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Herschel High-z Key Projects
HerMES:  Herschel Multi-tiered Extragalactic Survey

 PACS + SPIRE
 GT1: 70 sq deg from 20!×20! to 3.6º×3.6º (800 hours) + 12 clusters
 New in GT2: 270 sq degrees in Stripe-82 with 2 scans (for CIB

fluctuations + rare sources) - (~100 hours)
Bolometric luminosities of galaxies, cosmic SFH
Wedding cake to probe range of luminosities and environments

(see Jamie’s talk for more details and recent results)

H-ATLAS:  Herschel-Astrophysical Terahertz Large Area Survey

PACS + SPIRE
550 sq deg (600 hours) in 3 GAMA fields; 200 sq deg NGP & SGP
Low-z sciences, lensed sources, AGN
Expect ~500,000 detections to z~3, majority at 250 & 350 um 

•
•
•

•
•

•
•
•
•

GAMA 9-hr field



Gravitational lensing

Light affected by intervening mass (galaxy).

Flux boosted (magnified): Can study fainter objects than usually
available. - Useful at sub-mm wavelengths since source detection is
confusion limited (SPIRE 350 micron: ~6 mJy)  With lensing, the hope is
we can study faint sources with intrinsic fluxes below confusion

•

•

NASM, Smithsonian Institution. Artwork by
Keith Soares/Bean Creative.

Increase in spatial resolution:
Study properties of the dust,
gas, and stellar emissions down
to few 100 pc scales (e.g., 200 pc
scale resolution in “Cosmic
Eyelash” - Swinbank et al. 2010)

Gravitational determination
of mass of foreground galaxy.

•

•
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QSO:%%S250μm%=%159.6%mJy%

%%%%%%%%%%%S350μm%=%193.8%mJy%
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De Zotti et al. (2005)



ID1

ID5

ID6

ID7

zspec,=,0.0534

zspec,=,0.0189

zspec,=,0.0277

zspec,=,0.0401

ID1!:!S500μm!=!177!±!28!mJy!

ID5!:!S500μm!=!122!±!20!mJy!!

ID6!:!S500μm!=!112!±!19!mJy!

ID7!:!S500μm!=!104!±!18!mJy



optical(counterparts!
zphot/spec(<(1.0

ID81

ID11

ID130

ID9

ID17

zspec(=(0.299

zphot(=(0.672

zphot(=(0.241

zphot(=(0.721

zphot(=(0.942

ID9((:!S500μm!=!175!±!28!mJy!

ID11(:!S500μm!=!238!±!37!mJy!!

ID17!!:!S500μm!=!220!±!34!mJy!

ID81((:!S500μm!=!166!±!27!mJy

ID130(:!S500μm!=!108!±!18!mJy



Lensing Candidates ID81 & ID130

!!z=0.299 !!z=0.223

(Sam Kim; UCI student)



Lensing Candidates ID81 & ID130



First Herschel CO Redshifts
z"spec:(Lupu(et(al.(2011

PdBI;(Neri,(Omont,(Cox(et(al.

GBT:(
Frayer(et(al.(2011



SPIRE FTS Observations:Bright lensed sources
make it easier for Herschel spectroscopy

Bright submm surveys: [OIII], [CI] 

•  SPIRE FTS observations of z=3.0 H-ATLAS lens ID 81 

•  First detection of 88�m line at z>0.05 

•  High [OIII]/FIR and limit on [OI]/[CII] suggests an AGN 

contributes ionizing radiation, as does high radio:FIR 

SDP ID 81 SDP ID 81 

Valtchanov et al. 2011 MNRAS in press (arXiv:1105.3929) 

SPIRE FTS has been successful so far for sources with S350 > 180 mJy

Bright submm surveys: [OIII], [CI] 

•  SPIRE FTS observations of z=3.0 H-ATLAS lens ID 81 

•  First detection of 88�m line at z>0.05 

•  High [OIII]/FIR and limit on [OI]/[CII] suggests an AGN 

contributes ionizing radiation, as does high radio:FIR 

SDP ID 81 SDP ID 81 

Valtchanov et al. 2011 MNRAS in press (arXiv:1105.3929) 
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Background galaxies seen in Spitzer
!!!

log Ldust = 12.7 ± 0.05
log Mdust = 8.9 ± 0.03 (Herschel/MAMBO/SMA

SED)
log Mstars = 11.7 ± 0.3 (Spitzer SED)

log Mgas = 10.1 ± 0.5 (CO line spectra)

log SFR = 2.5 ± 0.1  
Av = 4.4 ± 0.6
Gas fraction = (5-8)%    
Hopwood, AC  et al ApJL 2011 (Spitzer DDT 548)

2 Hopwood et al.

ology of selecting gravitational lenses using submillimeter
(sub-mm) surveys (Blain 1996, Perrotta et al. 2002, Ne-
grello et al. 2007) has been tested for the first time during
Herschel’s science demonstration phase (SDP) (Negrello
et. al. 2010 (N10 hereafter)). Candidates are selected
using a cut in flux of 100 mJy at 500µm, a limit based on
the steep number counts slope in the sub-mm (Clements
et al. 2010). Above this flux limit only gravitation-
ally lensed objects and easily identifiable local galaxies
remain. Initial results show this selection method has
∼100% efficiency, and should produce a sample of 100s
of new gravitational lenses over the full H-ATLAS field.

Five lens candidates were selected from the SDP H-
ATLAS field and confirmed with spectroscopic redshifts,
obtained via the detection of redshifted carbon monox-
ide (CO) emission lines (Lupu et al. 2010; Frayer et al.
2010). For two of the five lenses, SDP.81 and SDP.130,
sub-mm imaging was obtained with the Submillimeter
Array (SMA), which revealed lensed morphologies at
odds with the morphological type observed for the associ-
ated foreground galaxies in Keck optical imaging. These
Keck Low Resolution Imaging Spectrometer (LRIS; Oke
et al. 1995, McCarthy et al. 1998) g- and i- band data
also show no detectable emission associated to the back-
ground source galaxies (see figure 1 and N10). The spec-
tral energy distribution (SED) models of N10, however,
suggest the flux from the background sources should be
detectable at near-IR wavelengths from 2 to 5 µm above
∼ 10 µJy. At these wavelengths, the emission from the
foreground lens, at redshifts of 0.22 and 0.3, and the
background sources at redshifts of 2.63 and 3.04, become
more comparable, primarily due to the high lensing mag-
nification of the background source by factors of ∼ 25 and
6 for the two cases (N10).

In this Letter we present Spitzer/IRAC imaging, light
profile models, photometry and physical characteristics
for SDP.81 and SDP.130 derived from SED fitting. In
the next Section, we present a summary of the Spitzer
data, while in Section 3 we discuss modeling of the light
profile of foreground lenses. We discuss the SED model-
ing of background SMGs in Section 4 and present results
related to the properties of the two sources. We conclude
with a summary of results in Section 5. Throughout this
paper we assume flat ΛCDM cosmology with ΩM=0.3
and H0=70 Kms−1Mpc−1.

2. SPITZER IR AND KECK OPTICAL IMAGING DATA

The IR imaging data that have been analyzed in this
study are part of the Spitzer program 548 (with PI
A. Cooray) with data collected during July 2010 and
archived and released for analysis on July 30, 2010. As
part of this program, Infrared Array Camera (IRAC) im-
ages were taken at both 3.6 (Channel 1) and 4.5 (Channel
2) µm of several key targets in the H-ATLAS GAMA-9
hour SDP field. These targets include the two high pri-
ority gravitationally lensed SMGs, SDP.81 and SDP130.
Both gravitational lensing systems were imaged with a
36-position dither pattern and an exposure time of 30
seconds for each frame. This observing strategy lead to
a mapping grid depth with coverage of 36 pointings at
the locations of the candidate lensed SMG galaxies.

Corrected basic calibrated data (cBCD) pre-processed
by the Spitzer Science Center (SSC), using the stan-
dard pipelne version S18.18.0, were spatially aligned, re-

sampled, and combined into a mosaic image. For this,
we used the SSC’s Mopex software suite, version 18.3.1
(Makovoz & Marleau 2005). The IRAC mosaics have a
pixel size is 0.6′′, while these images provide angular res-
olution of 2 to 2.5′′ in channels 1 and 2. For photometry
of the mosaicked images, we utilized the Apex software
to perform point-source extraction. This step included
background subtraction of the images, and the fitting of
a resampled point response function (PRF), making use
of the most recent (April 2010) PRF file as provided by
the SSC 31.

For the analysis presented here, we also make use of
deep optical imaging of the two sources. These imaging
observations were acquired on 10 March 2010 using the
dual-arm LRIS on the Keck I telescope. Each target
field received simultaneous 110 × 3 second integrations
with the g-filter and 60 × 3 seconds integrations with
the i-filter using the blue and red arms of LRIS. A 20′′
dither pattern was employed to generate on-sky flat field
frames when incorporating all five fields. In addition, 1
second integrations were acquired in the g- and i-filters
for photometric calibration of bright stars in each field.
The seeing FWHM for the science exposures was ∼ 0.8′′.
The data were reduced using IDL routines and combined
and analyzed using standard IRAF tasks. The images
and additional details related to Keck data are available
in Negrello et al. (2010).

Fig. 1.— Keck i-band (top row), IRAC Channel 1 (middle row)
and Channel 2 (bottom row) postage stamp images for SDP.81
and SDP.130 and the corresponding residual after subtraction of a
Single de Vaucouleurs profiles modelled with GALFIT. The Keck
residuals show no signs of structure that can be associated to the
overlaid 870 µm SMA contours, but for all four IRAC cases there is
significant residual structure roughly corresponding to peaks in the
SMA contours, which strongly suggests this is lensed structure of
the associated background galaxy. The SMA contours are overlaid
in steps of 3σ, 8σ, 13σ etc.

3. MODELLING THE LENSES

To construct models of the light profiles for each lens-
ing system we used GALFIT (Peng et al. 2002), which al-
lows multiple profiles per object and performs a simulta-
neous non-linear minimisation. Before fitting profiles to
SDP.81 and SDP.130 in the IRAC data, de Vaucouleurs

31 http://ssc.spitzer.caltech.edu/irac/calibrationfiles/psfprf/
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Params. SDP.81 SDP.130

Foreground lens
Redshift(a) 0.299 0.220

u 3.87 ± 2.0 1.7 ± 1.7
g 24.9 ± 1.1 19.4 ± 0.7
r 115 ± 2.1 66.1 ± 1.2
i 198 ± 3.6 109 ± 2.0
z 278 ± 7.7 143 ± 6.6
Y 321 ± 22 —
J 367 ± 24 —
H 508 ± 46 —
K 574 ± 73 —

3.6 µm flux 0.354 ± 0.04 0.213 ± 0.03
4.5 µm flux 0.218 ± 0.04 0.230 ± 0.01

core radius [′′] 4.52
Mtot (R < RE) [1010 M"](a) 36.3 ± 1.1 3.7 ± 0.4

LV [1010 L"] 6.4 1.8
Mstar [1010 M"] 15 ± 1 4.0 ± 0.3
Background SMG

Redshift(a) 3.042 2.625
Magnification(a) 25 ± 7 6 ± 1

g < 0.13 < 0.20
i < 0.20 < 0.35
Y < 6.27 —
J < 9.23 —
H < 8.52 —
K < 13.5 —

3.6 µm flux 0.062 ± 0.04 0.044 ± 0.05
4.5 µm flux 0.126 ± 0.05 0.047 ± 0.01

70 µm flux(e) < 8.0 —
100 µm flux < 62 —

160 µm flux(e) 51.4 ± 5.0 —
250 µm flux 129 ± 20 105 ± 17
350 µm flux 182 ± 28 128 ± 20
500 µm flux 166 ± 27 108 ± 18

800 µm 76.4 ± 3.8 39.3 ± 2.3
1200 µm flux 19.6 ± 0.9 11.2 ± 1.2

LIR [1012 L"](b) 2.0 ± 0.6 4.0 ± 1.0
Av 4.4 ± 0.6 5.0 ± 0.6

SFR [M" yr−1] 74 ± 29 145 ± 70
MH2 [1010 M"](c) 1.4 2.7

M! [1011 M"] 2.5 ± 1.7 3.2 ± 2.2
Mdust [108 M"] 3.4 ± 1.0 10 ± 2.0

µ(d) 0.05 ± 0.01 0.08 ± 0.01

TABLE 1
Basic parameters of the two foreground lenses and

background SMGs. Refs and notes: (a) N10; (b) 8 to 1000
µm luminosity based on the best-fit SED; (c) Frayer et al.

2010; (d) Gas fraction (see text for details); (e) from
PACS reimaging data (Valtchanov et al. in prep). The u -
K and 100 - 1200 µm flux densities and 3σ upper limits are
taken from N10, unless otherwise stated. All photometric

data are presented in µJy. The values are intrinsic
quantities corrected for magnification and the errors
quoted accounts for the tabulated uncertainty in the

magnification.

added at 160µm and an upper limit at 70µm; these come
from reimaging of the lensed ATLAS sources in point-
source map mode of PACS (Valtchanov et al. in prep).
For the goal of deriving physical properties, the IRAC
photometry adds particularly important constraints to
the SMG SEDs, which previously consisted of just upper
limits below 250µm for SDP.130 and 160µm for SDP.81.
The SEDs were fitted using the models of da Cunha et
al. (2008). The results confirm the elliptical morphology
for the foreground lens galaxies with stellar masses of
between 4.0 × 1010 M! and 1.5×1011 M! and low star

Fig. 3.— Photometry and best fit SEDs for the foreground ellip-
tical (blue) and background SMG (red) for SDP.81 and SDP.130.
The photometric points and upper limits are taken from Negrello
et al. (2010), with updated PACS flux density at 160 µm and up-
per limit at 70 µm. Photometry from the best fitting light profiles
to the IRAC data have been added for the foreground lens galaxies
(turquoise points) and for the background SMG (pink points). The
photometric SEDs were fitted using the models of da Cunha et al.
(2008) and provide information on the physical properties for the
lensed systems (see table table 1). High levels of visual extinction
were required (Av > 4) to be consistent with the optical to NIR
data.

Fig. 4.— Gas fraction µ vs. stellar mass for a sample of SCUBA-
selected SMGs and the two lensed H-ATLAS sources; the molecular
gas masses come from CO emission line observations. The two H-
ATLAS sources support the overall trend seen in a sample sample of
SCUBA sources where SMGs with larger stellar masses, especially
above 1011 M" have gas fractions below 20% (Hainline et al. 2001).

formation rates < 1 M! yr−1.
For the background galaxies, the models were cal-

ibrated to reproduce the ultraviolet-to-infrared SEDs
of local, purely star-forming Ultra Luminous Infrared
Galaxies (ULIRGs; 1012 ≤ LIR/L! < 1013) (da Cunha et
al., 2010) giving best-fit models for which the emission by
dust in the infrared is consistent with the emission from
stars at ultraviolet, optical and near-IR wavelengths. We
find that a significant attenuation by dust (Av ∼ 4 to 5)
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formation rates < 1 M! yr−1.
For the background galaxies, the models were cal-

ibrated to reproduce the ultraviolet-to-infrared SEDs
of local, purely star-forming Ultra Luminous Infrared
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(1100 seconds integrations/pixel)
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HST/WFC3 Near-IRKeck Optical

H-ATLAS: lenses in the SDP 

field
ID9ID9

HST F110W 

J-band 

HST F160W 

H-band

Bright submm surveys: HST 

Profile fitting by Ros Hopwood; SED fitting by Elisabete da Cunha 

Bright submm surveys: HST 

Profile fitting by Ros Hopwood; SED fitting by Elisabete da Cunha 

New: Background galaxies seen in HST/WFC3  (Negrello et al. in prep)

ID11

galfit modeling by 
Ros Hopwood (Imperial)

Bright submm surveys: HST 

Profile fitting by Ros Hopwood; SED fitting by Elisabete da Cunha 
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Strong lensing Studies with Herschel-SPIRE

First 5 with the first 10 sq. degrees of
Herschel mapped in Negrello et al.
Science, 2010 (Nov 5th issue) 

The Detection of a Population of
Submillimeter-Bright,
Strongly Lensed Galaxies
Mattia Negrello,1* R. Hopwood,1 G. De Zotti,2,3 A. Cooray,4 A. Verma,5 J. Bock,6,7 D. T. Frayer,8

M. A. Gurwell,9 A. Omont,10 R. Neri,11 H. Dannerbauer,12 L. L. Leeuw,13,14 E. Barton,4

J. Cooke,4,7 S. Kim,4 E. da Cunha,15 G. Rodighiero,16 P. Cox,11 D. G. Bonfield,17 M. J. Jarvis,17

S. Serjeant,1 R. J. Ivison,18,19 S. Dye,20 I. Aretxaga,21 D. H. Hughes,21 E. Ibar,18 F. Bertoldi,22

I. Valtchanov,23 S. Eales,20 L. Dunne,24 S. P. Driver,25 R. Auld,20 S. Buttiglione,2 A. Cava,26,27

C. A. Grady,28,29 D. L. Clements,30 A. Dariush,20 J. Fritz,31 D. Hill,25 J. B. Hornbeck,32

L. Kelvin,25 G. Lagache,33,34 M. Lopez-Caniego,35 J. Gonzalez-Nuevo,3 S. Maddox,24

E. Pascale,20 M. Pohlen,20 E. E. Rigby,24 A. Robotham,25 C. Simpson,36 D. J. B. Smith,24

P. Temi,37 M. A. Thompson,17 B. E. Woodgate,38 D. G. York,39 J. E. Aguirre,40 A. Beelen,34

A. Blain,7 A. J. Baker,41 M. Birkinshaw,42 R. Blundell,9 C. M. Bradford,6,7 D. Burgarella,43

L. Danese,3 J. S. Dunlop,18 S. Fleuren,44 J. Glenn,45 A. I. Harris,46 J. Kamenetzky,45 R. E. Lupu,40

R. J. Maddalena,8 B. F. Madore,47 P. R. Maloney,45 H. Matsuhara,48 M. J. Michaowski,19

E. J. Murphy,49 B. J. Naylor,6 H. Nguyen,6 C. Popescu,50 S. Rawlings,5 D. Rigopoulou,5,51

D. Scott,52 K. S. Scott,40 M. Seibert,47 I. Smail,53 R. J. Tuffs,54 J. D. Vieira,7

P. P. van der Werf,19,55 J. Zmuidzinas6,7

Gravitational lensing is a powerful astrophysical and cosmological probe and is particularly
valuable at submillimeter wavelengths for the study of the statistical and individual properties
of dusty star-forming galaxies. However, the identification of gravitational lenses is often
time-intensive, involving the sifting of large volumes of imaging or spectroscopic data to find
few candidates. We used early data from the Herschel Astrophysical Terahertz Large Area Survey
to demonstrate that wide-area submillimeter surveys can simply and easily detect strong
gravitational lensing events, with close to 100% efficiency.

When the light from a distant galaxy is
deflected by a foreground mass—
commonly a massive elliptical galaxy

or galaxy cluster or group—its angular size and
brightness are increased, and multiple images of
the same source may form. This phenomenon is

commonly known as gravitational lensing (1)
and can be exploited in the study of high-redshift
galaxy structures down to scales difficult (if not
impossible) to probe with the largest telescopes at
present (2–4) and to detect intrinsically faint
objects. Surveys conducted at submillimeter wave-

lengths can particularly benefit from gravitational
lensing because submillimeter telescopes have
limited spatial resolution and consequently high
source confusion, which makes it difficult to di-
rectly probe the populations responsible for the
bulk of background submillimeter emission (5, 6).
In addition, galaxies detected in blank-field sub-
millimeter surveys generally suffer severe dust
obscuration and are therefore challenging to detect
and study at optical and near-infrared (NIR)
wavelengths. By alleviating the photon starvation,
gravitational lensing facilitates follow-up observa-
tions of galaxies obscured by dust and in particular
the determination of their redshift (7). Previous
submillimeter searches for highly magnified back-
ground galaxies have predominantly targeted
galaxy cluster fields (8). In fact, a blind search for
submillimeter lensing events requires a large area
because of their rarity and sub-arcseconds an-
gular resolutions to reveal multiple images of the
same background galaxies.

Although the first requirement has recently
been fulfilled, thanks to the advent of the South
Pole Telescope (SPT) (9) and the Herschel Space
Observatory (Herschel) (10), the second is still
the prerogative of ground-based interferometric
facilities, such as the Submillimeter Array (SMA)
and the IRAM Plateau de Bure Interferometer
(PdBI), which because of their small instanta-
neous field of view are aimed at follow-up ob-
servations rather than large-area survey campaigns.
Nevertheless, several authors (11–14) have sug-
gested that a simple selection in flux density,
rather than surveys for multiply imaged sources,
can be used to easily and efficiently select sam-
ples of strongly gravitationally lensed galaxies in
wide-area submillimeter and millimeter surveys.
The explanation for this lies in the steepness of
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ABSTRACT

We present a list of 88 candidate gravitationally lensed sub-mm galaxies over an area of 97 sq. de-
grees from the Herschel Multi-tiered Extragalactic Survey. These sub-mm galaxies have fluxe densities
greater than 80 mJy at 500 µm and are not associated with bright spiral galaxies at redshifts less
than about 0.1 or known radio-loud active galactic nuclei, including blazars. The candidate lensed
galaxies have sub-mm colors that are red,S250/S500 < 1.5, relative to rest of the bright galaxies at
sub-mm wavelengths. The lensing candidates have a surface number density of 0.9 ± 0.1 deg−2, while
the bright lensing candidates with S500 > 100 mJy have a surface density of 0.22 ± 0.05 deg−2. The
candidate lensing number counts are found to be consistent with a simple model for the lensing rate
using foreground dark matter halos, intrinsic sub-mm galaxy number counts, and an assumed redshift
distribution for the sub-mm galaxies. Most of the lensing candidates in our sample is likely to be
magnified by factors of 2 to 8, though the brightest lensing candidates with S500 > 150 mJy are likley
magnified by a factor of 10 to 30. Keeping all sources, including spiral galaxies and AGNs, we find
that about 15 to 20% of sub-mm galaxies with S500 > 80 mJy are gravitationally lensed while when
S500 > 100 mJy the fraction increases to 20 to 30%. The fraction, however, reduces again to below
20% for the brightest of the sources with S500 > 250 mJy as the such sources are more likely to be
low-redshift spiral galaxies. Allowing for intrinsically bright sources and source blending, but after
removing spiral galaxies and AGNs from the candidate list, our models and simulations for blending
show that 40 to 90% of the candidate list is likely lensed when S500 > 80 mJy, while the fraction is
higher with 80 to 95% lensed for the brightest candidates with S500 > 100 mJy. We present multi-
wavelength fluxes of the candidate list based on archival and follow-up observations. Among 10 check
sources we have extensively followed up, we find ?? to be gravitationally lensed, either based on red-
shift measurements or from the imaging data showing multiple components as expected from lensing
events. We discuss several example lensed sources and their properties and how the statistics from
individual lens models agree with the overall statistical predictions. need a summary sentence of
what we are learning from followup
Subject headings: Gravitational lensing: strong – Submillimeter: galaxies
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In context: ~250 strongly lensed galaxies known so far. Largest samples from SDSS
~87 (SLACS: Treu et al) and 24 from Sloan quasar lensing (Oguri et al). In radio 22
from CLASS (Jackson et al). Rest serendipitous.



Subaru image

SMA 870 micron + Keck 
NIRC2 LGS AO

(4 papers now in ApJL: Conley et al; Riechers et
al;
Scott et al; Gavazzi et al. )

Lensed SMGs in HerMES: An example 
9” Lensed Galaxy in HerMES 

(brightest extragalactic SMG found by Herschel so far; 
250 micron = 420 mJy)
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LENS MODELLING OF Lockman 01
We, the people

Draft version October 19, 2010

ABSTRACT
We present the results of a lens modelling of the Lockman 01 sub-millimeter source as found by the

HERMES survey using the Herschell telescope.
Subject headings: gravitational lensing – surveys

1. INTRODUCTION

blablabla....
refer to (Conley et al. 2010, in prep)
Throughout we assume a concordance cosmology with

matter and dark energy density �m = 0.3, �� = 0.7, and
Hubble constant H0=70 km s�1Mpc�1, so that at the
redshift of Lockman 01, one arcsec subtends an physical
scale of 6.69 kpc.

2. LENS MODELLING OF OPTICAL DATA

2.1. Observations
For accurate lens modelling, we use the best spatial res-

olution images of su⇧cient signal-to-noise that are cur-
rently available for Lockman 01. A short 60 seconds
(check?) exposure of the lens system was taken using
Laser Guide Star Adaptive Optics in the K band with
NIRC2 instrument mounted on Keck2 telescope. The
observing conditions allowed to achieve a typical 0.⇥⇥2
FWHM point spread function with moderate tails and
a native plate scale of 0.⇥⇥04.

The second image we use in the lensing analysis is a
Subaru SuprimeCam i band image (a short 300 seconds
exposure?) with � 0.⇥⇥74 FWHM seeing that allowed to
unambiguously identify the multple images of the back-
ground source.

Fig. 1 shows the typical fold lensing configuration with
1 and 2 presumably merging through the caustic line
and 3 and 4 lower magnification conjugate images. A
closer look at the greater image quality K band Keck
image shows that arc 1 is perturbed by a small galaxy
G4 which seems to be massive enough to split image 1
into two pieces (1a and 1b) both sides of G4. Galaxies G2
and G3 may also act as potential pertubers on the inner-
most multiple image 4. To a lesser extent, G5 might also
be considered as a perturbing galaxy. G1 is the central
galaxy of the massive deflecting structure (presumably a
group of galaxies).

2.2. Method
The lens modelling builds on a dedicated code

sl fit previously used in galaxy-scale strong lenses
(e.g. Gavazzi et al. 2007, 2008; Ru⇥ et al. 2010) and
attempts to fit model parameters of simple analytic po-
tentials. It can run in three di⇥erent regimes on increas-
ing conputational cost. The first mode makes use of the
coordinates of image plane points and minimizes the dis-
tance to their parent source plane locations in a way
similar to gravlens (Keeton 2001) or lenstool (Kneib
1993; Jullo et al. 2007). The second mode uses the full

Fig. 1.— K band AO-corrected overview of Lockman 01 with
labelled multiple images (red) and foreground galaxies (black).
North is up and East is left. The bottom right inset zooms onto
the image 1 that is perturbed by the foreground galaxy G4 and
split into two pieces.

surface brightness distribution and attempts to account
for it with one or more simple analytic light components
that we take to have a unique exponential radial pro-
file with elliptical shape (see e.g. Marshall et al. 2007;
Bolton et al. 2008, for similar technics). Finally the third
mode implements a pixellized linear reconstruction of the
source plane light distribution while fitting for the non-
linear potential parameters (Warren & Dye 2003; Treu &
Koopmans 2004; Suyu et al. 2006) but we did not con-
sider this latter regime for the large images we had to
deal with here.

Given the configuration in Fig. 1, the lensing poten-
tial is assumed to be made of a Cored Isothermal ellip-
soid centered on the main deflector galaxy G1 and that
is supposed to capture the lensing contribution of the
dark matter halo as well as the stellar component of G1.
Given the absence of a radial arc or central demagnified
images (see e.g. Gavazzi et al. 2003), the details of the
assumed potential in the innermost parts (r . 2⇥⇥) of the
lens should not be important. The peak of G1’s light
distribution is assumed to be the center of this poten-
tial component and the origin of the coordinates system.
The convergence profile of the central mass component

Lens model of Lockman 01 3

Fig. 2.— Subaru i band modelling results. Top left panel: input image with the foreground deflectors subtracted o�. Top right panel:
image plane model predictions. Bottom left panel: Image plane residuals (data-model). Bottom right panel: source plane model predictions.

5 lenses, G1 at z=0.59; 
redshifts of rest unclear

G1 and G4 masses are well determined Gavazzi, AC et al. 2011

Not all Herschel lenses are compact
(HerMES example: brightest extragalactic SMG found by Herschel so far; 

250 micron = 420 mJy)



CSO/ZSPEC   z=2.956

Fig. 1.— The mm-wavelength spectrum for SMM 1057+5730 measured by Z-Spec (histogram). The error
bars show the 1σ photometric errors on the measurements and do not include the 5% uncertainty on the
absolute flux calibration. The solid curve shows the best-fit model to the dust continuum and the 12CO and
[CI] line emission, with the positions of the lines marked.

E1(z) and E2(z) from the 500 simulations are then
binned to create the probability distributions for
these estimators, which are shown by the dashed
curves in Figure 3. Both distributions are well-
described by Gaussians with a mean of zero and
standard deviation of σ = 1.00 and 0.45 for E1(z)
and E2(z), respectively. Given the maximum val-
ues of E1(2.956) = 9.1 and E2(2.956) = 5.3 for
SMM 1057+5730, the redshift is determined with
! 99.99% confidence. Subsequent interferomet-
ric imaging of the 12CO J = 5 → 4 line emis-
sion using the IRAM PdBI confirmed this redshift
(z = 2.9575 ± 0.0001; Riechers et al. in prep.,
hereafter R10).

For comparison, the distributions computed
from the real data are shown by the histograms
in Figure 3. The peak in the distributions com-
puted from the real data is negative owing to im-
perfect continuum subtraction in the presence of
line emission. These distributions, in particular
E1(z), also exhibit broad positive wings, which
arise from secondary peaks in the estimators that
occur when a single line from the reference catalog
falls on one of the emission lines in the observed
spectrum at a specific redshift. These secondary

peaks are marked with crosses in Figure 2.

3.2. Line and Continuum Fitting

We fit the spectrum of SMM 1057+5730 to a
model consisting of a power-law continuum and
12CO line emission. Since the spectrometer is not
critically sampled, the spectral response profile for
each channel is used in the fitting. We exclude in
the fit all channels with ν ≤ 190GHz due to poor
calibration. We fix all line widths to 350km s−1,
which is the line width measured by the PdBI for
the 12CO J = 5 → 4 line (R10); however, we
note that the fitted line fluxes are insensitive to
the choice of line width. The 12CO 7 → 6 line is
separated from the [CI] 3P2 →3P1 (hereafter [CI]
J = 2 → 1) fine structure line by ∼ 1000km s−1,
or roughly one Z-Spec channel. For this reason
we fix the redshift to z = 2.9575, the valued mea-
sured by the PdBI, and include the [CI] J = 2 → 1
line in the fit. The line fluxes (or 5σ upper lim-
its) for the four 12CO lines in the Z-Spec band-
pass and the [CI] J = 2 → 1 line are shown in
Table 1, along with the GBT Zpectrometer 12CO
J = 1 → 0, the CARMA 12CO J = 3 → 2, and

4

Scott et al. 2011

Riechers, AC et al. 2011

GBT

CARMA

PdBI-WIDEX

6 Riechers et al.

Fig. 3.— CO(J=3→2) and CO(J=5→4) line emission contours as shown in Fig. 1, but overlayed on 890 µm continuum emission (color
scale; Conley et al. 2010). The cross indicates the same position as in Fig. 1. ‘A’ to ‘D’ label the four lensed images of the source ordered
by brightness of the 890 µm continuum emission. CO emission is detected toward all four images.

D

C

AB

CO(5−4)

LOCK−01 (z=2.957)

K−band

Fig. 4.— CO(J=5→4) line emission contours as shown in Fig. 1, but overlayed on 2.2µm continuum emission (grey scale; smoothed with
a 0.1′′ Gaussian kernel; Conley et al. 2010). ‘A’ to ‘D’ label the four lensed images as in Fig. 3. The CO emission is associated with the
four rest-frame optical lensed images, but the peaks of the emission are optically faint.

CO already spatially resolved in the 5-4 PdBI
map
Mgas = 4x1010 Msun   (corrected for magnification)

Not all Herschel lenses are compact
(HerMES example: brightest extragalactic SMG found by Herschel so far; 

250 micron = 420 mJy)



1998-2009:   ~20 SMGs detected in CO emission (all selected w/ optical spec-z)

Since 9/2010: 25 new Herschel-selected SMGs obs. w/ CARMA (all ‘blind’ CO z)*

                  15 more detected in CO w/ CARMA (z from Zpectrometer & Z-spec)+

Riechers et al. in prep.

(z~1.7-4.4)

*

+
Herschel ATLAS

CARMA



A Bright Planck/Herschel Source seen in Keck
10”x10”

(a) ~1 Jy in Planck HFI (beam in
red)
(b) Central source is 400 mJy in
SPIRE, z=3.2 from CO
(c) other sources add to ~1Jy
(d) an overdensity of SMGs with
similar SPIRE, are they at the
same redshift?

Lens model, details: Hai Fu,  
AC et al. in prep

SMA

Optical, J, Ks-band (IR with Keck LGS
AO)

2 Fu et al.

FIG. 1.— Ks-J-optical RGB pseudocolor image of G12v2.30. The white crosses indicate the SMA sources. The error bars show the total registration
uncertainties of ∼0.4′′. The white ellipse at the lower left shows the SMA beam of 2.1′′×1.9′′at PA = �23.6◦ .

adjust by eye to the shape of the arcs. The average error on
the position of each image is 0.18”.
In a SMG, the radio emitting regions are not necessarily

centered with the optical/UV regions. Here, the idea is there-
fore to study the morphology of the galaxy, and compute their
respective intrinsic luminosity to derive a SED. We will use a
set of multiple images identified in the K-band image to build
a lens model, and use it to ray trace both the K-band the radio
images in the source plane.
For the lens model, we assume that the foreground lens

galaxies G1 to G4 are embedded in a large group-scale dark
matter halo, described by a PIEMD density profile with the
analytic definition

ρ(R) =
ρ0

(1+ r2/r2core)(1+ r2/r2cut)
. (1)

This density profile is parametrized by a central density ρ 0,
which is linked to the central velocity dispersion σ0 (see ?).
The core and cut-off radii rcore and rcut respectively trigger

a change in the slope of the density profile, from flat in the
center, to isothermal r�2 in the middle, and steep r�4 beyond
rcut . The cut-off radius is of the order of the virial radius,
and only weak lensing can put constrain on it. We assume
rcut = 500 kpc, but found no sensitivity on the fit when we
move from rcut = 200 kpc to rcut = 1000 kpc. We leave the
position (x,y), ellipticity ε = (a2 �b2)/(a2+b2) and orientation
θ as free parameters.
We also carefully account for the foreground lens galax-

ies G1 to G8. We model them with PIEMD density profiles,
but we assume they all follow the same scaling relation be-
tween luminosity and the PIEMD parameters. Such scaling
relations derive from the Faber-Jackson relation for elliptical
galaxies. Basically, we assume that for a typical elliptical
galaxy at redshift z = 0.5 in dense environment with magni-
tude magK = 16.85 (?), the galaxy parameters scale as

~20’

~10’’

~1’’



Example lensed from HerMES

GT1: 70 sq. degrees: 86 lensed candidates with S500≥80mJy (&
not spirals or radio-loud AGN)

•
Keck LGSKeck LGS+SMA Keck LGS Keck LGS

Keck LGS+SMAKeck LGS+SMA CFHTLS+SMACFHTLS+SMA

Keck LGS+EVLA

Keck LGS+EVLA Keck LGS+SMA

12 J. L. Wardlow et al.

Figure 10. Three-color 10 × 10′′ cutouts of Bootes02, overlaid
with COM+EXT 870µm SMA contours are at 3, 6, 9, 12σ and beam
is shown in the bottom left. The background images are left: ND-
WFS B (blue), R (green) and I (red); right: SDWFS IRAC 3.6
(blue), 4.5 (green) and 5.8µm (red). The SMA position is coinci-
dent with an IRAC source and a red optical galaxy that has a SDSS
photometric redshift of 0.59± 0.08, but the CO spectroscopic red-
shift is 3.274, suggesting that there are two coincident, or closely
aligned sources here.

However it is clear that there is still bright and red sub-
millimeter source here. Indeed, 870µm SMA observa-
tions in the extended and compact array configurations
detect a single bright source, suggesting that the poten-
tial effect of the secondary source is minor at worst. Con-
tours of the SMA emission, overlaid on 10 × 10′′ color
optical and IRAC cutouts are shown in Figure 10.

The SMA emission is coincident with an optical and
and IRAC source. The red optical source is detected
in SDSS with r = 21.71 mag and has zphot = 0.59 ±
0.08, whilst a blind spectroscopic redshift search with
CARMA at millimeter wavelengths detects CO(J=3→2)
and CO(J=4→3) at 80.9 and 107.9 GHz, respectively,
placing the submillimeter source at z = 3.274. Therefore,
despite the indication of blending from the SPIRE data,
it is clear that the optical emission and the submillime-
ter emission are dominated by two sources at different
redshifts.

As we showed in §5.1 submillimeter sources that are
strongly gravitationally lensed typically exhibit morpho-
logical evidence of the lensing. The 870µm SMA data
is the highest-resolution information that is available for
Bootes02 yet it does not show any evidence of morpho-
logical disturbance consistent with gravitational lensing.

THINGS TO INVESTIGATE AND DISCUSS
before concluding §::
***NEED SED plot via galfit models
*** since no lensing structure, use size arguments
to get magnification or see if Raphael can model

5.1.3. Bootes10***

Borys 06 one (MIPS J142824.0+352619).
zsmg = 1.325, zlens = 1.034 (spectroscopic, Borys06)
SCUBA (Borys06), SMA (Iono06, COM no structure),
CARMA fluxes
Detected lines: CO(2-1), CO(3-2), CII(158um),
OI(63um) OIII(52um) all according to wiki (Iono06 &
Iono09 & Sturm10 & Hailey-Dunsheath10 & Stacey10)
No lensing structure visible in any data
SED (apparent) in Borys06, B-IRAC + MIPS+
350um+850um+VLA. NOT decoupled (ie all points are
lens+smg)

Figure 11. Keck. Radio contours (left) & SMA (right),
3,6,9,12,15sigma

Size arugments imply µ ! 10 (Borys06) – use the same
as all references
(no TT star so no keck LGS)
NEED SED with PACS & SPIRE and all others
NEED pretty picture.

5.1.4. Lock01***

Uber bright one. Refs to other papers & quantities –
summarise.
Add radio data: show if FIR-radio correclation holds
(given that the high Td hints that there is an AGN &
that one of the central ones is?? radio-detected)
Possibly something about cluster environments given
the FRII

5.1.5. Lock03

z ∼ 4 from SED (or v cold??)
MAMBO, CARMA, SMA (COM&EXT) photometry
CARMA single line detected: CO(3-2) at z=2.771 or
CO(2-1) at z=1.514. CARMA claims not z > 3 unless
very low CO excitationUSE 2.771
Possible secondary line in CARMA, but low significance
– may be blend, but no sign in the SMA ???
SMA COM single source, not obviously extended. EXT
shows some odd structure. Maybe half and einstein ring

NEED to plot SED. lens model is pending.
Probably mu∼ 2 because no lensing strucutre yet
detected.

5.1.6. Lock10***

MAMBO, CARMA, SMA (COM) fluxes
SDSS photoz for lens: z ∼ 0.6
SMG specz is complicated. Line in GBT implies z=2.924
if CO(1-0), but CO(3-2) not seen in CARMA (should
be). Possible line for z=2.2 in CARMA, or high-z source
otherwise.
Galfit done.
Lens modelling done: mu = 4.32+1.14

−0.83
NEED to plot SED

5.1.7. XMM01***

Double/triple lens. differential lensing? Odd system.
Lens modelling done: µ = 5.2+4.7

−3.5
Lenses all detected in optical, and some of IRAC
SMG detected in IRAC

Keck LGS+EVLA Keck LGS+SMA
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Figure 12. 10 × 10′′ cutouts of Lockman03, overlaid with
COM+VEX 870µm SMA contours at 3, 5, 7, 9σ and the beam is
shown in the bottom-left. The background images are left: Keck
NIRC2 K-band and right: SWIRE IRAC 3.6 (blue), 4.5 (green)
and 5.8µm (red). ***about this one**** ??is that a real
offset from keck (north-south)??

Figure 13. Lock03 galfit. Residual is with lens subtracted. Can-
not fit with a single profile – needs two. ***about this one****

Figure 14. 10 × 10′′ cutouts of Lockman10, overlaid with COM
870µm SMA contours at 3, 5, 7, 9, 11σ and the beam is shown in
the top-left. The background images are left: Keck NIRC2 K-band
and right: SWIRE IRAC 3.6 (blue), 4.5 (green) and 5.8µm (red).
***about this one***

Hα emission (broad and slightly offset from CO).
Broad CO lines (Riechers et al. in prep)

5.1.8. XMM06***

Ikarashi one. Close pair, high z
no structure in SMA
zsmg = 3.4, zlens (phot)=1.4
Early galfit done, but trying to improve
Lens modelling done: µ ∼ 2. So very weird,
SFR¿¿1000msun/yr.

Figure 15. Lock10 galfit. Residual is with lens subtracted. Can-
not fit with a single profile – needs two. ***about this one****

Figure 16. Three-color 10 × 10′′ cutouts of XMM01, overlaid
with COM+EXT+VEX 870µm SMA contours at 3, 6, 9, 12σ and
the beam is shown in the bottom-left. The background images are
left: CFHTLS g (blue), r (green) and i (red); right: SWIRE IRAC
3.6 (blue), 4.5 (green) and 5.8µm (red). ***about this one***

Figure 17. XMM01 CAPTION.

Keck LGS+SMA



Lensed galaxies are easily identifiable as bright and
have “red” colors

Nearby spiral galaxies are bright at sub-mm;
can be removed with SDSS etc.
Same for radio-loud AGNs (NVSS, Fermi)



Modeling strong lensing
Consider NFW & SIS density profiles & lens “intrinsic” N(>S)

Parameters constrained by requiring fit to observed N(>S)

μ>2 for “strong” lensing

Magnification bias ~ 3

•

•

•

•

Wardlow et al. 2011

20% to 30% lensing fraction among  all bright sources; but non-lensed
sources are easily identifiable in shallow optical and radio surveys
Close to 100% efficiency once spirals and AGNs removed!!!

1
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Figure 5. Top: Mean magnification for the HerMES lensed
sources as a function of flux according to the lensed model. As
in Figure 4 the grey region is the 68% C.L. Bottom: The condi-
tional magnification probability P (µ|S500). The thick line shows
the magnification at the median flux of our candidate graviata-
tional lenses with S500 about 90 mJy. For S500 > 150 mJy, the
typical magnification factors are expected to be around 4 to 20,
while for the whole sample, the typical magnification factors are
between 2 to 6. *** update caption new figure

culation we used a NFW profile to describe the lenses.
Anyway using the SIS profile to lens the best fit intrin-
sic Schechter function, gives integral lensed counts well
inside the grey region. We can conclude hence that the
choice between the two profiles is not important in or-
der to fit the data. The number counts, presented here
for bright sources are consistent with the data from the
analyses of HerMES SDP data by Oliver et al. (2010)
and Glenn et al. (2010), which are also shown in Fig. ??.
[cf oliver10 too] In Figure 5 we show the 68% C.L. range
for the mean magnification. Figure 6 shows the cumula-
tive fraction of strongly lensed sources for the (Béthermin
et al. 2011) redshift distribution of SMGs. Once AGN
and spirals have been removed the fraction of strongly
lensed sources with a flux greater then 80 mJy ranges
from ∼ 40 to ∼ 80%. Above 100 mJy more than 80%
of the sources is strongly lensed. These results don’t ac-
count for the blending of sources due to the size of the
instrument beam. The blending move counts from low
fluxes towards higher fluxes making also the total num-
ber of observed sources smaller than the real one. The

Figure 6. 68% C.L. for the cumulative fractions of strongly lensed
sources. Top: fraction of strongly lensed sources when AGN and
spirals are removed. Vertical lines are at 80 and 100 mJy. This
plot doesn’t account for the blending of sources. When removing
blended sources the strongly lensed fraction decrease of less than
10% for S > 80 mJy and of a ∼ 15% for S > 100 mJy. Bottom:
fraction of strongly lensed sources with respect to the total counts
(including AGN and spirals). there is a line through fig 5
bottom *** update caption new figure

number counts at fluxes greater than 80 mJy, which is the
range we are interested in in this work, will then receive a
contribution also from blended sources. To quantify the
effect of the blending we generated simulated maps of
sources and analyzed them using a beam of the same di-
mension of the instrument beam. We then averaged over
these simulation and we found that when accounting for
the blending the fraction of strongly lensed sources is re-
duced of less than ∼ 10% for sources brighter than 80
mJy and less than ∼ 15% for sources brighter than 100
mJy.

4.2. Contamination from blended sources

These results represent an upper limit on the fraction
of strongly lensed sources. A proper estimation has to
account for the blending of sources due to the size of
the instrument beam. The blending move counts from
low fluxes towards higher fluxes by merging sources into
the same pixel. As a consequence, because of the blend-
ing, the total number of observed sources is smaller than
the real one. The number counts at fluxes greater than



Mean magnification is ~ 4 to 8

Most SMG galaxy lenses involve intrinsically “normal” (~20mJy) SMGs. We are
not always seeing the intrinsically sub-confusion faint sources. They are rare.

Brightest of lensed SMGs (>150 mJy) are magnified by factors of 10 to 20. But
such lenses are rare (1 in 10 sq. degrees)

2

Wardlow et al. 2011



Is source blending an issue?

Combine 500 and 250 microns to remove clear blends from two 250 micron
sources as one in 500 micron.

Simulations show we are accounting for blends down to ~12 arcsec
separations.
~10% of the S(500) > 80 mJy lensing candidates are likely remaining blends.

SPIRE beams are 18, 25, 36
arcsecs.
Could bright 500 micron
sources be blends?

CFHTLS+SMA
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Table 3
Confirmed and modelled HerMES-selected gravitationally lensed galaxies

Source αa
SMG δa

SMG αb
lens

δb
lens

CO z Optical z µc LF IR TD MH M∗

(L") (K) (mag) (M")

Bootes01 14h28m25.s54 +34◦55′46.′′9 14h28m25.s47 +34◦55′46.′′8 2.80d 0.414
14h28m25.s54 +34◦55′47.′′2 · · · · · · · · · · · · · · · · · · · · · · · · · · ·
14h28m25.s45 +34◦55′47.′′9 · · · · · · · · · · · · · · · · · · · · · · · · · · ·
14h28m25.s43 +34◦55′46.′′5 · · · · · · · · · · · · · · · · · · · · · · · · · · ·

Bootes10 14h28m24.s06 +35◦26′19.′′8 14h28m24.s08 +35◦26′19.′′5 1.034 1.034 < 10
Lock01 10h57m50.s46 +57◦30′28.′′5 10h57m50.s96 +57◦30′25.′′7 2.958 0.60 ± 0.04 10.9 ± 0.7

10h57m51.s54 +57◦30′26.′′8 · · · · · · · · · · · · · · · · · · · · · · · · · · ·
10h57m51.s19 +57◦30′29.′′1 · · · · · · · · · · · · · · · · · · · · · · · · · · ·
10h57m50.s91 +57◦30′23.′′8 · · · · · · · · · · · · · · · · · · · · · · · · · · ·

Lock03 10h57m12.s26 +56◦54′58.′′7 10h57m12.s22 +56◦54′58.′′6 2.771
Lock10 10h38m26.s60 +58◦15′42.′′6 10h38m26.s76 +58◦15′42.′′3 2.925 0.58 ± 0.04 6.17 ± 0.03

10h38m27.s19 +58◦15′41.′′3 · · · · · · · · · · · · · · · · · · · · · · · · · · ·
XMM01 02h20m16.s65 −06◦01′41.′′9 02h20m16.s73 −06◦01′42.′′7 2.307 0.53 5.2+4.7

−3.5

02h20m16.s58 −06◦01′44.′′3 02h20m16.s40 −06◦01′42.′′3 · · · 0.80
XMM06 02h18m30.s67 −05◦31′31.′′5 02h18m30.s69 −05◦31′31.′′9 3.395 1.4 ± 0.7 1.5+1.0

−0.4

Note. —
a SMG coordinates are the centroids of high-resolution submillimeter or radio interfermetry (as discussed in the text). In most cases this is
SMA 870 µm data.
b Coordinates of the lenses are measured from optical imagaing.
c µ is the magnification factor from gravitational lensing.
d The CO redshift of Bootes01 is a single line redshift, assuming that the line is CO(3-2).
add Bootes02 to this list

Figure 21. Three-color 10 × 10′′ cutouts of XMM03, overlaid
with COM+EXT 870µm SMA contours are at 3, 6, 9, 12, 15σ and
beam is shown in the bottom left. The background images are left:
CFHTLS g (blue), r (green) and i (red); right: SWIRE IRAC 3.6
(blue), 4.5 (green) and 5.8µm (red). about this one

Figure 22. Three-color 10 × 10′′ cutouts of XMM09, overlaid
with COM+EXT 870µm SMA contours are at 3, 5, 7σ and beam
is shown in the bottom left. The background images are left:
CFHTLS g (blue), r (green) and i (red); right: SWIRE IRAC
3.6 (blue), 4.5 (green) and 5.8µm (red). about this one

6. CONCLUSIONS

We did great things. The most amazing of them are...
While this paper is based on existing HerMES data,

planned extragalactic imaging programs with Herschel-
SPIRE will cover 750 to 1000 deg2 prior to the end of the
mission. Thus, the expectation is that with this selection
method Herschel will identify 600 to 900 lensed galaxy
candidates, most of them at z ∼ 2–4. With such a large
sample, and a selection function that is easily described,
it may be possible to perform new fundamental cosmo-
logical tests (Cooray et al. 2010). The expectation is
that ∼ 10 of these sources will be so-called golden lenses,
i.e., systems with two or more lensed background galaxies
at different redshifts. Such systems will allow tests re-
lated to dark energy independent of the foreground lens
model.

Wonderful people and places.
This research has made use of the NASA/IPAC Extra-

galactic Database (NED) which is operated by the Jet
Propulsion Laboratory, California Institute of Technol-
ogy, under contract with the National Aeronautics and
Space Administration.
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Promise of Herschel in Lensing Studies

0.85/sq. deg (S500>80 mJy) lensed source!  - identified 90% efficiency.   (S500 >
100 mJy identified 100% efficiency - but 0.25/sq. degree)

HerMES + ATLAS:  ~800 sq. degrees, so ~600 lensed galaxies.

Proposed Herschel-SPIRE Legacy Survey (OT1 declined; OT2 resubmitted for
2000 sq. degrees, ~1500 lensed galaxies)

•

•
•

What next for lensing? – the 

promise of Herschel 

•  Evolution of dark matter 

halo structure / substructure 

needs higher redshift lenses 

•  Larger samples of lenses 

needed for e.g.: 

– discoveries of more 

compound lenses 

– discoveries of rare 

catastrophes – illuminating 
both source geometry and 

lens matter distribution 

HSLS White Paper 
arxiv:1007.3519

Largest sample of gravitationally lensed sources, with a selection
function easy to describe (great for cosmology!)
Extend lensed galaxies to z > 6  (HSLS will find ~100 z > 6 SMGs,
most lensed!)
Extend foreground lenses to z~2 (SDSS lenses z~0.5; radio~1)

     



Conclusions

Herschel has opened up the dusty universe in a
new wavelength regime for the first time.

large sample of lenses. what do we get out?

~200 from HerMES and ATLAS. ~1500 from
proposed HSLS over 2000 sq. degrees. 

More to come over the next two years.


