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HerMES & H-ATLAS

GAMA 9-hr field

• Largest Herschel survey: 550 deg2

• Probes wide, shallow areas
• Well-studied large fields: 

(GAMA 9, 12 & 15hr fields; NGP & SGP)

• ~350 deg2 when complete
• Wedding cake structure probes deep & wide areas
• “Famous” fields with existing deep multi-λ data

(e.g. GOODS, CDFS, ELAIS, Boötes, + Clusters)

Herschel Multi-tiered Extragalactic Survey
Herschel-Astrophysical Terahertz 
Large Area Survey

(Oliver et al.2012) (Eales et al. 2010)4 deg
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The brightest 500μm sources are usually magnified

(See also Negrello  et al. 2010)
(Wardlow et al. in prep.)
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(Wardlow et al. in prep.)
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Cosmological modelling predicts high fidelity 
catalogues & average magnifications <10

No AGN or 
spirals

43%

87% 86%
96%

(Wardlow et al. in prep.)

The model predicts that 
~40-90% of S500=80 mJy & 
~85-95% of S500=100 mJy

candidates are lensed
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Figure S 4: Best-fit to the light distribution of the lens galaxy in the gravitational lens systems
ID81 and ID130. The postage stamp images show, from left to right, the keck i-band image,
the best-fit light distribution model provided by GALFIT and the residual map obtained by
subtracting the best-fit model from the observed light distribution. The SMA contours (in red)
are overlaid on the optical images (in steps of 6σ, 8σ, 10σ, etc.) to highlight that there is no
evident correspondence between the sub-mm and the optical emission in the residual maps.
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zSMG=3.04; 
zlens=0.30

zSMG=2.62; 
zlens=0.22

Figure S 3: Best-fit to the light distribution of the lens galaxy in the gravitational lens systems
ID9, ID11 and ID17. The postage stamp images show, from left to right, the keck i-band image,
the best-fit light distribution model provided by GALFIT and the residual map obtained by sub-
tracting the best-fit model from the observed light distribution. The map of the residuals show
no evident structure, implying that the background source is particularly faint in the optical,
despite the magnification due to lensing.
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(Negrello et al. 2010; Lupu et al. 2010; 
Hopwood et al. 2011; Harris et al. 2012)
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(Conley et al. 2011; Scott et al 2011; 
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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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 z=0.60 ± 0.04

Lens model of Lockman 01 3

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

Other lens redshifts are unclear but 
REin = 4.02 ± 0.03 kpc

=> σv = 480 ± 20 km/s
....indicative of a small group deflector

Data Model

Residual Source Plane
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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

Magnification:
μ = 10.9 ± 0.7 

 z=0.60 ± 0.04

Lens model of Lockman 01 3

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

Other lens redshifts are unclear but 
REin = 4.02 ± 0.03 kpc

=> σv = 480 ± 20 km/s
....indicative of a small group deflector

Half-light radius of the SMG:
Reff,s = 1.9 ± 0.1 kpc.

Data Model

Residual Source Plane
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A Herschel source lensed by a group

(Conley et al. 2011; Scott et al 2011; 
Riechers et al. 2011; Gavazzi et al 2011)

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

zCO=2.957eVLA 1.4GHz + Keck K-band

14”

TD = 88 ± 3 K
β = 1.94 ± 0.14
Md ~ 108 M⊙

Tkin = 86 − 235 K 
nH2 = (1.1 − 3.5) ×103 cm−3

(intrinsic)
LFIR = 1.4 x1013 L⊙

SFR ~ 2500 M⊙/yr

12CO(10-9)
12CO(7-8) 
& [CI](2-1) 12CO(8-7) 12CO(9-8)
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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

zCO=2.957eVLA 1.4GHz + Keck K-band

14”

TD = 88 ± 3 K
β = 1.94 ± 0.14
Md ~ 108 M⊙

Tkin = 86 − 235 K 
nH2 = (1.1 − 3.5) ×103 cm−3

(intrinsic)
LFIR = 1.4 x1013 L⊙

SFR ~ 2500 M⊙/yr

4 Conley et al.

(1− exp [−τ (ν)])Bν (T ), where Bν is the Planck func-

tion. The optical depth is assumed to be a power law

in frequency, τ = (ν/ν0)
β

following Draine (2006). In

the optically thin case, ν � ν0, this reduces to fν ∝
νβBν (T ). The optically thin assumption is often used

in the literature to estimate temperatures, but here our

data allows us to drop this assumption. We provide fits

to the νβ
model for the purposes of comparison with the

literature. In both cases we join the modified blackbody

to a simple power law on the blue side of the peak (Blain

et al. 2003).

We fit both models from 70µm to 1.5 mm to derive the

temperature and total IR luminosity, including the error

on the magnification. The fit is shown in the left hand

panels of figure 2 and the parameters are given in table 2.

All of the parameters are well-constrained by our data.

We find λ0 = c/ν0 � 200µm, a reasonable match to the

theoretically expected value λ0 � 100µm (Draine 2006).

The emission is optically thick bluer than observer-frame

∼ 800µm. A two-temperature model decreases the χ2

by < 0.002 for the optically thick model (since there is

virtually no contribution from the second component for

the best fit), and for the optically thin model by about

5 model, so the latter remains a very poor fit.

The temperatures and β values for the two different

models disagree strongly; this is also the case for the fits

to Arp 220 in Blain et al. (2003). The general model (i.e.,

1 − exp [−τ ]) fits our data quite well, but the optically

thin model does not, with a reduced χ2
ν > 3. The derived

temperature for the former is fairly high (∼ 90 K), sug-

gesting a dust-enshrouded AGN contribution. Excluding

data from any single instrument does not significantly af-

fect the best-fit parameters except to increase the uncer-

tainties. The optically thin model remains a very poor

fit even without the MIPS data. However, without the

SPIRE observations, the νβ
model becomes an accept-

able fit (χ2
ν = 1.1). It is therefore possible that such

warm SMGs have been missed in previous surveys that

did not have observations near the peak of the SED, be-

cause it would then be difficult to distinguish between the

optically-thin and thick cases. Since the general model

fits the data much better, even with two temperatures,

and makes fewer assumptions, henceforth we only dis-

cuss the results of this fit. The blue-side power law only

affects the fit to the 70µm observation.

The above findings are independent of the lensing

model, unless the location of the emission (and hence the

magnification) changes strongly from 250µm to 1.5mm,

which is unlikely. Turning to quantities which must be

corrected for the lensing amplification, we find a far-IR

luminosity of LIR = 1.43× 10
13

L⊙, where LIR is defined

as the luminosity from 8 − 1000µm in the rest frame.

This implies a star formation rate of ∼ 2500 M⊙ yr
−1

from the relation of Kennicutt (1998), ignoring any

AGN contribution. We also measured LIR by spline-

interpolating the observations, which gives a similar

value (1.49× 10
13

L⊙). Assuming a mass-absorption co-

efficient of κν = 2.64 m
2
kg

−1
at 125µm following Dunne

et al. (2003), from the temperature and luminosity we

infer a dust mass of Md � 1 × 10
8
M⊙; κν , and hence

Md, are uncertain by at least a factor of 3. Further as-

suming a molecular gas to dust ratio of 60 for SMGs

(Coppin et al. 2008), we estimate a gas depletion time

TABLE 2
Modified Blackbody Fits

Model general: 1− e−τ
optically thin: νβ

T 88.0± 2.8 K 48.8± 2.6 K

β 1.94± 0.14 1.60± 0.15

λ0 194± 19 µm NA

LIR (1.43± 0.09)× 10
13

L⊙ (1.15± 0.09)× 10
13

L⊙
SFR 2460± 160 M⊙yr

−1
1980± 160 M⊙yr

−1

χ2
6.78 for 6 dof 26.3 for 7 dof

Note. — Fit values for the two modified blackbody mod-

els, applied to the magnification corrected 70− 1500µm pho-

tometry. The second model assumes optically thin emission,

and is only presented for comparison with literature values.

The derived parameters include the uncertainty in the magni-

fication. For LIR, we assume h = 0.7, Ωm = 0.27, ΩΛ = 0.73.
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Fig. 2.— SED fits to HLSW-01 after correction for flux magni-

fication. The left-hand panels show the modified blackbody fits to

the long-wavelength observations (top panel) and the constraints

on the temperature and β (the contours correspond to 68/95/99%

enclosed probability) for the general form of the model. Note that

the data points are strongly correlated, and the optically thick fit

is an excellent match to the data. The right hand panel compares

the optical to mm SED compared with the best fitting CIGALE
model, the best combination of templates from Rowan-Robinson

et al. (2010), and the IR SEDs of Arp220 and M82 (prototypical

nearby IR-luminous galaxies) scaled to have the same maximum

flux density. All wavelengths are observer frame.

of ∼ 2.4× 10
6
yr, considerably shorter than the value of

> 4 × 10
7
yr for ‘typical’ SMGs derived by e.g., Daddi

et al. (2010); see R11 for actual gas mass estimates.

This source is weakly detected at 1.4 GHz in the FIRST

survey, so we also compute qIR, the logarithmic ratio of

LIR and the rest-frame 1.4 GHz flux density. HLSW-01

has an moderately low ratio, qIR = 1.5 ± 0.2, compared

with the mean value of qIR = 2.4 for HerMES sources

with firm radio cross-identifications (Ivison et al. 2010a),

although not the lowest found. This again suggests an

AGN contribution. However, the 5
��

resolution of the

FIRST survey is not good enough to rule out foreground

contamination. While this is likely small, qIR should be

regarded as a lower limit.

In addition to the above simple models, we have also

investigated a variety of template fits across all wave-

lengths using several packages. A similar study was car-

ried out for isolated, but somewhat intrinsically brighter,

Herschel sources by Brisbin et al. (2010), who found

that model templates were generally a good match to

the data. This is not the case here; available templates
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FIG. 2.— Lens modeling results. Major tickmarks are spaced at intervals of 1′′. To ease comparisons, a cross is drawn at the center of each panel. a: Keck K
image after subtracting G1 and G2. b: Best-fit K model convolved with the K-band PSF. Critical curves are in red and caustics are in blue. The box delineates
the region covered by the source images (i.e., e, j, and o). c: K model convolved with the SMA beam. It is clearly different from the SMA and EVLA images
( f & k), indicating differential magnification. d: K residual. e: Modeled intrinsic source morphology (i.e., without PSF; grey scale) vs. a direct inversion of the
observed image (red contours). For comparison, the 880 µm (purple) and CO(1→0) (green) sources are shown as color-filled ellipses. f : SMA 880 µm image.
The grey ellipse shows the beam. Here and in i, contours are drawn at !2,!1,+1,+2, and +4σ, where σ is the r.m.s. noise (3 mJy beam!1). g: 880 µm model. h:
Model convolved with the SMA beam. i: 880 µm residual. j: 880 µm source. The purple circle shows the FWHM of the source. k: EVLA CO(1→0) image.
Here and in n, contours are drawn at !1,+1,+2,+4, and +8σ, where σ is the r.m.s. noise (27 µJy beam!1). l: CO model. m: Model convolved with the EVLA
beam. n: CO residual. o: CO source. The green ellipse shows the FWHMs of the source.

3.4. CO(1→0) Source
We use the same technique to model the EVLA CO(1→0)

map as in § 3.3. The lensed images are better resolved in the
EVLA image than in the SMA image, so we use an elliptical
Gaussian instead of a circular Gaussian for the source profile.
The model has a total of six free parameters (x,y, FWHM, q,
PA, and flux density). Again, we can constrain the astrometric
offset between EVLA and Keck through lens modeling. Fig-
ure 3b shows the minimum χ2 values at each offset position
relative to the K image. To deal with the correlated noise, we
scale the χ2 values from the residual map by the product of
the FWHMs of the major and minor axes of the beam. The
global best-fit, with reduced χ2 of unity, is reached when we
shift the EVLA image 0.′′2 E of the K image. The bottom
panels of Fig. 2 show the best-fit model. We estimate a CO
magnification of µCO = 6.9± 1.6. Similar to the SMA image,
we find a source-plane separation of 4.7±1.6 kpc between the
cold molecular gas and the stellar emission (i.e., the central K
clump). The CO(1→0) is emitted from a more extended re-
gion than the dust, but the two spatially overlap (Fig. 2e). The
CO source has FWHM = 0.′′9±0.′′3 = 6.8±2.3 kpc along the
major axis, with an axis ratio of 0.8+0.2!0.6.
The molecular gas disk is massive. The velocity-area-

integrated CO brightness temperature of L′CO = [6.4± 1.0]×
1011 K km s!1 pc2 indicates a molecular gas reservoir

of Mgas = [7.4 ± 2.1] × 1011 M" after lensing correction,
assuming a conversion factor of αCO = Mgas/L′CO = 0.8
M" (K km s!1 pc2)!1, which is commonly assumed for star-
burst environments (Solomon & Vanden Bout 2005). Note,
however, that αCO is uncertain by a factor of a few.
The CO magnification factor determined from the lens

model (6.9±1.6) is in excellent agreementwith that estimated
from the CO luminosity!FWHM correlation. The observed
L′CO and line width indicates a magnification factor of 7± 2,
based on its deviation from the correlation established by un-
lensed SMGs (Harris et al. 2012, Bothwell et al. in prep).
This agreement demonstrates that strongly lensed SMGs may
be effectively selected with CO spectroscopy in the future.

4. SPECTRAL ENERGY DISTRIBUTIONS
Useful physical parameters are encoded in the SEDs. The

optical-to-NIR SED of HATLAS12!00 is dominated by the
foreground galaxies G1 and G2, fromwhich we can derive the
photometric redshift and the stellar population of the lensing
galaxies. The far-IR and submillimeter regime is dominated
by the lensed SMG, as evident in the SMA image, so the data
can tell us the dust and star formation properties of the SMG.

4.1. Lensing Galaxies
Adopting the photometric redshift of 1.06, we model the

nine-band photometry (u, g, r, i, z, Y , J, H, and K)
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FIG. 2.— Lens modeling results. Major tickmarks are spaced at intervals of 1′′. To ease comparisons, a cross is drawn at the center of each panel. a: Keck K
image after subtracting G1 and G2. b: Best-fit K model convolved with the K-band PSF. Critical curves are in red and caustics are in blue. The box delineates
the region covered by the source images (i.e., e, j, and o). c: K model convolved with the SMA beam. It is clearly different from the SMA and EVLA images
( f & k), indicating differential magnification. d: K residual. e: Modeled intrinsic source morphology (i.e., without PSF; grey scale) vs. a direct inversion of the
observed image (red contours). For comparison, the 880 µm (purple) and CO(1→0) (green) sources are shown as color-filled ellipses. f : SMA 880 µm image.
The grey ellipse shows the beam. Here and in i, contours are drawn at !2,!1,+1,+2, and +4σ, where σ is the r.m.s. noise (3 mJy beam!1). g: 880 µm model. h:
Model convolved with the SMA beam. i: 880 µm residual. j: 880 µm source. The purple circle shows the FWHM of the source. k: EVLA CO(1→0) image.
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3.4. CO(1→0) Source
We use the same technique to model the EVLA CO(1→0)

map as in § 3.3. The lensed images are better resolved in the
EVLA image than in the SMA image, so we use an elliptical
Gaussian instead of a circular Gaussian for the source profile.
The model has a total of six free parameters (x,y, FWHM, q,
PA, and flux density). Again, we can constrain the astrometric
offset between EVLA and Keck through lens modeling. Fig-
ure 3b shows the minimum χ2 values at each offset position
relative to the K image. To deal with the correlated noise, we
scale the χ2 values from the residual map by the product of
the FWHMs of the major and minor axes of the beam. The
global best-fit, with reduced χ2 of unity, is reached when we
shift the EVLA image 0.′′2 E of the K image. The bottom
panels of Fig. 2 show the best-fit model. We estimate a CO
magnification of µCO = 6.9± 1.6. Similar to the SMA image,
we find a source-plane separation of 4.7±1.6 kpc between the
cold molecular gas and the stellar emission (i.e., the central K
clump). The CO(1→0) is emitted from a more extended re-
gion than the dust, but the two spatially overlap (Fig. 2e). The
CO source has FWHM = 0.′′9±0.′′3 = 6.8±2.3 kpc along the
major axis, with an axis ratio of 0.8+0.2!0.6.
The molecular gas disk is massive. The velocity-area-

integrated CO brightness temperature of L′CO = [6.4± 1.0]×
1011 K km s!1 pc2 indicates a molecular gas reservoir

of Mgas = [7.4 ± 2.1] × 1011 M" after lensing correction,
assuming a conversion factor of αCO = Mgas/L′CO = 0.8
M" (K km s!1 pc2)!1, which is commonly assumed for star-
burst environments (Solomon & Vanden Bout 2005). Note,
however, that αCO is uncertain by a factor of a few.
The CO magnification factor determined from the lens

model (6.9±1.6) is in excellent agreementwith that estimated
from the CO luminosity!FWHM correlation. The observed
L′CO and line width indicates a magnification factor of 7± 2,
based on its deviation from the correlation established by un-
lensed SMGs (Harris et al. 2012, Bothwell et al. in prep).
This agreement demonstrates that strongly lensed SMGs may
be effectively selected with CO spectroscopy in the future.

4. SPECTRAL ENERGY DISTRIBUTIONS
Useful physical parameters are encoded in the SEDs. The

optical-to-NIR SED of HATLAS12!00 is dominated by the
foreground galaxies G1 and G2, fromwhich we can derive the
photometric redshift and the stellar population of the lensing
galaxies. The far-IR and submillimeter regime is dominated
by the lensed SMG, as evident in the SMA image, so the data
can tell us the dust and star formation properties of the SMG.

4.1. Lensing Galaxies
Adopting the photometric redshift of 1.06, we model the

nine-band photometry (u, g, r, i, z, Y , J, H, and K)
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FIG. 2.— Lens modeling results. Major tickmarks are spaced at intervals of 1′′. To ease comparisons, a cross is drawn at the center of each panel. a: Keck K
image after subtracting G1 and G2. b: Best-fit K model convolved with the K-band PSF. Critical curves are in red and caustics are in blue. The box delineates
the region covered by the source images (i.e., e, j, and o). c: K model convolved with the SMA beam. It is clearly different from the SMA and EVLA images
( f & k), indicating differential magnification. d: K residual. e: Modeled intrinsic source morphology (i.e., without PSF; grey scale) vs. a direct inversion of the
observed image (red contours). For comparison, the 880 µm (purple) and CO(1→0) (green) sources are shown as color-filled ellipses. f : SMA 880 µm image.
The grey ellipse shows the beam. Here and in i, contours are drawn at !2,!1,+1,+2, and +4σ, where σ is the r.m.s. noise (3 mJy beam!1). g: 880 µm model. h:
Model convolved with the SMA beam. i: 880 µm residual. j: 880 µm source. The purple circle shows the FWHM of the source. k: EVLA CO(1→0) image.
Here and in n, contours are drawn at !1,+1,+2,+4, and +8σ, where σ is the r.m.s. noise (27 µJy beam!1). l: CO model. m: Model convolved with the EVLA
beam. n: CO residual. o: CO source. The green ellipse shows the FWHMs of the source.

3.4. CO(1→0) Source
We use the same technique to model the EVLA CO(1→0)

map as in § 3.3. The lensed images are better resolved in the
EVLA image than in the SMA image, so we use an elliptical
Gaussian instead of a circular Gaussian for the source profile.
The model has a total of six free parameters (x,y, FWHM, q,
PA, and flux density). Again, we can constrain the astrometric
offset between EVLA and Keck through lens modeling. Fig-
ure 3b shows the minimum χ2 values at each offset position
relative to the K image. To deal with the correlated noise, we
scale the χ2 values from the residual map by the product of
the FWHMs of the major and minor axes of the beam. The
global best-fit, with reduced χ2 of unity, is reached when we
shift the EVLA image 0.′′2 E of the K image. The bottom
panels of Fig. 2 show the best-fit model. We estimate a CO
magnification of µCO = 6.9± 1.6. Similar to the SMA image,
we find a source-plane separation of 4.7±1.6 kpc between the
cold molecular gas and the stellar emission (i.e., the central K
clump). The CO(1→0) is emitted from a more extended re-
gion than the dust, but the two spatially overlap (Fig. 2e). The
CO source has FWHM = 0.′′9±0.′′3 = 6.8±2.3 kpc along the
major axis, with an axis ratio of 0.8+0.2!0.6.
The molecular gas disk is massive. The velocity-area-

integrated CO brightness temperature of L′CO = [6.4± 1.0]×
1011 K km s!1 pc2 indicates a molecular gas reservoir

of Mgas = [7.4 ± 2.1] × 1011 M" after lensing correction,
assuming a conversion factor of αCO = Mgas/L′CO = 0.8
M" (K km s!1 pc2)!1, which is commonly assumed for star-
burst environments (Solomon & Vanden Bout 2005). Note,
however, that αCO is uncertain by a factor of a few.
The CO magnification factor determined from the lens

model (6.9±1.6) is in excellent agreementwith that estimated
from the CO luminosity!FWHM correlation. The observed
L′CO and line width indicates a magnification factor of 7± 2,
based on its deviation from the correlation established by un-
lensed SMGs (Harris et al. 2012, Bothwell et al. in prep).
This agreement demonstrates that strongly lensed SMGs may
be effectively selected with CO spectroscopy in the future.

4. SPECTRAL ENERGY DISTRIBUTIONS
Useful physical parameters are encoded in the SEDs. The

optical-to-NIR SED of HATLAS12!00 is dominated by the
foreground galaxies G1 and G2, fromwhich we can derive the
photometric redshift and the stellar population of the lensing
galaxies. The far-IR and submillimeter regime is dominated
by the lensed SMG, as evident in the SMA image, so the data
can tell us the dust and star formation properties of the SMG.

4.1. Lensing Galaxies
Adopting the photometric redshift of 1.06, we model the

nine-band photometry (u, g, r, i, z, Y , J, H, and K)
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FIG. 2.— Lens modeling results. Major tickmarks are spaced at intervals of 1′′. To ease comparisons, a cross is drawn at the center of each panel. a: Keck K
image after subtracting G1 and G2. b: Best-fit K model convolved with the K-band PSF. Critical curves are in red and caustics are in blue. The box delineates
the region covered by the source images (i.e., e, j, and o). c: K model convolved with the SMA beam. It is clearly different from the SMA and EVLA images
( f & k), indicating differential magnification. d: K residual. e: Modeled intrinsic source morphology (i.e., without PSF; grey scale) vs. a direct inversion of the
observed image (red contours). For comparison, the 880 µm (purple) and CO(1→0) (green) sources are shown as color-filled ellipses. f : SMA 880 µm image.
The grey ellipse shows the beam. Here and in i, contours are drawn at !2,!1,+1,+2, and +4σ, where σ is the r.m.s. noise (3 mJy beam!1). g: 880 µm model. h:
Model convolved with the SMA beam. i: 880 µm residual. j: 880 µm source. The purple circle shows the FWHM of the source. k: EVLA CO(1→0) image.
Here and in n, contours are drawn at !1,+1,+2,+4, and +8σ, where σ is the r.m.s. noise (27 µJy beam!1). l: CO model. m: Model convolved with the EVLA
beam. n: CO residual. o: CO source. The green ellipse shows the FWHMs of the source.

3.4. CO(1→0) Source
We use the same technique to model the EVLA CO(1→0)

map as in § 3.3. The lensed images are better resolved in the
EVLA image than in the SMA image, so we use an elliptical
Gaussian instead of a circular Gaussian for the source profile.
The model has a total of six free parameters (x,y, FWHM, q,
PA, and flux density). Again, we can constrain the astrometric
offset between EVLA and Keck through lens modeling. Fig-
ure 3b shows the minimum χ2 values at each offset position
relative to the K image. To deal with the correlated noise, we
scale the χ2 values from the residual map by the product of
the FWHMs of the major and minor axes of the beam. The
global best-fit, with reduced χ2 of unity, is reached when we
shift the EVLA image 0.′′2 E of the K image. The bottom
panels of Fig. 2 show the best-fit model. We estimate a CO
magnification of µCO = 6.9± 1.6. Similar to the SMA image,
we find a source-plane separation of 4.7±1.6 kpc between the
cold molecular gas and the stellar emission (i.e., the central K
clump). The CO(1→0) is emitted from a more extended re-
gion than the dust, but the two spatially overlap (Fig. 2e). The
CO source has FWHM = 0.′′9±0.′′3 = 6.8±2.3 kpc along the
major axis, with an axis ratio of 0.8+0.2!0.6.
The molecular gas disk is massive. The velocity-area-

integrated CO brightness temperature of L′CO = [6.4± 1.0]×
1011 K km s!1 pc2 indicates a molecular gas reservoir

of Mgas = [7.4 ± 2.1] × 1011 M" after lensing correction,
assuming a conversion factor of αCO = Mgas/L′CO = 0.8
M" (K km s!1 pc2)!1, which is commonly assumed for star-
burst environments (Solomon & Vanden Bout 2005). Note,
however, that αCO is uncertain by a factor of a few.
The CO magnification factor determined from the lens

model (6.9±1.6) is in excellent agreementwith that estimated
from the CO luminosity!FWHM correlation. The observed
L′CO and line width indicates a magnification factor of 7± 2,
based on its deviation from the correlation established by un-
lensed SMGs (Harris et al. 2012, Bothwell et al. in prep).
This agreement demonstrates that strongly lensed SMGs may
be effectively selected with CO spectroscopy in the future.

4. SPECTRAL ENERGY DISTRIBUTIONS
Useful physical parameters are encoded in the SEDs. The

optical-to-NIR SED of HATLAS12!00 is dominated by the
foreground galaxies G1 and G2, fromwhich we can derive the
photometric redshift and the stellar population of the lensing
galaxies. The far-IR and submillimeter regime is dominated
by the lensed SMG, as evident in the SMA image, so the data
can tell us the dust and star formation properties of the SMG.

4.1. Lensing Galaxies
Adopting the photometric redshift of 1.06, we model the
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FIG. 2.— Lens modeling results. Major tickmarks are spaced at intervals of 1′′. To ease comparisons, a cross is drawn at the center of each panel. a: Keck K
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The grey ellipse shows the beam. Here and in i, contours are drawn at !2,!1,+1,+2, and +4σ, where σ is the r.m.s. noise (3 mJy beam!1). g: 880 µm model. h:
Model convolved with the SMA beam. i: 880 µm residual. j: 880 µm source. The purple circle shows the FWHM of the source. k: EVLA CO(1→0) image.
Here and in n, contours are drawn at !1,+1,+2,+4, and +8σ, where σ is the r.m.s. noise (27 µJy beam!1). l: CO model. m: Model convolved with the EVLA
beam. n: CO residual. o: CO source. The green ellipse shows the FWHMs of the source.
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offset between EVLA and Keck through lens modeling. Fig-
ure 3b shows the minimum χ2 values at each offset position
relative to the K image. To deal with the correlated noise, we
scale the χ2 values from the residual map by the product of
the FWHMs of the major and minor axes of the beam. The
global best-fit, with reduced χ2 of unity, is reached when we
shift the EVLA image 0.′′2 E of the K image. The bottom
panels of Fig. 2 show the best-fit model. We estimate a CO
magnification of µCO = 6.9± 1.6. Similar to the SMA image,
we find a source-plane separation of 4.7±1.6 kpc between the
cold molecular gas and the stellar emission (i.e., the central K
clump). The CO(1→0) is emitted from a more extended re-
gion than the dust, but the two spatially overlap (Fig. 2e). The
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major axis, with an axis ratio of 0.8+0.2!0.6.
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integrated CO brightness temperature of L′CO = [6.4± 1.0]×
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of Mgas = [7.4 ± 2.1] × 1011 M" after lensing correction,
assuming a conversion factor of αCO = Mgas/L′CO = 0.8
M" (K km s!1 pc2)!1, which is commonly assumed for star-
burst environments (Solomon & Vanden Bout 2005). Note,
however, that αCO is uncertain by a factor of a few.
The CO magnification factor determined from the lens

model (6.9±1.6) is in excellent agreementwith that estimated
from the CO luminosity!FWHM correlation. The observed
L′CO and line width indicates a magnification factor of 7± 2,
based on its deviation from the correlation established by un-
lensed SMGs (Harris et al. 2012, Bothwell et al. in prep).
This agreement demonstrates that strongly lensed SMGs may
be effectively selected with CO spectroscopy in the future.
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optical-to-NIR SED of HATLAS12!00 is dominated by the
foreground galaxies G1 and G2, fromwhich we can derive the
photometric redshift and the stellar population of the lensing
galaxies. The far-IR and submillimeter regime is dominated
by the lensed SMG, as evident in the SMA image, so the data
can tell us the dust and star formation properties of the SMG.
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FIG. 3.— Constraining the astrometric offset between SMA, EVLA and Keck. a: The background image is the χ2 map of the best-fit models as a function
of SMA!Keck offset. The image is displayed in logarithmic scale. Positive offsets indicate shifting the SMA image W or N relative to the Keck image. Iso-χ2
contours are overlaid for 1, 2, and 3σ intervals. The white plus sign indicates the offset that yields the minimum χ2 value. The ellipse shows the 1σ astrometry
uncertainty determined from FIRST–SDSS cross-correlation. The cross indicates the systematic offset (!0.′′07, +0.′′08) between FIRST and SDSS within 1◦
radius of HATLAS12!00. The overlapping area between the 1σ contour of the χ2 map and the ellipse gives the best estimate of the astrometric offset and its
uncertainty. Zero offset is indicated by the white circle. b: Same as a but for EVLA relative to Keck.

FIG. 4.— Modeling the SEDs. Top axes indicate wavelengths at the rest frame of the SMG (z = 3.26). a: Black data points are for the foreground lenses G1+G2,
and the red data points are for the lensed SMG. The top black curve shows the best-fit BC03 stellar population synthesis model of G1+G2 at z = 1.06, using
the nine data points below 3 µm. The bottom black curve shows the best-fit BC03 model for the SMG, along with the 1σ range of acceptable models. b: The
full SED of the SMG. The short dashed (green), dash-doted (purple), and long dashed (orange) curves are the best-fit SED templates of the “Cosmic Eyelash”
(Ivison et al. 2010b), Arp 220, and Mrk 231, respectively. The Eyelash provides the best description of the overall SED among the three. The solid black and
blue curves are the best-fit models with a single-temperature modified blackbody using the general and optically thin formula, respectively. The inset shows the
1, 2, and 3σ contours in the T !β plane for the general (black) and optically thin (blue) models.

of G1+G2 with the stellar population synthesis models of
Bruzual & Charlot (2003, BC03). We assume a Chabrier
(2003) initial mass function (IMF), Calzetti et al. (1994) ex-
tinction law, and exponentially declining star formation his-
tory, with a range of e-folding times (τ = 0.1 to 30 Gyr) and
ages (0.01 to 12.5 Gyr). For each template, we fit for the
stellar mass (Mstellar) and extinction (E(B!V )). The best-fit
model gives χ2 = 6.4 for dof = 7 (Fig. 4a). The derived prop-
erties of G1+G2 are listed in Table 3. The intrinsic extinction

is small (E(B!V ) = 0.04+0.11!0.04) and there is very little current
star formation (SFR = 0.1+0.4!0.1 M! yr!1). The dust-absorbed
UV/optical luminosity ([3+14!3 ]× 1010 L!) is less than 0.15%
of the total integrated IR luminosity before lensing correc-
tion (L8!1000 = 1.2× 1014 L!). Therefore, G1 and G2 do not
contribute significantly to the far-IR fluxes, in agreement with
their absence in the SMA image. The stellar mass from SED
modeling is ∼80% of the total mass within the critical curves

Deflectors
z=1.1 ± 0.2
Lensed Images
zCO=3.26

(intrinsic)
LFIR = 1.6 x1013 L⊙ 
SFR ~ 1900 M⊙/yr

TD = 62 ± 3 K
β = 1.6 ± 0.4

No evidence for AGN 

M* ~ 3 x1010 M⊙ 
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FIG. 4.— Modeling the SEDs. Top axes indicate wavelengths at the rest frame of the SMG (z = 3.26). a: Black data points are for the foreground lenses G1+G2,
and the red data points are for the lensed SMG. The top black curve shows the best-fit BC03 stellar population synthesis model of G1+G2 at z = 1.06, using
the nine data points below 3 µm. The bottom black curve shows the best-fit BC03 model for the SMG, along with the 1σ range of acceptable models. b: The
full SED of the SMG. The short dashed (green), dash-doted (purple), and long dashed (orange) curves are the best-fit SED templates of the “Cosmic Eyelash”
(Ivison et al. 2010b), Arp 220, and Mrk 231, respectively. The Eyelash provides the best description of the overall SED among the three. The solid black and
blue curves are the best-fit models with a single-temperature modified blackbody using the general and optically thin formula, respectively. The inset shows the
1, 2, and 3σ contours in the T !β plane for the general (black) and optically thin (blue) models.
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(2003) initial mass function (IMF), Calzetti et al. (1994) ex-
tinction law, and exponentially declining star formation his-
tory, with a range of e-folding times (τ = 0.1 to 30 Gyr) and
ages (0.01 to 12.5 Gyr). For each template, we fit for the
stellar mass (Mstellar) and extinction (E(B!V )). The best-fit
model gives χ2 = 6.4 for dof = 7 (Fig. 4a). The derived prop-
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of the total integrated IR luminosity before lensing correc-
tion (L8!1000 = 1.2× 1014 L!). Therefore, G1 and G2 do not
contribute significantly to the far-IR fluxes, in agreement with
their absence in the SMA image. The stellar mass from SED
modeling is ∼80% of the total mass within the critical curves
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(Clements et al. in prep.)

Keck

Herschel

Planck

LABOCA 870 μm= 250 μm sources

Only some 250 μm sources 
are detected at 870 μm.
⇒ different SEDs
⇒ different z

Detected sources likely at z~3
Undetected sources likely at z~1
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Summary
Wide-area, submm surveys can efficiently identify 
strongly lensed galaxies by simply selecting the 
brightest sources

Extensive followup programs are providing a detailed 
view of high-z star-formation. 

In at least one galaxy the stellar distribution is clumpy 
and the stars offset from the gas and dust.

A Strongly Lensed SMG at z∼ 3 7

FIG. 2.— Lens modeling results. Major tickmarks are spaced at intervals of 1′′. To ease comparisons, a cross is drawn at the center of each panel. a: Keck K
image after subtracting G1 and G2. b: Best-fit K model convolved with the K-band PSF. Critical curves are in red and caustics are in blue. The box delineates
the region covered by the source images (i.e., e, j, and o). c: K model convolved with the SMA beam. It is clearly different from the SMA and EVLA images
( f & k), indicating differential magnification. d: K residual. e: Modeled intrinsic source morphology (i.e., without PSF; grey scale) vs. a direct inversion of the
observed image (red contours). For comparison, the 880 µm (purple) and CO(1→0) (green) sources are shown as color-filled ellipses. f : SMA 880 µm image.
The grey ellipse shows the beam. Here and in i, contours are drawn at !2,!1,+1,+2, and +4σ, where σ is the r.m.s. noise (3 mJy beam!1). g: 880 µm model. h:
Model convolved with the SMA beam. i: 880 µm residual. j: 880 µm source. The purple circle shows the FWHM of the source. k: EVLA CO(1→0) image.
Here and in n, contours are drawn at !1,+1,+2,+4, and +8σ, where σ is the r.m.s. noise (27 µJy beam!1). l: CO model. m: Model convolved with the EVLA
beam. n: CO residual. o: CO source. The green ellipse shows the FWHMs of the source.

3.4. CO(1→0) Source
We use the same technique to model the EVLA CO(1→0)

map as in § 3.3. The lensed images are better resolved in the
EVLA image than in the SMA image, so we use an elliptical
Gaussian instead of a circular Gaussian for the source profile.
The model has a total of six free parameters (x,y, FWHM, q,
PA, and flux density). Again, we can constrain the astrometric
offset between EVLA and Keck through lens modeling. Fig-
ure 3b shows the minimum χ2 values at each offset position
relative to the K image. To deal with the correlated noise, we
scale the χ2 values from the residual map by the product of
the FWHMs of the major and minor axes of the beam. The
global best-fit, with reduced χ2 of unity, is reached when we
shift the EVLA image 0.′′2 E of the K image. The bottom
panels of Fig. 2 show the best-fit model. We estimate a CO
magnification of µCO = 6.9± 1.6. Similar to the SMA image,
we find a source-plane separation of 4.7±1.6 kpc between the
cold molecular gas and the stellar emission (i.e., the central K
clump). The CO(1→0) is emitted from a more extended re-
gion than the dust, but the two spatially overlap (Fig. 2e). The
CO source has FWHM = 0.′′9±0.′′3 = 6.8±2.3 kpc along the
major axis, with an axis ratio of 0.8+0.2!0.6.
The molecular gas disk is massive. The velocity-area-

integrated CO brightness temperature of L′CO = [6.4± 1.0]×
1011 K km s!1 pc2 indicates a molecular gas reservoir

of Mgas = [7.4 ± 2.1] × 1011 M" after lensing correction,
assuming a conversion factor of αCO = Mgas/L′CO = 0.8
M" (K km s!1 pc2)!1, which is commonly assumed for star-
burst environments (Solomon & Vanden Bout 2005). Note,
however, that αCO is uncertain by a factor of a few.
The CO magnification factor determined from the lens

model (6.9±1.6) is in excellent agreementwith that estimated
from the CO luminosity!FWHM correlation. The observed
L′CO and line width indicates a magnification factor of 7± 2,
based on its deviation from the correlation established by un-
lensed SMGs (Harris et al. 2012, Bothwell et al. in prep).
This agreement demonstrates that strongly lensed SMGs may
be effectively selected with CO spectroscopy in the future.

4. SPECTRAL ENERGY DISTRIBUTIONS
Useful physical parameters are encoded in the SEDs. The

optical-to-NIR SED of HATLAS12!00 is dominated by the
foreground galaxies G1 and G2, fromwhich we can derive the
photometric redshift and the stellar population of the lensing
galaxies. The far-IR and submillimeter regime is dominated
by the lensed SMG, as evident in the SMA image, so the data
can tell us the dust and star formation properties of the SMG.

4.1. Lensing Galaxies
Adopting the photometric redshift of 1.06, we model the

nine-band photometry (u, g, r, i, z, Y , J, H, and K)
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beam. n: CO residual. o: CO source. The green ellipse shows the FWHMs of the source.

3.4. CO(1→0) Source
We use the same technique to model the EVLA CO(1→0)

map as in § 3.3. The lensed images are better resolved in the
EVLA image than in the SMA image, so we use an elliptical
Gaussian instead of a circular Gaussian for the source profile.
The model has a total of six free parameters (x,y, FWHM, q,
PA, and flux density). Again, we can constrain the astrometric
offset between EVLA and Keck through lens modeling. Fig-
ure 3b shows the minimum χ2 values at each offset position
relative to the K image. To deal with the correlated noise, we
scale the χ2 values from the residual map by the product of
the FWHMs of the major and minor axes of the beam. The
global best-fit, with reduced χ2 of unity, is reached when we
shift the EVLA image 0.′′2 E of the K image. The bottom
panels of Fig. 2 show the best-fit model. We estimate a CO
magnification of µCO = 6.9± 1.6. Similar to the SMA image,
we find a source-plane separation of 4.7±1.6 kpc between the
cold molecular gas and the stellar emission (i.e., the central K
clump). The CO(1→0) is emitted from a more extended re-
gion than the dust, but the two spatially overlap (Fig. 2e). The
CO source has FWHM = 0.′′9±0.′′3 = 6.8±2.3 kpc along the
major axis, with an axis ratio of 0.8+0.2!0.6.
The molecular gas disk is massive. The velocity-area-

integrated CO brightness temperature of L′CO = [6.4± 1.0]×
1011 K km s!1 pc2 indicates a molecular gas reservoir

of Mgas = [7.4 ± 2.1] × 1011 M" after lensing correction,
assuming a conversion factor of αCO = Mgas/L′CO = 0.8
M" (K km s!1 pc2)!1, which is commonly assumed for star-
burst environments (Solomon & Vanden Bout 2005). Note,
however, that αCO is uncertain by a factor of a few.
The CO magnification factor determined from the lens

model (6.9±1.6) is in excellent agreementwith that estimated
from the CO luminosity!FWHM correlation. The observed
L′CO and line width indicates a magnification factor of 7± 2,
based on its deviation from the correlation established by un-
lensed SMGs (Harris et al. 2012, Bothwell et al. in prep).
This agreement demonstrates that strongly lensed SMGs may
be effectively selected with CO spectroscopy in the future.

4. SPECTRAL ENERGY DISTRIBUTIONS
Useful physical parameters are encoded in the SEDs. The

optical-to-NIR SED of HATLAS12!00 is dominated by the
foreground galaxies G1 and G2, fromwhich we can derive the
photometric redshift and the stellar population of the lensing
galaxies. The far-IR and submillimeter regime is dominated
by the lensed SMG, as evident in the SMA image, so the data
can tell us the dust and star formation properties of the SMG.

4.1. Lensing Galaxies
Adopting the photometric redshift of 1.06, we model the

nine-band photometry (u, g, r, i, z, Y , J, H, and K)

Wide-field longer wavelength data is critical for 
understanding the environments of these sources.  
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1) Select sources with z>1.2 submm 
colours

Lensed galaxies can be selected from their colours

(HALOS: González-Nuevo et al. 2012)
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Fig. 1.— SPIRE colors of objects with S350 > 85mJy and S250 > 35mJy (blue empty
diamonds). The black dashed lines indicate the limits used for the selection of high red-
shift objects. The variation with redshift of the colors for the SEDs of three ultraluminous
infrared galaxies (SMM J2135−0102, green dashed; Arp220, cyan dot-dashed; G15.141,
magenta solid) are shown for comparison; the filled circles along the lines correspond to
z = [1.2, 1.5, 2.0, 2.5, 3.0], with z increasing from the lower left to the upper right corner.
The blue filled diamonds are the strong SLG candidates identified in the SDP field (see
§ 4). The red filled diamonds are objects dropped from the initial sample (see text for more
details; one of the dropped objects is not shown because its colors are out of range).
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Fig. 2.— Mean (solid green line) and high far-IR luminosity (dashed blue line) SEDs of low-
z H-ATLAS galaxies (Smith et al. 2011b) fitting the optical/near-IR (SDSS and VIKING)
photometry of the optical counterparts of SDP.72 (left) and SDP.128 (right). SDP.72 is an
example of objects whose far-IR to optical luminosity ratios are too large to be accounted
for by a cold far-IR SED of the kind observed for z ∼< 0.5 galaxies with moderate SFRs,
while SDP.128 is an example of objects that may be at low z even though they passed the
color selection described in § 2. The three objects of the latter kind were dropped from our
sample of candidate strongly lensed galaxies. On the contrary, the optical counterparts of
objects of the former kind are likely to be foreground galaxies that may act as gravitational
lenses.

2) Identify sources with mismatched 
optical and submm SEDs
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Fig. 3.— Optical (SDSS r-band) magnitudes as a function of redshift for several SEDs,
normalized to S350 = 85mJy, the flux density detection limit of our sample. The black
curves refer to the mean SEDs of optically identified z < 0.5 SDP galaxies (solid) and to
the mean SED of those in the highest [11.5 < log(Ldust/L!) < 12] luminosity bin (dashed)
of Smith et al. (2011b). Red filled circles refer to objects with reliable (R > 0.8) SDSS
counterparts according to Smith et al. (2011a); data are taken from that paper. Only for
three objects the data may be compatible with the optical counterparts being the genuine
identifications. They have been conservatively removed from the sample.

2) Identify sources with mismatched 
optical and submm SEDs

If at the optical z these galaxies are to 
optically faint to simply contain cold 
dust. Therefore, the optical source is 
mostly likely lensing a background 
SMG.
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The first lensed Herschel galaxies

(Negrello et al. 2010; Lupu et al. 2010; Hopwood et al. 2011; Harris et al. 2012)
Figure S 4: Best-fit to the light distribution of the lens galaxy in the gravitational lens systems
ID81 and ID130. The postage stamp images show, from left to right, the keck i-band image,
the best-fit light distribution model provided by GALFIT and the residual map obtained by
subtracting the best-fit model from the observed light distribution. The SMA contours (in red)
are overlaid on the optical images (in steps of 6σ, 8σ, 10σ, etc.) to highlight that there is no
evident correspondence between the sub-mm and the optical emission in the residual maps.
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Spitzer imaging of Herschel -ATLAS lenses 3

20′′ dither pattern was employed to generate on-sky flat-
field frames. We performed photometric calibration us-
ing 1 s g- and i-band observations of bright stars in each
field. The data were reduced using IDL routines and
combined and analyzed using standard IRAF tasks; the
seeing FWHM of the final science exposures is ∼0.8′′.

Fig. 2.— Keck i-band (top row), IRAC Channel 1 (middle row)
and Channel 2 (bottom row) postage stamp images for SDP.130.
The corresponding residuals are presented after subtraction of sin-
gle de Vaucouleurs profiles modeled on the Keck i-band data. Al-
though the Keck residuals show no signs of significant structure,
the subtracted IRAC data have residual structure that can be as-
sociated with the SMA contours, which suggests lensed structure
of the respective background galaxy is present. The SMA contours
are presented as in Figure 1. All postage stamps are plotted with
the same pixel intensity scaling after normalizing the Keck i-band
data to the dynamic pixel value range of the IRAC data.

3. MODELING THE LENSES

To construct models of the light profiles for each lens-
ing system we use GALFIT (Peng et al. 2002), which
allows multiple profiles per object and performs a si-
multaneous nonlinear minimization. Prior to fitting pro-
files to SDP.81 and SDP.130 in the IRAC data, de Vau-
couleurs profile (de Vaucouleurs 1948) models are con-
structed for the Keck i-band imaging, to take advantage
of the comparatively higher resolution of these images,
and the presence of only one component per system i.e.
the lens galaxy.

To look for any potentially lensed structure in the
IRAC data, the Keck models are used to fit the IRAC
Channels 1 and 2 data, keeping the effective radius and
ellipticity fixed, and using the appropriate IRAC PSF
36. On subtraction of the results, and in comparison to
the model subtracted Keck data and SMA contours, the

Fig. 3.— Multi-component light profile models for SDP.81 (top)
and SDP.130 (bottom), for the IRAC Channel 1 data. Shown are
the un-subtracted data, the lens model (a single Sérsic profile for
SDP.81 and a Sérsic plus exponential disk profile for SDP.130 ),
the residual after subtraction of the lens model profile only and
the total model residual (full residual). The SMA contours are
presented as in Figure 1. All data are plotted with the same pixel
intensity scaling.

IRAC band residuals strongly suggest that a more com-
plex structure, associated with the background SMG, is
present for both SDP.81 and SDP.130 (see Figures 1 and
2).

We verify that these residuals are significant, and not
an artifact of imperfections in the IRAC PSF, by compar-
ing them with residuals derived for three (non-lensing)
elliptical-like galaxies in the same field, after fitting them
with single Sérsic profiles. For both the lensing systems
and the comparison ellipticals aperture flux ratios were
determined for the residual image and the corresponding
un-subtracted data. To consider only positive structure,
pixel values > 2σ below the local background were re-
placed with the median local sky value. The SMG resid-
uals were found to have flux ratios ∼ 3− 5 greater than
those for the random elliptical galaxies.

In order to more precisely disentangle the lens and
background components we represent the flux from the
lensed SMGs with Sérsic profiles. Peaks were identified
in the IRAC single profile fit residual images, by fitting
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zSMG=3.04; zlens=0.30
μ=25±7

zSMG=2.62; zlens=0.22
μ=6±1

Figure S 3: Best-fit to the light distribution of the lens galaxy in the gravitational lens systems
ID9, ID11 and ID17. The postage stamp images show, from left to right, the keck i-band image,
the best-fit light distribution model provided by GALFIT and the residual map obtained by sub-
tracting the best-fit model from the observed light distribution. The map of the residuals show
no evident structure, implying that the background source is particularly faint in the optical,
despite the magnification due to lensing.
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zSMG=1.58; zlens=0.7 zSMG=1.79; zlens=0.79 zSMG=2.30; zlens=0.94


