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Burning questions about 
galaxies in the universe

What is the history of metal and dust 
production?

What is the relative importance of 
accretion vs. star formation?

How are gas, dust and stars arranged in 
galaxies (and why)?
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Along came IRAS

LRS: 
8–22µm 
slitless 
Grism, 5 
pixels!

Cohen & Volk, 1989
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Along came IRAS
1991MNRAS.248..606R

1991MNRAS.248..606R

1991MNRAS.248..606R

1991MNRAS.248..606R

1991MNRAS.248..606R

1991MNRAS.248..606R

1991MNRAS.248..606R

1991MNRAS.248..606R

1991MNRAS.248..606R

Roche et al., 1991
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ISO: A sea change

Moorwood et al., 1996
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ISO: A sea change

Lutz, 2001
7



Spitzer/IRS: Catharsis

See Posters:
#2 K. Dasyra
#4 P. Ogle
#9 V. Desai

#10 J. Rigby

8



The Rich IR Spectra of 
Galaxies

Old Stellar 
photospheres.

Stochastically 
heated grain 
continuum.

Strong aromatic 
emission bands.

Thermal dust emission. 

Cooling lines of Hii regions, PDRs, 
high excitation AGN environments: 5–
150EV.

1. Description of the proposed programme (continued)

Walter), and 13 have 15′′-resolution Nobeyama (NRO) 45m maps from Kuno et al. (2007, PASJ, 59, 117).
Further observations are proposed with CARMA STING (3′′ resolution, PI Bolatto), and with NRO by Koda
et al. Our team members also have access to the IRAM 30m and PdBI, and the LMT 50m (expected operation:
2009), which will ensure further coverage of the sample in CO and other molecular lines.

Constraints on very cold dust components of the ISM will come from a combination of Herschel SPIRE data
and submillimeter continuum observations that are being obtained by several KINGFISH Co-Is. The recently
comissioned bolometer LABOCA at the APEX telescope and the IRAM MAMBO bolometer are being used
by Co-Is Draine and Walter. Co-I Wilson is PI of the JCMT Nearby Galaxies Legacy Survey (NGLS), which
includes 47 SINGS galaxies, and will obtain continuum images at 450 µm and 850 µm out to D25, plus CO
J=3-2 data cubes out to D25/2 (to trace the cool interstellar medium).

Figure 1. Herschel’s Three Windows into the Dusty ISM. I. Spatial Resolution: Comparison of
the Spitzer’s MIPS 160µm resolution (left) versus a simulated PACS image (right) at similar wavelength for
the KINGFISH galaxy M101 (at 7.5 Mpc). PACS will provide the critical resolution to resolve individual
star-forming regions and cloud complexes in these galaxies.

Figure 2. Herschel’s Three Windows into the Dusty ISM. II. Full SED Coverage: Left: A set of
model SEDs with the spectral coverages of Spitzer and Herschel imaging and spectroscopy indicated. One
of SPIRE’s unique capabilities will be to reduce uncertainties in the dust masses of galaxies by factors 3–
5. III. Key Spectral Line Diagnostics of the ISM: Right: The key diagnostic transitions accessible
to Herschel/PACS (red) and Spitzer (blue), plotted in terms of ionization potential and critical densities, to
highlight the complementarity of the two instruments.
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The Top 10 Most Luminous Emission 
Lines Of Star-Forming Galaxies
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Emission 
Line

Roadmap
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Emission 
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Diagnostics
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Diagnostics

Dale et al., in prep

AGN vs. Starburst
No. 2, 1998 WHAT POWERS ULTRALUMINOUS IRAS GALAXIES 591

FIG. 5.ÈA new diagnostic diagram combining the extinction-corrected 25.9 km [O IV]/12.8 km [Ne II] Mor alternatively 1.7 ] (33.5 km [S III])N line ratio
(vertical) with the strength of the 7.7 km PAH feature (horizontal). Starburst galaxies are marked as open triangles, ULIRGs as Ðlled circles, and AGNs as
crossed rectangles. Downward arrows denote upper limits (derived from ““ most probable ÏÏ errors), and a typical error (for NGC 1068) is denoted by a cross.
Dashed arrows at 45¡ denote where composite sources would move if their observed characteristics were corrected for the starburst component (Cen A,
Circinus, and NGC 7582), or their AGN component (N 7469). L eft : basic data with individual sources marked. Right : (dashed with crosses) a simple linear
““ mixing ÏÏ curve, made by combining various fractions of total luminosity in an AGN (numbers marked) and a starburst ; 100% AGN is assumed to be
[O IV]/[Ne II] D 1, PAH strength D 0.04, 0% AGN (\100% starburst) is assumed to be [O IV]/[Ne II] D 0.02, PAH strength D 3.6. The areas of the diagram
dominated by star formation and by AGNs are denoted.

tion models. For solar abundances (Ne/H \ 1.1 ] 10~4)
and log U \ [1.5 to [2.5 the value of II])L Lyc/L ([Ne
predicted by photoionization models with the new NLTE,
line-blanketed models of et al. forPauldrach (1998) Teff D
33È42 kK and K is 100 ^ 15. This is in reason-T

e
D 7500

able agreement with the empirical value but probably indi-
cates a 50% overabundance of Ne relative to solar. For

III]) the value predicted from theory with solarL Lyc/L ([S
abundance (S/H \ 1.6 ] 10~5) is 36 with a small disper-
sion, 2.5 times lower than the empirical value. This indicates
that in the galaxies we have observed the gas phase abun-
dance of sulfur is about 0.4 times solar, in good agreement
with infrared spectroscopy of Galactic H II regions

et al. Column (13) lists the ratio of(Simpson 1995).
to 75 times L ([Si II]). The [Si II] line is aL (FIR) D L bolmeasure of the 8È13.6 eV luminosity which is comparable to

for hot stars, and, in fact, a conversion factor ofL Lyc
II]) D 75 is again the average for the starburstL Lyc/L ([Si

galaxies in Within the uncertainties (^50% to aTable 2.
factor of 2) resulting from calibration, extinction correction,
and conversion to the di†erent estimators ofL Lyc, L bol/L Lycagree reasonably well in most galaxies, including that using
the [Si II] line. An exception to this good agreement is Arp
220 (see Taking, wherever possible, averages offootnote 11).

all the H II region tracers (recombination lines, [Ne II], [S
III], [Si II]) we list the resulting mean in columnL bol/L Lyc(14) of Table 2.

We plot the ISO derived values of for ULIRGsL bol/L Lycin the bottom inset of From the ISO data we inferFigure 6.
on average a 3 times larger Lyman continuum luminosity
for the ULIRGs than from the near-infrared data, resulting
in a corresponding shift of the top) ULIRG histo-(Fig. 6,
gram toward the left. This di†erence is the direct result of
the much larger extinctions implied by the mid-/far-infrared
spectroscopy. T he extinction-corrected L yman continuum
luminosities in UL IRGs derived from mid-IR recombination
lines or low-excitation Ðne-structure lines are thus large
enough to account for the total bolometric luminosities with
UV radiation Ðelds that are similar to starburst galaxies with
recently formed massive stars dominating the 13.6È35 eV
energy range.

The last conclusion would not be expected if all ULIRGs
were heavily extincted AGNs (see In that case both° 3.7).
high- and low-excitation lines would be equally suppressed
by the large extinction, as perhaps is indeed the case in Mrk
231. However, cannot be used as a quantitativeL bol/L Lycdiagnostic tool for distinguishing starburst galaxies and
AGNs, as their respective mean values of (orL bol/L Lyc

Genzel et al., 1998

No. 2, 1998 WHAT POWERS ULTRALUMINOUS IRAS GALAXIES 591

FIG. 5.ÈA new diagnostic diagram combining the extinction-corrected 25.9 km [O IV]/12.8 km [Ne II] Mor alternatively 1.7 ] (33.5 km [S III])N line ratio
(vertical) with the strength of the 7.7 km PAH feature (horizontal). Starburst galaxies are marked as open triangles, ULIRGs as Ðlled circles, and AGNs as
crossed rectangles. Downward arrows denote upper limits (derived from ““ most probable ÏÏ errors), and a typical error (for NGC 1068) is denoted by a cross.
Dashed arrows at 45¡ denote where composite sources would move if their observed characteristics were corrected for the starburst component (Cen A,
Circinus, and NGC 7582), or their AGN component (N 7469). L eft : basic data with individual sources marked. Right : (dashed with crosses) a simple linear
““ mixing ÏÏ curve, made by combining various fractions of total luminosity in an AGN (numbers marked) and a starburst ; 100% AGN is assumed to be
[O IV]/[Ne II] D 1, PAH strength D 0.04, 0% AGN (\100% starburst) is assumed to be [O IV]/[Ne II] D 0.02, PAH strength D 3.6. The areas of the diagram
dominated by star formation and by AGNs are denoted.

tion models. For solar abundances (Ne/H \ 1.1 ] 10~4)
and log U \ [1.5 to [2.5 the value of II])L Lyc/L ([Ne
predicted by photoionization models with the new NLTE,
line-blanketed models of et al. forPauldrach (1998) Teff D
33È42 kK and K is 100 ^ 15. This is in reason-T

e
D 7500

able agreement with the empirical value but probably indi-
cates a 50% overabundance of Ne relative to solar. For

III]) the value predicted from theory with solarL Lyc/L ([S
abundance (S/H \ 1.6 ] 10~5) is 36 with a small disper-
sion, 2.5 times lower than the empirical value. This indicates
that in the galaxies we have observed the gas phase abun-
dance of sulfur is about 0.4 times solar, in good agreement
with infrared spectroscopy of Galactic H II regions

et al. Column (13) lists the ratio of(Simpson 1995).
to 75 times L ([Si II]). The [Si II] line is aL (FIR) D L bolmeasure of the 8È13.6 eV luminosity which is comparable to

for hot stars, and, in fact, a conversion factor ofL Lyc
II]) D 75 is again the average for the starburstL Lyc/L ([Si

galaxies in Within the uncertainties (^50% to aTable 2.
factor of 2) resulting from calibration, extinction correction,
and conversion to the di†erent estimators ofL Lyc, L bol/L Lycagree reasonably well in most galaxies, including that using
the [Si II] line. An exception to this good agreement is Arp
220 (see Taking, wherever possible, averages offootnote 11).

all the H II region tracers (recombination lines, [Ne II], [S
III], [Si II]) we list the resulting mean in columnL bol/L Lyc(14) of Table 2.

We plot the ISO derived values of for ULIRGsL bol/L Lycin the bottom inset of From the ISO data we inferFigure 6.
on average a 3 times larger Lyman continuum luminosity
for the ULIRGs than from the near-infrared data, resulting
in a corresponding shift of the top) ULIRG histo-(Fig. 6,
gram toward the left. This di†erence is the direct result of
the much larger extinctions implied by the mid-/far-infrared
spectroscopy. T he extinction-corrected L yman continuum
luminosities in UL IRGs derived from mid-IR recombination
lines or low-excitation Ðne-structure lines are thus large
enough to account for the total bolometric luminosities with
UV radiation Ðelds that are similar to starburst galaxies with
recently formed massive stars dominating the 13.6È35 eV
energy range.

The last conclusion would not be expected if all ULIRGs
were heavily extincted AGNs (see In that case both° 3.7).
high- and low-excitation lines would be equally suppressed
by the large extinction, as perhaps is indeed the case in Mrk
231. However, cannot be used as a quantitativeL bol/L Lycdiagnostic tool for distinguishing starburst galaxies and
AGNs, as their respective mean values of (orL bol/L Lyc
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Diagnostics

Spoon et al., 2007

AGN vs. Starburst

Diagnostics
L50 SPOON ET AL. Vol. 654

Fig. 1.—Diagnostic plot of the equivalent width of the 6.2 mm PAH emission feature vs. the 9.7 mm silicate strength. Upper and lower limits are denoted by
arrows. The galaxy spectra are classified into nine classes (identified by nine shaded rectangles) based on their position in this plot. Colors are used to distinguish
the various classes. From class 1A to 1B, 1C, 2A, 2B, 2C, 3A, and 3B the colors used are green, cyan, dark blue, yellow, pink, purple, red, and orange. After
class assignment the PAH equivalent widths were corrected for the effect of 6 mm water ice absorption on the 6.2 mm continuum. The extent of the individual
corrections are indicated by dotted horizontal lines. The two dotted black lines are mixing lines between the spectrum of the deeply obscured nucleus of NGC
4418 and the starburst nuclei of M82 and NGC 7714, respectively. Galaxy types are distinguished by their plotting symbol: Filled circles: ULIRGs and HyLIRGs.
Filled triangles: Starburst galaxies. Filled squares: Seyfert galaxies and QSOs. Filled diamonds: Other infrared galaxies.

axy spectra: continuum-dominated spectra, PAH-dominated
spectra, and absorption-dominated spectra. These methods are
illustrated in Figure 2 and described in its caption. We are
forcing the local continuum to touch down at 14.0–14.5 mm,
because the ISM dust cross section decreases between the two
silicate peaks in this region. Detailed radiative transfer calcu-
lations verify that our interpolation procedure properly repro-
duces the emission that would be generated by dust stripped
of its silicate features (M. Sirocky et al. 2007, in preparation).

3.1. Galaxy Classification

The galaxy spectra in Figure 1 are classified into nine dif-
ferent classes based on their 6.2 mm PAH EW and 9.7 mm
silicate strength. The parameter space covered by the various
classes is indicated by shaded rectangles in Figure 1. Average
mid-infrared spectra for the eight populated classes are shown
in Figure 3. The average spectra were constructed by normal-
izing all spectra to unity at 14.5 mm flux before the averaging
process. In order to maximize the signal-to-noise ratio (S/N)
of the average spectra, low S/N spectra were discarded from
the process. Below we describe the eight average spectra in
the order (bottom to top) they are presented in Figure 3. The
ninth class, 3C, is not populated.
The class 1A spectrum is characterized by a nearly featureless

hot dust continuum with a very weak silicate absorption feature
at 9.7 mm. The class 1B spectrum differs from the class 1A spec-
trum by clearly showing the family of PAH emission features at
6.2, 7.7, 8.6, 11.2, 12.7, and 17.3 mm on top of a hot dust con-
tinuum. This hot dust continuum is nearly absent in the class 1C
spectrum, allowing the PAH emission features to dominate the

mid-infrared spectral appearance. Silicate absorption at 9.7 mm
becomes noticable in the class 2C spectrum as an increased depth
of the depression between the 6–9 and 11–13 mm PAH emission
complexes. Another marked difference with the class 1C spectrum
is the steepening of the 20–30 mm continuum and the appearance
of an 18 mm silicate absorption feature. In the class 2B spectrum
the PAH features appear weaker than those in the class 2C spec-
trum. In addition, the spectrum starts to show a 6 mm water ice
and a 6.85 mm aliphatic hydrocarbon absorption band. In the class
3B spectrum these absorption features reach their maximum
depths, while the 9.7 and 18 mm silicate features continue to
increase in depth up to class 3A. Absorption features of crystalline
silicates (Spoon et al. 2006) appear in the spectra of classes 3B
and 3A at 16, 19, and 23 mm. Equivalent widths of PAH emission
features and emission lines decrease from class 2B to 3B and 3A.
Note especially the change in shape of the 7.7 mm PAH feature
as it first broadens and then disappears going from class 2B to
3B and 3A. Finally, the class 2A spectrum differs from the class
3A spectrum mainly by a clearly lower apparent depth of the 9.7
and 18 mm silicate features. Note that the spectral structure in
individual spectra may differ substantially from the average prop-
erties of the classes. In Figure 3 this is represented by the 1 j
dispersion ranges around the individual average spectra.

3.2. Galaxy Distribution

The galaxies shown in Figure 1 are color-coded according to
their galaxy classification. However, their positions may differ
from their original assignments, as in Figure 1 the 6.2 mm PAH
EWhas been corrected for the effect of 6 mmwater ice absorption
on the 6.2 mm continuum through substitution of the observed
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Smith et al, 2007
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King PAH
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King PAH
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I love the smell of 
PAHs in the Morning

Yan, 2005
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I love the smell of 
PAHs in the Morning

z~2.8

strong absorption features, the strongest being silicate absorption.
Examples of PAH features in high-redshift galaxies observedwith
IRS are in Teplitz et al. (2005), Yan et al. (2005), Lutz et al.
(2005a), and Desai et al. (2006). An extremely absorbed local
source is IRAS F00183!7111 (Tran et al. 2001), whose IRS
spectrum is shown in Spoon et al. (2004). Similar spectra have
been observed in optically obscured high-redshift 24 !m sources
(Houck et al. 2005; Weedman et al. 2006).

Redshifts can be determined by using either the set of strong
PAH emission features or, for absorbed spectra, the 8 !m max-
imum and nearby silicate absorption. The strongest PAH feature

is at 7.7!m (rest frame), so a similar redshift (!z " #0:1) would
be derived even if it is ambiguous whether the strongest feature is
the 8 !m maximum or true PAH emission. The physical inter-
pretation of the source, however, would be very different for the
two alternatives. In order to correctly identify a feature as a PAH,
we require an indication that the 6.2 !m PAH feature is present
with the correct shape and (relative to the 7.7 !m feature) flux. In
our sample there is no case of ambiguity in identifying a feature
with the 6.2 or 7.7 !m PAH feature, since either both are detected
or the large observed width indicates that it cannot be the narrow
6.2 !mPAH feature. For one of our sources, template fits identify

Fig. 1.—Spitzer IRS low-resolution spectra (solid lines) of the sample galaxies. The detected sources are shown together with the best template fit (dotted and dashed
line). Their redshifts are listed in Table 3. The last four spectra show the IRS nondetections.

MID-IR SPECTROSCOPY OF SUBMILLIMETER GALAXIES 1063No. 2, 2007

Valiante et al, 2007
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THe Diagnostics Desert
PACS Line Sensitivity, 5!, 1hr
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THe Diagnostics Desert
PACS Line Sensitivity, 5!, 1hr
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The Humble Long Slit

Stable background, imaging and 
detector performance + Sub-slit 
width spacecraft pointing: 

High spectral mapping speed with 
long slits! 

Simpler Optics, smaller instrument, 
easier to characterize slit 
throughput.

Some additional data complexities: 
easily handled.

9.7 “

Long-Low

151.3 “
151.3 “

“2nd O
rder”

1st O
rder

(14 –22 µm
)

(22– 40 µm
)

43 “
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[Ar II] [Ne II] [Ne III] [S III](18.7 µm) [S III](33.4 µm)

courtesy G. Brunner
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NGC1512

courtesy Jim Geach
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SNR CasA
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SNR CasA
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SNR CasA

[ArIII]
[SIV]
[NeII]
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Onward, Upward

Incredible diagnostic power of the Mid and 
Far-IR emission of galaxies, as of yet 
minimally exploited!

PAH emission: the giant elephant in the 
room.

Cold, large aperture, modest resolution 
slits: incredible power for both point-
source and mapping surveys.
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