational excitation. The gas phase formation of H_2 via H^− might however be able to leave the new molecule in a high rotational state.

2.3. Extinction correction

In order to correct the derived fluxes for extinction we attempted to derive the extinction in the wavelength range 2 μm to 45 μm from the H_2 lines themselves (details are given by Bertoldi et al. 1998). Our inspection of the H_2 excitation diagram drawn from the line intensities uncorrected for extinction showed that the column densities follow a smooth distribution, with no dependence on vibrational quantum number, and no sign of an ortho-to-para column density ratio different from three.

Figure 3. Adopted extinction curve.

Part of the dispersion in the columns is due to extinction, and we therefore tried to estimate the extinction by minimizing the dispersion around a least-squares fit to the level columns. We were thereby able to derive estimates for four parameters which describe our toy extinction curve (Figure 3): the absolute normalization of a A_λ ∝ λ^{−1.7} power law part from 2.4 μm to 6 μm, the width and depth of the water ice absorption feature at 3.1 μm, and the depth of the 9.7 μm silicate absorption feature. We adopted the width of the 9.7 and 18 μm silicate features from calculations by Draine & Lee (1984). The depth of the 18 μm feature was taken to be 0.44 times that of the 9.7 μm feature, which is an average of previous estimates.

2.4. Detection of HD

We also searched for seventeen HD lines toward Peak 1, and detected one of them, the 0-0 R(5) (i.e., J = 6 → 5) dipole transition at an expected wavelength of 19.4305 μm (Bertoldi et al. 1998). Although the detection may seem marginal (Figure 4), the line does appear in two independent observations, and stands out well above the noise in the central wavelength range of the coadded scans. Its beam-averaged flux is (1.84 ± 0.4) × 10^{−5} erg s^{−1} cm^{−2} sr^{−1}.

Since only one HD line was detected, the HD excitation could not be measured directly. To compute a total warm HD column density we therefore assumed that HD and H_2 underly similar excitation conditions, i.e., that they follow approximately the same density and temperature structure in the emitting region. The solid line in Figure 5b represents the least squares fit to the H_2 columns seen in Figure 5a, but normalized (i.e., vertically shifted) to the observed HD v = 6 level column.

Figure 4. Detection of HD 0-0 R(5). The dashed lines are two independent AOT 02 observations, the solid line shows the coaddition. Note that the noise level rises toward the scan edges.

Figure 5. H_2 and HD excitation diagrams, showing the dereddened column densities plotted against level energy. The solid line in a) is a least squares fit, which is also shown in b), vertically shifted to match the observed HD J = 6 level column.

The total warm H_2 column density was derived from adding over all levels following the least squares fit to N/g, and we find

N (H_2) = (2.21 ± 0.24) × 10^{21} cm^{−2}. (2)

The H_2 levels are most likely thermalized to excitation energies beyond 10,000 K. However, the HD dipole transitions are faster than the quadrupole H_2 transitions, so that the higher HD levels may be subthermally populated, and the column densities drop steeper with E/k than those of H_2. To assess the effects of non-LTE on the HD column densities we solved the equations of statistical equilibrium (see Timmermann 1996), including radiative decay, and excitation/deexcitation through collisions with He, H_2 and H. The result is shown in Figure 6a, where we plot the ratio between the non-LTE populations n_{0J} and those expected under LTE. For densities below 10^6 cm^{−3} the HD level population deviate significantly from LTE.

Figure 6. a): Deviations of the HD v = 0 level populations from LTE, as a function of rotational quantum number J, for two different gas densities, and three different kinetic temperatures in each case. n_{0J} and n_{0J,LTE} are HD densities in an individual level in non-LTE and LTE. b): Total HD column density in non-LTE as a function of H_2 density, for three gas temperatures. The shaded region covers the most likely density and temperature regime in Peak 1.

We account for these deviations in computing the total HD column,

N (HD) = n_{06,LTE}

n_{06} ∑ vJ N_{vJ} n_{vJ} n_{vJ,LTE} , (3)

which now depends on both gas density and temperature. We illustrate this dependence in Figure 6b. For the range of temperatures expected to dominate in the Peak 1 shocks, 600 - 1000 K and the estimated H_2 densities of (1 − 3.5) × 10^5 cm^{−3}, we compute

N (HD) = (2.0 ± 0.5) × 10^{16} cm^{−2} (4)

2.4.1. Deuterium abundance

The derived H_2 and HD total column densities yield an abundance ratio of:

[HD]/[H_2] = (9.0 ± 2.5) × 10^{−6} . (5)

How does this translate to a deuterium abundance? For this we need to consider that in a partly dissociative C-shock, HD is depleted somewhat more than H_2 because of an asymmetry in the exchange reactions

H_2 + D ⇀↽ HD + H + ΔH_0 (6)

where ΔH_0/k = 418 K is the enthalpy difference. In the warmest layers of the shock, HD is thereby depleted by a factor two relative to H_2. Averaged over the warm shocked layer, where most of the observable emission arises, HD is depleted relative to H_2 by a factor ∼ 1.7. Taking this depletion into account, we arrive at a deuterium abundance

[D]/[H] = (7.6 ± 2.1) × 10^{−6} . (7)

which is at the low end of the range (7 − 21) × 10^{−6} measured through UV absorption observations toward nearby stars (Linsky 1998; Jenkins et al. 1999). This may indicate that the gas in the Orion molecular cloud has undergone much processing since its Big Bang nucleosynthesis.

REFERENCES

Allen, A., Burton, M. 1993, Nature, 363, 54 Beckwith, S., Persson, S., Neugebauer, G., Becklin, E. 1978, ApJ, 223, 464 Bertoldi, F., Timmermann, R., Rosenthal, D., Drapatz, S., Wright, C. 1999, A&A, submitted Chièze, J.-P., Pineau des Forêts, G., Flower, D. 1998, MNRAS, 295, 672 Draine, B., Lee, H. 1984, ApJ, 285, 89 Draine, B., Bertoldi, F. 1996, ApJ, 468, 269 Genzel, R., Stutzki, J. 1989, ARA&A, 27,41 Jenkins, E., Tripp, T., Wozniack, P., et al. 1999, in preparation Linsky, J. 1998, Space Science Review, 84, 285 O’Brien, I., Drury, L. 1996, MNRAS, 280, 550 Sternberg, A., Neufeld, D. 1998, ApJ, submitted Timmermann, R., Bertoldi, F., Wright, C., Drapatz, S., Draine, B., Haser, L., Sternberg, A. 1996, A&A, 315, L281 Timmermann, R. 1996, ApJ, 456, 631

THE WATER VAPOUR ABUNDANCE AND ITS SPATIAL DISTRIBUTION IN ORION AND Sgr B2

J. Cernicharo^1, E. González-Alfonso^{1,2}, M.J. Sempere^1, S. Leeks^3 E. van Dishoeck^4, C.M. Wright^5, T. Lim^6, P. Cox^7 & S. Pérez-Martínez^1

1 CSIC. Instituto de Estructura de la Materia. Serrano 121. 28006 Madrid. Spain 2 Univ. de Alcalá de Henares. Dpto Física. E-28871. Alcalá de Henares. Spain 3 Queen Mary & Westfield College, London, E1 4NS, U.K.

4 Leiden Observatory, Leiden, The Netherlands 5School of Physics, University College, Canberra ACT 2600, Australia 6 Rutherford Appleton Laboratory, Chilton, Didcot, Oxon OX11 0QX, UK 7 IAS, Orsay, France

ABSTRACT We present our ISO open time results concerning the water vapour abundance and its spatial distribution in Orion-IRc2 and SgrB2. LWS grating and FP data have been obtained in both sources for H_2O and for the H^{18}_2 O and H^{17}_2 O rare isotopes. In Orion IRC2 we have observed more than 70 lines from the different isotopes of water vapour. As already probed by Cernicharo et al. in 1994 from ground based observations at 183.3 GHz, our LWS FP and grating maps of Orion show that water vapour is spatially extended in this cloud and has an abundance around 10^{−5} at large scale (ridge molecular cloud). The same abundance has been found for the extended water vapour absorption in the direction of SgrB2 where the 179.5 μm line of H_2O is detected over a region having a size of 80 pc.

In the direction of Orion IRC2 the data contain information on the different gas components associated to this prominent molecular cloud. The water vapour lines with wavelengths above 100 μm are in emission. However, for shorter wavelengths the lines arising from energy levels below 500 K present P-Cygni profiles while those arising from higher energies are in emission. All the lines observed with the SWS spectrometer are in absorption. The interpretation of the data is not obvious in view of the extremely large opacities of the water vapour lines and of the complex line profiles. We present radiative transfer models including dust and molecules simultaneously that predict several important effects in the water vapour lines intensities and line profiles. These models reproduce qualitatively and quantitatively the observed water vapour lines with the SWS and the LWS ISO spectrometers. A detailed fit to the data will require a more detailed knowledge of the geometry of the region and of the relative distribution of dust and H_2O. Water vapour abundances around 10^{−4} have been estimated for the shocked gas in IRC2.

Key words: Molecular Clouds; Orion-IRc2; Sgr B2; Molecules; Molecular Abundances.

1. INTRODUCTION

The determination of the abundance of water vapour is a long standing problem in astrophysics. Because water vapour is predicted to be an abundant molecule in the gas phase, a determination of its spatial extent, its distribution, and its abundance is crucial in modelling the chemistry and the physics of molecular clouds. In warm molecular clouds, water vapour could play a critical rôle in the cooling of the gas (Neufeld and Kaufman 1993) and, hence, in the evolution of these objects. Unfortunately, due to its high abundance in the terrestrial atmosphere, observations from the ground of the rotational, vibrational and electronic transitions of water vapour is particularly difficult. Some ground-based and airborne observations of water vapour have been performed, but most of observed transitions are maser in nature making very difficult the analysis of the data (Cernicharo et al. 1990; Menten & Melnick 1991). Even the observation of the H_2^{18}O isotope gives only poor estimates on x(H_2O) due to contamination of the observed transitions by other molecular lines (Jacq et al. 1988, Gensheimer et al. 1996), or to the observation of only one line which avoids the correct determination of the population of the rotational levels of the^{18}O isotopic species of water vapour (Zmuidzinas et al. 1995). HDO has been also observed (Jacq et al. 1990; Helmich et al. 1996b), but it is also difficult to derive the H_2O abundance from this rare isotopic species.

The 6_{16}-5_{23} masing transition of H_2O at 22 GHz, which arises from levels around 700K, has been used since its detection by Cheung et al. (1969), to trace high excitation gas around star forming regions and evolved stars. The size of the emitting regions at that frequency is typically of the order of a few milliarcseconds (a few 10^{13} cm at the distance of Orion). Hence, no information has been obtained on the rôle of water vapour at large spatial scales from this line. Other H_2O lines have been detected from ground or air-

Proceedings of the Conference “The Universe as seen by ISO”, Paris, France, 20–23 October 1998 (ESA SP-427, March 1999)

Figure 1. LWS raster of the Orion molecular cloud between 140 and 197 μm. Offsets, in arcseconds, are indicated in each box (in declination for the vertical strip and in right ascension for the horizontal one). Line identifications are given in the zoom to the central position in the top-right panel (see also Figure 2).

borne based telescopes like the 3_{13}-2_{20} transition at 183 GHz (Waters et al. 1980; Cernicharo et al. 1990, 1994, 1996; González-Alfonso et al. 1994, 1998), the 4_{14}-3_{21} transition at 380 GHz (Phillips, Kwan and Huggins 1980), the 10_{29}-9_{3,6} transition at 321 GHz (Menten, Melnick and Phillips 1990a) and the 5_{15}- 4_{22} transition at 325 GHz (Menten et al. 1990b). Among these lines only the 3_{13}-2_{20} transition at 183 GHz, for which the terrestrial atmosphere has good transmission under excellent weather conditions -see Cernicharo 1985, 1988; Cernicharo et al. 1990; Pardo 1996-, have been used to map the emission of water at very large spatial scale (Cernicharo et al. 1994, hereafter referred to as Cer94). The map of the Orion molecular cloud shown in Cer94 is 6 orders of magnitude larger than the size of the spots detected at 22 GHz and for the first time a water abundance estimation was derived for the different large scale components of the Orion molecular cloud.

The ISO satellite has provided the opportunity to observe thermal lines of water in the medium and far infrared (see the reviews by van Dishoeck 1997;

Cernicharo 1997; and Cernicharo et al 1997a). Mapping of the SgrB2 molecular cloud by Cernicharo et al. (1997b) has definitely shown that water vapour is ubiquitous in molecular clouds with an abundance of 10^{−5}, i.e., similar to that derived by Cer94 from the masing line at 183 GHz. Maps of the emission of several H_2O lines in Orion IRc2 have been obtained by Cernicharo et al. (1997a, 1999). Observations of the central position have been also obtained by van Dishoeck et al. (1998), González-Alfonso et al. (1998) and Harwit et al. (1998). However, the ISO observations of H_2O have to be complemented with ground based observations, such as those obtained by Cernicharo et al. (1994) at 183.3 GHz, in order to disentangle the different spatial components of water vapour and to model correctly the emission of the different rotational lines. In this paper we discuss the available data at all wavelengths and we give an estimate of the water vapour abundance from detailed model calculations of the radiative transfer in molecular clouds having large dust opacities in the far-infrared domain.

Figure 2. Grating and FP LWS spectra of the Orion molecular cloud towards IRc2. The continuum has been removed from the grating spectrum (left y-axis) while for the FP the line over continuum flux ratio is given in the y-right axis. A detailed analysis of the far-IR spectrum of Orion is given in the contribution by Cernicharo et al. these proceedings.

2. OBSERVATIONS

The severe absorption by the terrestrial atmosphere, even at airborne altitudes, limits the observation of water from the ground. Far-infrared/submillimetre astronomy from space alleviates this major obstacle. The spectrometers on board of ISO can provide a full spectrum of the near, middle and far infrared emission of bright molecular clouds. Unfortunately, the spectral resolution is limited and will produce strong line dilution in most sources. Nevertheless, towards prominent clouds, like SgrB2 (or very bright sources like Orion-IRc2 or other shocked regions), the linewidth can reach more than 100 km s^{−1}, which will allow to detect the most abundant molecular species. In a previous paper (Cernicharo et al. 1997b) we have shown that the fundamental line of water vapour at 179.5 μm was detected in all observed positions of SgrB2. In order to determine the true spatial extent of H_2O in SgrB2 we have taken additional data with the ISO/LWS spectrometer (both grating and FP) at positions as far from the central position as ±15 arcmin. A FP raster in H_2O and OH has been also performed and the data are presented in these proceedings (Cernicharo et al.).

In the direction of Orion we have previously presented FP observations towards the central position (Cernicharo et al. 1997a; see also Harwit et al. 1998). In this contribution we present a full map of Orion taken with the LWS grating spectrometer (a total of 24 positions have been observed -see Figure 1). Several lines of water vapour were also observed in a declination raster. More than 70 lines of water vapour have observed towards the central position with the LWS/FP spectrometer (including rare isotopes). A detailed description of the far-IR spectrum of Orion- IRc2 is giving in these proceedings by Cernicharo et al. The data of the grating spectra also show strong CO emission at all observed positions. These data are analyzed in the contribution by Sempere et al. (these proceedings).

3. ORION-IRc2

The grating data are shown in Figure 1. The central position has been analyzed in detail in the contribution by Cernicharo et al. (these proceedings). Some line identifications are given in the top panels of Figures 1 and 2. Figure 1 shows that the water vapour emission extends over several arc minutes around IRc2. Towards the central position all the lines of H_2O involving levels with energies below 2000 K have been detected in the grating spectrum. The water lines are typically 1/3 less stronger than the CO lines. In order to study in detail the excitation conditions of H_2O in a prototypical high-mass star forming region as Orion, we observed a large number of transitions of H_2O and its^{18}O and^{17}O isotopes. These data are shown in Figure 3. The line profiles show a complicated behaviour. The lines involving rotational levels at high energy appear in emission. However, those arising from levels of low and intermediate energy show P-Cygni profiles for λ<100 μm, while for longer wavelengths they appear in emission.

It is interesting to note that all the lines observed by van Dishoeck and collaborators (these proceedings) with the SWS-FP spectrometer are in absorption in front of the continuum source. Some of the lines they have observed have similar properties than those shown in Figure 3 for the shortest wavelengths. These lines show P-Cygni profiles with an important velocity range of the line in emission. That means that the filling factors for the molecular gas as seen by SWS and LWS beams are different, i.e., the emission observed with the LWS-FP spectrometer is arising from a larger surface than that observed with the SWS-FP instrument. We have mapped the thermal emission of water vapour in three rotational lines. A raster map of two of them is shown in Figure 4. As described by Cernicharo et al. (1994), the water vapour emission is very extended in Orion. They detected at least four different components : the extended molecular ridge, the high velocity wind, the “plateau” or wind of moderate velocity, and many narrow and very strong features which are probably associated with the small bullets observed at 22 GHz by Genzel et al (1981). These observations at 183.3 GHz are reproduced in Figure 5.

The ISO/LWS data suffer of a poor angular resolution. The “plateau” is clearly seen in almost all lines observed with the LWS-FP spectrometer (see Fig. 3). The extended molecular cloud around IRc2 is clearly visible in the raster shown in Fig. 4. The intensity of the lines outside Orion-IRc2 is 10-20 times less stronger than towards the center position and its contribution to the interpretation of the shocked H_2O emission is negligible. Figure 5 shows that the “plateau” gas extends over a region of 40^{′′} in size. Depending of the orientation of the SWS-FP aperture the fraction of the emitting gas will be different than that of the more spherical aperture of the LWS spectrometer. Hence, the different behaviour of the lines seen with the SWS and LWS spectrometers can be easily understood. Nevertheless, the spatial extent of H_2O puts serious problems when trying to modelling the spatially unresolved data provided by the ISO instruments. The H_2O rotational transitions with P-Cygni profiles will change from cloud to cloud depending on the dust temperature and opacity. Also the different filling factors that gas and dust present

Figure 3. FP LWS spectra of rotational lines of H_2O in Orion. The continuum has been removed. Note the presence of P-Cygni profiles below 90 μm. The last row presents several lines of H_2^{18}O.

to the ISO apertures will affect the line shapes (e.g., one could think a model where dust emission arises from a larger region than that covered by H_2O; then, the continuum level that could be used to estimate the line opacities for P-Cygni profiles will be unknown from observations at limited angular resolution).

In order to model the H_2O emission in Orion we have used the data provided by the grating and FP LWS observations on CO and^{13}CO. These data are useful to constrain the kinetic temperature, the CO column density and the size of the emitting regions. With these data as input we derived the H_2O column density and the H_2 volume density. An additional input was the dust temperature. The contribution of the extended emission of H_2O in the Orion molecular cloud has been also taken into account in the models. Dust and molecules are treated simultaneously (see, e.g., González-Alfonso et al. 1998). The models, which accounts for two regions of different temperature and density, reproduce qualitatively the P-Cygni profiles of H_2O and the fully absorbed lines observed with the SWS spectrometer. However, the results are very dependent on the assumed geometry and spatial distribution of the dust. Our calculations indicate that some lines will be redshifted due to self-absorption in the emitting layers and in the foreground gas, an effect that is observed for some H_2O lines. The comparison of the CO and H_2O emission allows to estimate an abundance ratio, x(CO)/x(H_2O), ≃2-5 in the low velocity wind, and ≃10-50 in the extended molecular cloud. The maser lines at 183.3 and at 325 GHz (Cernicharo et al. 1994, 1999) are well reproduced in our calculations. A detailed description of the models and the main results will be published elsewhere (Cernicharo et al. 1999).

4. Sgr B2

The grating ISO/LWS spectrum towards the central position of Sgr B2 shows a strong absorption at 179.5 μm corresponding to the water vapour 2_{12}-1_{01} transition (see Cernicharo et al. 1997b). The grating

Figure 4. FP LWS spectra observed at several different declination offsets in the direction of Orion. The observed positions are indicated in each panel with the central panel showing the spectra in the direction of Orion-IRc2. The observed water vapour lines are the 2_{12}-1_{01} and 3_{03}-2_{12} at 179.5 and 174.6 μm respectively. The continuum emission has been removed.

spectra in different positions of the cloud are shown in Figure 6. The most striking result from the raster map is the presence of the water vapour 179.5 μm line in absorption in all directions (at least up to ±830 arcsec, i.e., over 80 pc; see Figure 6). At the spectral resolution of the grating (i.e., ≃ 1000 km s^{−1}), the absorption remains strong and roughly constant through the map. The absorption depth of ≃15%, is consistent with saturated water vapour lines with a line width of ≃150 km s^{−1}. Other H_2O transitions are detected in absorption: the 3_{03}-2_{12} H_2O line at 174.5 μm is also present in all the raster positions with an absorption depth of 1%. The absorption at 180.5 μm (also detected in all positions) could be a blend of the 2_{21}- 2_{12} H_2O transition at 180.488 μm, the CH line at 180.478 μm and the 2_{12}-1_{01} H_2^{18}O line at 181.05 μm. Sensitive observations with the LWS-FP spectrometer of the lines of CH towards the central position of SgrB2 show that only the fundamental transitions of this species, around 149.5 μm, are detected (see contribution by Cernicharo et al. concerning the far-IR spectrum of SgrB2 in these proceedings). Therefore, the grating feature at 181 μm is not contaminated by CH and probably arises from H_2^{18}O. Nevertheless, we note that the inversion transition of H_3O^+ is exactly at the same frequency than the H_2^{18}O line, and some contamination cannot be excluded. A preliminary analysis of other H_3O^+ lines seems to indicate that an important fraction of the absorption is due to H_2^{18}O. FP observations of some H_2O (including the rare H_2^{18}O isotope) and OH are shown in Figure 7. Finally, note that the C[II] line is very strong in all observed positions but it decreases in intensity when approaching the center where it appears in absorption. Baluteau et al. (1997) have also found the O[I] line in absorption towards the central position while it is detected in emission in other positions through the cloud.

The main result from the present observations is that the far-infrared lines of water vapour are seen in absorption towards SgrB2, instead of in emission (Cernicharo et al. 1997b). This suggests that in SgrB2, where the continuum emission in the far-infrared is optically thick (see below), the H_2O lines arise in a region where the excitation temperatures are smaller than the dust temperature (< 30 K). Nevertheless, the problem of H_2O line excitation is not simple because, apart from self-absorption and the possibility of collisional excitation, the excitation temperatures will also be affected by the continuum emission of the dust.

The role of dust is essential in the excitation of molecules such as H_2O which have transitions at far- and near-infrared wavelengths. If the transfer is dominated by infrared photons, the two transitions arising from the ground level of water vapour will determine how the higher levels will be populated. Even if collisions are important, the dust emission, which in the case of SgrB2 is optically thick around 100 μm (see below), will strongly affect the excitation temperatures of the H_2O transitions and must be taken into account in any realistic model. For a very thick cloud such as SgrB2, these conditions mean that the external layers of the cloud absorb not only the dust emission, but also the water line emission from the inner regions. In the following, a simple model is presented (see Cernicharo et al. 1997b) to define the conditions for which the far-infrared H_2O lines appear in ab-

Figure 5. Water emission integrated intensity color maps for different velocity ranges in Orion-IRC2. The black contours correspond to the CO emission in the same velocity intervals. The CO data were observed simultaneously with the water emission with the 30-m IRAM radio telescope. The panels are labelled at their bottom-right corners, and the corresponding velocity intervals in km s^{−1} are given at their top-tight corners. The first color contour corresponds to 7.5 K km s^{−1} and the strongest value to 4200 K km s^{−1}. The CO contours are 3, 5, 10, 20, 30, 40, 60, 90, 120, 160, 200, 250 and 300 K km s^{−1}. For clarity, some CO low contours are not displayed in the panels 8-12; the first CO contours in these panels are 5, 40, 80, 10, and 5 K km s^{−1} respectively (from Cernicharo et al. 1994).

sorption and to quantify the depth of the absorption lines. The model assumes a uniform and spherical cloud, with the following physical parameters appropriate for SgrB2 (see Baluteau et al. 1997 and references therein): an H_2 column density of N(H_2)=10^{24} cm^{−2}, a dust to gas abundance of 10^{−2} by mass, a grain radius 0.1 μm, a dust temperature T_d=30 K, and a turbulent velocity V_{tur}= 10 km s^{−1}. The H_2 density, n(H_2), the kinetic temperature T_K , and the water abundance are free parameters. The dust continuum observed in the LWS wavelength range is well reproduced with the above parameters (Fig. 8). The continuum opacities are 3.5 and 1.9 at 100 and 180 μm respectively. The models compute the statistical equilibrium populations of the seven lowest levels of o- H_2O. The collisional coefficients are taken from Green et al. (1993) and the excitation by dust emission is treated by assuming that the dust grains and the water molecules are coexistent.

Figs. 8a and b display for the four lowest o-H_2O transitions, with wavelengths in the LWS range, the line over continuum flux ratio as a function of T_K for two values of n(H_2): 10^5 and 10^6 cm^{−3} and for an abundance of o-H_2O of 10^{−5}. All four lines are very thick across the cloud, with maximum opacities always greater than 10^3. The lowest lying 2_{12}-1_{01} line at 179.5 μm has an opacity greater than 5 10^4 and its line over continuum flux ratio varies significantly with T_K . Fig. 8 indicates that the H_2O lines are seen in absorption only if T_K is below 35 and 30 K for n(H_2)=10^5 and 10^6 cm^{−3}, respectively. Hence, the water vapour lines detected in absorption originate in the low density regions of SgrB2, i.e. the extended and tenuous envelope of the molecular cloud, and not in the inner regions with T_K ≃100 K observed, e.g., in NH_3 (Hüttemeister et al. 1993), where the water lines would be expected to be in emission. Since these gas volume and column densities describe the moderate density envelope of SgrB2 observed in NH_3, we could expect to see the water vapour lines in emission. Consequently, the H_2O lines are probably formed in regions of much lower density, i.e., the extended and tenuous envelope of SgrB2 detected also in absorption in other molecular lines (e.g., Hüttemeister et al. 1995). With the grating resolution, and even when collisions are neglected, the absorption depths in our models for the 108.1, 174.6 and 180.5 μm lines are always lower than 1 %, due to the fact that the dust emission increases the line excitation temperatures to values close to T_d. This result is consistent with the Fabry- Perot observation of the 3_{03}-2_{12} line

Figure 6. LWS raster of the SgrB2 molecular cloud between 100 and 195 μm. Offsets, in arcseconds, are indicated in each box (in declination for the vertical strip and in right ascension for the horizontal one). Line identifications are given in the zoom to the central position in the top-right panel. The adjacent panels show the spectra observed at selected positions -indicated by arrows. The line around 122 μm corresponds to N[II].

at 174.6 μm (see Figure 7), which shows an absorption of ≃20 %. This is a result of the excitation by the dust emission which implies that the excitation temperature is always close to T_d. However, the absorption depth of the 2_{12}-1_{01} transition (≃15 % in the grating spectra) cannot be explained by this simple model. The reason is that the observed velocity coverage of this line is ≃ 200 km s^{−1} (Figure 7), indicating that low excitation molecular clouds along the line of sight towards SgrB2 also contribute to the absorption. The excitation of the H_2O molecules in these intervening clouds must be low since the 3_{03}- 2_{12} absorption line is not detected at velocities below 20 km s^{−1} (Figure 7). This is further confirmed by the lack of reemission of the 2_{12}-1_{01} line at those velocities. We have added to the previous model (with n(H_2)=10^5 cm^{−3} and T_K =20 K) an absorbing shell located between the observer and the SgrB2 model cloud. The parameters of this shell are the same as for the SgrB2 cloud except that N(H_2) = 10^{21} cm^{−2} and V_{tur}=40 km s^{−1}. Since the absorbing shell is optically thin in the continuum, the excitation temperatures are low and there is only appreciable absorption in the 179.5 μm line. Figure 8c presents the resulting grating spectrum and the insert panel shows the line over continuum ratio around 180μm. For higher column densities in the absorbing shell, the excited H_2O levels begin to be appreciably populated and the optical depths at the other transitions are more pronounced.

The present observations confirm the previous results of Cernicharo et al. (1994) that water vapour ex-

Figure 7. LWS Fabry-Perot observations of the central position of SgrB2. The abscissa is the VLSR in km s^{−1} and the ordinate corresponds to the line over continuum flux ratio. (a) The 2_{12}-1_{01} and 3_{03}-2_{12} lines of water at 179.52 and 174.6 μm, respectively; (b) the 5/2-3/2 and 7/2-3/2 lines of the^2Π_{3/2} state of OH at 119 and 84 μm; (c) the 2_{12}-1_{01} H_2^{18}O line at 181.05 μm. From Cernicharo et al. (1997b).

its in large amounts in the direction of molecular clouds, but the large opacity of the infrared H_2O lines detected in SgrB2 makes difficult any estimate of the water abundance. Our models indicate that the H_2^{18}O 2_{12}-1_{01} line must also be thick in order to explain the line absorption at 181.05 μm. Nevertheless, we note that the depth of the absorption is still sensitive to the optical depth, even if the line is thick, because the velocity range where the line can absorb the continuum emission increases with the opacity. Hence, our simple models can derive the H_2^{18}O abundance from the observed absorption depth at 181.05 μm. The value depends on the assumed velocity dispersion in the cloud. Adopting V_{tur}=20 km s^{−1}, N(H_2)=10^{23} cm^{−2}, n(H_2)=10^5 cm^{−3}, T_K =20 K, H_2O/H_2^{18}O=500 and neglecting collisional excitation, i.e. all the rotational levels are excited by infrared photons from the dust, we derive a lower limit for the water abundance in SgrB2 of 10^{−5}.

Finally, the H_2^{18}O line profile in Figure 7 shows an absorption of 10% between −50 and 50 km s^{−1}. This absorption is produced in the low density gas associated with the molecular ring around the galactic center. Assuming that all the absorbing molecules are in the ground state, we derive N(H_2^{18}O) ≃ 5 10^{13} cm^{−2} and N(H_2O)≃3 10^{16} cm^{−2}. For gas column densities of 10^{21}-10^{22} cm^{−2} the water vapour abundance in the clouds along the line of sight of SgrB2 is ≃0.1-1 10^{−5}.

In addition to the H_2O lines, the LWS grating spectra show the OH and CH lines across the cloud. The lines of OH arising from the J=3/2^2Π_{3/2} level and con-

Figure 8. a) and b) Results of model calculations showing the line over continuum flux ratio of four o- H_2O transitions (labelled with their wavelengths) as a function of kinetic temperature. c) Model spectrum for a cloud with an external absorbing shell (see Cernicharo et al. 1997B for details).

necting with the J=5/2^2Π_{3/2} and J=1/2 and J=3/2 of the^2Π_{1/2} level at 54, 80 and 119 μm are observed at many positions. The strength of the OH features, like for the water vapour lines, indicates that the lines are saturated.

CH absorption is also detected at several positions. The CH line profile obtained with the FP (see contribution by Cernicharo et al. on Sgr B2) is very similar to that observed with the KAO by Stacey et al. The absorption reaches about 20 % of the continuum. The column densities of CH in the J=1/2 level varies between 1-5 10^{15} cm^{−2} across the cloud. The lack of absorption from other lines of CH rather than those connecting with the ground level suggests that the molecule is only abundant in the external layers of the cloud where collisional excitation is unimportant.

ACKNOWLEDGMENTS

J. Cernicharo, E. González-Alfonso, and M.J. Sempere thank the Spanish Direccion General de la Enseñanza Superior for support through ACP96- 0168, ESP96-2529-E, PB96-0883 and ESP98-1351.

REFERENCES

Baluteau, J.P., Cox P., Cernicharo J., et al. 1997, AA, 322, L33 Cernicharo, J. 1985, ATM a program to compute atmospheric transmision between 0-1000 GHz, IRAM internal report.

Cernicharo, J. 1988, Ph.D. Thesis, Université de Paris VII.

Cernicharo, J., Thum, C., Hein, H., John, D., Garcia, P., Mattioco F. 1990, A.&A., 231, L15.

Cernicharo, J., González-Alfonso, E., Alcolea, J., Bachiller, R., John, D. 1994 (Cer94), Ap.J., 432, L59.

Cernicharo, J., González-Alfonso, E., Bachiller, R.

1996, A.&A., 305, L5.

Cernicharo, J. 1997, “The Far Infrared and Submillimeter Universe”, 15-17 April 1997, Grenoble, France. ESA SP-401, page 91.

Cernicharo, J., González-Alfonso, E., Lefloch, B., 1997a, “First ISO Workshop on Analytical Spectroscopy”, 6-8 October 1997a. ESA SP-419, page 23. Cernicharo, J., Lim, T., Cox, P., González-Alfonso, E., Caux, E., Swinyard, B.M., Martín-Pintado, J., Baluteau, J.P., Clegg, P.E. 1997b, A.&A., 323, L25.

Cernicharo, J., Pardo, J.R., González-Alfonso, E., Serabyn, E., Benford, D., Merringer, D., 1999, submitted to the ApJ Letters.

Cheung A.C., Rank D.M., Townes C.H., Thornton D.D., & Welch W.J. 1969, Nature, 221, 626 Genzel, R., Reid, M.J., Moran, J.M., Downes, D., 1981, ApJ, 244, 884 González-Alfonso, E., Cernicharo, J., Bachiller, R., Fuente, A. 1994, A.&A., 293, L9.

González-Alfonso, E., 1995, Ph.D., Universidad de Valencia (Spain).

González-Alfonso, E., Cernicharo, J., Alcolea, J., Orlandi, M.A. 1998, A.&A., 334, 1016.

González-Alfonso, E., Cernicharo, J., van Dishoeck, E.F., Wright, C.M., Heras, A. 1998, Ap.J., 502, L169.

González-Alfonso, E. and Cernicharo, J., ApJ, 1999 submitted.

Green S., Maluendes S., & McLean A.D., 1993, ApJS, 85, 181 Harwit, M. Neufeld, D.A., Melnick, G.J., Kaufman, M.J., 1998, ApJ, 497, L105.

Hüttemeister S., Wilson T.L., Henkel et al, 1993, A.&A., 276, 445 Hüttemeister S., Wilson T.L., Mauersberger R., Lemme C., Dahmen G., Henkel C., 1995, A.&A., 294, 667 Jacq T., Jewell P.R., Henkel C., Walmsley C.M., Baudry A., 1988, A.&A., 199, L5 Jacq T., Walmsley C.M., Henkel C., Baudry A., Mauersberger R., Jeweel P.R., 1990, A.&A., 228, 447 Menten, K.L, Melnick, G.J., Phillips, T.G. 1990a, Ap.J., 350, L41.

Menten, K.L, Melnick, G.J., Phillips, T.G., Neufeld, D.A. 1990b, Ap.J., 363, L27.

Menten K., & Melnick G.J. 1991, ApJ, 377, 647 Neufeld D.A., Kaufman M.J., 1993, ApJ 418, 263

Pardo, J.R. 1996, Ph.D. Thesis, Université Pierre et Marie Curie-Universidad Complutense de Madrid.

Phillips, T.G., Kwan, J., and Huggins, P.J. 1980, in IAU Symposium 87 : Interstellar Molecules, ed. B.H. Andrew (Dordrecht: Reidel), p 21.

Waters, J.W., Gustincic, J.J., Kakar, R.K., Kuiper, T.B.H., Roscoe, H.K., Swanson, P.N., Rodriguez Kuiper, E.N., Kerr, A.R., Thaddeus, P.1980, Ap.J., 235, 57.

van Dishoeck, E.F. 1997, “The Far Infrared and Submillimeter Universe”, 15-17 April 1997, Grenoble, France. ESA SP-401, page 91.

van Dishoeck, F., Wright, C.M., Cernicharo, J., González-Alfonso, E., De Grauuw, T., Helmich F.P., VandenBussche, B. 1998, Ap.J., 502, L173.

Zmuidzinas J., Blake G.A., Carlstrom J., et al.:1995, ASP Conference Series, Vol. 73. Ed. M.R. Haas, J.A. Davidson and E.F. Erickson.

574

FAR-INFRARED COOLING LINES IN PRE-MS SOURCES

P. Saraceno^1, B. Nisini^1, M. Benedettini^1, A.M. Di Giorgio^1, T. Giannini^{1,4}, M.J. Kaufman^8, D. Lorenzetti^4, S. Molinari^{1,9}, S. Pezzuto^1, L. Spinoglio^1, E. Tommasi^{10}, E. Caux^3, C. Ceccarelli^5, P.E. Clegg^2, J.C. Correia^2, M.J. Griffin^2, S.J. Leeks^2, R. Liseau^6, H.A. Smith^7, & G.J. White^2

1Istituto di Fisica dello Spazio Interplanetario - CNR, Roma, Italy 2Queen Mary & Westfield College, Mile End Road, London E1 4NS, UK 3CESR, BP4346, F-31028 Toulouse Cedex O4, France 4Osservatorio Astronomico di Roma, I-00040 Monteporzio, Italy 5Observatoire de Grenoble, BP 53 F-38041, Grenoble, France 6Stockholm Observatory, S-133 36 - Saltsjobaden, Sweden 7Smithsonian Center for Astrophysics, MA 02138 Cambridge 8Dept. of Physics, San Jose State University & NASA/Ames Research Center 9IPAC/Caltech, MS 100-22, Pasadena, California (USA) 10 Agenzia Spaziale Italiana, Roma, Italy

ABSTRACT

We review the results of the observations in the 45– 190 μm wavelength range with the ISO Long Wavelength Spectrometer of a sample of Class 0, Class I, Class II pre-Main Sequence objects. We briefly discuss the role of [OI] and of molecular lines in the cooling of these sources.

Key words: Stars: Circumstellar matter; Stars: Premain Sequence; Infrared: spectroscopy; Infrared: molecular lines.

1. CHARACTERISTICS OF THE SAMPLE

We used the Long Wavelength Spectrometer (LWS), (Clegg et al. 1996) on the ISO satellite to observe a sample of pre-Main Sequence sources (Class 0, Class I, Class II objects) selected for having a relatively strong submillimeter continuum and for being associated with relatively strong molecular outflows (Saraceno et al. 1996 and 1997).

The youth of the selected objects can also be seen by the ISO FIR colour temperature (Tc) ranging from Tc∼27 K, for the youngest objects, (Class 0), to about 75 K in the most evolved Class II Herbig AeBe stars (see Pezzuto et al. these proceedings).

In Figures 1-2 a few LWS spectra representative of the different groups of objects are presented. Figure 1 shows the youngest objects of the sample: a Class 0 (L1448mm, Tc∼35 K), a low luminosity

(L^<∼ 10^3L_⊙) Class I (IC 1396N, Tc∼35 K) and the high luminosity Class I W28 A2 (L∼10^5L_⊙, Tc∼65 K a very young object with a dynamical time of ∼2000 years). Class 0 and low luminosity Class I sources have very rich spectra with several molecular transitions. In these objects (see Table 1) molecules are the major coolants of the gas. On the contrary, in the high luminosity Class I sources atomic lines are the major coolants and the spectra show weak or no molecular lines and have several intermediate ionization lines, as expected from sources with a very strong continuum (tens of kJy) and strong UV field.

Figure 2 presents the more evolved Class II sources: two Herbig AeBe (HAeBe) stars with quite different spectra, RCrA (Tc∼40 K) and MWC 297 (Tc∼75 K), and the TTauri star HL Tau (Tc∼65 K). The HAeBe stars show a relatively large range of temperatures in the FIR colour-colour diagrams (Tc∼ 35-75 K). The coolest objects are generally associated with an embedded cooler companion which probably dominates the FIR colours (in Figure 2 the FIR continuum of RCrA is similar to the one of a Class I); they often show molecular emission (weaker than the one in Class 0/I objects) explained by means of clumpy PDR models (see Giannini et al. 1998 and Giannini et al. these proceedings).

Finally, the observed TTauri stars present only the two fine structure lines ([OI] 63 μm and [CII] 158 μm) with the very important exception of TTauri itself, discussed by Spinoglio et al. in these proceedings.

2. [OI] EMISSION: PDRs AND SHOCKS

The [OI] 63 μm emission line is the strongest FIR line observed in YSOs. It is mainly originated by two physical processes: the excitation from photoionised and photodissociated regions (PDR, Tielens and Hollenbach 1985) and the shock excitation produced by the interaction of supersonic winds with the ambient medium.

Proceedings of the Conference “The Universe as seen by ISO”, Paris, France, 20–23 October 1998 (ESA SP-427, March 1999)

Figure 1. Spectra of the youngest objects: a Class 0 (L1448mm), a low luminosity Class I (IC 1396N) and a high luminosity Class I (W28 A2).

There are two kinds of shocks: dissociative “J” shocks (Hollenbach and McKee 1989), in which the temperature is relatively high, all molecules are dissociated and atomic lines are the dominant coolants of the gas and non-dissociative “C” shocks (Kaufman & Neufeld 1996; Draine 1983), in which molecules are the dominant coolants. [OI] 63 μm is the main coolant in dissociative “J” shocks; therefore Hollenbach (1985) suggested that the wind mass loss rate

(^·M_{wind}) should be proportional to the [OI] 63 μm

line luminosity.^·M_{wind} can also be derived from the

Figure 2. Spectra of Class II objects: 2 HAeBe stars (MWC 297 and RCrA) and a TTauri star (HL Tauri).

molecular mass loss (^·M_{mol}) and its velocity (V_{mol} ); therefore, assuming momentum conservation in the wind-molecular flow interaction, the following rela-

tion is valid:^·M_{wind}V_{wind} =^·M_{mol}V_{mol} . In the case

of “J” shocks, the two^·M_{wind} determinations should be equal. Liseau et al. (1997) showed this equivalence for the [OI] detected in Herbig Haro (HH) objects.

This equivalence holds also for other objects of our sample, as shown in the upper panel of Figure 3, where the mass loss rate derived from the [OI] intensity is plotted versus the one obtained from the mole-

Figure 3. [OI] and molecular outflow mass loss rates determinations (upper panel) for Class 0, low luminosity Class I and TTauri stars; [OI] mass loss rate vs bolometric luminosity (lower panel) for the same objects.

cular flow observations. The dashed line represents equal values of the two mass loss rate determinations, as expected in “J” shocks. This figure contains the objects that lie on this line. They are all the HH objects, and all the Class 0 and low luminosity Class I (for TTauri stars the statistics is not conclusive).

Figure 4. Same as Figure 3 but for Class I and HAeBe.

In the upper panel of Figure 4 the objects that do not lie on the line of equivalence are shown: they have an [OI] emission in excess of that predicted by “J” shock models. This means that a second and dominant component is added to the shock component, due to the presence of HII regions and PDRs, as expected for the objects in Figure 4: HAeBe stars, in which the [OI] emission is accounted for by PDR excitation (Lorenzetti et al. 1998), and high luminosity Class I sources (L>10^4L_⊙), which are embedded in HII regions and PDRs. The correlation shown by these objects is explained by the fact that, in HII regions and PDRs, the [OI] luminosity is proportional to the bolometric luminosity L_{bol}: in fact, for lumi-

nous young objects, L_{bol} is proportional to^·M_{mol} , while for Class 0 and low luminosity Class I this proportionality does not exist (Saraceno et al. 1996). This is clearly shown in the lower panels of Figures 3 and 4 where the mass loss derived from [OI] is shown as a function of L_{bol}. The objects of Figure 3 show a high dispersion while those of Figure 4 correlate. The effect is even more strong if we consider the distribution of the different classes of objects (Class 0, Class I, HAeBe) separately.

3. MOLECULAR LINE COOLING

Table 1 lists the objects of the sample for which it was possible to compute the molecular line intensities. Molecular lines have been detected in 2 HH objects out of a sample of 18, in 3 HAeBe stars out of a sample of 11 (Lorenzetti et al. 1998 ) and in one TTauri object out of a sample of 4. For the three categories listed above the table is statistically representative of the relevance of molecular lines. This is not the case of Class 0 and Class I sources: we observed about 20 objects and more than a half of them show molecular lines but at the present level of data analysis only for the 5 listed objects was it possible to compute the line cooling.

The table shows the importance of molecular cooling in Class 0 and Class I sources and the minor role that H_2O plays in the cooling of the shocked gas (with the exception of L1448mm). This is unexpected, because H_2O was foreseen to be the dominant FIR coolant of the gas around pre-MS objects. Water is produced by two processes: sublimation from grains, at T>100 K (van Dishoeck & Blake 1998), and gas-phase reactions (O+H_2)(Graff & Dalgarno 1987), which are very efficient when the gas reaches the threshold temperature of 300 K and all the oxygen not locked in CO is transformed into H_2O. These temperatures can be reached either by radiative heating close to the star, or in shocked regions, in particular by means of low velocity non dissociative “C” shocks (Kaufman & Neufeld 1996; Draine 1983). The fact that we find L_{H2O}/L_{CO} < 1 for most of the sources seems to exclude very efficient gas phase reactions and implies a gas temperature T^<∼300 K. From the fit of the CO lines we can estimate the temperature of the gas and (with the exception of L1448mm and IC 1396N) the models fit agrees quite well with T_{CO}≈200 K (Saraceno et al. 1998).

Is this scenario consistent with shock models ? Figure 5 shows the objects of Table 1 plotted in a L_{H2 O}/L_{CO} vs L_{[OI]}/L_{CO} diagram together with “J” and “C” shocks models predictions. The “C” shock models foresee that between 10 and 20 km s^{−1} the threshold temperature for H_2O formation is reached (see Figure 3 of Kaufman & Neufeld 1996).

The observed spread in the distribution of the cooling luminosity ratios in Figure 5 shows that our sources must be close to the threshold temperature

Table 1. Line cooling

Source Class Lbol L_[OI_] LCO LH_2O LOH Llines L^(mol^)L_{([}OI_{])} L^(lines^)L_(bol_)

Luminosities expressed in L⊙

B335 FIR 0 3 0.002 0.004 <0.001 ... 0.006 2 2 E-3 IRAS16293 0 27 0.005 0.04 0.003 0.003 0.05 9.2 1.8 E-3 L1448mm 0 10 0 008 0.03 0.045 ... 0.083 9.3 8 E-3 HH25mm 0 5 0.024 0.03 0.015 ... 0.07 1.9 1.3 E-2 IC1396 N I 235 0.1 0.63 0.17 ... 0.9 8 3.8 E-3

TTau II 28 0.013 0.01 0.01 0.02 0.05 6.6 2.0 E-3 R CrA II 132 0.038 0.03 <0.002 0.01 0.078 1.05 5.9 E-4 IRAS12496 II 50 0.005 0.008 <0.001 ... 0.013 1.6 2.6 E-4 LkHα234 II 270 1.68 0.5 ... ... 2.18 0.3 8 E-3

HH54B HH - 0.026 0.01 0.002 0.001 0.039 0.5 ... HH26C HH - 0.022 0.025 0.02 ... 0.067 2.04 ...

for water formation and thus the factor 100 in the L_{H2 O}/L_{CO} ratio is fitted by an unlikely small range of velocities (12-16 km s^{−1} for the Draine models of Figure 5). Some model efforts are therefore needed to understand if it is possible to obtain lower temperatures allowing an higher range of velocities, by changing other parameters (as magnetic field and preshock densities).

The other hypothesis to explain at least those sources with the lower L_{H2 O}/L_{CO}, is that H_2O is mainly produced by sublimation of grain mantles (with a gas temperature below 300 K for not having efficient H_2O gas phase production). This hypothesis is supported by the fact that all the objects of Table 1 (except HHs) have only on-source H_2O detections, with inferred emitting regions of few hundreds of AU. If such a region is circumstellar the temperature necessary for grain sublimation can be easily reached. The sublimation of H_2O from grain mantles has been also suggested to explain the CO, H_2O, CO_2, and CH_4 abundances detected toward high luminosity sources, where the grains could be,

at T^<∼100 K, not fully thermalized with the gas (van Dishoeck 1998).

REFERENCES

Clegg, P.E., et al., 1996, A&A, 315, L38

Draine, B.T., et al., 1983, ApJ, 264, 485

Giannini, T., et al., A&A, 1998, submitted.

Graff, M.M., Dalgarno, A., 1987, ApJ, 317, 432

Hollenbach, D., 1985, Icarus, 61,40

Hollenbach, D., McKee, C., 1989, ApJ, 342, 306

Kaufman, M.J., Neufeld, D.A., 1996, ApJ, 456, 611

Liseau, R., et al., 1997, IAU Symposium N.182, 111

Lorenzetti, D., et al., 1998, A&A, submitted

Saraceno, P., et al., 1996, A&A, 309, 827

Saraceno, P., et al., 1997, in “Star Formation with the ISO”, Yun J.L. & Liseau R. (eds), ASP Conf Ser., Vol.132, p.239

Figure 5. Cooling luminosity ratios for our sources with the predictions of shock models (Kaufman & Neufeld predictions are shown with a horizontal dashed line, since the [OI] line intensity is not given). Notice that “C” shocks models predict a jump in water cooling luminosity of 3 order of magnitude changing the velocity from 10 to 20 km s^{−1}

Saraceno, P., et al., 1998, 3rd Cologne-Zermatt Symposium, “The Physics and Chemistry of the Interstellar Medium”, in preparation Tielens, A.G.G.M., Hollenbach, D., 1985, ApJ, 291, 722 van Dishoeck, E.F., 1998, Faraday Discuss., 109, 31 van Dishoeck, E.F., Blake, G.A., 1998, ARAA, 36, 317

INTERSTELLAR AND CIRCUMSTELLAR PAHS

A.G.G.M. Tielens^1, S. Hony^2, C. van Kerckhoven^3, & E. Peeters^1

1Kapteyn Astronomical Institute, PO Box 800, 9700 AV Groningen, The Netherlands 2Astronomical Institute, University of Amsterdam, Kruislaan 403, NL-1098 SJ Amsterdam, The Netherlands 3Institute voor Sterrekunde, K.U. Leuven, Celestijnenlaan 200B, 3001 Heverlee, Belgium

ABSTRACT

ISO has shown that the mid–IR spectra of almost all sources are dominated by narrow emission features collectively known as the UIR bands. These bands are carried by a family of aromatic hydrocarbon species containing about 50 C-atoms: PAH molecules. Other molecules such as C-chains as well as non-aromatic groups attached to the PAHs are much less abundant. ISO has revealed that the UIR spectrum is incredibly rich with a large number of weaker features, subfeatures, and shoulders; many, many of which were not known before. Some examples and the new insights they can provide are described. A systematic study of this spectral structure may well allow us to considerably narrow down the composition of the family of PAHs responsible for the observed emission. These studies have made it quite clear that the universe as seen by ISO is a molecular universe.

Key words: PAHs; infrared spectroscopy; dust; HII regions; Planetary Nebulae; post-AGB objects; galactic nuclei; interstellar medium; UIR bands.

1. INTRODUCTION

Ground–based and airborne observations through the 70’s and 80’s have shown that the IR spectra of bright sources with associated dust and gas are dominated by relatively broad emission features at 3.3, 6.2, 7.7, 8.6, and 11.3 μm, which always appear together (Gillett et al. 1973; Russell et al. 1977; Cohen et al. 1986; 1989; Geballe et al. 1985; Roche et al. 1989). Because the carriers of these bands remained unidentified for almost a decade, these bands have become collectively known as the Unidentified InfraRed (UIR) bands. The identification with an aromatic carrier is now universally accepted (cf. section 4) and this name is somewhat of a misnomer. Nevertheless, the abbreviation has stuck and is widely used.

The ISO mission was ideally suited to study these emission features: spectroscopically using the SWS spectrometer, ISOPHOT-S, and the ISOCAM-CVF and spatially with ISOPHOT and ISOCAM. Perusal of the posters at this meeting has really reinforced the ubiquitous nature of the UIR bands (section 2). They dominate the mid-IR emission in circumstellar regions, the local diffuse ISM, bright PDRs, nearby normal galaxies, and starburst regions in galactic nuclei. From a curiosity, the UIR bands have now developed into “mainstream” astronomy and, for example, they are now used to derive redshifts and as a diagnostic to separate AGNs from starbursters in the ULIRG population. Likely, these UIR bands are even a characteristic of the ISM of the starbursts in protogalaxies at z ∼ 5. It is clear that if we want to understand the role of these features in the ecology of galaxies near and far, we have to study the physical and chemical characteristics and the origin and evolution of their carriers in the local universe. Fortunately, ISO has provided us just with the tools required for this endeavor.

2. THE UBIQUITOUS UIR BANDS

The SWS spectrometer on ISO has for the first time allowed to get complete 2.5–45 μm spectra of a great variety of bright (^>∼10 Jy) sources. Except for deeply embedded protostars, all of these spectra show the UIR bands. As an example, Figure 1 shows three spectra of C–rich post–AGB objects and PN (Hony et al. 1999). Representative SWS spectra of HII regions are shown elsewhere in these proceedings (Peeters et al.) and have also been published by Roelfsema et al. (1996) and Verstraete et al. (1996). Moutou et al. (these proceedings) show a breathtaking SWS spectrum of the reflection nebula, NGC 7023. The PAH emission features in the spectra of Herbig AeBe stars are shown in van Kerckhoven et al. (1999). Several of the brighter nuclei of starburst galaxies (eg., M82, NGC 253, circinus) have been observed in the mid IR by SWS as well and show bright UIR bands (cf., Rigopoulou these proceedings).

Much fainter sources (^>∼0.1 Jy) can be observed spectroscopically by ISOPHOT and ISOCAM. Besides bright PDRs such as those associated with HII regions (M17, Henning et al. 1998) and reflection nebulae (NGC 7023, Boulanger et al.1998a), at this level, it becomes possible to measure the mid-IR spectrum

Proceedings of the Conference “The Universe as seen by ISO”, Paris, France, 20–23 October 1998 (ESA SP-427, March 1999)

Figure 1. The 3–15 μm emission spectra of the post– AGB objects, IRAS 13428-6232 and the Red Rectangle, and the planetary nebula, NGC 7027 (Hony et al. 1999), illustrating the rich and variable UIR spectrum.

of the IR cirrus (Mattila et al. 1996) and surfaces of dark clouds (Boulanger et al. 1998b, Lemke et al. 1998) illuminated by the average interstellar radiation field. In agreement with earlier suggestions (Puget et al. 1985) based upon broad- and narrowband photometry by IRAS (Low et al. 1984) and the AROME balloon mission (Giard et al. 1994; Ristorcelli et al. 1994), these spectra unambiguously demonstrate that the mid-IR spectrum of the ISM is dominated by the UIR bands. This is not only true for the Milky Way but, as demonstrated by the galaxy survey by Helou et al. (1999), is a general characteristic of the ISM in galaxies. A particularly nice example is given by the mapping of the IR spectrum in the edge-on “twin” of the Milky Way, NGC 891 (Mattila et al. these proceedings). Similar studies of (regions in) nearby bright galaxies have been performed for the LMC (Contursi et al. 1998), and M31 (Cesarsky et al. 1998). It is also possible to

spectroscopically survey the nuclei of nearby (z^<∼0.3) starburst galaxies which all show bright UIR bands (Lutz et al. 1999; Bosselli et al. 1997). While the spectra of AGNs do not show the UIR bands – indeed that has been used as one observational diagnostic to separate true AGNs from starbursts (Genzel et al. 1999; Lutz et al. 1999) – that may merely reflect the high optical depth of the circumnuclear torus surrounding the central monster rather than a genuine absence of the carriers of the UIR bands.

3. THE INCREDIBLY RICH UIR SPECTRUM

The SWS spectra of bright sources obtained by ISO have revealed the incredible richness of the interstellar and circumstellar UIR spectrum. Besides the well-known UIR bands at 3.3, 6.2, 7.7, 8.6, and

11.3 μm, there is a wealth of weaker features: 3.4, 5.25, 5.65, 6.9, 10.5, 12.7 μm to mention some of them (Fig. 1; cf., Beintema et al. 1996). Moreover, many of the prominent bands show satellite bands (eg., 6.0, 11.0 μm) or break up into subfeatures (eg., 7.6 and 7.8 μm). A particular good example of this spectral richness is also provided by the high S/N, 7-9 μm spectrum of NGC 7023 where in this small wavelength range already about 10 subfeatures can be discerned (Moutou et al. these proceedings). The 11-15 μm region is another illustration of this spectral extravagance (cf. section 6).

It should be emphasized that not all sources show all of these emission components at the same time. Indeed, spectral variation is one important characteristic of the UIR spectrum. In particular, all sources show the 5 well-known features but their ratios can vary substantially and the 11.3/7.7 ratio in Fig. 1 provides a good example. More dramatic, some HII regions show a 8.6 μm feature and some Herbig AeBe stars show a 3.5 μm feature which dwarf the commonly much brighter 7.7 and 3.3 μm features, respectively (Roelfsema et al. 1996; Verstraete et al. 1996; van Kerckhoven et al. 1999). More subtle variations are provided by the ratio of the 7.6/7.8 components of the 7.7 μm feature among HII regions and planetary nebulae (Beintema et al. 1996; Roelfsema et al. 1996; Peeters et al. 1999). Also, often the features vary relative to each other with distance from the illuminating star within a single object (Geballe et al. 1989; Joblin et al. 1996; 1999). These spectral variations make each spectrum unique and imply that the carriers are sensitive to the local physical conditions.

4. THE AROMATIC NATURE OF THE EMITTERS

As first noticed by Duley & Williams (1981), the observed UIR spectrum is very characteristic for aromatic species^1 and this is not controversial at all anymore (cf., Allamandola et al. 1989 for a discussion of the spectroscopy of aromatic materials). Nevertheless, in the literature one may still sometimes find the bands attributed to such diverse species/materials as Polycyclic Aromatic Hydrocarbons (PAHs), hydrogenated amorphous carbon (HAC), Quenched Carbonaceous Composites (QCC), or Coal. In judging these assignments, it should be understood that any good spectral match is only provided by the aromatic structures within these materials. Except for the PAHs, these materials generally contain a substantial aliphatic component^2 as well and the spectral characteristics of the latter often dominates their IR spectra. However, when these materials have undergone substantial heat treatment to drive of any heteroatoms such as O or excessive H and to graphitize the C-skeleton, their IR spectra can provide great matches to the observed UIR spectrum; reemphasizing the aromatic nature of the carrier of the UIR bands. The spectra of heat–treated coals provide a telling example of this (Guillois et al. 1996).

1 In aromatic structures, the C-atoms are arranged in planar hexagons (ie., a graphitic structure) generally decorated by H’s at the edges.

2 In aliphatic structures, the C-atoms are arranged on a tetrahedral network (ie., a diamond structure) again decorated with H’s.

5. PAH MOLECULES AND THE UIR SPECTRUM

While the vibrational spectrum of any (almost) exclusively aromatic material can provide a good fit to the observed circumstellar and interstellar UIR spectrum, the UIR bands are generally attributed to small PAH molecules containing 50 C–atoms rather than coal, HAC, or QCC dust grains. The main evidence for this is an argument originally presented by Sellgren (1984) in connection to the mid-IR emission observed far from the illuminating star in reflection nebulae. Essentially, classical grains are not hot enough to emit at mid-IR wavelengths in these regions. This point has now been reinforced by the ISO observations of strong UIR bands in the diffuse ISM (Mattila et al. 1996; Boulanger et al. 1998). Specifically, the observed “color” temperature of the UIR bands in the ISM is ∼ 650 K. In contrast, classical dust grains with size, a, in radiative equilibrium with the average interstellar radiation field at-

tain temperatures, T_d ≃ 15 [ 3000/a(Å) ]_{0.2} K and will not emit much shortwards of 60 μm (Draine and Anderson 1985). Kris Sellgren (1984) attributed the mid-IR emission therefore to small species which because of their limited heat capacity attain high temperatures upon absorption of a single FUV photon. The UIR bands represent then the cooling down of these highly excited species through emission in their vibrational modes. In this case, the temperature of a species with N_c carbon atoms is given by T_{P AH} ≃ 1500 [E_{F UV} (eV)/N_c]^{0.5} K. With an absorbed FUV photon energy of, E_{F UV} =10 eV, the observed color temperature corresponds to a species containing about 50 C–atoms. Thus, the emitters are an aromatic hydrocarbon species with about 50 C–atoms; ie., PAH molecules such as hexabenzocoronene (C_{48}H_{24}) and circumcoronene (C_{54}H_{18}).

It has been speculated that an absorbed FUV photon might remain localized long enough in a single aromatic unit of (or perhaps loosely bound to) a solid grain that the emission would mimick that of an isolated PAH molecule (Duley & Williams 1988; Guillois et al. 1998). However, extensive laboratory and theoretical studies on the energy transfer within PAH crystals (ie., solids consisting of PAHs bound by weak van der Waals forces) have shown that the energy cascade from the vibrational energy of the PAH units to the phonon spectrum of the solid occur on a timescale of 10^{−9} s which is much shorter than the IR vibrational emission timescale (≃ 0.1 s; see Tielens 1993 and references therein). Hence, only (≃ 10^{−8} of the absorbed energy is expected as emission in the mid- IR, in stark contrast to the interstellar case where this

fraction is^>∼0.05. To ISO–pundits, this is of course no mystery. The instruments on ISO were cryogenically cooled rather than radiatively decoupled by shrouding in a coal layer !

While the global observed spectra are consistent with PAHs as well aromatic carbonaceous solids, the observed high feature-to-continuum ratio (≃ 30 for the 3.3 μm in NGC 1333; Joblin et al. 1996) provides additional support for a molecular carrier (Geballe 1997). For small molecules, the (quasi-) continuum adjacent to the fundamental modes is due to intrinsically weak combination bands and overtones and hence the feature-to-continuum contrast is high. Carbonaceous solids such as coals or HAC have low feature-to-continuum ratios (≃ 0.5). These solids consist of PAH-like structures, of various sizes, bonded by aliphatic structures [the former gives rise to the 3.3 μm band the latter to the band at 3.4 μm]. The onset of the electronic transitions of a carbonaceous solid (or PAH) shift towards the (infra) red when the size of the aromatic domain increases. This closing of the bandgap implies that the 3 μm region is dominated by electronic transitions when the diameter of the typical connected aromatic structure reaches ≃ 25 Å. For the type of solids under consideration, the 3.3/3.4 μm ratio (ie., the ratio of aromatics to aliphatics) is a measure of the size of the aromatic domain size and hence the bandgap. In a solid model, the observed interstellar 3.3/3.4 μm ratio would correspond to a high aromatic/aliphatic ratio and a strong continuum due to intraband transitions. Papoular and coworkers (Guillois et al. 1996; Papoular et al. 1996) are, in principle, correct when they point out that there are exceptions and that a carbonaceous solid can be “tailored” with a high aromatic feature to continuum ratio. Such a solid would have to consist of small PAH structures (large bandgap) bonded by weak van der Waals interactions (no 3.4 μm feature). A mothball (eg., a naphthalene crystal) would be a good example. However, highly disordered carbonaceous materials such as coals and HAC do not simultaneously give rise to a high feature to continuum ratio and a high 3.3/3.4 μm ratio and are therefore not good candidates for the carriers of the UIR from a spectroscopic point of view.

6. ISO SPECTROSCOPY AND INTERSTELLAR PAHS

The flood of high quality ISO spectra that is now becoming available will lead to new insights in the composition, origin and evolution of interstellar PAHs. The first results of this are now emerging and some examples are presented here.

Table 1. The overwhelming aromatic nature of the UIR bands.

Functional group λ fractiona μm aromatic H 3.3 1 aliphatic CH_3 3.40 0.02 hydroxyl (OH) 2.77 < 0.002 amine (NH_2 ) 2.88-2.95 < 0.01 aldehydic (HCO) 5.9 0.006 (?) nitrile (C≡N) 4.48 < 0.01 acetylenic (C≡CH) 3.03 < 0.003

aFraction relative to aromatic hydrogen.

6.1. Aromaticity and the UIR bands

The availability of complete 2.5-45 μm spectra of the interstellar UIR bands allows a detailed search for the chemical structure of the carriers. In particular,

Table 2. Carriers of IR emission components.

carrier IR emission component Nc a faC Å ppm

PAHs UIR bands 20 − 100 4 − 10b 14 PAH-clusters plateaus 100 − 1000 10 − 20 8 very small grains 25 μm cirrus 10^3 − 10^4 20 − 30 7 small grains 60μm cirrus ∼ 10^5 50 16

classical grains λ > 100 μm > ∼100 35c ?

aAbundance of C locked up in these species in parts per million. bSize corresponds to disk rather than sphere.

cThe abundance of C locked up in dust grains is very uncertain (cf., Snow and Witt 1996).

interesting limits can be placed upon the presence of various sidegroups on the emitting PAHs. The abundance of various sidegroups determined from the observed spectra is summarized in Table 1. Structural formulae for these PAHs with sidegroups can be found in Geballe et al. (1989; their Figure 3). The overwhelming majority of the edge sites of the aromatic carrier of the UIR bands contain aromatic H with a minute amount of aliphatic CH_3 groups and possibly some aldehydic groups (HCO). This strongly reinforces the overwhelming aromatic nature of the UIR bands emphasized in section 4. Clearly, the carrier of the UIR bands does not consist of aromatic units bound by aliphatic chains in a three dimensional, coal–like or HAC–like structure. In principle, the spectroscopic evidence still allows a carrier consisting of PAH units bonded together in a three dimensional network by physical van der Waals forces. However, two 25 C–atom PAHs are bonded only by 0.6 eV and FUV photon absorption will rapidly breakdown such a cluster (Léger & Puget 1984).

6.2. PAH abundances

Models for the IR emission spectrum of the ISM have been developed by Draine and Anderson (1985), Désert et al. 1990; Schutte et al. 1993). All of these assumed, more or less, that the size distribution of interstellar dust extended smoothly into the molecular domain. The abundance of C, f_c locked up in interstellar PAHs can be derived from the ratio of the flux in the UIR bands to the total dust continuum emission, f_{IR}, and adopting standard dust parameters and measured UV absorption cross sections for the PAHs (Allamandola et al. 1989),

f_c ≃ 100

6.3 × 10^{−18} σ f_{IR} 1 − f_{IR} ppm (1)

where σ is the absorption cross section per C–atom and the abundance is given in parts per million. Typical values for the abundance of PAHs in bright PDRs are given in Table 2. Very similar fractions of the carbon are locked up in PAH clusters of ∼ 400 C–atoms which carry the plateau emission underlying the UIR bands and in the very small grains (20–30 Å) which are responsible for the 25 μm cirrus. The abundance of small grains responsible for the fluctuating part of the 60 μm cirrus is slightly larger. Since the emission is at long wavelengths where there are few vibrational modes, these grains do not necessarily need to be aromatic. Boulanger et al. (1998) derived a somewhat larger fraction (70 ppm) of the C locked up in species responsible for the cirrus emission in the 2– 15 μm region (corresponding to the PAHs and PAH clusters in Table 2). However, their estimate did not take the large visible component of the interstellar radiation field into account which can be reasonably well tapped by PAH cations (cf. section 6.4). Finally, the fraction of the elemental carbon locked up in larger dust grains is very unclear because the cosmic abundance of C is uncertain. Adopting B star C–abundances (1/2 of solar) leaves about 35 ppm for classical dust grains (Snow and Witt 1996). This small fraction of the carbon available for the interstellar grains responsible for visible extinction provides problems for all current dust models.

Table 3. Abundances of large interstellar molecules.

species niche abundance faC [H atom]−^1 ppmb

PAHs the universe 10−^7 14 C–Chains diffuse ISM < 6 × 10−^9 < 3 × 10−^1 molecular cloudsb ∼ 10−^8 8 × 10−^2 Cd_{60} diffuse ISM 3 × 10−^8 2

aAbundance of C locked up in these species. bParts per million.

cFor comparison, the estimated abundance of C–chains with more than 3 heavy atoms is also given for dark clouds (Irvine et al. 1987).

dTwo absorption bands in the far–red have been attributed to C^+_{60} (cf., Ehrenfreund & Foing 1997). For a search for IR emission by C_{60} , see Moutou et al. (these proceedings).

6.3. Large interstellar molecules

The available spectra can also be perused for the presence of other classes of molecules. Large hydrocarbon chains are of course of particular interest in view of the compelling suggestion that C^−_7 is the carrier of some of the Diffuse Interstellar Bands (Tulej et al. 1998). IR spectroscopy of astrophysically relevant species are discussed in Allamandola et al. (1999a). Acetylenic C–chains such as C_7 will emit around 4.5 μm; e.g., C_5 absorbs at 4.61 μm (Heath et al. 1989). SWS spectra of bright PDRs associated with HII regions or PNe do not show a distinct feature at these wavelengths and hence the abundance of such species is small compared to that of the PAHs in these regions. Unfortunately, neither ISOPHOT- S, ISOCAM-CVF, or the spectrometers on board of the small Japanese satellite IRTS covered this wavelength region. We can however derive an upper limit to the abundance of C-chains in the diffuse ISM by combining ISOCAM and DIRBE data (Boulanger et al. 1998). Comparing these data, the emission in the M-band, and thus in C-chain vibrational modes, is observed to be less than 0.015 of that in the PAH modes and hence that is also the ratio of the UV absorbed by these species. For these molecules, the UV absorption will be dominated by their π–electron system with very similar intrinsic strength per C–atom, which results then in the values for C–chains in the diffuse ISM given in Table 3. This abundance is uncomfortably low compared to the abundance required to explain the DIBs of 4 × 10^{−8} (Tulej et al. 1998). This problem becomes even worse if one wanted to ascribe most of the DIBs to C–chains, since they all would have their main vibrational transitions in this same wavelength region.

As a molecular Darwinist, one may approach the problem from two opposite sides and consider that every molecule has a niche and each niche has its molecule. As is abundantly clear from the IR data presented at this meeting, the niche for PAHs is the whole universe (cf. section 2). It might not surprise us so much that C–chains are not very abundant in the diffuse ISM since such relatively small species are photochemically speaking rather fragile in the ISM. In that respect, larger C–rings, possibly bicyclic or tricyclic, might be better candidates for the carriers of the DIBs. But the same abundance limits would apply as derived above for the chains. In terms of the IR emission, it may be best to search for small chains in environments where they are rapidly formed such as C–rich stellar outflows rather than in the diffuse ISM. C^+_{60} has tentatively been identified in the diffuse ISM through two far-red DIBs (Ehrenfreund & Foing 1997). Claire Moutou and Kris Sellgren and their collaborators have taken this Darwinistic approach and looked specifically for the IR signature of C_{60} in their spectra (Moutou et al. these proceedings).

6.4. Interstellar PAH iIons

While the peak positions of the UIR bands are very characteristic for PAHs, available laboratory spectra of neutral PAHs do not produce a good fit to the data in terms of relative strength of the features. In particular, the CH out-of-plane bending modes in the 11-15 μm region are intrinsically much too strong relative to the CC stretching modes in the 5–8 μm region. From the beginning, this difference has been ascribed to the effects of ionization on the intrinsic strength of these modes (Allamandola et al. 1985). The influence of ionization on the spectral characteristics of PAHs has been studied in depth in the laboratory (Hudgins & Allamandola 1995; Szczepanski & Vala 1993) and by theoretical quantumchemical calculations (Langhoff 1996; deFrees et al. 1993; Pauzat et al. 1997). Using this latest data, calculated spectra of (charged) PAH families are now in very good agreement with the observed interstellar UIR spectrum, both in peak position and in relative strength (cf., Allamandola et al. 1999b; Peeters et al. 1999; Bakes et al. 1999).

The PAHs charge depends on the ratio of the ionization rate to the recombination rate; i.e. G_oT^{0.5}/n_e with G_o the intensity of the ambient radiation field, T the gas temperature, and n_e the electron density (Bakes and Tielens 1994). As a result, the emitted spectrum will depend on the local physical conditions and some of the variations observed (cf. section 3) may well reflect variations in the physical conditions, notably G_o. In particular, variations in the relative strength of the 11.3 and 8.6 μm bands with distance from the illuminating star in the NGC 1333 reflection nebula have been ascribed to variations in the degree of ionization of the PAHs involved (Joblin et al. 1996). Similarly, the variations in the 11.3 to the 7.7 μm bands in a sample of HII regions has also been attributed to variations in the charge distribution (Roelfsema et al. 1996; Peeters et al. 1999). The great strength of the 11.3 μm band in the ISM of the galaxy M31 (Cesarsky et al. 1998) may also reflect charge differences with the local solar neighborhood but now on a galaxy-wide scale.

Somewhat curiously, the UIR spectrum of galactic cirrus clouds is very similar to that observed in reflection nebula despite the large difference in G_oT^{0.5}/n_e (Boulanger et al. 1998). While this seems at odd with the discussion above – a much larger neutral fraction is expected in the diffuse ISM (0.7) than in reflection nebulae (0.1; Salama et al. 1996) – it should be recognized that these environments also differ in the spectrum of the exciting radiation field. The interstellar radiation field has a large visible component and small neutral PAHs do not absorb in the visible but cations do. Thus, while cations are much less abundant in the diffuse ISM, they can still be important contributors to the UIR spectrum because they couple better to the total radiation field (Bakes et al. 1999). This emphasizes that the UIR carriers can be pumped by visible photons albeit at somewhat lower efficiency (Lu et al. 1996; Lequeux et al. 1998).

6.5. The C–H out-of-plane deformation modes

The 11–15 μm region of the spectrum has long been known to be very characteristic for the edge structure of the emitting aromatic species (Duley & Williams 1981; Cohen et al. 1985; Allamandola et al. 1989). While IRAS/LRS had already shown the presence of other bands than the strong 11.3 μm band, ISO/SWS has really unleashed the full power of IR spectroscopy on this problem. As illustrated by Fig. 2, this spectral region is rich in detail and, in the Red Rectangle, contains bands at 11.0, 11.3, 11.9, 12.8, 13.6, 14.2, and 14.8 μm plus a number of weaker shoulders.

This spectral region is characteristic for the C–H outof-plane deformation mode. Due to coupling between the vibrating H–atoms, the exact peak position of these modes depends on the number of directly adjacent H–atoms (i.e. bonded to neighboring C atoms on

Figure 2. The 10–15 μm spectrum of the Red Rectangle. Bands in this spectral region are largely due to the C–H out-of-plane bending mode whose exact peak position is sensitive to the number of adjacent H–atoms involved. The boxes underneath the spectra give the ranges where neutral PAHs with the indicated number of adjacent H–atoms emit. The arrow labelled 6 indicates the position for Benzene.

a ring). The well–known 11.3 μm band is attributed to this mode for isolated H’s in neutral PAHs. The 11.9 and 12.8 μm bands would then be due to 2’s and 3’s. Now, ionization shifts these ranges for the different number of adjacent H’s to shorter wavelengths (Langhoff 1996). The 11.0 μm band is thus likely due to the “1” mode in cations and the 11.3 μm band might be 2’s in PAH ions. However, an origin of the latter in neutral 1’s should not yet be disregarded since this mode is so much more intense in neutral PAHs. A systematic study of this wavelength region for PAH neutrals and cations is presently underway at the Ames laboratory (Hudgins & Allamandola 1999) and, in combination with the ISO data now becoming available, this will be instrumental in settling these issues.

We also draw attention to the bands at 13.6 and 14.2 μm. These two weak bands are present in more spectra and seem to go together. It is therefore tempting to attribute them to phenyl (5’s) groups; ie., one ring connected by a single bond to the rest of the PAH. In that case, the 14.2 μm band is actually a ring bending mode (cf. section 6.6). A phenyl group is likely very labile and hence the presence of these bands may signal the (photochemical) processing of the PAH family in these regions. Finally, in the spirit of Darwin, one might look for the smallest PAH, benzene, which has of course a unique peak position for its C-H out-of-plane bending modes. Indeed, there seems to be a band near this position (Fig. 2) and this may be worth looking into further.

6.6. Ring bending modes

Figure 3 shows a number of emission features in the 15 to 20 μm region of two Herbig AeBe stars (van Kerckhoven et al. 1999). The mid–IR spectra of these stars show prominent PAH emission features. The dust continuum emission in the spectra of these stars starts at longer wavelengths than in most other sources and hence these weak features in the 15–20 μm region are more readily recognized here. However, features in this wavelength region can be recognized in spectra of other sources as well. Even ISOPHOT spectra of sources associated with the galactic cirrus show indications for the onset of the 16 μm feature at the edge of their spectral range. Some of the features in these spectra repeat but, in general, the spectral structure seems to be more unique than in other wavelength regions. We also recognize a plateau of emission underlying the distinct peaks and some sources in our samples seem to show only this plateau in this wavelength region (van Kerckhoven et al. 1999).

Figure 3. The 15-20 μm spectrum of two Herbig AeBe stars shows excess emission over the continuum. Various new UIR bands are present which can be attributed to ring bending modes.

The far–IR modes of PAHs have been studied in the laboratory by Moutou et al. (1996). In the mid– IR, the vibrational spectrum reflects nearest neighbor vibrations and as a result IR modes occur at very similar wavelengths. In contrast, in the far–IR, emission is due to in-plane and out-of-plane ring bending modes of the C–skeleton and hence these modes are more molecule specific. The IR spectrum of the collection of PAHs studied by Moutou et al. (1996) showed absorption bands throughout this wavelength region with distinct features at 16.2 and 18.2 μm where 20 and 50 % of the PAHs considered showed a band. A feature near 16.2 μm is present in our spectra but there is no sign of a distinct 18.2 μm band (cf. Figure 3).

In principle, this spectral region has great potential for the identification of specific PAH molecules. At present, analysis of most sources in this wavelength region is hampered by the onset of the strong dust continuum resulting in a low feature-to-continuum contrast but it is expected that, as data reduction techniques improve, features in those spectra can be extracted as well. Hopefully, the spectral detail in the different sources can be correlated and this may eventually lead to identification of specific PAH species.

6.7. Profiles

Based upon low resolution ISOPHOT and ISOCAM data, the observed UIR profiles have been fitted by Lorentzians whose width is attributed to the rate of exchange of energy between different modes in the PAH (Boulanger et al. 1998a,b; Mattila et al. 1999). However, high resolution SWS studies reveal that invariably the UIR bands show complex profiles with a variety of subpeaks and shoulders (cf. section 3) and such an approach has its limitations. Also, ground– based and airborne studies have already shown that often the 6.2, 7.7 and 11.3 μm bands are perched on a strong, broad emission plateau. Since in bright PDRs the latter has a different spatial distribution than the UIR bands themselves, the plateau has a different carrier. For various reasons, these plateaus are attributed to large PAHs or PAH clusters containing ∼ 400 C–atoms (Bregman et al. 1989; Cohen et al. 1989).

Figure 4. The 6.2 and 11.3 μm bands in the spectrum of the Red Rectangle. Note the asymmetric profile of these bands with a sharply rising blue side and a more gradual decrease in the red. This is a characteristic of the vibrational relaxation of a highly excited molecule (Barker et al. 1987). Note that the high frequency variations in the 11μm region are due to fringing in the SWS.

Finally, the emission process itself will lead to asymmetric profiles with a steeply rising blue side and a more gradual decrease in the red due to anharmonicity (i.e. emission in the 2-1 and 3-2 modes; Barker et al. 1987). Thermal emission in contrast will lead to more symmetric profiles. This emission profile is indeed beautifully observed for the 6.2 and 11.3 μm bands (cf. Figure 4). This observed profile is characteristic for emission during the vibrational cascade of a highly excited molecule and, in the eyes of these reviewers, this is a beautiful confirmation of the emission process. Moreover, the observed asymmetry is a measure of the excitation of the emitting carrier and a size of about 50 C–atoms seems to be indicated by the observations; in agreement with other size indicators (cf., Barker et al. 1987).

6.8. Continuum

Spectra of HII regions and some galaxies show smooth continuum emission throughout the mid–IR underlying the UIR bands (λ > 5 μm; Peeters et al. 1999; Helou et al. 1999). The origin of this continuum is unclear. Small species, which could get hot enough to emit at these wavelengths (^<∼50 C– atoms), are expected to emit in vibrational bands (Léger & Puget 1984) and any quasi–continuum due to overtones and combination bands is intrinsically weak (Allamandola et al. 1989). Indeed, many well studied PDRs such as the Orion Bar show very weak continuum emission in the 9–10 μm region (Bregman et al. 1989). Perhaps, this emission is associated with a small amount of larger dust grains present in the ionized gas and heated by trapped Lyman alpha photons. The mid-IR emission of HII regions has traditionally been attributed to this process (Natta & Panagia 1978; Tielens & de Jong 1979). Spatial studies on the continuum and UIR bands in such regions might confirm this.

7. SUMMARY

ISO observations have shown that the UIR bands dominate the mid–IR spectra of almost all objects. The spectra show a rich variety of features; besides the well known 3.3, 6.2, 7.7, 8.6, and 11.3 μm bands there are plethora of weaker features, shoulders, and subfeatures. The detailed spectrum of UIR bands vary from source to another and often also within one nebula. Generally, these variations are small although in a few cases the spectra are radically different.

The UIR bands are very characteristic for aromatic hydrocarbon species. The ISO spectra allow us to place very stringent constraints on the presence of various side groups and the carrier is overwhelmingly aromatic. The strong mid–IR emission observed in the diffuse ISM and in nebula far from illuminating stars implies that the carrier is small (≃ 50 C–atoms), transiently heated through the absorption of a single UV photon. Thus, a PAH molecule. While the fraction of C in the form of PAH molecules is about 14 ppm, about 45 ppm is in species which fluctuate (to

some extent) in temperature (ie., all grain sizes^<∼50 Å). The ISO spectra also allow us to search for other interesting molecular species such as C–chains and C_{60} and interesting limits have been derived. By far, PAHs dominate the molecular universe in the diffuse ISM.

ISO has allowed us to study the UIR spectrum in great detail and a number of new features have been observed. These include two features at 13.6 and 14.2 μm which we attribute to the CH out-of-plane bending modes in phenyl groups (ie., benzene groups attached through one bond to the rest of the PAH skeleton). New bands have also been observed in the 15–20 μm region which likely represent ring bending modes. While no identifications with specific molecules can be made at this point, this wavelength region holds great promise for the future. Finally, the 6.2 and 11.3 μm bands show a distinctly asymmetric profile with a blue side which rises more steeply than the red side, likely due to anharmonicity.

ACKNOWLEDGMENTS

We gratefully acknowledge Kris Sellgren, Claire Moutou, Kalevi Mattila, Kimmo Lehtinen, Dieter Lutz, Henrik Spoon, George Helou, Francois Boulanger, Diego Cesarsky, and Christine Joblin who shared their data and preprints with us. We thank Pierre Cox, Pjotr Roelfsema, Christoffel Waelkens, and Rens Waters for initiating these research programs, their continued support and encouragement and providing us with the means to dive into the circumstellar and interstellar PAH–bath. Lou Allamandola and Doug Hudgins shared their insight in the IR spectral characteristics of PAHs. Special thanks goes to the ISO-SWS instrument teams at Groningen, Leuven, and Vilspa for help in the data reduction.

REFERENCES

Allamandola, L.J., Hudgins, D.M., Bauschlicher, C.W., Langhoff, S.R., 1999a, ApJ, submitted

Allamandola, L.J., Hudgins, D.M., Sandford, S.A., 1999b, ApJ, in press

Allamandola, L.J., Tielens, A.G.G.M., Barker, J.R.

1985, ApJ 290, L25

Allamandola, L.J., Tielens, A.G.G.M., Barker, J.R., 1989, ApJS, 71, 733 Bakes, E.L.O., Tielens, A.G.G.M., 1994, ApJ, 427, 822 Bakes, E.L.O., Tielens, A.G.G.M., Hudgins, D., Salama, F., Allamandola, L.J., 1999, in prep

Barker, J., R., Allamandola, L.J., Tielens, A.G.G.M., 1987, ApJ, 315, L61

Beintema, D.A., et al. 1996, A&A, 315, L369

Bosselli, et al. 1997, A&A, 324, L13

Boulanger, F., Boissel, P., Cesarsky D., Ryter, C.

1998a, A&A, 339, 194

Boulanger, F., et al. 1998b, in Starformation with ISO, eds. J.L Yun, R. Liseau, (ASP San Francisco), 132, 15

Bregman, J., Allamandola, L.J., Tielens, A.G.G.M., Geballe, T.R., Witteborn, F.C. 1989, ApJ, 344, 791 Cesarsky, D., Lequeux, J., Pagani, L., Ryter, C., Loinard, L., Sauvage, M., 1998, A & A, 337, 35

Cohen, M., Tielens, A.G.G.M, Allamandola, L.J.

1985, ApJ, 299, L93

Cohen, M., et al. 1986, ApJ, 302, 737

Cohen, M., et al. 1989, ApJ, 341, 246

Contarsi , et al. 1998, A&A, 336, 662, 15 deFrees, D.J., Miller, M.D., Talbi, D., Pauzat, F., Ellinger, Y. 1993, ApJ, 408, 530 Désert, F.X., Boulanger, F., Puget, J.-L. 1990, A&A, 237, 215 Draine, B.T., Anderson, N. 1985, ApJ, 292, 494 Duley, W.W., Williams, D.A. 1981, MNRAS, 196, 269 Duley, W.W., Williams, D.A. 1988, MNRAS, 231, 969 Ehrenfreund, P., Foing, B. 1997, Adv Space Res, 19, 1033 Geballe, T.R. 1997, in From Stardust to Planetesimals, eds. Y. Pendleton & A.G.G.M. Tielens, (San Francisco; ASP), 119 Geballe, T.R., Lacy, J.H., Persson, S.E., McGregor, P.J., Soifer, B.T. 1985, ApJ, 292, 500 Geballe, T.R., Tielens, A.G.G.M., Allamandola, L.J., Moorhouse, A. Brand, P.W.J.L. 1989, ApJ, 341, 278 Genzel R., et al. 1999, ApJ, submitted Giard, M., Lamarre, J.M., Pajot, F., Serra, G. 1994, A&A 286, 203 Gillett, F.C., Forest, W.J., Merrill, K.M. 1973, ApJ, 183, 87 Guillois, O., Nenner, I., Papoular, R., Reynaud, C.

1996, ApJ, 464, 810 Guillois, O., Ledoux, G., Nenner, I., Papoular, R., Reynaud, C. 1998, Faraday Discussions, 108 Heath, J.R., Cooksy, A.L., Gruebele, M.H.W., Schmuttenmaer, C.A., Saykally, R.J. 1989, Science, 244, 564 Helou, G., Lu, N. Y., Werner, M.W., Malhotra, S., Silbermann, N. 1999, ApJ, submitted Henning, Th., Klein, R., Launhardt, R., Lemke, D., Pfau, W. 1998, A&A, 332, 1035 Hony, S., et al. 1999, in prep Hudgins, D., Allamandola, L.J. 1999, in prep Hudgins, D., Allamandola, L.J. 1995, J. Phys Chem, 99, 3033

Irvine, W.M., Goldsmith, P.F. and Hjalmarson, Å.

1987, in Interstellar Processes, eds. D.J. Hollenbach and H.A. Thronson, jr., (Reidel, Dordrecht), 561 Joblin, C., Tielens, A.G.G.M., Allamandola, L.J., Geballe, T.R. 1996, ApJ, 458, 610 Joblin, C., Geballe, T.R., Tielens, A.G.G.M. 1999, in prep Langhoff, S.R. 1996, J. Phys Chem, 100, 2819 Léger, A., Puget, J.L. 1984, A&A, 137, L5 Lemke, D., et al. 1998, A&A, 331, 742 Low, F., et al. 1984, ApJ, 278, L19 Lutz, D., Spoon, H.W.W., Rigopoulou, D., Moorwood, A.F.M., Genzel, R. 1999, ApJ, submitted Matilla, K., et al. 1996, A&A, 315, L353 Matilla, K., Lehtinen, K., Lemke, D. 1999, A&A, submitted Moutou, C. C., Léger, A., d’Hendecourt, L. 1996, A&A, 310, 297 Natta, A., Panagia, N. 1976, A&A, 50, 191

Papoular, R., Conard, J., Guillois, O., Nenner, I., Reynaud, C., Rouzaud, J. 1996, A&A, 315, 222 Pauzat, F., Talbi, D., Ellinger, Y. 1997, A&A, 319, 318 Peeters, E., Tielens, A.G.G.M., Roelfsema, P.R., Cox, P., 1999, in these proceedings and in prep Puget, J.L., Légerger, A., Boulanger, F. 1985, A&A, 142, L19 Ristorcelli, I., et al. 1994, A&A, 286, L23 Roche, P.F., Aitken D.K., Smith, C.H. 1989, MN- RAS, 236, 485 Roelfsema, P.R., et al. 1996, A&A, 315, L289 Russell, R.W., Soifer¡ B.T., Willner, S.P. 1977, ApJ, 217, L149 Schutte, W.A., Tielens, A.G.G.M., Allamandola, L.J. 1993, ApJ, 415, 397 Sellgren, K. 1984, ApJ, 277, 623 Snow, T.P., Witt, A. 1996, ApJ, 468, L65 Szczepanski, J, Vala, M. 1993, ApJ, 414, 179 Tielens, A.G.G.M. 1990, in Submm astronomy, eds.

G. Watt, A. Webster, (Dordrecht: Kluwer), 17 Tielens, A.G.G.M. 1993, in Dust and Chemistry in Astronomy, eds., T.J. Millar & D.A. Williams, (London:IOP), 103 Tielens, A.G.G.M., de Jong, T. 1989, A & a, 75, 326 Tulej, M., Kirkwood, D.A., Pachkov, Maier, J.P.

1998, ApJ, in press van Kerckhoven et al. 1999, in these proceedings and in prep Verstraete, L., et al. 1996, A&A, 315, L337

588

ISO–SWS OBSERVATIONS OF PROTOSTARS: THE RELEVANCE OF LABORATORY ICES SIMULATIONS

L. d’Hendecourt^1, M. Jourdain de Muizon^{2,3}, E. Dartois^{1,4}, K. Demyk^1, P. Ehrenfreund^5 & A. Heras^6

1Institut d’Astrophysique Spatiale, Bat 121, Campus d’Orsay, F–91405 Orsay, France 2DESPA, Observatoire de Paris, F–92190 Meudon, France 3LAEFF–INTA, ESA Satellite Tracking Station, P.O. Box 50727, E–28080 Madrid, Spain 4IRAM, 300, rue de la Piscine, F–38406, Saint Martin d’Hères, France 5Leiden Observatory, P.O. Box 9513, 2300 RA, Leiden, The Netherlands 6Astrophysics Division of ESA, ESTEC, Postbus 299, 2300 AG, Noordwijk, The Netherlands

ABSTRACT

With its large wavelength coverage and a spectral resolution adequate for observations of solid state features, ISO is a unique and powerful tool. It allows not only to identify quantitatively simple and abundant molecular species frozen on grain surfaces but also to study their physico-chemical properties and their possible photochemical evolution towards molecular complexity. However, due to numerous and complicated solid state effects, the correct interpretation of the data requires the help of dedicated laboratory experiments, reproducing in a controlled environment “interstellar ice mixtures”. These experiments, developed over the last 20 years, have allowed the detection of numerous icy solid state features even before ISO.

Here we present the originality of ISO spectroscopic data. The continuous wavelength coverage, especially in the 2.5 – 25 μm range, the molecular vibrational region of the spectrum, coupled to comparisons with laboratory data, gives a deep insight into the solid state molecular species and their gas phase counterparts, in particular toward a carefully selected protostellar object, RAFGL 7009S. To illustrate our topics, we concentrate on this object which presents very deep molecular absorption features. H_2O, CO, CO_2 and CH_4 are unambiguously identified. Other features are detected which are explained with further laboratory simulations involving photochemical and thermal processing of the ices as well as possible physical segregation of different ices made of large amounts of H_2O, CO_2 and CH_3OH. As evidenced by the proposed fits, the relevance of the laboratory approach to the interpretation of ISO–SWS data is fully demonstrated. Finally, the large amounts of molecules detected in the solid phase around massive protostars raise the problem of the intrinsic chemical evolution of interstellar matter within this cold solid phase as opposed to the evolution in gas phase, the only one generally considered in the scheme of the chemical evolution of our Galaxy.

Key words: interstellar ices, infrared spectroscopy

1. INTRODUCTION

Although the existence of interstellar ice had been proposed many years ago (Linblad 1935), its observation started with the advent of the first infrared astronomical spectroscopic data in the 70’s. It is well known that laboratory simulations have been a key issue in interpreting the scarce data and validating the hypothesis from van de Hulst (1949) that the most abundant atomic species in the gas phase (O, C and N) should be found, in suitable environments, in the form of simple hydrides (H_2O, CH_4 and NH_3), frozen on cold interstellar grain surfaces. As an example, the first detections of the so-called 3.07 μm absorption feature, in the spectrum of dust obscured infrared sources (Gillett & Forrest 1973, Merrill et al. 1976) were not unambiguously attributed to water ice until the comprehensive laboratory work of Léger et al. (1979). They showed that a convincing identification of the band shape is possible if the interstellar ice is in an amorphous state. Hagen et al. (1980), following the ideas of van de Hulst (1949) and Greenberg (1976), not only confirmed this identification but proposed, on the basis of laboratory spectra of ice mixtures of simple hydrides and/or abundant and already known interstellar gas phase molecules (e.g. CO), that other bands might be observed, mainly in the infrared spectra of protostars. It was then not very long until new observations by Soifer et al. (1979) and, with a better suited resolution, Lacy et al. (1984), complemented by the theoretical work of Léger (1983) on the evaluation of the vapour pressure of condensed CO in an interstellar environment, detected the absorption of solid CO in the spectrum of W33A. In fact, there again, this achievement had been made possible by the use of extensive laboratory work illustrated in Hagen (1982) and Hagen et al. (1983). Moreover, in the same W33A spectrum, Lacy et al. (1984) emphasized the detection of an unknown broad solid state feature, located at 4.62 μm. Although not readily identified, the important point was that this feature, seemingly connected to the solid CO one, was present in the laboratory spectra of photolysed ice mixtures and more particularly the

Proceedings of the Conference “The Universe as seen by ISO”, Paris, France, 20–23 October 1998 (ESA SP-427, March 1999)

mixtures containing CO and NH_3. The quasi exact match of this interstellar band with laboratory data has led to numerous dedicated studies, which finally identified this feature with the molecular ion OCN^− (Grim & Greenberg 1987, Schutte & Greenberg 1997, Demyk et al. 1998).

Indeed, as early speculated by Greenberg (1976) and first investigated by Hagen (1982) and d’Hendecourt et al. (1982), interstellar ices, submitted to the constant bombardment of UV and/or cosmic rays, do display a rich chemistry, leading to the possible formation of abundant interstellar solid phase molecules such as CO_2, H_2CO, CH_3OH and other more complex species. The composition of interstellar grain mantles, calculated from grain surface reactions was theoretically investigated by Tielens and Hagen (1982). Molecular cloud chemistry including gas phase reactions and the interactive role of the grain chemistry was first considered by d’Hendecourt et al. (1985). These approaches clearly depicted the formation of large quantities of hydrides on grain mantles, mixed with the most abundant gas phase molecule, the well-known CO. Similar conclusions concerning the formation of H_2O/CO rich mantles were reached later on by Brown & Charnley (1990). In 1986, d’Hendecourt et al presented the results of the photolysis of realistic “astronomical mixtures” whose compositions were selected from the model calculations involving gas-grain interactions. The subsequent infrared spectra of the most abundant molecules and/or the strongest solid state transitions were depicted, most of them awaiting detection through airborne observations or space instruments such as those onboard IRAS and ISO.

Figure 1. IRAS–LRS and ISO–SWS spectra (as indicated) of S 140 and AFGL 890. Resolutions are about 20 (LRS) and 300 (SWS). Substructures observed at high resolution in the 15.2 μm CO_2 band, permit to discuss the physical structure of the ice (see section 4.3) but the LRS data have allowed to derive reasonably accurate CO_2 column densities (d’Hendecourt & Jourdain de Muizon 1989).

2. THE CASE FOR SOLID CO_2

As emphasized by d’Hendecourt et al. (1986) and Sandford et al. (1988), CO_2 is a quite natural photoproduct in the photolysis of ice mixtures involving H_2O and CO, both molecules widely detected in interstellar spectra of protostars. Unfortunately, the active vibrations of CO_2, although very strong infrared transitions (located approximately at 4.27 μm, stretching mode and 15.2 μm, bending mode), are totally obscured from the ground due to the presence of atmospheric CO_2. Its detection in the interstellar medium is particularly significant for its potential implication on grain chemistry as well as on the relevance to the laboratory simulations currently able to produce large amounts of CO_2. Indeed, CO_2 is not an abundant gas phase molecule if one takes into account the results from various gas phase models (see for example, Herbst & Leung 1986).

Interstellar CO_2 was discovered by d’Hendecourt & Jourdain de Muizon (1989), who analysed data from the Low Resolution Spectrometer (LRS) onboard the IRAS satellite. They provided the first evidence for the presence of large quantities of solid state interstellar CO_2 measured through its 15.2 μm absorption band toward three protostars. As an example of the new possibilities offered 12 years later by the ISO–SWS instrument, we display in Figure 1 IRAS– LRS and ISO–SWS spectra of two sources, S 140 and AFGL 890. Even with the low resolution of the LRS, it was possible, thanks to the interpretation using laboratory experiments obtained at high and low resolution, to deduce the presence of large amounts of CO_2 for a certain number of objects. Numerous IRAS–LRS spectra of protostars and compact HII regions do display the same feature.

ISO was thus much awaited in order to confirm the IRAS discovery through the observation of the other, much stronger, CO_2 mode at 4.27 μm. The object RAFGL 7009S was selected from the IRAS–LRS data base as it presented this deep 15.2 μm absorption feature. The two absorption features from solid CO_2 at 4.27 and 15.2 μm were clearly detected in the ISO– SWS spectrum of this object, the first band being even saturated (d’Hendecourt et al. 1996). The detection of the two absorption bands from solid CO_2, in the ISO–SWS spectra of numerous interstellar objects, most of them embedded in molecular clouds (de Graauw et al. 1996), entirely confirmed not only the initial IRAS observations but also the early prediction on the high abundance of CO_2 in grain mantles obtained from the interpretation of the laboratory experiments (d’Hendecourt et al. 1986). Full confirmation of the importance of the CO_2 molecule as an abundant interstellar species comes from the detection of the 4.27 μm absorption feature using the low resolution spectral data obtained by the ISOPHOT–S instrument in many molecular clouds (Gürtler et al. 1996). This instrument proves to be very powerful as it reveals the 4.27 μm band in numerous weak sources, too faint to be measured by the SWS. Furthermore, the detection of gas phase CO_2 (van Dishoeck et al. 1996) in highly obscured massive protostars may help to understand the interactions between grain mantles and the gas phase chemistry. Finally, the recent detection of abundant quantities of solid-state CO_2 in a field star, Elias16

Figure 2. The 2.5 – 18 μm SWS spectrum of RAFGL 7009S (bottom curve). The spectrum of a U.V. photolysed mixture is multiplied by an estimated continuum of the source and shifted upwards for clarity. Identified solid state features are labelled above the spectra.

(Whittet et al. 1998) may shed some light on the formation path of this grain mantle molecule. Indeed, in such a quiet cloud, internal UV flux might be too low to explain the photoproduction of large quantities of CO_2, leaving room for an alternate route such as grain surface reactions between oxygen atoms and solid CO, a highly controversial reaction (Tielens & Hagen 1982, Grim & d’Hendecourt 1987).

Table 1. Solid phase column densities toward RAFGL 7009S.

Molecule λ N % relative (μm) (cm^{−2}) to H_2O H_2O 6.0 1.2×10^{19} 100 CO 4.67 1.8×10^{18} ∼15 CO_2 15.2 2.5×10^{18} ∼21 13CO_2 4.39 14.0×10^{17} ∼0.33 CH_4 7.7 4.3×10^{17} ∼3.6 OCN^− 4.62 4.4×10^{17} ∼3.7 H_2CO 5.81 3.3×10^{17} ∼3.0 OCS 4.9 4.9×10^{16} ∼0.17

CH_3OH^∗ 3.8/4.0 3.6×10^{18} ∼30 ∗The CH_3OH is discussed in section 4.3.

3. MOLECULAR FEATURES IN RAFGL7009S: AN OVERVIEW

In the following, we focus on the interpretation of the solid state features observed toward the protostar RAFGL 7009S, first emphasizing the precious advantage given by the SWS instrument and second the role of the laboratory simulations for a deeper interpretation of the data. Figure 2 presents the SWS01 spectrum of RAFGL 7009S (lower trace) between 2.5 and 18 μm. For direct comparison, we have superimposed (upper trace) one of our laboratory spectra. To allow for easy comparison between the laboratory and the astronomical spectra, the laboratory one is simply multiplied by an assumed continuum of the source and slightly shifted upwards. This spectrum is the one obtained from an ice mixture containing H_2O:CO:CH_4:NH_3:O_2 = 10:2:1:1:1, photolysed with a vacuum-UV discharge lamp. The standard experiments involved are described elsewhere (see d’Hendecourt et al. 1996 and references therein). The choice of the mixture, corresponding roughly to the elemental cosmic composition, was selected from model calculations made by d’Hendecourt et al. (1985) in which the chemical evolution of the gas phase in a molecular cloud is calculated, taking into account the feedback from molecules produced on the grain surface.

We first note that the extinction toward the source is so large that three strong absorption features are quite saturated. These are, the silicate absorption band at 9.7 μm (whose reproduction is not attempted here), the 3.07 μm OH stretching mode from the ice band and, not surprisingly, the bending mode of CO_2 at 4.27 μm. The astronomical spectrum shows various solid state absorption bands: the 3.07 μm OH stretch of water ice (saturated), the 4.27 μm CO stretch of CO_2 (saturated), a strong 4.62 μm absorption band, the one first detected by Lacy et al. (1984) in W33A and further discussed in the next paragraph, the CO stretch of solid CO at 4.67 μm, a broad and large 6 μm feature which can be mostly attributed to the bending mode of H_2O, a very strong and broad absorption at 6.85 μm, a 7.7 μm band, attributed to CH_4, the 9.7 μm feature from silicates (saturated) and finally, the bending mode of CO_2 at 15.2 μm already discussed above. From the numerous laboratory simulations involving the spectroscopy of pure substances or various ice mixtures (see for example, Hudgins et al. 1993), it is possible to derive reasonably accurate column densities of the identified species. Since we observe absorption lines, this determination does not require any other knowledge than the absorption cross-sections of the molecules and an estimate of the underlying continuum. The derived numbers together with the proportions of water ice are given in Table 1.

At this stage, a few comments regarding our simulations and comparisons are worth making.

(i) the laboratory approach gives an easy access to the global chemical composition of the interstellar grain mantles in the molecular surroundings of the protostellar object. Line widths in the laboratory data are compatible to the first order, with those observed in the source. Line depths can be easily reproduced with the deposition of icy films of calibrated thickness and the simulation, involving photochemical evolution of the ices, produces new absorption bands compatible with the observations. This is particularly true for the CO_2 molecule.

(ii) most of the observed solid state features toward the astronomical object are immediately identified with no further hypothesis.

(iii) the laboratory spectrum, obtained from a photolysed mixture is fully compatible with the astronomical one. No other laboratory transitions are noted which conflict with the astronomical data.

(iv) two molecules, CO_2 and CH_4, are detected, which are unobservable from the ground and have no radio transitions. The role of these two molecules, present in numerous sources observed by ISO (Whittet et al. 1996, Boogert et al. 1996), has always been difficult to assess in the past in models of chemical evolution of molecular clouds, due to the lack of possible observations. One must however acknowledge here that the first detection of CH_4, at 7.7 μm was obtained from the ground by Lacy et al. (1991) and later confirmed by KAO observations (Boogert et al. 1997).

(v) detailed studies of line shapes and widths must be undertaken to obtain a more complete view of the nature of the ices observed. For example the CO_2 bending mode at 15.2 μm shows a complex peak structure which is not accounted for in the above experiment.

The SWS instrument has revealed the spectrum of interstellar ices over its full range. A rather good example of a spectrum similar to the one presented here is given for NGC 7538 IRS9 in Whittet et al. (1996) where the absorption features reveal also the presence of solid state H_2O, CO, CO_2 (and^{13}CO_2), CH_3OH, CH_4 and two absorption bands attributed to silicates (at 9.7 and 18 μm).

Figure 3. Gas phase CH_4 in the ν_4 region. Panel (A): (a) adopted continuum, (b) resultant spectrum with the CH_4 laboratory feature, (c) ISO spectrum of RAFGL 7009S, (d,e) spectra when the gas phase model ((d) 50 K and (e) 200 K) and laboratory ice spectrum are both taken into account. Even the broad absorption around 7.4 μm is well reproduced by the laboratory experiment. Panel (B): models spectra with T=200 K (top curve) and T=50 K (middle curve) (doppler parameter b=3 km s^{−1} and a column density of 10^{17} cm^{−2} at R=1800 for both models), the bottom curve shows the second model (T=50 K) at full resolution.

4. THE POWER OF LABORATORY SIMULATIONS

4.1. Gas phase and the gas-to-solid ratio

Higher resolution observations of RAFGL 7009S obtained with the SWS06 mode (R∼2000) have revealed sharper transitions superimposed on the broad solid phase absorptions. These lines are the gas phase counterparts to the ice constituents. These observations are largely reported in the literature for this source (Dartois et al. 1998) as well as for other similar sources (van Dishoeck et al. 1996, Helmich et al. 1996, Boogert et al. 1998). Despite the fact that the resolution is not fully suited to the gas phase rovibrational lines, we can nevertheless obtain a reasonable estimate for the gas excitation temperatures and column densities. This allows us to probe, with the same observational parameters, the gas and solid phases and derive the gas-to-solid ratios for many molecules. We choose to present here an example involving CH_4. Other gas phase molecules detected in this source are CO, H_2O and CO_2 (Dartois et al. 1998). Methane is inactive in its rotational ground state and thus not observable in the radio range. CH_4 can only be observed through the rovibrational modes such as the ones in the ν4 region, falling at 7.7 μm.

The CH_4 analysis, involving the solid and the gas phase is presented in Figure 3. In this figure, the only assumption is the adopted continuum (trace a, upper panel). The solid line obtained from a laboratory experiment is given (trace b, upper panel), whereas the ISO–SWS06 observation is on trace c. The presence of gas phase CH_4 is evidenced when a synthetic gas phase spectrum (lower trace, lower panel, shown at “infinite” resolution and at the SWS06 resolution) is multiplied by the laboratory spectrum (traces d and e, upper panel) to be directly compared with the astronomical data.

The same analysis has been performed for CO, H_2O and CO_2. The derived gas-to-solid ratios are given in Table 2 for these molecules. As can be readily seen from this table, CO is the only molecule more abundant in the gas phase than in the solid one. This may be due to the facts that this molecule is easily made in the gas phase, is very stable and that it is a very volatile species, all factors favouring a high gas phase abundance. Looking at the ratios from Table 2, we see that the solid phase abundances clearly dominate the gas phase ones in this source. Another striking aspect in this table is that the CO_2 appears depleted in the gas compared to the other abundant molecules present in the solid phase (H_2O and CH_4). This low gas-to-solid ratio, combined with the high production rate of CO_2 upon UV photolysis of the laboratory ice, tends to indicate that CO_2 is a typical grain reaction product and, when released to the gas phase, reacts or is destroyed by a specific mechanism (d’Hendecourt et al. 1986, Breukers et al. 1992). Similar results for CO_2 have also been presented by van Dishoeck et al. (1996) in the spectra of other massive protostars such as W33A and NGC 7538 IRS9.

4.2. Molecular ions in RAFGL 7009S

The 4.62 μm broad band has been observed for about twenty years in protostars (Soifer et al. 1979, Lacy et al. 1984).The almost exact match between the astronomical band and an unidentified one, produced in the photolysis of ice mixtures, particularly those containing CO and NH_3, has provoked intensive studies in various laboratories. The position of the band indicates that the molecule responsible for this feature

Figure 4. Comparison of the ISO–SWS spectrum of RAFGL 7009S with spectra of photolysed laboratory mixtures CO:NH_3 (1:1), CO:NH_3:e^− donor (10:10:1), CO:NH_3:SF_6 (10:10:1) and CO:NH_3:CCl_4 (10:10:2). Position of the OCN^− and NH^+_4 bands in the laboratory ices have been indicated.

contains a C≡N bond and numerous molecules such as nitriles or isonitriles were proposed as the carrier of this band (Larson et al. 1985, d’Hendecourt et al. 1986, Bernstein et al. 1997). In 1987, Grim & Greenberg tentatively proposed that the negative ion OCN^− is the correct assignment. Since, in their experiments, this negative ion is produced together with a positive counterion, NH^+_4 , via acid-base reactions, the astronomical detection of the main transition of NH^+_4 at 6.85 μm may provide a definite observational proof of this mechanism. Unfortunately, the position of the NH^+_4 falls in a region of the spectrum where all aliphatic hydrocarbons containing CH_2 and CH_3 groups also fall (Bellamy 1975), making a precise identification difficult. Again in this matter, laboratory simulations are crucial to decipher ISO–SWS data.

We have used the classical method of “matrix isolation” spectroscopy to study the behaviour of the two laboratory bands at 4.62 and 6.85 μm. The ionic nature of theses bands has been established, using electron donors and acceptors, as fully described by Demyk et al. (1998). This result confirms the previous identification given by Schutte & Greenberg (1997). A schematic presentation of the experimental results is given in Figure 4. The lower trace represents the ISO–SWS spectrum from 4 to 10 μm (2500 to 1000 cm^{−1}), to be compared with the upper traces, pertaining to different experiments (see figure caption). The position of the OCN^− band in the experiments is in very good agreement with the astronomical spectrum. As no other band in the CO:NH_3 mixture (second trace to the bottom) contradicts the ISO spectrum, OCN^−, unambiguously identified in the laboratory experiments, is also a good candidate for the interstellar 4.62 μm band. Furthermore, the abundance for OCN^− derived for this source (Demyk et al. 1998), is 4.7×10^{17} cm^{−2}, i.e. about 4 % of the water abundance, a reasonable quantity easily satisfying

Table 2. Gas-to-solid ratios observed in RAFGL 7009S.

Molecule Densities(cm^{−2} ) Gas/Solid Gas Solid H2 O ˘2�10^{18} ˇ1�10^{19 ∗} 1.1�10^{19} ˘0.18 CO2 1.0^{+1}_{−0.5} �10^{17} 2.5�10^{18} ¸0.04 CH4 1.2^{+0.5}_{−0.3} �10^{17} 4.3�10^{17} ¸0.28 CO 6.1^{1.7}_{−1.7} �10^{18 ∗} 1.8�10^{18} ¸3.4

∗ values for the cold gas phase component. Solid phase values are taken from d’Hendecourt et al. 1996.

cosmic abundances constraints. As no other ion has been identified in this source, NH^+_4 should be present in the ice. It then could participate to the 6.85 μm band but cannot produce the whole band depth. We estimate that NH^+_4 contributes to no more than 6-7 % to the interstellar feature. Finally, as noted from the laboratory experiments, the efficient production of the 4.62 μm band carrier (OCN^−) requires the presence of mixtures of CO and NH_3. Ammonia, the last simple hydride has recently been detected from ground based observations of NGC 7538 IRS9 (Lacy et al. 1998), in the wing of the silicate feature, there again, thanks to the precise location of this band obtained from laboratory simulations. In this object, ammonia has an abundance which is 10 % that of H_2O ice. Unfortunately, the very steep and deep silicate absorption band in RAFGL 7009S makes it impossible to detect ammonia in this source.

4.3. The shape of the 15.2 μm CO_2 band

The resolution achieved by the SWS instrument allows us to distinguish not only gas phase rovibrational lines of major species but also to examine precisely lineshapes and substructures in the solid absorption bands, in search for physical effects that may bring a different information about the structure of the interstellar ices. As a good example, specific attention may be drawn to the complex structure observed on the 15.2 μm band, the CO_2 bending mode. As also noted by de Graauw et al. (1996), for the infrared source NGC 7538 IRS9, this strong band presents a complex substructure, where up to four distinct absorption bands can be observed between 14.8 and 16 μm. A similar structure is observed in RAFGL 7009S, as well as in some other sources such as GL 2136, GL 2591, GL 4176 and S 140 (for this source, see Figure 1). Part of this structure is simply due to the presence of gas phase CO_2 on the line of sight, as evidenced in the work of Dartois et al. (1998).

We have looked for possible explanations for the remaining triple peak structure. Three explanations can be tested: (i) the presence, in the interstellar ices of other less abundant species, (ii) a particle shape effect modifying the lineshape, as suggested in de Graauw et al. (1996), (iii) a solid state effect involving the possibility of obtaining, within the ice, the formation of molecular complexes, for example due to the presence and interaction of two molecules in roughly equal abundances. The two first effects can be safely rejected. Due to the large and simultaneous wavelength coverage obtained with the SWS instrument, analysis of the whole spectrum of the source allows to scan over the entire vibrational spectrum towards shorter wavelengths, to detect possible additional features due to various species that may be also responsible for the presence of the observed substructures in the 15.2 μm band. We have not detected any transitions for various molecules considered as potentially abundant solid state interstellar molecules. The second solution, the effect of grain shape on the line structure can also be rejected. First of all, the precise fit of the solid state methane line (see Figure 3), obtained by comparing directly a thin film transmittance spectrum with the astronomical data confirms unambiguously that, even at 7.7 μm, the grains responsible for the absorption are very small compared to the wavelength of the observation. This applies even better at 15.2 μm and, for ices whose real index of refraction, n, is small (see for example Hudgins et al. 1993), no serious shape effects are ex-

Figure 5. ISO–SWS06 spectrum of the CO_2 bending mode at 15.2 μm toward RAFGL 7009S compared with: (lower panel): a laboratory fit of a CO_2:C_2H_5OH (1:1) mixture heated to 90 K (dotteddashed line), and a spectrum where the CO_2 gas phase contribution was added (solid line); (middle panel): a laboratory fit of an ice mixture containing equal amounts of H_2O, CH_3OH and CO_2 at 105 K (dotted-dashed line) and including the CO_2 gas phase contribution (solid line); (upper panel): a spectrum of a polar ice mixture H_2O:CH_3OH:CO_2 (10:1:2) at 105 K.

Figure 6. Comparison of a pure solid methanol spectrum (dashed line) with the transmittance obtained from the analysis of ISO–SWS data of RAFGL 7009S between 3.3 and 10 μm (3000 and 1000 cm^{−1}). The methanol spectrum is normalised to the abundance of methanol derived from ground based observations (Dartois et al. 1999a). The symbol * indicates a spurious feature in the astronomical spectrum.

pected on the absorption lines for grains which are obviously much smaller than the wavelength of observation.

The third solution we tested in the laboratory was to look for possible modification of the lineshape arising from molecular interactions within comparably abundant molecules trapped in the ice. Such an effect has been known for a long time, at shorter wavelengths. Indeed, solid CO_2 invokes particular interactions when mixed with polar or apolar molecules, which result in some spectroscopic diversity (Reed et al. 1986, Sandford & Allamandola 1990 and Ehrenfreund et al. 1997). This diversity has been used in the interpretation of astronomical data, to obtain information on the degree of mixing of CO with other molecules such as H_2O and CO_2, influencing the CO lineshape at 4.67 μm (see the review of Whittet & Duley 1991). We have thus performed specific experiments involving mixtures of plausible interstellar molecules, in particular water, carbon dioxide and alcohols. Some of our results are presented in Figure 5. The whole procedure is given in Ehrenfreund et al. (1998) and a full discussion of the molecular effects involved will be found in Dartois et al. (1999a). Figure 5 displays the ISO–SWS spectrum of RAFGL 7009S between 14.3 and 16 μm (bottom trace). Above this spectrum, lie three laboratory spectra (dashed lines) obtained from three different mixtures : H_2O:CO_2 (10:1, upper trace), H_2O:C_2H_5OH:CO_2 (1:1:1) and H_2O:CH_3OH:CO_2 (1:1:1). The gas phase CO_2 lines are readily accounted for with the sharp Q branch, located at 14.9 μm (Dartois et al. 1998). When taking into account the gas phase, the two solid lines give the final expected spectra for the alcohol containing mixtures, to be directly compared to the ISO–SWS spectrum at the bottom. The fit obtained demonstrates clearly that, in a molecular icy solid held by van der Waals forces, line shapes are entirely dominated by molecular interactions. Exception to this rule may be found towards short wavelengths where some scattering may alter the 3.07 μm ice band (Dartois 1998). Note however that this statement is only valid in the case of the protostars considered in this paper. The formation of the substructure can be understood in terms of the presence of the formation of molecular complexes between CO_2 and one of the alcohol molecules involved in our experiment as fully explained in Dartois et al. (1999b). Finally, complementary observations must be obtained in order to detect, if possible, which alcohol is truly responsible for the effect observed in the astronomical source. Such observations have been recently performed, using the far better sensitivity of the UKIRT instrument, in the 3 μm range where various vibrational features of alcohols can be searched for. Large quantities of methanol (up to 30 – 60 % of the abundance of H_2O ice) have been detected in two sources, W33A and RAFGL 7009S, there again by comparing laboratory mixtures spectra with astronomical data (Dartois et al. 1999b).

As a final example for the identification of interstellar species in the solid state, we display, in Figure 6, a full comparison of the spectrum of RAFGL 7009S (bottom trace) with a spectrum of a simple icy film of pure methanol, a molecule which shows a rich spectrum in the infrared. Surprisingly, one can see from this figure that not less than four methanol features are present in the astronomical spectrum. Among these features, the most important one is the 6.85 μm band, prominent in RAFGL 7009S. Note that, in this figure, the quantity of deposited methanol in the experiment has been chosen to be roughly the same than the one derived from the observation of the source with UKIRT (Dartois et al. 1999b). Thus methanol is a rather abundant species in this source, as well as in W33A, another massive protostar. High abundances of methanol have been tentatively derived from ground based observations in the 3 μm window (Allamandola et al. 1992). Methanol accounts for roughly 30 – 60 % of the 6.85 μm band, the uncertainty coming from the difficulty to determine an accurate baseline in this portion of the spectrum. As already mentioned above, the ammonium cation, NH^+_4 , may fill up to 10 % of the band, leaving room for possible other candidates.

5. CONCLUSION

The ISO spectral data of deeply embedded objects prove to be extremely successful for the detection of abundant solid sate molecules that are unobservable from the ground and are, in some cases, radioquiet (CO_2, CH_4). Although most of the solid state molecules known to date were detected prior to ISO, thanks to numerous and extensive laboratory simulations coupled to difficult infrared observations through patchy atmospheric windows or using the LRS spectrometer on board IRAS, the SWS instrument provides, for the first time, a large wavelength coverage and a resolution well suited for the observations of solid state features. A rather good example is provided by the CO_2 molecule which is now observed through its two active vibration modes at 4.27 and 15.2 μm, in a very large number of interstellar objects. From the data presented here, and because of its relative absence in the gas phase, CO_2 proves to be a useful tracer for icy grain mantle chemistry.

High resolution observations using the SWS AOT6 reveals the presence of gas phase counterparts to the most important solid state molecules. This may help to address the problem of the relationship between the gas and the grain chemistry. Moreover, this higher resolution reveals that some solid state features display peculiar lineshapes. The case for the triple substructure observed in the 15.2 μm band of the CO_2 bending mode has been analyzed here. Duplication of this band in the laboratory, as well as the reproduction of the CH_4 feature in the same object, show that lineshapes and widths are largely dominated by molecular interactions such as the formation of molecular complexes between CO_2 and an alcohol molecule. From complementary observations in the near infrared, using the UKIRT instrument, we have shown that this alcohol is methanol. This molecule thus becomes the second most abundant ice species in this source after water. The same situation also applies to W33A, another massive protostar. UV photolysis of laboratory mixtures does provide ample amounts of CO_2, as observed in RAFGL 7009S although it may not be the only source for this grain molecular species.

Other less abundant species are observed. H_2CO is marginally detected (no more than 3 % of H_2O). The ions OCN^− and NH^+_4 are unambiguously identified in the laboratory spectra. OCN^− is a serious candidate to reproduce the interstellar 4.62 μm line, based on the strong similarity between the laboratory and the astronomical bands. NH^+_4 is unfortunately hidden in the very strong 6.85 μm band observed in the source. The origin of this band comes partially from methanol (30 – 60 % of the band) and probably some NH^+_4 for no more than 10 %. Further observations in other evolved sources may help to understand the full nature of these two bands.

Finally, in spite of the originality and quality of the ISO–SWS data, one may regret that, due to the nature of the observed sources and the very high extinction in the 3.07 and 9.7 μm ice and silicate features, transitions of other molecules of astrophysical interest such as NH_3 still remain intrinsically difficult or impossible to observe.

ACKNOWLEDGMENTS

L. d’Hendecourt wishes to thank the continuous financial and scientific support of the “Programme du CNRS, Physico-chimie de la matière interstellaire (PCMI)”.

REFERENCES

Allamandola, L.J., Sandford, S.A., Tielens, A.G.G.M., Herbst, T.M. 1992, ApJ 399, 134

Bellamy, L.J. 1975, in “The Infrared Spectra of Complex Molecules”, Chapman and Hall, New York

Bernstein, M.P., Sandford, S.A., Allmandola, L.J.

1997, ApJ 476, 932

Boogert, A.C.A., Schutte, W.A., Tielens, A.G.G.M.

et al. 1996, A&A 315, L377

Boogert, A.C.A., Schutte, W.A., Helmich, F.P., Tielens, A.G.G.M., Wooden, D.H. 1997, A&A 317, 329 Boogert, A.C.A., Helmich, F.P., Van Dishoeck, E.F., Schutte, W.A., Tielens, A.G.G.M., Whittet, D.C.B. 1998, A&A 336, 352

Breukers, R.J.L.H., d’Hendecourt, L.B., Greenberg, J.M, 1992, csim conf., Knudsen, p.273 Brown, P.E., Charnley, S.B. 1990, MNRAS, 244, 432 Dartois, E., d’Hendecourt, L., Boulanger, F., Jourdain de Muizon, M., Breitfellner, M., Puget, J.L., Habing, H.J. 1998, A&A, 331, 651 Dartois, E. 1998, PhD Thesis, University of Paris VI, France Dartois, E. et al. 1999a, in preparation for A&A Dartois, E., Schutte, W.A., Geballe, T.R., Demyk, K., Ehrenfreund, P., d’Hendecourt, L. 1999b, A&A, 342, L32 Demyk, K., Dartois, E., d’Hendecourt, L., Jourdain de Muizon, M., Heras, A., M, Breitfellner, M. 1998, A&A. 339, 553 van Dishoeck, E.F., Helmich, F.P., de Graauw, T. et al. 1996, A&A 315, L177 Ehrenfreund, P., Boogert, A.C.A., Gerakines, P.A., Tielens, A.G.G.M., van Dishoeck, E.F. 1997, A&A 328, 649 Ehrenfreund, P., Dartois, E., Demyk, K., d’Hendecourt, L. 1998, A&A 339, L17 Gillett, F.C., Forrest, W.J. 1973, ApJ 179, 483 de Graauw, T., Whittet, D.C.B., Gerakines, P.A. et al. 1996, A&A 315, 345 Greenberg, J.M. 1976, Astrophys.Sp. Sci. 39, 9 Grim, R.J.A., Greenberg, J.M. 1987, A&A, 181, 155 Grim, R.J.A., d’Hendecourt, L.B. 1987, A&A, 167, 161 Gürtler, J., Henning, T., Koempe, C., Pfau, W., Kraetschmer, W., Lemke, D. 1996, A&A 315, L189 Hagen, W. 1982, PhD Thesis, University of Leiden, The Netherlands Hagen, W, Greenberg, J.M., Tielens, A.G.G.M. 1983, A&AS 51, 389 Hagen, W., Allamandola, L.J., Greenberg, J.M. 1980, A&A 86, L1 Helmich, F., van Dishoeck, E.F., Black, J.,H., et al.

1996, A&A 315, L173 d’Hendecourt, L.B., Allamandola, L.J., Baas, F., Greenberg, J.M. 1982 A&A 109, L12 d’Hendecourt, L.B., Allamandola, L.J., Greenberg, J.M. 1985 A&A, 152, 130 d’Hendecourt, L.B., Allamandola, L.J., Greenberg, J.M., Grim, R.J.A. 1986, A&A 158, 119 d’Hendecourt, L., Jourdain de Muizon, M., Dartois, E. et al., 1996, A&A, 315, L365 d’Hendecourt, L., Jourdain de Muizon, M. 1989, A&A 223, L5 Herbst, E.Leung, C.M. 1986, MNRAS, 222, 689 Hudgins, D.M., Sandford, S.A., Allamandola, L.J., Tielens, A.G.G.M. 1983, ApJS 86, 713 van de Hulst, H.C. 1949, “The solid particles in space”, Drukkerij Schotanus and Jends, Utrecht, The Netherlands Lacy, J.H., Baas, F., Allamandola, L.J., van de Bult, C.E.P., Persson, S.E., McGregor, P.J., Lonsdale, C.J., Geballe, T.R. 1984, ApJ 276, 533 Lacy, J.H., Carr, J.S., EvansII Neal, J., Baas, F., Allamandola, L.J., Arens, J.F. 1991, ApJ 376, 556

Lacy, J.H., Farji, H., Sandford, S.A., Allamandola, L.J. 1998, ApJ 501, L105 Larson, H.P., Davis, D.S., Black, J.H., Fink, U. 1985, ApJ 299, 873 Léger, A. 1983, A&A 123, 271 Léger, A., Klein, J., De Cheveigne, S., Guinet, C., Défourneau, D., Belin, M. 1979, A&A 79, 256 Linblad, B. 1935, Nature, 135, 133 Merrill, K.M., Russell, R.W., Soifer, B.T. 1976, ApJ 207, 763 Reed A.E., Wienhold, F., Curtis, L.A., Pochatko, D.J. 1986, J.Chem.Phys. 84, 5687 Sandford, S.A., Allamandola, L.J., Tielens, A.G.- G.M., Valero, G.J. 1988, ApJ 329, 498 Sandford, S.A., Allamandola, L.J. 1990, ApJ 355, 357 Schutte, W.A., Greenberg, J.M. 1997, A&A 317, L43 Soifer, B.T., Puetter, R.C., Russell, R.W., Willner, S.P., Harvey, P.M., Gillett, F.C. 1979, ApJ 232, L53 Tielens, A.G.G.M., Hagen, W. 1982, A&A 114, 245 Whittet, D.C.B., Schutte, W.A., Tielens, A.G.G.M., et al. 1996, A&A 315, L357 Whittet, D.C.B., Duley, W.W. 1991, A&A Rev 2, 167 Whittet, D.C.B., Gerakines, P.A., Tielens, A.G.- G.M., et al. 1998, ApJ 498, L159

598

COLD DUST IN THE INTERSTELLAR MEDIUM

R. J. Laureijs

ISO Data Centre, Astrophysics Division, ESA, Villafranca, Spain.

ABSTRACT

The presence of dust particles residing at very low temperatures (T_d < 18 K) has been hypothesised for a long time. The predictions were based on assumed properties of dust particles in the infrared combined with plausible conditions of the ISM in dense regions. Nevertheless, our observational picture of the cold dust component in the ISM is still poor despite the accessibility of photometric windows in the farinfrared and sub-mm wavelength range where cold dust emission should be detectable. We review long wavelength observations (λ > 100 μm) of the diffuse ISM, dense regions, cloud cores, and normal galaxies. A comparison is given between the different observations in terms of dust temperatures T_d and power in the far-infrared emissivity β.

Key words: ISM: dust, extinction – infrared: ISM: continuum – Galaxies: ISM

1. INTRODUCTION

Emission from dust grains responsible for the visual extinction can only be observed at wavelengths longward of 100 μm due to the low temperatures of these grains. With the availability of COBE data, ISO data, balloon-borne observations, and a new generation ground based sub-mm arrays, the interest in observing cold dust has increased in the last few years. There are several reasons to study the properties of dust in cold regions. Firstly, cold dust emission can trace the densest and most hidden parts of molecular clouds where the earliest stages of star formation take place. These regions are also detectable in molecular line emission such as C^{18}O, HDO, NH_3, etc. which provide important kinematic and chemical information. However, molecular line intensity depends strongly on the abundance of the molecule which in turn depends on the chemical history of the region. Dust continuum emission offers the possibility to obtain an independent view of these regions.

The second importance of cold dust is the observation of a “hidden” mass component. The detection of a low temperature dust component implies a large increase of the total dust mass of an object:

M_d =

F_νD^2

κ_ν B_ν (T_d)

, (1) where T_d is the dust temperature, D is the distance to the object, κ_ν is the mass absorption coefficient which is proportional to area over mass, and B_ν is the Planck function. A significant detection of the flux density F_ν at a low temperature is usually sufficient to boost the total mass of an object. The total mass of an object as given in Eq. 1 depends on the assumed gas-to-dust ratio and the properties of the dust which are hidden in κ_ν .

The third reason to understand the properties of cold dust is to be able to properly decompose the farinfrared and sub-mm emission into separate emission components associated with the zodiacal, galactic, and extragalactic backgrounds.

Due to a limited amount of wavelength bands or due to a lack of sufficient spectral coverage, the spectral energy distribution of a given object is usually fitted according to the relation:

F_ν ∝ ν^βB_ν (T_d). (2)

This approach assumes a spectral energy distribution which is predominantly due to dust at a single temperature T_d and a power law dust emissivity proportional to ν^β. In the remainder of this review we will refer to β as the power in the emissivity. Following Cox et al. (1986) we speak of cold dust when the temperature of the dust is equal to or below the mean equilibrium temperature of the large dust grains in the local diffuse ISM. This temperature was predicted to be around 16 K for silicate grains and 20 K for graphite grains.

In this review the reality of cold dust in our Galaxy and in other galaxies is discussed. In Sect. 2 a summary is presented of observations of diffuse emission at high galactic latitudes. Studies in which the colder and denser regions are separated from the diffuse ISM are reviewed in Sect. 3. A discussion of temperature determinations of dense cloud cores is given in Sect. 4. Evidence for a relatively high amount of submm emission with respect to the far-infrared in other galaxies is discussed in Sect. 5. In Sect. 6 we discuss the conditions that could lead to the presence of cold dust. Conclusions and future prospects are stated in Sect. 7.

Proceedings of the Conference “The Universe as seen by ISO”, Paris, France, 20–23 October 1998 (ESA SP-427, March 1999)

2. OBSERVATIONS OF THE DIFFUSE ISM

The first results from the IRAS survey surprisingly showed that the surface brightness ratio I_{60}/I_{100}∼0.2 is significantly higher than predicted from classical dust models. The corresponding colour temperature is about 27 K assuming a β = 2 emissivity law. The high brightness ratio has been attributed to an additional warmer emission component in the 60 μm IRAS band. The warmer emission is most likely caused by non-equilibrium emission from very small grains (Draine & Anderson, 1986; Désert et al. 1990; Siebenmorgen & Krügel, 1992; Dwek et al. 1997 and references therein). This presence of at least two dust emission components makes it difficult - if not impossible - to derive the temperature of the large dust particles only from observations shortward of 100 μm.

In the recent years several groups have measured the spectral energy distribution of the high latitude sky longward of 100 μm. These observations were usually part of a larger scientific project to measure the cosmic microwave background. Table 1 summarizes the temperature measurements, and, if available, the inferred value of β. We have included the COBE result derived by Reach et al. (1995) obtained from a single temperature fit to the emission of regions with b > 60^∘ and the results obtained by Boulanger et al. (1996); see below for a full discussion of the COBE data.

Table 1. Summary of temperature determinations from far-infrared and sub-mm observations.

Expe- T β Reference riment (K)

rocket 16.4^{+2}.^3−_1._8 2a Kawada et al. 1994

COBEb 23.2±0.5 0.92±0.04 Reach et al. 1995 ARGO 20.1±1.2 1.5±0.2 Masi et al. 1995 MAX 18±3 1.4±0.4 Fisher et al. 1995 IRTS 18±1 2a Hirao et al. 1996 COBEb 17.5 2 Boulanger et al. 1996

asee text bassumed

The observations of the experiments listed in Table 1 have been plotted in Figures 1 and 2. Figure 2 contains the same data as Figure 1 but the data are presented in such a way that systematic differences between the data sets at the longest wavelengths are highlighted. All data have been normalized to 100 μm since all experiments except COBE have been calibrated against the IRAS 100 μm band (which was cross-calibrated with COBE).

In case the dust follows an emissivity according to β = 1 the data displayed in Figure 2 should asymptotically rise to a constant level at the longest wavelengths. For larger values of β, the spectral energy distribution must show a turnover with a maximum at about 400–600 μm depending on the dust temperature. From the sub-mm datasets obtained by COBE, ARGO, and MAX, only ARGO exhibits a clear turnover suggesting β > 1 in the limit. The other datasets (COBE and MAX) indicate no max-

Figure 1. Compilation of the long wavelength observations of the diffuse emission at high galactic latitudes. All datasets have been normalized to λ_∘ = 100 μm. Explanation symbols: open and filled circles: DIRBE and FIRAS data from the analysis by Boulanger et al. (1996), filled triangles: IRTS data for b = 3.5^∘ (Hirao et al. 1996), open squares: rocket observations (Kawada et al. 1994), closed squares: ARGO observations of Aries and Taurus regions (Masi et al. 1996), open triangles: MAX observations of the μPeg region (Fisher et al. 1995). The dotted and dashed lines give the spectra for modified blackbodies of 23.2 K with β = 0.92 and 18 K with β = 2, respectively.

Figure 2. Same data as in Figure 1 but using the ratio (λ^5I_λ/λ^5_∘I_{λ∘} ) as ordinate, with λ_∘ = 100 μm.

imum. From Figure 2, it can be concluded that a single power law emissivity with β = 2 poorly represents the longest wavelengths. Either the power in the emissivity is smaller than 2 or there is more than one emission component.

Masi et al. (1995) showed that the ARGO data (cf Table 1) can also be matched with a bimodal distribution of temperature components peaking at 14 K and 25 K, all components have β = 1.3. They conclude that a single temperature fit tends to overestimate the value of β compared to a multi-temperature fit.

The most comprehensive far-infrared and sub-mm data sets were provided by the DIRBE and FIRAS instruments of COBE. However, the interpretation of the spectral energy distribution is subject to debate. Wright et al. (1991) and Reach et al. (1995) showed that the FIRAS spectral energy distributions of high latitude lines of sight can be best fit by two temperature components of 16–21 K (the warm component) and 4–7 K (the very cold component) with β = 2 for both components. Reach et al. (1995) found that the two component fit gives a significantly better match to the observed spectra than a single temperature blackbody with β = 2 or a single temperature blackbody with β as a free fitting parameter. The very cold component varies little with galactic longitude and its temperature is not correlated with that of the warm component. But the optical depths of the two components are correlated. In case of single temperature fits with β as a free parameter they find for |b| > 10^∘ temperatures higher than 19 K and β < 1.6. Evidence for a very cold dust component (4–7 K) was also given by the IRTS experiment where the 250/700 μm brightness ratio shows a significantly stronger decrease with increasing galactic longitude than the 150/250 and 250/400 μm brightness ratios (Hirao et al. 1996). One interpretation of this observation is that the dust temperature is constant with T_d = 20 K and β decreasing with latitude. Alternatively, there exists a cold component with T_d = 5–7 K for which either the temperature or optical depth increases with latitude. Proper comparison with the COBE results is difficult, since the IRTS observations cover only −3.5^∘ < b < +3.5^∘, whereas the analysis by Reach et al. (1995) covers b > 10^∘.

The COBE findings by Reach et al. (1995) have been disputed by Boulanger et al. (1996) and Puget et al. (1996). They determined the spectral energy distribution of the high latitude cirrus component from the correlation of the FIRAS emission with the Leiden-Dwingeloo HI survey. After subtracting the HI cirrus component and after correcting the residual emission for the contribution of ionized hydrogen they obtained a significant residual emission which is isotropic. The presence of this residual emission has been confirmed by Fixsen et al. (1998) who applied several different foreground removal methods. Puget et al. (1996) attribute the isotropic component to sources at large redshift. In any case, Boulanger et al. (1996) conclude that the cirrus component (cf. Figures 1 and 2) does not show evidence for the presence of a 4–7 K very cold dust component. The results of their best fit (T_d = 17.5 K, β = 2) is included in Table 1.

Figure 3. The temperature distribution in regions which show an emission component significantly colder than the diffuse ISM. These lines of sight can be decomposed in a cold - 60 μm deficient - (T_d =15 K) and a diffuse ISM (T_d =17.5 K) emission component. (Figure taken from Lagache et al. 1998.)

3. COLD REGIONS AT HIGH GALACTIC LATITUDES

The ratio I_{60}/I_{100} is generally constant in the diffuse ISM, but systematic variations over large regions on the sky has been inferred from the COBE observations (Lagache et al. 1998). In denser regions the constancy in the I_{60}/I_{100} ratio breaks down and becomes smaller. The difference (I_{100} − I_{60}/θ), where θ≈0.2 is the mean value of I_{60}/I_{100} in diffuse regions, was found to be a good tracer of denser molecular material (Laureijs et al. 1991; Abergel et al. 1994; Cambresy et al. 1997). The absence of 60 μm emission provides an upper limit to the grain temperature. Using IRAS images with a spatial resolution of ≈5^′, Laureijs et al. (1991) derive T_d < 13.8 K assuming β = 2.

Since COBE measured also at the longer wavelengths, the actual temperatures can be determined of (1) the diffuse component associated with constant I_{60}/I_{100} and (2) the 60 μm deficient regions. Analysis of COBE observations of the high latitude sky by Lagache et al. (1998) showed that the regions with I_{60}/I_{100} = θ are associated with dust of a temperature T_d = 17.5 K (β = 2). The 60 μm deficient regions exhibit a temperature distribution peaking at 15 K, see Figure 3. These colder regions are associated with column densities in excess of n_H > 2.5×10^{20} H cm^{−2}. No evidence was found for the presence of a very cold dust component with T_d < 12 K.

Reach et al. (1998) separated the diffuse ISM from the denser regions by correlating the high latitude DIRBE maps with HI maps from the Leiden- Dwingeloo HI survey. The regions which exhibit an excess infrared emission with respect to the average IR/HI correlation give a mean temperature of 17±2 K, the known molecular clouds with excess infrared emission are at 15.5±2 K. The dust temperature in the atomic gas is found to be 19±2 K. The infrared excess clouds can be characterized by their lack of HI rather than lower temperature. Only when CO can be detected the temperature becomes significantly lower than the dust associated with atomic hydrogen. The resulting surface density of the infrared excess clouds is about 0.3 M_⊙ pc^{−2} which is comparable with the surface density derived from high latitude CO surveys.

4. OBSERVATIONS OF CLOUD CORES

Only few observations exist of cold cores longward of 100 μm which cover a significant part of the spectral energy distribution. Ristorcelli et al. 1998 measured with PRONAOS both the temperature and β of a newly discovered cold cloud in the Orion A complex. The inferred temperature is 12.5±3 K with β = 1.9±0.4. By combining ISO-LWS data with ground based sub-mm observations Lis & Menten (1998) were able to determine several parameters including dust temperature and emissivity law of a giant molecular cloud core. They find a temperature of 18 K and β = 2.8. It should be noted that the core is close to the Galactic Centre where the ISRF is different from that in the solar neighbourhood.

Other temperature determinations of (quiescent) cloud cores must assume a value of β due to a lack of spectral coverage beyond 100 μm or due to insufficient photometric accuracy. In Figure 4 the temperatures of dense cloud cores obtained by various observers have been plotted against the estimated size of the cores. The estimation of the core size suffers from large uncertainties, since it depends on the assumed distance and the adopted method to measure the projected size of a core. Nevertheless, it provides a useful crude estimate of the linear dimension of an object in the comparison of different temperatures. For all targets we assume that the cores are resolved and β = 2 unless otherwise stated.

Figure 4 shows that most of the cores reside in a narrow temperature range of 12-14 K. The smallest cores were observed by Ward-Thompson et al. 1994 with the JCMT (∼18^{′′} beam) and are the densest regions observed inside quiescent clouds. Two of these cores exhibit the lowest temperatures of 8 K of which one is the core of LDN183. On the other hand, ISO observations of LDN183 in the 100–200 μm range (∼3^′ beam) indicate a dust temperature of 12 K (Mattila, private communication). Figure 4 suggests no clear correlation with size, but with the caveat that the uncertainties are highest for the JCMT measurements. The cold giant molecular cloud close to the galactic centre measured by Lis & Menten (1998) resides in a radiation field with a higher energy density and is therefore likely to be warmer than an equivalent cloud in the solar neighbourhood.

The horizontal lines in Figure 4 represent the temperatures of the diffuse and cold regions at high latitude as measured with COBE, see Sect. 3. We see that measurements obtained with a higher spatial resolution enable detection of lower temperatures. The colder cores are probably embedded in the cold regions detected by COBE (Sect. 3). The sample of cloud cores in Figure 4 show no evidence for a large cloud fraction residing at very low dust temperatures (T_d < 10 K). With an ISO resolution of about 3^′, a

Figure 4. The temperatures of dense cores in clouds and globules as a function of linear size. The dotted line gives the temperature of the diffuse ISM in the solar neighbourhood, the solid line gives the mean temperature of the cold regions as derived by Lagache et al. (1998) from the COBE data (cf. Figure 3). The open square indicates the temperature (β = 2.8) of the giant molecular cloud core near the galactic centre obtained by Lis & Menten (1998). The open circle is the cold clump in Orion A (β = 1.9) observed by Ristorcelli et al. 1998. The pentagons are the starless cloud cores measured with the JCMT by Ward-Thompson et al. (1994). The remaining data are from Laureijs et al. (1996, filled square), Laureijs et al (1999, open circle), Lehtinen et al. (1998, starry cross), Keene (1981, only B133, open triangle), Toth et al. (1999, filled triangle), and Mattila et al. (1998, cross).

resolved core of 0.1 pc corresponds to a distance of < 110 pc. Consequently, it will be very difficult to detect emission from cores with temperatures below ∼12 K with ISO.

The analysis of extended structures in the ISOPHOT Serendipity Survey at 170 μm shows that the coldest structures which can be detected have temperatures of the order of 13 K (Tóth et al. 1999; Hotzel et al. 1999). These temperatures are derived from the ratio between the 100 μm IRAS and the 170 μm ISOPHOT emission.

5. COLD DUST IN OTHER NORMAL GALAXIES

With the availability of ISO and ground based submm arrays, photometric data as well as maps of a growing number of galaxies at wavelengths λ > 100 μm have become available. The emerging picture is that for non-active galaxies the dust temperature is significantly lower than the temperature derived from the IRAS 60 and 100 μm data alone. The presence of a colder dust component was suggested by Devereux

& Young (1990) on the basis of the high mean ratio (≈1000) between gas masses derived from HI observations and dust masses derived from the IRAS data at 60 and 100 μm.

The first long wavelength observations of a sample of non-active galaxies were carried out by Chini et al. (1986). In contrast to the active galaxies which can be characterized by one dust component of T_d = 33±5 K and β = 1.9±0.3 (Chini et al. 1989), the spectral energy distributions of the non-active galaxies are interpreted in terms of two dust components at about 16 and 53 K, and with β = 2 for both components. The cold component dominates in the wavelength range 100–1300 μm. This two component picture has been corroborated by more detailed observations of NGC 660 and UGC 3490 (Chini & Krügel, 1993) and a larger sample of 32 galaxies (Chini et al. 1995). It was found that the addition of 450 and 800 μm photometry to the IRAS data does not yield a unique temperature solution to the 2 component temperature model. For the cold component the average temperature ranges between 10 and 20 K. Both studies also indicate that the spatial extent of the cold component is comparable to the optical size of the galaxy.

Alton et al. 1998a found for a sample of 7 nearby spirals an average temperature T_d = 18 K (β = 2) from the IRAS 100 μm and ISOPHOT 200 μm photometry. This temperature is significantly lower than the IRAS 60 to 100 μm colour temperature (T_d = 28 K). The dust mass inferred from the I_{100}(IRAS)/I_{200}(ISO) temperature is higher by more than a factor 20. The correspondingly lower gas-to-dust ratio found for the spirals is in better agreement with the value generally adopted for the solar neighbourhood.

By combining IRAS, ISOPHOT, and submillimetre observations Krügel et al. 1998 found evidence for a very cold dust component in 3 inactive galaxies. Similar to what was found in our own galaxy by Reach et al. 1995, Krügel et al. 1998 showed that the data could be best fit by a combination of a warm (∼30 K) and cold (∼10 K) component. For the active galaxies a single temperature fit (∼30 K) gives an adequate match. An important consequence of the two component temperature model is that the inferred dust masses are 2–3 times higher than the estimated masses using a single temperature.

Observations with ISOPHOT of M31 show that most of the dust is situated in a ring at 10 kpc and has a temperature of 16±2 K assuming β = 2 (Haas et al. 1998). This component contributes to about 60% of the total FIR luminosity of the galaxy. The ISOPHOT temperature determination yields a total dust mass significantly higher than what was inferred from the IRAS observations at 60 μm and 100 μm, strongly supporting the view that the 60 μm band consists of an additional warmer dust component.

From the analysis of ISOPHOT and sub-mm data of NGC 205, one of the dwarf companions of M31, Haas, 1998 found evidence for a very cold dust component at T_d = 8 K with β = 2. This component contributes to the far-infrared spectrum together with a warmer component at T_d = 22 K (β = 2). The value β = 2 was favoured because smaller values of β cannot match the far-infrared spectral energy distribution in the range 60–200 μm. Similarly Alton et al. 1998b found for the edge-on spiral NGC891 a warm component of T_d = 30 K and a cold component of 15 K (β = 2) based on the IRAS and SCUBA 450 and 850 μm observations. They found that β = 2 gives the best fit to the data.

It should be noted that Krügel et al. (1998), Haas (1998) and Alton et al. (1998b) all include photometry at 60 μm in their analysis. Since the 60–100 μm range is contaminated by emission from small grains the fitting procedure is biased towards a “warmer” warm component and a more prominent cold component with β = 2. Alternatively, from the modelling of Arp 220 emission, Silva et al. (1998) found that the submm data are underpredicted by a factor 2–3 unless β is lowered from their initial value 2 to 1.6.

Pérez García et al. (1998) developed an inversion Bayesian method which assumes that the infrared spectrum can be composed of a continuum of modified blackbodies with β = 1.5. They used the method to recover the spectral energy distributions of 10 Seyfert galaxies which have been observed with ISOPHOT in the wavelength range from 16 to 200 μm. The resulting temperature distribution for each galaxy always shows peaks in three temperature regimes: (1) a 120–160 K component from the nuclear region, (2) a 40–50 K component from star-forming regions in the disk, and (3) a cold 15– 20 K component from the diffuse ISM. The inversion method yields unexpectedly well-defined and sharp temperature components.

6. EMISSION FROM COLD DUST: GRAIN PROPERTIES AND MODELS

The equilibrium temperature of dust grains depend on their composition, size distribution, and shape, and also on the radiation field heating the dust. In the following sections we will review the effects of these parameters on the far-infrared and sub-mm dust emission.

6.1. Effect due to grain composition, size, and shape

Laboratory measurements combined with model calculations of spherical silicate particles have shown that their temperature is about 15–18 K in a standard radiation field. Graphitic grains attain higher temperatures of 19–22 K (Draine & Lee 1984). The model calculations were based on extrapolation of the optical properties of the materials to far-infrared and sub-mm wavelengths using the Kramers-Kronig relations. These relations impose an even and positive value of β in the λ→∞ limit.

Measurements of amorphous silicate grains at long wavelengths and under different temperature conditions carried out by Agladze et al. (1996) and Menella et al. (1998) suggest that the long wavelength absorption coefficient has a significant dependence on temperature. Agladze et al. (1996) find that for some of the amorphous silicate materials the value of β can vary between 2.5 for T ∼10 K and 2.0 for T ∼20 K. At temperatures below 10 K the value of β drops again. A different kind of amorphous silicate (MgO·2SiO_2) shows a nearly constant β of 1.2. In addition, Agladze et al. (1996) find long wavelength emissivities for amorphous silicates that are several times higher than the values given by Draine & Lee (1984).

Amorphous carbon grains show smaller values of β compared to graphitic grains which have β≈2. The value of β is smaller for materials that are more amorphous, with β≤1 (Koike et al. 1994; Menella et al. 1995). Menella et al. (1998) find only a weak dependence on temperature with β≈ 1.2 at 20 K for two kinds of amorphous carbons. These studies show that the far infrared properties of grains can be quite different from earlier predictions. The assumption that β should become 2 in the long wavelength limit does not necessarily apply to far-infrared and submm wavelengths.

The effect of increasing grain size is generally to decrease the grain temperature under the same radiation conditions. For example, assuming the local ISRF, increasing the radius of an silicate sphere from 0.1 μm to 1 μm will decrease its temperature from 15.4 to 13.4 K and for an graphite sphere the corresponding drop in temperature is from 18.8 to 12.7 K (Draine & Lee 1984). In order to attain an equilibrium temperature below 10 K the size of a grain should be larger than 10 μm. In situ measurements by the Galileo and Ulysses spaceprobes of the mass distribution of grains show more grains with larger sizes (a > 0.2 μm) than expected from a Mathis et al. (1977) power law size distribution (Landgraf & Grün, 1997). To explain the very cold dust component of 6 K, Reach et al. (1995) found that the inferred mass required in 100 μm size spheres is not excessive and can still satisfy the abundance constraint for silicate or carbon spheres.

Different from compact solid grains are the composite grains (Mathis & Whiffen, 1989) and fractal grains (Wright 1987). These types of grains consist of conglomerates of smaller particles with a high degree of porosity. Since these grains have a higher ratio surface area to volume, less material is needed to obtain the same extinction properties as compact grains in the visual (Mathis 1998). The porosity of these grains increases the opacity in the infrared leading to temperatures lower than in case of spherical grains of similar composition. Fogel & Leung (1998) computed the far-infrared properties of fractal grains and found that these type of grains are cooler than their spherical counterparts by 10–20%.

6.2. Dust temperatures in regions shielded from the ISRF

UV photons are important heating agents for dust grains, which, in turn, shield the inner cloud regions, if the cloud’s opacity is sufficiently high. Dust temperature calculations involving a variety of cloud models, standard dust properties, and a standard radiation field (Lee and Rogers, 1987; Bernard et al. 1992) indicate that the temperature of a cloud drops quickly in the outer region, if the central opacity of the cloud is only a few magnitudes of A_V . However, further increment of the total cloud opacity has only little effect on the temperature in the centre of a cloud. The temperature in the cloud centre is maintained due to heating by photons at visible and red wavelengths which penetrate more deeply into a cloud than UV photons. The standard ISRF (Mathis et al. 1983) contains about half of the energy density in these photons. In addition, the penetration is also facilitated by a degree of forward scattering by the grains. The model calculations by Bernard et al. (1992) suggest that the heating by infrared photons due to re-radiation by dust particles inside the cloud provides only a minor contribution.

Figure 5. The temperature of dust in the centre of a cloud with R^{−2} density distribution as a function of total visible extinction through the cloud. The temperatures are from Bernard et al. (1992).

The central dust temperature of a set of cloud models with different central opacity computed by Bernard et al. 1992 is presented in Figure 5. The temperature is predicted to drop below 10 K, if the total opacity of the cloud exceeds A_V = 20 mag.

The models in Figure 5 assume clouds with a homogeneous structure and a radially symmetric density distribution. Alternative models which assume a clumpy cloud structure (e.g. Boissé 1990) indicate that the radiaton field can penetrate deeper into a cloud than one would expect from the line of sight column density. This implies that a realistic cloud structure tends to increase the temperatures predicted in Figure 5 provided that the dust properties inside dense clouds are not changing.

The observations presented in Sects. 3 and 4 indeed show that the dust temperatures in cloud cores are quite homogeneous. According to Figure 5 the emission that is detected for these cores corresponds to a shielding of about A_V = 10 mag at most. Only observations with the highest spatial resolution can detect regions as cold as 8 K which means a shielding up to A_V = 50 mag. It is unlikely that the very cold dust component (T_d < 10 K) suggested in the diffuse ISM and in non-active galaxies is due to shielding of the ISRF in view of the high column densities implied.

7. CONCLUSIONS AND PROSPECTS

We have reviewed the far-infrared and submm properties of the diffuse ISM in the solar neighbourhood (Sect. 2), more shielded dense regions (Sect. 3, and embedded cloud cores (Sect. 4).

Compilation of the observations of the diffuse ISM strongly suggests that the spectral energy distribution falls off less steeply towards the longest wavelengths than a single modified blackbody with β = 2 (cf. Figure 2). The question whether this is due to a discrete very cold dust component or due to an ISM dust property (causing β < 2) deserves further investigation. Cirrus mapping with a resolution of a few arcminutes (or better) at several infrared and submm wavelengths could clarify the issue. The structure of the diffuse ISM must be be used to isolate the diffuse ISM from other emission components. ISOPHOT surveys of low level regions and maps of diffuse clouds could be used for this purpose. Future space missions like the Far-Infrared Submm Telescope (FIRST) and Planck can provide decisive observational support.

The observation of a cloud core with β as large as 2.8 indicates that the properties of dust in a dense region can be significantly different from those of the diffuse ISM. The dust temperatures of quiescent cloud cores are predominantly in the range 12–14 K with some lower values for the smallest cores. There is no indication for the presence of large fractions of clouds residing at temperatures below 10 K. This picture is supported by model calculations of dusty clouds. ISOPHOT maps of dense cloud regions as well as the ISOPHOT Serendipity Survey can be used to find cold and dense regions in clouds which can be followed up in the submm to search for even colder cores with T_d < 12 K.

Observations of normal galaxies incorporating observations at λ > 100 μm indicate dust temperatures (10 < T_d < 20 K) which are significantly lower than expected from the IRAS 60 and 100 μm fluxes. These temperatures yield mass estimates that are consistent with a galactic gas-to-dust ratio. This temperature component corresponds to the 18 K component seen in our Galaxy due to the diffuse matter heated by the ISRF.

Several studies reported on the presence of very cold dust (T_d < 10 K, β = 2) in a number of quiescent galaxies. A better spectral coverage and more accurate photometry are necessary to confirm these results. ISO data in the 100–200 μm range in combination with ground based submm maps for more galaxies could clarify the issue. If real, the flux excess at submm wavelengths seen in these galaxies and in the diffuse ISM in the solar neighbourhood could have a common explanation.

ACKNOWLEDGEMENT

I would like to thank Ulrich Klaas for critical reading of the manuscript.

REFERENCES

Abergel, A., Boulanger, F., Mizuno, A., Fukui Y.

1994, ApJ 432, L59.

Agladze, N.I., Sievers, A.J., Jones, S.A., Burlitch J.M., Beckwith S.V.W. 1996, ApJ 462, 1026.

Alton, P.B., Trewhella M., Davies J.I., Evans R., Bianchi S., Gear W., Thronson H., Valentijn E., Witt, A. 1998a, A&A 335, 807.

Alton, P.B., Bianchi S., Rand R.J., Xilouris E.M., Davies J.I., Trewhella M. 1998b, ApJ 507, 125.

Bernard, J.P., Boulanger F., Desert F.X., Puget J.L.

1992, A&A 263, 258 Boissé, P. 1990, A&A 228, 483 Boulanger, F., et al. 1996, A&A 312, 256. Cambrésy, L., Epchtein, N., Copet E., et al. 1997, A&A 324, L5.

Chini, R., Kreysa, E., Krügel E., Mezger P.G. 1986, A&A 166, L10.

Chini, R., Krügel E., Kreysa E., Gemünd H.-P 1989, A&A 216, L5.

Chini, R., Krügel E. 1993, A&A 279, 385. Chini, R., Krügel E., Lemke R., Ward-Thompson D.

1995, A&A 295, 317.

Cox, P., Krügel, E., Mezger P.G. 1986, A&A 155, 380.

Devereux, N.A., Young J.S. 1990, ApJ 359, 42. Désert, F.X., Boulanger F., Puget J.-L 1990, A&A 327, 215.

Draine, B.T., Anderson N. 1985, ApJ 292, 494. Draine, B.T., Lee H.M. 1984, ApJ 285, 89. Dwek, E., et al. 1997, ApJ 475, 565.

Fisher, M.L., Clapp A., Devlin M. et al. 1995, ApJ 444, 226.

Fixsen, D.J., Dwek E., Mather J.C., Bennet C.L., Shafer R.A. 1998, ApJ 508, 123.

Fogel, M.E., Leung C.M. 1998, ApJ 501, 175. Haas, M. 1998, A&A 337, L1.

Haas, M., Lemke D., Stickel M., Hippelein H., Kunkel M., Herbstmeier U., Mattila, K. 1998, A&A 338, L33.

Hirao, T., Matsumoto T., Sato S., Ganga K., Lange A.E., Smith B., Freund M.M. 1996, PASJ 48, L77.

Kawada, M., Bock J.J., Hristov V.V. et al. 1994, ApJL 425, 89 Keene, J. 1981, ApJ 245, 115 Koike, C., Hasegawa H., Shibai H. 1994, MNRAS 268, 321.

Krügel, E., Siebenmorgen R., Zota V., Chini R. 1998, A&A 331, L9.

Lagache, G., Abergel A., Boulanger F., Puget J.-L.

1998, A&A 333, 709 Landgraf, M., Grün E. 1998, Proceedings of “The local bubble and beyond”, Eds D. Breitschwerdt et al. in print.

Laureijs, R.J., Clark F.O., Prusti T. 1991, ApJ 372, 185.

Laureijs, R.J., Haikala L., Burgdorf M., Clark F.O., Liljeström, T., Mattila K., Prusti T. 1996, A&A 315, L317

Laureijs, R.J., et al. 1999, in preparation. Lee, M.H., Rogers C. 1987, ApJ 317, 197. Lis, D.C., Menten K.M. 1998, ApJ 507, 792. Lehtinen, K., Lemke D., Mattila K., Haikala L.K.

1998, A&A 333, 702.

Mathis, J.S., 1998 A&A 497, 824.

Mathis, J.S., Mezger P.G., Panagia N. 1983 A&A 128, 212.

Mathis, J.S., Rumpl W., Nordsiek K.H. 1977 ApJ 217, 425.

Mathis, J.S., Whiffen G. 1989, ApJ 341, 808. Mattila, K. et al. 1998 in Proc. of the Zermatt conference Masi, S., Aquilini E., Boscaleri A., de Bernadis P., De Petris M., Gervasi M., Martinis L., Natale V., Palumbo P., Scaramuzzi F. 1995, ApJ 452, 253.

Mennella, V., Colangeli L., Bussoletti E. 1995, A&A 295, 165.

Mennella, V., Brucato J.R., Colangeli L., Palumbo P., Rotundi A., Bussoletti E. 1998, ApJ 496, 1058.

Pérez García, A.M., Rodríguez Espinosa, J.M., Santolaya Rey A.E. 1998, ApJ 500, 658.

Puget, J.-L., Abergel A., Bernard J.-P., et al. 1996, A&A 308, L5.

Reach, W.T., Dwek E., Fixsen D.J., et al. 1995, ApJ 451, 188.

Reach, W.T., Wall W.F., Odegard N. 1998, ApJ 507, 507.

Ristorcelli, I., Serra G., Lamarre J.M., et al. 1998, ApJ 496, 267.

Sodroski, T.J., Bennet C., Boggess N., Dwek E., Franz B.A., Hauser M.G., Kelsall T., Moseley S.H., Odegard N., Silverberg R.F., Weiland J.L. 1996, A&A 312, 256.

Siebenmorgen, R., Krügel E. 1992, A&A 259, 614 Silva, L., Granato G.L., Bressan A., Danese L. 1998 ApJ 259, 614 Ward-Thompson, D., Scott P.F., Hills R.E., André P. 1994, MNRAS 268, 276 Wright, E.L., Mather J.C., Bennet C.L., et al. 1991, ApJ 381, 200.

Wright, E.L. 1987, ApJ 320, 818.

ISO’S VIEW ON DUST IN COMETS AND CIRCUMSTELLAR MEDIA

C. Waelkens, K. Malfait, L.B.F.M. Waters^2, & Th. de Graauw^3

1Instituut voor Sterrenkunde, Leuven, Belgium 2Astronomical Institute, Amsterdam, The Netherlands 3SRON Space Research Laboratory, Groningen, The Netherlands

ABSTRACT

The infrared spectrum of Comet Hale-Bopp obtained with the Infrared Space Observatory (ISO) presents astonishing similarities with those of the dusty disks surrounding young stars. The presence of crystalline silicates in comets, Herbig Ae/Be stars and the mainsequence star β Pictoris, is interesting in the context of the formation of comets and confirms that Herbig Ae/Be stars are evolutionary precursors of β Pictoris stars. The detection of hydrous silicates in both the spectrum of HD 142527 and in interplanetary dust particles (IDPs) strengthens the link between these dust disks and our own Solar System.

Key words: circumstellar disks; β Pic stars; Hale- Bopp; Herbig Ae/Be stars.

1. INTRODUCTION

The observation of comets contains important clues on the early evolution of our solar system. Their composition constrains the conditions in the solar nebula at the epoch of planet formation. A gratifying circumstance has been that ISO was operational when the dusty and extremely bright comet Hale-Bopp appeared in the sky, revealing a forest of crystalline silicates bands in the ISO-SWS spectrum.

On the other hand, during the last decade, there has been a growing interest in circumstellar dust disks surrounding young stellar objects. Observational evidence for the presence of crystalline silicates, hydrous silicates and water ice in the spectra of these disks is presented. Crystalline silicate features so far seem to be absent in spectra of the interstellar medium and in the disks of the youngest stellar objects. An attempt is made to confront these data with our understanding of the cosmic dust cycle and with stellar evolution.

2. β PICTORIS AND VEGA-TYPE STARS

The detection of IR excesses in normal main sequence stars was a spectacular result from the IRAS mission. It strongly influenced the studies of planet formation in the disks that are expected to surround all young stars. However, that distinctly evolved main sequence stars such as Vega and Fomalhaut are surrounded by a dust disk, while the expected lifetimes of circumstellar dust disks are much shorter, points to reprocessing of the dust.

A young member of the class of Vega-type objects is β Pictoris. It is situated close to the ZAMS (Crifo et al. 1997). Its dust disk has been imaged at optical and near-infrared wavelengths (Figure 1).

Figure 1. Dust density map at 10 μm of β Pictoris, deduced from the observed flux (courtesy E. Pantin), adopting a power-law distribution of silicate grains and the projected distance from the star (denoted by a cross) as a basis for the temperature calculation (Artymowicz 1997)

Proceedings of the Conference “The Universe as seen by ISO”, Paris, France, 20–23 October 1998 (ESA SP-427, March 1999)

Frequent observations of variable absorption features in the UV (e.g., Lagrange-Henri et al. 1989) and the optical (e.g., Ferlet et al. 1993) spectra of β Pictoris are currently interpreted as due to impacts of cometary bodies. This hypothesis is strengthened by the unusual and cometary-like 10 μm silicate feature observed by Knacke et al. (1993).

3. HERBIG AE/BE STARS

Herbig Ae/Be stars are pre-main sequence stars with masses between 2 and 8 solar masses. These stars are the more massive counterparts of the T Tauri stars and were first discussed as a group by Herbig (1950). Recent reviews on Herbig Ae/Be stars have been written by Perez & Grady (1997) and Waters & Waelkens (1998).

Figure 2. Evolution in the spectral energy distribution, with age. R CrA is an embedded Herbig Ae/Be star, HD 144432 on the other hand is an isolated Herbig Ae/Be star, while β Pictoris is situated close to the ZAMS (Malfait et al. 1998a).

Herbig Ae/Be stars are characterized by the presence of a strong IR excess, which is attributed to the presence of circumstellar dust. The youngest objects of this class are still embedded in the dust cloud they formed from, while somewhat older objects are surrounded by a dust disk, the shell being removed after the onset of bipolar winds. In our study we concentrate on isolated stars, some of which have already reached the main sequence. However, they exhibit a similar IR excess and optical emission lines and are therefore considered as true Herbig Ae/Be stars. The dust disks of Herbig Ae/Be stars are much more massive than the debris disks of main-sequence stars such as β Pictoris.

From photometric studies (e.g. Malfait et al. 1998a), it follows that the dust of Herbig Ae/Be stars is hotter than the β Pictoris like disks, which results in a substantial excess at near infrared wavelengths. However, where one might expect a gradual cooling of the dust disks with time, which would result in a shift in wavelength of the onset of the IR excess towards higher λ, one sees that where the youngest objects do exhibit a overall excess, the isolated Herbig Ae/Be stars often exhibit a two-component excess (of which the far IR excess resembles the excess of β Pictoris). A dip occurs at λ ∼ 10 μm, which corresponds to a temperature comparable to that of the environment of Jupiter (Figure 2).

From the similarity in spectral type and from the apparent overlap in Hipparcos ages of β Pictoris (Crifo et al. 1997) and some isolated Herbig Ae/Be stars (van den Ancker et al. 1998), it is likely that Herbig Ae/Be stars are the progenitors of β Pictoris like objects. Spectroscopic evidence for infalling bodies (Grinin et al. 1994; Grady et al. 1997) is present for Herbig Ae/Be stars as well, which suggests that cometary activity starts in this early phase of evolution and continues on the main-sequence. The cleared inner gap in the dust disk (and the warp of the disk observed by Burrows et al. 1995) of β Pictoris may be caused by clearing due to a giant planet (Pantin et al. 1997). The breaking up of the excess of the isolated Herbig Ae/Be stars into a hotter and a cooler part may therefore be a sign that planets are forming in the circumstellar dust disks as well. However, it is also possible that the double excess that we see is caused by a temperature effect, the surface of an optically thick dust disk being directly heated by the star, while the inner part remains cool.

4. THE ISO REVOLUTION

Isolated Herbig Ae/Be stars are likely to be transition objects between the youngest embedded stars and main sequence objects such as β Pictoris. Their strong infrared excesses and circumstellar HI emission argue for a young age. Since they no longer occur inside a star-forming region (whether they have ever occurred inside one is another question, some might have formed from a local dense environment), they are ideal targets for IR spectroscopy. The isolated nature avoids confusion with the loose surroundings that occur for embedded sources.

We observed several Herbig Ae/Be stars with ISO, primarily using the Short Wavelength Spectrometer

Figure 3. The full SWS-LWS spectrum and model for HD 100546.

(SWS) but for several objects, in addition to the 2.3- 45 μm spectrum, we obtained the longer wavelength part (43-200 μm) using the Long Wavelength Spectrometer (LWS).

4.1. HD 100546

In Figure 3 we present the full SWS-LWS spectrum of HD 100546 (Malfait et al. 1998b). HD 100546 has spectral type B9V and from its Hipparcos distance, a main-sequence age slightly in excess of 10 Myr (van den Ancker et al. 1998) is suggested. The spectrum is characterized by a large variety of narrow and broad emission features superposed on a continuum. Next to the 3.29, 6.24, 7.9, 8.6 and 11.3 μm PAH bands, a series of mid-IR bands are very prominent. These are dominated by a crystalline olivine, namely forsterite (Mg_2SiO_4). Discriminating between this species and more Fe-rich olivines could be done by the detection of the forsterite band at 69 μm. The wavelength of this transition is very sensitive to the Fe/Mg ratio of the dust, and shifts to longer wavelength if Fe is included in the silicate.

In order to account fully for the spectrum, also amorphous silicates and a small amount of crystalline pyroxenes have to be included. The missing Fe is at least partially locked in FeO grains, responsible for a broad emission feature peaking around 23 μm and also contributing significantly to the excess at the shortest IR wavelengths.

In the LWS-range, a broad feature around 60-65 μm can be successfully reproduced by crystalline H_2O-ice with T ≤ 50 K. The presence of H_2O-ice is responsible for a high albedo of the dust, and thus makes the disk surrounding HD 100546 a good candidate to detect with high-angular-resolution observations.

The dust that causes the far-IR excess has a temperature ranging from 40 to 210 K, while a hot component (700-1500 K) is needed to explain the near-IR excess.

4.2. HD 142527

HD 142527 is a F-type emission-line star (spectral type F7IIIe), for which its Hα emission argues for a young age. It has a strong far-IR excess. Confronting the Hipparcos distance and the stellar evolution models of Palla & Stahler (1993), an age of only ∼ 10^5 years could be derived, which is lower than the derived age for several embedded Herbig Ae/Be stars (van den Ancker 1998).

The full SWS-LWS spectrum is presented in Figure 4. Again, the infrared excess is composed of a hot and a cold component (Malfait et al. 1999). A very strong silicate emission at 10 μm occurs. There is no evidence for the presence of cold crystalline silicates (T ≤ 300 K), which would be reflected in the presence of solid state features at wavelengths of 20-40 μm. The 10 μm peak however, has a crystalline component in addition to the amorphous one, and this points to a high temperature of the crystalline dust.

Figure 4. The full SWS-LWS spectrum and model for HD 142527.

If we consider the near-IR excess, we need FeO and a small amount of graphite in addition to the silicates (both amorphous and crystalline) to model the spectrum reasonably well. The cold dust component, on the other hand, takes off at λ ∼ 25 μm, and is characterized by several solid state features, but also the atomic forbidden [CII] line at 158 μm can be identified. Crystalline H_2O-ice is the carrier of the sharp 43 μm peak and the broad bump centered at 65 μm. Modelling the continuum using an optically thin dust model (Waters et al. 1988) in which the dust is assumed to radiate as a blackbody, reveals another very broad solid state feature, centered at 100 μm (see Fig. 5). This feature cannot be attributed to H_2O-ice (Moore & Hudson 1994), but it has been seen in several evolved objects as well (Barlow 1998), and there it seems to be correlated with the H_2O-ice features (Barlow, private communication). Montmorillonite, a hydrous silicate (thus containing H_2O), with a temperature of 30-50 K emits at the corresponding wavelength and might as well explain the peaks at 47 and 52 μm (Malfait et al. 1999). We tried to model the spectrum using the radiative transfer code MODUST (de Koter & Bouwman 1999, in prep.). The dust mass calculated for the best model fit for the cold component, which is composed of 15 % montmorillonite, 25 % amorphous silicates and 60 % of H_2O-ice (of which 90 % is crystalline), is 5 · 10^{−4} M_⊙, i.e. ± 10^6 more massive than the dust mass that was derived for the cold component.

4.3. HD 179218

HD 179218 has spectral type B9, and has an age comparable to the age of HD 142527 (van den Ancker 1998). Nevertheless, the ISO spectrum of HD 179218 is more similar to the one of HD 100546, being completely dominated by crystalline silicates. However, we should emphasize the fact that hydrous silicates such as montmorillonite do as well exhibit several mid-IR solid state features, which resemble those caused by and attributed to crystalline silicates, when the hydrous silicates have the appropriate temperature. In this case, it is likely that the cold dust surrounding this pre-main-sequence star is a mixture of all kinds of crystalline silicates, since identifications with both forsterite, clino- and orthopyroxene can be made (Figure 6). In a later paper, the spectrum of this object will be compared with that of HD 45677, a more massive Be star, which exhibits a rich forest of similar solid state features, mainly attributed to Mg-rich silicates (which are easier to form than Fe-silicates).

4.4. Evolutionary scenario

Next to the three specific objects mentioned above, a wide range of Herbig Ae/Be stars has been observed using ISO, from deeply embedded to isolated. Meeus et al. (these proceedings) arranged these spectra into 5 different categories, but found no correlation between several stellar parameters (such as effective temperature, E(B-V), photospheric abundances etc.) and this classification.

Figure 5. First try to model the far infrared excess of HD 142527, using an optically thin dust model (Waters et al. 1988). Next to the crystalline H_2O-ice features (43, 65 μm), a broad bump at 100 μm persists.

Still, some evolutionary trend is apparent. As the stars evolve from heavily embedded towards less and less embedded, the amorphous 10 μm feature evolves from an absorption towards an emission (optically thick vs. optically thin). The spectra of the embedded Herbig stars show ice bands (in absorption) in the near IR as well. No crystalline fingerprints are present, as can be seen in Figure 7.

In the spectra of the isolated stars (which have lost the envelope they were imbedded in as they formed), no ice absorption or silicate absorption is present. Crystalline silicate features pop up here and there. No clear correlation with age is present, since HD 142527 and HD 179218, two stars with similar ages, have very different dust characteristics. Whereas the crystalline silicates identified in HD 142527 have high temperatures, this is not the case for HD 100546, which is definitely the most evolved object, and not for HD 179218.

For crystalline silicates, the condensation temperature exceeds 1400 K, thus it is clear that the cold crystalline silicate dust in the environment of HD 100546 and HD 179218 cannot be processed from amorphous (as seen in the interstellar medium) to crystalline there, on the timescales that we are dealing with. The hydrous silicates of which the presence in the neighbourhood of HD 100546 cannot be ruled out (a small bump at 100 μm might be present), have condensation temperatures of ∼ 300 K. In the circumstellar environment of HD 142527, they are evidently located in a colder environment than the crystalline silicates, but their temperature suggests that they must have migrated outwards after condensation (T ≤ 60 K). This is also the case for the crystalline H_2Oice which has a temperature of only 50 K in the environment of HD 142527, less than the temperature

Figure 6. SWS-spectrum of HD 179218. No LWSspectrum has been obtained for this Herbig Ae/Be star. The most prominent features could be identified by comparing with the optical constants of forsterite, clino- and orthopyroxene.

at which water ice with an ordered structure forms (120K, Smith et al. 1994). This migration process might as well cause the cooling of the crystalline silicates in a later stage of evolution, as seen in the other objects.

5. LINKS WITH OUR SOLAR SYSTEM

The detection of crystalline silicates in the circumstellar environment of young and old stars was not anticipated before ISO. 10 μm silicate spectra from comets were known to be different in shape from the so-called astronomical silicate, the crystalline nature of the dust was not fully understood, but its presence was clearly visible from the sharp peak at 11.3 μm amongst others. Since the spectrum of the young main sequence star β Pictoris exhibited a silicate signature of similar nature, and since the presence of a planet in the environment of this object has been indirectly inferred from imaging, it is considered to be a solar system, or to be forming one. Therefore, analogies between our own solar system and isolated Herbig Ae/Be stars, suspected to be the evolutionary precursors to β Pictoris stars, are very suggestive and strengthen the evolutionary picture outlined above.

The fact that comet Hale-Bopp, by far the most dusty comet that has approached the sun during the last

Figure 7. Some typical spectra of Herbig Ae/Be stars. Z CMa is a heavily embedded star, which is reflected by a silicate absorption feature, resulting from optically thick dust surrounding this object. V376 Cas has a less dusty circumstellar environment, but no reprocessing has occurred yet, this results in an amorphous silicate emission. HD 179218 has a silicate feature dominated by sharp substructures, due to crystallinity. The peaks at 6.2, 7.8 and 8.6 μm are caused by PAHs. The features at 9.35, 10.05 and 11.05 (showed by the marks) are not real, but instrumental.

decades, was visible during the observing lifetime of ISO was a very happy coincidence. The similarity between the spectrum of Hale-Bopp (Crovisier et al. 1997) and the spectrum of HD 100546 is extreme. Except for the PAH bands, which are not visible in the comet spectrum, the two observations look very alike (Fig. 8). The continuum of HD 100546 extends to longer wavelengths, due to the dust temperature range, while the dust in comet Hale-Bopp had a more uniform temperature, i.e. ∼ 210 K at the time this ISO-SWS spectrum was taken. The crystalline silicate features look very similar, and can be explained by pure forsterite, but in observations of the comet at smaller heliocentric distances, i.e. when the dust temperature was higher, also pyroxene features became apparent (Wooden et al. 1999).

Hale-Bopp is a comet originating from the Oort Cloud. The temperature out there is much too cold to have crystallized the comet. Either it must have become crystalline during close passages, where the temperature reached is high enough, or, the dust must have been crystallized before the formation of the Oort Cloud. Since the timescales resulting from passage models are quite short to crystallize the dust, the second possibility is preferred. The radiation of a very cold forsterite component (T ∼ 50 K) in the environment of HD 100546 (Malfait et al. 1998b) might therefore come from an Oort Cloud being formed presently around this star. On the other hand, not only objects that exhibit crystalline IR-bands have redshifted metallic lines in the UV (due to infall of ‘large’ comet-like bodies), thus not all comets that surround Herbig Ae/Be stars are composed of crystalline dust.

Figure 8. Comparison between the ISO-SWS spectrum of comet Hale-Bopp (courtesy J. Crovisier, dashed line) and HD 100546 (full line)

The Oort Cloud is supposed to have formed from gravitational ejection of inner solar system material due to the presence of giant planets (Fernandez 1978), so it is likely that the environment of HD 100546 is a solar system in formation, where a giant planet is already present.

Interestingly, ISO detected crystalline silicates in comet 103P/Hartley 2 as well (Crovisier et al., these proceedings). This comet originates from the Kuiper Belt, so both inner solar system dust (subsequently ejected to the Oort Cloud) and outer solar system dust (concentrated in the Kuiper Belt, which can correspond with the 210 K crystalline silicate component in HD 100546) incorporate crystalline silicates in their grains.

Another similarity between the circumstellar dust disk of HD 100546 and comet Hale-Bopp is highlighted in a recent paper by Lellouch et al. (1998). In this study of the LWS spectrum of Hale-Bopp, the presence of crystalline water ice (characterized by peaks at 43 and 65 μm), as it gets outgassed from icy grains in the coma, is revealed.

Hydrous silicates, of which montmorillonite is one example, are detected in the circumstellar environment of HD 142527. They are also known to be present in solar system matter. A study of interplanetary dust particles (IDPs) by Sandford & Walker (1985) shows that IDPs can be divided into three major families, the olivines, the pyroxenes and the layer-lattice (hydrous) silicates. Of the 26 particles they studied, 11 were composed of these layer-lattice silicates. From their isotopic study, it became clear that the IDPs must have been formed prior to the solar system formation, or even during the nebular-protostar phase. They also presented a fit to the spectrum of Comet Kohoutek using 50 % of pyroxene IDPS and 50 % of layer-lattice IDPs.

6. CONCLUSIONS

From a multiwavelength photometric study of Herbig Ae/Be stars, we learned that isolated Herbig Ae/Be stars are objects in an intermediate evolutionary stage between embedded Herbig Ae/Be stars and β Pictoris stars. ISO confirmed this picture. Some evolution in the infrared spectra can be seen: embedded objects have ice absorption bands, and amorphous silicates are present, either in absorption (most embedded sources) and emission. Some isolated Herbig Ae/Be show evidence for crystalline silicates in addition to their amorphous counterparts. These crystalline fingerprints have also been detected in the β Pictoris disk (Knacke et al. 1993).

The similarity between the spectrum of HD 100546, one of the most evolved Herbig Ae/Be stars, and comet Hale/Bopp is astonishing. Since the comet originates from the cold Oort Cloud, the dust must have been crystallized before it was ejected by Uranus and Neptune to its distant habitat, where the temperature is far too low to cause crystallisation. The very cold crystalline dust component of HD 100546 can analogously be a circumstellar Oort Cloud. From this we infer the likely presence of a giant planet in the planetary system that is forming around HD 100546.

In HD 142527, a F star that is more than 100 times younger than HD 100546, evidence for hot crystalline silicates is found. The cold dust of this star is dominated by very cold crystalline H_2O-ice. The silicates at large distances from the star are amorphous, though a not negligible fraction of the dust (15 %) is composed of hydrous silicates. Such hydrous silicates are also present in interplanetary dust particles, from which it is known that they must have formed in the very early stages of the formation of our Solar System (Sandford & Walker 1985).

The condensation temperatures for crystalline and hydrous silicates are respectively about 1400 and about 300 K (Larimer & Anders 1979), so it is impossible that the chemical structure of the dust changed to the ordered structure it has now at the location where it is situated at this moment. It is however logical that the crystalline silicates in the environment of HD 142527 are located at smaller distance from the star than the hydrous silicates.

Finally, the facts that no evidence for crystalline silicates has been found in the environment of the most embedded Herbig Ae/Be stars, nor in the ISM, but that crystalline silicates do occur in the environment of evolved objects (e.g. Waters et al. 1996) raise intriguing questions on the cosmic dust cycle. Mechanisms must be found to explain how crystalline silicates are hidden or even destroyed in the interstellar medium. A detailed study of a large number of ISO spectra will be needed to enable us to remove some of the question marks concerning this matters.

ACKNOWLEDGMENTS

The authors would like to thank the SWS and LWS dedicated instrument teams.

REFERENCES

Artymowicz, P. 1997, AREPS, 25, 175 Barlow, M.J. 1998, Ap&SS 255, 315 Burrows, C.J., Krist, J.E., Stapelfeldt, K.R. 1995, BAAS 187, 3205 Crifo, F., Vidal-Madjar, A. et al. 1997, A&A 320, L29 Crovisier, J., Leech, K. et al. 1997, Science 275, 1904 Ferlet, R., Lecavelier des Etangs, A. et al. 1993, A&A 297, L5 Fernandez, J.A. 1978, Icarus 34, 173 Grady, C.A., Sitko, M.L. et al. 1997, ApJ 483, 449 Grinin, V.P., Thé, P.S. et al. 1994, A&A 292, 165 Herbig, G.H. 1960, ApJS 4, 337 Knacke, R.F., Fajardo-Acosta, S.B. et al. 1993, ApJ 418, 440 Lagrange-Henri, A.M., Beust, H. et al. 1989, A&A 215, L5 Larimer, J.W., Amders. E. 1967, GeCoA 31, 1239 Lellouch, E., Crovisier, J. et al. 1998, A&A 339, L9 Malfait, K., Bogaert, E., Waelkens, C. 1998a, A&A 331, 211

Malfait, K., Waelkens, C. et al. 1998b, A&A 332, L25 Malfait, K., Waelkens, C. et al. accepted by A&A Moore, M., Hudson, R.L. 1994, A&AS 103, 45 Palla, F., Stahler, S.W. 1993, ApJ 418, 414 Pantin, E., Lagage, P.O., Artymowicz, P. 1997, A&A 327, 1123 Perez, M.E., Grady, C.A. 1997, SSRv 82, 407 Sandford, S.A., Walker, R.M. 1985, ApJ 291, 838 Smith, R.G., Robinson, G. et al. 1994, MNRAS 271, 481 van den Ancker, M.E., de Winter, D., Tjin A Djie, H.R.E. 1998, A&A 330, 145 Waters, L.B.F.M., Coté, J, Geballe, T.R. 1988, A&A 203, 348 Waters, L.B.F.M., Molster, F.J. et al. 1996, A&A 315, L361 Wooden, D.H., Harker, D.E. et al. 1999, ApJ, in press

SPATIAL DISTRIBUTION OF DUST FROM CIRRUS TO DENSE CORES

A. Abergel^1, P. André^3, A. Bacmann^3, J.-P. Bernard^1, S. Bontemps^2, F. Boulanger^1, A. Coulais^1, F.X. Désert^5, E. Falgarone^4, A. A. Kaas^2, M. Huldtgren^2, M.A. Miville-Deschênes^1, L. Nordh^2, G. Olofsson^2, M. Pérault^4, & J.-L. Puget^1

1Institut d’Astronomie Spatiale, 91405 Orsay Cedex, France 2Stockholm Observatory, S-133 36 Saltsjöbaden, Sweden 3Service d’Astrophysique, Centre d’Etudes de Saclay, 91191 Gif-Sur-Yvette Cedex, France 4Radioastronomie Millimétrique, Ecole Normale Supérieure, 24 rue Lhomond,75005 Paris, France 5Observatoire de Grenoble, BP 53, 414 rue de la piscine, 38041 Grenoble Cedex 9 France

ABSTRACT

Large scale mapping of several star forming regions in the interstellar medium has been conducted with ISOCAM in two broad-band filters (5-8.5 and 12- 18 μm). The small scale (3-6 arcsec) extended mid-IR emission of dust at different stages of evolution and in a wide range of illuminations and densities has been revealed.

The structure of the infra-red emission of illuminated edges of nearby molecular clouds gives strong constraints on the penetration of UV radiations through these clouds and on their small scale density structure. For both the Horsehead nebula and the interface of the main cloud of ρ Ophiuchi, the edges of the molecular clouds strongly illuminated by B stars present extremely steep increases of column density, while the extinction of incident radiation inside the clouds appears compatible with homogeneous matter at small scale (typically below ∼ 0.01 pc). Dense cores are seen as deep absorption structures against a diffuse background emission. The density profiles derived from the extinction profiles depart from a r^{−2} law due to a central flattening (typically for r < 0.02 pc). The steepest gradients in outer regions can be modelled with density profiles at least as steep as a r^{−2} law.

Finally ISOCAM data also allow to extend the statistical analysis of the spatial distribution of dust in the diffuse interstellar medium down to a few arcsec scales.

Key words: Interstellar medium, dust, extinction, density structure, PDR, dense cores

1. INTRODUCTION

Before ISO, the IRAS observations have given a complete view of the dust in our galaxy with an angular resolution of 4’, within broad-band filters at 12, 25, 60 and 100 μm. The spectral coverage has been extended from the stellar scattered light (below 5 μm) to the millimeter emission by the the Far Infrared

Absolute Spectrophotometer (FIRAS) and the Diffuse Infrared Background Experiment (DIRBE) on board of COBE, with a low angular resolution (7^∘ and 40 arcmin respectively). The far IR emission together with the UV/visible interstellar extinction can be in the general case explained by three different components of interstellar particles (Désert et al. 1990, Dwek et al. 1997): (1) Large grains (of size ≥ 10 nm) in thermal equilibrium with the radiation field contribute to most of the sub-mm emission (T∼17-20 K in cirrus clouds), (2) Large aromatic molecules explain the mid-IR emission features (Léger et al. 1989) and (3) Very Small Grains (VSGs) have a size intermediate between large grains and large molecules (Sellgren et al. 1985). Both large aromatic molecules and VSGs are transiently heated at high temperature each time they absorb a UV photon. They cool off radiating in the near and mid-infrared.

Images of the dust emission allow to study the spatial structure of clouds, the interaction of young stars with nearby dense gas, the propagation of radiation and more generally the evolution of dust within the interstellar medium. IRAS data have revealed IR emission everywhere in the galaxy, with a spectacular auto-similarity on a very wide range of scales and densities. An important result is also the variations of the colors of the IR emission (e.g. Boulanger et al. 1990) which imply local changes in the relative abundance of the different dust particles. However IRAS was not able to spatially resolve individual structures, because of the limited angular resolution (∼ 4’). In the interstellar medium, features as small as ∼1 arcsec (for nearby complexes: ∼200 AU or 10^{−3} pc) are detected with interferometric molecular observations (Falgarone et al. 1998), and structures of a few 10 AUs are revealed by absorption measurements (Diamond 1989, Marscher et al. 1993). Ground-based observations in the mid-IR can only be performed within limited spectral range and at high resolutions for very bright objects (for instance M17, Giard et al. 1994).

Part of the ISO guaranteed time program, the ISO- CAM survey of nearby star forming regions has been conducted with the two broad-band filters LW2 and LW3 (5-8.5 and 12-18 μm, respectively) with an an-

Proceedings of the Conference “The Universe as seen by ISO”, Paris, France, 20–23 October 1998 (ESA SP-427, March 1999)

Figure 1. ISOCAM map of the ρ Ophiuchi main cloud with the LW2 filter (5-8.5 μm).

gular resolution of 3-6 arcsec. ISOCAM, SWS and ISOPHOT data have confirmed that, from cirrus to bright reflection nebulae, most of the emission within these two filters is due to emission features characteristic of C-C and C-H bonds in aromatic hydrocarbons (Boulanger et al. 1997, Mattila et al. 1996, Moutou et al. 1997). The intensity of these features globally scales with the UV radiation field (Boulanger et al. 1997). A continuum underlying the features, due to the same emitters and/or VSGs, may also contribute to the intensity measured within the two filters. The observation strategy and the list of targets of the survey have been described by Olofsson et al. (1998). ISOCAM has an angular resolution and sensitivity of (Cesarsky et al. 1996) which greatly increases our ability to describe the small structure of the Interstellar Medium (e.g., Abergel et al. 1996). After discussing the actual status of the data reduction, we present some recent results.

2. DATA REDUCTION

Data were taken with the Long-Wavelengths (LW) channel of ISOCAM. The data reduction is made through a pipeline which filters all unpredictable events (essentially impacts of cosmic ray particles and long-term drifts), and inverts a model of the response (dark, transient effects, photometry). The accuracy of the processed data strongly depends (1) of the efficiency of the methods used to filter unpredictable events, and (2) on the accuracy of the model of the response.

Cosmic ray particles have continuously hit the detector. In the general case, the response of the affected pixels instantaneously increases (which produces a “glitch”), then recovers after one or two readouts. These events are discarded using a temporal median filtering which detect all pixels deviating from the running median value by more than a threshold value. Typically a few % of the data are affected. Impacts due to heavy ions are significantly less fre-

Figure 2. Bright filaments along the illuminated interface of ρ Ophiuchi main cloud (with the LW2 filter). The star HD147889 is at the intersection of the two slices (corresponding to cuts 1 and 2 of Fig. 3).

quent, but produce glitches with significant memory effects (Désert et al. 1998). At the present time, they are not removed in the data of this survey, since actually no method allows to remove them systematically. However the time constant is large (typically more than several minutes) and part of the effects can be removed by applying a flat-field correction variable with the time (see below).

For each readout is subtracted a dark image computed using the estimator of the time behaviour of the dark signal (Biviano 1998). The detector presents systematic memory effects of the response which can bias the photometry by a factor of typically 40% (Abergel et al. 1999). The data of the survey have been processed two years ago using a simple empirical model (Abergel et al. 1996), with a final photometric accuracy of ∼10%. A new approach based on an analytical inversion of a physical model (Coulais & Abergel these proceedings) gives, for uniform illumination, an accuracy quite better (∼1%). We are currently testing this method for our images which generally contain strong gradients of illumination (point sources,...). Paradoxically, the signal to noise ratio is actually NOT better for strong sources than for faint sources because of the not proper correction of the transient response.

One flat-field image was extracted from each raster by computing the mean value of the lowest percentile (20%) seen by each pixel, excluding frames with strong emission above the zodiacal background. However large scale gradients of the sky brightness may contaminate this image. Therefore we use an iterative process to improve the flat-field correction and include a temporal dependence (Miville- Deschênes et al. 1999). Finally coadded images are projected on the sky map. A very long-term transient affects may affect typically 5-10% of the flux above the dark level during several hours. This effect, critical to study the large scale variations of

Figure 3. Upper panel: Brightness profiles (for the LW2 filter) along the two slices of Fig. 2 (Crosses: cut 1, Triangles: cut 2). Bottom panel: The same in relative and logarithmic scales. The solid line corresponds to the extinction law I(z)= I_0 e^{−Kz}, with K= 1.8 arcmin^{−1}.

brightness with low amplitude, is still not fully characterised (we do not know whether it is reproducible or not). Spectacular results are obtained using the redundancy of the observations, by comparing in an iterative process the flux measured for pieces of sky which has been observed at different times during the observations (Miville-Deschênes et al. 1999). In any case and at the present time, the data reduction to analyse the extended emission in the data of the survey is not yet definitive. Finally we remove the zodiacal emission at the time of the observations using the model of Reach et al. (1995) calibrated from the DIRBE/COBE data.

3. ILLUMINATED INTERFACES

3.1. The PDR of the ρ Ophiuchi main cloud

The ρ Ophiuchi main cloud L1688 is one of the nearest star forming complex (∼ 160 pc, Bertiau 1958). It contains a large number of Young Stellar Objects (YSOs) identified by ISOCAM (Bontemps et al. these proceedings) and previous surveys. The unusually high IR brightness is due to large column densities (A_v up to 100) combined with the presence of early type stars and YSOs. We have already shown (Abergel et al. 1996) that small scales spatial structures are mainly due to dust locally heated by embedded B stars, while large scale emission is due to external heating. The map discussed in Abergel et al. 1996 has been extended to the West (Figure 1) and now contains the B2V star HD147889 which illuminates the western interface. The star appears included in an empty cavity since it does not illuminate any dust located in its surrounding. A large fraction of the emission to the West of the map is due to dust

Figure 4. ISOCAM map of the Southern part of Orion B with the LW2 filter (5-8.5 μm). The contrast is so high that the bright structures in the reflection nebula NGC2023 in the central part and in the southern part of NGC 2024 to the north are not visible because of the limited grey scale.

illuminated by this star. The zone of interaction between radiation and dust is narrow, as suggested by the width of bright filaments in the region around α_{2000} ∼ 16h26m, δ_{2000} ∼ -24^∘22’ (Figures 1 and 2). These filaments closely follow the western edge of the molecular cloud (Wilking & Lada 1976, Loren 1989). They do not necessarily correspond to filaments of dust, but to the illuminated edge of a dense cloud. The long axis of the filament appears on the ISOCAM image perpendicular to the projected star direction (Figure 2), confirming that the star is in this region the main heating source and at the center of a more or less spherical cavity. The filaments present interlaced structures likely due to an irregular shape of the edge of this cavity.

The brightness gradients across the filaments and along the projected direction of the star (Figure 3) are quite steep (within less than 1 arcmin or 0.05 pc). Most of the emission within the two filters LW2 and LW3 is due to emission features of aromatic hydrocarbons whose intensity globally scales with the UV radiation field (Boulanger et al. 1997). Therefore, at a first order, we can consider that the ISOCAM brightness is proportional to the column density of the emitting particles and the UV radiation field. IRAS data have shown that several dense clouds present a 12 μm limb–brightening effect at the edge with typical sizes of a few 10 arcmin, which may be due to an enhanced abundance of emitters (e.g. Bernard et al. 1993). However the width of the filament revealed by ISOCAM is ∼1 arcmin, so we assume that the relative abundance of the emitters is constant. Starting from the star, the brightness increase is essentially due to a positive density gradient, while the brightness decrease in the direction opposite to the star is due to the extinction of incident UV radiation emitted by the star.

The peak emission I_0 can be written: I_0= ϵ η N_H ϕ_0, where ϵ is the emissivity of the emitting particles, η their relative abundance and N_H the col-

Figure 5. 32×32 image taken by ISOCAM with the LW2 filter of the edge of the Horsehead. This image has not been projected to avoid smoothing effects. North is up.

umn density. We assume that within the interface ϵ, η and N_H are constant. Adjusted with the law I(z)= I_0 e^{−Kz} , the brightness decrease appears compatible with an extinction K= ∼1.8 arcmin^{−1}, corresponding to ∼38 pc^{−1} at a distance of 160 pc. If we assume that the medium is homogeneous and using standard conversion numbers (with τ_V /A_V = 1/1.096, A_V /N_H =1/1.9 10^{21} cm^{−2}, and τ_{UV} /τ_V = 2.8 from Roberge et al. 1981, we have: K= n × 4 10^{−3} pc^{−1}, n being the local density in units of cm^{−3}), we obtain a local density of ∼10^4 cm^{−3}. This a lower limit since the observed gradients should be smaller than local gradients because of projection effects (the real shape of the interface is unknown). However it is remarkable to notice that the C^{18}O emission at the western edge of the ridge (∼ 2 K km s^{−1}, Wilking & Lada 1976) which closely follows the bright filaments also imply a local density of a few 10^4 cm^{−3}.

3.2. The PDR of the Horsehead in Orion B

ISOCAM observations reveal with the angular resolution of 6 arcsec the spatial structure of the southern part of Orion B (Figure 4 from Abergel et al. in prep). The measured emerging intensities of the CO (Kramer et al. 1996) and 158 μm C^+ lines (Jaffe et al. 1981) have indicated that the emissions arise from the surface of small clouds throughout the complex, and not only from a single layer at the edge. Except at the edges, most of the structures detected by ISOCAM are due to random superposition of individual clouds on the line of sights. Therefore the preliminary analysis we present in this paper concerns the Horsehead nebula, at the western edge of the complex (Abergel et al., in prep).

The Horsehead nebula is a dark cloud emerging from

Figure 6. Horizontal profile (for the LW2 filter) along the brightest pixel at the edge of the Horsehead.

its parental complex L1630 due to UV eroding radiation emitted by the OB-systems ζ Ori to the north and σ Ori to the west (Reipurth & Bouchet 1984). Both systems are located at a projected distance of 0.5^∘, corresponding to ∼ 4 pc on the sky for a distance of 400 pc. However, Malin 1987 suggests that the ζ Ori system does not participate to the heating of the complex since it is located in the foreground, which is also confirmed by Hipparcos. The illuminated side of the Horsehead presents the sharpest IR filament detected in our Galaxy by ISOCAM (Figures 4 and 5), elongated toward the north-south direction. It is marginally resolve by ISOCAM, the FWHM being of the same order as the pixel size (6 arcsec). At a distance of 400 pc, 10 arcsec corresponds to ∼0.02 pc. The configuration is similar to the one revealed at the interface of ρ Oph, but the geometry is more simple: we only see an illuminated wall of matter, while for ρ Oph the interface appear more or less spherical. The increase of the emission on the illuminated side is due to an extremely steep increase of the column density, while the decrease on the east side is mainly due to extinction of the UV radiation emitted by σ Ori.

We use the same simple model as for ρ Oph. The illuminated edge is considered as a layer illuminated exactly edge-on. The decrease of the brightness toward the filament is compatible with an extinction coefficient K= 10 arcmin^{−1} (Figure 6), corresponding to ∼80 pc^{−1} at a distance of 400 pc. This is a lower limit, because of the dilution within the pixel field of view (the Point Spread Function is under-sampled for these observations). Using the relationship: K= n × 4 10^{−3} pc^{−1}, n being the local density assumed constant within the nebula (units: cm^{−3}), we obtain n= 2 10^4 cm^{−3}. Molecular observations (e.g. Kramer et al. 1996) have suggested that the average density in the nebula is within the range 1-3 10^4 cm^{−3}. We have assumed an infinite gradient at the illuminated edge which is unrealistic, as the simple modelisation by an unique layer. However a lower density gradient and/or a more complex geometry would produce smoother brightness profiles because of projection effects.

These observations also allow to constrain the clumpiness of the material. For the same value of the average density, the UV radiation penetrates further in regions in which the material is clumped than in homogenous regions (Boissé 1990). Using the radiative transfer formalism developed by Boissé (1990) for two-phase clumpy regions, preliminary results (Abergel et al. in prep.) show that, at the edge of the Horsehead, the density contrasts between clumps and interclumps is strongly limited (typically lower than ∼ 5).

3.3. Conclusion: Density structure of the interfaces

For the interfaces of ρ Oph and the Horsehead nebula, we reach the same conclusion. The brightness decrease can be explained by UV extinction within an homogeneous medium with a constant density derived from molecular observations, or a medium with limited density fluctuations at small scales (typically below 0.01 pc). Such a result may contradict the detection of very small molecular structures in several nearby clouds (e.g. Falgarone et al. 1998). However, the small scale density structure of the interfaces may be modified because of the strong illumination. Dense matter can be accumulated ahead of a shock (Loren & Wootten 1986) as suggested in ρ Oph by the coherence of the polarisation angle of IR absorption in this area (Vrba et al. 1976). The detection with ISOCAM of an extremely steep positive density gradient at the illuminated edge of the Horsehead supports this hypothesis.

4. DENSE CORES

In the theory of star formation, the dense starless cores are believed to be stellar progenitors. Opaque in the visible, they have been observed with different molecular lines such as NH_3, CS, C^{18}O, C_3H_2, DCO^+, HCO^+, or H^{13}CO^+ (e.g. Benson & Myers 1989, Butner et al. 1995). These observations give estimates of the central column density with assumptions about excitation and chemistry effects. However nothing was known about their density structure because of the limited angular resolution (at least a few 10”). Recent submillimeter and millimeter observations allow to detect the continuum emission emitted by dense cores (for instance at IRAM with an angular resolution of 11 arcsec, André et al. 1996, Motte et al. 1998). Assuming a constant dust temperature and a constant dust opacity in the core, the radial emission profiles appear consistent with a power law density n(r) α r^{−2} in the outer regions. At radii less than a few thousands AU, the profiles systematically flatten out near the center. None of the profiles appear consistent with a singular r^{−2} isothermal sphere (Shu 1977). However, the cores are heated from the outside and the physical properties of the dust likely vary within the cores, therefore the two assumptions (constant temperature and constant opacity) are questionable.

Several dense cores have been revealed by ISO-

CAM in the main cloud of ρ Ophiuchi as sharp and deep absorption structures against the diffuse background (Abergel et al. 1996). Several absorption features have also been found by ISOCAM in the galactic plane (Omont, in these proceedings) a nd in a survey of selected dense cores (Bacmann et al., these proceedings). In order to derive mass estimates and density profiles from absorption measurements, it is necessary to estimate as properly as possible the background and foreground emissions, and the local density outside of the core. For one core in ρ Oph (Oph D), we have shown in Abergel et al. 1997 that the total mass derived from ISOCAM measurements (typically 5-10 M_⊙) is in good agreement with measurements deduced from DCO^+ and 1.3 mm observations. This agreement is obtained for the two filters (5-8.5 and 12-18 μm) using the infra-red extinction law of Draine & Lee (1984). We have also confirmed the central flattening of the internal regions (typically for r < 0.02 pc). The external parts of the steepest brightness gradient are compatible with r^{−2} or r^{−3} profiles, depending on the assumed external density (in a range constrained by molecular observations). It is actually difficult to give any definitive conclusions, since the real shape of the core is not known.

5. POWER SPECTRUM OF THE ISM AT SMALL SCALES

Images of the ISM appear self-similar over a very wide range of scales and densities. The relationship between the apparent fragmentation at different scale can be quantified by computing the spectral index of the power spectrum of the emission. Gautier et al. (1992) have found a power spectrum P(k) α k^{−3} (k being the spatial frequency) for the IRAS emission at 100 μm, for angular scales going from a few degrees down to the angular resolution of IRAS, ∼ 4 arcmin. For larger scales, the same power law has recently been obtained by Wright 1998 from the DIRBE data of the COBE satellite (at 100, 140 and 240 μm). Obviously, ISOCAM does not allow to observe the emission of the large grains component of the ISM which dominate the emission at these wavelengths. However, these grains are responsible of the infra-red extinction. ISOCAM observations of the main cloud of ρ Ophiuchi reveal a lot of structures seen in extinction, since it is illuminated on large scales from its far side by the Sco OB2 association (de Geus et al. 1989). Several dense cores are detected (see the previous section), but there are also absorption structures with a lower contrast which absorb the background emission, especially in the north-east part of the complex (Figure 1). In this region, likely most of the spatial fluctuations detected in the ISOCAM maps are due to extinction. This idea is also supported by the remarkable anti-correlation found between the^{13}CO and the ISOCAM emissions. We have built power spectra of this region, and preliminary results for angular scales going from ∼ 0.1^∘ down to ∼ 6 arcsec indicates a k^{−3} law (Figure 7). By combining COBE, IRAS and ISOCAM data, we can conclude that the interstellar medium seems self-similar in diffuse regions for a range of angular scales going from several 10^∘ down to a few arcsec.

Figure 7. The square root of the two-dimensional power spectrum of the ISOCAM emission measured with the LW2 filter (5-8.5 μm). The solid line has a slope of -1.5, corresponding to a slope of -3 in the power spectrum.

6. CONCLUSIONS

The ISOCAM survey of different star forming regions has allowed to distangle between the contribution of embedded sources and extended emission. Individual structures can be analysed with an angular resolution of 3-6 arcsec.

The illuminated edges of the ρ Ophiuchi main cloud and of the Horsehead nebula presents bright and narrow filaments due to the interaction of incident radiation with the matter. These filaments can be explained by (1) steep density gradients at the interface and (2) the extinction of UV radiation within the dense clouds which appear homogeneous at small scales (typically lower than ∼ 0.01 pc for the Horsehead).

The spatial distribution of the column density of dense cores is revealed with unprecedented angular resolution and sensitivity. The density profiles depart from a r^{−2} law due to a central flattening of the internal regions (typically for r < 0.02 pc). The steepest gradients of extinction in outer regions can be modelled with a density profile at least as seep as a r^{−2} law.

The statistical analysis of the spatial distribution of dust in the interstellar medium is extended to angular scales unreachable before ISO (down to ∼ 6 arcsec). Preliminary results show that the interstellar medium seems self-similar in diffuse regions for a range of angular scales going from several 10^∘ down to a few arcsec.

REFERENCES

Abergel A. et al. 1997, ASP 132, 220 Abergel A. et al. 1996, A&A, 315, L329 Abergel A. et al., 1998, Exp. Astron., in press André P., et al. 1996, A&A 314, 625 Benson P.J., Myers P.C. 1989, ApJS 71, 89 Bernard, J.P., et al. 1993, A&A 277, 609 Bertiau F.C., 1958, ApJ 128, 533 Biviano, A., 1998 ESA report in prep. Boisse 1990, A&A 228, 483 Boulanger, F., et al. 1990, ApJ, 364, 136 Boulanger F. et al. 1997, ASP, 132, 15 Butner H.M., et al. 1995, ApJ 448, 207 Cesarsky, C.J. et al., 1996, A&A 315, L32 de Geus E.J., et al. 1989, A&A 216, 44 Désert F. X., et al. 1990, A&A 237, 215 Désert F. X., et al. 1998, A&A, in press Diamond, P.J., et al. 1989, ApJ, 347, 302 Draine B.T., Lee H.M., 1984, ApJ 285, 89 Dwek, E. et al. 1997, ApJ 475, 565 Falgarone, E. et al. 1998, A&A, 331, 669 Gautier III, T.N., et al. 1992, AJ, 103 (4), 1313 Giard, M., et al. 1994, A&A, 291, 239 Jaffe, D. et al. 1994, ApJ 436, 203 Kramer C., et al. 1996, A&A 307, 915 Léger, A., Puget, J.L. 1984, A&A, 137, L5 Loren R.B., 1989, ApJ 338, 902 Loren R.B., Wootten A., 1986, ApJ 306, 142 Malin, D., 1987, Sky & Telescope, 74, 253 Marscher, A.P., et al. 1993, ApJ 419, L101 Mattila, K. et al., 1996, A&A, 315, L353 Miville-Deschênes, M.-A. et al., 1999, in prep. Motte, F. et al. 1998, A&A 336, 150 Moutou, C. et al. 1997, ASP, 132, 47 Reach W.T et al. 1995, Unveiling the cosmic infrared background. AIP press, New York, p. 37 Roberge, W.G et al. 1981, ApJ, 243, 817 Reipurth B., Bouchet P., 1984, A&A 137, L1 Sellgren, C. et al. 1985, ApJ 299, 416 Shu F. 1977, ApJ 214, 488 Vrba F.J., Strom S.E., Strom K.M., 1976, AJ 81, 958 Wilking B.A., Lada C.J., 1983, ApJ 274, 698 Wright, E.L. 1998, 496, 1

622

ISO OBSERVATIONS OF THE GALACTIC CENTRE

D. Lutz

Max-Planck-Institut für extraterrestrische Physik, Garching, Germany

ABSTRACT

This contribution discusses ISO spectroscopic observations of the Galactic Centre and the surrounding molecular ring, emphasizing the template role of the Galactic Centre region for extragalactic studies. An ageing starburst population is indicated by the low excitation fine structure line spectrum, consistent with results from the near-infrared stellar census. On closer inspection however, current stellar evolutionary tracks are found unable of accounting for ISO spectrum and near-infrared census.

The Galactic Centre region allows spatially resolved studies of the mid-infrared PAH emission features. While they are absent in the intense radiation field of the very center, PAH features are detected from the molecular ring, providing a template of a PAH spectrum suffering high foreground extinction.

Because of its well-known and fairly homogeneous foreground extinction, the Galactic Centre is uniquely suited for studies of the mid-infrared extinction law. Our results indicate significantly higher extinction in the 3-8 μm region than usually assumed.

Key words: Galaxy: center; galaxies: starburst; PAH features; extinction.

1. INTRODUCTION

By its brightness and its distance of only 8 kpc, the Galactic Centre offers the unique possibility for spatially resolved ISO studies of the central region of a galaxy. The central parsec of our Galaxy is powered by a cluster of young hot massive stars which formed a few million years ago, probably when a dense cloud fell into the center, was highly compressed, and became gravitationally unstable. Over the last decade, high angular resolution near-infrared photometric and spectroscopic observations have made it possible to carry out a detailed stellar census. This census can be confronted with global analyses that are based on ISO data, and used to test the validity of methods also applied to ISO data of spatially unresolved external galaxies. Here, we will focus on SWS observations, updating the results presented by Lutz et al. (1996) with new observations, and briefly

Figure 1. Full 2.4-45 μm SWS spectrum of the centre of our Galaxy

discussing the role of PAH emission features in the Galactic Centre environment. An overview of the SWS 2.4-45 μm spectrum centered on Sgr A^∗ is given in Figure 1.

2. THE GALACTIC CENTER AS A STARBURST TEMPLATE

Fine structure line spectra are an extinctioninsensitive tool for studies of stellar populations of H II regions and starburst galaxies. Ratios like [Ne III] 15.55 μm / [Ne II] 12.81 μm depend on the hardness of the ionizing continuum and can hence be used to constrain the hot star population. ISO observations of starbursts are consistent with stars forming up to masses well above 50 M_⊙ but suggest short star formation timescales and moderate ages, since the observed ratios of typically 0.1 to 1 are lower than expected for a very young population (Thornley et al. 1999). Previously it had been suggested on the basis of ratios like He I 2.06 μm / Br γ and [Ar III] 8.99 μm / [Ne II] 12.81 μm that the initial mass function starbursts may suffer sever upper cutoffs in the range ∼30-35 M_⊙ (e.g. Doyon et al. 1992, Doyon et al. 1994, Puxley et al. 1989, Achtermann & Lacy 1995).

Proceedings of the Conference “The Universe as seen by ISO”, Paris, France, 20–23 October 1998 (ESA SP-427, March 1999)

Figure 2. Contributions of different stellar types to the total Lyman continuum luminosity of a short starburst (t_{sc}=1Myr) at a burst age of 7 Myr. Contours are at 10^{−6}, 10^{−5}, etc. contribution of a Δ log L = 0.25, Δ log T=0.0125 bin to the total luminosity. The greyscale coded regions are above the 10^{−3} level and contribute more than 97 per cent of the total flux for this model. The box enclosed by a dotted line indicates the region which host stars contributing about 50 per cent to the ionizing luminosity of our Galactic Centre (Najarro et al. 1997).

The observed [Ne III]/[Ne II] ratio for the Galactic center (Figure 1, Lutz et al. 1996) is even lower than in most starbursts, despite the high ionization parameter log U = -1 derived for the spatially resolved ionized region, and the known presence of very massive stars. The picture of a short but ageing burst is supported by the direct stellar census (e.g. Genzel, Hollenbach & Townes 1998, Krabbe et al. 1995, Najarro et al. 1997) which suggests a star formation event centered around 7 Myr ago. The availability of both ISO data and stellar census provides an opportunity to test starburst models.

We have computed starbursts models tuned specifically to the Galactic Centre situation, using Geneva stellar evolutionary tracks and unified non-LTE hot star atmosphere models computed by the Munich group (Pauldrach, priv. comm.) to model the ionizing spectrum, and CLOUDY (Ferland 1996) to predict the fine structure line spectrum. We have assumed a single cluster with star formation timescale t_{sc}= 1 Myr, M_{up}=100, solar metallicity, and fixed log U = -1, n = 3000 cm^{−3} as derived by Lutz et al. (1996). The burst timescale is somewhat smaller than suggested by the stellar census and was chosen as a conservative assumption, since a shorter burst will produce softer radiation fields at late ages and thus minimize any need to invoke other effects for explaining the observed soft radiation field. At the age of 7 Myr preferred by the stellar census, the [Ne III]/[Ne II] ratio is still about 1 to 2, well above the extinction corrected value of 0.05 observed by

Lutz et al. (1996). The model reaches the observed value only after more than 13 Myr which is difficult to reconcile with the presence of massive stars approaching 100 M_⊙ (Najarro et al. 1997, Ott et al. 1999). This discrepancy is new and was not found by Lutz et al. (1996) who were using Kurucz LTE and Sellmaier non-LTE atmospheres, both of which are no longer thought to be appropriate representations of O star ionizing continua.

Comparison to the near-infrared stellar census for the Galactic Centre gives a view which is largely independent of the adopted model atmospheres, through direct analysis of the contributions of different stellar types to the ionizing continuum. Figure 2 presents such a Hertzsprung-Russell diagram weighted by Lyman continuum luminosity, derived from the same starburst model for an age of 7 Myr. It is evident that most ionizing luminosity still originates in stars close to the main sequence at log T= 4.5 to 4.6, with smaller contributions by stars somewhat evolved towards lower temperatures and a population of hot Wolf-Rayet type stars to the left of the main sequence. This is in stark contrast to the finding by Najarro et al. (1997) that 7 of their stars, found at log T < 4.5 and log L > 5.75, contribute half of the ionizing luminosity of the Galactic center. The same region holds only less than 1 per cent of the ionizing luminosity for the model in Figure 2. Varying the age of this model, this fraction does never exceed about 1 per cent.

The fact that the discrepancy between ‘hard’ models and ‘soft’ observations is seen both in the ISO photoionization modelling and the near-infrared stellar census leads us to the conclusion that it is not primarily due to uncertainties in the hot star SEDs used for the photoionization models. Such uncertainties affect mainly the shape of the ionizing flux and thus the fine structure line ratios, but much less the total ionizing flux of the star and the census. Rather, we interpret the discrepancy as a failure of the adopted Geneva stellar evolutionary tracks (Schaller et al. 1992) to reproduce the large number of 20000 to 30000K supergiants seen in the Galactic center. The corresponding region is populated by these tracks but only for too short intervals, possibly because Wolf- Rayet stars rapidly move off to hotter regions in the tracks. The disagreement between tracks and observations may be related to the difficulty of defining mass loss, atmospheres, and effective temperatures for late stages of massive star evolution governed by strong winds. Our conclusions are unchanged when using evolutionary tracks with twice solar metallicity (Schaller et al. 1992) and higher mass loss (Meynet et al. 1994), which might be adequate for a somewhat higher metallicity in the Galactic center. The latter tracks in fact increase the disagreement by adding more very hot Wolf-Rayet types.

The case of the Galactic Centre has obvious implications for ageing starbursts with similar populations. If the current Geneva tracks indeed mispredict the post main sequence evolution of massive stars in the sense of postulating very hot stars where the Galactic Centre shows us a cooler luminous population, then starburst models will tend to predict too high values for ratios like [Ne III]/[Ne II]. Some of the need to invoke high ages or low upper mass cutoffs to explain soft radiation fields may be due to this effect.

Figure 3. SWS spectra of the PAH features toward Sgr A^∗ and a position in the molecular ring

3. PAH FEATURES IN THE GALACTIC CENTER REGION

At ISO sensitivities, the mid-infrared emission features commonly ascribed to polycyclic aromatic hydrocarbons (PAHs) are readily observed in a wide variety of galactic and extragalactic environments, from galactic cirrus (Mattila et al. 1996) out to ultraluminous infrared galaxies at moderate redshifts (Lutz et al. 1998). Again, the Galactic center can serve as a laboratory for phenomena which are also observed in more complex environments. The basic observational facts are presented in Figure 3 which shows SWS spectra towards the very centre and towards a position in the ‘molecular ring’, about 1 arcmin off the center.

No PAH features are detected towards Sgr A^∗. This is not just an effect of dilution by the unusually strong mid-infrared continuum - if PAH features were present at the same strength relative to the farinfrared (60 μm) continuum as in starburst galaxies, they would still be easily detectable. Most likely this indicates destruction of the carriers in the intense central radiation field (χ_{FUV}(GC) ≈ 10^{6.5} χ_{FUV}(ISRF)). The PAH features are clearly present in another spectrum taken towards the molecular ring, though they differ in relative strength from typical starburst values. The 11.3 μm feature appears faint, the 8.6 μm feature appears more as a shoulder at the long wavelength side of the 7.7 μm feature than as a separate feature, and on quantitative analysis also the 6.2 μm feature appears slightly suppressed with respect to the 7.7 μm one. This is readily explained as the effect of the A_V ∼ 30 foreground extinction towards the Galactic Centre which tends to suppress the features at 11.3, 8.6, and 6.2 μm with respect to the 7.7 μm one. The same effect is seen in obscured ultraluminous galaxies (Lutz et al. 1998).

If we would observe our galaxy from above the galactic plane, thus eliminating the unusually high foreground extinction, and with a large aperture including center, molecular ring, and part of the bulge, the resulting spectrum would most certainly be PAHdominated and very similar to PAH spectra of other normal and star forming galaxies. In this sense, the spectrum of the innermost 20 arcseconds as presented here is not representative.

Figure 4. Examples of hydrogen recombination lines observed towards the Galactic center

4. THE MID-INFRARED EXTINCTION LAW

SWS spectroscopy of hydrogen recombination lines can be used to determine the previously poorly constrained extinction law at mid-infrared wavelengths. The centre of our Galaxy provides a unique laboratory for such studies since the extinction along this line of sight is high, well determined in the nearinfrared K band (Rieke et al. 1989), and fairly homogeneous over the size of the SWS beam, thus approximating the ideal ‘screen’ case. Since the first analysis by Lutz et al. (1996), more observations of hydrogen recombination lines have been obtained. Figure 4 shows some examples including the Humphreys α transition which is extremely difficult to observe on the strong Galactic Centre continuum. Comparing the line fluxes to appropriate case B emissivities, we find that the extinction law (Figure 5 top) clearly lacks the deep minimum near 7 μm expected for standard graphite-silicate grain mixes as for example given by Draine (1989). Because of the decreasing line-to-continuum, our extinction law is less well determined at wavelengths beyond 10 μm. However, the silicate features are clearly present and likely strong, with ∼0.1 A_V or more in the peak of the 9.6 μm feature.

A simple test of the applicability of case B conditions can be obtained in regions where lines from different series are observed in a small wavelength interval. This is the case for the 4 μm region where we have data for the Brackett α line and for lines from the Pfund and Humphreys series, as well as the 7.5 μm region where Pfund α is close to a blend of Humphreys β and the 11-7 transition. The results for these lines are consistent, demonstrating that the population of the respective upper levels follows case B. In accordance with our results, L-band polarimetry of Galactic Centre sources finds higher polarization than expected from the extrapolation of shorter wavelength data (Nagata et al. 1994).

For external galaxies, the situation is less clear because of more scarce observations and the generally unknown dust configuration. A qualitative picture can be obtained, however, by simply plotting the observed ratios of the brightest hydrogen recombination lines (Figure 5 bottom). Note that Brackett β is not yet corrected for the contribution of the coincident

Figure 5. Top: Mid-infrared extinction law derived from hydrogen recombination line observations of the Galactic center, compared to the one given by Draine (1989). Bottom: Observed recombination line ratios in several galaxies and star forming regions compared to expectations for a standard extinction law

H_2 (1-0)O(2) line. For a standard extinction law, measurements should fall somewhere on or below the ‘screen’ line extending from the zero extinction point to the lower left, irrespective of the precise dust configuration. The location of the measured points is clearly inconsistent with such an extinction law and indicates significantly higher extinction at 7.5 μm.

Part of the increased extinction can be ascribed to features like the 3 μm OH stretch feature (‘ice’) which is clearly traced by the new Galactic Centre extinction law. Incomplete wavelength sampling, limited to those regions with useful H lines, and flux calibration accuracy do not allow to decide unambiguously whether the extinction at longer wavelengths has a similar origin in individual fairly localized features or whether, perhaps more likely, grain impurities change the shape of the silicate feature and introduce additional continuous absorption. The scatter in the observations of galaxies suggests a dependence on the properties of the specific line of sight.

ACKNOWLEDGMENTS

It is a pleasure to thank my collaborators H. Feuchtgruber, R. Genzel, Th. de Graauw, D. Kunze, A. Moorwood, A. Pauldrach, H.W.W. Spoon, A. Sternberg, E. Sturm, M. Thornley, and D. Tran. SWS and the ISO Spectrometer Data Centre at MPE are supported by DLR (DARA) under grants 50 QI 8610 8 and 50 QI 9402 3.

REFERENCES

Achtermann J.M., Lacy J.H. 1995, ApJ, 439, 163

Doyon R., Puxley P.J., Joseph R.D. 1992, ApJ, 397, 117 Doyon R., Joseph R.D., Wright G.S. 1994, ApJ, 421, 101 Draine, B. 1989, in proc. 22nd ESLAB Symp. on Infrared Spectroscopy in Astronomy, ed. B. Kaldeich, ESASP-290, 93 Ferland G.J., 1996, Hazy, a Brief Introduction to Cloudy, University of Kentucky Department of Physics and Astronomy Internal Report Genzel R., Hollenbach D.J., Townes C.H. 1994, Rep.

Progr. Phys. 57, 417 Krabbe A., et al. 1995, ApJ, 447, L95 Lutz D., et al. 1996, A&A, 315, L269

Lutz D., et al. 1998, ApJ, 505, L103 Mattila K., et al. 1996, A&A, 315, L353 Meynet G., Maeder A., Schaller H., Schaerer D., Charbonnel C. 1994, A&AS, 103, 97 Nagata T., Kobayashi N., Sato S. 1994, ApJ, 423, L113 Najarro F., Krabbe A., Genzel R., Lutz D., Kudritzki R.P., Hillier D.J. 1997, A&A, 325, 700 Ott T., Eckart A., Genzel R. 1999, ApJ, submitted Puxley P.J., et al., 1989, ApJ, 345, 163

Rieke, G.H., Rieke, M.J., Paul, A.E. 1989, ApJ, 336, 752 Schaller G., Schaerer D., Meynet G., Maeder A. 1992, A&AS, 96, 269 Thornley M.D., et al. 1999, in preparation

COLD GMC CORES IN THE GALACTIC CENTRE

D.C. Lis^1, Y. Li^1, C.D. Dowell^1, & K.M. Menten^2

1California Institute of Technology, MS 320-47, Pasadena, CA 91125, USA 2Max-Planck-Institut für Radioastronomie, Auf dem Hügel 69, D-53121 Bonn, Germany

ABSTRACT

We have used the Long Wavelength Spectrometer (LWS) aboard the Infrared Space Observatory in grating mode to map the far-infrared continuum emission (45–175 μm) toward several massive Giant Molecular Cloud (GMC) cores located near the Galactic center. These sources are observed in emission at far-infrared and submillimeter wavelengths (>100 μm). However, at mid-infrared wavelengths (<70 μm) they are seen in absorption against the general Galactic centre background. Gray-body fits to the observed far-infrared and submillimeter spectral energy distributions give low temperatures (∼13– 20 K) for the bulk of the dust in all the sources. This indicates external heating of the dust by the diffuse ISRF and suggests that the cores do not harbor high-mass star-formation sites, in spite of their large molecular mass. In addition, the grain emissivity in these sources is a very steep function of frequency (β > 2.4). The high grain emissivity exponent is consistent with the presence of dust grains covered with thick ice mantles. Molecular line observations carried out with the Caltech Submillimeter Observatory (CSO) show a large velocity gradient across the most massive core, GCM0.25+0.11, indicative of streaming motions of the gas or of the presence of multiple, spatially overlapping velocity components. The observed gas kinematics may indicate that the GCM0.25+0.11 core is in an early stage of a cloudcloud collision that may result in a future star formation episode. Recent MSX observations indicate that cold GMC cores similar to those studied with ISO are ubiquitous in the Galactic center and throughout the Galaxy. The observed intensities of the Oi and Cii fine structure lines imply a radiation field intensity of about 1000 times the standard ISRF intensity and a hydrogen density of about 1000 cm^{−3} for the diffuse gas component in the Galactic center.

Key words: Galactic center; star formation.

1. INTRODUCTION

The rate of current high-mass star formation in the Galactic center region (central ∼200 pc of the Milky

Way; the region referred to as the nuclear disk, or the central molecular zone) has been a subject of controversy. Although the total FIR luminosity and the ionizing flux are consistent with a star formation rate per unit mass of molecular material comparable to that in the Galactic disk (see Güsten 1989), a number of studies suggest a decreased high-mass star formation rate in the central region. For example, Morris (1989) argues that star formation may be currently suppressed in the Galactic center as a result of the geometry and strength of the magnetic field in the central region, which arguably may inhibit cloud collapse. The high gas pressure implied by observations of diffuse X-ray emission also suggests that Galactic center GMCs may be held together by external pressure rather than self-gravity (Spergel & Blitz 1992). The gravitational collapse leading to the formation of high density cores may thus be suppressed in all but the most massive clouds.

Recent IR imaging observations have revealed several new high-mass star-formation sites in the Galactic center (e.g. Keck I observations of the Arches cluster, Serabyn et al. 1998, which show in excess of 100 main sequence stars with masses up to 120 M_⊙.) Nevertheless, large-scale star-formation patterns in the Galactic center still remain unestablished.

In an effort to identify possible sites of future star formation (namely high-density GMC cores) in the Galactic center, Lis & Carlstrom (1994) made an unbiased survey of the 800 μm continuum emission over a region ∼1.5^∘ × 0.2^∘ using the single pixel CSO bolometer. In this survey, in addition to the well known sources like Sgr B2, Sgr C, and the 50 and 20 km s^{−1} clouds in Sgr A, a number of compact GMC cores were detected, forming a long, clumpy ridge of dust emission (referred to as the ‘Dust Ridge’), stretching from the radio Arc toward Sgr B2.^1 No evidence for the presence of embedded FIR sources or compact Hii regions associated with the most massive GMC core in the Dust Ridge, GCM0.25+0.11, was found by Lis et al. (1994), and their VLA observations revealed the presence of only a weak H_2O maser associated with this source, suggesting the presence of some ongoing low-mass star formation.

1 A much more sensitive, high-angular resolution 350 μm map of the same region has been recently obtained by Dowell et al. (1999) using the SHARC bolometer camera at the CSO.

Proceedings of the Conference “The Universe as seen by ISO”, Paris, France, 20–23 October 1998 (ESA SP-427, March 1999)

Figure 1. Distribution of the 45/173 μm color temperature in the Dust Ridge calculated assuming a grain emissivity exponent β = 1 (appropriate for the diffuse dust component, but not for the dense cores; gray-scale and thin white contours). Black contours show the distribution of the 350 μm continuum emission at 30^{′′} angular resolution. The submillimeter sources appear as local minima in the color temperature. The coldest dust is located in the northern part of the Sgr B1 core (position ‘f’ in the map). Color temperature contour levels are from 23 to 38 K with an interval of 3 K. Note that the southern part of the Dust Ridge appears to be physically connected with the molecular cloud interacting with the non-thermal filaments in the radio Arc, indicating that these sources are in fact located in the Galactic center region.

A detailed study of a submillimeter selected sample of cloud cores may provide new constraints for the magnitude of various dynamical effects invoked to explain the low rate of high-mass star formation in the Galactic center region. To better constrain the dust temperature and mass of the sources detected by Lis & Carlstrom (1994), we have obtained sensitive multi-wavelength images of the Dust Ridge with the LWS aboard ISO. Results for GCM0.25+0.11 have already been presented by Lis & Menten (1998). In the present paper we discuss the remaining sources in our ISO fields. Observational details are given in Lis & Menten (1998).

2. CONTINUUM RESULTS

The distribution of long-wavelength (173 μm) farinfrared emission in the Dust Ridge correlates well with that of the submillimeter continuum emission. However, at MIR wavelengths (<70 μm) the submillimeter sources are either invisible, or show up in absorption against the general Galactic center background. This has several interesting implications: (1) all the sources must be quite cold, significantly colder than the diffuse dust component, (2) they must have high continuum opacity at MIR wavelengths (and consequently high H_2 column density and mass), and (3) they must be located in front of the warm dust responsible for the diffuse MIR emission.

All the GMC cores in the Dust Ridge appear as depressions in the 45/173 μm color temperature map (Fig. 1). The upper limits to the dust temperature in the cores given by the color temperature are in the range 22–28 K. However, as discussed below, the actual dust temperature in these sources is significantly lower.

Owing to the complete spectral coverage afforded by our ISO and CSO measurements (45–800 μm), we can constrain the dust temperature in these GMC cores quite accurately. Two component gray-body models for GCM0.25+0.11 give a mean dust temperature of 18 K (Lis & Menten 1998). A small amount of warmer dust (35–40 K) is required to accurately reproduce the observed SED, but this warmer dust contributes only 1–3% of the total optical depth and most likely represents emission from the surface layer of the clouds. In addition, in order to reproduce the observed spectrum of this source a very steep grain emissivity exponent (β = 2.8) is required. As shown in Table 1, these results are typical for all the submillimeter sources in this region. The bulk of the dust in all the sources is quite cold (13–20 K) and is characterized by steep values of β > 2.4. The coldest dust is located in the northern part of the Sgr B1 core (see Fig. 1, position ‘f’).

The low dust temperature is a natural consequence of the absence of embedded heating sources in these cores – the dust is heated externally by the diffuse interstellar radiation field. The steep value of β has been interpreted by Lis & Menten (1998) as evidence for the presence of dust grains covered with thick ice mantles, consistent with the low dust temperature.

Our ISO observations firmly establish that the GMC cores in the Dust Ridge are different from the well studied Galactic center GMCs. However, the critical question is whether these sources are significant in terms of their mass and whether they are representative for the Galactic center GMC population.

Table 1. Source parameters

Position T_d (K) β

a 17 2.8 b 20 2.4 c 20 2.4 d 17 2.6 e 17 2.8 f 13 3.4

The mass determination depends critically on the knowledge of the 350 μm grain emissivity, that is not very well constrained. Lis & Menten (1998) estimated the value of Q_{350} in GCM0.25+0.11 by comparing the dust mass with the virial mass based on molecular line emission. The derived value of Q_{350} is 1× 10^{−4}, consistent with that obtained by extrapolating the 125 μm value of Hildebrand (1983) with a ν^2 frequency dependence, as well as with the values derived by Goldsmith et al. (1998) at 800 μm for the Cep A and M17 clouds (again assuming a ν^2 frequency dependence). The resulting H_2 mass of GCM0.25+0.01 is ∼6 × 10^5 M_⊙, only a factor of 3–4 lower than the mass of the Sgr B2 molecular cloud, the most massive star-forming GMC in the Galactic center. The combined mass of all the sources in the Dust Ridge is in fact comparable to the Sgr B2 mass, suggesting that these sources are not insignificant for the global mass balance in the Galactic center.

3. FINE STRUCTURE LINE EMISSION

In addition to the continuum SEDs, our LWS grating spectra cover the 63 μm fine structure line of Oi and the 158 μm line of Cii. Observations of these lines, together with the FIR continuum emission, allow determination of the physical conditions in the diffuse ISM in the Galactic center region, namely the gas density and the ISRF intensity, through PDR modelling.

Wolfire et al. (1990) calculated a grid of PDR models for a range of hydrogen densities (n_H) and UV field intensities (G_o) and showed that the Cii/Oi and (Cii+Oi+Siii)/FIR intensity ratios can be used to distinguish between models with different values of n_H and G_o (see Fig. 2).^2 The gray points in Fig. 2 correspond to several lines of sight within our ISO maps, away from the dense cores, which cover a wide range of the 45/173 μm color temperatures. The points cluster around G_o=10^3 times the standard radiation field intensity and n_H=10^3 cm^{−3}. The derived values of n_H and G_o are uncertain to within a factor of 2 owing to uncertainties in the optical depth of the fine structure lines. The value of G_o derived from the fine structure line observations will be used as an input parameter for detailed continuum radiative transfer modelling of the compact sources.

4. SUMMARY

Our ISO LWS observations imply low dust temperatures (13–20 K) in the GMC cores in the Dust Ridge. We find no evidence for ongoing high-mass star formation associated with these sources, in spite of their large molecular mass. As discussed by Lis & Menten (1998), molecular observations of GCM0.25+0.01 show complicated gas kinematics, possibly indicating an early stage of a cloud-cloud collisions. However,

2 As discussed by Simpson et al. (1997), the intensity of the 35μm Siii line which is included in the plot of Wolfire et al. (1990) can be neglected, since Si is highly depleted in their models.

Figure 2. The Cii/Oi intensity ratio as a function of (Cii+Oi+Siii)/FIR for a grid of PDR models with a range of hydrogen densities and UV field intensities (from Wolfire et al. 1990). Gray squares correspond to several lines of sight in our ISO maps away from the submillimeter continuum sources.

the remaining sources appear to show a simpler velocity field. Follow-up high-angular resolution molecular observations are required to better constrain the kinematics of the gas.

Owing to the time constraints, we have been able to study in detail only a limited sample of sources with ISO. However, recent MSX observations (Egan et al. 1998; see also Egan et al. in these proceedings) indicate that a large number of presumably similar, cold dust sources are present in the Galactic center region and throughout the Galaxy. The GMC cores we have studied with ISO thus appear to represent ‘typical’ Galactic center GMCs, as opposed to the well studied star-forming clouds like Sgr B2, Sgr C, Sgr D, or the 50 kms^{−1} cloud in Sgr A. The latter sources were all identified because of their strong FIR and/or radio continuum emission, which are natural tracers of high-mass star formation. However, they do not appear to be representative for the Galactic center GMC population.

ACKNOWLEDGMENTS

This research has been partially supported by NASA and by the NSF grant AST 96-15025 to the Caltech Submillimeter Observatory.

REFERENCES

Dowell, C.D., Lis, D.C., Serabyn, E., Gardner, M.,

Kovacs, A., & Yamashita, S. 1999, in The Central Parsecs of the Galaxy, ed. H. Falcke et al. (ASP Conf. Series), in press

Egan, M.P., Shipman, R.F., Price, S.D., Carey, S.J.,

& Clark, F.O. 1998, ApJ, 494, L199

Goldsmith, P.F., Bergin, E.A., & Lis, D.C. 1998, ApJ, 491, 615 Güsten, R. 1989, in The Center of the Galaxy, ed. M.

Morris (Dordrecht: Kluwer), 89 Hildebrand, R.H. 1983, QJRAS, 24, 267 Lis, D.C., & Carlstrom, J.E. 1994, ApJ, 424, 189 Lis, D.C., & Menten, K.M. 1998, ApJ, 507, 794

Lis, D.C., Menten, K.M., Serabyn, E., & Zylka, R.

1994, ApJ, 423, L39 Morris, M. 1989, in The Center of the Galaxy, ed. M.

Morris (Dordrecht: Kluwer), 171 Serabyn, E., Shupe, D., & Figer, D.F. 1998, Nature, 394, 448 Simpson, J.P., Colgan, S.W., Cotera, A.S., Erickson, E.F., Haas, M.R., Morris, M., & Rubin, R.H. 1997, ApJ, 487, 689 Spergel, D. N., & Blitz, L. 1992, Nature, 357, 665 Wolfire, M.G., Tielens, A.G.G.M., & Hollenbach, D.

1990, ApJ, 358, 116

ISO SPECTROSCOPY OF DENSE REGIONS

P. Cox^1, P.R. Roelfsema^2, J.-P. Baluteau^3, E. Peeters^2, L. Martin-Hernandez^2, A.G.G. Tielens^2, B. Swinyard^4, T. Lim^4 & M.F. Kessler^5

1 Institut d’Astrophysique Spatiale, Bât. 121, Université de Paris XI, F-91405 Orsay, France 2 Space Res. Org. of the Netherlands, P.O. Box 800, NL-9700 AV Groningen, The Netherlands 3Laboratoire d’Astronomie Spatiale, CNRS, BP 8, F-13376, Marseille Cedex 12, France 4 Rutherford Appleton Lab., Chilton, Didcot, Oxon OX11 0QX, UK 5 ISO Data Centre, Astrophysics Division, ESA, Villafranca, Spain.

ABSTRACT

The infrared satellite ISO has, for the first time, allowed us to obtain complete spectra from 2.5 to 196 μm together with detailed spectroscopy over this wavelength range for a variety of astronomical sources. This paper describes SWS-LWS ISO grating spectra of galactic dense star-forming regions. The diversity of the infrared spectra of compact H II regions is discussed and new results on the galactic abundance gradient are presented. The effects of absorption can be important even in the far-infrared as shown by the spectra of deeply embedded infrared sources and the data obtained on Sgr B2.

Key words: HII regions; abundances; dust bands; infrared lines.

1. INTRODUCTION

The launch in 1995 of the Infrared Space Observatory (ISO, Kessler et al. 1996) has had a profound impact on the study of the interstellar medium. It opened the entire 2.5–196 μm wavelength region for spectroscopic studies at spectral resolutions of^λ_{Δλ} from ∼100 to ∼500 with the Short Wave Spectrometer (SWS, de Graauw et al. 1996) and Long Wave Spectrometer (LWS, Clegg et al. 1996) grating instruments, and at spectral resolutions up to^λ_{Δλ} ∼ 20, 000 with the SWS and LWS Fabry-Pérots. The availability of complete infrared grating spectra up to 196 μm for a great number of astronomical sources allows the study of all the components present at infrared wavelengths, i.e. the dust bands together with the infrared continuum, the atomic fine structure lines and molecular gas bands. This richness of information is one of the greatest achievements of ISO and part of what has been called the ISO revolution.

This paper summarises some of the results obtained with combined SWS and LWS grating spectra for compact galactic H II regions, as an example of the spectral diversity in the infrared wavelength domain. The main purpose of these observations is the study of the distribution of element abundances in the galaxy. First results on the variation of the abundances are presented. The effect of absorption at farinfrared wavelengths is shown to be important for some star-forming regions. The case of SgrB2 is discussed separately as it provides an extreme example of an infrared spectrum which is entirely dominated by absorption, including the [OI] and [CII] fine structure lines.

Figure 1. Number of HII regions as function of galactocentric radius

2. ISO SPECTRA OF COMPACT HII REGIONS

In order to study the distribution of elemental abundances in the Galaxy, infrared spectra from 2.5 to 196 μm have been measured for a sample of 46 compact H II regions in a series of ISO guaranteed time programs (see Roelfsema et al. 1998 for details). All the H II regions were observed with the LWS and SWS full AOT 01 scans yielding spectra with a resolution^λ_{Δλ} from ∼100 to ∼500. For some sources

Proceedings of the Conference “The Universe as seen by ISO”, Paris, France, 20–23 October 1998 (ESA SP-427, March 1999)

Figure 2. 2.5-196 μm SWS and LWS combined spectra of compact HII regions.

additional higher resolution data have been obtained to study in more detail the various dust and molecular features. The sources have a wide range in galactocentric distance (0 ≤ R_{gal} ≤ 25 kpc) and a relatively uniform distribution (Fig. 1) which will enable to study the galactic abundance variation over larger scales than in previous studies (e.g., Shaver et al. 1983, Afflerbach et al. 1997).

All data presented in this paper were calibrated using standard OLP6.0 or OLP7.0 calibration files and procedures (see de Graauw et al. 1996, Schaeidt et al. 1996, Swinyard et al. 1996). Further corrections for instrumental problems (e.g., de-fringing) were applied using the SWS and LWS interactive analysis packages. No corrections other than the standard calibrations were applied to match the spectral segments. With this method extremely good agreement was obtained between the two spectrometers; for true point sources, differences between SWS and LWS in the region of overlap are typically found to be less than 15%.

Presently all spectra are being re-calibrated in a uniform manner (e.g., all using OLP 7.0). Also a number of known instrumental effects (e.g., pointing errors, aperture sizes) are investigated for the individual sources. The fully calibrated data set (to be published as an atlas) will then be the basis for a detailed analysis of the physical properties (density, temperature, abundances) of the nebulae.

In Fig. 2, typical spectra of compact H II regions are shown. The diversity of the spectral content is clearly illustrated. For example, IRAS 18162−2048 presents a smooth continuum with prominent dust and molecular features and weak emission lines, whereas IRAS 21190+5140 has a very rich emission line spectrum, weak PAH bands and no indication of molecular features. Generally the data are very rich resulting in a lot of ‘spin-off’ science; PAH emission features (Roelfsema et al. 1996; Peeters et al. these proceedings), CO_2 (Boogert et al. in prep.) or H_2O ice (see Section 4).

The spectrum towards IRAS 12073-6233 illustrates one of the problems that may be found in combined LWS-SWS observations. In this case the spectrum shows some jumps, especially between the SWS and LWS parts of the spectrum. This indicates that this particular source is not a true point source for the two spectrometers. In such cases line fluxes have to be corrected for the size of the apertures.

In the mid-infrared, the spectra of compact H II regions display the series of well-known emission features at 6.2, 7.7, 8.6 and 11.3 μm which are commonly attributed to Polycyclic Aromatic Hydrocarbons or PAHs (e.g., Léger & Puget 1984 - see review by Tielens et al. in these proceedings). Figure 3 presents the spectra between 5 and 13 μm of a sample of H II regions. The spectra clearly show the characteristic C-C stretch (at 6.2 and 7.7 μm) and the C-H bending modes (8.6 and 11.3 μm) features of small aromatic compounds. The relative strengths of the bands vary significantly from source to source, in particular the 7.7/8.6 band ratio with values ranging from 0.6 to ∼ 6. In some cases the 6.2 μm band is very strong- see spectrum (j) in Figure 2. These variations are possibly due to different mixtures of neutral/ionized and compact/non-compact PAHs resulting from the different physical conditions in the

Figure 3. The 5–13 μm SWS spectra of compact H II regions showing the shapes of the PAH features (identified in the figure) and variation of the relative intensities from source to source. No continuum has been subtracted. For display purposes additive factors have been used for each spectrum. The spectra are ordered by increasing strength of the continuum from bottom to top and from the left to the right panel. The sources are as follows: (a) IRAS 19207+1410, (b) IRAS 18502+0051, (c) IRAS 17279−3350, (d) IRAS 17221−3619, (e) IRAS 23030+5958, (f) IRAS 22308+5812, (g) IRAS 18116−1646, (h) IRAS 12063−6259, (i) IRAS 10589−6034, (j) IRAS 23133+6050, (k) IRAS 21190+5140, (l) IRAS 19442+2427, (m) IRAS 18162−2048, (n) IRAS 17455−2800, (o) IRAS 15384−5348, (p) IRAS 15502−5302, (q) IRAS 18434−0242, and (r) IRAS 12073−6233

sources, such as the hardness of the radiation field (e.g., Roelfsema et al. 1996, 1998). As can be seen in Figure 3, the strongest 8.6 μm bands are present in the H II regions with the strongest mid-infrared continua and high excitation atomic fine structure lines ([SIV] and [ArIII]). Similar results are derived in the case of the H II region/Photodissociation interface in M 17 (Verstraete et al. 1996, Cesarsky et al. 1996).

3. RESULTS ON THE ABUNDANCE GRADIENT

The fine structure line of O^{++}, N^+, N^{++}, Ne^+, Ne^{++} , Ar^+, Ar^{++}, S^{++}, C^+, Si^+ and O^0 are detected in most sources allowing a precise determination of the abundances of oxygen, nitrogen, neon, argon and sulfur. The study of the last three species are prime diagnostics of the properties of the associated photodissociation regions.

For many of the sources reliable estimates have been obtained for the line intensities of Brα and several forbidden lines of various ionization stages of Ne, Ar, Si, O and N. A simplistic analysis based only on the line intensity ratios was carried out. As a result no conclusions with respect to absolute abundances can be drawn as yet. It should be noted that no corrections have been made for variations in the temperature or density which are expected to be small at infrared wavelengths.

Initial results concerning the abundances are shown in Figure 4. In the top and middle panels, the variations of the observed Ne^+ and Ar^+ intensities normalised to Brα are shown as a function of R_{gal}. These lines ratios should approximately indicate the behaviour of the ionic abundances of the species. A clear decrease is seen in both the neon and the argon ionic abundances towards the outer Galaxy (by a factor of 2 from 5 to 15 kpc). The bottom panel shows the ionic abundance ratio N^{++}/O^{++}, which is comparable to N/O for high-excitation sources, but is an upper limit to N/O for low-excitation sources (see Simpson et al. 1995). The present ISO sample together with previous results obtained with the KAO underscore the significant decrease of N^{++}/O^{++} with increasing R_{gal} out to large radii. The abundances of neon, argon and the N/O ratio all seem to decrease from the 4 kpc molecular ring to the central regions of the Galaxy. Due to the limited number of sources, this result should be confirmed by further data analysis.

The intensity ratios [NeIII] 15.56 μm/[NeII] 12.81 μm and [ArIII] 8.99 μm/[ArII] 6.99 μm are shown in

Figure 4. ISO results on the variations of the ionic abundances of Ne^+ and Ar^+ (normalised to Brα) and of the N^{++} /O^{++} ratio as a function of galactocentric distance (R_{gal}). In the bottom panel, the measurements of Afflerbach et al. (1997), Simpson et al. (1995) and Rudolph et al. (1997) are shown for comparison.

Fig. 5. Both these line ratios are indicators for the degree of ionization of the observed nebula. The data show an increase in the hardness of the interstellar radiation field towards larger galactic radii.

4. SOURCES DOMINATED BY ABSORPTION

Depending on the geometry and/or the degree of evolution of the sources, the infrared spectra of compact H II regions can be entirely dominated by absorption bands. In one case, the source may be located behind a massive molecular cloud and observed through a large column density of molecular gas and dust, in another case, the young exciting star(s) is still embedded in its native environment and the small ionized region is surrounded by a large volume of dense molecular gas. The infrared spectra of embedded infrared sources have been important in the analysis of the refractory cores of dust grains (mainly the silicates) and have been the prime sources of information in deriving the chemical composition of the ice mantles which form around the dust cores in the cold regions deep inside molecular clouds (see, e.g. d’Hendecourt et al. in these proceedings).

Figure 5. Line intensity ratios for ionization indicators as a function of galactocentric distance.

The combined SWS–LWS spectra of two embedded infrared sources, IRAS 18316−0602 and IRAS 19110+1045, have been presented by Dartois et al. (1998). Both are luminous protostars with luminosities of 10^{4.3}L_⊙ and 10^{5.8}L_⊙, respectively. IRAS 18316−0602 (also known as RAFGL 7009S) has been studied in detail by d’Hendecourt et al. (1996, and these proceedings) where the exceptional richness of its SWS spectrum has been reported. IRAS 19110+1045 is a young protostar associated with a dense, compact submillimeter source with evidence of infalling gas Hunter et al. (1997).

Figure 6 shows the SWS and LWS spectra of IRAS 18316−0602 and IRAS 19110+1045. No correction was applied to match the SWS and LWS portions of the spectrum. The good agreement in the overlap region of the two spectrometers (41–43 μm) confirms the high quality of the flux scale calibration of both instruments. Both spectra are dominated by a series of absorption bands which are identified in Fig. 6 – see the contribution of d’Hendecourt et al. in these proceedings for a description of the bands shortwards of 25 μm. Centred on the overlap region between the SWS and the LWS spectra, there is a broad absorption band at ∼ 44 μm which is identified with the transverse optical (TO) vibrational band of H_2O ice detected for the first time in absorption. There are differences in the band structure between the two sources which have been interpreted as due to different abundances of crystalline H_2O ice. A full description of these spectra and of the model shown in Figure 6 is given in Dartois et al. (1998).

These results clearly illustrate the importance of wide wavelength range spectroscopy even for the study of interstellar ices. All the well-known infrared embedded sources have been observed with ISO and it would be of great interest to make a systematic study of the combined spectra of these sources in order to investigate the changes in the shape of the 44 μm H_2O ice band as a function of the evolutionary state of the object.

The effects of extinction for some of the compact H II regions are also indicated in the far-infrared by molecular absorption bands of OH and H_2O. First

Figure 6. Combined SWS and LWS spectra of the embedded infrared sources IRAS 18316−0602 (RAFGL 7009) and IRAS 19110+1045. The position and the identification of the main absorption bands are given for each source. Note that the SWS and LWS spectra were calibrated independently and that no corrections were made to improve the match between the two instruments. The insert boxes display the transmittances of amorphous and crystalline water ices together with the source spectra - the intensity axis has been expanded for clarity purposes. The results of radiative transfer calculations (Dartois et al. 1998) are shown as dash-dotted lines.

analyses of the spectra of these sources show that the atomic fine-structure lines, in particular the [O I] and [C II] lines, might also be affected by absorption effects. The most spectacular case of the influence of absorption at far-infrared wavelengths is provided by the LWS spectrum of Sgr B2.

Sgr B2 is one of the most luminous star-forming regions in the Galaxy and consists of several compact H II regions embedded in a massive molecular cloud. The hydrogen column densities have been estimated to be a few 10^{24} cm^{−2} in the core of Sgr B2 and

Harvey et al. (1977) derived an opacity of order unity at 100 μm. Figure 7 shows the LWS full grating spectrum of Sgr B2. The spectrum consists of a strong dust continuum (at 80 μm, the flux density is 34,000 Jy) with a series of lines and molecular bands all seen in absorption - see identification in Fig. 7. The signal-to-noise ratio being very high (∼ 200) most of the features seen in the grating spectrum of Sgr B2 are likely real. At the resolution of the grating none of the atomic fine structure lines, such as the [O III] 52 μm, [O III] 88 μm, or [N III] 57 μm lines normally present in the spectra of compact H II regions, are detected. In addition, the [O I] 63 μm line is present in absorption and the usually dominant [C II] 158 μm line is not seen (Fig. 7). As discussed in Baluteau et al. (1997), the absorption of the 63 μm [O I] line implies a column density of atomic oxygen of the order of (1 − 2) × 10^{19} cm^{−2} and appears consistent with the fact that 40 to 100% of the interstellar oxygen is in atomic form along the line of sight to the Sgr B2 molecular cloud (see also J. Keene et al. in these proceedings).

Figure 7. Comparison of the LWS spectra of SgrB2 and Arp220 (from Fischer et al. this conference). The spectrum of SgrB2 has been divided by a factor 115 and shifted to the redshift of Arp220. The main molecular absorption bands are identified together with the [OI] and [CII] lines.

Figure 8. The LWS Fabry-Pérot spectra of Sgr B2 in [O I] 63.18 μm and [C II] 157.71 μm - from Swinyard et al. (in preparation).

It is interesting to compare the spectrum of Sgr B2 with that of Arp 220 which has been discussed by Fischer et al. (these proceedings). As in the case of Sgr B2, the spectrum of Arp 220 is dominated by molecular absorption bands, mainly from OH and H_2O, and shows the [O I] 63 μm line in absorption

(see Figure 7). The [C II] 158 μm line is detected in emission but very weak. Whereas the explanation of the low [C II]/L_{FIR} ratio in galaxies with high dust temperatures (as measured by far-infrared colors F_ν (60 μm)/F_ν(100 μm)) is still debated, the above results indicate that extinction must play a role (see also Gérin & Phillips 1998), although high radiation fields per gas atom can lower the efficiency of the photoelectric heating and thus weaken the [C II] line intensity (see, e.g., Malhotra et al. 1997 and these proceedings). However, the fact that opacity effects are important is underscored by the LWS Fabry-Pérot spectrum of Sgr B2 which indicates that both the [O I] 63 μm and the [C II] lines are seen in absorption at negative velocities (Figure 8). At positive velocities, corresponding to Sgr B2, the [O I] line is not seen and [C II], which is seen in emission, is significantly reduced in intensity as compared to the prediction of standard PDR models (Swinyard et al. in preparation).

5. CONCLUSIONS

The possibility of making spectroscopic studies with ISO from 2.5 to 196 μm has opened up an entirely new field in the investigation of the properties of astronomical sources. This paper illustrates the potential of the combined SWS and LWS grating data and of detailed spectroscopy on dense galactic starforming regions. It is clear that the rich harvest of spectra obtained during the ISO mission will provide for the years to come an important database to further study the physics and the chemistry of the interstellar gas and the nature of the interstellar dust grains and ice mantles.

Looking ahead, two major space missions will allow us to obtain complete spectra at infrared wavelengths. The Infrared Spectrograph (IRS) for the Space Infrared Telescope Facility (SIRTF) which enables low and moderate-spectral resolution spectroscopy from 4 to 40 μm (J.R. Houck et al. 1999, also M. Werner in these proceedings). On board the Far-Infrared Space Telescope (FIRST, see Bonnet at al. these proceedings), the heterodyne receivers, HIFI, which will cover at high spectral resolution the wavelength range from 200 to ∼ 600 μm Whyborn (1997), and the FTS imager of SPIRE which will allow uninterrupted spectro-imagery at variable spectral resolution between 20 and ∼ 1000 in the range 200 to 650 μm Griffin (1997).

REFERENCES

Afflerbach, A., Churchwell, E., Werner, M.W. 1997, ApJ, 478, 190

Baluteau, J.-P., et al. 1997, A&A, 322, L33

Cesarsky, D., Lequeux, J., Abergel, A., et al. 1996, A&A, 315, L309

Clegg, P.E., Ade, P.A.R., Armand, C. et al. 1996, A&A, 315, L38

Dartois, E., Cox, P., Roelfsema, P.R., Jones, A.P., Tielens, A.G.G.M., d’Hendecourt, L., Jourdain de Muizon, M., Schmitt, B., Lim, T., Swinyard, B., Heras, A. M. 1998, A&A, 338, L21

Gérin, M. & Phillips, T.G. 1998, ApJ, 509, L17 de Graauw, Th., Haser, L.N., Beintema, D.A. et al.

1996a, A&A, 315, L49 de Graauw, Th., Whittet, D.C.B., Gerakines, P.A. et al. 1996b, A&A, 315, L345 Griffin, M.J. 1997, in The Far-Infrared and Submillimeter Universe ESA SP-401, eds. M. Rowan- Robinson & G. Pilbratt, p.31 Harvey, P.M., Campbell, M.F., & Hoffman, W.F.

1977, ApJ 211, 786 d’Hendecourt L., Jourdain de Muizon M., Dartois E.

et al. 1996 A&A, 315, L365.

Houck, J.R. et al. 1999, in Astrophysics with Infrared Surveys: A Prelude to SIRTF, eds. M. Bicay, R.M. Cutri, and B.F. Madore, to be published in the ASP Conference Series Hunter T.R., Phillips T.G., Menten K.M. 1997 ApJ, 478, 283 Kessler, M.F., Steinz J.A., Anderegg M.E. et al. 1996, A&A, 315, L27 Léger, A., & Puget, J.-L. 1984, A&A, 137, L5 Malhotra, S. et al. 1997, ApJ, 491, L27 Roelfsema, P.R., Cox, P., Tielens A.G.G.M. et al.

1996, A&A, 315, L289 Roelfsema, P.R., Cox, P., Kessler, M.F., & Baluteau, J.-P. 1998, in Star Formation with the Infrared Space Observatory, ASP Conference Series, vol. 132, p. 76, J.L. Yun & R. Liseau (eds)

Rudolph, A.L., Simpson, J.P., Haas, M.R., Erickson, E.F., Fich, M. 1997, ApJ, 489, 94 Schaeidt, S.G., Morris, P.W., Salama, A. et al. 1996, A&A, 315, L55 Shaver, P.A., McGee, R.X., Newton, L.M., Danks, A.C., Pottach, S.R. 1983, MNRAS, 204, 53 Simpson, J.P., Colgan, S.W.J., Rubin, R.H., Erickson, E.F., Haas, M.R. et al. 1995, ApJ, 444, 721

Swinyard, B.M., Clegg, P.E., Ade, P.A.R. et al. 1996, A&A, 315, L43 Verstraete L., Puget J.L., Falgarone E., et al. 1996 A&A, 315, L337 Whyborn N.D. 1997, in The Far-Infrared and Submillimeter Universe ESA SP-401, eds. M. Rowan- Robinson & G. Pilbratt, p.19

638

ISO LWS OBSERVATIONS OF SGR B2: NH3 LINES

J-P. Baluteau^1, C. Ceccarelli^2, B.M. Swinyard^3, E. Caux^4, P. Cox^5, & S.D. Sidher^3

1LAS, CNRS, Marseille, France 2LAOG, Grenoble, France 3RAL, Didcot, UK 4CESR CNRS-UPS, Toulouse, France 5IAS, Orsay, France

ABSTRACT

We report the observations of the pure rotational lines of NH_3 towards SgrB2(M). All lines are in absorption, the non-metastable lines being about a factor ten lower than the metastable lines. We discuss two possibilities: a) the non-metastable lines are radiatively pumped by the FIR source at ∼ 1 pc which illuminates a tenuous (∼ 1000 cm^{−3}) and hot (∼ 400 K) gas or b) the non-metastable lines are collisionally pumped and originate in dense (∼ 10^5 cm^{−3}) and warm (∼ 150 K) gas, whose column density is ∼ 6 · 10^{15} cm^{−2}.

Key words: SgrB2; molecular lines

1. INTRODUCTION

The Long Wavelength Spectrometer (LWS: Clegg et al. 1996) on board the Infrared Space Observatory (ISO) offered an unique opportunity to completely explore the Far InfraRed (FIR) spectrum between 47 and 196 μm at both unprecedent high sensitivity and spectral resolution. Except for a few atmospheric windows accessible with the Kuiper Airborne Observatory (KAO), this spectral domain was essentially unexplored prior to ISO.

Cooling of the gas in the dense interstellar clouds takes place primarily at FIR and sub-mm wavelengths and depends on its chemical as well as physical conditions. Light molecules, mainly hydrides, believed to be the dominant coolants in many situations, have their rotational lines in the FIR, while heavier molecules emit mostly at mm wavelengths, which can in part be observed from ground. It is therefore of key importance to have an as complete as possible census of the lines emitted in the FIR range in order to understand the cooling mechanisms as well as the chemistry of the interstellar medium. Finally, absorption lines against strong continua have the advantage of allowing us to detect also relatively low density regions, unobservable with the “canonical” collisionally excited emission lines.

During the ISO Central Programme we carried out a systematic spectral survey in the direction of SgrB2, a dense star forming region molecular cloud close to the Galactic Center and one of the brightest known galactic IR sources. SgrB2 is a complex region which has been target of many studies. It is composed of more than fifty compact and ultra-compact HII regions, with the three brightest clusters named N (north), M (main) and S (south) respectively, roughly aligned in a N-S direction. These regions are embedded in a relatively dense (∼ 10^5 cm^{−3}) and warm (∼ 100 K) medium which extends about 5 pc in the N-S direction and 2.5 pc in the W-E direction. Finally an hotter (∼ 300 K) and tenuous (∼ 1000 cm^{−3}) envelope extending for about 20 pc surrounds the entire SgrB2 complex (see e.g. de Vicente et al. 1997). This last hot component has been revealed by metastable NH_3 high-J inversion lines in absorption against the strong continua of M and N (Vogel et al. 1987; Hüttemeister et al. 1993). Here we report preliminary results of the observations of the rotational lines of NH_3, which allow a more complete view of the excitation mechanisms of this molecule.

2. OBSERVATIONS AND DATA REDUCTION

The region being very complex, more than one component will be inevitably be encompassed in the relatively large LWS beam (∼ 80”: Swinyard et al. 1998). In order to minimize the confusion we observed the position centered towards M, at 17^h 44^m 12.0^s, -28^o 22’ 12” (1950), where neither N or S components enter in the LWS field of view. The observation consists of the complete spectrum between 47 and 196 μm, obtained at the highest spectral resolution possible with LWS, namely ∼8000. For this, we used the Fabry- Perot mode, namely the observation ISO AOT L03. L03 was the last LWS AOT to be commissioned and a partial description of its operation and calibration can be found in Clegg et al. (1996) and Swinyard et al. (1998). Mostly ad hoc routines were developed to reduce the data (see below). The complete spectrum was observed with 31 different AOTs between ISO revolution 476 (6 March 1997) and revolution 509 (8 April 1997), with a total target dedicated time

Proceedings of the Conference “The Universe as seen by ISO”, Paris, France, 20–23 October 1998 (ESA SP-427, March 1999)

Figure 1. Selected ortho-NH_3 lines. Ordinates are the flux normalized to the continuum at each wavelength.

of 46.95 hours. Each mini-scan within any observation were repeated three times in order to get good confidence in the data. The integration time per individual data point was 0.5 sec.

The LWS FPs were calibrated by first setting the etalons to be parallel using strong, narrow emission lines. The wavelength calibration was then completed using various lines wavelength lines from a variety of sources. The wavelength calibration is accurate to within 15 km s^{−1}, or 1/2 a resolution element. There are some difficulties with establishing the instrument response function for the FPs as no lines are narrow enough that the response profile can be determined unambiguously. Similarly the transmission measurement of the FPs is also uncertain due to the same constraint. The calibration of the FP throughput is ongoing and new methods are being devised to solve this problem. The first level of pipeline processing of the LWS L03 data, i.e. converting the detector data from raw engineering values into photocurrent and providing the Standard Processed Data (SPD), is presently giving satisfactory results. The second level, Auto Analysis (AA) processing, which aims at converting from photocurrent into flux is still in progress. The present flux calibration depends critically on a few important parameters like the correct dark current level, the degree of contamination from adjacent FP orders, the correct position of the grating acting as a pre-filter. Some of these remaining problems will be solved in the next AA pipeline processing to be delivered soon.

The results presented here are believed to be quite well established. The new L03 pipeline will certainly allow more features to be detected, especially those which are faint and/or wider than the instrument profile. The data analysis is still in progress and specific publications, as regards the main molecular species, will appear in a near future. Fig. 1 shows a selection of four ortho-NH_3 lines. Given the limited space, in this contribution we will focus on the ortho-NH_3 lines only. Table 1 reports the list of NH_3 lines in the LWS wavelength range, with information about each line detection. The lines are centered at about 50 km s^{−1}, but the present uncertainty in the wavelength calibration cannot secure that our observations detected a component different from that seen in the radio at 65 km s^{−1}.

Table 1. List of NH_3 lines in the observed wavelength range. The central wavelength, Full Width Half Maximum, measured flux, energy of the upper level and the upper and lower states of the transition are in the first, second, third, fourth and fifth columns respectively.

˘ FWHM Flux Eup Transition

(μm) (μm) (W cm−^2) (cm−^1)

50.717 ≤7e-19 790 (10,9)a-(9,9)s 55.814 0.005 -6.7e-19 656 (9,8)s-(8,8)a 56.340 ≤6e-19 656 (9,8)a-(8,8)s 62.729 0.019 -4.2e-19 533 (8,7)s-(7,7)a 63.378 0.006 -2.6e-19 532 (8,7)a-(7,7)s 71.610 0.007 -1.9e-18 422 (7,6)s-(6,6)a 71.770 ≤4e-19 463 (7,5)s-(6,5)a 72.440 0.012 -1.4e-18 422 (7,6)a-(6,6)s 72.526 ≤5e-19 463 (7,5)a-(6,5)s 83.434 0.011 -3.1e-18 324 (6,5)s-(5,5)a 83.592 ≤3e-19 357 (6,4)s-(5,4)a 83.712 ≤3e-19 383 (6,3)s-(5,3)a 84.546 0.021 -2.5e-18 324 (6,5)a-(5,5)s 84.682 ≤9e-19 383 (6,3)a-(5,3)s 99.952 0.013 -3.5e-18 239 (5,4)s-(4,4)a 100.107 0.011 -3.1e-19 265 (5,3)s-(4,3)a 100.215 ≤3e-19 283 (5,2)s-(4,2)a 100.280 0.012 -2.4e-19 294 (5,1)s-(4,1)a 101.536 0.021 -5.9e-18 233 (5,4)a-(4,4)s 101.599 ≤3e-19 264 (5,3)a-(4,3)s 101.645 ≤4e-19 282 (5,2)a-(4,2)s 101.673 ≤4e-19 293 (5,1)a-(4,1)s 124.651 0.024 -5.5e-18 166 (4,3)s-(3,3)a 124.799 0.023 -7.0e-19 184 (4,2)s-(3,2)a 124.887 ≤4e-19 195 (4,1)s-(3,1)a 124.916 ≤5e-19 199 (4,1)s-(3,0)a 127.111 0.019 -4.1e-18 165 (4,3)a-(3,3)s 127.156 ≤3e-19 183 (4,2)a-(3,2)s 127.184 ≤2e-19 194 (4,1)a-(3,1)s 165.601 0.024 -3.8e-18 105 (3,2)s-(2,2)a 165.733 ≤4e-19 116 (3,1)s-(2,1)a

3. DISCUSSION

3.1. General considerations

As mentioned in the introduction, SgrB2 has been extensively studied in the ammonia inversion lines. Focusing on the 65 km s^{−1} component (probably that detected by our observations), the main results of these studies are the detection of:

a) several compact (∼ 4^{′′}), dense (≥ 10^7 cm^{−3}) hot (≥ 300 K) cores (Gaume & Claussen 1990); b) an extended (∼ 4^′) region of emission of low J metastable transitions: the (1,1) and (2,2) maps show that the intensity of these lines peaks towards M and N. In contrast, metastable lines with 3 ≤J≤ 6 are absorbed towards M and N and in emission elsewhere in the region. Finally, higher J (up to J=14) metastable lines are seen in absorption towards M and N (Hüttemeister et al. 1995, 1993). c) A less extended region (∼ 50^{′′} x 120^{′′}) in which the (2,1) and (3,2) non-metastable transitions are seen in emission, with the peak of the (2,1) emission 10^{′′} west of M: towards M, non-metastable transitions with higher upper level energy show also a strong absorption around 50 km s^{−1}, while the emission component at 65 km s^{−1} vanishes (Hüttemeister et al. 1993) with increasing J.

Our observations revealed clearly only absorption lines, where, however, the non-metastable lines are at least a factor ten weaker than the metastable lines. Furthermore, the absorption never reaches zero indicating that either the lines are optically thin or they just cover 1/3 of the FIR source. The rotational diagram of the observed lines is shown in Fig.2. In the figure we also show the rotational tempera-

Figure 2. Rotational diagram of the observed lines. Asterisks refer to metastable lines and diamonds to non-metastable lines. The errors bars represent the calibration uncertainty only, ∼ 30%. The dashed line is the best fit of the metastable lines and corresponds to a temperature of 120 K: if the point at 625 cm^{−1} -which has the largest statistical error- is not considered the rotational temperature is 95 K.

ture of the metastable lines, which has to be considered as lower limit to the kinetic temperature. The fact that the non-metastable lines are systematically lower in the rotational diagram suggests that the NH_3 lines are subthermally populated. In order to explain why the non-metastable lines are so weaker than the metastable lines, but still detected, there are two possibilities: either the non-metastable lines are radiatively populated by the strong FIR continuum or they are collisionally populated although they are far from LTE. In the following we will try to clarify the situation by means of an LVG model which includes the strong FIR continuum.

3.2. Modeling

The sketch of the model is shown in Fig.3. A FIR source, SgrB2(M), illuminates a slab of absorbing material: the distance between the slab and the FIR source is dist, while the distance between the slab and the observer is assumed to be 8.5 kpc. The intensity I_l of a line (either in emission or absorption) is given by the usual expression (e.g. Tielens & Hollenbach 1985):

I_l = 1 2π ∫_z 0 dz^′ n_u A_{u,l} β_{u,l} ( 1 − P S ) (1)

where n_u is the molecules in the upper level of the transition, A_{u,l} is the spontaneous emission coefficient and β_{u,l} is the probability that the photons escape absorption. S is the source function and P is

Figure 3. Sketch of the model: an absorbing layer of depth z lies between us and the FIR source SgrB2(M).

the observed intensity of the continuum emission at the wavelength of the transition. Eq. 1 implicitly assumes that the ratio S/P is constant over the solid angle. For absorption lines, when the source function and the stimulated emission can be neglected, Eq.1 gives the usual relation between the equivalent width and the column density (e.g. Spitzer 1968). When however the source function and the stimulated emission cannot a priori be neglected, one has to use Eq.1 and to solve the statistical equilibrium equations for the level populations to compute n_u and β_{u,l}: nu ∑ l(Au,lβu,l + Bu,lP W + Cu,l) = ∑ l nl(Al,uβl,u + Bl,uP W + Cl,u) (2) where C are the collision coefficients, B the absorption coefficients and W is the dilution factor of the continuum emitted by the FIR source, which accounts for the angle within which the slab is illuminated by the FIR source: W = 1 2 ( 1 − √ 1 − ( R_{F IR} dist )^2 ) (3) where R_{F IR} is 0.8 pc, assuming the distance of SgrB2 to be 8.5 kpc and the radial extent of the FIR source to be 40” (Goldsmith et al. 1990) at all considered wavelengths, a rough approximation of the reality. The escape probability β is function of the optical depth of the line and we used the relation valid in a planar slab (de Jong, Dalgarno, & Boland 1980). We assumed a linewidth of 15 km s^{−1}, as measured in the radio lines.

• Non-metastable lines radiatively populated

Line intensity depends on the density, temperature and column density multiplied by the angular extent of the absorbing layer as well as on the distance between this layer and the FIR source.

In practice, lines decaying towards metastable levels are rather insensitive to the last parameter, as their upper level populations depend mainly on the density and temperature of the slab: those lines can therefore be used to estimate the NH_3 column density multiplied by the

Figure 4. Flux (in erg s^{−1} cm^{−2}) of the (4,3)a-(3,3)s transition as function of the NH_3 column density, for two values of density. The curves are essentially the same varying the temperature from 200K to 500K.

layer angular extent, given a range of values for the density and temperature. Fig.4 shows the dependence of the 127.111μm (metastable) line flux as function of the NH_3 column density, assuming a (absorbing layer) filling factor equal to unity. The comparison of our observations with the predictions of Fig.4 suggests NH_3 column densities within 2 and 7 times 10^{14} cm^{−2}. The lines are predicted to be moderately optically thick (τ ∼ 1). In their study Flower et al. (1995) quoted NH_3 column densities about ten times higher than those we derived here, suggesting that the filling factor of our observations is less than unity, a fact also supported by the line absorption not reaching the zero level (see par. 3.1). However another possibility is that the LWS beam also probes a component in emission, which diminishes the strength of the absorption.

Non-metastable lines are very sensitive to the distance between the absorbing layer and the FIR source, as they can be populated by the FIR photons: they can therefore be used to estimate this parameter. Assuming N(NH_3)=6·10^{15} cm^{−2} and a filling factor equal to 0.1, we can derive an estimate of the distance (dist) by comparing the predicted 124.799 μm line flux with the observed one. We obtain a distance around 1 pc. Therefore, a hot (∼ 400K) and tenuous (∼ 1000 cm^{−3}) gas at ∼ 1 pc from the FIR source can explain the FIR observations.

• Non-metastable lines collisionally populated

The second possibility is that indeed the nonmetastable lines are collisionally populated. Since apparently we detected only three nonmetastable lines in absorption, at this stage of data analysis this argument can be used to put an upper limit to the density of the medium. Fig. 5 shows the 127.111 to 100.107 μm line ratio as function of temperature for densities between 10^4 and 10^6 cm^{−3} and N(NH_3)=6·10^{15} cm^{−2}. Fig.5 shows that also a dense (∼ 10^5 cm^{−3}) and warm (∼ 150 K) gas filling the LWS beam and whose column density is ∼ 6 · 10^{15} cm^{−2} can explain the FIR observations.

Figure 5. The (4,3)a-(3,3)s over (5,3)s-(4,3)a flux ratio as function of temperature for various densities.

ACKNOWLEDGMENTS

We wish to warmly thank Malcolm Wamsley for insightful discussions, Pierre Valiron for providing us the electronic file for the NH_3 collisional coefficients and the entire LWS team, whose work made these observations possible.

REFERENCES

Clegg P.E. et al., A&A 315, L38, 1996 de Jong, T., Dalgarno, A., Boland 1980, A&A, 91, 68 de Vicente P., Martin-Pintado J., Wilson T. A&A 1997, A&A 320, 957 Flower D.R., Pineau des Forêts G., Wamsley M.

1995, A&A 294, 815 Gaume R.A., Claussen M.J. 1990, ApJ 351, 538

Goldsmith P.F., Lis D.C., Hills R., Lasenby J. 1990, ApJ 350, 186 Hüttemeister S., Wilson T.L., Henkel C., Mauesberger R. 1993, A&A 276, 445 Hüttemeister S. et al. 1995, A&A 294, 667 Swinyard B.M. et al. 1998, SPIE Vol. 3354, p. 888

Spitzer 1968, “Physical processes n the interstellar medium”, eds. J.Wiley & Sons, Inc.

Tielens X., Hollenbach D. 1985, ApJ 291, 722

Vogel S.N., Genzel R., Palmer P. 1987, ApJ 316, 243

FIR CO LINE EMISSION OF PROTOSTARS IN NGC1333

E. Caux^1 C. Ceccarelli^2 A. Castets^2 L. Loinard^3, S. Molinari^4, P. Saraceno^5, H.A. Smith^6, & G.J. White^7

1CESR, BP 4346, F-31028 Toulouse Cedex 04, France 2Laboratoire d’Astrophysique de l’Observatoire de Grenoble, B.P.53X, F-38041 Grenoble Cedex, France 3Institut de Radio Astronomie Millimetrique, F-38406 St. Martin d’Hères, France 4IPAC, California Institute of Technology, MS 100-22, Pasadena CA 91125, USA 5IFSI - CNR, Via G. Galilei, CP27, 00044 Frascati, Italy 6Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge MA 02138, USA 7Queen Mary & Westfield College, Mile End Road, London E1 4NS, UK

ABSTRACT

Using the Long Wavelength Spectrometer aboard ISO, we have observed three very young sources (Class 0 or I) in the molecular cloud NGC1333. We discuss in this contribution the FIR CO line emission observed towards the sources themselves and conclude that both a rather warm (∼ 1500 K) and dense (∼ 10^5 cm^{−3}) gas or a colder (∼ 300 K) and much denser (≥ 10^8 cm^{−3}) gas are consistent with the data. Based on this analysis only we cannot distinguish between the two cases and therefore assess whether the observed emission originates in a shock associated with the outflow or in the innermost, dense and warm regions of the envelopes that surround these sources.

Key words: molecular lines; star formation.

1. INTRODUCTION

The Long Wavelength Spectrometer (LWS) on board the Infrared Space Observatory (ISO) allowed for the first time to investigate the line emission from relatively low-luminosity sources in the FIR wavelength range. A handful observations have already been published (Liseau et al. 1996; Nisini et al. 1996; Saraceno et al. 1996; Ceccarelli et al. 1998a, 1998b, 1999a), showing intense CO emission from the high J rotational transitions in young low-luminosity sources (see also Saraceno et al. in these proceedings). The origin of the observed emission is still controversial, mainly because the relatively large beamwidth (∼ 80^{′′}) and small spectral resolution (∼ 250) of these observations does not allow to locate exactly where the emission originates. Ceccarelli et al. (1998a) suggested that the FIR CO lines originate in the same region traced by the J=6 transition (which is observed with ground based telescopes having much higher spectral and spatial resolution than

ISO), and that probably originate in the shock caused by the interaction of the outflows with the surrounding medium. However, Saraceno et al. (these proceedings) considered a sample of five embedded very young sources in which molecular line emission was measured and concluded that current shock models fail to account for the observed emission. Finally, Ceccarelli et al. (these proceedings) suggested that the FIR water emission observed in the same sources originates in the innermost, dense and warm, regions of envelope.

In this contribution we present the ISO-LWS observations obtained towards three young embedded sources in NGC1333 and discuss some implications.

2. OBSERVATIONS AND RESULTS

The three sources IRAS2, IRAS4 and IRAS6 in NGC1333 were observed as part of the Guaranteed Time Program of the LWS. The observations were performed during revolutions 831 and 847, thanks to the extended lifetime of ISO. IRAS2 was observed on 5 positions, one on-source, and four on each side of the two perpendicular outflows. IRAS4 was observed on 3 positions, one on-source, and two on each side of the outflow. IRAS6 was only observed on-source. Fig. 1 shows the 1.3mm continuum map of the region and the observed positions.

In this contribution, we only discuss the origin of CO line emission observed on-source.

The ISO-LWS observations were performed using the AOT L01 (grating scans, spectral resolution ∼ 250 - Clegg et al. 1996, Swinyard et al. 1996) with an oversampling of 4. The integration time used onsource was ∼32 sec per spectral element. Fig. 2 presents six of the CO lines observed on the source IRAS6. The lines are fitted with gaussian profiles.

Table 1 lists the line fluxes measured towards each source.

Proceedings of the Conference “The Universe as seen by ISO”, Paris, France, 20–23 October 1998 (ESA SP-427, March 1999)

Figure 1. Observations of ISO-LWS of the molecular cloud NGC1333. The observed positions (circles) are overimposed to the 1.3mm continuum map (gray colours) obtained by Lefloch et al. (1998).

Table 1. Observed high J CO rotational lines on the sources IRAS2, IRAS4 and IRAS6 in NGC1333. Line flux unit: 10^{−12} erg s^{−1} cm^{−2}

CO line IRAS2 IRAS4 IRAS6 (14-13) 0.43 1.72 0.58 (15-14) 0.32 1.54 0.58 (16-15) 0.32 1.44 0.55 (17-16) 0.22 1.28 0.46 (18-17) 0.24 1.20 0.43 (19-18) nd 1.12 0.41 (20-19) 0.23 0.81 0.37 (21-20) nd 0.62 nd

One can note that the CO line spectra of the three sources are remarkably similar, the main difference being a mere multiplicative factor. This is also what we found for the H_2O line spectra of these three sources, which show line ratios between the sources rather independent on the upper level of the transition (Ceccarelli et al. 1999a, see also Ceccarelli et al. in these proceedings). This characteristics implies that the excitation conditions, i.e. gas density and temperature, in the three sources are very similar.

3. DISCUSSION

To interpret the CO emission, we used a LVG model, applied to a slab geometry (see Ceccarelli et al. 1998a). This model considers the first 50 rotational levels (collisional excitation rates from McKee et al. 1982) and a ratio [CO]/[H2] = 10^{−4}. The free parameters of the model are the gas density, temperature and CO column density. Given the relatively large ISO-LWS beam also the source extent enters as a free parameter in modelling the absolute flux of the observed lines. Note that the two last parameters, the CO column density and source extent, are independent only if the lines are optically thick.

We used the ratio of the observed lines with the highest (J=20) and lowest (J=15) energy level to constraint the range of allowed temperatures and densities. As previously mentioned, the J=15 over J=20 line ratio is remarkably similar in the three sources, being 1.3, 1.5 and 1.9 in IRAS2, IRAS6 and IRAS4 respectively (the slight difference is within the calibration error of the fluxes, so it is not considered real). In Fig. 3, we report the J=15 over J=20 line ratio as function of density and temperature: as already known (Ceccarelli et al. 1998a) the FIR lines observed with ISO-LWS alone cannot efficiently constraint the two parameters. In this specific case either

Figure 2. Observed CO lines on the source IRAS6

Figure 3. CO line J=15 / J=20 ratio as function of temperature and density. The range of observed values is marked by the grey lines. The CO column density is 10^{17} cm^{−2} with δv = 10 km s^{−1}.

a rather warm (∼ 1500 K) and dense (∼ 10^5 cm^{−3}) gas or a colder (∼ 300 K) and much denser (≥ 10^8 cm^{−3}) gas are consistent with the data.

This is also shown in Fig. 4, where the CO observed and computed spectra are reported for each source. The less dense case would probably correspond to a shock originated at the interface of the outflow with the surrounding medium (Ceccarelli et al. 1998a), while the extreme denser case may be explained either by a denser shock or in term of thermal emission from the surrounding envelope (Ceccarelli et al. 1999a and 1999b, these proceedings). At this stage of the analysis we cannot distinguish between these different hypothesis. Assuming a CO column density of N[CO] = 10^{18} cm^{−2}, the typical sizes of the emitting regions for the three sources are: IRAS2: 6”x 6”, IRAS4: 3”x 3”, IRAS6: 5”x 5” where we emphasize that, since the lines are predicted to be optically thin, we can only constraint the product of the CO column density and the source extent. Therefore the difference in the CO emission of the three sources has to be attributed either to a different CO column density or to a different angular extent of the emitting region.

Finally, we notice the striking difference between the CO line spectra of our sources when compared to that observed towards HH54B (Liseau et al. 1996). In HH54B the J=15 / J=20 ratio is larger than 10, implying a gas either colder or less dense (see Fig. 3) of that responsible of the CO emission in the three sources of our sample. In the HH54B case CO line emission was attributed to a low velocity, C-type shock. Clearly, if the origin of the observed CO emission in the sources of our sample is also a shock, it has to be a different shock than that seen in HH54B.

4. CONCLUSIONS

We obtained ISO-LWS spectra at low spectral resolution (∼ 250) of three young protostars in the NGC1333 molecular cloud.

The on-source spectra are dominated by high-J CO rotational line emission detected from J = 14 up to J = 21. The three sources have a similar J=15/J=20 ratio (∼ 1.5), implying similar excitation conditions. This ratio is definitely different from that observed

Figure 4. CO line spectrum of IRAS2 (top), IRAS4 (middle) and IRAS6 (bottom) as function of the upper level J.

toward HH54B (Liseau et al. 1996). In that case, the CO emission originates in a low velocity shock.

The observed line fluxes are consistent with either a high density (≥ 10^8 cm^{−3}) and a warm gas (∼ 300 K), or a less dense gas (∼ 10^5 cm^{−3}) and warmer gas (∼ 1500 K).

Since the lines are predicted to be optically thin, we can only estimate the product CO column density multiplied by angular extent of the sources. Then the difference in the absolute fluxes between the three sources has to be attributed either to a different column density or a different extent of the emitting region.

ACKNOWLEDGMENTS

We wish to thank the entire LWS team, whose dedication allowed the observations presented in this contribution.

REFERENCES

Ceccarelli C., Caux E., White G.J. et al. 1998a, A&A 331, 372

Ceccarelli C., Caux E., Wolfire M. et al. 1998b, A&A 331, L17 Ceccarelli C., Caux E., Loinard L. et al. 1999a, A&A in press Clegg P., Ade P.M.S., Armand C. et al. 1996, A&A 315, L38 Lefloch B., Castets A., Cernicharo J., Loinard L.

1998, ApJ 504, L109 Liseau R., Ceccarelli C., Larsson B., et al. 1996, A&A 315, L181 McKee C.F., Storey J., Watson D., Green S. 1982, ApJ 259, 647 Nisini B., Lorenzetti D., Cohen M. et al. 1996, A&A 315, L321

Saraceno P., Ceccarelli C., Clegg P.E. et al. 1996, A&A 315, L293 Swinyard B.M., Clegg P.E., Ade P.A.R. et al. 1996, A&A 315, L43

WATER LINE EMISSION IN LOW-MASS PROTOSTARS

C. Ceccarelli^1, E. Caux^2, L. Loinard^3, A. Castets^1, A.G.G.M Tielens^4, S. Molinari^5, R. Liseau^6, P. Saraceno^7, H.A. Smith^8, & G.J. White^9

1Laboratoire d’Astrophysique de l’Observatoire de Grenoble, B.P.53X, F-38041 Grenoble Cedex, France 2CESR-CNES, 9 Avenue de Colonel Roche, F-31029 Toulouse, France 3Institut de Radio Astronomie Millimetrique, F-38406 St. Martin d’Hères, France 4SRON, P.O. Box 800, 9700 AV, Groningen, The Netherlands 5IPAC, California Institute of Technology, MS 100-22, Pasadena CA 91125, USA 6Stockholm Observatory, S-133 36 - Saltsjobaden, Sweden 7IFSI - CNR, Via G. Galilei, CP27, 00044 Frascati, Italy 8Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge MA 02138, USA 9Queen Mary & Westfield College, Mile End Road, London E1 4NS, UK

ABSTRACT

Using the Long Wavelength Spectrometer on board ISO, we have detected far infrared rotational H_2O emission lines in five low-mass young stellar objects in a survey of seven such sources. The total H_2O fluxes are well correlated with the 1.3 mm continuum fluxes, but – surprisingly – not with the SiO millimeter emission originating in the outflows, suggesting that the water emission arises either in the circumstellar envelopes or in slow and dense shocks in the outflows. In this contribution we analyze in detail the case of NGC1333-IRAS4 and IRAS16293- 2422, in which we measured several H_2O lines, and use their fluxes to put stringent constraints on the physical conditions (temperature, density and column density) of the emitting gas. Simple LVG modelling implies that the emission originates in a very small (∼ 200 AU), dense (≥ 10^7 cm^{−3}) and warm (∼ 100 K) region, with a column density larger than about 10^{16} cm^{−2}. The detected H_2O emission may be well accounted for by thermal emission from a collapsing envelope, and we derive constraints on the accretion rate and central mass of NGC1333-IRAS4. We also discuss an alternative scenario in which the H_2O emission arises in an extremely dense shock very close to the central object, perhaps caused by the interaction of the outflow with the inner regions of the circumstellar envelope.

Key words: molecular lines; star formation; young sources.

1. INTRODUCTION

In the quiescent ISM, most water molecules are believed to be frozen into the icy mantles of the dust grains (e.g. van Dishoeck & Blake 1998). However,

Table 1. Basic parameters of the observed sources

Source D (pc) L (L_⊙) Class Cloud IRAS16293 120 27 0 ρ Oph 16293-SE^1 120 2 0 ρ Oph EL29 120 36 I ρ Oph IRAS2 200 13 I NGC1333 IRAS4 200 9 0 NGC1333 IRAS6 200 9 I NGC1333 SSV13 200 27 I NGC1333

if a phenomenon energetic enough to evaporate or destroy those mantles occurs, water can be released into the gas phase. In addition, at temperature larger than about 250 K, endothermic reactions in the gas phase can efficiently transform the oxygen not locked into CO molecules into H_2O molecules (Graff & Dalgarno 1987). Both effects can lead to high enhancements of the water gas phase abundance, and lead to intense emission in its far infrared rotational lines. Energetic phenomena and heating are known to occur near low-mass protostars: powerful outflows create strong shocks (e.g. Hollenbach & McKee 1989; Kaufman & Neufeld 1996), while in the infalling envelopes, heating due to the central source and/or to compression of the gas, may be sufficient to produce large over-abundances of water (Ceccarelli, Hollenbach & Tielens 1996).

2. OBSERVATIONS AND RESULTS

The sample consists of seven young (Class 0 or I) sources, all of which located in the ρ-Ophiuchus and NGC 1333 cloud complexes (Table 1). While the distance to ρ-Oph is fairly well known (120 pc – Knude & Hog 1998), the distance to NGC 1333 remains a

1 16293-SE is a recently discovered young source (Loinard et al., in prep.).

Proceedings of the Conference “The Universe as seen by ISO”, Paris, France, 20–23 October 1998 (ESA SP-427, March 1999)

matter of debate. The distance commonly used is 350 pc, but Cernis (1993) recently proposed a somewhat lower value of 200 pc. The latter value will be used here, but we emphasise that most of our conclusions would stand essentially unaffected if 350 pc was used instead.

The H_2O spectra were obtained using the Long Wavelength Spectrometer (hereafter LWS) on board the ISO satellite in the LWS01 mode. They cover the spectral range from 45 to 200 μm at a resolution of about 250; the beamwidth is ∼ 80^{′′} (Swinyard et al. 1996). A more detailed description of the observations and data analysis is given in Ceccarelli et al. (1999a). Table 2 lists the observed sources and measured H_2O line fluxes towards each source.

3. DISCUSSION

Ceccarelli et al. (1999a) showed that the measured H_2O flux is not correlated with the SiO flux detected towards each source, while it seems to be correlated with the 1.3mm continuum flux. This situation suggests either that water forms in low (≤ 50 km s^{−1}) velocity shocks (which however do not occur where the high velocity shocks probed by SiO emission are found) or that water does not originate in shocks. Furthermore, either water emission is associated to the thermal emission from the envelopes themselves, or it originates in shocks where the shocked material belongs to the envelopes.

3.1. Physical conditions of the emitting gas

The ratio between the H_2O line fluxes in IRAS16293 and IRAS4 are fairly similar in all the detected lines (Table 2), implying that the physical conditions in both sources (i.e. gas temperature and density) are similar as well. For the other sources, the small number of transitions detected does not significantly constraint the parameter space.

To constraint the physical conditions of the emitting gas, we modelled the H_2O lines using an LVG code. This model takes into account the first 48 rotational levels of ortho H_2O (the collisional excitation rates are from Green et al. 1993), but does not take into account the continuum emission. The spectroscopic data are taken from the JPL catalogue (Pointer & Pickett 1985). LVG predictions depend upon four parameters: the density and the temperature of the gas, the angular extent of the emitting region and the H_2O column density divided by the velocity gradient (which regulates the optical depth of the lines). The line ratios on the other hand depend mainly on the gas temperature and density, and to a smaller extent on the column density when the lines are optically thick. Hence, in the first step, we used the observed line ratios to estimate the temperature, density and H_2O column density of the gas, and later compared the absolute fluxes deduced from the model with the observed fluxes to infer the angular extent of the source.

The models were applied to IRAS16293 and IRAS4, and used the ratios between the 179, 174, 132 and 75 μm lines (which cover the widest range of upper level energies). Comparison between the model pre-

Figure 1. Ratios between the 179 and 174 μm lines (bottom), 174 and 132 μm lines (middle) and 179 and 75 μm lines (top), assuming N( H_2O )=10^{16} cm^{−2} and Δv=10 km s^{−1}. The observed values are shown by the thick lines.

dictions and the observed line ratios (Fig. 1) shows that the emitting gas is dense (n ≥ 10^7 cm^{−3}) and warm (T ∼ 100 K) and that the lines are optically thick. In particular, the lines at 132 μm and 75 μm set stringent constraints on the density. These depend on the actual H_2O column density, as shown in Fig. 2. Comparison of the observations with the predictions of Fig. 2 suggests that the H_2O column density is larger than 3·10^{15} cm^{−2}.

One of the best fit to the IRAS4 data is obtained for n = 2·10^8 cm^{−3}, T = 200 K, and N(H_2O) = 10^{16} cm^{−2} (where we used a linewidth equivalent to Δv=10 km s^{−1}). The ratio between the predictions of this model and the observed values (top of Fig. 3) implies a beam filling factor of about 1/800×^{Δv}_{10km s−1} . The corresponding angular size of the emitting region is therefore ∼ 2-3^{′′}, corresponding to a physical size of a few hundred AU. Slight discrepancies between the model and the observations occur systematically for the shorter wavelength lines, and may be a consequence of the lack of continuum background in our computations.

Finally, we note that the ratio between the 179 and the 174 μm lines is five times greater in HH54B than in all our sources. This indicates that the emitting regions are either much denser or much warmer (or both) in our sources than in HH54B, where the emission was ascribed to a mild shock (Liseau et al. 1996). In conclusion, the analysis of this paragraph and of the previous one lead to a rather clear situation and two possibilities to explain the observed H_2O emission: a) it is emitted in a very dense, warm and compact region, excited by a dense and relatively slow shock close to the central object, maybe caused by the interaction of the outflow with the inner regions of the circumstellar envelope, or b) to the thermal emission of these regions. We will consider in more detail these two possibilities in the next two paragraphs.

Table 2. Water line fluxes (in 10^{−12}erg s^{−1} cm^{−2}) detected towards the sources of the sample. The statistical errors are ∼ 0.2 or less in these units.

Wavelength Transition 16293 iras4 iras2 ssv13 iras6 16293-SE EL 29 (μm) 180.5 2_{21} − 2_{12} 0.92 0.74 ≤0.3 0.4 179.5 2_{12} − 1_{10} 2.94 2.10 0.58 0.5 ≤0.6 ≤0.9 ≤1.5 174.6 3_{03} − 2_{12} 2.55 1.66 ≤0.5 1.14 ≤0.6 ≤0.9 0.92 132.4 4_{23} − 4_{14} 1.33 0.56 0.27 ≤0.3 ≤0.6 108.1 2_{21} − 1_{10} 1.66 0.4 99.5 5_{04} − 4_{14} 1.02 78.7 4_{23} − 3_{12} 0.93 75.4 3_{21} − 2_{12} 2.66 1.56 ≤1 ≤1 67.3 3_{30} − 3_{03} 0.58 138.5 3_{13} − 2_{02} 0.94 0.86 101.0 3_{03} − 2_{20} 1.3 1.15 90.0 3_{22} − 2_{11} 0.47 1.76

Figure 2. Ratios between the 174 and 132 μm lines as function of density for different H_2O column density values.

3.2. The dense shock hypothesis

As noted above, if the H_2O emission has to be attributed to a shock this is a shock totally different to those responsible for the SiO emission, implying a rather low velocity (≤ 50 km s^{−1}). The presence of such a shock very close to the central object and due to the interaction of the outflow with the dense environment is suggested by the strong 22 GHz H_2O maser emission (∼ 10^{−9} L_{bol}) with velocities (≥ 7 km s^{−1}) in excess to the relevant keplerian velocities (e.g. Claussen et al 1996). The best-fit LVG model mentioned in the previous paragraph predicts a 22 GHz luminosity ∼ 4 · 10^{−11} L_⊙, much lower than the mentioned observations. Moreover the masers in the IRAS4 and IRAS16293 differ by orders of magnitudes, whereas the H_2O FIR emission is very similar. This may suggest that the FIR emission is not related to the 22 GHz emission arising from the outflow.

3.3. The infalling envelope model

The second possibility is that the observed H_2O lines originate from a the warm inner region of the envelope. In order to test this hypothesis we used the model of an infalling envelope developed by Cecca-

Figure 3. Ratio between LVG model (top) or “infalling envelope” model (bottom) and observations of IRAS4.

relli, Hollenbach & Tielens (1996), which self consistently computes the chemical composition, thermal balance and emerging far infrared line spectrum within the framework of the “inside-out” collapse (Shu 1977). The H_2O line fluxes observed towards IRAS4 can be well reproduced by this model for a central source mass of ∼ 0.3 M_⊙ and a mass accretion rate of ∼ 3·10^{−5} M_⊙ yr^{−1} (bottom of Fig. 3; see also Ceccarelli et al. 1999b). In this model, the H_2O emission originates ≤ 150 AU from the central source, where the density is ≥ 5·10^7 cm^{−3}, and the temperature high enough to evaporate the icy dust grain mantles. This infall model also predicts that the 22 GHz H_2O line should maser at a distance ∼ 80 AU from the central source, have a luminosity ∼ 3 · 10^{−10} L_⊙, and a velocity close to the systemic velocity. Most of the components towards IRAS4 reported by Claussen et al. (1996) have velocities which differ from that of the source, and are likely to be associated with the outflow. However, one component at about the velocity of the source was detected (bottom of their Fig. 3) with an intensity in good agreement with the predictions of this model.

4. CONCLUSIONS

Water line emission was detected towards 5 of the 7 sources in our sample. In IRAS4 and IRAS16293, the fluxes of about ten lines could be measured; they show that the physical conditions (temperature and density) of the emitting regions are fairly similar in both sources. The H_2O emission flux does not correlate with the SiO emission associated with their outflows, but seems to be related to the 1.3 mm continuum flux of the sources. This suggests that the emission originates in the circumstellar envelopes rather than in the outflows. Simple LVG modelling of the line intensities shows that the H_2O emission originates in a compact (∼ 2^{′′}), dense (n ≥ 10^7 cm^{−3}) and warm (T ∼ 100 K) gas, with H_2O column densities ∼ 10^{17} cm^{−2}. Finally, the water lines observed towards IRAS4 can be successfully modelled within the framework of an infalling envelope (Ceccarelli et al. 1996), if the central source mass is ∼ 0.3 M_⊙ and the mass accretion rate ∼ 3 · 10^{−5} M_⊙ yr^{−1}. However, we cannot exclude that some of the observed H_2O emission originates in a shock very close to the central object, the same responsible for most of the 22 GHz maser emission seen towards our sources.

ACKNOWLEDGMENTS

We wish to thank the entire LWS team, whose dedication allowed the observations presented in this contribution.

REFERENCES

Ceccarelli C., Hollenbach D.J., Tielens A.G.G.M.

1996, ApJ 471, 400 Ceccarelli C., Caux E., Loinard L. et al. 1999a, A&A in press Ceccarelli C., Loinard L., Caux E. et al. 1999b, in “The Physics and Chemistry of the Interstellar Medium” ed. V. Ossenkopf

Claussen M.J., Wilking B.A., Benson P.J. et al. 1996, ApJS 106, 111 Cernis K. 1993, Baltic Astronomy 2, 214

Graff M.M., Dalgarno A. 1987, ApJ 317, 432 Green S., Malauendes S., McLean A.D. 1993, ApJS 85, 181 Hollenbach D.J., McKee C.F. 1989, ApJ 342, 306

Kaufman M.J., Neufeld D.A., 1996, ApJ 456,611 Knude J., Hog E. 1998, A&A 338, 897 Liseau R., Ceccarelli C., Larsson B., et al. 1996, A&A 315, L181

Pointer R.L. & Pickett H.M. 1985, Applied Optics 24, 2235 Shu F.H. 1977, ApJ 214, 488 Swinyard B.M., Clegg P.E., Ade P.A.R. et al. 1996, A&A 315, L43 van Dischoeck E. & Blake, G.A. 1998, ARA&A, 36, 317

THE FAR INFRARED SPECTRUM OF ORION-IRC2

J. Cernicharo^1, S. Pérez-Martínez^1, E. González-Alfonso^{1,4} S.J. Leeks^2, M.J. Sempere^1, T. Lim^3, B. Lefloch^{1,5}, & F. Najarro^1

1 CSIC. Instituto de Estructura de la Materia. Serrano 121. 28006 Madrid. Spain 2 Queen Mary & Westfield College, London, E1 4NS, U.K.

3 ISO Science Operations Centre, Villafranca, P.O. Box 50727, 28080 Madrid. Spain (Now at Rutherford Appleton Laboratory) 4 Univ. de Alcalá de Henares. Dpto Física. E-28871. Alcalá de Henares. Spain 5 LAOG, Observatoire de Grenoble, France

ABSTRACT

We have observed the far-infrared emission of Orion Irc2 with the LWS spectrometer. The observations consist of 30 grating scans covering the full range 43- 197 μm and 480 FP scans giving a total coverage of 100 μm. The spectrum is dominated by the rotational lines of H_2O and CO. Many other species, like NH_3, OH, CO isotopes, H_3O^+ and atomic fine structure lines contribute to the observed features. Rotational transitions of NH, SH, SH_2, NH_3, SO_2, OH^+, CH_2 and other light molecular species together with b-type transitions of slightly asymmetrical molecules like HCO, HNCO, HOCO^+ could contribute to the observed emission. The FP data show essentially the water vapour (H_2O, H^{18}_2 O, H^{17}_2 O), OH, and CO lines.

Key words: Molecular Clouds; Orion; Molecules; Molecular Abundances.

1. INTRODUCTION

The molecular content of warm molecular clouds is a key information for the study of their chemistry and dynamical evolution. The gas cooling depends on the emission of atomic and molecular lines which arise at millimeter, submillimeter and infrared wavelengths. The study of molecular clouds has been carried out in the last two decades through the observation of some molecular rotational lines, mainly CO, and in some cases other tracers like CS, HCO^+, HCN and NH_3. However, radio observations of warm molecular clouds provide a partial picture of their molecular content. Some molecules are observed from the emission of only one rotational line, others from a few, and most of the molecules that probably exist in these clouds are never observed. Some spectral sweeps have been performed in SgrB2 and Orion (Johansson et al. 1984; Sutton et al. 1985, 1991; Cummins, Thaddeus & Linke 1986; Blake et al. 1986; Turner 1989,1991; Greaves & White 1991; Ziurys &

McGonagle 1993; Schielke et al. 1997; Nummelin et al. 1998) but with reduced frequency coverage. Mid and far IR absorption spectroscopy with ISO can provide a full description of the molecular content of the brightest molecular clouds of our Galaxy.

In this contribution we present the far-infrared spectrum of Orion-IRc2 as observed with the LWS spectrometer. The main goal of this frequency sweep is to study the molecular content, the chemistry and the main coolants of the Orion molecular cloud. Molecular abundances could be more easily derived than through radio observations because all the rovibrational lines of a given molecular band are observed. Moreover, all the fundamental transitions (in principle) of light molecules like CH, OH, CH_2, NH_2, H_2O, CH^+, OH^+, H_3O^+, ... could be detected. In addition, detailed mapping of the Orion molecular cloud will provide an important input to determine the physical conditions of the cloud at large spatial scale (see, e.g., the contributions by Sempere et al. and that of water vapour by Cernicharo et al. in these proceedings).

2. THE DATA

We present LWS-grating and LWS-FP data of the Orion molecular cloud. Five full LWS-grating rasters, centred on IRc2 and giving a total of 23 positions, have been obtained. The grating spectrum of the central position was consequently observed five times over two orbits. For each position of each raster, 6 scans between 43 and 197 μm were obtained. The data were reprocessed to remove non-linear effects and saturation problems using special procedures (see Leeks et al. in these proceedings). All the features present in the final averaged grating spectrum of the central position were detected in each individual scan. Although Orion-IRc2 is practically a point-like source for the LWS beam, residual fringes due to the extended Orion molecular cloud have been observed and removed using special data processing algorithms. The resulting spectrum together with

Proceedings of the Conference “The Universe as seen by ISO”, Paris, France, 20–23 October 1998 (ESA SP-427, March 1999)

line identifications and the result of our models is shown in Figure 1. The full map obtained with the grating spectrometer is shown by M.J. Sempere et al. (these proceedings) which also gives details on the CO emission and modelling at large scale in the Orion molecular cloud (more information can also be found in the review by Cernicharo et al. in these proceedings).

A North-South raster with five positions was obtained with the FP in some lines of water vapour and OH. Finally, around 100 lines of water vapour (including many lines from H^{18}_2 O and H^{17}_2 O) were observed with the LWS-FP spectrometer towards Orion-IRc2. Taking into account the extra data provided by the LWS-FP, we have covered a range of about 100 μm with a good signal to noise ratio (typically 12 scans per line). Figure 2 shows the FP scan with zooms to selected lines of OH, CO and water vapour. The grating scan is shown in this Figure in arbitrary units for comparison (green line in the central panel -see Figure 1). Details on the FP mapping of Orion IRc2 are given in Cernicharo et al. (these proceedings).

3. RESULTS

The far infrared spectrum of Orion IRc2 is dominated by the pure rotational transitions of CO and H_2O. However, at long wavelengths the emission of linear molecules like HCO^+, HCN, HNC, CN, CS, begin to be detectable as weak features compared to those of CO and water vapour. Other species, like H_3O^+, NH_3, SH_2 and SO_2 also contribute through the full frequency coverage of our data. The lines from O[III], O[I], C[II], N[II] are also detected. In addition to these features, it is clear that many other species contribute to the observed emission at low level. Among the potentially interesting carriers we have to consider the b-type transitions of slightly asymmetrical molecules like HCO, HNCO, HOCO^+ , ... Many features remain unidentified and we have shown in Figure 1 different potential candidates for these lines. Other species like CH_3OH, HCOOCH_3, (CH_3)_2O could also be present in the far-infrared spectrum of Orion.

The FP data show that the lines are very broad (≃60 kms^{−1}, often showing P-Cygni profiles, mainly at short wavelengths. The lines are formed in, at least, three different regions : the ridge, the plateau and the hot core. The ridge contributes to the extended water emission observed with ISO and with the 30- m radiotelescope by Cernicharo et al. (1994). The plateau is responsible for the broad emission in CO and H_2O. It contributes mainly to the lines above 80-90 μm. The hot core contributes to the lines involving high energy levels. The water abundance in the ridge is 10^{−5} while in the plateau and in the hot core it is around 10^{−4}, i.e., very similar values to those obtained from the 183.3 GHz ground based observations (Cernicharo et al. 1994).

A simple LVG model, which includes CO, H_2O, H^{18}_2 O, and H^{17}_2 O is shown together with the grating spectrum in the Figures below (see Cernicharo et al. in these proceedings for further details). The agreement is reasonably good taken into account the large number of assumptions made in these calculations.

The far-infrared spectrum of Orion-IRc2 is particularly rich and many molecular species contribute to the observed emission. However, due to the poor spectral resolution of the grating spectrum and to the limited sensitivity of the FP scans we can not identify these species. Future satellite platforms, like FIRST, will provide a high spectral resolution and sensitivity and will give a unique view of the molecular content of the brightest molecular clouds in our galaxy.

ACKNOWLEDGMENTS

J. Cernicharo, E. González-Alfonso, B. Lefloch, S. Pérez-Martínez and F. Najarro thank the Spanish Direccion General de la Enseñanza Superior for support through ACP96-0168, ESP96-2529-E, PB96- 0083 and ESP98-1351.

REFERENCES

Blake G.A., Masson C.R., Phillips T.G. Sutton E.C.

1986, ApJS, 60, 1 Cernicharo J. et al. 1994, ApJ, 432, L59 Cummins S.E., Thaddeus P., Linke R.A. 1986, ApJS, 60, 819 Greaves J.S., & White G.J. 1991, A&AS., 91, 237 Johansson L.E.B., Andersson C., Ellder J., Friberg P., Hjalmarson A., Hoglund B., Irvine W.M., Olofsson H., Rydbeck G. 1984, A&A, 130, 227

Nummelin A., Bergman P., Hjalmarson A., Friberg P., Irvine W.M., Millar T.J., Ohishi M., Saito S. 1998, ApJS, 117, 427 Schielke P., Groesbeck T.D., Blake G.A., Phillips T.G. 1997, ApJS, 108, 301

Sutton E.C., Blake G.A., Masson C.R., Phillips T.G.

1985, ApJS, 58, 341 Sutton E.C., Jaminet P.A., Danchi W.C., Blake G.A.

1991, ApJS, 77, 255 Turner B.E. 1989, ApJS, 70, 539 Turner B.E. 1991, ApJS, 76, 617 Ziurys L.M., & McGonagle D. 1993, ApJS, 89, 155

Figure 1. The grating spectrum of Orion-IRC2 observed with the LWS spectrometer between 44-197 μm (top panel). The CO and H_2O lines (those arising from levels below 2000 K and with line strength larger than 0.1) are indicated by arrows. The model includes the main and rare isotopes of CO and water vapour. The middle and bottom panels show select ranges of the grating spectrum with line identifications -see text.

Figure 2. The central panel shows the FP data together with the grating spectrum of Figure 1. The panels at top and bottom show selected ranges of the FP data. All strong lines in the FP are due to CO and water vapour. Some weak lines from NH_3, H_3O^+, and other species (see text) have been also detected.

WIDESPREAD FAR-INFRARED ABSORPTION OF CH, OH AND H_2O IN SGR B2

J. Cernicharo^1, M.A. Orlandi^1, E. González-Alfonso^{1,2}, & S.J. Leeks^3

1 CSIC. Instituto de Estructura de la Materia. Serrano 121. 28006 Madrid. Spain 2 Univ. de Alcalá de Henares. Dpto Física. E-28871. Alcalá de Henares. Spain 3 Queen Mary & Westfield College, London, E1 4NS, U.K.

ABSTRACT

We present LWS-grating and LWS-FP data of the SgrB2 molecular cloud. Two full LWS-grating rasters, centred on SgrB2 and giving a total of 19 positions, have been obtained. In addition, a 7x7 position raster, with an angular separation of 90 arcsec, has been performed with the LWS-FP in the 179.5 μm line of H_2O and the 119.5 μm line of OH. Taking into account the H_2O map analysed by Cernicharo et al. (1997), the present data indicates that water vapour is abundant in the direction of SgrB2 in a region as large as half a degree (i.e., about 80 parsecs in size). In all observed positions there is a line in absorption at 181 μm that we believe to be the 2_{12}-1_{01} of H^{18}_2 O at 181.053 μm. The water abundance derived from these data is ≃10^{−5}. The FP map around SgrB2 indicates that the line profile changes from point to point suggesting important variations in the excitation conditions. The OH lines absorb completely the continuum emission in all observed positions. CH has been detected in all the positions observed with the grating. In addition, in the central position we have performed a search of several rotational lines of this molecule with the FP. Only the fundamental line was detected suggesting that CH is only abundant in the external parts of the cloud where collisions are not important enough to populate the high-J levels of CH. The averaged CH column density in our map is very similar to that found by Stacey et al. (1987) with the KAO in the direction of SgrB2. Several ro-vibrational lines of triatomic carbon, C_3, have been also detected towards the central position of the cloud.

Key words: Molecular Clouds; Sgr B2; Molecules; Molecular Abundances.

1. INTRODUCTION

The spectrometers on board of ISO can provide a full spectrum of the near, middle and far infrared emission of bright molecular clouds. Unfortunately, the spectral resolution is limited and will produce strong line dilution in most sources. However, towards prominent clouds, like SgrB2 (or very bright sources like Orion-IRc2 or other shocked regions), the linewidth can reach more than 100 kms^{−1} which will allow to detect the most abundant molecular species. In a previous paper (Cernicharo et al. 1997) we have shown that the fundamental line of water vapour at 179.5 μm was detected in all observed positions. A detailed modelling of the data allow us to estimate the water abundance at large scale to be ≃ 10^{−5}. In this contribution we present additional data and we analyze the main spectral features found in the LWS grating spectra of SgrB2.

2. RESULTS

The grating ISO/LWS spectrum towards the central position of Sgr B2 shows a strong absorption at 179.5 μm corresponding to the water vapour 2_{12}-1_{01} transition (see Cernicharo et al. 1997). The grating spectra in different positions of the cloud are shown in Fig. 1 (see also Fig. 1 of the review by Cernicharo et al. in these proceedings). The most striking result from the raster map is the presence of the water vapour 179.5 μm line in absorption in all directions (at least up to ±830 arcsec, i.e., over 80 pc; see Figure 1). At the spectral resolution of the grating (i.e., ≃ 1000 km s^{−1}), the absorption remains strong and roughly constant through the map. The absorption depth of ≃15%, is consistent with saturated water vapour lines with a line width of ≃150 kms^{−1}. Other H_2O transitions are detected in absorption: the 3_{03}- 2_{12} H_2O line at 174.5 μm is also present in all the raster positions with an absorption depth of 1%. The absorption at 180.5 μm (also detected in all positions) could be a blend of the 2_{21}- 2_{12} H_2O transition at 180.488 μm, the CH line at 180.478 μm and the 2_{12}- 1_{01} H_2^{18}O line at 181.05 μm. Sensitive observations with the FP of the lines of CH towards the central position of SgrB2, show that only the fundamental transitions of this species, around 149.5 μm, are detected (see Figure 2). Therefore, the grating feature at 181 μm is not contaminated by CH and probably arises from H_2^{18}O. However, we note that the inversion transition of H_3O^+ is exactly at the same frequency than the H_2^{18}O line, and some contamination can not be excluded. Nevertheless, a preliminary analysis of other H_3O^+ lines seems to indicate that an important fraction of the absorption is due to H_2^{18}O.

Proceedings of the Conference “The Universe as seen by ISO”, Paris, France, 20–23 October 1998 (ESA SP-427, March 1999)

Figure 1. LWS raster of the SgrB2 molecular cloud between 45 and 95 μm. Offsets, in arcseconds, are indicated in each box (in declination for the vertical strip and in right ascension for the horizontal one). Line identifications are given in the zoom to the central position in the top-right panel. The adjacent panels show the spectra observed at selected positions -indicated by arrows.

The main result from the present observations is that the far- infrared lines of water vapour are seen in absorption toward SgrB2, instead of in emission as it is the case for Orion (Cernicharo et al. 1997). This suggests that in SgrB2, where the continuum emission in the far-infrared is optically thick, the H_2O lines arise in a region where the excitation temperatures are smaller than the dust temperature (≃30 K). The problem of H_2O line excitation is not simple because, apart from self-absorption and the possibility of collisional excitation, the excitation temperatures will also be affected by the continuum emission of the dust. The role of dust is essential in the excitation of molecules such as H_2O which have transitions at far- and near-infrared wavelengths, and must be taken into account in any realistic radiative transfer model. For a very thick cloud such as SgrB2, these conditions mean that the external layers of the cloud absorb not only the dust emission but also the water line emission from the inner regions. The lines could be in emission if the geometry of the cloud was such that the continuum sources were placed in front of the molecular cloud instead of behind it. This is the case for the Orion cloud (see the review by Cernicharo et al. in these proceedings). Finally, note that the C[II] line is very strong in all observed positions but it decrease is intensity when approaching the center where it appears in absorption.

Figure 2. CH lines in SgrB2. The lines connecting the ground level with the first excited rotational level are detected in absorption (top panels - see also Stacey et al. 1987). The lines from the first excited rotational level are undetected within the S/N of the data.

In addition to the H_2O lines, the LWS grating spectra show the OH and CH lines across the cloud. The lines of OH arising from the J=3/2^2Π_{3/2} level and connecting with the J=5/2^2Π_{3/2} and J=1/2 and J=3/2 of the^2Π_{1/2} level at 54, 80 and 119 μm are observed at many positions. Like for the water vapour lines, the strength of the OH features indicate that the lines are saturated. However, the relative intensity of the different features indicate that important radiative effects are affecting the population of the OH levels. FP observations of the 119.4 μm of OH (see Figure 3) clearly show that the line absorbs completely the continuum emission and covers a velocity range similar to that of H_2O. The^{18}OH isotope has also been detected towards the central direction given an OH abundance of a 1-10 10^{−6}.

CH absorption is also detected at several positions. The CH line profile obtained with the FP (see Figure 2) is very similar to that observed with the KAO by Stacey et al. (1987). The absorption reaches about 20 % of the continuum. The column densities of CH in the J=1/2 level varies between 1-5 10^{15} cm^{−2} across the cloud. The lack of absorption from other lines of CH rather than those connecting with the ground level (see FP data above) suggests that the molecule is only abundant in the external layers of the cloud where collisional excitation is unimportant.

3. TRIATOMIC CARBON IN THE INTERSTELLAR MEDIUM

Among the carbon chain radicals, triatomic carbon has played an important role in astrophysics since its detection in cometary tails in the last century and its posterior identification in the laboratory by Douglas in 1951. The ν_2 bending mode at 62 cm^{−1} (90 K) is the only way to detect this molecule in the ISM because the flux of molecular clouds at the frequency of the stretching mode of C_3 is too low to allow systematic searches of C_3 or other polyatomic species. Only light species could have rotational transitions in the far-IR domain. The pure rotational transitions of the heaviest species involve high quantum numbers and, hence, very high energies. Polyatomic species, like C_3, C_4, C_5, C_4H_2, C_6H_2, ... have, however, vibrational bending modes at very low energy. The Q bands of these modes will contain absorption or emission from many lines and could contribute to the FIR spectrum of bright IR sources. Cernicharo et al. (1996) have reported a tentative detection of the bending mode of C_3 in IRC+10216 with the LWS grating spectrometer. Recently, Cernicharo and coworkers have detected two lines of C_3, R(2) and R(4), with the LWS/FP spectrometer in the same source and show that these lines arise from the external layers of the circumstellar envelope. In Fig. 4 we show the detection of four lines of C_3 in SgrB2 (see Cernicharo, González-Alfonso & Lefloch 1997). All the lines, except the R(2) are narrow and appear at the velocity of SgrB2. The R(2) line shows a broad absorption profile, like the 179.5 μm line of H_2O -see Cernicharo et al. 1997). Preliminary calculations indicate x(C_3)≃10^{−9}.

ACKNOWLEDGMENTS

J. Cernicharo, E. González-Alfonso, and M.A. Orlandi thank the Spanish Direccion General de la Enseñanza Superior for support through ACP96- 0168, ESP96-2529-E, PB96-0083 and ESP98-1351.

REFERENCES

Cernicharo J., Barlow M., González-Alfonso E., et al.

1996, A&A, 315, L201 Cernicharo J., Lim T., Caux E., et al. 1997, A&A, 323, L25

Cernicharo J., González-Alfonso E., Lefloch B., 1997, in First ISO Workshop on analytical spectroscopy, ESA SP-419, 23.

Douglas A.E. 1951, ApJ, 114, 446 Stacey et al. 1987, ApJ, 313, 859

Figure 3. OH line at 119.442 μm observed with the LWS/FP in a declination raster. Note that the line absorbs completely the continuum. Other lines of OH are detected also in absorption in the grating spectra.

Figure 4. Triatomic carbon (C_3) lines, detected in SgrB2. The R(2) line exhibits a broad absorption produced in the clouds lying the line of sight of SgrB2. Calibration of the data is preliminary.

ISOGAL OBSERVATIONS OF MOLECULAR CLOUDS: THE S152/S153 COMPLEX

E. Copet^{1,2} & A. Zavagno^3

1 DESPA - Observatoire de Paris, France 2 Institut d’Astrophysique de Paris, France 3 Observatoire de Marseille, France

ABSTRACT

ISOGAL (see Omont et al. these proceedings) is a detailed mid-infrared imaging survey of the inner Galaxy which combines ISOCAM observations at 7 and 15 μm with I, J and K_s DENIS data. The main goal of the project is to trace galactic structure and stellar populations, but several observations of HII regions of the bulge have been done.

We present here briefly the results of these observations on the S152/S153 complex.

Key words: HII region; S152/S153; UIB; ISOGAL.

1. INTRODUCTION

The S152/S153 complex is composed of two Sharpless HII regions associated with a CO cloud in the Perseus arm. The size of the S152 molecular cloud is about 1.5 pc for an adopted distance of 3.5 kpc (Cox et al. 1987).

Several observations have been done on this region (Heydary-Malayeri & Testor 1981; Tatematsu et al. 1985; Zinchenko et al. 1994). The exciting star has an O9V spectral type corresponding to Lyman continuum photon rate of N_{Lyc}=2.0910^{46} s^{−1}. According to the UBV photometry, the star has a visual magnitude of V=12.4 and a color excess E(B-V)=1.26, i.e. a visual extinction A_V =2.5 mag. (Crampton et al. 1978). The column density of the associated molecular cloud (estimated from CO data) is greater than 15 visual magnitudes, implying that most of the molecular material lies behind the exciting star.

2. OBSERVATIONS AND RESULTS

2.1. Observations

ISOGAL observations of this region have been done using the ISOCAM filters LW6 (7.7 μm) and LW9 (15.0 μm). The pixel field of view is 6×6 arcsec. The

Figure 1. The central part of the S152 complex in the LW6 band (image) with the Hα emission (image courtesy of S. Darbon) shown as contours. The star responsible for the ionization is indicated by a cross.

raster size which is 19.3^′ × 19.3^′ contains both the S152 and S153 complexes. In addition, A. Zavagno has observed the central part of S152 using the ISO- CAM CVF with broad band filters in the 3-12 μm range and pixels of 3 arcsec. We present here the result obtained with the narrow band filters. The image processing was done using CIA (CAM Interactive Package). The inversion method was used, but some transients effects are still present on the images.

Proceedings of the Conference “The Universe as seen by ISO”, Paris, France, 20–23 October 1998 (ESA SP-427, March 1999)

2.2. Morphology of the 7.7 μm emission

The S152 nebula is composed of two components in Hα: to the south, the bright and compact component A, and to the north, the component B, which is more elongated and contains two sub-regions (Heydari- Malayeri et al. 1981). These components are clearly visible on the contours plotted on Figure 1 which presents the 7.7 μm image of the S152 HII region and the Hα emission from an image taken by S. Darbon at Observatoire de Haute Provence (OHP). On this image, we see to the south, a bright arc-shaped nebulosity that surrounds the ionizing star (cross) and, to the north, component A which emission follows the edge of component B. We detect also south of the optical nebula, a bright compact region. Since the projected size between the ionizing star and the peak of emission in LW6 filter is 0.3 pc, the 7.7 μm emission can not be considered as only thermal emission. If the component A is composed of gas, this spatial distribution indicates that the carriers of the 7.7 μm band are located outside the gaseous region, at the periphery of the neutral material.

Figure 2. LW6/LW9 ratio map of S152 compared to the Hα emission (contours). North is up, East is left

2.3. The 7.7 μm emission

If we assume that most of the emission in the LW6 filter is due to the carriers of the 7.7 μm band, i.e. the Unidentified IR Band (UIB) plus continuum and that the LW9 filter is pure continuum, then the LW6/LW9 ratio should trace the 7.7 μm band emission alone. Figure 2 shows the LW6/LW9 ratio map of the core of S152.

Clearly, we detect “a hole” of 0.3 pc diameter size in the spatial distribution of the LW6/LW9 ratio, which is centered on the ionizing star and encompasses the ionized region. The ratio is lower than 0.5 in the central part and larger than 2.0 at the edge of the hole. In fact the ratio LW6/LW9 follows the contours of the Hα emission. Several hypothesis could lead to this result:

A lack (or destruction ?) of dust responsible for the 7.7 μm emission towards the photodissociation region; and/or the presence of a strong thermal continuum emission in this area, as observed in SWS spectra of compact HII regions by Roelfsema et al. (1996); the 7.7 μm carriers are mainly in the molecular cloud and are excited by the radiation field on the outer surface of the HII region.

Note, that the previous observed bright source in the LW6 image exhibits high LW6/LW9 ratio.

2.4. The S152/S153 complex

Figure 3 presents both S152 and S153 nebulae in Hα emission, together with the LW6/LW9 ratio and the low resolution CS line intensity map from Zinchenko et al. (1994). The CS line is known to be a tracer of dense molecular material.

The highest ratio value (peak > 4.0) is observed along a bar located between the two regions (Figure 3). Since this bar corresponds to the peak of emission in the CS map, the bar could also correspond to an abundance maximum of the 7.7 μm UIB carriers. But since the maximum of the neutral material coincides with the peak of the LW6/LW9 ratio, we cannot disentangle if the bar is due the general increase of the column density of the molecular cloud, or if it is a local over-abundance of UIB carriers.

The compact region, not detected in the visible image, is well seen to the south of the bar but its nature remains unclear. Indeed its spectral energy distribution does not appear typical for IR embedded sources which normally are rising with wavelengths between 7 and 15 μm.

3. DISCUSSION

Clearly, the UIB carriers are located around the photon-dissociation region surrounding the HII region and at the edge of the molecular cloud. In the HII region and close to the ionizing star the 7.7 μm carriers disappear. The bar seen in the LW6/LW9 ratio, located between S152 and S153 could be due to a compression of the molecular material by the sources responsible for the two HII regions.

REFERENCES

Crampton, D., & Georgelin, Y.M. 1978, A&A, 66, 1 Cox, P., Deharveng, L., & Caplan, J. 1987, A&A, 171, 277 Heydary-Malayeri, M., & Testor, G. 1981, A&A, 96, 219 Roelfsema, P. et al. 1996, A&A, 315, 289 Tatematsu, K., Nakano, M., Yoshida, S., Wiramihardja, S., & Kogure T. 1985, PASJ, 37, 345 Zinchenko, L., Forsstrom, V., Lapinov, A., & Mattila, K. 1994, A&A, 288, 601

Figure 3. Hα image of both S152 (north-west) and S153 (south-east) HII regions. (north is up and east left) The contours of the LW6/LW9 ratio (black solid lines, contour values: 0.3, 1.5, 2.7, 3.9) and CS line intensity map (white solid lines) are superimposed. Note the presence of a bar (also peak of the dust column density) at the interface between the two regions.

Figure 4. Variation of the LW6/LW9 ratio along a cut passing through the exciting star (left, south-east point to right, north-west point seen as a black line on the image.)

662

THE M17 INTERFACE OBSERVED BY ISOCAM:

PAH AND OTHER NANO-PARTICLES

E. Crété^1, M. Giard^1, C. Joblin^1, A. Léger^2, D. Rouan^3, & I. Vauglin^3

1Centre d’Étude Spatiale des Rayonnements, Toulouse, France.

2Institut d’Astrophysique Spatiale, France.

3Observatoire de Lyon, France.

ABSTRACT

We present high angular resolution ISOCAM observations (1.5 arcsec per pixel) of the M17 HII region/molecular cloud interface from 4.5 to 10 μm. These allowed us to map the 6.2 and 7.7 μm carbonaceous dust features together with the adjacent continuum. Compared with ground-based data at 3.3 μm and 11.3 μm, these data are analyzed in the frame of the PAH model. In addition to the classical PAH component which is located at the HII/molecular interface and is responsible for the classical emission features, our data show the presence of an additional component of nanometric particles emitting in the 8 to 10 μm range in the direction of the HII region.

Key words: UIB; M17 SW.

1. INTRODUCTION

M17 SW is a region of massive star formation. The HII region, powered by these young objects, erodes the South-West parent molecular cloud at an interface seen almost edge-on (Gatley et al. 1979). Due to this particular geometry, its relatively close distance of 2.2 kpc (Chini et al. 1980), and its bright infrared luminosity, it is one of the few regions which can inform us about the star formation mechanism. Thus, it has been then extensively studied. The dust, which couples the radiation field of the young stars with the gas is studied in its infrared emission. The nature and temperature of this dust have been a matter of debate. From the 10 μm continuum analysis Andriesse (1978) showed that this emission originates from very small particles, 10Å sized, out of thermal equilibrium, heated by single UV photons (Andriesse 1978; Sellgren 1984).

On the other hand, the Unidentified Infrared Bands (UIBs), attributed to various carbonaceous materials: PAH molecules (Léger & Puget 1984), PAH ions (Allamandola et al. 1985), or carbonaceous grains (Sakata et al. 1987; Duley & Williams 1988; Papoular 1988), have been shown to be ubiquitous in the interstellar medium. Near-infrared spectroscopy (Russel et al. 1977; Verstraete et al. 1996) and imaging (Giard et al. 1992; Giard et al. 1994; Cesarsky et al. 1996) of this region have revealed the presence of the UIBs there.

A good match of the UIBs is obtained with the absorption spectrum of coals (Guillois et al. 1996) with mild level of graphitization, but the grains must reach a high equilibrium temperature to emit, which raises the question of the heating mechanism. This is not the case for PAH molecules which emit out of thermal equilibrium and could account for the observed spectra in various conditions of excitation. Large PAHs (with ∼ 100 C atoms) seem to be the best candidates, but their laboratory spectrum has not yet been measured, and the spectral agreement with the observations still has to be proven.

Giard et al. (1992) have shown that, in M17 SW, the 3.3 μm feature emission was not correlated to the 3.2 μm and 10 μm continuum emission, concluding that the carriers of the UIBs were not responsible for the 10 μm continuum emission. The aim of this work is to map the 6.2 and 7.7 μm continuum and feature emissions in order to get new insights into the properties of their carriers.

2. OBSERVATIONS

The maps are presented in Figure 1. They have been taken with ISOCAM, in CAM 01 raster mode, and have a field of view of 2 × 2 arcmin^2. The angular resolution is the diffraction limit: 2.2 arcsec (4.5 μm) to 4.8 arcsec (9.6 μm) and the pixel size is 1.5 arcsec. Three spectra (Figure 2) of the region have been taken with the Phot-S instrument (field of view given by the squares in Figure 1b), and are used to calibrate the ISOCAM data. Additional maps of the features and adjacent continua at 3.3 μm (Giard et al. 1994) and 11.3 μm have been obtained with ground-based instruments at the CFH Telescope: the CIRCUS and C10μ (Observatoire of Lyon) cameras, respectively.

An interesting result is the different spatial extension of the 9.6 and 6.2 μm emission (Figure 3), the former following the HII region, the latter the molecular one.

Proceedings of the Conference “The Universe as seen by ISO”, Paris, France, 20–23 October 1998 (ESA SP-427, March 1999)

Figure 1. CAM data between 4.5 and 10.5 μm in different filters. Reference position is the star SAO 161 357 α(2000) = 18^h20^{mn}27.6^s, δ(2000) = −16^o 12 arcmin 01 arcsec. The bright source at offsets of Δα = −40.5 arcsec, and Δδ = 26 arcsec is the Ultra Compact HII region UC1 (Felli et al. 1984), near the interface between the HII region (at the north-east), and the molecular cloud (at the south-west), especially seen in the 6.2 μm emission. First contour and contour step are 1/10 of the maximum. The squares in b) are the positions of the Phot-S field of view (Figure 2).

3. FEATURE EXTRACTION

As suggested by the three spectra (Figure 2), the continuum has been modelled as being linear between 5.5 and 7.7 μm and between 7.7 and 10 μm (3 parameters). The UIBs have been modelled with gaussians centered at 6.2, 7.7 and 8.6 μm. The 6.2 and 7.7 μm feature peak intensities have been left as two free parameters. The 8.6 μm intensity has been taken to be proportional to the 8.6 μm continuum intensity as in the three Phot-S spectra (Figure 2). The combined five parameter synthetic spectrum is used to fit the ISOCAM data for each pixel of the map, and then to derive the feature peak intensity of the 6.2 and 7.7 μm bands. They are compared with ground-based observations of the 3.3 μm band (Giard et al. 1994) and of the 11.3 μm band in Fig. 4 and 5, respectively.

Figure 2. Phot-S spectra of the three regions delimited with squares in Figure 1b. The characteristics of the CAM filters which have been used in this study are also shown (LW large filter bandwidths and CVF positions).

Figure 3. Total intensity in the LW7 (9.6 μm, red) and LW4 (6.2 μm, green) filters. The 6.2 μm emission traces the edge of the molecular cloud (C^{18}O J=2→1 contours from Stutzki & Güsten (1990), units are K km s^{−1}), while the 9.6 μm emission is particularly intense in the HII region.

4. TWO COMPONENT MODEL (PAH AND NANOPARTICLES)

Comparison between the 3.3, 6.2, 7.7 and 11.3 μm feature emissions (Figures 4 and 5) shows a very good spatial correlation between the bands. On the other hand, the 9.6 μm continuum emission does not correlate with the UIBs, but with the HII region (Figure 3). Figure 6 a) shows that the spectral data cannot be explained by involving only one population of grain (graphite grains in the model of Désert et al. 1990). The fit of our data, together with the 50 and 100 μm data of Meixner et al. (1992) (Figure 6) shows that these observations are compatible with a model including, in addition to the classical big grain

Figure 4. The 6.2 μm (greyscale) and 3.3 μm (contours, Giard et al. 1994) feature peak intensity emission measured by ISOCAM and the CIRCUS camera respectively. First contour is 100 MJy/sr and steps are 100 MJy/sr. No data are available at 3.3 μm in the north and east parts of the region.

component at thermal equilibrium, two populations of grains out of thermal equilibrium (Désert et al. 1990), which are supposed to be PAH and nano-sized particles. PAH are present in the whole region, but depleted by a factor ∼ 6 and with a larger size in the HII region compared to the molecular region. The nanoparticles represent 5 per cent of the dust mass in the HII region and less in the molecular region.

Figure 5. The 7.7 μm (greyscale) and 11.3 μm (contours) feature peak intensity emission measured by ISOCAM and by the C10μ camera at the CHFT respectively. The C10μ pixel size is 0.31 arcsec but the map has been smoothed to 1 arcsec. First contour of the 11.3 μm map is 1500 MJy/sr and steps are 1000 MJy/sr. No data are available at 11.3 μm in the north and east parts of the region.

Figure 6. Fit of the observations with different grain components using the model of Désert et al. (1990). X is the integrated Interstellar Radiation Field (Giard et al. 1994). The points at 50 and 100 μm are from Meixner et al. (1992), and the measurements from 6 to 11 μm are from this work. a) best fit with graphite grains: the column density is enhanced by a factor 10 to fit the data. b) & c) Fit implying big grains, very small grains and PAH. The solid line represents the resultant synthetic spectrum. b) HII region: the nanoparticle emission dominates between 8 and 12 μm. The PAH and the nanoparticles are found to contain 0.001 and 0.005 of the total dust mass respectively. c) Molecular region: the PAH and big grain emissions are dominant. The PAH contain 0.006 of the total dust mass, the nanoparticles 0.04. In b) and c) the big grain mass abundance (relative to hydrogen) is 4.2 ± 0.2 10^{−2}.

ACKNOWLEDGEMENTS The ISOCAM data presented in this paper was analysed using ‘CIA’, a joint development by the ESA Astrophysics Division and the ISOCAM Consortium. The ISOCAM Consortium is led by the ISOCAM PI, C. Cesarsky, Direction des Sciences de la Matière, C.E.A., France.

REFERENCES

Allamandola L. J., Tielens A. G. G. M., Barker J. R.

1985, ApJ 290, L25.

Andriesse C. D., 1978, A&A 66, 169.

Cesarsky D., Lequeux J., Abergel A., Perault M., Palazzi E., Madden S., Tran D. 1996, A&A 315, L305.

Chini R., Elsässer H., Neckel Th. 1980, A&A 91, 186. Désert F–X., Boulanger F., Puget J-L. 1990, A&A 237, 215.

Duley W. W., Williams D. A. 1988, MNRAS 231, 969.

Felli M., Churwell E., Massi M. 1984, A&A 136, 53. Gatley I., Becklin E. E., Sellgren K. & Werner M. W.

1979, ApJ 233, 575.

Giard M., Bernard J–P., Dennefeld M. 1992, A&A 264, 610.

Giard M., Bernard J–P., Lacombe F., Normand P., Rouan D. 1994, A&A 291, 239.

Guillois O., Nenner I., Papoular R., Reynaud C.

1996, ApJ 464, 810.

Léger A., Puget J-L. 1984, A&A 137, L5. Meixner M., Haas M. R., Tielens A. G. G. M., Erickson E. F., Werner M. 1992, ApJ 390, 499.

Papoular R. 1988, A&A 204, 138.

Russel R. W., Soifer B. T., Merrill K. M. 1977, ApJ 213, 66.

Sakata A., Wada S., Onaka T., Tokunaga A. T. 1987, ApJ 320, L63.

Sellgren K. 1984, ApJ 277, 623.

Stutzki J. & Güsten R. 1990, ApJ 356, 513. Verstraete L., Puget J–L., Falgarone E., Drapatz S., Wright C. M., Timmerman R. 1996, A&A 315, L337.

SPATIAL DISTRIBUTION OF UNIDENTIFIED INFRARED BANDS AND EXTENDED RED EMISSION IN THE COMPACT GALACTIC HII REGION SH 152

S. Darbon^1, A. Zavagno^2, C. Savine^1, V. Ducci^2, J.-M. Perrin^1, & J.-P. Sivan^1

1Observatoire de Haute Provence du CNRS, 04870 Saint-Michel l’Observatoire, France.

2Observatoire de Marseille, 2 Place Le Verrier, 13248 Marseille Cedex 4, France.

ABSTRACT

We present visible and near IR images of the compact H ii region Sh 152. Some of these images reveal the presence of Extended Red Emission (ERE) around 698 nm and emission from Unidentified Infrared Bands (UIBs) at 3.3 and 6.2 μm. Other images show the near infrared (7-12 μm) continuous emission of the nebula. The ERE emission is found to coincide with the ionized region and significantly differ from the UIBs location. Also some evidence is found in favor of grains as carriers for ERE.

Key words: H ii regions, ERE, UIBs

1. INTRODUCTION

Extended red emission (ERE) is a continuous emission band observed in the red part (600–800 nm) of the spectrum of various astrophysical objects like reflection nebulae (Schmidt, Cohen & Margon 1980, Witt & Boroson 1990), planetary nebulae (Furton & Witt 1992), H ii regions (Sivan & Perrin 1993, Darbon, Perrin & Sivan 1998), high-latitude galactic cirrus clouds (Szomoru & Guhathakurta 1998), the halo of the galaxy M82 (Perrin, Darbon & Sivan 1995) and also in the diffuse galactic interstellar medium (Gordon, Witt & Friedmann 1998). This emission can be attributed either to Hydrogenated Amorphous Carbon (HAC) grains (Watanabe, Hasegawa & Kurata 1982, Furton & Witt 1993) or silicon grains (Witt, Gordon & Furton 1998, Ledoux et al. 1998). A series of emission bands in the 3–16 μm range, the so-called UIBs, is also observed in dusty environments and commonly attributed to Polycyclic Aromatic Molecules (PAH)(Puget & Léger 1989, Allamandola, Tielens & Barker 1989) and/or carbonaceous materials (Papoular et al. 1989). In particular, the existence (or absence) of a spatial correlation between UIBs and ERE might be useful to put constrains on the nature of the carriers. Compact H ii regions are bright and dusty objects well suited for this kind of study.

This is the reason why we have carried out an observational program for imaging compact H ii regions at visible and infrared wavelengths in order to detect and to map respectively ERE and UIBs. This paper reports on the results obtained for Sh 152.

2. OBSERVATIONS AND DATA REDUCTION

Infrared images of Sh 152 were obtained with ISOCAM in june 1997, during ISO revolution 563. These include UIBs images at 3.3 and 6.2 μm and four continuum images taken with the ISOCAM circular variable filter (CVF) at 6.911, 8.222, 10.52 and 12.00 μm. These observations and data reduction are described in Zavagno & Ducci (these proceedings). In particular, the 3.3 and 6.2 μm images presented in this paper were corrected for the adjacent continuum emission.

Visible images in the 500–850 nm range were obtained, in october 1997, with a 1024 × 1024 thinned back-illuminated Tektronix CCD camera mounted at the Newton focus of the 120 cm telescope of the Observatoire de Haute Provence. Four interference filters with a FWHM ≃10 nm centered on 528.2, 612.0, 697.5 and 812.5 nm were used. These filters were chosen to isolate the continuum emission of Sh 152 and to avoid nebular and night sky emission lines. For each continuum filter, twenty-five 15 min exposure time frames were obtained and co-added, yielding a resulting image of six hours exposure time. Standard data reduction was performed using ESO- MIDAS software. It includes : dark current subtraction, flat fielding, airmass and interstellar extinction corrections, deconvolution by point spread function. According to spectroscopic observations of ERE in H ii regions (Sivan & Perrin 1993), the emission excess in the 697.5 and/or 812.5 nm filters should be attributed to ERE. Actually the best contrasted results were obtained by making the difference between the 697.5 and 612.0 nm images. The resulting image was considered as giving the spatial distribution of ERE over Sh 152.

Proceedings of the Conference “The Universe as seen by ISO”, Paris, France, 20–23 October 1998 (ESA SP-427, March 1999)

Figure 1. 6.2 μm (colors), 3.3 μm emission bands (dashed contours) and Hα emission (solid contours) in Sh 152

Figure 2. ERE distribution (colors), 6.2 μm emission band (dashed contours) and Hα emission (solid contours) in Sh 152

3. RESULTS AND DISCUSSION

The 3.3 μm, 6.2 μm and Hα images of Sh 152 are displayed in Figure 1. It can be seen that the 3.3 and 6.2 μm emission bands have the same spatial distribution over the entire nebula. This suggests their carriers could be the same. Also, it appears from Figure 1 that the infrared emissions arise from regions located outside the ionized regions (traced by Hα emission).

Figure 2 presents the spatial distribution of ERE superimposed on the 6.2 μm band image and the Hα

Figure 3. ERE distribution (colors) in Sh 152 and 12 μm continuum image (solid contours)

Figure 4. Continuum emission in Sh 152 observed with the ISOCAM CVF at 6.911, 8.222, 10.52 and 12.00 μm

image. ERE is found to coincide with the Hα emission but significantly differs from that of the 6.2 μm emission band. Hydrogen environment and UV radiation are well suited to induce luminescence from HAC grains (Furton & Witt 1993).

Figure 3 presents the spatial distribution of ERE superimposed on a 12 μm continuum image. It can be seen that the 12 μm emission extends over the area where the ERE intensity reaches its maximum. This coincidence is in favor of grains as carriers of the ERE because (i) the 12 μm emission is thought to be the short wavelength part of a strong thermal emission from cold grains (see, for example, IR spectra of ultra compact galactic H ii regions presented by Roelfsema et al. 1998) and (ii) because such cold grains can exist in Sh 152 at the distance from the exciting star where the observed coincidence occurs.

In effect, according to Lamy & Perrin (1997), the temperature of a dust solid particle located at a distance 10^4 R_∗ = 2.10^2 AU = 10^{−3} pc from an O9.5 V star of radius R_∗ ≃ 2.10^{−2} AU, would be of 200K for a silicate grain or 400K for a carbonaceous grain. The region in Sh 152 where ERE maximum and 12 μm emission coincide is in fact much farther from the star (about 0.2 pc, assuming a distance of 3.5 kpc for Sh 152 (Heydari-Malayeri & Testor 1981) than in the calculations so that, although the exciting star of Sh 152 is slightly hotter than an O9.5V star (Hunter & Massey 1990), we can assume that cold grains do exist in the area.

Figure 4 presents the four continuum images of Sh 152 at 6.911, 8.222, 10.52 and 12.00 μm taken with ISOCAM. In these images, the flux is normalized to the maximum observed in the LW6 filter, centered at 7.7 μm. At the location of the ERE maximum, the infrared images show flux values increasing with wavelength : this is in agreement with thermal emission from cold grains (note that the 10.52 μm flux might be contaminated by the [SIV] 10.54 μm emission line).

4. CONCLUSION

Visible and infrared images of Sh 152 allowed us to compare the spatial distribution of ERE and UIBs and to deduce basic physical properties. We found that :

• the spatial distribution of the two UIBs at 3.3 and 6.2 μm are the same, suggesting similar properties for their carriers

• the UIRBs emission peak is located at the border of the ionized region

• the ERE emission coincides with the ionized region and significantly differs from the UIBs location.

• the continuum emission observed between 10.5 and 12 μm is coincident with ERE emission and possibly due to cold grains, which is in favor of grains as carriers of the ERE.

Nevertheless, the exact nature of the ERE carriers will only be constrained using spectroscopic data and comparing the ERE band shape with laboratory experimental data (Darbon et al. in preparation)

REFERENCES

Allamandola, L.J., Tielens, A.G.G.M., Barker, J.R.

1989, ApJS 71, 733 Darbon, S., Perrin, J.-M., Sivan, J.-P. 1998, A&A 333, 264 Furton, D.G., Witt, A.N. 1993, ApJ 415, L51 Furton, D.G., Witt, A.N. 1992, ApJ 386, 587 Gordon, K.D., Witt, A.N., Friedmann, B.C. 1998, ApJ 498, 522 Heydari-Malayeri, M., Testor, G. 1981, A&A 96, 229 Hunter, D.A., Massey, P. 1990, AJ 99, 846

Lamy, P.L., Perrin, J.-M. 1997, A&A 327, 1147 Ledoux, G., Ehbrecht, M., Guillois, O., Huisken, F., Kohn, B., Laguna, M.A., Nenner, I., Paillard, V., Papoular, R., Porterat, D., Reynaud, C. 1998, A&A 333, L39

Papoular, R., Conard, J., Giuliano, M., Kister, J., Mille, M. 1995, A&A 217, 204 Perrin, J.-M., Darbon, S., Sivan, J.-P. 1995, A&A 304, L21 Puget, J.-L., Léger, A. 1989, ARA&A 27, 161 Roelfsema, P.R., Cox, P., Kessler, M.F., Baluteau, J.-P. 1998, in: Star Formation With The Infrared Space Observatory (ISO), eds. Yun, J.L., Liseau, R. (Lisbon: ASP Conf. Ser., 132), 76 Schmidt, G.D., Cohen, M., Margon, B. 1980, ApJ 239, L133

Sivan, J.-P., Perrin, J.-M. 1993, ApJ 404, 258 Szomoru, A., Guhathakurta, P. 1998, ApJ 494, L93 Watanabe, J., Hasegawa, S., Kurata, Y. 1982, Japanese Journal of Applied Physics 21, 856 Witt, A.N., Boroson, T.A. 1990, ApJ 355, 182 Witt, A.N., Gordon, K.D., Furton, D.G. 1998, ApJ 501, L111

670

THE DISTRIBUTION OF GALACTIC IR DARK CLOUDS FROM MSX SURVEY MAPS

M.P. Egan^1, S.J. Carey^2, S.D. Price^1, R.F. Shipman^1, P. Feldman^3, & R. Redman^3

1Air Force Research Laboratory, Hanscom AFB, MA, USA 2Institute for Scientific Research, Boston College, Chestnut Hill, MA, USA 3National Research Council of Canada, Dominion Astrophysical Observatory, Victoria, BC, CANADA

ABSTRACT

In quadrants I and IV of the Milky Way we have detected > 5000 Infrared Dark Clouds (IRDCs) using the MSX Galactic Plane Survey images at 8 μm. Follow-up observations of a sample of the IRDCs in the millimeter-wave and sub-millimeter regions of the spectrum confirm initial estimates of the high density (>10^5 cm^{−3}) and low temperature (∼10 K) of the clouds. The distribution of the clouds maps known structures in the Galaxy (spiral arm tangents, the molecular ring).

Key words: ISM:clouds; IR:surveys.

1. INTRODUCTION

Pérault et al. (1996) reported that ISOCAM mid-IR images from the first ISOGAL survey field revealed the presence of numerous dark patches. They postulated that these are dense filaments which are optically thick at 15 μm, implying A_V >25.

From May 1996 through January 1997, the Midcourse Space Experiment (MSX) surveyed the Milky Way within |b| < 5^∘ at mid-IR wavelengths (6 colors between 4 and 22 μm). The MSX images show a population of these IR dark cores, >2000 within |b| < 0.5^∘ (Egan et al. 1998). From the 8 μm data, we estimated A_V >60. We also compared a number of the MSX image regions to IRAS 100 μm image maps. No emission or point sources were seen in the long wavelength IRAS data. Lis and Menten (1998) also note a lack of infrared emission at wavelengths less than 100 μm for their LWS observations of an infrared dark cloud located near the Galactic center. The lack of infrared emission (for λ < 100 μm) implies dust temperatures around ∼10K.

At present, we have examined the MSX Galactic plane survey data in quadrants I and IV, for Galactic latitudes within three degrees of the Galactic plane. In this region, (approximately 1000 square degrees) we have found 5566 IRDCs with diameters larger than 1.5 arc-minutes.

2. MM AND SUB-MM OBSERVATIONS

These estimates of the cloud physical conditions were confirmed by millimeter wave observations of H_2CO rotational lines, which trace high density gas, for ten infrared dark clouds. All ten clouds were detected in the 2_{12} − 1_{11} transition of H_2CO. There is good agreement between the mid-infrared extinction and H_2CO emission morphologies. Excitation analyses of the millimeter data indicate gas densities of n > 10^5 cm^{−3} and gas kinetic temperatures between 7 and 15 K for various clouds. Asymmetries in the observed line profiles suggest the presence of molecular outflows and/or infall. The distances estimated for the ten clouds observed are between 1.0-8.5 kpc resulting in cloud diameters of 0.5-15.0 pc. Details of these observations and derived parameters can be found in Carey et al. (1998).

Sub-millimeter continuum observations of 9 clouds have been made at 450 and 850 μm using the SCUBA instrument at the JCMT. We detected all 9 of the observed clouds. The sub-millimeter emission morphology agrees with the mid-infrared extinction and H_2CO emission morphologies and reveals considerable sub-structure in the IRDCs. Figure 1 displays a representative submillimeter scan map of a typical IRDC, G28.34+0.06. The IRDCs are strong submillimeter emission sources, with peak strengths of ∼1 Jy/beam (beamsize=13 arc-seconds FWHM). It is likely that the sub-millimeter emission peaks are due to protostellar or pre-protostellar condensations. These results also confirm the cold and dense nature of the dust.

3. SPATIAL DISTRIBUTION OF IRDCS

We have catalogued 5566 IRDCs larger than 1.5 arcminutes in diameter in quadrants I and IV of the Galactic plane (within |b| ≤3^∘). For the most part, the spatial distribution of the Infrared Dark Clouds (IRDCs) is coincident with the molecular ring and spiral arms of the Milky Way. Nearly 80% of the clouds we have identified from the MSX images lie within |l| ≤ 30^∘. In latitude, the clouds are also cen-

Proceedings of the Conference “The Universe as seen by ISO”, Paris, France, 20–23 October 1998 (ESA SP-427, March 1999)

Figure 1. Left: MSX image of the cloud G28.34+0.06 at 8 μm. The IRDC is clearly seen as the white patch in the center of the image. The resolution of this image is 18 arcseconds. Right: Contour map of SCUBA 850 μm observations of the same region. The contour levels are 180, 360, 720, 1080 and 1440 mJy. The beamsize for a SCUBA bolometer is 13 arcseconds and the SCUBA data has been gridded with 9 arcsecond pixels.

trally condensed, with ∼80% within |b| ≤1^∘ - see Figures 2 and 3. This distribution makes physical sense, since most of the molecular material in the Galaxy is along these lines of sight. However, we identify these clouds in silhouette against the IR bright background of the Galactic plane; therefore, it is possible that selection effects influence this distribution. In addition, the complete distribution of IRDCs is difficult to ascertain as they can be shadowed both by foreground IRDCs as well as bright IR emission regions. The H_2CO line velocities observed are similar to recombination lines associated with HII regions within 0.5^∘ on the sky, indicating that the clouds we identify in the IR are in the structures they appear superimposed on.

In the molecular ring and the arm regions, there are typically more than 15 IRDCs per square degree within |b|≤1^∘. The highest density of cores occurs at l = 340^∘, along the line of sight which intersects the molecular ring, the 3 kpc expanding arm, and the Norma tangent. Here there are up to 60 IRDCs per square degree.

4. SIZE DISTRIBUTION OF THE IRDCS

Figure 4 shows the size (projected area) distribution of IRDCs in quadrants I and IV (solid line) and the size distributions in two interesting regions. The plots are not cumulative, but show the number of clouds in each bin. Using a dotted line, we plot the size spectrum for the Cygnus region, while the dashed line shows the IRDC size distribution within 350^∘>l>330^∘. The second region, as noted above, encompasses the area of highest cloud density, and samples a line of sight through three distinct galactic components.

The overall distribution does not have a single distinct slope; however, the distribution of cloud areas in Cygnus has a slope of about -1 on this log-log plot. Plotting the size distribution of clouds near the Galactic center (|l|<10^∘) also yields a distribution with a slope of -1. The 350^∘>l>330^∘ distribution shows a slope of -1 for clouds less than about 0.005 square degrees, but has an enhancement in the number of clouds near 0.01 square degrees. A similar enhancement in the distribution of clouds can be seen at 10^∘<l<30^∘. This line of sight is also complex, including the molecular ring and the Scutum tangent.

One way to interpret this data is to assume that the IRDCs are of a given physical size. In that case, if the clouds were uniformly distributed along a line of sight, we expect a slope of -1 on the logN-logA plot. We see this in the Cygnus and Galactic center distributions. The molecular ring data (the two samples centered on |l|=20^∘) suggests an enhancement in the number of clouds at a certain distance along lines of sight at both positive and negative Galactic latitudes. This is consistent with looking through the edge of the molecular ring, which is near ± 30^∘.

This interpretation also implies that the Cygnus clouds are intrinsically smaller than the molecular ring clouds and Galactic center IRDCs, given their relative distances (1 kpc for Cygnus, 4 - 6 kpc to the molecular ring). Different typical cloud sizes in different galactic structures may provide a clue to the formation mechanism of these clouds. If cloud-cloud collisions are important in IRDC formation, one might expect larger IRDCs in regions with a higher number density of giant molecular clouds.

Figure 2. The distribution of the infrared dark clouds in Galactic longitude.

5. CONCLUSIONS

The ISO and MSX missions have identified a population of very dense, cold cores in the Galactic plane. The MSX Galactic plane survey has found > 5000 of these Infrared Dark Clouds larger than 1.5 arcmin in diameter (which is equivalent to 0.44 pc if a distance of 1 kpc is assumed) in quadrants I and IV of the Milky Way. The distribution of dark clouds traces spiral arms, the molecular ring and other regions of enhanced star formation. The infrared dark clouds are unusually large compared to typical molecular cloud cores which have diameters on the order of 0.1 pc. The combination of the infrared, millimeter, and sub-millimeter observations demonstrate that these large cores have high densities and low temperatures. The large column density and low kinetic temperatures of the infrared dark clouds make them ideal sites to probe grain surface chemistry and search for large carbon molecules with closely spaced rotational states. The H_2CO line profiles possibly suggest the presence of molecular outflow or infall. Also, the submillimeter maps indicate substructure in the clouds; however, the lack of infrared emission from these objects restricts any star formation activity to the earliest stages (protostellar class 0 or earlier).

The large number of dark clouds detected (comparable to the total number of giant molecular clouds observed in the Galaxy) suggest they are an important step in the star formation process. Further study of this population of objects is needed to understand how such a large number of extremely large molecular cores can form and remain in a pre-star forming state. It is puzzling that such a large number of objects are observed to be in the short lived preprotostellar state. The close proximity of the infrared dark clouds to star forming sites and the filamentary shape of many of the clouds suggest that they may be formed by molecular cloud collisions or shocks from nearby star formation. It is possible that the infrared dark clouds have enhanced support against collapse and/or need external triggers to induce star formation. Higher resolution spectral line mapping is needed to examine the internal structure of these clouds as well as identify outflow/infall sources. Submillimeter polarimetry may be of use in determining whether magnetic field support is responsible for supporting the infrared dark clouds against collapse.

REFERENCES

Carey, S.J., et al. 1998 ApJ, 508, 721 Egan, M.P., et al. 1998 ApJ, 494, L202

Lis, D. C., & Menten, K. M. 1998, ApJ, 507, 794 Pérault, M. et al. 1996, A&A, 315, L165

Figure 3. The distribution of the infrared dark clouds in Galactic latitude.

Figure 4. Size distribution of the infrared dark clouds. The solid line is the complete sample of clouds in quadrants I and IV. The dotted line is the population of clouds in the Cygnus region. The dashed line is the size distribution between -10 and -30 degrees Galactic longitude.

COLD SPOTS IN THE CHAMAELEON DARK CLOUDS

S. Hotzel^1, D. Lemke^1, L. V. Tóth^{1,2} M. Stickel^1, O. Krause^1, U. Klaas^1, S. Bogun^3, M. F. Kessler^4, R.J. Laureijs^4, M. Burgdorf^4, C. A. Beichman^5, M. Rowan-Robinson^6, A. Efstathiou^6, G. Richter^7, & M. Braun^7

1Max–Planck–Institut für Astronomie, Königstuhl 17, D–69117 Heidelberg, Germany 2Department of Astronomy, Loránd Eötvös University, Pázmány Péter sétány 1. H–1117 Budapest, Hungary 3Data Management and Operations Division, ESO, Karl-Schwarzschild-Str. 2, D–85748 Garching bei München, Germany 4ISO Data Centre, Astrophysics Division of ESA, Villafranca, P.O. Box 50727, E–28080 Madrid, Spain 5Infrared Processing and Analysis Center, JPL, California Institute of Technology, MS 100/22, Pasadena, CA 91125, USA 6Imperial College of Science, Technology and Medicine, The Blackett Laboratory, Prince Consort Road, London SW7 2BZ, United Kingdom 7Astrophysikalisches Institut Potsdam, An der Sternwarte 16, D–14482 Potsdam, Germany

ABSTRACT

A method to detect very cold molecular cloud cores has been developed, using the ISOPHOT Serendipity Survey and the IRAS 100 μm data. As test case, three molecular cloud complexes in Chamaeleon have been investigated. Several cold spots (T ≈ 13 K) have been detected in these fields, showing the success of the Serendipity Survey in locating cold cloud cores.

Key words: ISOPHOT Serendipity Survey ; ISM: cold dust; ISM: individual (Chamaeleon).

1. INTRODUCTION

The ISOPHOT Serendipity Survey is a far–infrared (FIR) survey at 170 μm, using the slewing time of the ISO telescope (Lemke et al. 1996). Altogether about 15 per cent of the sky is covered with an angular resolution (FWHM) of 2 arcmin (Bogun et al. 1996; for standard processing and calibration details cf. M. Stickel, these proceedings).

The long wavelength allows us to trace the cold dust of the interstellar medium. Standard dust models (Mathis et al. 1977) together with the average interstellar radiation field lead to typical grain temperatures of between ∼ 15 K and 19 K (Draine & Lee 1984). In Bok globules and molecular cloud cores somewhat lower temperatures are predicted and have been reported in many cases (e.g. Keene 1981, Lehtinen et al. 1998, Haikala et al. 1998). While the 60 μm IRAS data are still affected by the warmer very small grains, the FIR emission at 100 μm originates from the big grains alone (Désert et al. 1990), and so the comparison of the two bands at 100 μm (IRAS) and 170 μm (ISO) can determine the physical properties of the cold dust.

Ward–Thompson et al. (1998) reported the detection of cold cores in the Milky Way, which have been detected with ISOPHOT at 200 μm and 160 μm and in the mm and sub-mm range. Typically they remain undetected, or only weakly detected shortward of 100 μm. Temperatures of ≈ 13 K have been determined. These dense cores in molecular clouds are gravitationally bound but contain no embedded luminosity source. They represent the phase of star formation prior to the protostellar class 0 phase. With the 15 per cent sky coverage of the ISOPHOT Serendipity Survey it is possible for the first time to look for these objects in our Galaxy over a large fraction of the sky.

The region first investigated is Chamaeleon, containing the three molecular cloud complexes Chamaeleon I, II, and III. Several catalogues of optically opaque spots are available in this region of the sky (Vilas– Boas et al. 1994; Hartley et al. 1986), and the presence of some individual spots with cold dust is known (Haikala et al. 1998). Figure 1 gives an overview of the Chamaeleon region at 170 μm, pointing out the location of the investigated fields and showing the dense coverage of Chamaeleon with slews of the ISOPHOT Serendipity Survey.

Proceedings of the Conference “The Universe as seen by ISO”, Paris, France, 20–23 October 1998 (ESA SP-427, March 1999)

Figure 1. The Chamaeleon region at 170 μm. The map is a composite of the slews of the Serendipity Survey. It is smoothed to 4.5 arcmin resolution. The investigated (circular shaped) fields are indicated. The tiny square in Chamaeleon I marks the area covered by Figure 4.

2. THE METHOD

In order to derive dust temperatures, the 170 μm Serendipity data are compared with the 100 μm IRAS data. This is done in the following way:

After applying a deglitching algorithm (Stickel et al. 1998a, and these proceedings) all Serendipity slews are convolved one by one with a two-dimensional gaussian in order to match the IRAS resolution. As the information of the individual pixels becomes redundant at a resolution of 4.5 arcmin, the gaussian is always centred on the position of the detector centre instead of the positions of the four pixels. Thereby the data streams are reduced from 4 data points per sample (ramp) to 1 data point per sample.

The 100 μm intensity is read out of the ISSA maps along the Serendipity slews, i. e. at the detector centre position of all samples. The IRAS map pixel covering the position concerned, and all of the 8 adjacent pixels with distance dependent weight factors, are taken into account when calculating the IRAS 100 μm value of one sample.

The smoothed 170 μm slews are searched for intensity peaks. By definition, a peak is encountered where the intensity difference between two adjacent readouts increases compared to the preceding readouts. This can be quantified as a maximum in the second derivative of the intensity as a function of sky position. An increase of the intensity itself could be a background effect. To exclude that peaks are mimicked by noise, a lower limit of 1 MJy/sr for the peak intensity over the background is included. Figure 2

Figure 2. The course of the sky surface brightness at 170 μm (convolved Serendipity data, crosses) and at 100 μm (read out from ISSA maps, asterisks) is plotted against the sample number for a section of a slew. The solid lines represent the backgrounds. Here, 3 peaks are found as indicated below the top axis.

shows a section of a slew, where some peaks have been detected. The middle one will be followed further in Figure 3 and Figure 4.

Wherever a peak is encountered along the 170 μm slews, a linear background is defined for both ISOPHOT Serendipity Survey and IRAS data. As the peak in the 100 μm data might be small or even not detectable in the case of very cold dust emission, the extension of the source is assumed to be the same in both wavelengths (Figure 2).

Figure 3. I_ν (170 μm) versus I_ν (100 μm) plot for the middle one of the peaks in Figure 2. A straight line is fitted to the data points, using the ordinaryleast-squares bisector method. In this case, the slope of I_ν (170 μm)/I_ν (100 μm) = 9.5 corresponds to a colour temperature of T ≈ 12.5 K.

After subtracting the background, the I_ν (170 μm) to I_ν (100 μm) ratio is determined for each source. This is done by fitting a straight line to the I_ν (170 μm) versus I_ν (100 μm) plot (Figure 3), applying the ordinary-least-squares (OLS) bisector algorithm (Isobe et al. 1990). Although by using this procedure the absolute intensity levels at the two wavelengths are irrelevant for the intensity ratio, the background subtraction is necessary to account for a possible slope of the background underlying the source signal.

Finally, the dust colour temperature is calculated by modelling a modified Planck curve to the I_ν (170 μm) to I_ν (100 μm) ratio s. A ν^2 emissivity law is assumed, as calculated by Draine & Lee (1984) for interstellar graphite and silicate grains.

3. RESULTS

512 peaks of FIR emission have been found in the investigated region of 35 2^∘. About 5 per cent of these have I_ν (170 μm)/I_ν(100 μm) ratios corresponding to dust colour temperatures as low as 13 K.

All sources with T_{dust} ≤ 14 K have been crosschecked against catalogues of optically opaque spots (Hartley et al. 1986, Vilas–Boas et al. 1994), molecular cloud cores (Vilas–Boas et al. 1994), and – for Chamaeleon I only – maxima of FIR dust emission as seen with ISOPHOT by Haikala et al. (1998). To do this, all slew sections concerned were projected back on the sky together with the catalogued objects. This way we can identify

• peaks in different slews that actually detect the same object

Figure 4. The area of the sky in which Figure 3 reveals the presence of a cold cloud core. The slews of the Serendipity Survey are plotted as small black dots on the IRAS 100 μm image. The samples belonging to the actual peaks are plotted as crosses. Both of the slews crossing this field have very high I_ν (170 μm) to I_ν (100 μm) ratio s. In this case, the slews detect a previously known molecular cloud core (indicated by the ellipse).

• detections in the ISOPHOT Serendipity Survey with objects known from other wavelengths.

This can be seen in Figure 4, which shows the location of the intensity peak presented in Figure 3. Here, actually two slews have almost parallel paths, and both have very high I_ν(170 μm) to I_ν (100 μm) ratio s. It is evident that the two findings belong to the same cloud core: it is the previously known molecular cloud core S1 (Haikala et al., 1998).

In areas where there is no object in the catalogues even though the Serendipity Survey detects cold dust, the Digitized Sky Survey has been inspected additionally by eye for putatively associated optical features.

It turned out that the vast majority of cores with T_{dust} ≈ 13 K have optical nebulosities associated, and that for a subset of these cores – where Vilas– Boas et al. (1994) measured C^{18}O – the kinetic gas temperature is low. The full details of the findings will be presented elsewhere.

4. CONCLUDING REMARKS

In three test fields investigated in the Chamaeleon region, the method presented to detect cold dust in molecular clouds has proved successful. Despite the difference in data structure, the ISOPHOT Serendipity Survey and the IRAS 100 μm maps can be reliably used for finding cold dust anywhere within the

15 per cent of the sky covered by the Serendipity Survey. This was not possible before ISO, as the comparison of two IRAS bands alone cannot trace dust colour temperatures < 25 K.

In a next step we will expand the cold spot search to other regions, such as Orion, Taurus, Cygnus, Coalsack, Cepheus. Furthermore it is anticipated to make use of the full angular resolution of the ISOPHOT Serendipity Survey, while so far the Serendipity data have been smoothed to 4.5 arcmin. For selected fields this can be achieved by combining the Serendipity Survey with HIRES data instead of ISSA maps. By comparing these results with mm-wave spectroscopy data, which explore the gas content of the clouds, it will also be possible to examine the gas – dust relations in density and temperature in cold molecular cloud cores.

ACKNOWLEDGMENTS

The ISOPHOT project was funded by the Deutsche Agentur für Raumfahrtangelegenheiten (DARA, now DLR), the Max - Planck - Gesellschaft, the Danish, British and Spanish Space Agencies and several European and American institutes.

Members of the Consortium on the ISOPHOT Serendipity Survey (CISS) are MPIA Heidelberg, ESA ISO SOC Villafranca, AIP Potsdam, IPAC Pasadena, Imperial College London.

This research has made use of the Digitized Sky Survey, produced at the Space Telescope Science Institute, NASA’s Astrophysics Data System Abstract Service, and the NASA/IPAC Extragalactic Database (NED) which is operated by the Jet Propulsion Laboratory, California Institute of Technology, under contract with the National Aeronautics and Space Administration.

REFERENCES

Bogun, S., Lemke, D., Klaas, U., et al. 1996, A&A, 315, L71 Draine, B.T., Lee, H.M. 1984, ApJ, 285, 89

Désert, F.X., Boulanger, F., Puget, J.L. 1990, A&A, 237, 215

Hartley, M., Manchester, R.N., Smith, R.M., Tritton, S.B., Goss, W.M. 1986, A&A Suppl. Ser., 63, 27

Haikala, L.K., Mattila, K., Lehtinen, K., Lemke, D.

1998, in “Star Formation with ISO”, J.L. Yun & R. Liseau (eds.), ASP Conf. Ser. 132, p.147 Isobe, T., Feigelson, E.D., Akritas, M.G., Babu, G.J.

1990, ApJ, 364, 104

Keene, J. 1981, ApJ, 245, 115 Lehtinen, K., Lemke, D., Mattila, K., Haikala, L.K.

1998, A&A, 333, 702 Lemke, D., Klaas, U., Abolins, J., et al. 1996, A&A, 315, L64 Mathis, J.S., Rumpl, W., Nordsieck, K.H. 1977, ApJ, 217, 425 Stickel, M., Lemke, D., Bogun, S., et al. 1998a, in “Observatory operations to optimize scientific return”, P.J. Quinn (ed.), Proc. SPIE 3349, p.115

Stickel, M., Bogun, S., Lemke, D., et al. 1998b, A&A, 336, 116 Vilas–Boas, J.W.S., Myers, P.C., Fuller, G.A. 1994, ApJ, 433, 96

Ward–Thompson, D., André, Ph., Motte, F. 1998, in “Star Formation with ISO”, J.L. Yun & R. Liseau (eds.), ASP Conf. Ser. 132, p.195

THE INFRARED EMISSION FROM DUST IN THE M17-SW HII REGION: PARTIALLY CRYSTALLINE SILICATES IN THE ISM?

A.P. Jones, V. Frey, L. Verstraete, P. Cox, & K. Demyk

Institut d’Astrophysique Spatiale (IAS), Université Paris XI - Bât. 121, 91405 Orsay Cedex, France.

ABSTRACT

We present the results of models for the infrared dust emission observed in the M17-SW HII region by the ISO Short Wavelength Spectrometer. We interpret the observed spectra in terms of the thermal emission from amorphous carbon and silicate grains, and from Mg-rich crystalline olivine silicates. We estimate that of the order of a few percent of the silicate grain mass in the HII region could be crystalline. Stochastically heated small carbon particles must also be present, in order to explain the short wavelength emission, and we find that in the HII region there is an underabundance of the unidentified infrared band carriers (or PAHs), compared to the adjacent photo-dissociation region.

Key words: IR dust emission, HII regions, M17-SW

1. INTRODUCTION

The region M17-SW contains young massive stars that are irradiating a dense molecular cloud complex. Immediately around four of the central and brightest stars of type O4 V, O5 V and O8 V, which produce ∼ 70% of the ionising flux (Felli et al. 1984), there is an HII region with a radius of about 1 pc. Within and around this HII region the infrared (IR) emission from dust heated by the central stars was detected by the Short Wavelength Spectrometer (SWS) on board the Infrared Space Observatory (ISO) (Verstraete et al. 1996). In this paper we model this emission in terms of the thermal emission from large grains in thermal equilibrium with the radiation field and from transiently heated small carbonaceous grains.

2. OBSERVATIONS

The data that we use in this study were obtained as part of a guaranteed-time central program using SWS on board the ISO satellite. They were first described by Verstraete et al. (1996) where details of the original observational parameters and the data processing can be found.

In this work we consider the four SWS data positions towards the M17-SW HII region. SWS position 1 is approximately half way between the exciting stars and the HII region–molecular cloud interface, position 4 is at the interface 1 pc from the stars and the intervening two positions (2 and 3) are equi-distant between positions 1 and 4.

3. THE IR SPECTRA AND MODELLING

We have modelled the IR emission from the dust in the HII region by assuming that a major part of the dust mass is in thermal equilibrium with the local stellar radiation field. This radiation field is taken to be the sum of the radiation from the four closest stars (O4 V, two O5 V and O8 V) at their given distances from the centre of the HII region (Felli et al. 1984). In addition, we have also considered the IR emission from stochastically heated grains using the model of Désert et al. (1999).

Assuming that the dust within this region is composed of a mixture of amorphous carbons and amorphous and crystalline silicates we have adopted the optical constants of amorphous carbon (Rouleau & Martin 1991) and amorphous astronomical silicate (Draine 1985), and the transmittance of Mg-rich crystalline olivine, (Mg_{0.8}Fe_{0.2})_2SiO_4, measured in the laboratory at the IAS. In Figure 1 we show the temperatures of amorphous carbon and silicate grains as a function of distance from the centre of the HII region.

Figures 2 to 5 show the SWS observations and the modelled IR emission, assuming that the grains are in thermal equilibrium with the local radiation field. We find a good match to the observed emission spectra with amorphous carbon grain temperatures in the range 105–130 K, and silicate grain temperatures in the range 55–63 K (see Table 1). The derived amorphous carbon temperatures are consistent with the emission from 500 to 1500 Å radius grains at a distance of ∼1 pc from the exciting stars (Figure 1). However, the derived silicate temperatures are too cold because 500 to 1500 Å radius astronomical silicates grains have temperatures of the order of 100 K ∼ 1 pc from the exciting stars (Figure 1), the observed size of the HII region. This indicates that the emission properties of silicates in this region

Proceedings of the Conference “The Universe as seen by ISO”, Paris, France, 20–23 October 1998 (ESA SP-427, March 1999)

are different from those of the amorphous silicates in the general diffuse interstellar medium (ISM). We are currently investigating the possible causes of enhanced silicate grain emissivity.

Table 1. Amorphous astronomical silicate and carbon grain temperatures (K) as a function of distance from the exciting stars at the SWS data positions.

SWS position Distance Temperature (K) (pc) Carbon Silicate

1 0.5 130 63 2 0.67 130 60 3 0.83 120 62 4 1.0 105 55

Figure 1. Dust temperatures as a function of distance from the exciting stars for amorphous carbon and astronomical silicate grains of radii 10 Å (solid), 100 Å (dotted), 300 Å (short-dashed), 500 Å (dotteddashed), 1000 Å (triple-dotted-dashed), 1500 Å (longdashed).

In the continuum-subtracted spectra of Figures 2 to 5 we note the good fit of the Mg-rich crystalline olivine 34μm band to the observed spectrum, and the presence of an, as yet unidentified, emission feature in the 20μm to 25μm region which decreases in intensity with distance from the exciting stars. We also note that the bands shortward of 15 μm are not wellmatched by our model, we attribute them to emission from a carbonaceous grain component which may be associated with the unidentified IR band (UIB) carriers. The contrast between the UIBs, or so-called polycyclic aromatic hydrocarbon (PAH) bands, at 3.3, 6.2, 7.7, 8.6, 11.3 and 12.7 μm and the underlying continua increases with distance from the exciting stars. We conclude that the broad emission bands underlying the PAH bands are carried by a resilient grain component that survives in the high excitation regions where the PAH band carriers are destroyed (Allain et al. 1996). Alternatively, the UIB band carriers/PAHs may have been expelled by radiation pressure. Although, Cherchneff et al. (1991) found that PAHs couple less effectively to a radiation field than small amorphous carbon grains, and so band carrier destruction within the HII region may be the more plausible explanation.

We have also calculated the IR emission from the dust in the HII region using the model of Désert et al. (1999) for the emission from PAHs, very small grains (VSGs) and large silicate grains. In Figure 6 we present the results obtained using the Désert model for SWS position 1. In order to obtain a good fit to the emission shortward of 15 μm we found it necessary to decrease the abundance of the PAH component (the carrier of the UIBs in the Désert model) by an order of magnitude and to decrease the upper size limit for the VSG component to 100 Å. In this model we retained the ‘standard’ Désert et al. silicate size distribution. With this model (Figure 6) we are able to reproduce the short wavelength continuum which arises from stochastically-heated amorphous carbon VSGs. The broad feature in the 11–15 μm region which is not well-matched by the model is probably due to a carbonaceous grain component. This model also predicts amorphous silicate grain temperatures that are too hot, in agreement with the thermal equilibrium model results (see above). Clearly, the silicate grains in this region are different from those in the general diffuse ISM. We find similar results for all SWS positions within the HII region. We also note that in order to best fit the short wavelength emission within the region it is necessary to introduce a systematic decrease in the PAH abundance towards the centre of the HII region. This again seems to indicate small carbon grain destruction within the HII region.

4. DISCUSSION

The results presented here are particularly intriguing within the context of the evidence from ISO for partially crystalline silicates in both young and evolved stars (Waelkens et al. 1996; Waters et al. 1996; Malfait et al. 1998) and also in comets (Crovisier et al. 1996). We conclude that we may also be seeing crystalline silicates in the M17-SW HII region, an environment close to hot stars where the dust has been heated to temperatures of the order of 100 K for long periods, or may have been heated to higher temperatures earlier in the evolution of the region. In contrast, all evidence from the 10 and 18 μm silicate bands in the diffuse ISM indicates that the silicates are completely amorphous (e.g., Mathis 1990).

We must also also consider the possibility that, because the observed bands in the 20–40 μm region are rather weak with respect to the continuum, that they are due to some instrumental effect. We can neglect memory effects because the observed bands are too

Figure 2. Upper: observed and calculated emission spectra at SWS position 1 in M17-SW; SWS data (“noisy” solid line), and emission from 63 K amorphous silicate (short-dashed line), 63 K Mgrich crystalline silicate (dashed-dotted line), 130 K amorphous carbon (long-dashed line), amorphous silicate and carbon (dotted line), and total calculated emission spectrum (“smooth” line). Lower: amorphous silicate and carbon continuum-subtracted SWS data (“noisy” line) and crystalline silicate emission (“smooth” line).

Figure 3. SWS position 2 as per Figure 2; 60 K amorphous silicates (short-dashed line), 60 K Mgrich crystalline silicates (dashed-dotted line), 130 K amorphous carbons (long-dashed line).

Figure 4. SWS position 3 as per Figure 2; 62 K amorphous silicates (short-dashed line), 62 K Mgrich crystalline silicates (dashed-dotted line), 120 K amorphous carbons (long-dashed line).

Figure 5. SWS position 4 as per Figure 2; 55 K amorphous silicates (short-dashed line), 55 K Mgrich crystalline silicates (dashed-dotted line), 105 K amorphous carbons (long-dashed line).

Figure 6. SWS position 1 emission spectrum (“noisy” solid line) and fit using the Désert et al. (1990) model. Note the good fit of the carbon VSG emission at short wavelengths (lower solid line) but the poor fits for the silicate (dotted line) and the total emission (upper solid line).

broad. We cannot entirely rule out an instrumental effect, but we do note the remarkable coincidence between the crystalline bands and several of the observed features. In support of this we note that at the SWS positions within the adjacent molecular cloud, with similar emission at 40 μm, we see no change in slope in the spectra at 34 μm.

The presence of a crystalline silicate component in an HII region seems to indicate the in situ partial crystallisation of amorphous silicates, or that the interstellar silicates incorporated into this region were not completely amorphous. We estimate that of the order of a few percent of the silicate mass could be crystalline. This is a small fraction of the total silicate mass and any crystalline silicate bands would, in absorption, be completely hidden by the broad and featureless amorphous silicate bands at 10 and 18 μm. Crystalline silicate dust may therefore only be observable in emission, as seen here in the M17-SW HII region.

Alternatively, it is possible that the silicates are annealed in situ. Can the heating of amorphous silicates at temperatures well below the glass temperature lead to the partial crystallisation of silicates? Current indications are that the crystallisation of silicates occurs only at temperatures above 1000 K for Mg-rich and above 1300 K for Fe-rich silicates (Hallenbeck et al. 1998).

It is interesting to note that, based on the expected emissivity of astronomical silicate, the silicates in this region appear to be too cold. Perhaps this is an indication that the silicate grain optical properties in HII regions exhibit enhanced IR emissivities.

5. CONCLUSIONS

We find that the IR emission from the dust within the M17-SW HII region is consistent with the presence of amorphous carbons and silicates, and Mg-rich crystalline silicates. However, the presence of crystalline silicates has yet to be confirmed by observations of other HII regions and/or by firmer data reduction. These observations imply that the heating of silicate dust in HII regions can lead to the partial annealing of amorphous interstellar silicates, or that the interstellar silicates incorporated into this region were not completely amorphous. From the temperatures that we derive it appears that the optical properties of the silicate grains in the M17-SW HII region are different from their interstellar counterparts, in that they appear to be more efficient IR emitters than the amorphous astronomical silicate of Draine (1985).

We also note a systematic depletion of the UIB carriers (PAHs) within the M17 HII region consistent with their destruction in the intense radiation field from the central stars, or their expulsion by radiation pressure. We suggest that band carrier destruction within the HII region is the most likely explanation for their underabundance. We also note that where the UIB/PAH bands are absent or very weak that there remains a broad underlying emission feature which we attribute to an amorphous carbonaceous grain component. Thus, the broad bands and superimposed narrower emission features at 3.3, 6.2, 7.7, 8.6, 11.3 and 12.7 μm may have different origins.

These observations, in conjunction with complementary observations from other HII regions, will help to constrain the nature, physico-chemical state and abundance of dust in HII regions. They will also allow a better understanding of the dust life cycle in environments where dust is formed and processed.

ACKNOWLEDGMENTS

A.P. Jones is grateful to the Société de Secours des Amis des Sciences for funding.

REFERENCES

Allain, A., Leach, S., Sedlmayr, E. 1996, A&A, 305, 602 Cesarsky, D., et al. 1996, A&A, 315, L309

Cherchneff, I., Barker, J.R., Tielens, A.G.G.M. 1991, ApJ, 377, 541 Crovisier, J., et al. 1996, A&A, 315, L385

Désert, F.X., Boulanger, F., Puget, J.L. 1990, A&A, 237, 215 Draine, B.T. 1985, ApJS, 57, 587

Felli, M., Churchwell, E., Massi, M. 1984, A&A, 136, 53 Hallenbeck, S.L., Nuth, J.A., Daukantas, P.L. 1998, Icarus, 131, 198 Malfait, K., et al. 1998, A&A, 332, L25 Mathis, J.S. 1990, ARA&A, 28, 37 Rouleau, F., Martin, P.G. 1991, ApJ, 377, 526

Verstraete, L., et al. 1996, A&A, 315, L337 Waters, L.B.F.M., et al. 1996, A&A, 315, L261 Waelkens, C., et al. 1996, A&A, 315, L245

ICE ABSORPTION FEATURES IN THE 5 - 8 μm RANGE

J. V. Keane^1, A. G. G. M. Tielens^{1,2}, A. C. A. Boogert^{1,2}, & D. C. B. Whittet^3

1 Kapteyn Astronomical Institute, P.O. Box 800, 9700 AV Groningen, The Netherlands 2 SRON Laboratory for Space Research, P.O. Box 800, 9700 AV Groningen, The Netherlands 3 Department of Physics, Applied Physics & Astronomy, Rensselaer Polytechnic Institute, Troy, NY 12180

ABSTRACT

ISO-SWS spectra (2 - 45 μm) have been obtained towards a large number of luminous young stellar objects. Here, we present a study of absorption features towards the two objects NGC 7538:IRS9 and Mon R2:IRS3, for the spectral region 5 - 8 μm. The shape of these features changes dramatically from source to source. The 6.0 μm feature varies as a result of the different H_2O ice temperatures and also as a direct consequence to the presence of additional absorption in this band for some sources. Furthermore, these new high resolution observations show that the peak position of the 6.85 μm varies from source to source. The observations draw attention to the fact that hotter sources (Mon R2:IRS3) have a 6.85 μm band position that is red shifted with respect to colder sources (NGC 7538:IRS9). This gives clues to the as yet unknown origin of this band

Key words: ISM: lines and bands; ISM: molecules; ISM: individual: NGC 7538 IRS9,Mon R2 IRS3.

1. INTRODUCTION

The 5 - 8 μm region probes the CH, NH, and OH bending and deformation modes. Two absorption features, at 6 and 6.85 μm, have been detected in this wavelength range (Merrill et al. 1976; Soifer et al. 1979). High spectral resolution observations (λ/Δλ=1600) have been obtained towards a large number of luminous young stellar objects (YSO’s) for the 5 - 8 μm spectral region. The high signal to noise and high resolution of these observations facilitates the search for substructure and shifts in peak position that were not detectable with the earlier low resolution spectra (Tielens et al. 1984).

We focus here on two objects, NGC 7538:IRS9 and Mon R2:IRS3. These objects are massive protostars showing a wealth of ice absorption bands (Willner et al. 1982). NGC 7538:IRS9 has a significant amount of volatile ices (Tielens et al. 1991) whereas Mon R2:IRS3 shows no indication of such volatiles (Keane et al. in prep). Moreover, NGC 7538:IRS9 has mainly cold CO gas (Mitchell et al 1990) while Mon R2:IRS3 has an abundant warm gas component (Giannakopoulou et al. 1997). All indicating that these two sources have considerably different environments. These new observations give us the opportunity to conduct the first in depth study of the 6 and 6.85 μm absorptions bands.

Figure 1. SWS AOT6 spectrum of NGC 7538:IRS9. The dashed line (- - -) is the blackbody continuum of 310K and the dashed-dot line (-.-) is the blackbody plus solid H_2O. The arrows at the bottom indicate the feature positions and the arrows at the top indicate the literature assignments for these features.

2. OBSERVATIONS & CONTINUUM

The latest version of the standard ISO-SWS reduction procedure and calibration files was applied (de Graauw et al. 1996). Treatment of the individual up and down scans is described in Boogert et al. 1996. The spectrum of NGC 7538:IRS9 is shown in Fig. 1.

For each source in our sample we have fitted blackbody or modified blackbody continua (cf. Fig 1) and derived profiles of the absorption features. The derived profiles are not very sensitive to the details of these continua (Keane et al. in prep.).

Proceedings of the Conference “The Universe as seen by ISO”, Paris, France, 20–23 October 1998 (ESA SP-427, March 1999)

Figure 2. Optical depth plots obtained from the observations are shown on the left. The 6.0 μm feature is compared to solid H_2O at different temperatures. The dashed line (- - -) indicates solid H_2O at 80K and the dashed-dot line (-.-) indicates solid H_2O at 30K. On the right, the 6.0 μm displays the presence of additional components once the H_2O has been subtracted (see text).

3. ABSORPTION FEATURES

The 6.0 and 6.85 μm features dominate the 5 - 8 μm spectrum. A weak feature at 7.6 μm is also sometimes present. It is attributed to solid CH_4 (Boogert et al. 1996) and will not be discussed here. We also note the presence of weak structure in the 6.0 μm band around 5.85 and 6.2 μm. Additionally, between 5 - 7 μm in the spectrum of Mon R2:IRS3, narrow absorption lines are present which can probably be associated with H_2O vapor lines (van Dishoeck et al. 1996).

3.1. The 6.0 μm band

The 6.0 μm feature has long been ascribed to the bending mode of H_2O ice (Tielens et al. 1984). This assignment is supported by the presence of the H_2O stretching mode at 3μm. Laboratory inspection of the 6.0 μm band (Maldoni et al. 1998, Hudgins et al. 1993) show that the peak position is insensitive to temperature increase. However, the FWHM does increase with warm-up, a direct consequence to the deepening of the red wing resulting in the general broadening of the feature. In the case of NGC 7538:IRS9, comparing the observed 6.0 μm band with the H_2O at 30K shows reasonable agreement (Fig. 2a). Solid H_2O at higher temperatures do not provide satisfactory fits. It can be seen that while the position of the interstellar feature is well matched by H_2O, the observed band is considerably broader. This discrepancy cannot be remedied by warm-up of the ice. Therefore, in the case of NGC 7538:IRS9, additional components are contributing to the 6.0 μm band. Figure 2b illustrates that there are at least 2 additional components contributing to the 6.0 μm of NGC 7538:IRS9, centered near 5.85 & 6.2 μm. Schutte et al. (1996) assigned these excess features to C=O stretching mode in organic molecules and C-C stretching mode of aromatics, respectively. The 6.0 μm feature in Mon R2:IRS3 is fitted reasonably well by H_2O ice deposited at 80K (Fig. 2a). In contrast to NGC 7538:IRS9, there does not seem to be any additional components present in the 6.0 μm band. The fit of an 80K H_2O ice to Mon R2:IRS3 is in excellent agreement with Smith et al. (1989), who estimate ice temperatures from the 3.0 μm spectra of protostars.

In summary, the structure of the 6.0 μm absorption feature seems to vary from source to source, however amorphous H_2O ice is the dominant contributor to this band.

3.2. The 6.85 μm band

Due to the limited resolution of earlier observations, the spectra seemed to indicate that this band was constant in position (6.85 μm; Tielens & Allamandola 1987). However, with the recent ISO observations, it has become evident that the position of this band does indeed vary from source to source, by as much as 0.16 μm.

Figure 3. A comparison of the 6.85 μm peak positions for sources NGC 7538:IRS9 and Mon R2:IRS3.The variation of peak position of this feature is clearly illustrated.

Fig. 3 illustrates the shift in position of this feature , with NGC 7538:IRS9 centered near 6.79 μm and Mon R2:IRS3 centered near 6.95 μm. The other sources in our sample all lie in between these two extremes of peak position (Keane et al. in prep.). Furthermore, from Fig. 3, by comparing the profiles it is evident that there are structural variations from source to source and in fact all our sources can be fitted by a suitable combination of the profiles of NGC 7538:IRS9 and Mon R2:IRS3. There is a general trend amongst our sources, that those fitted by a hotter H_2O ice have a 6.85 μm position that is red shifted with respect to the sources fitted by a colder H_2O ice. It may be the case that the 6.85 μm carrier is one component which undergoes a shift with position due to thermal processing or that there are two components contributing, one of which is volatile due to its absence in the hotter source (Mon R2:IRS3)

The position of the 6.85 μm is indicative of the deformation modes -CH_2- & -CH_3- groups. However, methanol ice does not provide a good fit to the observed profiles. Furthermore, based upon the strong 6.85 μm, a CH_3OH/H_2O ratio of 0.5 would be expected (Tielens & Allamandola 1987). This would require strong absorption features at 3.54 & 9.7 μm. However, this is not observed and the weakness of these features indicates a much lower abundance of 0.05 (Grim et al. 1990). Here we emphasize that the carrier must also satisfy the constraint that the deformation mode at 6.85 μm must be stronger than any other absorption modes, including the 3.4 μm stretching mode.

4. CONCLUSION

In summary, ISO has revealed source to source variations in the shape of 6.0 μm feature. This is primarily attributed to the H_2O ice bending mode at different temperatures between the sources. Furthermore, some sources show evidence for additional absorption components contributing to this feature.

These new high resolution observations have shown that the peak position of the 6.85 μm varies from source to source. Furthermore the red wing of this feature is less pronounced in sources that have a larger fraction of volatile components.

ACKNOWLEDGMENTS

We are greatly indebted to the SWS Instrument Dedicated Team (SIDT) at VILSPA for their support in the calibration and analysis of SWS data.

REFERENCES

Boogert, A. C. A., Schutte, W. A., Tielens, A. G. G.

M., et al. 1996, A&A 315, L377 de Graauw, Haser, L. N., Beintema, D. A., et al.

1996, A&A, 315, L49 Giannakopoulou, J., Mitchell, G. F., Hasegawa, T. I., Matthews, H. E., Maillard, J-P. 1997, ApJ, 487, 346 Grim, R. J. A., Bass, F., Geballe, T. R., Greenberg, J. M., Schutte, W. A. 1990, A&A, 243, 473

Hudgins D. M., Sandford, S.A., Allamandola, L. J., Tielens, A.G.G.M. 1993, ApJS, 86, 713 Keane, J. V., Tielens, A.G.G.M., et al. 1999, in preparation Maldoni, M. M., Smith, R. G., Robinson, G., Rookyard, V.L. 1998, MNRAS, 298, 251 Merrill, K.M., Russell, R.W., Soifer, B.T. 1976, ApJ, 207, 763

Mitchell, G.F., Maillard, J-P., Allen, M., Beer, R., Belcourt, K. 1990, ApJ, 363, 554 Schutte, W. A., Tielens, A.G.G.M., Whittet, D. C., B., et al. 1996, A&A, 315, L333 Soifer, B.T., Puetter, R.C., Russell, R.W., Willner, S.P., Harvey, P.M., Gillett, F.C. 1979, ApJ, 232, L53 Smith, R.G., Sellgren, K., Tokunaga, A.T. 1989, ApJ, 344, 413 Tielens, A.G.G.M., Allamandola, L.J., Bregman, J., Goebel, J., d’Hendecourt, L.B., Witteborn, F.C. 1984, ApJ, 287, 697 Tielens, A.G.G.M., A., Allamandola, L.J. 1987, in Physical Processes in Interstellar clouds, eds. G. Morfill, and M. Scholer, (Reidel, Drodrecht), 333 Tielens, A.G.G.M., Tokunaga, A.T., Geballe, T.R., Bass, F., 1991, ApJ, 381, 181 van Dishoeck, E.F., Helmich, F.P., 1996, A&A 315, L177 Willner, S.P., Gillett, F.C., Heter, T.L., et al. 1982, ApJ, 253, 174

686

ATOMIC OXYGEN ABUNDANCE FROM THE DENSE ISM:

ABSORPTION TOWARD GALACTIC HII REGIONS

J. Keene^{1,2}, D.C. Lis^1, T.G. Phillips^1, P. Schilke^3, M.W. Werner^2, & J. Zmuidzinas^1

1California Institute of Technology, Pasadena, CA, USA 2Jet Propulsion Laboratory, Pasadena, CA, USA 3Max-Planck-Institut für Radioastronomie, Bonn, Germany

ABSTRACT

Using the ISO LWS Fabry-Perot, we have observed the [OI] 63 μm line toward nine Galactic HII regions which are bright in the far-infrared continuum and which have foreground cold clouds. In this way, we have detected OI absorption toward Sgr B2, W31C, W49, and W3(OH). These absorption lines show good correlation with the absorption lines of HI toward Sgr B2 and with absorption lines of molecular tracers such as CS and HCO^+.

Key words: Oxygen, abundances.

1. INTRODUCTION

A longstanding problem for our understanding of molecular clouds has been the difficulty of accounting for the gas phase abundance of carbon and oxygen. Since the first calculations of ion-molecule schemes there have been theoretical predictions indicating that the fundamental reservoirs of these elements are the molecular species CO, O_2 and H_2O. Initial assumptions are that oxygen has an abundance about twice that of carbon, as in the solar system, so nearly all carbon should be in CO, with plenty of oxygen left over for O_2 and H_2O. However, millimeter wave astronomy measurements have shown the strong presence of CO, but little H_2O, and there are strong detection limits on O_2. The observational evidence shows that the anticipated major oxygen molecular species are deficient by at least an order of magnitude.

In 1994 we proposed to use ISO to test whether the missing oxygen component was present in atomic form by means of absorption lines of OI at 63 μm. Using the ISO LWS Fabry-Perot, we have observed the [OI] 63 μm line toward nine Galactic HII regions which are bright in the far-infrared continuum and which have foreground cold clouds. The background HII regions were selected to have large line-of-sight velocity shifts (> 30 km s^{−1} ) from the foreground clouds, enabling separation of the foreground OI absorption of the HII region continuum from the OI emission of the background HII regions by the 35 kms^{−1} resolution of the Fabry-Perot. In this way, we have detected foreground absorption toward Sgr B2, W31C, W49, and W3(OH). Our other five sources are all located in the Galactic Center region and show OI emission at all velocities, rather than the absorption we hoped to see.

From one absorption line feature it is not possible to deduce what fraction of the observed OI is associated with the molecular cloud, where complex molecules reside and where chemistry is driven by cosmic rays rather than UV illumination, and what fraction is associated with the PDRs at the surfaces, which certainly contain atomic oxygen. A further serious complication is the possibility of OI in the related HI regions, either outside the clouds, or inhomogeneously embedded within the clouds. The technique we propose, to measure several clouds of different molecular column density, should allow the test of correlation with the OI, to separate molecular cloud and other components, We need to know a lot about the various molecular and atomic tracers in these clouds, some of which material is presented below.

2. SGR B2 MAP

Baluteau et al. (1997) have shown that an OI map of Sgr B2 exhibits absorption at the peak of the HII region emission but emission elsewhere. We have reobserved not only the central Sgr B2 position with the ISO LWS Fabry-Perot but also two positions 180 arcsec north and south of the center. The spectra from these three positions is shown in Figure 1. These spectra show that strong OI absorption at the Sgr B2 peak is due mainly to cold line-of-sight clouds which have no associated emission. Away from the continuum emission peak, these clouds do not show up at all. However, the Sgr B2 cloud itself has an OI feature at about 60 km s^{−1} which shows up in emission at the off central positions. At the Sgr B2 peak, even this intrinsic feature shows up as a weak self-absorption, with intensity approximately that of the emission in the southern position. This indicates that the intrinsic Sgr B2 63 μm line must be optically thick.

Proceedings of the Conference “The Universe as seen by ISO”, Paris, France, 20–23 October 1998 (ESA SP-427, March 1999)

Figure 1. [OI] 63 μm from three positions toward Sgr B2. The OI absorption from the line-of-sight negative velocity and 0 km s^{−1} features appears only where the continuum emission is strong. The OI line intrinsic to the Sgr B2 region appears at velocities of 20–60 km s^{−1} in all three spectra, although, in the central position it appears as a weak self-absorption feature. In this and the following figures we have deconvolved the OI spectra using the known 35 km s^{−1} resolution of the LWS Fabry-Perot.

3. ASSOCIATION OF OI WITH ATOMIC AND MOLECULAR GAS

Sgr B2 has been observed in the HI absorption line by Garwood & Dickey (1989). Their spectrum is shown with our deconvolved spectrum of OI in Figure 2. The correlation of the features is strong with the largest discrepancy being the strength of the self-absorption feature of the Sgr B2 cloud at about 60 km s^{−1} . Of course, even with deconvolution applied to the OI spectrum, we cannot reproduce the wealth of detail seen in the HI spectrum. Our estimates of the OI column densities from the ISO data and HI column densities derived from their data are listed in Table 1. We have observed our target HII regions in molecular lines with the 30-m IRAM telescope and with the CSO. Some of the resulting spectra are shown in Figures 3 – 6. Here it is seen that molecular species also show a strong correlation with the OI absorption. In Sgr B2, the CS(2-1) spectrum particularly correlates well with OI.

Figure 2. Comparison of [OI] 63 μm absorption (heavy lines) toward Sgr B2 M with the absorption line of HI (light line) in the same line of sight. The heavy dashed line shows the observed OI spectrum and the heavy solid line shows the OI spectrum as deconvolved by the known transmission of the LWS Fabry- Perot. It is clear the OI and HI show very similar features, except for the strength of the Sgr B2 cloud self-absorption at 60 km s^{−1}.

4. OXYGEN ABUNDANCES

The column densities of atomic oxygen associated with foreground cold clouds are large (Table 1) and

Table 1. Column densities of atomic oxygen and hydrogen measured in absorption toward galactic HII regions. The uncertainties associated with these estimates are large (∼25 per cent) particularly for HI, because of its unknown spin temperature.

Background LSR Velocity N(OI) H(HI) HII Region Range (km s−^1 ) (10^{18} cm−^2 ) (10^{21} cm−^2 )

Sgr B2 < −55 1.3 1.6 −50 to −15 6.1 3.3 −5 to 20 4.9 9.0 W 31C 18 to 50 5.0 W 49A 30 to 80 6.7 W3(OH) −20 to 20 1.8

Figure 3. Comparison of [OI] 63 μm absorption toward Sgr B2 M with absorption lines of other species in the same line of sight. It is clear that the OI absorption shows features similar to CS(2-1), in that there are absorption features seen near –100, –50, 0, and 60 km s^{−1}.

could be consistent with a substantial fraction of the missing oxygen within molecular clouds being in the atomic form, if we use the as yet unsubstantiated assumption that OI absorption is associated only with the molecular clouds. Since we submitted our ISO proposal, OI absorption has been detected by 3 other groups - possibly in DR 21 by Poglitsch et al. (1996), in Sgr B2 by Baluteau et al. (1997) and in NGC 6334 by Kraemer et al. (1998). The atomic oxygen abundances which we infer could be consistent with the large values inferred by these groups.

ACKNOWLEDGMENTS

We would like to thank the IPAC staff, especially Steve Lord, for their help in obtaining and reducing these data. The ISO work is carried out under NASA contract NAG 5-3560. The CSO is supported by NSF contract AST 96-15025.

Figure 4. Comparison of [OI] 63 μm absorption toward W31 C with absorption lines of other species in the same line of sight. The line-of-sight cold cloud is seen most clearly in emission in^{12}CO and^{13}CO and in absorption in HCO^+(1-0).

REFERENCES

Baluteau, J.-P., et al. 1997, A&A, 322, L33 Garwood, R.W., & Dickey, J.M. 1989, ApJ, 338, 841 Kraemer, K.E., Jackson, J.M., & Lane, A.P. 1998, ApJ, 503, 785 Poglitsch, A., et al. 1996, ApJ, 462, L43

Figure 5. Comparison of [OI] 63 μm absorption toward W49 with absorption lines of other species in the same line of sight. The absorbing clouds are seen most clearly in^{12}CO (2-1) emission and in absorption in the HCO^+(1-0) line.

Figure 6. Comparison of [OI] 63 μm absorption toward W3 (OH) with absorption lines of other species in the same line of sight. In this case the line-of-sight cloud appears to be very diffuse as it is clearly seen only in the lines of^{12}CO and^{13}CO.

ISOCAM OBSERVATIONS OF THE CLOUD CORE M17-NORTH

R. Klein^1, Th. Henning^1, & D. Cesarsky^2

1Astrophysikalisches Institut und Universitäts-Sternwarte (AIU) Jena, Germany 2Institut d’Astrophysique Spatiale, Université de Paris-Sud, France

ABSTRACT

We present spectro-imaging data of the molecular cloud core M17-North. The data have been obtained with the ISOCAM camera on board of the Infrared Space Observatory (ISO) using the circular variable filters (CVF). The spectra have a spectral resolution of about 40. They are dominated by polycyclic aromatic hydrocarbon (PAH) emission bands. A band at 16.6 μm is detected which is ascribed to the family of the PAH bands. Further, the PAH bands display clearly Lorentzian line profiles. The observations led to the detection of a new mid-infrared source with a very strongly rising continuum. Some information on the morphology of the H ii region could be derived from the spatial distribution of the fine structure line emission by ionic species.

Key words: Star formation; Molecular Cloud: M 17- North; PAH bands.

1. INTRODUCTION

The cloud core M 17-North was detected by bolometer array observations at the IRAM 30 m-telescope at a wavelength of 1.3 mm (Henning et al. 1998, hereafter HKL). The cloud core M 17-North is located 10^′ north of the optically bright H ii region M 17, the Omega nebula. M 17 is located in the Sagittarius- Carina spiral arm at a distance of 1.3 kpc (Hanson et al. 1997).

The detection of a compact core in the millimetre continuum (mm core) made the object an extremely interesting target for the study of star formation and the properties of the dust and molecule population in a cloud core. Therefore, M 17-North was observed with all four instruments of the Infrared Space Observatory (ISO). The spectrometers detected a strongly rising continuum starting at about 20 μm superimposed with fine structure lines and the unidentified infrared bands (UIBs). First results from ISO spectroscopy and a comparison of ground-based near- and mid-infrared (NIR/MIR) data and the mm observations with the ISO data can be found in HKL. The UIBs were interpreted as emission from polycyclic aromatic hydrocarbon clusters (PAH). In this work

Figure 1. ISOCAM map at 15.1 μm (contours: 0.4, 0.5,. . . 1.9 Jy/pix) and the mm continuum map (logarithmic grayscale). The cross shows the H_2O maser position.

we present the main results of recent ISOCAM observations of M 17-North. For further discussion the reader is referred to Klein et al. (1998).

2. OBSERVATIONS

The data were obtained with ISOCAM (Cesarsky et al. 1996) on board of the ISO satellite (Kessler et al. 1996). We used this camera for spectro-imaging with the circular variable filters (CVF). A pointed observation towards the mm core at RA(2000): 18^h20^m32.^s7, DEC(2000): −16^∘01^′43^{′′} was carried out in March 1998. Within one hour the full longwavelength section (LW) of the CVF was scanned covering the wavelength range between 5 and 17 μm with a spectral resolution of about 40. The 32×32 detector array covered a field of 3^′ ×3^′. One pixel’s field

Proceedings of the Conference “The Universe as seen by ISO”, Paris, France, 20–23 October 1998 (ESA SP-427, March 1999)

Figure 2. Four CVF-spectra: top left – the mm core, top right – strong PAH emission in the NW, bottom left – IRS 5, bottom right – IRS 3. The vertical lines indicate the position of some detected features (solid: PAH bands, dashed: fine structure lines). In order to make the different flux scales more apparent every 0.5 Jy/pixel a horizontal line is drawn.

of view (PFOV) is 6^{′′} ×6^{′′}. The data obtained consist of 151 narrow-band images at wavelengths between 5 and 17 μm or in other words of 1024 spectra of this region. The data reduction was performed with the “CAM Interactive Analysis” software (CIA). The data for the missing column 24 was interpolated from the adjacent columns. We noticed a positional discrepancy of 12^{′′} between the ISOCAM images and our NIR images and shifted the ISOCAM data by that amount.

3. ANALYSIS

The main features of the M 17-North are visible in Fig. 1. The image displays the map at 1.3 mm with the mm core in the centre. The contours show the ISOCAM image at 15.1 μm representing the MIR continuum. The continuum emission at these two different wavelengths originate from the same region but the relative intensities are quite different. The ISO- CAM images display a previously unknown strong MIR source (M 17 N-IRS 3). The bright mm core has no comparable counterpart in the MIR. The cross in Fig. 1 at the mm core indicates the position given by Jaffe et al. (1981) for the H_2O maser which was originally found by Cesarsky et al. (1978).

3.1. The sources

Four sources in the ISOCAM images have NIR counterparts. Their coordinates are compiled in Tab. 1 and marked in Fig. 3. One of these four sources is M 17 N-IRS 1. It was already mentioned together with M 17 N-IRS 2 in HKL. Both sources are located at the mm core and their NIR colour index is m_{H−K}′ > 1.7 mag. They are probably embedded in the mm core.

Table 1. Coordinates of the named sources.

M 17 N- RA(2000) DEC(2000) Comment IRS 1 18^h20^m32.^s8 −16^∘01^′33^{′′} at mm core IRS 2 18^h20^m33.^s0 −16^∘01^′48^{′′} at mm core IRS 3 18^h20^m34.^s6 −16^∘00^′40^{′′} disk cand. IRS 4 18^h20^m31.^s4 −16^∘02^′38^{′′} NIR star IRS 5 18^h20^m37.^s3 −16^∘03^′10^{′′} NIR star

An outstanding source in the ISOCAM data is M 17 N-IRS 3. The most remarkable feature of this source is the strong rise of the MIR continuum (Fig. 2 bottom – right). A possible model for this continuum (13–17 μm) is 0.45 M_⊙ of circumstellar matter at a temperature of 160 K. No cold dust is present in IRS 3 as there is no sign of the object in the mm continuum map. It has a K^′-band brightness of m_K′ =11.9 mag and a colour index m_{H−K}′ =1.15 mag. The reason for this moderate reddened H–K colour index, the surrounding warm dust, and no cold dust might be a warm disk seen face on.

In the NIR the two objects M 17 N-IRS 4 and 5 appear as bright stars (see Fig. 3). The ISOCAM spectra of IRS 4 and 5 are the only spectra which are flat or declining to longer wavelengths (Fig. 2 lower –left panel). It is tempting to explain the dip around 10 μm by silicate absorption but we do not observe

Figure 3. ISOCAM at 6.6 μm + K^′-band contours.

silicate anywhere else in M 17-North. The reason for the dip may well be that the stellar spectra are seen on the one side of the spectra and the thermal emission by small grains on the other side.

3.2. The PAH bands

The first fact to mention is the dominance of the PAH emission in the ISOCAM spectra. In the wavelength range from 5 to 14 μm, the contribution of the PAH bands to the observed flux is at least 50% and 70% on average. The emission in the PAH bands is more extended than the continuum radiation. From the edge of the molecular cloud to the north-west, the PAH emission is continuously rising. It is very strong in the north-western part of the observed field while the underlying continuum is relatively weak. A spectrum of this region is displayed in the upper right panel of Fig. 2. Table 2 lists the detected features in the spectrum. Besides the known strong PAH bands and fine structure lines there is a new band at 16.6 μm. We ascribe it to the family of PAH

Table 2. Features in the ISOCAM spectra. Reliable estimates of the FWHM (Δλ) were possible only for the strong PAH bands.

PAH bands others λ, Δλ in μm origin wavel. origin 5.3 C-H bend 7.0 [Ar ii] 5.7 C-H bend 9.0 [Ar iii] 6.261 0.15 C-C stretch 9.7 H_2S(3) 7.686 0.35 C-C stretch 10.5 [S iv] 8.567 0.19 C-H stretch 12.8 [Ne ii]^1 11.34 0.31 C-H bend 15.6 [Ne iii] 13.6 C-H bend 14.3 C-H bend 16.6 ring bend

1blended with the PAH feature at 12.7 μm

Figure 4. Example for a fit of the PAH bands with Lorentzians (pos.: +60^{′′},+5^{′′}). The histogram is the original spectrum. The smooth line is the sum of the low continuum (straight line) and the four Lorentzians (dashed lines).

bands because it seems to have a similar spatial distribution as the other UIB features. The band is at the edge of the wavelength range and, therefore, it is difficult to estimate the band’s strength and width. A feature at 16.4 μm was already detected by Moutou et al. (1998) in NGC 7023 and was ascribed to large compact PAHs, possibly containing pentagons.

The PAH bands can be fitted by Lorentzian line profiles (Fig. 4). A fit of the bands with Gaussian profiles does not describe the data. It is remarkable that the broad wings of the Lorentzian lines account for the plateau between 6 and 9 μm. The low spectral resolution of about 40 or the intrinsic line profile of the CVF are not the reasons for the observed Lorentzian line profiles. The PAH bands in the SWS spectrum of M 17-North which has a resolution of about 200 are also better described with Lorentzian than with Gaussian line profiles and much of the plateau is explained with the broad line wings, too. A full discussion of the analytical fit to ISOCAM spectra can be found in the paper by Boulanger et al. (1998). They conclude that the Lorentzian line profiles of the PAH bands support the PAH hypothesis of large molecules heated by single photons.

3.3. Fine structure lines

Only the lines of [Ar ii] at 7.0 μm, [Ne iii] at 15.6 μm, and [Ar iii] at 9.0 μm^1 are suitable for an analysis of their spatial distribution. The regions which emit these fine structure lines are displayed in Fig. 5. The emission region of [Ar iii] is similar to [Ne iii]. Both lines are strongest in the centre of the observed field where the mm core and the maser are located. Emission by [Ar ii] mainly originates from a bar north of the region where argon is ionized twice but is found everywhere where also continuum emission is detected.

3.4. The H ii region

The compact morphology of the ionized region with the mm core and the H_2O maser in the center indicates the presence of an ionizing source somewhere near its centre, but it is not seen. It cannot be deeply

1 ordered by average in-band power

Figure 5. ISOCAM at 15.1 μm (MIR continuum) and contours for [ Ar II ] at 7.0 μm (dashed) and [ Ne III ] at 15.6 μm (solid). The contours are spaced by 5 · 10^{−7}W m^{−2}sr^{−1} (tickmarks are pointing downward).

embedded in the mm core, because then it could not ionize such a large region as we see it. The ionizing source can be hidden behind the mm core producing the compact emission region of the doubly ionized noble gases and a shell of single ionized argon around. From a radiative transfer model HKL derived a visual extinction of A_V = 80 mag for the mm core. That would also mean that the H ii region lies behind the mm core and that the mm core will absorb the fine structure line emission. In Fig. 5 this absorption can be seen for the [Ne iii] line. There are two maxima and the mm core and the maser are located between them. The amount of the absorption is of the expected order of magnitude.

4. SUMMARY

The main results of the ISOCAM observations of M 17-North are:

1. The coincidence of the MIR emission and the mm continuum emission region. The emission at both wavelengths traces the extent of the molecular cloud but the relative intensities differ in the two maps.

2. The detection of the source M 17 N-IRS 3. The detected circumstellar matter may form a warm disk seen face on.

3. The fit of the PAH bands with Lorentzian line profiles. The fact that the Lorentzian line profiles account for almost all flux in the PAH band region supports the PAH hypothesis.

4. The detection of a band at 16.6 μm which is ascribed to the family of PAH bands.

ACKNOWLEDGMENTS

R. K. acknowledges support through the BMBF- Verbundforschung Astronomie / Astrophysik grant No. 50 OR 9414 9. The ISOCAM data presented in this paper were analyzed using “CIA”, a joint development by the ESA Astrophysics Division and the ISOCAM Consortium. The ISOCAM Consortium is led by the ISOCAM PI, C. Cesarsky, Direction des Sciences de la Matière, C.E.A., France.

REFERENCES

Boulanger F., Boissel P., Cesarsky D., Ryter C. 1998, A&A 339, 194

Cesarsky C. J., Abergel A., Agnèse P., et al. 1996, A&A 315, L32, ISO special issue Cesarsky C. J., Cesarsky D. A., Churchwell E., Lequeux J. 1978, A&A 68, 33 Hanson M. M., Howarth I. D., Conti P. S. 1997, ApJ 489, 698 Henning Th., Klein R., Launhardt R., Lemke D., Pfau W. 1998, A&A 332, 1035, (HKL) Jaffe D. T., Güsten R., Downes D. 1981, ApJ 250, 621 Kessler M. F., Steinz J. A., Anderegg M. E., et al.

1996, A&A 315, L27, ISO special issue Klein R., Henning Th., Cesarsky D. 1998, in preparation

Moutou C., Sellgren K., Léger A., et al. 1998, in:

Star Formation with the Infrared Space Observatory, J. Yun and R. Liseau (eds.), Vol. 132 of ASP Conference Series, p. 47

ISOPHOT FAR-INFRARED OBSERVATIONS OF THE DARK CLOUD DC 303.8-14.2

K. Lehtinen^1, D. Lemke^2, & K. Mattila^1

1 Observatory, Tähtitorninmäki, P.O. Box 14, 00014 University of Helsinki, Finland 2 Max-Planck-Institut für Astronomie, Königstuhl 17, D-69117 Heidelberg, Germany

ABSTRACT

We present an analysis of far-infrared observations of the dark cloud DC 303.8-14.2, made with the ISOPHOT instrument aboard ISO at 60, 100 and 200 μm. An IRAS source is located in the center of the cloud. This is a deeply embedded young stellar object (YSO). The purpose of this research is to study the properties of cold dust in the cloud, and to derive more reliable estimates of the evolutionary stage of the YSO. The dust temperature decreases towards the center of the cloud, where it is about 14 K. The circumstellar mass of the YSO is estimated to be about 0.2 M_⊙. We classify the YSO to be between the Class 0 and Class I evolutionary stages. We also compare the cloud DC 303.8-14.2 with the Thumbprint Nebula, a morphologically similar cloud which has no signs of star formation (Lehtinen et al. 1998).

Key words: dust, extinction; ISM:clouds; Infrared: stars.

1. INTRODUCTION

The globule DC 303.8-14.2 (Hartley et al. 1986) is located in the eastern part of the Chamaeleon II dark cloud complex. It harbours the IRAS point source IRAS 13036-7644, which possesses a spectral energy distribution (SED) typical for a young stellar object; the flux densities at 12, 25, 60 and 100 μm are 0.10, 1.08, 6.28 and 22.01 Jy, respectively (Prusti et al. 1992). Its coordinates are α(1950) = 13^h3^m41.4^s, δ(1950) = −76^∘44^′3^{′′}, and the positional error ellipse has semi minor and major axes of 6 arcsec and 20 arcsec. The IRAS source is not detectable at nearinfrared and shorter wavelengths.

In their continuum survey at 1.3 mm Henning et al. (1993) measured a flux density of 223 ± 49 mJy for this object. This emission is most probably thermal emission from cold circumstellar dust grains.

Lehtinen (1997) has observed DC 303.8-14.2 at millimeter molecular lines, and found that the high density tracers CS(J=2-1), CS(J=3-2) and H_2CO(2_{12}- 1_{11}) show asymmetrical double-peaked profiles that are typical for a collapsing cloud. IRAS 13036-7644 is located at the center of a bipolar molecular outflow; thus it is probably the driving source of this outflow (Lehtinen 1997).

Chen et al. (1997) have calculated bolometric luminosities and temperatures (as defined by Myers & Ladd 1993) for YSOs in nearby molecular clouds. They find values of 0.47 L_⊙ and 63 K for IRAS 13036- 7644. In a bolometric luminosity-temperature diagram of Chen et al. (1995) IRAS 13036-7644 is located near the division line between Class 0 and Class I sources. However, in the absence of flux measurements between 100 μm and 1.3 mm it has not been possible to deduce reliably the class of the IRAS source.

We have chosen the cloud DC 303.8-14.2 to be the comparison object for the Thumbprint Nebula, a morphologically similar cloud which has no signs of star formation (Lehtinen et al. 1998). By comparing these two clouds we wish to study, on one hand, the mechanisms that cause star formation, and on the other hand, the effects that star formation has on a small molecular cloud.

2. OBSERVATIONS AND DATA REDUCTION

The observations were performed on ISO revolution 719 and 723. The C100 camera (our 60 and 100μm observations) is a 3×3 pixel array, and the distance between the pixel centers is 46.0 arcsec. For the C200 camera (2×2 pixel array) the distance is 92.0 arcsec.

The size of the mapped area is about 23 arcmin^2 at 100 and 200μm, while at 60μm we have a single strip across the IRAS source. In the 100 μm map the distances of raster points in the in-scan and cross-scan directions are 135 arcsec (i.e. full detector width) and 90 arcsec (one pixel overlap). In the 200 μm map both the distances are 180 arcsec (full detector width). At 60μm the linear scan of 16 positions is approximately in the north-south direction, and the distance between raster positions is 50 arcsec.

Proceedings of the Conference “The Universe as seen by ISO”, Paris, France, 20–23 October 1998 (ESA SP-427, March 1999)

The data analysis has been done using the PIA^1 (ISOPHOT Interactive Analysis) V 7.2. (Gabriel 1997). For the flat-field correction we have applied a statistical method; we correlate the value of the reference pixel, at each raster position, against other pixels. Instead of comparing the reference pixel only with a particular pixel located in the same raster position, we take a mean of two pixels located symmetrically around the reference pixel. In this way it is possible to reduce the scatter in the pixel-to-pixel relation caused by a surface brightness gradient in the image.

Figure 1. Grayscale image of the surface brightness at 100 μm

Figure 2. Grayscale image of the surface brightness at 200 μm

3. RESULTS AND DISCUSSION

In Fig. 1 and Fig. 2 are shown grayscale images of the surface brightness at 100 and 200 μm, respectively.

1The ISOPHOT data presented in this paper was reduced using PIA, which is a joint development by the ESA Astrophysics Division and the ISOPHOT Consortium (the ISOPHOT Consortium is led by the Max-Planck-Institute for Astronomy, Heidelberg)

Figure 3. Temperature map as calculated by fitting the 100 and 200 μm surface brightness values with a modified blackbody. Darker areas are colder

The IRAS source is the bright pixel at the center of the image.

The temperature map is shown in Fig. 3, calculated by fitting the 100 and 200 μm surface brightness values with a modified blackbody, assuming an index -2 for the dust emissivity power law. We have not subtracted the background in this image. If we assume that the physical properties of the dust grains are the same all over the cloud, the Fig. 3 indicates that the temperature of the dust decreases towards the cloud center. At the cloud center the derived dust temperature (after subtracting the background) is about 14 K. This value is about the same as observed by ISO in the Thumbprint Nebula (TPN) (Lehtinen et al. 1998), which is a dark cloud of similar size and appearance, located in the Chamaeleon III region. The TPN is without any internal heat sources, and thus heated only by the interstellar radiation field. We can thus conclude that the radiation from the IRAS source is not able to warm up the whole cloud into significantly higher temperatures than a cloud without an internal energy source. The surface brightness values at the cloud center at 100 and 200 μm are about 50–100% higher than in the case of TPN. This is probably due to the higher optical depth of the DC 303.8-14.2.

The fluxes of the IRAS source are about 4.5, 19.5 and 43.3 Jy, at 60, 100 and 200 μm, respectively. The spectral energy distribution of the IRAS source is shown in Fig. 4. The emission at 100, 200 and 1300 μm wavelength is expected to originate from ‘classical’, large cold dust grains which are at an equilibrium temperature with the surrounding radiation field, thus we have fitted those flux values with a modified blackbody of the form

F_ν = B_ν (T_d) (1 − exp(−τ_ν )) Ω_s (1)

where B_ν (T_d) is the Planck function at the dust temperature T_d, τ_ν is the optical depth which is assumed to vary with frequency as τ_ν = (ν/ν_0)^β, and Ω_s is the solid angle of the emitting region. We have tried different values of the opacity power-law in-

Figure 4. The spectral energy distribution of the IRAS source. The data points are, from shortest to longest wavelength, IRAS 12 and 25 μm, ISOPHOT 60, 100 and 200 μm, SEST 1.3 mm bolometer (Henning et al. 1993), and radio continuum 3 and 6 cm (Lehtinen & Higdon 1998) data. The solid line is a modified blackbody fit to the 100, 200 and 1300 μm data points

dex β between 1–2, and found that the value β=2 gives the best fit. The fitted values are T_d ≈21.4 K, ν_0 ≈ 184 μm (i.e. the wavelength where the optical depth is unity), and Ω_s ≈ 18 arcsec^2 .

Clearly, the fluxes at wavelengths shorter than 60 μm are higher than accounted for by the emission of large grains at an equilibrium temperature, i.e. the fitted curve. The excess emission may come from transiently heated small grains, or from a disk region around the YSO.

Assuming a distance of 200 pc for the IRAS source and integrating under the fitted blackbody curve we obtain the bolometric luminosity of the cold dust L_{cd} ≈ 1.1 L_⊙.

At 1.3 mm wavelength the emission is optically thin, so we can estimate the circumstellar dust mass by using the flux at 1.3 mm and the derived dust temperature. Using the familiar formula for the circumstellar mass (e.g. Chini et al. 1987),

M_{cm} =

S_ν D^2

Rκ_νB_ν (T_d) (2) where D is the distance, R is the dust-to-gas mass ratio and κ_ν is the mass absorption coefficient of the dust, we obtain (using κ_ν = 1 cm^2 g^−1) M_{cm} ≈ 0.2 M_⊙.

We have estimated the bolometric temperature T_{bol} and bolometric luminosity L_{bol} of the IRAS source, as defined by Myers & Ladd (1993). We obtain the values T_{bol} ≈ 59 K, and L_{bol} ≈ 1.2 L_⊙; the bolometric temperature is now slightly lower, and the bolometric luminosity is about two times higher than estimated by Chen et al. (1997). We can now estimate more firmly the evolutionary stage of the IRAS source. In a bolometric luminosity-temperature diagram of Chen et al. (1995) the position of the

IRAS 13036-7644 is not much changed, it is still located near the division line between Class 0 and Class I sources. This is in accordance with the facts that some properties of the IRAS source are in favor of a Class 0 stage (e.g. non-detectability at wavelengths shorter than about 10 μm, detection of cmwavelength continuum radiation) while some are not (e.g. the spectral energy distribution is not well fitted with a single blackbody curve).

ACKNOWLEDGMENTS

The work of K.L. and K.M. has been supported by the Finnish Academy through grant No. 1011055, which is gratefully acknowledged.

REFERENCES

Chen H., Myers P.C., Ladd E.F., Wood D.O.S. 1995, ApJ 445, 377

Chen H., Grenfell T.G., Myers P.C., Hughes J.D.

1997, ApJ 478, 295 Chini R., Krügel E., Wargau W. 1987, A&A 181, 378

Gabriel C., et al. 1997, Proc. of the ADASS VI Conference, eds. G. Hunt & H.E. Payne, pp. 108.

Hartley M., Manchester R.N., Smith R.M., Tritton S.B., Goss W.M. 1986, A&AS 63, 27 Henning Th., Pfau W., Zinnecker H., Prusti T. 1993, A&A 276, 129 Lehtinen K. 1997, A&A 317, L5 Lehtinen K., Lemke D., Mattila K., Haikala L.K.

1998, A&A 333, 702 Lehtinen K., Higdon J.L. 1998, submitted to A&A Myers P.C., Ladd E.F. 1993, ApJ 413, L47 Prusti T., Whittet D.C.B., Assendorp R., Wesselius P.R. 1992, A&A 260, 151

698

BLOWING A CARBON-RICH BUBBLE IN THE GALACTIC CENTRE MEDIUM AROUND THE QUINTUPLET

D. Levine^1, M. Morris^2 & D. Figer^2

1SIRTF Science Center, IPAC, Caltech/JPL, Pasadena, CA, USA 2University of California, Los Angeles, LA, CA, USA

ABSTRACT

The HII Region known as the “Sickle”, follows the rim of a large scale ring of emission faintly visible at 20 cm and clearly visible in the mid-IR but undetected in CO surveys. We have taken SWS full range spectra at 3 points along the rim of the “bubble” and one point of relatively low emission to its interior. We detect several fine-structure lines and strong PAH features, but molecular lines are weak or absent.

Key words: Galactic Center

1. INTRODUCTION

The HII Region G0.18-0.04, also known as the “Sickle”, follows the rim of a large scale (500 arcsec =20 pc) ring of emission faintly visible at 20 cm and clearly visible in the mid-IR (Egan et al. 1998) but undetected in CO surveys. IRAS HIRES data indicate a color temperature of ∼100K, similar to AFGL5376 which has been explained as an extremely strong shock which dissociated the molecules behind the shock leaving only warm dust (Uchida et al. 1994).

2. OBSERVATIONS

We have taken spectra with the ISO Short Wavelength Spectrometer (SWS, de Graauw et al. 1996) at four locations around the large scale “bubble”.

The locations of the four slit positions are indicated in Figure 1, shown overlaid on the 20 cm image from Yusef-Zadeh & Morris (1998). (The sickle itself, towards the northwest, has been observed in another program). The position called “SE NTF XNG” is a position on the rim to the southeast where the non-thermal filaments appear to cross the bubble in projection. This position shows enhanced emission at 20 cm. The position called “SSE” is a position along the rim to the southeast and the position called “SSW” is a position along the rim to the southwest towards the Galactic Center. The position called “OFF” is not a true off position, but is located away from the rim of the apparent bubble towards the interior, but away from the limb-brightened edge.

Figure 1. The 20 cm image with the 4 SWS slit positions overlaid

“SE NTF XNG and “SSW” are Speed 4 SWS01 observations; “SSE” and “OFF” were taken with the same AOT at Speed 3. The data presented here were reduced from the pipeline auto-analysis results (OLP6.x) using ISAP^1

3. RESULTS

Figures 2-5 show the Band 2, 3 and 4 spectra for the 4 positions, with each section plotted on the

1 The ISO Spectral Analysis Package (ISAP) is a joint development by the LWS and SWS Instrument Teams and Data Centers. Contributing institutes are CESR, IAS, IPAC, MPE, RAL and SRON.

Proceedings of the Conference “The Universe as seen by ISO”, Paris, France, 20–23 October 1998 (ESA SP-427, March 1999)

same scale for all positions. The broad PAH features near 6.2, 7.7 and 8.6 μm are present in all pointings, but appear particularly strong in the SSW position. The fine-structure lines of [ArII], [NeII], [SIII], [FeIII], [SiII] are also present in all pointings except the “OFF” position where only the Band 4 lines of [SIII] and[SiII] are clearly detected. Other lines are present in some pointings but not in others and the relative strength of some features varies from pointing to pointing. Also, several strong features which have not been identified with known lines are present.

The fine structure lines are strongest in the position where the non-thermal filaments cross the structure and are relatively weak at the SSW position, which is the furthest of the 3 rim positions from the filaments. Both the continuum and the line-to-continuum ratio are also somewhat stronger at the SE NTF XNG position.

Table 1 summarizes the properties of the fine structure lines observed.

Table 1. High Signal-to-Noise Fine Structure Lines

Pointing Flux (W/cm^2) SNR ID

OFF 7.80E-19±4.32E-20 13.1 [SIII]33.481 OFF 1.71E-18±6.66E-20 16.2 [SiII]34.815 SE NTF XNG 6.81E-19±8.04E-21 43.6 [ArII]6.985 SE NTF XNG 1.39E-18±3.94E-20 32.2 [NeII]12.813 SE NTF XNG 2.19E-19±1.12E-20 15.1 [NeIII]15.555 SE NTF XNG 6.44E-19±1.34E-20 38.5 [SIII]18.713 SE NTF XNG 1.24E-19±7.63E-21 14.4 [FeIII]22.925 SE NTF XNG 6.21E-18±4.87E-20 64.8 [SIII]33.481 SE NTF XNG 6.23E-18±3.69E-20 96.8 [SiII]34.815 SSE 7.02E-19±2.46E-20 14.1 [ArII]6.985 SSE 1.04E-18±7.72E-20 9.1 [NeII]12.813 SSE 4.80E-19±1.48E-20 23.8 [SIII]18.713 SSE 9.78E-20±7.25E-21 9.6 [FeIII]22.925 SSE 4.58E-18±9.08E-20 33.7 [SIII]33.481 SSE 6.27E-18±2.66E-20 159.7 [SiII]34.815 SSW 3.57E-19±9.01E-21 13.2 [ArII]6.985 SSW 7.14E-19±2.03E-20 29.5 [NeII]12.813 SSW 3.31E-19±1.61E-20 14.5 [SIII]18.713 SSW 1.48E-19±1.21E-20 8.1 [FeIII]22.925 SSW 7.86E-20±5.27E-21 10.8 [FeII]25.988 SSW 2.31E-18±3.02E-20 40.8 [SIII]33.481 SSW 2.89E-18±1.37E-20 118.2 [SiII]34.815

4. DISCUSSION

The “bubble” spectrum shows line emission similar to that seen in the GC spectrum of Lutz et al. (1996). However, it lacks any evidence of the absorption features seen there and it possesses strong PAH features reminiscent of those seen in carbon stars (Beintema et al 1996) and in starbursts and ULIRGs (Lutz et.al. 1998). The origin of these strong PAH features in the galactic center is somewhat puzzling in view of the fact that AGB stars near the galactic center tend to be oxygen-rich rather than carbon-rich (Jura, Yamamoto & Klein 1993).

Figure 2. SWS bands 2-4 for the SE NTF XNG position

Figure 3. SWS bands 2-4 for the “OFF”position

Figure 4. SWS bands 2-4 for the SSW position

Figure 5. SWS bands 2-4 for the SSE position

REFERENCES

Beintema, D. et al. 1996, A&A, 315, L369 de Graauw, Th. et al. 1996, A&A, 315,L49 Jura, M., Yamamoto & Kleinmann, S. 1993, ApJ, 413, 298 Lutz, D. et al. 1996, A&A, 315, L269 Lutz, D. et al. 1998, ApJ, 505, L103 Egan, M., Shipman, R., Price, S., Carey, S., Clark, F. & Cohen, M. 1998, ApJ, 494, L199 Uchida, K. et. al. 1994, ApJ, 421, 505 Yusef-Zadeh, F. & Morris, M. 1988, ApJ, 329, 729

702

THE BEHAVIOUR OF THE [O i] 63 μm and [O i] 145 μm LINES IN THE ρ OPHIUCHI CLOUD

R. Liseau^1, G.J. White^2 & B. Larsson^1

1Stockholm Observatory, Saltsjöbaden, Sweden 2Queen Mary & Westfield College, Dept. of Physics, London, UK

ABSTRACT

The dense cores B 1, B 2 and C North in the active star forming ρ Oph cloud have been observed with the ISO LWS (λ = 43–197 μm, R = 140 − 330). Detailed modelling of the Fir spectra shows that the emission originates in a PDR on the rear side of the cloud. However, the behaviour of the O i ground state lines ([O i] 63 μm, [O i] 145 μm) appears anomalous in the sense that observed flux ratios are too small compared to those predicted by theoretical models of O i excitation and line transfer. Based on the LWS data, we argue that self absorption in the [O i] 63 μm line by cool foreground material is not a viable explanation in the case of ρ Ophiuchi: the expected reduction in [O i] 63 μm flux towards the dense cores is not reflected by the data. In contrast, the [C ii] 158 μm and [O i] 63 μm lines behave in accordance with model predictions. It seems likely, therefore, that it is not the [O i] 63 μm line being too weak, but that the [O i] 145 μm line is relatively too strong and we propose that slight masing in the [O i] 145 μm line is responsible for the observed line ratio anomaly.

Key words: ISM; Molecular Clouds; ρ Ophiuchi Cloud; PDRs; Star Formation.

1. INTRODUCTION

The relative strengths of the fine structure lines of atomic oxygen, viz. O^{0 3}P_1–^3P_2 (63 μm) and O^{0 3}P_0– 3P_1 (145 μm), are known to be difficult to predict theoretically for a number of astronomical sources (e.g., Tielens & Hollenbach 1985a & b; Saraceno et al. 1998). The ground state of O^0 is inverted, with the 145 μm line connecting the middle level with the upper level, more than 300 K above ground. The 63 μm transition, on the other hand, occurs between the middle level (ΔE/k^>_∼ 200 K) and the lowest level at zero energy.

In several observed cases, 63 μm absorption (and/or scattering) by cool material along the line of sight towards the emitting source was directly suggested by the data (e.g., Baluteau et al. 1997). Such absorption could be expected to apply also to selected regions in the nearby (150 pc) ρ Oph cloud, harbouring a number of well studied dark and dense cores. In fact, the ρ Oph cloud could serve as a case study, since (1) the geometry of the emitting and of the putative absorbing regions is known, (2) the distribution of the volume and the column density is known, and (3) the spatial distribution and local strength of the UV-field (expressed in units of G_0, the integrated flux of the local interstellar field) is known from observation and theoretical modelling (Liseau et al. 1998, hereafter Paper I).

The regions ρ Oph B and ρ Oph C (Loren et al. 1990) appear as dark patches at wavelengths at least as long as 15 μm (see the ISOCAM image by Abergel at al. 1996). It is therefore most likely that the illuminating source (HD 147889, see: Paper I) is situated behind the bulk of the cloud and, consequently, that most of the PDR (Photon Dominated Region) emission originates at the rear side of the cloud. This scenario is in agreement with our detailed model presented in Paper I. In the present contribution, we examine the [O i] 63 μm and [O i] 145 μm observations with the LWS towards the dense cores ρ Oph B 1, B 2 and C 1 (C North).

2. OBSERVATIONS AND DATA QUALITY

In Fig. 1, the pointings of the ISO LWS (Kessler et al. 1996, Clegg et al. 1996) towards ρ Oph B are shown superposed onto a map in the emission of CS (J=5– 4) (unpublished 15m SEST data of R. Liseau). The integrated CS line intensity traces the density distribution of the cloud. The high density clumps ρ Oph B 1 (south-west) and ρ Oph B 2 (north-east) are clearly revealed in this figure. The LWS data are spatially oversampled in the scan direction (Δ=40^{′′}, LWS-beam about 80^{′′}) and displayed in Fig. 2, where the positions of ρ Oph B 1 (b 4) and ρ Oph B 2 (b 11) are identified. The IRAS source IRS 37 (Wilking et al. 1989) is at b 6.

In Figs. 2 and 3, the positions of b 3 and c 6 are especially marked. The latter refers to a different scan (Paper I), which was obtained at a different date. The pointing towards c 6 was originally intended to coincide with b 3 for cross calibration checks. The actual angular distance between the two positions is only 25^{′′}, implying that these observations should

Proceedings of the Conference “The Universe as seen by ISO”, Paris, France, 20–23 October 1998 (ESA SP-427, March 1999)

Figure 1. The positions of the LWS scan through the dense cores in ρ Oph B are shown and the first position, b 1, is identified. Offsets are 40^{′′} and the shown beam of the LWS has a half power width of 80^{′′}. Also shown are two positions from different scans (c 6 and ew 9), the observations of which are separated in time. The LWS pointings have been overlayed onto a map in CS (5–4), obtained with the 15m SEST (R. Liseau, unpublished data). The CS data clearly reveal the cold and dense cores ρ Oph B 1 (south-west) and ρ Oph B 2 (north-east).

give nearly identical results (within the 30% accuracy of the absolute flux calibration; Swinyard et al. 1996). From Table 2 of Paper I one infers that the agreement is, in fact, excellent. Similar is true also for other cross-checks (e.g. b 11 and ew 9), although there the angular separations are larger. The good internal agreement of the LWS data, obtained at different dates, lends credence to their reliability.

Further, in Paper I, comparisons were made with independent observations, particularly with the KAO, which resulted in satisfactory agreement between the different data sets. Taken together, we regard it highly unlikely that the line line ratio anomaly discussed below is entirely of instrumental origin.

3. DISCUSSION AND CONCLUSION

In a scenario, where a small [O i] 63 μm/[O i] 145 μm line ratio (< 10) is caused by decreased 63 μm line flux due to self absorption in cool foreground material, one would expect the [O i] 63 μm flux to anticorrelate with the column density of the cold gas. Such behaviour is not observed anywhere in ρ Oph, however (see also Figs. 2 and 3). Surprisingly, rather the opposite seems to occur, viz. that the line strength appears to grow with the column density of cold gas (near their centres, the temperature of the cores is as low as below 10 K). Since G_0 is approximately constant over the core regions and the [O i] 63 μm emission is not optically very thick (τ_0 ∼ 1 − a few, Paper I), the increase in line flux could reflect an increase in density in the emitting regions, i.e. in the PDR. Such increase could refer to either (1) an enhanced hydrogen density, for a constant (depleted) oxygen abundance or (2) an augmented abundance of atomic oxygen relative to hydrogen. The latter could be due to gas-grain chemical activity. However, on the basis of the available observational evidence we are not able to distinguish one possibility from the other. Alternatively, the IRAS source IRS 37 could contribute significantly to the [O i] 63 μm flux.

We recall the fact that the [C ii] 158 μm and [O i] 63 μm lines behave in accordance with model predictions. It thus seems that the encountered difficulties are due to [O i] 145 μm alone and that the observed [O i] 63 μm/[O i] 145 μm line ratios in ρ Oph are not easily explained. In particular, self absorption of [O i] 63 μm seems to be ruled out. Should our comprehension of the source geometry be incorrect,

Figure 2. [O i] 63 μm and [O i] 145 μm data from the LWS-scan through the ρ Oph cores B 1 and B 2. Along the abscissa, the number of the individual pointings (b 1 to b 11) is given and along the ordinate the observed flux in the lines, corrected for continuum emission. The points are separated by 40^{′′}. The positions of the dense cores are indicated and the pointing b 3 is marked (cf. Fig. 3). No significant decrease in [O i] 63 μm flux towards the dense cores is discernible.

the self absorption picture would suffer even further, since the PDR would then be on the side of the cloud facing the Earth and little, if any, foreground material to absorb or scatter 63 μm photons would be available. It seems more likely, therefore, that the causes of small line ratios are not external, but internal to the physics of O^0 excitation and/or line transfer. In Paper I, we have examined a large number of possible explanations and reached the conclusion that the hypothesis of slight masing in the [O i] 145 μm line seems most promising. A physical mechanism, accomplishing the maser action, should be investigated in more detail.

ACKNOWLEDGEMENTS

We thank A. Brandeker for his assistance with Fig. 1.

REFERENCES

Abergel A., Bernard J.P., Boulanger F., et al. 1996, A&A 315, L 329 Baluteau J.-P., Cox P., Cernicharo J., et al. 1997, A&A 322, L 33 Clegg P.E., Ade P.A.R., Armand C., et al. 1996, A&A 315, L 38 Kessler M.F., Steinz J.A., Anderegg M.E., et al. 1996, A&A 315, L 27 Liseau R., White G.J., Larsson B., et al. 1998, submitted to A&A (Paper I) Loren R.B., Wootten A., Wilking B.A. 1990, ApJ 365, 269

Figure 3. Same as Fig. 2, but for the LWS-scan through the ρ Oph core C 1, designated by C N (North), and with offsets of 180^{′′}. The [O i] 63 μm flux is not markedly reduced towards the dense core C N. The position c 6 is close to b 3 in Fig. 2, both showing identical flux. At positions, where both lines are clearly detected, the [O i] 63 μm/[O i] 145 μm flux ratio is smaller than ten.

Saraceno P., Nisini B., Benedettini M., et al. 1998, in:

Star Formation with the Infrared Space Observatory, Yun J.L. & Liseau R. (eds.), ASP Conf.Ser., 132, p. 233 Swinyard B.M., Clegg P.E., Ade P.A.R., et al. 1996, A&A 315, L 43

Tielens A.G.G.M., Hollenbach D.J. 1985a, ApJ 291, 722 Tielens A.G.G.M., Hollenbach D.J. 1985b, ApJ 291, 747 Wilking B.A., Lada C.J., Young E.T. 1989, ApJ 340, 823

706

S106 : MORPHOLOGY AND EXCITATION OF PAH, H_2 AND H FROM ISO, C10μ AND BEAR

J.P. Maillard^1, C. Joblin^2, G.F. Mitchell^3, I. Vauglin^4, & P. Cox^5

1Institut d’Astrophysique de Paris (CNRS), Paris, France 2Centre d’Etude Spatiale des Rayonnements (CNRS), Toulouse, France 3Astronomy and Physics Dept, Saint Mary’s University, Halifax, Canada 4CRAL-Observatoire de Lyon, Lyon, France 5Institut d’Astronomie Spatiale, Orsay, France

ABSTRACT

A set of new data has been obtained on S106 with ISOCAM in CVF mode in the 6 to 9 μm range, with the ground-based mid-infrared camera C10μ and in spectro-imaging in the 2 μm region with BEAR an imaging FTS, both instruments having a 10 times better spatial resolution, i.e. ∼ 0.3^{′′}. The latter data have been obtained in the Brγ and H_2 1-0 S(1) lines, at a spectral resolution of ∼ 15km s^{−1}. By comparing all these data the relation of PAH and H_2 can be studied. They have on large scale the same distribution but differ in the detail. BEAR maps in the H_2 and H lines show a very turbulent gas. With the velocity information provided by the BEAR data a picture of the 3D distribution of gas and dust in the S106 outflows can be built.

Key words: massive YSO; S106; PAH; molecular gas; imaging FTS.

1. INTRODUCTION

The infrared source S106IR (or S106-IRS4) is a typical massive young stellar object of high luminosity (2×10^4 L_⊙), type O or early B (Eiroa et al. 1979), still embedded in its parent cloud (A_v ≃ 21). The isolation of this source and its relative proximity estimated at ≃ 600 pc (Staude et al. 1982) make a detailed study of its environment possible. S106IR appears to be the unique source of excitation of the S106 molecular cloud, providing a good example of an interface between a photodissociation region (PDR) and an HII region. This environment has been mapped at many different wavelengths, from the visible to the centimeter waves (Gehrz et al. 1982, Felli et al. 1984, Aspin et al. 1990, Hayashi et al. 1990, Hodapp & Rayner 1991, Roberts et al. 1995). These broad-band images mainly illustrate the change of morphology with wavelength of an extended emitting region with a North-South bipolar extension. The infrared observations presented in this paper provide new information on the physical and chemical conditions of the YSO environment and on its kinematics. Images have been obtained in the “unidentified” infrared bands at 6.2, 7.7, 8.6, 11.3 and 12.7 μm, generally attributed to Polycyclic Aromatic Hydrocarbons (PAHs), using ISOCAM and a ground-based midinfrared camera C10μ offering a high spatial resolution. At the same spatial resolution, and at a high spectral resolution the velocity profile of the 1-0 S(1) line of H_2 and the Brγ line of H have been obtained. These observations allow the building of a plausible tridimensional model of flows from a massive YSO.

2. OBSERVATIONS

The ISOCAM data (Joblin et al. 1999a) shown in Fig. 1 were obtained at 8.6 μm with the CVF, part of a spectral coverage from 6 to 9 μm, with a pixel size of 3 arcsec. This leads to a square field of 96×96 arcsec, well adapted to cover the totality of the emitting zone, which exhibits the general bipolar shape seen in previous images of the continuum (e.g. Gehrz et al. 1982, Felli et al. 1984). The ISO data were complemented with ground-based observations with a midinfrared camera using various filters to map the PAH bands at 8.6, 11.3, and 12.7 μm, and the nearby continuum at 10.6 μm. The 11.3 μm band has the advantage to be more intense than the 8.6 μm band, and thus is useful for tracing the PAH emission in detail. The emission at 8.6 μm common to the two sets of data was used for cross-calibration (Joblin et al. 1999b). These observations were conducted at the f/35 focus of the 3.6-m CFH Telescope in a run of July 1997 with C10μ. This 192×128 Si:Ga camera has been developed by Lyons Observatory (Merlin et al. 1996), to work in the 5 - 15 μm range. This camera has the advantage of offering a pixel size (0.31 arcsec/pixel), about 10 times smaller than that of ISO- CAM. While the useful field is thus only 59×40 arcsec, it nonetheless covers the main part of the emitting regions of S106. In a run at the same focus in July 1997 and July 1998 with the BEAR spectrometer, a unique FTS imager (Maillard 1995), equipped with a 256×256 NICMOS camera, with a scale com-

Proceedings of the Conference “The Universe as seen by ISO”, Paris, France, 20–23 October 1998 (ESA SP-427, March 1999)

parable to that of C10μ (0.35 arcsec/pxl), a total field of 26×38 arcsec around S106IR was observed. This was obtained from the merging of two circular fields of 24 arcsec diameter, the size of the available field in one exposure. Spectro-imaging at a spectral resolution of ∼ 15km s^{−1} was obtained through narrow-band filters isolating H_2 2.12 μm (Fig. 2) and H Brγ 2.16 μm (Fig. 3) respectively. Previously reported spectro-imaging work had been made with a F-P etalon at a resolution of 130 km s^{−1} (Hayashi et al. 1990).

Figure 1. ISOCAM image of S106 in the 8.6 μm PAH band obtained by summing the CVF positions in the 8.37 - 8.88 μm range. The continuum is not subtracted.

3. LINE SHAPES

From the BEAR data the shape of H and H_2 lines can be analysed in all points of the field. The first striking difference is that the H_2 line is narrow and unresolved (< 15 km s^{−1}) throughout the entire field, while for Brγ the line core is broad everywhere with FWHM equal to 35 km s^{−1}. Broad wings are observed in many positions (FWZI up to 130 km s^{−1}) and are often asymmetric. Surprisingly, a double line with a peak separation of 53 km s^{−1} is observed in a welldefined area in the southern flow (Fig. 3). A possible explanation for this profile will be discussed further down.

4. VELOCITY FIELD

These data also provide information on the velocity field of the gas. From a first analysis of the H_2 line, four separate structures (Fig. 2) can be seen with for each of them a specific velocity :

• a bright structure at the western edge of the field, oriented north - south, to the south of S106IR,

• a large, clumpy arc to the south

• an emission structure surrounding the YSO and extending generally southwest,

• a bright arc at the northern limit of the field.

The same four structures are present in the intensity distribution of Brγ (Fig. 3). Because of the larger linewidth they are less clearly separated in velocity. A complete mapping of the velocity field in the ionized gas with Brγ as tracer is required to show systematic velocity differences. Note that these structures are regions of enhanced emission, as the line is present everywhere, at low level between the bright regions.

The differences in velocity between each area in H_2 are only a few km s^{−1} (maximum difference 7 km s^{−1}), but are significant. Therefore, neither the H_2 nor the Brγ emission shows evidence for bipolarity from velocity measurements. This bipolarity is only revealed by the general distribution of gas and dust. This almost common velocity is indicative of flows in motion mainly in the plane of the sky. This conclusion had already been drawn by Solf & Carsenty (1982) from long-slit spectroscopy in the Hα line. This makes S106 useful for studying the structure of flows without projection effects.

Figure 2. The 2.12 μm H_2 emission integrated over the full velocity field from BEAR data (grey-scale) compared with the C10μ image of S106 in the 11.3 μm PAH filter (contours).

5. COMPARISON BETWEEN GAS AND PAH EMISSION

In contrast to the ISOCAM image at 8.6 μm (Fig. 1) where there is everywhere a continuous emission in the North and South flow, with some brighter areas corresponding coarsely to the structures identified in the BEAR images, these structures are clearly seen in the emission mapped with C10μ at 11.3 μm, as expected given the higher contrast of this PAH band relative to 8.6 μm, and the much higher spatial resolution. There are a few additional patches, in particular to the South-East of S106IR, a region not covered by the BEAR observations. Further discussion of the spatial distribution of the different PAH bands is reported elsewhere (Joblin et al. 1999a).

As an example, Fig. 2 compares the spatial distribution of the PAH 11.3 μm band with that of the H_2 emission. Very interestingly, the H_2 emission follows very closely the same distribution, indicative of a good mixing between H_2 and the PAH grains in the same clumps. There is a remarkable exception for two bright blobs close to S106IR, just north of it, a region devoid of H_2. The obvious absence of H_2 at these positions can be ascribed to destruction by the intense UV field from the central source, while the locally dense dust has resisted destruction.

6. DISCUSSION : ORIGIN OF EMISSIONS

The narrow lines rule out a shock origin for the H_2 emission. Hayashi et al. (1990) suggested that a 7 km s^{−1} shock could explain the H_2 emission. If the surrounding gas is clumpy we might expect multiple shocks in the line of sight, broadening the line. As the H_2 line is everywhere unresolved, fluorescence in a PDR is more likely. ISO observations of fine structure of atomic lines (iron) in a SWS2 spectrum of S106 led to the same conclusion (van den Ancker et al. 1998). On the contrary, the Brγ line which is much broader than the H_2 line tends to indicate that H is representative of a shocked gas. The most plausible explanation to reconcile these facts is that, in these large clumps H results from the dissociation of H_2, but H and H_2 are spatially separated. A closer examination of the respective distribution of H and H_2 shows that the peaks of H are displaced with respect to the peaks of H_2, the latter being further away from the central source.

A tentative model which emerges is that, with S106, we witness the phase of disruption of the dense core in which the massive YSO formed, through the action of the presumably irregular stellar wind. We see large clumps of dust mixed with PAH and H_2 which are drifting apart as indicated by the velocity differences between clumps. This wind is not fully collimated, which is common for massive YSOs, with a main N- S direction in the plane of the sky. Note that the E-W dark lane seen in the images (Fig. 1, 2 and 3), which has often been interpreted as the signature of a large size disk (Gehrz et al. 1982) perpendicular to the flows might be a region devoid of material, the separation between the north and south clumps. This is in agreement with the fact that no such disk has been detected at any wavelength and that the dark lane is not centered on S106IR but is seen north of the source.

The double-peaked Brγ line seen in a rectangular zone (Fig. 3) formed by the edges of three clumps gives another indication on the spatial distribution of the flows. Remarkably enough, one of the components has the same velocity as the surrounding clumps while the other one is clearly redshifted. This latter component is indicative of emission coming from a region deeper in the same line of sight. It can be proposed that H is coarsely distributed in a open cone with its axis in the plane of the sky. The clumps which are seen are located in the forefront surface, blocking the emission from the background surface, only seen in this large hole. The high brightness of the North-South structure, on the western edge of this aperture, observed in the PAH band, in H_2 and in

Figure 3. Distribution of atomic hydrogen traced with the Brγ line at 2.16 μm from the BEAR data; obtained by summing planes representing a total velocity span of 150 km s^{−1}, with examples of velocity profile in two locations. The width of a velocity channel is equal to 14.3 km s^{−1}. H is present throughout the field, even in regions of low contrast. North is up, east is left.

Brγ lines, can then be explained as a limb effect from the conical distribution of emitting material. The most southerly North-South structure (Fig. 2) could mark the opposite limb and have the same origin. The projected expansion velocity of the cone in the radial direction can be estimated at 26 km s^{−1}, half the peak separation, which means a much higher true expansion velocity. A value of 76 km s^{−1} had been inferred by Solf & Carsenty (1982) putting S106IR among the YSOs with high-velocity wind.

7. CONCLUSION

In conclusion, an image of the flow structure of a massive YSO like S106IR starts to emerge : an empty and bipolar widely open cone of ionized gas, in expansion, with the gas concentrated in patchy walls in which H_2, the dust and PAH grains are forming the most external layers. This structure in a later phase disperses in large clumps of material. This work is in progress. New data on the 11.3 μm band through a CVF with C10μ and a systematic mapping of the velocity field in H_2 and Brγ should help to sharpen the facts already reported. A complementary discussion should consider the lifetimes of all the process.

REFERENCES

Aspin, C., Rayner, J.T., McLean, I.S., Hayashi, S.S.

1990, MNRAS, 246, 565

Eiroa, C., Elsässer, H., Lahulla, J.F. 1979, A&A, 74, 89 Felli, M., Staude, H.J., Reddmann, Massi, M., Eiroa, C., Hefele, H., Neckel, T., Panagia, N. 1984, A&A, 135, 261

Gehrz, R.D., Grasdalen, G.L., Castelaz, M., Gullixon, C., Morzukevitch, D., Hackwell, J.A. 1982, ApJ, 254, 550 Hayashi, S.S., Hasegawa, T., Tanaka, M., Hayashi, M., Aspin, C., McLean, I.S., Brand, P.W.J.L., Gatley, I. 1990, ApJ., 354, 242 Hodapp, K.W., Rayner, J. 1991, AJ, 102, 1108 Joblin, C., Vauglin, I., Tielens, A.G.G.M., Bregman, J., Merlin, P., Abergel, A., Vivarès, F. 1999a, in prep

Joblin, C., Vauglin, I., Abergel, A., Vivarès, F., Dubois, J.P. 1999b, in prep Maillard, J.P. 1995, 3-D Spectroscopy with a Fourier transform Spectrometer, in Tridimensional Optical Spectroscopic Methods in Astrophysics, IAU Coll. 149, A.S.P. Conf. Series, ed. George Comte & Michel Marcelin, vol. 71, p. 316

Merlin, P., Sibille, F., Vauglin, I. 1996, User’s Manual for the 10 micron camera C10μ, 1996, available at httpp://www-obs.univ-lyon1.fr/ir Roberts, D.A, Crutcher, R.M., Troland,T.H. 1984, ApJ, 442, 208

Solf, J., Carsenty, U. 1982, A&A, 113, 142 Staude, H.J., Lenzen, R., Dyck, H.M., Schmidt, G.D.

1982, ApJ, 255, 95

van den Ancker, M.E., Wesselius, P.R., Tielens, A.G.G.M., Waters, L.B.F.M., in ISO’s View on Stellar Evolution, ed. L.B.F.M. Waters, C. Waelkens, K.A. van der Hucht & P.A. Zaal, Kluwer:Dordrecht, 1998, Astrophys. & Space Sci., 255, 69

THE HOT GAS AND THE COLD DUST IN THE GALACTIC CENTRE CLOUDS AS SEEN BY ISO

J. Martín-Pintado^1, N.J. Rodríguez-Fernández^1, P. de Vicente^1, A. Fuente^1, T.L. Wilson^2, S. Hüttemeister^3, & D. Kunze^4

1Observatorio Astrónomico Nacional, Apartado 1143, E-28800, Alcalá de Henares, Spain 2Max–Planck Institut für Radioastronomie, Postfach 2024, D 53010 Bonn, Germany 3Astronomische Institute, Auf dem Huegel 71, D-53121 Bonn 1, Germany 4MPE, Giesenbachstrasse 1, D-85748 Garching, Germany.

ABSTRACT

We present the first results of the LWS and SWS ISO observations of 18 molecular clouds in the Galactic centre (GC) region. H_2 emission from several rotational lines in the ground vibrational state is detected towards all molecular clouds. The rotational temperatures derived from these lines are between 150 and 500 K. Remarkably, the derived column densities of the hot H_2, ∼ 2 10^{22} cm^{−2}, are similar to those obtained for the cold gas. From the non-detection of the S(3) line at 9.7 μm, we derive that the hot gas must be located behind more than 30 mag of visual extinction of cold gas and dust. The LWS continuum spectra indicate that the cold dust has temperatures of 25-35 K and column densities similar to those required to explain the extinction of the H_2 emission. The observations of the J=2-1 and the J=1-0 line of C^{18}O seem to sample only the cold (J=2-1/J=1-0 line ratios of 0.7-1.4) gas located in front of the hot gas. This indicates that the low J transition of C^{18}O does not trace the total molecular gas in the GC. The LWS continuum spectra impose stringent limits (≤ 1 per cent) to the hot dust associated to the hot H_2. Towards most of the clouds we also detected emission from the fine structure lines of ionized species like SIII and NeII, and in some cases also from NeIII and OIII. In contract with the previous idea that the heating of the GC clouds is dominated by shocks, our data suggest that photoelectric heating by UV radiation can be the dominant mechanism. The effective temperature of the ionization radiation derived from the NeIII/NeII ratio is 35.000 K (typical of an O7 star). These ISO data when combined with the upper limits to the intensities of the recombination lines measured at millimeter wavelengths indicate that the UV radiation is very diluted. Cavities with sizes larger than 2 pc surrounding the ionizing star(s) are required to explain the mentioned dilution. The origin of the ionized cavities and the implications of these findings on the heating of the molecular clouds in the GC are briefly discussed.

Key words: Galactic Center; ISM; shock waves.

1. INTRODUCTION

The molecular clouds in the GC exhibit unusual characteristics with widespread high gas kinetic temperatures and relatively low dust temperatures ( Güsten 1989). Unlike the warm and hot cores in the molecular clouds of the Galactic disk where the UV photons from young stars heat the grains and the gas is heated by dust-gas collisions, the low dust temperatures observed in the GC require a different heating mechanism which acts directly on the gas. So far, the main heating mechanism invoked to explain the particular properties of the molecular clouds in the GC is shocks (Wilson et al. 1982). The chemistry in the GC clouds seems also to be unusual. The abundance of refractory molecules like SiO is relatively large, supporting the shock scenario for the peculiar chemistry of the GC clouds (Martin-Pintado et al. 1997; Hüttemeister et al. 1998). Due to the large extinction towards this region most of our view of the GC clouds has been obtained from radio observations. Obviously, a complete picture of the energetics of these clouds will only be obtained when the main cooling lines in the IR are measured. We have used ISO to obtain a complete view of the ionized, hot and cold gas and dust in the GC clouds. These data will allow to fully characterize the GC clouds, and will help to understand the heating in the GC.

2. OBSERVATIONS, DATA REDUCTION AND RESULTS

We have observed 18 molecular clouds in the GC selected from the sample of Hüttemeister et al. (1993) and Martín-Pintado et al. (1997) with the LWS and the SWS of ISO. We have measured with the SWS several rotational line of H_2 (S(0), S(1), S(3) , S(4) and S(5)), the 18.7 and 33.5 μm lines of SIII, the 12.8 μm of NeII, and the 15.6 μm line of NeIII. The reduction of the SWS data was carried out with the Interactive Analysis programs at the ISO Spectrometer Data Centre at MPE. We also took full LWS spectra of all sources. Observations of the recombination line H41α and of the J=1-0 and J=2-1 lines of

Proceedings of the Conference “The Universe as seen by ISO”, Paris, France, 20–23 October 1998 (ESA SP-427, March 1999)

C^{18}O have also been obtained with an angular resolution similar to that of the SWS aperture using the IRAM 30-m telescope.

Figure 1. Fine structure lines observed with the SWS towards the cloud M+0.16-0.10. The spectra are averaged to one half of the instrument’s resolution.

3. THE STRUCTURE IN THE GC CLOUDS

From the combination of all data a new picture of the GC clouds emerges. We find that all the sources in our sample show the presence of three different components: the ionized gas, the hot molecular gas and the cold gas and dust.

3.1. The ionized gas

Basically all the sources observed in the GC show emission from fine structure lines of ionized species like NeII and SIII (see Fig. 1). The ratio between the 18.7 and the 33.5 μm lines of SIII are ≤0.2, much smaller than the lower limit of 0.5 obtained from the excitation at very low density. This low ratio indicates that the ionized gas must be located behind more than 40 mag of visual extinction even in the case that the source of the ionized emission is extended. In the sources with the strongest NeII line, we also detect emission from the NeIII line. For those sources the ratios between the NeIII and the NeII lines, 0.05- 0.2, suggest effective temperature for the ionization radiation of at least 35.000 K (Sellmaier et al. 1996), typical of an O7 star. This is in contrast with the recombination line data at millimeter wavelengths for which we measure an upper limit to the emission of ∼ 15 mK. Assuming the typical linewidths of ∼ 30 kms^{−1}, and a LTE electron temperature of 10.000 K, our upper limits indicates that the Lymann continuum photons in the SWS aperture must be ≤4 10^{47} s^{−1}, typical of a B0 star. The effective temperature of the ionization radiation derived from the NeIII/NeII ratio is inconsistent with ionization by main sequence OB starts exciting HII regions with sizes of ≤2 pc. As discussed in Section 4, the presence of large cavities surrounding the ionizing stars can explain the discrepancies.

Figure 2. Pure rotational transitions of H_2 as observed with the SWS towards M+0.16-0.10. The spectra are averaged to one half of the instrument’s resolution. Note that the S(3) line is not detected because of the absorption by the 9.7 μm silicates feature.

3.2. The hot molecular gas

All the clouds show emission in several rotational lines in the ground vibrational state of H_2 (see Fig. 2). In all sources the S(3) at 9.7 μm is weaker than expected pointing out that the hot gas is also behind of more than 30 mag of visual extinction. The rotational temperatures derived from the line intensity ratios varies from 150 K (S(1)/S(0)) to 500 K (S(5)/S(4)) (see Fig. 3) indicating large temperature gradients within the hot gas. Ortho-to-para ratios different than those in LTE will only change the kinetic temperature from 150 to 180 K.

Figure 3. Rotational plot for H_2 rotational states J=2- 7 obtained for M+0.16-0.10. The filled squares have been obtained after correcting the measured values (open squares) for 29 magnitudes of visual extinction using the extinction law of Draine 1989. The assumed ortho-to-para ratio is 3. Note that the values for the S(3) line are upper limits.

The total column densities of hot (150 K) H_2 corrected by extinction are at least 1-2 10^{22} cm^{−2}. These column densities of hot molecular gas must be considered as lower limits since the lowest kinetic temperatures sampled by the S(0) and S(1) lines are ≥ 140 K. If warm gas with kinetic temperatures of ∼ 80 K is present, the column densities of the hot gas will be increased by a factor of more than 5.

3.3. The cold molecular gas and dust

The line ratios between the J=2-1 and the J=1-0 lines of C^{18}O towards all ISO sources are 0.7-1.4. This seems to be a general characteristic in the GC molecular clouds (see e.g. Hüttemeister et al. 1998) and indicates that the molecular gas sampled by these lines is relatively cold with kinetic temperatures much lower than the 140 K derived from the H_2 lines. The total H_2 column densities derived from the C^{18}O emission towards the ISO clouds are 3-5 10^{22} cm^{−2}. These column densities are similar to those of the warm and the hot gas, but the measured line ratios of C^{18}O are inconsistent with those expected for the hot gas, namely 3-4, suggesting that the C^{18}O emission only samples the cold component. It is interesting to note that the column density of the hot component can be even larger than the column densities of the cold component measured from the C^{18}O lines.

As mentioned in the previous section, the hot H_2 is located behind more than 30 mag of visual extinction. This material must be associated with relatively cold dust since it is outside of the region emitting the hot H_2. The corresponding H_2 column densities associated with the material in front of the hot gas are similar to the estimated from the C^{18}O emission suggesting that both are associated. Further support for this idea comes from the spectrum measured with LWS. The continuum spectrum between 40 and 190 μm indicates that most of the luminosity in the FIR is emitted by cold dust with temperatures between 25 and 35 K, and H_2 column densities of 3-8 10^{22} cm^{−2}. The column densities and the temperatures derived from the dust emission are consistent with those derived from the low J C^{18}O data.

Figure 4. LWS spectrum of M+0.16-0.10. It has been superimposed a two component grey-body (squares) where a cold (33 K) dust component (dashed line) of N_{H2} ∼ 3 10^{22} cm^{−2} is attenuating a warm (120 K) dust component with N_{H2} 1000 times smaller (solid line). Note that even such an small amount of hot dust should have been detected.

From the continuum data at short wavelengths, we derive an upper limit to the column density of the hot dust with similar temperatures to that of the hot gas of ≤ 10^{20} cm^{−2}, more than 100 times smaller than that obtained from the H_2 lines (see Fig. 4). Our data support the previous idea that the dust associated to the hot gas is much colder than the gas.

4. DISCUSSION

Since the discovery of the relatively uniform high temperatures in the envelope of Sgr B2 and in other molecular clouds in the GC, a detailed understanding of the thermal balance in these molecular clouds has been a challenge. The most accepted idea is that shock heating explains the large column densities of hot gas associated with relatively cold dust ( Wilson et al. 1982; Güsten 1989).

4.1. The heating mechanisms

Our ISO data show that the material along the line of sight towards the GC molecular clouds has a complex structure. The presence of an ionized component requiring an effective temperature for the ionization radiation of ∼35.000 K indicates that shock heating is not the only mechanism which heats the large column densities of hot molecular gas in the GC clouds. If only shocks are responsible for the heating, the presence of the NeII and NeIII lines would imply J type shocks with shock velocities ≥ 100 kms^{−1}. This is contradiction with the profiles of the ammonia lines arising from the hot and the cold gas (see

Hüttemeister et al. 1993) which do not show the displacement in radial velocities expected if the horty ammonia were heated by J-shocks. Furthermore, the ratio of the total line cooling rate to the FIR dust continuum is typically 0.006, far too low for the expected values from fast J shocks (Hollenbach & Mc- Kee 1989).

On the other hand, photoelectric heating will account for most of the observed characteristics of the ionized and the hot molecular components. For typical photodissociation regions (PDRs) in the Galaxy, photoelectric heating heats the gas to temperatures above those of the dust in a region with typical column densities of ∼ 3 10^{21} cm^{−2} (see Hollenbach & Tielens 1997). Several typical Galactic PDRs along the line of sight are then required to account for the large H_2 column densities of hot gas observed with ISO.

4.2. Wind blown ionized bubbles

Further support for the presence of several PDRs along the line sight of the GC comes from the inconsistencies between the Lyman continuum photons and the effective temperature of the ionization radiation. This can be reconciled if the ionized gas fills relatively large cavities surrounding the ionizing stars. Assuming a main sequence O star, our upper limit to the recombination line emission sets a lower limit to the size of the cavities of 2.5 pc. Hot (60- 130 K) shells of molecular gas with sizes of 1-2.5 pc have recently been observed in the envelope of Sgr B2 molecular cloud ( Martín-Pintado et al. 1999), and approximately 300 shells with sizes between 5 and 10 pc have been also identified from the CO survey of the GC ( Hasegawa et al. 1998). From the number and the sizes of the shells detected in the GC, it is very likely that basically any line of sight towards the GC intersect at least two shells. In fact, Hasegawa et al. (1998) claim that the most likely occurrence of shells along the line of sight is ∼ 20 shells. This would easily explain that the large column densities of hot H_2 observed with ISO can be produced by PDRs at the inner edges of a number of shells.

Although photoelectric heating can explain the ISO observations, the presence of a relatively large column density of hot ammonia (∼ 30 per cent of the cold ammonia, see Hüttemeister et al. 1993) indicates that the Far UV radiation in not the only heating mechanism acting in the GC clouds. This is due to the fact that ammonia is a very fragile molecule and would be easily photo-dissociated in typical PDRs (Fuente et al. 1990). Martín-Pintado et al. (1999) have found that the hot ammonia shells in the Sgr B2 molecular cloud are expanding at relatively low velocities, 6-10 kms^{−1}. They proposed that the hot ammonia shells are produced by shocks associated with wind blown bubbles driven by evolved massive stars like Wolf-Rayets or Luminous blue variables. These wind blown bubbles will explain the large cavities around the stars, the rather high effective temperature of the ionization radiation, and the shock chemistry in the GC molecular clouds.

In summary, the ISO data show that the energetic of the GC molecular clouds is dominated by FUV radiation that ionizes and heats the gas by photoelectric effect and to less extent by low velocity shocks, caused by the wind of evolved massive stars, that contribute to the selective heating of the gas maintaining the dust at lower temperatures.

ACKNOWLEDGMENTS

We acknowledge support from the ISO Spectrometer Data Centre at MPE Garching, funded by DARA under grant 50 QI 9402 3. JM-P,NJR-F, PdV and A.F have been partially supported by the CYCIT and the PNIE under grants PB96-104 and ESP97-1490- E. NJR-F acknowledges a grant from Conserjería de Educación y Cultura de la Comunidad de Madrid.

REFERENCES

Draine B.T. 1989, in Proc. 22nd ESLAB Symp. on IR Spectroscopy in Astronomy, ed. B.H.Kaldeich, ESA SP-290,93 Fuente, A., Martín-Pintado, J., Bachiller, R., & Cernicharo, J. 1990, A&A, 237, 471 Güsten, R. 1989, in IAU Symposium 136, The Galactic Center of the Galaxy, ed. M. Morris, Kluwer Academic Publisher, p. 89 Hasegawa, T., Oka, T., Sato, F., Tsuboi, M., & Miyasaky, A. 1998, in 3rd Cologne-Zermatt Symposium, The Physics and Chemistry of the Interstellar Medium, de. V. Ossenkopf, Shaker Verlag, in press Hollenbach, D., & McKee, C.F. 1989, ApJ. 342, 306

Hollenbach, D., & Tielens, A.G.M. 1997, ARA&A.

35, 179 Hüttemeister, S., Dahmen, G., Mauersberger, R., Henkel, C., Wilson, T. L., & Martín-Pintado, J. 1998, A&A, 334,

Hüttemeister, S., Wilson, T. L., Bania, T. M., & Martín-Pintado, J. 1993, A&A, 280, 255 Martín-Pintado, J., de Vicente, P., Fuente, A., & Planesas, P. 1997, ApJ, 482, L45 Martín-Pintado, J., Gaume, R., Rodríguez- Fernández, N.J., de Vicente, P., & Wilson T.L. 1999, ApJ, in press Sellmaier, F.H., Yamamoto, T., Pauldrach, A.W.A., & Rubin, R.H. 1996, A&A, 305, L37 Wilson, T.L., Ruf, K., Walmsley, C.M., Martin, R.N., Pauls, T.A., & Batrla, W. 1982, A&A, 115, 185

ISOCAM OBSERVATIONS OF CIRRUS CLOUDS: CHAMAELEON RESULTS

M.-A. Miville Deschênes^{1,2}, F.Boulanger^1, A. Abergel^1, J.-P. Bernard^1, W.T. Reach^3 & C. Ryter^4

1Institut d’Astrophysique Spatiale, Université Paris-Sud, Bât.121, 91405, Orsay, France 2Département de Physique, Université Laval, Sainte-Foy, Québec, G1K 7P4, Canada. 3IPAC, Caltech, Pasadena, USA 4DAPNIA/Service d’Astrophysique, CEA/Saclay, F-91191 Gif Sur Yvette Cedex, France

ABSTRACT

The cirrus cloud DC300-16 in Chamaeleon has been observed with ISOCAM in various bandpass filters and with the circular variable filter (CVF). Emission features characteristic of PAHs clearly appear in the average CVF spectrum. Furthermore there is a good spectral match between this spectrum and spectra taken in stronger radiation field environment, confirming the single photon excitation mechanism hypothesis. Imaging across the halo of the cloud with various filters reveals large scale color variations that could be explained by a decrease of C-H transitions (with respect to C-C transitions) inside the cloud. Small scale (∼ 30 arc seconds) color variations are also observed, revealing regions where the emission properties are changing on small distance scale. These small scale color variations are significantly different from what is observed in brighter objects.

Key words: interstellar medium; infrared cirrus; PAH.

1. INTRODUCTION

An important goal of spectroscopic observations of the mid-IR emission from interstellar clouds was to verify that the 12 μm diffuse emission measured by IRAS was associated with the well known set of dust emission features at 3.3, 6.2, 7.7, 8.6, and 11.3 μm as originally proposed by Léger & Puget(1984), Allamandola et al.(1985) and Puget et al. (1985). These features are considered to be characteristic of C-C and C-H bonds in aromatic hydrocarbons (PAHs). ISO succeeded in detecting these emission bands in diffuse Galactic light (Mattila et al. 1996) and clouds heated by the Solar Neighborhood Interstellar Radiation Field (ISRF). Here we present observations of the Galactic cirrus cloud DC300-16 in Chamaeleon obtained with the ISO camera (ISOCAM). This cirrus has been targeted for its particularly bright halo in the 12 μm IRAS band. Part of the cloud has been mapped in various ISOCAM filters (LW2, LW3, LW4,

Figure 1. Comparison of the Chamaeleon and one NGC 7023 emission spectra. The Chamaeleon spectrum is the mean emission over the 3’x3’ field of view of ISOCAM multiplied by 550. The NGC 7023 spectrum corresponds to the peak of the Northern PDR. The DC300-16 cloud has a molecular core with an overall opacity through its center of A_v = 2; through the line of sight observed with ISOCAM the extinction is A_v = 1.

LW6, LW7 and LW8) and a Circular Variable Filter (CVF) observation has been done in the brightest part of the cloud halo. The filter observations complement the spectroscopic observation in allowing to study the spatial variations of the spectrum.

2. MID INFRARED EMISSION SPECTRUM FROM CIRRUS CLOUDS

Two low resolution mid-infrared spectra taken with the CVF of ISOCAM are presented in Figure 1. Here the average spectrum of the Chamaeleon cirrus cloud is compared with one spectrum obtained with the same instrument in the reflection nebula NGC 7023 (Cesarsky et al. 1996). The PAH emission features appear clearly in the Chamaeleon spectrum. The

Proceedings of the Conference “The Universe as seen by ISO”, Paris, France, 20–23 October 1998 (ESA SP-427, March 1999)

716