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Figure 13. Images of eight of the nine confirmed gravitationally lensed SMGs from our sample; we refer to Borys et al. (2006) for
HBoötes03. The left-hand panels show optical or near-infrared imaging (as labeled); high-resolution HST/WFC3 or Keck-II/NIRC2 data
are used where possible. Archival Spitzer IRAC 4.5µm imaging is presented in the right-hand panels. For the two cases (HBoötes02 and
HLock03) where Spitzer IRAC imaging is unavailable we instead show the near-infrared data with the foreground lens emission subtracted
in the right-hand panel. The contours on each image are submillimeter (SMA) or radio (JVLA) interferometry (as labeled). JVLA data
are at 7GHz for HBoötes02 and 1.4GHz for HLock01. Contour levels begin at 3! and increase by a factor of

!
2 at each step (expect

for the right-hand panel of HBoötes01, where only the 3! contours are shown for clarity). The contours typically trace emission from the
background submillimeter source, whereas the optical and near-infrared images are either dominated by the foreground lens, or contain
emission from both the foreground and background sources. The exception is HLock01, in which the JVLA data traces both the lensed
background SMG and radio emission in the central lensing galaxy. A 2!! scale-bar is shown in the top left-hand corner of each image.
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HBoötes03. The left-hand panels show optical or near-infrared imaging (as labeled); high-resolution HST/WFC3 or Keck-II/NIRC2 data
are used where possible. Archival Spitzer IRAC 4.5µm imaging is presented in the right-hand panels. For the two cases (HBoötes02 and
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Gravitational Lensing

• Light affected by intervening mass (galaxy).
• Magnification: spatial distortion & resolution increase.
• Magnification: integrated flux boost.
• Details dependent on mass profile of foreground galaxy.

NASM, Smithsonian Institution. 
Artwork by Keith Soares/Bean Creative.
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Why look in the far-IR for lensed galaxies?

Weiss et al. 2009

850μm

• Intrinsically VERY bright sources are 
rare

• VERY bright sources are as likely to 
be lensed as intrinsically luminous

See Blain et al. 1996

BUT :
need wide area surveys to find rare 

lensing events

1212 WEIß ET AL. Vol. 707

Figure 10. Left: differential source counts for the ECDFS. The colored lines show the results from the P (D) analysis with functional parameters as given in Table 2.
The black data points show the results from a Bayesian approach to estimate the source counts from the source catalog. The gray data points are the differential number
counts from the SHADES survey (Coppin et al. 2006), the gray line shows their best-fitting Schechter function. The dashed gray line is the SHADES Schechter
function with N ! scaled to fit our Bayesian source counts. Note that this source count function does not reproduce the observed flux density histogram of the map well
(Figure 9). Right: cumulative number counts for the ECDFS compared to other studies. The black data points represent the direct sum of the differential counts shown
in the left part of the figure, the solid lines are integrals over the results of the P (D) analysis, the dashed line shows the best-fitting Schechter function from Coppin
et al. (2006) for SHADES.
(A color version of this figure is available in the online journal.)

Table 2
Best-fitting Parameters of the Differential Source Counts to the Observed Flux Histogram

Fit aY S! N ! ! " Smin EBL
(mJy) (deg"2 mJy"1) (mJy) (Jy deg"2)

Power law ( S
S! )"! b5.0 93 3.2 · · · 0.5 29.1

br. power law ( S
S! )"! for S > S!

( S
S! )"" for S < S! 7.6 25 3.5 3.1 0.5 29.5

Schechter fct. ( S
S! )"! e"S/S!

10.5 21.5 2.7 · · · 0.3 33.1
Barger fct. 1

1+( S
S! )!

0.56 106000 3.2 · · · · · · 32.0

Notes.
a Counts are parameterized as dN

dS = N ! # Y .
b S! fixed to 5.0 mJy.

et al. 2006) which is comparable in size, but has a noise level
$2 higher than LESS.

For comparison to previous work, we derived the cumulative
source counts by directly summing over the differential source
counts derived above. The cumulative source counts are shown
in comparison to other studies in Figure 10 (right). In this figure,
we also show the integrals over the functions fitted by our P (D)
analysis (Table 2).

3.4. Two-point Correlation

We have investigated the clustering properties of the SMGs
in the ECDFS by means of an angular two-point correlation
function. w(# ) and its uncertainty was computed using the
Landy & Szalay (1993) estimator. The random catalog was
generated from the same simulations we used for our complete-
ness estimate (Section 3.2.2). To generate random positions
of the sources we used the LINUX random number generator
(Gutterman et al. 2006). The angular two-point correlation is

presented in Figure 11. We detect positive clustering for angu-
lar scales below $1!, although only the smallest angular scale
(20!!–50!! bin) shows statistically significant clustering (3.4$ ).
For comparison to other studies we fit the angular correlation
by a single power law using

w(# ) = Aw (# (1"% ) " C), (9)

where C accounts for the bias to lower values of the observed
compared to the true correlation (see, e.g., Brainerd & Smail
1998). As our data are too noisy to fit all three parameters,
we fixed % to 1.8 which has been used in many other studies
(e.g., Daddi et al. 2000; Farrah et al. 2006; Hartley et al. 2008).
This yields Aw = 0.011 ± 0.0046 and C = 12.4 ± 2.5 or a
characteristic clustering angle of #0 = 14!! ± 7!!. We also calcu-
lated C directly from our random catalog using Equation (22)
from Scott et al. (2006) and assuming % = 1.8. This yields
C = 4.5 and Aw = 0.007 ± 0.004 (#0 = 7!! ± 5!!) for a sin-
gle parameter fit of Equation (9) to our data. These numbers

Search for bright submm sources is 
an efficient lens selection 

Ideal science for CCAT’s wide FoV: 
wide-field survey(s)
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In progress

HerMES: 
The Herschel Multi-tiered Extragalactic Survey

= this project, 9 independent fields, 95deg2

www.hedam.oamp.fr/HerMES

Public data

http://www.hedam.oamp.fr/HerMES
http://www.hedam.oamp.fr/HerMES
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Sample selection: 
S500>100mJy

HerMES 500μm number counts
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Sample selection: 
S500>100mJy & no blazars or local spirals
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Figure 1. SPIRE color-flux density plots for sources detected in
HerMES blank fields. Sources brighter than 80mJy at 500µm
are highlighted and classified as blazars, local late-type galax-
ies or candidate gravitationally lensed SMGs (see Section 2 for
details). Large and small symbols correspond to sources with
S500 > 100mJy (robust lensed candidates) and S500 = 80–100mJy
(supplementary lensed candidates), respectively. Grayscale data
represent the density of all HerMES sources in these fields. Candi-
date gravitationally lensed SMGs have redder SPIRE colors than
local late-type galaxies, indicating that they are typically higher
redshift sources. Median error bars for the individual populations
are shown at the top of each figure, at the median flux density of
each population. We note that the apparent o!set in SPIRE color-
flux density space of the highlighted sources compared to the bulk
of the HerMES population is due to our selection of the bright-
est sources. Indeed, in SPIRE color-color space no such o!set is
apparent (Fig. 2).

Figure 2. SPIRE color-color diagram for sources detected in Her-
MES blank fields. Candidate lensed galaxies, blazars and bright
local spirals are highlighted; large and small symbols signify sources
with S500 > 100mJy and S500 = 80–100mJy, corresponding to the
principal and supplementary samples, respectively. The grayscale
data show the density of all HerMES sources in these fields. The
lensing candidates have submillimeter colors that are consistent
with rest of the SPIRE population. Median error bars for each
population are shown at the bottom-right.

Conley et al. 2011, Section 6.7). Thus, although the can-
didate gravitationally lensed galaxies are typically redder
at submillimeter wavelengths than local late-type galax-
ies, there are some exceptions, and a color selection is not
su!cient to identify local interlopers. Instead, the re-
moval of interlopers requires the additional information
that is provided by optical and radio data, which can be
provided by existing shallow surveys (see Section 2).

3.2. Redshift distribution

We have shown that the candidate lensed SMGs have
redder submillimeter colors than local spiral galaxies,
which is indicative of a higher redshift population. We
next consider the full redshift distributions of these
sources.
There are four main ways to calculate the redshifts

of SMGs. The most reliable is through the detection
of submillimeter emission lines, the brightest of which
are CO transitions. The second method is to calculate
submillimeter photometric redshifts from the 250, 350
and 500µm photometry, and any available longer wave-
length data (Table 5). Finally, optical or near-infrared
photometry or spectroscopy of the counterparts can be
utilized. However, if an SMG is gravitationally lensed
then the foreground deflector will usually dominate the
short-wavelength flux. In this case, if the foreground lens
is misidentified as the SMG then the optical redshift will
be lower than the submillimeter redshift.
We are currently undertaking an extensive radio and

millimeter spectroscopic follow-up campaign, target-
ing CO emission lines in the candidate gravitationally
lensed galaxies (see Section 5.2 for details). Confirmed
(multiple-line) redshifts have been obtained for five of
the candidate lensed SMGs, and single-line redshifts for
a further four (Table 4; Riechers et al., in prep.). The
single-line CO redshifts are guided by the photometric
redshifts in determining the most likely identification of
the line emission.
Submillimeter photometric redshifts are calculated

from !2 template fitting to the available submillimeter

Bluer

Brighter
(500μm)

6 J. L. Wardlow et al.

Figure 1. SPIRE color-flux density plots for sources detected in
HerMES blank fields. Sources brighter than 80mJy at 500µm
are highlighted and classified as blazars, local late-type galax-
ies or candidate gravitationally lensed SMGs (see Section 2 for
details). Large and small symbols correspond to sources with
S500 > 100mJy (robust lensed candidates) and S500 = 80–100mJy
(supplementary lensed candidates), respectively. Grayscale data
represent the density of all HerMES sources in these fields. Candi-
date gravitationally lensed SMGs have redder SPIRE colors than
local late-type galaxies, indicating that they are typically higher
redshift sources. Median error bars for the individual populations
are shown at the top of each figure, at the median flux density of
each population. We note that the apparent o!set in SPIRE color-
flux density space of the highlighted sources compared to the bulk
of the HerMES population is due to our selection of the bright-
est sources. Indeed, in SPIRE color-color space no such o!set is
apparent (Fig. 2).

Figure 2. SPIRE color-color diagram for sources detected in Her-
MES blank fields. Candidate lensed galaxies, blazars and bright
local spirals are highlighted; large and small symbols signify sources
with S500 > 100mJy and S500 = 80–100mJy, corresponding to the
principal and supplementary samples, respectively. The grayscale
data show the density of all HerMES sources in these fields. The
lensing candidates have submillimeter colors that are consistent
with rest of the SPIRE population. Median error bars for each
population are shown at the bottom-right.

Conley et al. 2011, Section 6.7). Thus, although the can-
didate gravitationally lensed galaxies are typically redder
at submillimeter wavelengths than local late-type galax-
ies, there are some exceptions, and a color selection is not
su!cient to identify local interlopers. Instead, the re-
moval of interlopers requires the additional information
that is provided by optical and radio data, which can be
provided by existing shallow surveys (see Section 2).

3.2. Redshift distribution

We have shown that the candidate lensed SMGs have
redder submillimeter colors than local spiral galaxies,
which is indicative of a higher redshift population. We
next consider the full redshift distributions of these
sources.
There are four main ways to calculate the redshifts

of SMGs. The most reliable is through the detection
of submillimeter emission lines, the brightest of which
are CO transitions. The second method is to calculate
submillimeter photometric redshifts from the 250, 350
and 500µm photometry, and any available longer wave-
length data (Table 5). Finally, optical or near-infrared
photometry or spectroscopy of the counterparts can be
utilized. However, if an SMG is gravitationally lensed
then the foreground deflector will usually dominate the
short-wavelength flux. In this case, if the foreground lens
is misidentified as the SMG then the optical redshift will
be lower than the submillimeter redshift.
We are currently undertaking an extensive radio and

millimeter spectroscopic follow-up campaign, target-
ing CO emission lines in the candidate gravitationally
lensed galaxies (see Section 5.2 for details). Confirmed
(multiple-line) redshifts have been obtained for five of
the candidate lensed SMGs, and single-line redshifts for
a further four (Table 4; Riechers et al., in prep.). The
single-line CO redshifts are guided by the photometric
redshifts in determining the most likely identification of
the line emission.
Submillimeter photometric redshifts are calculated

from !2 template fitting to the available submillimeter

Bluer

Bluer

Lensed SMGs are typically submm red, at z=2–3, and 
lensed by galaxies at z<1
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Modelling lensed SMGs
Components

• ΛCDM cosmology: ΩM = 0.27, ΩΛ = 0.73, H0 = 71km s−1 Mpc−1

• NFW or SIS foreground mass profiles
• Sheth & Tormen distribution of foreground masses
• Béthermin et al. N(z) for SMGs

The model

• Calculate the fraction of the sky that is strongly (μ>2) lensed = fμ 
• Use fμ to calculate lensing probability = P(μ)
• Assume intrinsic counts have the shape of a Schechter function 
• Integrate to apply P(μ) to the intrinsic counts
• Use MCMC to fit to the total observed HerMES number counts
• Number counts of lensed SMGs are predicted
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Modelling lensed SMGs
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Predictions: magnification factor
Mean magnification is μ~5–10

Sources are intrinsically 
faint

HerMES 
nominal 

detection 
limit

Majority of HerMES 
candidates



Julie WardlowGravitationally lensed galaxies in Herschel HerMES

Observed

43%

89%

Lens candidates have high fidelity: ~45–80%

All sources

Blazars & spirals removed
Observed

8%

23%
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N(z) predicted from the model
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13 HerMES lens candidates

18 J. L. Wardlow et al.

Figure 13. Images of eight of the nine confirmed gravitationally lensed SMGs from our sample; we refer to Borys et al. (2006) for
HBoötes03. The left-hand panels show optical or near-infrared imaging (as labeled); high-resolution HST/WFC3 or Keck-II/NIRC2 data
are used where possible. Archival Spitzer IRAC 4.5µm imaging is presented in the right-hand panels. For the two cases (HBoötes02 and
HLock03) where Spitzer IRAC imaging is unavailable we instead show the near-infrared data with the foreground lens emission subtracted
in the right-hand panel. The contours on each image are submillimeter (SMA) or radio (JVLA) interferometry (as labeled). JVLA data
are at 7GHz for HBoötes02 and 1.4GHz for HLock01. Contour levels begin at 3! and increase by a factor of

!
2 at each step (expect

for the right-hand panel of HBoötes01, where only the 3! contours are shown for clarity). The contours typically trace emission from the
background submillimeter source, whereas the optical and near-infrared images are either dominated by the foreground lens, or contain
emission from both the foreground and background sources. The exception is HLock01, in which the JVLA data traces both the lensed
background SMG and radio emission in the central lensing galaxy. A 2!! scale-bar is shown in the top left-hand corner of each image.

3 previously published lenses
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Borys et al. 2006 • Desai et al. 
2006 • Iono et al. 2006ab • 
Swinbank et al. 2006 • Hailey-
Dunsheath et al. 2010 • Stacey et 
al. 2010 • Sturm et al. 2010

Conley et al. 2011 • Scott et al. 
2011 • Riechers et al. 2011 • 
Gavazzi et al. 2011

9 confirmed; 
4 unknown

Ikarashi et al. 2011 (also Iono et 
al. submitted • Inoue et al. in prep.)

• z=1.3 lensed by z=1.0
• μ<10

Borys et al. 2006

• z=2.9 lensed by group 
at  z~0.6

• μ~11

• Identified by AzTEC
• z=3.4 lensed by z=1.3
• μ~1.5

MIPSJ1428/HBootes03 HLock01 SXDF1100.01/HXMM02
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Figure 13. Images of the nine confirmed gravitationally lensed SMGs from our sample; we refer to Borys et al. (2006) for HBoötes03. The
left-hand panels show near-infrared high-resolution HST/WFC3 F110W or Keck-II/NIRC2 KS-band data (as labeled).
Archival Spitzer IRAC 4.5µm imaging is presented in the right-hand panels. For the two cases (HBoötes02 and HLock03) where Spitzer
IRAC imaging is unavailable we instead show the near-infrared data with the foreground lens emission subtracted in the right-hand panel.
The contours on each image are submillimeter (SMA) or radio (JVLA) interferometry (as labeled). JVLA data are at 7GHz for HBoötes02
and 1.4GHz for HLock01. Contour levels begin at 3! and increase by a factor of

!
2 at each step (expect for the right-hand panel of

HBoötes01, where only the 3! contours are shown for clarity). The contours typically trace emission from the background submillimeter
source, whereas the near-infrared images are either dominated by the foreground lens, or contain emission from both the foreground
and background sources. The exception is HLock01, in which the JVLA data traces both the lensed background SMG and radio emission
in the central lensing galaxy. A 2!! scale-bar is shown in the top left-hand corner of each image.
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13 HerMES lens candidates
6 additional confirmed lensing systems

9 confirmed; 
4 unknown
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HBoötes03. The left-hand panels show optical or near-infrared imaging (as labeled); high-resolution HST/WFC3 or Keck-II/NIRC2 data
are used where possible. Archival Spitzer IRAC 4.5µm imaging is presented in the right-hand panels. For the two cases (HBoötes02 and
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are at 7GHz for HBoötes02 and 1.4GHz for HLock01. Contour levels begin at 3! and increase by a factor of

!
2 at each step (expect
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What to expect from CCAT

• Wide FoV & efficient mapping
⇒ Large numbers of candidates 

(e.g. in 5000deg2  ~750 new “robust” & ~1500 “supplementary” lenses)
⇒ More candidates ⇒ better model constraints
⇒ More “extreme” sources: high μ, high flux, high z

e.g. in 5000deg2: ~50 with S500=200mJy, ~10 with μ>20

• Wide(r) multi-wavelength coverage 
⇒ Better initial source characterisation

(lens/low-z spiral/blazar)
⇒ More accurate submm photo-z
⇒ Different wavelengths to select different populations

• Multi-object spectroscopy
⇒ CO redshifts for all candidates

• Smaller beam
⇒ Easier counterpart/lens identification
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HerMES 
nominal 

detection 
limit

Summary
Wide-area, submm surveys can efficiently identify 
strongly lensed high-redshift galaxies by simply 
selecting the brightest sources.

Simple cosmological modelling of SMG number 
counts can predict the numbers of lensed sources & 
predicts high fidelity samples of intrinsically faint 
SMGs magnified by factors of ~5–10 on average.

Extensive followup programs are providing a detailed 
view of high-z star-formation. 
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Figure 13. Images of eight of the nine confirmed gravitationally lensed SMGs from our sample; we refer to Borys et al. (2006) for
HBoötes03. The left-hand panels show optical or near-infrared imaging (as labeled); high-resolution HST/WFC3 or Keck-II/NIRC2 data
are used where possible. Archival Spitzer IRAC 4.5µm imaging is presented in the right-hand panels. For the two cases (HBoötes02 and
HLock03) where Spitzer IRAC imaging is unavailable we instead show the near-infrared data with the foreground lens emission subtracted
in the right-hand panel. The contours on each image are submillimeter (SMA) or radio (JVLA) interferometry (as labeled). JVLA data
are at 7GHz for HBoötes02 and 1.4GHz for HLock01. Contour levels begin at 3! and increase by a factor of

!
2 at each step (expect

for the right-hand panel of HBoötes01, where only the 3! contours are shown for clarity). The contours typically trace emission from the
background submillimeter source, whereas the optical and near-infrared images are either dominated by the foreground lens, or contain
emission from both the foreground and background sources. The exception is HLock01, in which the JVLA data traces both the lensed
background SMG and radio emission in the central lensing galaxy. A 2!! scale-bar is shown in the top left-hand corner of each image.
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are at 7GHz for HBoötes02 and 1.4GHz for HLock01. Contour levels begin at 3! and increase by a factor of

!
2 at each step (expect
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ideal targets for the detailed study of high-redshift, star-
forming galaxies, which would otherwise be prohibitively
faint.
Within the framework of the model we can also calcu-

late P (µ|S500), the probability of a source with a given
observed flux density, being magnified by a factor, µ,
as a function of S500. Fig. 9 (upper panel) shows that
for S500 ! 100mJy, the probability of lensing decreases
with increasing magnification and µ ! 10 is rare, hav-
ing a probability of " 10!3, among detected galaxies.
However, at the brightest flux densities, S500 # 150, the
probability distribution is flatter, due to the rarity of
intrinsically bright sources. Note that µmax = 20 (Sec-
tion 4.1), so for the purposes of calculating the predicted
number counts we only consider the range µ = 2–20.
We also investigate the e!ect of the background

(lensed) source redshift on the probability of the source
being magnified by µ. Fig. 9 (lower panel) shows P (µ|z)
and demonstrates that for z = 2–4, the assumed red-
shift distribution has only a small e!ect on our analysis.
Indeed, the prediction of the model and the results pre-
sented in this paper are insensitive to the exact form of
the assumed redshift distribution of SPIRE sources. The
di!erence in the predicted number counts, mean magni-
fication and lensed fractions introduced by implementing
the Valiante et al. (2009) model instead of the Béthermin
et al. (2011) model is within the 68% confidence limits.
Fig. 10 shows the predicted fraction of strongly lensed

sources as a function of observed 500µm flux density.
The analysis is based on our statistical model only; in
Section 4.3 we show that blending is only a minor e!ect.
We first consider all the 500-µm sources, and find

that the strongly lensed fraction varies from < 1% for
S500 < 21mJy to a peak of 14% at S500 = 114mJy
and then declines for the brightest fluxes (Fig. 10; up-
per panel). The decline for S500 ! 100mJy is the re-
sult of the contribution of local late-type galaxies – at
these flux densities the 500-µm population is increasingly
dominated by local spirals (Fig. 6). Observationally, our
data contain 49 local late-type galaxies, 13 lens candi-
dates (nine confirmed; Section 6) and no blazars with
S500 > 100mJy. Thus, 8–23% of HerMES sources with
S500 > 100mJy are gravitationally lensed, which is in
agreement with the model. Note that the simple pre-
scription for lensing used by Béthermin et al. (2011) only
predicts lensing in " 10% of S500 = 100mJy sources,
which is at the lower limit of the data, confirming the
need for the more thorough consideration of lensing pre-
sented here.
If blazars and local spirals are excluded, then the frac-

tion of strongly lensed sources increases from < 1% for
S500 < 21mJy to 100% for S500 ! 150mJy (Fig. 10;
lower panel). A correction of < 1% is required for
blending (Section 4.3), so these values are applicable to
HerMES lensed candidates. Smaller catalog flux limits
have greater contamination from unlensed SMGs. For
S500 # 100mJy 43–83% of the sources are strongly
lensed; for S500 # 80mJy (corresponding to our supple-
mentary sources) the strongly lensed fraction is only 18–
50%. In Section 6 we show that nine of the 13 HerMES
candidates are lenses, and the nature of the remaining
four is unknown (Section 6). Similarly, Negrello et al.
(2010) confirmed that all five H-ATLAS S500 # 100mJy
candidates in their SDP data are gravitationally lensed.

Figure 10. Predicted fraction of strongly lensed SMGs, for
sources with 500µm flux density brighter than S500. Shaded re-
gions represent the 68% confidence limits and solid curves are the
best-fit models. Solid and dashed vertical lines demarcate the se-
lection limits of our primary and supplementary lens candidates,
respectively. Top: fraction of all 500µm sources that are predicted
to be strongly lensed. The decrease at S500 ! 100mJy is due to the
increasing contribution from local late-type galaxies, which domi-
nate the number counts at the brightest fluxes. The error bar is
the observed fraction of HerMES sources with S500 > 100mJy that
are gravitationally lensed: the range is due to the four lens can-
didates with insu!cient data to determine their nature. Bottom:
Fraction of 500µm sources that are predicted to be strongly lensed,
excluding local late-type galaxies or blazars. The arrow shows the
fraction of the 18 Herschel candidates (13 in HerMES; this paper,
five in H-ATLAS; Negrello et al. 2010) that are lensed. The model
predicts that 43–83% of the candidates are lensed, which is con-
sistent with the available data. For the supplementary candidates,
with S500 = 80–100mJy the predicted lensed fraction drops to
18–50%.

Thus, observationally, > 78% of Herschel lensed galaxy
candidates with S500 # 100mJy are bona fide lenses.
These values are consistent with the predictions from our
model, although the small number of sources dominates
observational uncertainties.

4.3. Could blended sources contaminate lensed SMG
selection?

Thus far, the model results presented for bright Her-
schel 500µm sources only include individual sources and
strongly lensed SMGs. It is possible that multiple faint
sources could be blended in the SPIRE beam and mimic
bright, gravitationally lenses SMGs. This is the same
process that creates confusion noise in submillimeter

CCAT will detect & provide useful information 
for many more of these sources


