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Gravitational lensing

• Light affected by intervening mass (galaxy).

• Flux boosted (magnified) & distorted.

• Useful for distant ULIRGs where optical reddening (& 
confusion) is important.
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• Can study fainter objects 
than usually available.

• Allows gravitational studies 
of foreground galaxy
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Submm galaxy-galaxy lensing

the number counts (the number of galaxies at a
given brightness) of dust-obscured star-forming
galaxies, which are usually referred to as sub-
millimeter galaxies (SMGs) (15). Because of that,
even a small number of highly magnified SMGs
can substantially affect the shape of the bright
end of the submillimeter source counts enhancing
the number of SMGs seen at bright flux densities
than would be expected on the basis of our knowl-
edge of the unlensed SMG population (Fig. 1).
Furthermore, the frequency of lensing events is
relatively high in the submillimeter (11) because
SMGs are typically at high redshift (z > ∼ 1) (16),
and this increases the probability that a SMG is in
alignment with, and therefore lensed by, a fore-
ground galaxy. Other important contributors to
the bright tail of the submillimeter counts are
low-redshift (z ≤ 0.1) spiral and starburst galaxies
(17) and higher redshift radio-bright Active Ga-
lactic Nuclei (AGNs) (18); however, both of these
are easily identified, and therefore removed, in
relatively shallow optical and radio surveys. There-
fore, flux-density–limited submillimeter surveys
could provide a sample of lens candidates from
which contaminants can be readily removed,
leaving a high fraction (close to 100%) of gravita-
tional lens systems (Fig. 1). Because this selection
of lens candidates relies only on the properties of
the background source (its flux density), it can
probe a wide range of lens properties (such as
redshifts and masses) and thus provide a valuable
sample for studying the elliptical properties of
lensing galaxies (19) as well as investigating the
detailed properties of the lensed SMGs.

The submillimeter lens candidate selection
at work. Although the approach presented above
may be more efficient and vastly more time-
effective than those exploited so far in the radio
(20) or the optical (21, 22), at least several tens of
square degrees (deg2) of the sky must be ob-
served in the submillimeter to produce a statis-
tically significant sample of strongly lensed objects
and a minimal contamination from unlensed gal-
axies. This is because the surface density of
lensed submillimeter galaxies is predicted to be
lower than ∼0.5 deg−2 for flux densities above
100 mJy at 500 mm (Fig. 1). Submillimeter sur-
veys conducted before the advent of Herschel
were either limited to small areas of the sky
(15, 23) or were severely affected by source
confusion due to poor spatial resolution (24).
Therefore, no previous test of this selection
method has been performed, although the SPT
has recently mapped an area of more than 80
deg2 at millimeter wavelengths (9) and found an
“excess” of sources that could be accounted for
by a population of gravitationally lensed objects.

The Herschel Astrophysical Terahertz Large
Area Survey (H-ATLAS) (25) represents the
largest-area submillimeter survey being currently
undertaken byHerschel. H-ATLAS uses the Spec-
tral and Photometric Imaging Receiver (SPIRE)
(26) and the Photodetector Array Camera and
Spectrometer (PACS) (27, 28) instruments and,
when completed, will cover ∼550 deg2 of the sky

from 100 to 500 mm. H-ATLAS has been de-
signed to observe areas of the skywith previously
existing multiple-wavelength data: Galaxy Evo-
lution Explorer (GALEX) ultraviolet (UV) data,
Sloan Digital Sky Survey (SDSS) optical imag-
ing and spectroscopy, NIR data from the UK
Infrared Telescope (UKIRT) Infrared Deep Sky
Survey (UKIDSS) Large Area Survey (LAS),
spectra from the Galaxy And Mass Assembly
(GAMA) (29) project, radio-imaging data from
the Faint Images of the Radio Sky at Twenty-cm
(FIRST) survey and the NRAO Very Large Ar-
ray Sky Survey (NVSS). The first 14.4 deg2 of
the survey, centered on J2000 RA 09:05:30.0
DEC 00:30:00.0 and covering ∼3% of the total
area, was observed in November 2009 as part of
the Herschel Science Demonstration Phase (SDP).
The results were a catalog of ∼6600 sources (30),
with a significance >5s, in at least one SPIRE
waveband, where the noise (s) includes both in-
strumental and source confusion noise and cor-
responds to ∼7 to 9 mJy/beam.

The Herschel/SPIRE 500-mm channel is fa-
vorable for selecting lens candidates because the
submillimeter source counts steepen at longer
wavelengths (24, 31). We used theoretical pre-
dictions (14) to calculate the optimal limiting flux
density, above which it is straightforward to re-
move contaminants from the parent sample and
maximize the number of strongly lensed high-
redshift galaxies. The surface-density of unlensed
SMGs is predicted to reach zero by S500 ∼ 100
mJy (14), and these objects are only detectable
above this threshold if gravitationally lensed by a
foreground galaxy (Fig. 1). The H-ATLAS SDP
catalog contains 11 sources with 500 mm flux
density above 100mJy. Ancillary data in the field
revealed that six of these objects are contam-
inants, four are spiral galaxies with spectroscop-
ic redshifts in the range of 0.01 to 0.05 [see (32) for
a detailed analysis of one of these sources], one is
an extended galactic star-forming region, and one
is a previously known radio-bright AGN (33).
Although the number of these sources are few at

Fig. 1. Selection of grav-
itational lenses at sub-
millimeter wavelengths.
The 500-mm source counts
consist of three different
populations (14): high-
redshift SMGs; lower red-
shift late type (starburst
plus normal spiral) gal-
axies; and radio sources
powered by active galac-
tic nuclei. Strongly lensed
SMGs dominate over un-
lensedSMGsat verybright
fluxes, where the count
of unlensed SMGs falls
off dramatically (yellow
shaded region). The data
points are from H-ATLAS
(31).

Table 1. Photometric and spectroscopic redshifts of the five lens candidates. Spectroscopic redshifts were
derived from optical lines for the lens [zspec(opt)] and from CO lines for the background source [zspec(CO)].
Photometric redshifts are based on UV/optical/NIR photometry for the lens [zphot(opt)] and H-ATLAS plus
SMA and MAMBO photometry for the background source [zphot (sub−mm/millimeter); using the photometric
redshift code of (36, 37)]. The quoted errors on the redshifts correspond to a 68% confidence interval (CI).

SDP ID zphot(opt) zspec(opt) zphot(sub−mm/millimeter) zspec(CO)

9 0.679 T 0.057 − 1.4−0.4
+0.3 1.577 T 0.008*

11 0.72 T 0.16 0.7932 T 0.0012† 1.9−0.3
+0.4 1.786 T 0.005*

17 0.77 T 0.13 0.9435 T 0.0009† 2.0−0.3
+0.4 0.942 T 0.004 and 2.308 T 0.011*

81 0.334 T 0.016 0.2999 T 0.0002‡ 2.9−0.3
+0.2 3.037 T 0.010*

3.042 T 0.001§‖
130 0.239 T 0.021 0.2201 T 0.002¶ 2.6−0.2

+0.4 2.625 T 0.001§
2.6260 T 0.0003‖

*Datum is from CSO/Z-Spec (43). †Datum is from the William Herschel Telescope (35). ‡Datum is from SDSS.
§Datum is from GBT/Zpectrometer (45). ‖Datum is from PdBI (35). ¶Datum is from the Apache Point Observatory
(35).

www.sciencemag.org SCIENCE VOL 330 5 NOVEMBER 2010 801

RESEARCH ARTICLES

 o
n 

Ju
ly

 1
8,

 2
01

1
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fro
m

 

observed the remaining three lens candidates (42)
and detected CO lines at redshifts of z = 1.577 and
z = 1.786 for ID9 (fig. S2) (35) and ID11, respec-
tively, which are higher and inconsistent with
the redshifts derived from the optical photometry/
spectroscopy (Table 1). The Z-Spec COmeasure-
ments for ID17 are indicative of two redshifts;
one, z = 0.942, that is in agreement with the op-
tical redshift and a higher one, z = 2.31, which is
indicative of a more distant galaxy.

To determine the morphological type of the
foreground galaxies, we obtained high-resolution
optical images for all five objects with the Keck
telescope at g- and i-bands (35). ID9, ID11, ID81,
and ID130 all have optical profiles that are con-
sistent with elliptical galaxies (figs. S5 and S6
and table S4) (35). The interpretation of the re-
sults for ID17 is complicated by the presence of
two partially superimposed galaxies in the optical
images (fig. S7) (35), neither exhibiting the dis-
turbed morphology expected for lensed objects.
This indicates that ID17 may be a gravitational
lens system with two foreground lensing masses

at similar redshifts (z ∼ 0.8 to 0.9)—possibly a
merging system—with some molecular gas re-
sponsible for the CO emission detected by Z-Spec
at z ∼ 0.9 and confirmed with optical spectros-
copy (Table 1). A fit to the UV/optical/NIR SEDs
of ID9, ID11, ID81, and ID130 (46), using the
models of (49), gives stellar masses in the range
of 4 × 1010 to 15 × 1010M◉ (Table 2) and almost
negligible present-day star formation, which is
consistent with elliptical galaxies (Fig. 2).

For all five lens systems, the background
source appears to be undetected in the Keck
g- and i-band images, despite the flux magnifi-
cation due to lensing. After subtracting the best-
fit light profile from each lens (figs. S5 to S7)
(36), we found no structure that could be as-
sociated with the background source in the re-
sidual images (figs. S5 and S6). We derived 3-s
upper limits from the residual maps (table S3)
and corresponding NIR limits from the UKIDSS
images. These upper limits were used to fit the
SEDs of the background sources assuming the
models of (47), calibrated to reproduce the UV-

to-infrared SEDs of local, purely star-forming
ultraluminous infrared galaxies (ULIRG) (1012 ≤
LIR/L◉ < 10

13) (48). Avisual extinction (49) ofAV>
2 is required to be consistent with the optical/NIR
upper limits (Fig. 2 and Table 2), confirming se-
vere dust obscuration in these galaxies along the
line of sight. Our results indicate that these sub-
millimeter bright gravitationally lensed galaxies
would have been entirely missed by standard op-
tical methods of selection.

We obtained observations at the SMA for
ID81 and ID130 at 880 mm, with the aim of de-
tecting the lensed morphology of the background
galaxy (35). The SMA images reveal extended
submillimeter emission distributed around the
cores of the foreground elliptical galaxies, with
multiple peaks (four main peaks in ID81 and two
in ID130), which is consistent with a lensing in-
terpretation of these structures (Fig. 3). The po-
sition of these peaks can be used to directly
constrain the Einstein radius—the radius of the
circular region on the sky (the Einstein ring) into
which an extended source would be lensed if a
foreground galaxy were exactly along the line of
sight of the observer to the source (for a perfectly
circular lens). The Einstein radius is a measure of
the projected mass of the lens, so it can be used to
derive the total (dark plus luminous) mass of the
galaxy within the Einstein radius (Table 2) (35).
Another measure of the total mass of a lens is the
line-of-sight stellar velocity dispersion, sv. We
have estimated sv from the local Faber−Jackson
(FJ) relation (50) between sv and the rest-frame
B-band luminosity for elliptical galaxies. Assum-
ing passive stellar evolution for the lens galaxies,
which is appropriate for elliptical galaxies, we
have extrapolated their rest-frame K-band lumi-
nosity to z = 0 [using the evolutionary tracks of

Fig. 3. Submillimeter and optical follow-up imaging of ID81 and ID130. The SMA images of ID81 and
ID130 are shown in the top panels, centered on the optical counterpart, and were obtained by combining
the visibility data from very extended, compact, and subcompact configuration observations. The Keck
i-band image of ID81 and ID130 are shown in the bottom panels with the SMA contours superimposed (in
red). The contours are in steps of –2s, 2s, 4s, 6s, 8s, 10s…, with s = 0.6 mJy/beam. The SMA
synthesized beam is shown in the bottom-left corner.

Fig. 4. Relationship between mass and luminosity
for the lensing galaxy in ID81 and ID130. The rest-
frame V−band luminosity was derived from the
best-fit SED to the UV/optical/NIR photometric data;
themass within the Einstein radius is that measured
directly from the SMA images. The light versus mass
relation inferred for ID81 and ID130 (open circles)
is consistent with that observed for the SLACS
lenses [black dots, from (54), assuming an uncer-
tainty of 0.025 dex in their mass estimates].
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Figures from Negrello et al. 2010

bright flux densities, the measured surface den-
sities are consistent with expectations (Fig. 1)
(17, 18). Exclusion of these contaminants left the
five objects that form our sample of lens candi-
dates (table S1) (35), identified as ID9, ID11, ID17,
ID81, and ID130.

Unveiling the nature of the lens candidates.
For gravitational lensing systems selected at sub-
millimeter wavelengths, we would expect the
lensing galaxy to be seen in optical and/or NIR
images, in which the emission from the lens
dominates over the higher redshift background
SMG. In line with these expectations, all of the
lens candidates have a close counterpart in SDSS
or UKIDSS images (or both). A likelihood ratio
analysis (34) showed that the probability of a
random association between these bright submil-
limeter sources and the close optical/NIR counter-
parts is less than a few percent. Therefore, the
optical and submillimeter emissions must be
physically related, either because they occur with-
in the same object or because of the effects of
gravitational lensing, boosting the flux of the
background source and indirectly affecting the
likelihood ratio calculations. The redshift mea-
surements support the later scenario. Although the
optical/NIR photometric/spectroscopic redshifts
lie in the range of z ∼ 0.3 to 0.9 (Table 1 and figs.
S3 and S4) (35), the redshifts estimated from the
submillimeter/millimeter spectral energy distribu-
tions (SEDs) [following the method described in
(36, 37)] are distinctly different (Table 1). The
lensed SMG photometric redshifts have been
confirmed and made more precise through the
spectroscopic detection, in these objects, of car-
bonmonoxide (CO) rotational line emission, which
are tracers of molecular gas assocatiated to star-
forming environments. Until recently, these kinds
of detections were difficult to achieve without
prior knowledge of the source redshift, which
required extensive optical/NIR/radio follow-up
observations. Because of the development ofwide-
bandwidth radio spectrometers capable of de-
tecting CO lines over a wide range of redshifts, it
is now possible for blind redshift measurements
of SMGs to be takenwithout relying on optical or
NIR spectroscopy (38, 39). ID81 was observed

with the Z-Spec spectrometer (40, 41) on the Cal-
ifornia Institute of Technology Submillimeter Ob-
servatory. The data revealed several CO lines
redshifted into the frequency range of 187 to 310
GHz; the strongest of these lines has been inter-
preted as the CO J=7−6 line, with an estimated red-
shift of z = 3.04 (42). This represents the first blind
redshift determination by means of Z-Spec. We fol-
lowed up this observation with the PdBI and
detected CO J=3−2 and CO J=5−4 emission lines,
redshifted to z = 3.042, confirming the Z-Spec–

measured redshift (35). We also used the Zpec-
trometer instrument (43, 44) on the NRAO
Robert C. Byrd Green Bank Telescope (GBT) to
obtain an independent confirmation of the redshift
of ID81 (Table 1 and fig. S1) (35, 45) and to
measure the redshift of ID130. We detected red-
shifted CO J=1−0 emission at z = 2.625 in the
spectrum of ID130 (fig. S1) (35, 45). This redshift
was confirmed by the PdBI with the observation
of CO J=3–2 and CO J=5–4 lines, yielding a red-
shift of z = 2.626 (35). The Z-Spec spectrometer

Table 2. Derived parameters for the five lens candidates. Estimated mass in
stars (M∗) and Star Formation Rate (SFR) of the foreground galaxy derived
from the best-fit to the UV/optical/NIR part of the SED; the Einstein radius
measured from the SMA images (qE); mass within the Einstein radius (ME)
estimated from qE; line-of-sight stellar velocity dispersion (sFJv) derived
from the Faber-Jackson relation and the B-band luminosity produced by the
best-fit to the UV/optical/NIR SED; Einstein radius (qFJE) calculated from
sFJv; infrared luminosity of the background source (LIR), without correction
for magnification, derived by fitting the submillimeter/millimeter part of

the SED and the upper limits at optical and NIR wavelengths (Fig. 2); and
visual extinction parameter (AV) inferred for the background galaxy. All the
quoted errors correspond to a 68% CI. For ID17, only the infrared lumi-
nosity and the extinction parameter of the background source are quoted
because the lensing mass probably consists of two galaxies that can only be
disentangled in the Keck images. The symbols M◉ and L◉ denote the total
mass and the total luminosity of the Sun, respectively, and correspond to
M◉ =1.99 × 1030 kg and L◉ =3.839 × 1033 erg s−1. Dashes indicate lack of
constraint.

SDP ID log(M∗) (M◉) log(SFR) (M◉ yr−1) qE (arc sec) log(ME) (M◉) sFJ
v (km sec−1) qFJE (arc sec) log(LIR) (L◉) AV

9 10.79−0.11
+0.16 –0.51−0.27

+0.20 — — 232−56
+75 0.77−0.34

+0.49 13.48−0.06
+0.07 6.7−1.0

+1.5

11 11.15−0.10
+0.09 –0.08−0.24

+0.18 — — 258−62
+82 0.91−0.40

+0.59 13.61−0.06
+0.06 5.1−0.7

+1.6

17 — — — — — — 13.57−0.06
+0.08 5.3−0.6

+1.4

81 11.17−0.08
+0.04 –1.66−0.14

+0.46 1.62 T 0.02 11.56 T 0.01 242−58
+77 1.51−0.67

+0.98 13.71−0.07
+0.07 3.5−0.3

+3.4

130 10.65−0.08
+0.06 –1.17−0.58

+0.39 0.59 T 0.02 10.57 T 0.04 174−42
+55 0.81−0.36

+0.52 13.45−0.09
+0.08 1.9−0.3

+0.3

Fig. 2. Spectra of the gravitational lens can-
didates. The UV, optical, and NIR data points
(blue dots) are from GALEX, SDSS, and UKIDSS
LAS, respectively. The submillimeter/millimeter
data points (red dots) are from PACS/Herschel,
SPIRE/Herschel, SMA, and Max-Planck Milli-
meter Bolometer (MAMBO)/IRAM. Upper limits
at PACS/Herschel wavelengths are shown at
3s. ID130 lies outside the region covered by
PACS. The photometric data were fitted using

SED models from (47). The background source, responsible for the submillimeter emission, is a heavily
dust-obscured star-forming galaxy (red solid curve), whereas the lens galaxy, which is responsible for
the UV/optical and NIR part of the spectrum, is characterized by passive stellar evolution.
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Candidate Selection

• S500≥80mJy
• NOT local spiral in NED
• NOT radio AGN in NED

Adam Block/NOAO/AURA/NSFSDSS

the number counts (the number of galaxies at a
given brightness) of dust-obscured star-forming
galaxies, which are usually referred to as sub-
millimeter galaxies (SMGs) (15). Because of that,
even a small number of highly magnified SMGs
can substantially affect the shape of the bright
end of the submillimeter source counts enhancing
the number of SMGs seen at bright flux densities
than would be expected on the basis of our knowl-
edge of the unlensed SMG population (Fig. 1).
Furthermore, the frequency of lensing events is
relatively high in the submillimeter (11) because
SMGs are typically at high redshift (z > ∼ 1) (16),
and this increases the probability that a SMG is in
alignment with, and therefore lensed by, a fore-
ground galaxy. Other important contributors to
the bright tail of the submillimeter counts are
low-redshift (z ≤ 0.1) spiral and starburst galaxies
(17) and higher redshift radio-bright Active Ga-
lactic Nuclei (AGNs) (18); however, both of these
are easily identified, and therefore removed, in
relatively shallow optical and radio surveys. There-
fore, flux-density–limited submillimeter surveys
could provide a sample of lens candidates from
which contaminants can be readily removed,
leaving a high fraction (close to 100%) of gravita-
tional lens systems (Fig. 1). Because this selection
of lens candidates relies only on the properties of
the background source (its flux density), it can
probe a wide range of lens properties (such as
redshifts and masses) and thus provide a valuable
sample for studying the elliptical properties of
lensing galaxies (19) as well as investigating the
detailed properties of the lensed SMGs.

The submillimeter lens candidate selection
at work. Although the approach presented above
may be more efficient and vastly more time-
effective than those exploited so far in the radio
(20) or the optical (21, 22), at least several tens of
square degrees (deg2) of the sky must be ob-
served in the submillimeter to produce a statis-
tically significant sample of strongly lensed objects
and a minimal contamination from unlensed gal-
axies. This is because the surface density of
lensed submillimeter galaxies is predicted to be
lower than ∼0.5 deg−2 for flux densities above
100 mJy at 500 mm (Fig. 1). Submillimeter sur-
veys conducted before the advent of Herschel
were either limited to small areas of the sky
(15, 23) or were severely affected by source
confusion due to poor spatial resolution (24).
Therefore, no previous test of this selection
method has been performed, although the SPT
has recently mapped an area of more than 80
deg2 at millimeter wavelengths (9) and found an
“excess” of sources that could be accounted for
by a population of gravitationally lensed objects.

The Herschel Astrophysical Terahertz Large
Area Survey (H-ATLAS) (25) represents the
largest-area submillimeter survey being currently
undertaken byHerschel. H-ATLAS uses the Spec-
tral and Photometric Imaging Receiver (SPIRE)
(26) and the Photodetector Array Camera and
Spectrometer (PACS) (27, 28) instruments and,
when completed, will cover ∼550 deg2 of the sky

from 100 to 500 mm. H-ATLAS has been de-
signed to observe areas of the skywith previously
existing multiple-wavelength data: Galaxy Evo-
lution Explorer (GALEX) ultraviolet (UV) data,
Sloan Digital Sky Survey (SDSS) optical imag-
ing and spectroscopy, NIR data from the UK
Infrared Telescope (UKIRT) Infrared Deep Sky
Survey (UKIDSS) Large Area Survey (LAS),
spectra from the Galaxy And Mass Assembly
(GAMA) (29) project, radio-imaging data from
the Faint Images of the Radio Sky at Twenty-cm
(FIRST) survey and the NRAO Very Large Ar-
ray Sky Survey (NVSS). The first 14.4 deg2 of
the survey, centered on J2000 RA 09:05:30.0
DEC 00:30:00.0 and covering ∼3% of the total
area, was observed in November 2009 as part of
the Herschel Science Demonstration Phase (SDP).
The results were a catalog of ∼6600 sources (30),
with a significance >5s, in at least one SPIRE
waveband, where the noise (s) includes both in-
strumental and source confusion noise and cor-
responds to ∼7 to 9 mJy/beam.

The Herschel/SPIRE 500-mm channel is fa-
vorable for selecting lens candidates because the
submillimeter source counts steepen at longer
wavelengths (24, 31). We used theoretical pre-
dictions (14) to calculate the optimal limiting flux
density, above which it is straightforward to re-
move contaminants from the parent sample and
maximize the number of strongly lensed high-
redshift galaxies. The surface-density of unlensed
SMGs is predicted to reach zero by S500 ∼ 100
mJy (14), and these objects are only detectable
above this threshold if gravitationally lensed by a
foreground galaxy (Fig. 1). The H-ATLAS SDP
catalog contains 11 sources with 500 mm flux
density above 100mJy. Ancillary data in the field
revealed that six of these objects are contam-
inants, four are spiral galaxies with spectroscop-
ic redshifts in the range of 0.01 to 0.05 [see (32) for
a detailed analysis of one of these sources], one is
an extended galactic star-forming region, and one
is a previously known radio-bright AGN (33).
Although the number of these sources are few at

Fig. 1. Selection of grav-
itational lenses at sub-
millimeter wavelengths.
The 500-mm source counts
consist of three different
populations (14): high-
redshift SMGs; lower red-
shift late type (starburst
plus normal spiral) gal-
axies; and radio sources
powered by active galac-
tic nuclei. Strongly lensed
SMGs dominate over un-
lensedSMGsat verybright
fluxes, where the count
of unlensed SMGs falls
off dramatically (yellow
shaded region). The data
points are from H-ATLAS
(31).

Table 1. Photometric and spectroscopic redshifts of the five lens candidates. Spectroscopic redshifts were
derived from optical lines for the lens [zspec(opt)] and from CO lines for the background source [zspec(CO)].
Photometric redshifts are based on UV/optical/NIR photometry for the lens [zphot(opt)] and H-ATLAS plus
SMA and MAMBO photometry for the background source [zphot (sub−mm/millimeter); using the photometric
redshift code of (36, 37)]. The quoted errors on the redshifts correspond to a 68% confidence interval (CI).

SDP ID zphot(opt) zspec(opt) zphot(sub−mm/millimeter) zspec(CO)

9 0.679 T 0.057 − 1.4−0.4
+0.3 1.577 T 0.008*

11 0.72 T 0.16 0.7932 T 0.0012† 1.9−0.3
+0.4 1.786 T 0.005*

17 0.77 T 0.13 0.9435 T 0.0009† 2.0−0.3
+0.4 0.942 T 0.004 and 2.308 T 0.011*

81 0.334 T 0.016 0.2999 T 0.0002‡ 2.9−0.3
+0.2 3.037 T 0.010*

3.042 T 0.001§‖
130 0.239 T 0.021 0.2201 T 0.002¶ 2.6−0.2

+0.4 2.625 T 0.001§
2.6260 T 0.0003‖

*Datum is from CSO/Z-Spec (43). †Datum is from the William Herschel Telescope (35). ‡Datum is from SDSS.
§Datum is from GBT/Zpectrometer (45). ‖Datum is from PdBI (35). ¶Datum is from the Apache Point Observatory
(35).
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An assortment of candidates
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SXDF1100.001; Ikarashi et al. 2011
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Example: Lockman01
see Conley et al. 2011, Scott et al. 2011, Gavazzi et al. 2011, Riechers et al. 2011

• S500~250mJy
• zCO=2.9; zG1=0.6
• μ~11

The Astrophysical Journal Letters, 732:L35 (6pp), 2011 May 10 Conley et al.

Figure 1. Composite of selected multi-wavelength observations of HLSW-01. Each image is 18′′ × 18′′. Clockwise from the upper left: Keck Kp AO image; Spitzer/
MIPS 24 µm; Spitzer/IRAC 4.5 µm; Subaru SuprimeCam i. In all panels the contours show the SMA 880 µm observations. The numbering scheme used to identify
sources in this Letter is shown in the bottom left panel. The highest resolution Herschel/SPIRE passband has a resolution of 18.′′6, larger than the entire field shown
here.

on a cored-isothermal model. The velocity dispersion strongly
suggests that the lenses reside in a massive group of galaxies.

The photometry is summarized in Table 1. At optical wave-
lengths the individual images are blended and partially resolved,
so neither point-spread function (PSF) nor aperture photometry
is entirely satisfactory. We use aperture photometry with a rela-
tively small aperture radius to minimize blending and compute
the aperture corrections for the partially resolved sources by
convolving the lens model to the matching resolution in each
band; the adjustment to the aperture correction compared with
isolated point sources is only a few percent. We exclude pho-
tometry of image 1 because it is contaminated by a foreground
object, and again use the lensing model to correct for the omitted
light, which is a ∼15% correction.

In the Spitzer/SWIRE data, the individual images are separa-
ble in the Infrared Array Camera (IRAC) bands (3.6 to 8 µm),
and the SWIRE PSF photometry is adequate for our purposes.
We use only photometry of sources 2 and 3, again using the lens-
ing model to correct for the omitted sources 1 and 4. HLSW-01
is not present in the SWIRE catalog at 3.6 µm. The FWHM of
the 70 and 160 µm MIPS observations are much larger than the
separation between individual images, so the catalog flux mea-
surement already includes all the images. At 24 µm the SWIRE
aperture is just smaller than the separation, so we re-measured
the photometry using a larger aperture.

The SPIRE fluxes used here are from the HerMES SCATv3.1
catalog (A. J. Smith et al. 2011, in preparation). For the SMA
data we extract photometry and positions using the CASA38

38 http://casa.nrao.edu

Table 1
Photometry

Wavelength (µm) Flux Density Telescope/Detector

0.48 (g) 26.0 ± 0.3 µJy INT/WFC
0.63 (r) 46.5 ± 0.6 µJy INT/WFC
0.76 (i) 47.9 ± 0.3 µJy Subaru/SuprimeCam
2.2 (Kp) 63.1 ± 2.0 µJy Keck II/NIRC2
4.5 376 ± 6 µJy Spitzer/IRAC
5.8 442 ± 11 µJy Spitzer/IRAC
8.0 558 ± 16 µJy Spitzer/IRAC
24 5.5 ± 0.4 mJy Spitzer/MIPS
72 22.2 ± 3 mJy Spitzer/MIPS
160 310 ± 8 mJy Spitzer/MIPS
250 425 ± 10 mJy Herschel/SPIRE
350 340 ± 10 mJy Herschel/SPIRE
510 233 ± 11 mJy Herschel/SPIRE
880 52.8 ± 0.5 mJy SMA
1000–1100 27.5 ± 0.6 mJy CSO/Z-Spec
1100–1200 20.4 ± 0.5 mJy CSO/Z-Spec
1200–1300 16.2 ± 0.5 mJy CSO/Z-Spec
1300–1400 12.0 ± 0.5 mJy CSO/Z-Spec
1400–1500 9.9 ± 0.6 mJy CSO/Z-Spec
3400 0.61 ± 0.19 mJy CARMA
214000 1.8 ± 0.7 mJy VLA

Notes. Combined flux densities for all the detected images as detailed in the
text. For brevity, only the summed flux density from all images is provided. All
values are calibrated relative to an Fν = const SED. Note that calibration errors,
which are dominant at most wavelengths and are strongly correlated between
points, are not included, and neither are contamination/confusion errors. These
values have not been corrected for magnification.
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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 Ωm = 0.3, ΩΛ = 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 sufficient 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; Ruff et al. 2010) and
attempts to fit model parameters of simple analytic po-
tentials. It can run in three different 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
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Figure 1. Millimeter wavelength spectrum for HLSW-01 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 CO and [C i] line emission,
with the positions of the lines marked. This model includes the convolution of the intrinsic line profile (∆v = 350 km s−1) with the spectral response profiles of the
channels.

for details), are maximal at z = 2.958 ± 0.007, and with the
maximum values of E1(2.958) = 9.1 and E2(2.958) = 5.3, the
redshift is determined with "99.99% confidence (L10). Subse-
quent measurements of the CO J = 5 → 4 line using the Insti-
tut de Radioastronomie Millimétrique (IRAM) Plateau de Bure
Interferometer (PdBI), the CO J = 3 → 2 line using the Com-
bined Array for Research in Millimeter Astronomy (CARMA),
and the CO J = 1 → 0 line using the GBT Zpectrometer, con-
firmed this redshift (z = 2.9574 ± 0.0001; Riechers et al. 2011,
hereafter R11).

3.2. Line and Continuum Fitting

We fit the spectrum of HLSW-01 to a model consisting
of a power-law continuum and CO line emission. Since the
spectrometer outputs only a single value per channel, it is not
critically sampled, and so we use the spectral response profile
for each channel in the fitting. We exclude in the fit all channels
with ν ! 190 GHz due to poor calibration. We fix all line
widths to 350 km s−1 (full width at half-maximum), which is the
line width measured by the PdBI, CARMA, and Zpectrometer
assuming a Gaussian profile (R11); however, we note that the
fitted line fluxes are fairly insensitive to the choice of line width.
The CO J = 7 → 6 line is separated from the [C i] 3P2 →3P1
(hereafter [C i] 2 → 1) fine structure line by ∼1000 km s−1,
or roughly one Z-Spec channel. For this reason, we fix the
redshift to z = 2.9574, the value measured by the PdBI, and
include the [C i] 2 → 1 line in the fit. The line fluxes (or 5σ
upper limits) for the four CO lines in the Z-Spec bandpass and
the [C i] 2 → 1 line are shown in Table 1, along with the
Zpectrometer CO J = 1 → 0, CARMA CO J = 3 → 2,
and PdBI CO J = 5 → 4 measurements (R11). We were
particularly unlucky in that the J = 8 → 7 line falls within
a noisy channel of the Z-Spec bandpass, so we obtain only an
upper limit for this line. The best fit to the dust continuum is
Fν = (15.3±0.2) ( ν

240 GHz )3.2±0.1 mJy. Given a dust temperature
of Td = 88 K determined from fitting the FIR to mm continuum
(C11), we are not strictly in the Rayleigh–Jeans limit over the
entire Z-Spec bandpass at z = 2.9574; however, this power
law provides a good fit to these data (reduced χ2 of 0.97) and is
sufficient for the purposes of baseline fitting. This best-fit model
is overplotted in Figure 1.

The formal errors on the line fluxes derived from the above
fit do not include the uncertainty of the Z-Spec frequency scale,
which is σv ∼ 100 km s−1. This has important implications
for the CO J = 7 → 6 and [C i] 2 → 1 line fluxes, as these
lines are blended. We include this additional uncertainty on the
lines fluxes by shifting the redshift by ±σz = ±(1 + z) σv/c =
±0.001, refitting the line fluxes, and taking the upper and lower
bounds from the statistical 1σ errors for these fits. These ±1σ
uncertainties in the best-fit fluxes are listed in parentheses in
Table 1. For the CO J = 7 → 6 and [C i] 2 → 1 lines,
including the frequency scale uncertainty roughly doubles the
error bounds on the measured lines fluxes.

The CO J = 10 → 9 line appears somewhat broader than
the other transitions and is brighter than the J = 9 → 8
line; we therefore consider possible blending with the o-H2O
312 → 221 water line at νrest = 1153.13 GHz. Recent obser-
vations of submm-bright AGN-host galaxies show evidence for
water vapor emission (Bradford et al. 2009; Lupu et al. 2010),
the most striking example being the local ULIRG Mrk 231,
where the Herschel SPIRE/FTS spectrum reveals seven rota-
tional emission lines of water (González-Alfonso et al. 2010).
Given the close proximity in frequency of the CO J = 10 → 9
and o-H2O 312 → 221 lines, we cannot deblend these lines
within the Z-Spec spectrum; however, theoretical arguments
supported by observed water line ratios in nearby galaxies sug-
gest that the CO J = 10 → 9 line flux for HLSW-01 is not
contaminated by water emission. The o-H2O 312 → 221 line
is part of a de-excitation cascade process, following the exci-
tation of the 321 level through the o-H2O 212 → 321 75 µm
transition. The subsequent cascade results in the emission of the
o-H2O 321 → 312 (νrest = 1162.91 GHz), o-H2O 312 → 303
(νrest = 1097.37 GHz), and o-H2O 312 → 221 lines (e.g., see
Figure 2 in González-Alfonso et al. 2010). Photon number con-
servation implies that the sum of the photons emitted in the
o-H2O 312 → 221 and o-H2O 312 → 303 lines equals the num-
ber of photons emitted in the o-H2O 321 → 312 line. Since
neither the o-H2O 321 → 312 nor the o-H2O 312 → 303 lines
are detected in the spectrum of HLSW-01 at the 1σ level,
we argue that the strength of the o-H2O 312 → 221 line is
also consistent with the noise in our measurements. Further-
more, the observed o-H2O 321 → 312 and p-H2O 202 →
111 (νrest = 987.92 GHz) transitions are stronger than the
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Lensed galaxies are usually red in the submm
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Modelling galaxy-galaxy lensing

• Consider NFW & SIS density profiles & lens “intrinsic” N(>S)

• “Intrinsic” N(>S) from Schechter function fit

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

(thanks to Francesco De Bernardis)

• μ>2 for “strong” lensing

Model will be testable with 
more data shortly
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high% of candidates in the model are lensed, μ>2

All sources Excluding spirals & AGN

(thanks to Francesco De Bernardis)
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Average magnification in the model is ~5 for HerMES 
candidate fluxes

=> According to the model most SMG galaxy-galaxy lenses are intrinsically 
“normal” SMGs

(thanks to Francesco De Bernardis)
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Conclusions

• Galaxy-galaxy lens candidates are efficiently selected in wide-
field submm surveys with ~0.9 candidates deg-2 at S500>80mJy.

• Simple models of lensing with NFW or SIS profiles can 
reproduce observed numbers of galaxy lens candidates.

• Models suggest that 40-90% of candidates are lensed by μ>2.

• Models suggest that most lensed galaxies selected by 500μm 
flux are intrinsically “normal” SMGs.

• With follow-up data, especially ALMA, we will be able to test and 
constrain the models.


