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What?  
Example: SDP.81 discovered by Herschel, imaged by ALMA

SDP.81 (H-ATLAS). z=3.042
0.023” resolution!



Julie WardlowGravitationally lensed DSFGs

What?  
Example: SDP.81 discovered by Herschel, imaged by ALMA

Since March: 
Vlahakis et al. 2015
Swinbank et al. 2015
Rybak et al. 2015a,b
Hatsukade et al. 2015
Dye et al. 2015
Tamura, et al. 2015
Wong et al. 2015
Inoue et al. 2016
Hezaveh et al. 2016



Julie WardlowGravitationally lensed DSFGs

What?  
Example: SDP.81 discovered by Herschel, imaged by ALMA

Dust Dust, Gas, Stars

Since March: 
Vlahakis et al. 2015
Swinbank et al. 2015
Rybak et al. 2015a,b
Hatsukade et al. 2015
Dye et al. 2015
Tamura, et al. 2015
Wong et al. 2015
Inoue et al. 2016
Hezaveh et al. 2016



Julie WardlowGravitationally lensed DSFGs

What?  
Example: SDP.81 discovered by Herschel, imaged by ALMA

Dust Dust, Gas, StarsSDP.81 (H-ATLAS). z=3.042
0.023” resolution!

Since March: 
Vlahakis et al. 2015
Swinbank et al. 2015
Rybak et al. 2015a,b
Hatsukade et al. 2015
Dye et al. 2015
Tamura, et al. 2015
Wong et al. 2015
Inoue et al. 2016
Hezaveh et al. 2016



Julie WardlowGravitationally lensed DSFGs

Why? HST UDF fly through: 
distant galaxies are very different to local galaxies

From Mark Swinbank
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Why?
~50% of stellar & AGN emission is dust reprocessed

Dole et al. 2006
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Massive ellipticals formed early in the Universe

Toft et al. 2014
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Why? 
Massive ellipticals formed early; SMGs are massive & early

Hickox, JW et al. 2012
Simpson, JW et al. 2014



Julie WardlowGravitationally lensed DSFGs

Why? 
Dusty star formation: a crucial phase of galaxy evolution?
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Simpson, JW et al. 2014
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Negative K-correction: submm is visible to high-z

Arp 220 redshifted:
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LESS: 300 hours on APEX (870μm)

Weiss et al. 2009
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Gravitational Lensing

• Background galaxy: flux boost
• Background galaxy: spatial resolution boost
• Foreground galaxy: mass profile
• Cosmology: numbers and distribution of lensing

NASA, Smithsonian Institution. 
Artwork by Keith Soares/Bean Creative.
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Lensing: the foreground mass
1110 AUGER ET AL. Vol. 705

Figure 9. Distributions of the stellar mass, M∗, and stellar mass fraction within
re/2, f∗,re/2 . There is no strong correlation between stellar mass fraction and
stellar mass; the relationship between the stellar mass and other observables is
explored in more detail in Paper X.

Figure 10. Distributions of stellar masses for the SDSS comparison sample
(black, open) and the SLACS lenses (green, hatched). The distributions are
indistinguishable (the KS p-value is ∼0.95), strengthening our conclusion that
SLACS lenses do not appear to be biased with respect to massive early-type
galaxies with similar stellar velocity dispersions.
(A color version of this figure is available in the online journal.)

dispersion (12 systems did not have 100 comparison galaxies or
did not have masses in the MPA/JHU catalog and are therefore
excluded from this analysis). The distributions of stellar masses
for the SLACS lenses and for the comparison sample are shown
in Figure 10; the SLACS lenses have stellar masses which are
indistinguishable from their parent population.

It has been suggested that strong gravitational lenses are likely
to be more concentrated in mass than non-lensing galaxies (e.g.,
van de Ven et al. 2009; Mandelbaum et al. 2009). This increased
concentration may result from triaxiality, where the strong lens
is preferentially aligned along the long axis. If this is the case for
the SLACS lenses, and if the light follows the same distribution
as the total mass, we would expect the SLACS galaxies to
have smaller ellipticities than a comparison sample of galaxies
(preferential alignment along the long axis will, on average,
decrease the ellipticity). Note that the implications of triaxiality
also depend on the number of lensed images formed (Rozo

Figure 11. Distributions of axis ratios for the SDSS comparison sample (black,
open histogram) and the SLACS lenses (green, hashed histogram). The SLACS
lenses do not appear to be more circular than the comparison sample (i.e., the
green histogram is not skewed toward 1), indicating a lack of evidence for a
preferred axis for the lenses. The two-sample KS probability is ∼0.13 for the
two distributions, indicating that the two samples cannot be distinguished at
greater than ∼1.5σ confidence.
(A color version of this figure is available in the online journal.)

et al. 2007; Mandelbaum et al. 2009) and two-image lenses,
four-image lenses, and non-lenses would each yield different
distributions of ellipticities if there is a significant bias due
to triaxiality. However, Paper VIII has shown that the SLACS
lenses are dominated by two-image lenses (approximately 85%
are classified as doubles; SLACS does not appear to have a
bias toward finding quad lenses), and we therefore investigate
the ellipticities of the full sample of lenses in comparison with
non-lenses.

We show the distribution of axis ratios q for SLACS lenses
(for consistency we use the SDSS axis ratios, but we find that
these are very close to the axis ratios inferred from the HST
photometry) compared to the distribution of axis ratios for the
comparison sample of galaxies in Figure 11. We do not find that
the SLACS lenses are anomalously circular or elliptical; there
is no evidence from the light distribution that SLACS lenses are
more concentrated than the comparison sample, although the
effect should be quite small and may be unobservable with
so few lenses (e.g., Rozo et al. 2007). A decomposition of
the luminous and dark matter components would provide dark
matter concentrations that could be compared with simulations,
but that test is beyond the scope of this paper.

7. DISCUSSION AND SUMMARY

We have presented multi-band HST observations of the
complete sample of SLACS gravitational lenses. These data
have been used to upgrade six lenses from Paper V from possible
to genuine (grade “A”) lens systems as well as confirming nine
newly investigated lens systems. We also present a novel fully
Bayesian stellar mass estimation code and have used this code
with our HST photometry to derive stellar masses for each of
the grade “A” lens systems. The new results of this work include
the following.

1. The SLACS program has confirmed 15 new grade “A”
lenses. SLACS has now discovered 85 confirmed lenses and
has found 13 high-quality lens candidates, yielding a total
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Figure 10: Double Einstein ring compound lens SDSSJ0946+1006. Left: color

composite HST image (Courtesy of M. W. Auger). Note the foreground main

deflector in the center, the bright ring formed by the images of the intermediate

galaxy, and the fainter ring formed by the images of the background galaxy lensed

by the two intervening objects. Right: Enclosed mass profile as inferred from

the Einstein radii of the two rings (red solid points - the error bars are smaller

than the points). The enclosed mass increases more steeply with radius than

the enclosed light (solid blue line; rescaled by the best fit stellar mass-to-light

ratio), indicating the presence of a more extended dark matter component. Even

a “maximum bulge” solution (dotted blue line) cannot account for the mass at

the outer Einstein radius.
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Gravitational lensing: cosmology
The Astronomical Journal, 143:120 (14pp), 2012 May Oguri et al.

Figure 4. Constraints on ΩM and ΩΛ for the non-flat models with a cosmological
constant. Contours show 1σ and 2σ confidence regions from the three different
cosmological probes: SQLS strong lens statistics (this paper), baryon acoustic
oscillation (BAO) measurements (Percival et al. 2010; Blake et al. 2011), and the
CMB anisotropy from WMAP (Komatsu et al. 2011). The dotted line indicates a
flat universe with ΩM + ΩΛ = 1. The upper left shaded region indicates models
with no big bang.
(A color version of this figure is available in the online journal.)

ΩΛ than the lens redshifts. In Figure 3, we show the resulting
likelihoods as a function of ΩΛ based only on the observed
numbers and separations of lenses, as well as only on the lens
redshift distribution. While the tension is only at about the
2σ level, this result may be suggestive of redshift evolution
in the velocity function. This is one of the reasons that we
consider simultaneous constraints on cosmological parameters
and galaxy evolution in Section 5.

4.2. Non-flat Models with a Cosmological Constant

Next we relax the assumption of a flat universe, and consider
cosmological constraints in the ΩM–ΩΛ plane. Figure 4 shows
the constraint from the SQLS DR7 using the full likelihood
model. As already known (e.g., Kochanek 1996; Chae et al.
2002), the degeneracy direction of lens constraints in the
ΩM–ΩΛ plane resembles that from Type Ia supernovae (see,
e.g., Suzuki et al. 2012, for a recent result). We find that a
cosmological constant is required at the 4σ level even for this
non-flat case.

Because of different degeneracy directions, cosmological
parameters are better constrained by combining several different
cosmological probes. In this paper, we combine our constraints
with either those from the BAO measurement or from the CMB.
The former uses the baryon wiggle in the matter power spectrum
as a standard ruler. We adopt results from the WiggleZ Dark
Energy Survey (Blake et al. 2011), which measures the BAO
scale at z = 0.6, combined with BAO measurements in the
SDSS luminous red galaxies at z = 0.2 and 0.35 (Percival et al.
2010). We consider the anisotropy measured by the Wilkinson
Microwave Anisotropy Probe (WMAP) as the latter. Specifically,
we consider the seven-year WMAP result by Komatsu et al.
(2011) and compute the likelihood for each cosmological

Figure 5. Constraints on ΩM = 1 − ΩDE and w for the flat dark energy
models. As in Figure 4, the 1σ and 2σ constraints from the three different
cosmological probes are shown by contours. The horizontal dotted line indicates
a cosmological constant with w = −1.
(A color version of this figure is available in the online journal.)

parameter set by the so-called distance prior that encapsulates all
the key information relevant to dark energy studies derived from
the WMAP data. While our lensing constraints from the SQLS
DR7 do not have any dependence on the Hubble constant, both
the BAO and WMAP constraints are sensitive to the adopted
Hubble constant. Thus, when adding the BAO and WMAP
we always include the Hubble constant as an additional free
parameter over which we marginalize to obtain constraints on
parameters of interest.

These BAO and WMAP constraints are also shown in
Figure 4. The best-fit parameters and 1σ statistical errors are
ΩM = 0.28+0.03

−0.03 and ΩΛ = 0.88+0.09
−0.10 when the SQLS is com-

bined with BAO, and ΩM = 0.20+0.08
−0.06 and ΩΛ = 0.78+0.05

−0.06
when combined with WMAP. The three constraints are comple-
mentary in the sense that their degeneracy directions are quite
different from one another and the combined constraints give
considerably stronger constraints in the ΩM–ΩΛ plane than any
of the individual constraints. That our lensing constraints are
consistent with both the BAO and WMAP constraints is an im-
portant cross check of the current standard cosmological model.

4.3. Flat Dark Energy Models

Next, we consider flat models where the dark energy equa-
tion of state w is allowed to vary. This model is parameterized
by ΩM (= 1 − ΩDE) and w. Figure 5 shows constraints from
the SQLS DR7 as well as those from BAO and WMAP. The
degeneracy direction of our lensing constraint in this plane is
again similar to that of Type Ia supernovae, and hence is comple-
mentary to the BAO and WMAP constraints. The combination of
these constraints suggests a cosmological model with ΩM ∼ 0.3
and w ∼ −1.

We also show how ΩM and w are constrained when the lensing
information is combined with either the BAO or WMAP result in
Figures 6 and 7, respectively. For the former case, the resulting
constraints are ΩM = 0.25+0.03

−0.03 and w = −1.44+0.22
−0.25, and for

the latter case ΩM = 0.23+0.04
−0.03 and w = −1.19+0.17

−0.17. In both
cases, ΩM and w are reasonably well constrained thanks to the
different degeneracy directions of the tests.
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Figure 1. Histogram shows the image separation distribution of the strong lenses
in the statistical lens sample used for our cosmological analyses. The subsample
contains 19 lenses selected out of 50,836 source quasars, as summarized in
Table 1. Lines show the theoretical predictions for three different values of the
cosmological constant ΩΛ assuming a flat universe and no evolution of the
galaxy velocity function. The vertical dotted line shows the θmin = 1′′ lower
limit for the image separations in the statistical lens sample.
(A color version of this figure is available in the online journal.)

where d2pi/dθdzl is calculated from Equation (16) and N2
(doubles) and N4 (quadruples) are from Equation (24). An
important improvement from Paper III is that we now include
the lens redshift distribution as a constraint, particularly because
lens redshifts are successfully measured for most of the lenses
used for the analysis. However, there are three lens systems
whose lens redshifts are still not determined well (see Table 1).
For these lenses we include the lens redshift uncertainties
assuming a Gaussian distribution,

d2pi

dθdzl

(zs, iQSO) →
∫

dzl

1√
2πσz

exp
[
− (zl − z̄)2

2σ 2
z

]

× d2pi

dθdzl

(zs, iQSO), (26)

where z̄ and σz are listed in Table 1. We use the estimator,

∆χ2 = −2 ln (L/Lmax) , (27)

to derive best-fit model parameters and confidence limits.

4. CONSTRAINTS ON COSMOLOGICAL PARAMETERS

In this section, we constrain cosmological parameters by
comparing the observed lensed quasars in the SQLS DR7
statistical sample with theoretical model predictions. For now
we assume that the velocity function of galaxies does not evolve
with redshift (i.e., νn = 0 and νσ = 0 in Equations (12)
and (13)), although redshift evolution is considered when we
estimate systematic errors. When necessary, the constraints
are combined with those from baryon acoustic oscillation
(BAO) and cosmic microwave background (CMB) anisotropy
measurements.

4.1. Flat Models with a Cosmological Constant

We start with the simplest model, a flat universe where
dark energy is described as a cosmological constant ΩΛ (i.e.,
w = −1). This model has only one free parameter, ΩΛ. Before
deriving constraints on ΩΛ, we compare the number distribution

Figure 2. Histogram shows the normalized lens redshift distribution for our
lens sample. Lines show theoretical predictions for three different cosmological
models, as in Figure 1. For lenses with errors on the lens redshift (see Table 1),
we adopt the best estimated values in constructing the histogram.
(A color version of this figure is available in the online journal.)

Figure 3. Likelihood distributions as a function of the cosmological constant
ΩΛ for flat universes. The dotted and dashed lines show the separate likelihood
distributions for fitting the numbers and image separations alone (dotted) and
lens redshifts alone (dashed).
(A color version of this figure is available in the online journal.)

of lenses in our sample as a function of image separation with
the model predictions, as shown in Figure 1. The total number
of lenses is indeed sensitive to ΩΛ, and models with ΩΛ ∼ 0.8
are broadly consistent with the observed number distribution. In
Figure 2, we examine the normalized lens redshift distribution
N−1dN/dzl . Here we see that the observed lens redshift
distribution is more consistent with models with smaller ΩΛ
because of the relatively small number of lens galaxies at high
lens redshifts.

We compute the likelihood of Equation (25) as a function
of ΩΛ. The result shown in Figure 3 indicates that the SQLS
DR7 sample constrains the cosmological constant to be ΩΛ =
0.79+0.06

−0.07, where the error indicates the statistical 1σ confidence
limit. This is consistent with our previous results presented in
Paper III and Inada et al. (2010, Paper IV). The model with
ΩΛ = 0 is rejected at 6σ level. Dark energy is detected at high
significance by the quasar lens statistics.

If we divide the likelihood into the part contributed by the
numbers and separations as compared to the lens redshifts, we
see that there is some tension. The numbers and separations
that we used in our previous studies favor somewhat higher
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of lenses is indeed sensitive to ΩΛ, and models with ΩΛ ∼ 0.8
are broadly consistent with the observed number distribution. In
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N−1dN/dzl . Here we see that the observed lens redshift
distribution is more consistent with models with smaller ΩΛ
because of the relatively small number of lens galaxies at high
lens redshifts.

We compute the likelihood of Equation (25) as a function
of ΩΛ. The result shown in Figure 3 indicates that the SQLS
DR7 sample constrains the cosmological constant to be ΩΛ =
0.79+0.06

−0.07, where the error indicates the statistical 1σ confidence
limit. This is consistent with our previous results presented in
Paper III and Inada et al. (2010, Paper IV). The model with
ΩΛ = 0 is rejected at 6σ level. Dark energy is detected at high
significance by the quasar lens statistics.

If we divide the likelihood into the part contributed by the
numbers and separations as compared to the lens redshifts, we
see that there is some tension. The numbers and separations
that we used in our previous studies favor somewhat higher
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Far-IR number counts are steep at the bright end: very 
luminous DSFGs are very rare

Weiss et al. 2009

850μm

See also Blain et al. 1996
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Figure 10. Left: differential source counts for the ECDFS. The colored lines show the results from the P (D) analysis with functional parameters as given in Table 2.
The black data points show the results from a Bayesian approach to estimate the source counts from the source catalog. The gray data points are the differential number
counts from the SHADES survey (Coppin et al. 2006), the gray line shows their best-fitting Schechter function. The dashed gray line is the SHADES Schechter
function with N ′ scaled to fit our Bayesian source counts. Note that this source count function does not reproduce the observed flux density histogram of the map well
(Figure 9). Right: cumulative number counts for the ECDFS compared to other studies. The black data points represent the direct sum of the differential counts shown
in the left part of the figure, the solid lines are integrals over the results of the P (D) analysis, the dashed line shows the best-fitting Schechter function from Coppin
et al. (2006) for SHADES.
(A color version of this figure is available in the online journal.)

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

Fit aY S′ N ′ α β Smin EBL
(mJy) (deg−2 mJy−1) (mJy) (Jy deg−2)

Power law ( S
S′ )−α b5.0 93 3.2 · · · 0.5 29.1

br. power law ( S
S′ )−α for S > S′

( S
S′ )−β for S < S′ 7.6 25 3.5 3.1 0.5 29.5

Schechter fct. ( S
S′ )−α e−S/S′

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

1+( S
S′ )α

0.56 106000 3.2 · · · · · · 32.0

Notes.
a Counts are parameterized as dN

dS = N ′ × Y .
b S′ fixed to 5.0 mJy.

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

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

3.4. Two-point Correlation

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

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

w(θ ) = Aw (θ (1−γ ) − C), (9)

where C accounts for the bias to lower values of the observed
compared to the true correlation (see, e.g., Brainerd & Smail
1998). As our data are too noisy to fit all three parameters,
we fixed γ to 1.8 which has been used in many other studies
(e.g., Daddi et al. 2000; Farrah et al. 2006; Hartley et al. 2008).
This yields Aw = 0.011 ± 0.0046 and C = 12.4 ± 2.5 or a
characteristic clustering angle of θ0 = 14′′ ± 7′′. We also calcu-
lated C directly from our random catalog using Equation (22)
from Scott et al. (2006) and assuming γ = 1.8. This yields
C = 4.5 and Aw = 0.007 ± 0.004 (θ0 = 7′′ ± 5′′) for a sin-
gle parameter fit of Equation (9) to our data. These numbers

Intrinsically 
VERY bright 
sources are rare
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HerMES: ~380 deg2 extragalactic submm survey
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HerMES lens candidates: 
S500>100mJy

Candidates: ~0.15 deg-2
Wardlow et al. 2013
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HerMES lens candidates 
S500>100mJy & no blazars or local spirals

Wardlow et al. 2013Candidates: ~0.15 deg-2
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HerMES lens candidates 
S500>100mJy & no blazars or local spirals

Wardlow et al. 2013Candidates: ~0.15 deg-2
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Lensed SMGs are easily distinguished from lenses

z=2.5 
starburst
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HerMES Boötes image

Herschel
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A sample of Herschel lens systems

Bussmann, JW et al. 
2015
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et al. 2014
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Lensed HATLAS12−00 @z=3.3: gas, stars & dust are offset

Fu, JW et al. 2012

A Strongly Lensed SMG at z∼ 3 3

FIG. 1.6 High-resolution images of HATLAS12�00. All images are aligned and the tickmarks are spaced at intervals of 1′′. Green crosses mark the two
components seen in the JVLA image. a: Keck K-band image painted with a pseudo-colormap from Keck K (Red), J (Green), and ACAM optical (Blue) images.
Lensing galaxies and the PSF star are labelled. The scale bar indicates 5′′ or 40 kpc at the lens redshift. The inset shows the lens-subtracted K-band image
overlaid with the peak positions for lens modeling (§ 3.1). For clarity, the positional errors, as indicated by the ellipses, are enlarged by a factor of four. The
colors distinguish images from the three clumps in the source plane. b: SMA 880 µm compact array image. Contours are drawn at �2,�1,+1,+2, and +4σ, where
σ is the r.m.s. noise (3 mJy beam�1). c: JVLA CO(1→0) image. Contours are drawn at �1,+2,+4, and +8σ, where σ is the r.m.s. noise (27 µJy beam�1). The
inset shows the CO spectrum from the same data cube, along with a Gaussian t (red). In b and c, the ellipse to the lower right shows the beam.

imaging, respectively38.
We used our IDL (Interactive Data Language) programs to

reduce the images. After dark subtraction and at-elding,
sky background and object masks are updated iteratively. For
each frame, after subtracting a scaled median sky, the residual
background is removed with B-spline models. In the last iter-
ation, we discard the three frames of the poorest image quality
and correct the NIRC2 geometric distortion using the solu-
tion of P. B. Cameron39 before combining the aligned frames.
The resolution of the nal K and J-band images are 0.′′16
and 0.′′27 in FWHM, respectively. We measure the FWHMs
from the most compact source in the eld located 10 ′′ SE
of HATLAS12�00 (labeled aPSFb in Fig. 1a); we also use
this object as the PSF in the lens modeling (§ 3.2). The im-
ages are ux calibrated against UKIRT Infrared Sky Survey
(UKIDSS; Lawrence et al. 2007) and reach depths ofK = 25.6
and J = 25.0 AB for a 5σ detection with 0.′′1 and 0.′′2 radius
apertures40, respectively.

2.2. William Herschel Telescope Imaging
Limited by the small eld of NIRC2, a deep wide-eld im-

age is required for astrometry calibration. Optical imaging
was obtained with the high-throughput auxiliary-port camera
(ACAM) mounted at a folded-Cassegrain focus of the 4.2-m
William Herschel Telescope (Benn et al. 2008) on 2011 April
26 (UT). We obtained four images of 200 s on a ∼2 ′ eld
centered on HATLAS12�00, without any lter. The seeing
was ∼0.′′9. The images were reduced and combined follow-
ing standard techniques in IRAF41. No accurate photometric
calibration is possible because we did not use any broad-band
lter. But by comparing sources extracted from the ACAM
image and the SDSS i-band catalog in the same eld, we nd
that our image reaches an equivalent i-band 5-σ depth of 24.6
AB, or 2.3 magnitudes deeper than the SDSS.
We solve the astrometry of the ACAM image using the

38 http://kiloaoloa.soest.hawaii.edu/current/seeing/
39 http://www2.keck.hawaii.edu/inst/nirc2/forReDoc/post_observing/dewarp/
40 Different aperture sizes were chosen here because of the different reso-

lutions.
41 http://iraf.noao.edu/

on-sky positions of Sloan Digital Sky Survey (SDSS; Aihara
et al. 2011) DR8 sources inside the eld. We use the astrome-
try routines in Marc Buieis IDL library42 to correct for offsets,
rotation, and distortions, with four terms (constant, X , Y , and
R =

√
X2 +Y 2). Sources that appear blended in the SDSS cat-

alog are excluded. With 35 SDSS sources, we measure 1σ
dispersions of δRA = 0.′′13 and δDec = 0.′′14 between the
astrometry calibrated ACAM image and the SDSS. Finally,
we use the same routines to match the NIRC2 images to the
ACAM image with 13 well-detected sources inside the 40 ′′
NIRC2 eld of view. The corrected NIRC2 images show 1σ
dispersions of δRA = 0.′′04 and δDec = 0.′′05.

2.3. SMA Submillimeter Imaging
We obtained SMA interferometric imaging of

HATLAS12�00 at 880 µm (339.58 GHz) in the com-
pact array conguration with an on-source integration time
(tint) of 1 hr and at 890 µm (336.9 GHz) in the subcompact
array conguration with t int = 2 hr. The compact and sub-
compact observations took place on 2011 May 2 and 2012
January 14, respectively. During both nights, atmospheric
opacity was low (τ225 GHz ∼ 0.1) and phase stability was
good. Both observations used an intermediate frequency
coverage of 4j8 GHz and provide a total of 8 GHz bandwidth
(considering both sidebands). The quasars 1229+020 and
1058+015 were used for time-variable gain (amplitude and
phase) calibration. The blazar 3C 279 served as the primary
bandpass calibrator. For the compact data, we used Titan as
the absolute ux calibrator. For the subcompact data, we in-
tended to use Callisto as the ux calibrator, but Jupiter might
have fallen into one of the side lobes of the SMA primary
beam while we observed Callisto. So we decided to use
3C 279 in lieu of Callisto as the ux calibrator. It is possible
to use 3C 279 because we have reliable measurements of its
ux both before and after the observation of HATLAS12�00.
We used the INVERT and CLEAN tasks in the Multi-

channel Image Reconstruction, Image Analysis, and Display
(MIRIAD) software (Sault et al. 1995) to invert the uv visi-

42 http://www.boulder.swri.edu/∼buie/idl/
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FIG. 2.7 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-t 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 JVLA images ( f & k),
indicating differential magnication. 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-lled ellipses. f : SMA 880 µm compact array
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: JVLA 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
JVLA beam. n: CO residual. o: CO source. The green ellipse shows the FWHMs of the source.

from § 3.2; for the source, we assume a circular Gaussian pro-
le with variable position and size. We shift the SMA image
relative to the K model on a 2′′×2′′ grid with 0.′′1 steps. At
each offset position, we nd the best-t model using the same
tting procedure as in § 3.2. The modeling is performed on a
51×68-pixel (5.′′1×6.′′8) region enclosing the SMA sources.
Figure 3a shows a map of the minimum χ2 values at each off-
set position. The global best-t, with reduced χ2 of unity, is
reached when we shift the SMA image 0.′′6 E of the K image.
The middle panels of Fig. 2 show this global best-t model.
The noise of the SMA map is Gaussian but is highly cor-

related. We compute the r.m.s. noise of the SMA map af-
ter binning it by boxes of n2 pixels. We nd that the noise
starts to decrease as 1/n for n ! 20 pixels (FWHM ≃ 2 ′′ =
20 pixel), indicating that the noise becomes uncorrelated on
20-pixel scales. Therefore, we divide the χ2 values from the
the residual images by a factor of 400, which is equivalent to
computingχ2 from residual images binned by 20-pixel boxes.
In combination with the 1σ error ellipse from FIRSTb

SDSS cross-correlation, we determine that the astrometry off-
set between 880 µm and K images is ∆RA = �0.′′5± 0.′′1
and ∆Dec = 0.′′0± 0.′′2; i.e., the overlapping region between
the ellipse and the 1σ contour of the χ2 map. Collecting
all of the solutions in this permitted offset region satisfying
χ2(µ)�χ2min ≤ 1, we estimate a luminosity-weighted 880 µm

magnication of µ880 = 7.6± 1.5, and an 880 µm source size
of FWHM = 0.′′15+0.14�0.06 = 1.2

+1.0
�0.5 kpc. Because we have xed

the deectors with the best-t parameters from K-band, the
errors here do not include the uncertainties of the deectors.
Higher resolution far-IR images are required to constrain the
deectors and the source simultaneously.
Dust emitting regions are often spatially offset from the

UV/optical emitting regions in SMGs (Tacconi et al. 2008;
Bothwell et al. 2010; Carilli et al. 2010; Ivison et al.
2010b; Riechers et al. 2010). This is clearly the case for
HATLAS12�00, which shows distinctly different morpholo-
gies at K-band and 880 µm, even after convolving the K-band
image with the SMA beam (compare Fig. 2c & f ). From the
lens model, we estimate a source-plane separation between
the 880 µm source and the central K clump of 0.′′41± 0.′′07
or 3.1± 0.5 kpc (Fig. 2e).
If we assume zero astrometry offset between SMA and

Keck, then we obtain a model that poorly ts the observation
(∆χ2 ∼ 4; Fig. 3a). The lens model gives a slightly larger
magnication (µ880 = 8.4± 1.6) and doubles the source size
(FWHM = 2.5+1.9�0.3 kpc). However, the source-plane separation
between the 880 µm source and the central K clump remains
the same (3.2± 0.2 kpc).

3.4. CO(1→0) Source

Observed Source plane
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HATLASJ1429 @z=1.03: HST Grism for optical line 
ratios

Timmons, JW et al. 2014
See also Messias et al. 2014
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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 �m = 0.3, �� = 0.7, and
Hubble constant H0=70 km s�1Mpc�1, so that at the
redshift of Lockman 01, one arcsec subtends an physical
scale of 6.69 kpc.

2. LENS MODELLING OF OPTICAL DATA

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

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

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

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

2.2. Method
The lens modelling builds on a dedicated code

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

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

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

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

HLock01: a HerMES source lensed by a group

Gavazzi et al. 2011

Magnification: 
µ = 10.9 ± 0.7 

 z=0.60 ± 0.04

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

Lens model of Lockman 01 3

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

Data Model

Residual
Source Plane

zCO=2.957



Julie WardlowGravitationally lensed DSFGs

A Herschel source lensed by a group

Scott et al 2011; 
Riechers et al. 2011; 
also Conley 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=2.957
12CO(10-9)

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

18 J. L. Wardlow et al.

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

√
2 at each step (expect

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

HLock01: a HerMES source lensed by a group



Julie WardlowGravitationally lensed DSFGs

Model of lensed SMGs agrees with observed number
Components 

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

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

Wardlow et al. 2013

The model 

• Calculate the fraction of the sky that 
is strongly (μ>2) lensed = fμ 

• Use fμ to calculate lensing probability 
= P(μ)

• Assume intrinsic counts have the 
shape of a Schechter function 

• Integrate to apply P(μ) to the intrinsic 
counts

• Use MCMC to fit to the total 
observed HerMES number counts 

• Number counts of lensed SMGs 
are predicted
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Other predictions: candidates have ~35–75% fidelity

Wardlow et al. 2013

Blazars & spirals removed

Observed 
(early 2013)

35%

75%
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Other predictions: candidates have ~35–75% fidelity

Wardlow et al. 2013

Blazars & spirals removed

Observed 
(early 2013)

35%

75%

Observed 
(latest)
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Other predictions: magnification factor

Wardlow et al. 2013

Mean magnification is μ~5–10

Sources are intrinsically faint

HerMES 
nominal 
detection 

limit

Majority of HerMES 
candidates
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The lenses are fainter and higher z than other surveys

Bussmann, JW et al. 2013
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IR magnification factors are typically ~2–10

Adapted from Bussmann, JW et al. 2013

Original

With the 
datapoints 
as priors
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H-ATLAS:  
The first 5 lenses are similar to unlensed SMGs

Negrello et al. 2010
Negrello, JW et al. 2014
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Lensing probes smaller & fainter optical systems than 
classical SMGsNear-IR Lens Models of Herschel-selected Galaxies 19
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Figure 7. Magnification and intrinsic effective radius in the near-IR
for lensed SMGs. For sources with multiple components, we plot the
most extended component. Vertical dashed lines show typical spatial
resolutions of our NIRC2-LGS/AO and HST F110WWFC3 data. The
grey shaded region covers the range of 2− 4 kpc for unlensed 880µm-
selected SMGs at z = 2.5, based on high resolution near-IR analyses of
Swinbank et al. (2010); Targett et al. (2011, 2013), and Aguirre et al.
(2013). A size bias for sub-mm selected lensing systems is observed
in the near-IR, in which compact sources typically have larger magni-
fications. The near-IR emission for Herschel-selected lensed SMGs is
generally more compact than previous size measurements of unlensed
classical SMGs.

whether this bias also affects near-IR observations of
lensed SMGs in Fig. 7, where we show the observed near-
IR magnification factors against the intrinsic size of the
lensed galaxy. For objects with multiple components, we
use the one with the largest angular size. We find a hint
of negative correlation between magnification factors and
size, albeit with large scatter, but consistent with simu-
lations and sub-mm observations.
In Fig. 7 we also highlight sizes of 0.24′′−0.48′′, which

corresponds to 2-4 kpc at z = 2.5, the range measured
for the observed-frame near-IR median sizes of 850 µm
selected unlensed SMGs (Chapman et al. 2003; Swinbank
et al. 2010; Aguirre et al. 2013; Targett et al. 2013). Few
of our targets are more extended than this, and most are
smaller than 0.24′′. If 500 µm selected lensed SMGs are
evolutionarily similar to unlensed 850 or 880µm-selected
galaxies (as is likely, since the sample from Bussmann
et al. (2013) have S880 ≥ 4 mJy, when corrected for mag-
nification, comparable to the classical SMG selection.
Also, see Section 5.3 for a discussion), then it appears
that the lensed galaxies are preferentially those with the
smallest near-IR emission regions. Thus, it appears that
the sub-mm selection method, which is biased towards
the highest sub-mm fluxes, and therefore highest sub-
mm magnifications and smallest intrinsic sub-mm emis-
sion region (Bussmann et al. 2013) also selects the galax-
ies with the most intrinsically compact near-IR emission
regions. This follows from Fig. 5, which shows a correla-
tion between µNIR and µ880.
In our sample of lensed SMGs, we calculate a median

intrinsic size of 2.3 kpc for sources with secure redshifts
and if we include sources with photometric redshifts de-
rived from SPIRE colors (Grade A3 and A4 sources), this
number is reduced to 1.9 kpc. If we also assume that
the photometric redshift subset have a redshift range of
z = 1 − 4 (Chapman et al. 2005; Chapin et al. 2009;
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Figure 8. Rest-frame magnification-corrected absolute B-band mag-
nitudes (MB) for Grade A1 and A2 candidates versus redshift. Open
diamonds and squares represent cluster-lensed and unlensed SMGs
from Aguirre et al. (2013), respectively. Open circles are unlensed
ALESS SMGs from Simpson et al. (2013). The MB values for lensed
SMGs are consistent with unlensed SMGs at z > 1, but tend to lie
towards the fainter end of the distribution.
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Figure 9. Rest-frame magnification-corrected absolute B-band mag-
nitudes (MB) for Grade A1 and A2 candidates versus magnification
corrected SPIRE S500. We use the sub-mm magnification from Buss-
mann et al. (2013) when available to correct for the observed S500.
Open circles are unlensed ALESS SMGs from Swinbank et al. (2014)
and Simpson et al. (2013). Our sample of lensed SMGs have consis-
tent S500 values for a given MB relative to the unlensed population,
suggesting that Herschel-selected lensed SMGs are similar to classical
unlensed 850µm-bright SMGs.

Wardlow et al. 2011; Micha"lowski et al. 2012b; Yun et al.
2012; Wardlow et al. 2013; Simpson et al. 2013; Umehata
et al. 2014), the maximum angular size scale variation is
∼ 1.5 kpc arcsec−1, which we use to constrain a mini-
mum and a maximum median intrinsic size of 1.66 and
2.03 kpc for our whole sample. This difference is not
significant, given the large uncertainties associated with

Calanog, JW et al. 2014
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Figure 7. Magnification and intrinsic effective radius in the near-IR
for lensed SMGs. For sources with multiple components, we plot the
most extended component. Vertical dashed lines show typical spatial
resolutions of our NIRC2-LGS/AO and HST F110WWFC3 data. The
grey shaded region covers the range of 2− 4 kpc for unlensed 880µm-
selected SMGs at z = 2.5, based on high resolution near-IR analyses of
Swinbank et al. (2010); Targett et al. (2011, 2013), and Aguirre et al.
(2013). A size bias for sub-mm selected lensing systems is observed
in the near-IR, in which compact sources typically have larger magni-
fications. The near-IR emission for Herschel-selected lensed SMGs is
generally more compact than previous size measurements of unlensed
classical SMGs.

whether this bias also affects near-IR observations of
lensed SMGs in Fig. 7, where we show the observed near-
IR magnification factors against the intrinsic size of the
lensed galaxy. For objects with multiple components, we
use the one with the largest angular size. We find a hint
of negative correlation between magnification factors and
size, albeit with large scatter, but consistent with simu-
lations and sub-mm observations.
In Fig. 7 we also highlight sizes of 0.24′′−0.48′′, which

corresponds to 2-4 kpc at z = 2.5, the range measured
for the observed-frame near-IR median sizes of 850 µm
selected unlensed SMGs (Chapman et al. 2003; Swinbank
et al. 2010; Aguirre et al. 2013; Targett et al. 2013). Few
of our targets are more extended than this, and most are
smaller than 0.24′′. If 500 µm selected lensed SMGs are
evolutionarily similar to unlensed 850 or 880µm-selected
galaxies (as is likely, since the sample from Bussmann
et al. (2013) have S880 ≥ 4 mJy, when corrected for mag-
nification, comparable to the classical SMG selection.
Also, see Section 5.3 for a discussion), then it appears
that the lensed galaxies are preferentially those with the
smallest near-IR emission regions. Thus, it appears that
the sub-mm selection method, which is biased towards
the highest sub-mm fluxes, and therefore highest sub-
mm magnifications and smallest intrinsic sub-mm emis-
sion region (Bussmann et al. 2013) also selects the galax-
ies with the most intrinsically compact near-IR emission
regions. This follows from Fig. 5, which shows a correla-
tion between µNIR and µ880.
In our sample of lensed SMGs, we calculate a median

intrinsic size of 2.3 kpc for sources with secure redshifts
and if we include sources with photometric redshifts de-
rived from SPIRE colors (Grade A3 and A4 sources), this
number is reduced to 1.9 kpc. If we also assume that
the photometric redshift subset have a redshift range of
z = 1 − 4 (Chapman et al. 2005; Chapin et al. 2009;
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Figure 8. Rest-frame magnification-corrected absolute B-band mag-
nitudes (MB) for Grade A1 and A2 candidates versus redshift. Open
diamonds and squares represent cluster-lensed and unlensed SMGs
from Aguirre et al. (2013), respectively. Open circles are unlensed
ALESS SMGs from Simpson et al. (2013). The MB values for lensed
SMGs are consistent with unlensed SMGs at z > 1, but tend to lie
towards the fainter end of the distribution.
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Figure 9. Rest-frame magnification-corrected absolute B-band mag-
nitudes (MB) for Grade A1 and A2 candidates versus magnification
corrected SPIRE S500. We use the sub-mm magnification from Buss-
mann et al. (2013) when available to correct for the observed S500.
Open circles are unlensed ALESS SMGs from Swinbank et al. (2014)
and Simpson et al. (2013). Our sample of lensed SMGs have consis-
tent S500 values for a given MB relative to the unlensed population,
suggesting that Herschel-selected lensed SMGs are similar to classical
unlensed 850µm-bright SMGs.

Wardlow et al. 2011; Micha"lowski et al. 2012b; Yun et al.
2012; Wardlow et al. 2013; Simpson et al. 2013; Umehata
et al. 2014), the maximum angular size scale variation is
∼ 1.5 kpc arcsec−1, which we use to constrain a mini-
mum and a maximum median intrinsic size of 1.66 and
2.03 kpc for our whole sample. This difference is not
significant, given the large uncertainties associated with
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range of magnifications (µNIR = 9+5
−2), is due to the com-

pact size of the background galaxy (aeff ∼ 0.04′′) and
its location relative to the caustics. The residual image
shows areas of under and over subtraction, also reflected
by a relatively worse fit χ2

ν = 1.86, indicating that the
Sérsic profile could be an over-simplified model to de-
scribe the background SMG.
HLock04 (Grade A3): The double arc lensing mor-
phology of HLock04 is detected in both the near-IR and
sub-mm, which makes it ideal for multi-wavelength stud-
ies. This morphology is consistent in the J , H, and
Ks, but is brightest at the Ks-band, shown in Fig. 13.
We calculate a slightly higher magnification factor of
µNIR = 8.1+0.2

−0.3 compared to µNIR = 6.17 ± 0.03 from
Wardlow et al. (2013), but is consistent in the sub-mm
(µ880 = 7.1±1.5 Bussmann et al. 2013). This is likely due
to the background galaxy being located outside, near the
central caustic, which is a region with a steep magnifica-
tion gradient (Hezaveh et al. 2012). A slight positional
offset between the two lens models could then cause a
significant change in magnification value.
HFLS02 (Grade A3): This object was included in
the supplementary sample of Wardlow et al. (2013).
The HST imaging shows an asymmetric Einstein ring
lens morphology that suffers blending with the fore-
ground lens. The residual image shows areas of under-
subtraction, which could be either due to the presence
of substructure in the source plane or left-over emission
from the foreground lens. This is also a rare case in which
the background source has a larger angular size than the
foreground lens.
HECDFS05 (Grade A4): Subtracting the foreground
lens emission reveals a counter-image (> 7σ) east of the
foreground lens, exhibiting a double configuration. The
residual image shows an under-subtracted region to the
south of the foreground lens, which could be an arc. How-
ever, the low signal to noise feature is not reproduced in
the lens modeling and may not be part of the lensed
SMG. The source plane reconstruction shows a strongly
magnified (µNIR = 4.0+0.8

−0.7), compact (aeff = 0.11±0.01),
spherical (ϵs ∼ 0) galaxy.
HECDFS02 (Grade A4): This source was discussed
in Wardlow et al. (2013) and we present an updated lens
model in this paper. The HST image shows an arc with
two knots north-east of the foreground lens. We detect a
counter-image at > 10σ after subtracting the foreground
lens. the best-fit lens model contains two background
sources of similar size (∼ 0.15′′), with their centroids sep-
arated by ∼ 0.4′′. The SPIRE colors suggest a redshift
of 2.4, which corresponds to two ∼ 1 kpc objects sepa-
rated by ∼ 3 kpc. Both background sources are distorted
by the lensing galaxy to produce a double configuration
in the image plane, where the fainter counter-image of
both sources are in the same region and blended in our
data. Leaving the ellipticity as a free parameter in the
two-component model consistently caused it to converge
to zero (ϵ = 0 corresponds to circular symmetry), which
is the lower limit, so we fix this parameter to this value
in our best-fit model. The background source is rem-
iniscent of merger-like systems presented in figure 2 of
Chapman et al. (2003). A single-component model gives
a slightly worse fit (χ2

ν = 1.2), which yields a mass profile
that is significantly elongated (ϵ ∼ 0.6) in contrast to the
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Figure 5. µNIR vs µ880. Filled symbols are magnification values
from independent near-IR and sub-mm lensing analyses. Open sym-
bols denote best-fit lens models using consistent foreground lens pa-
rameters in the near-IR and sub-mm. For our work, we fix sub-mm
lens parameters from Bussmann et al. (2013) to our near-IR data. The
blue circles, diamonds and square are near-IR data points from Dye
et al. (2014); Gavazzi et al. (2011), and Fu et al. (2012), respectively,
with the corresponding sub-mm magnifications from Bussmann et al.
(2013), if available. The dashed line shows one-to-one correspondence
between µNIRand µ880. Most sources lie below this line, with µNIR <
µ880. Differential magnification is observed and is likely due to spatial
variations or a morphological difference between the near-IR (stellar)
and sub-mm (dust) emission.

rounder light profile (ϵ ∼ 0.1) and a cusp configuration
similar to HFLS08.

5. RESULTS AND DISCUSSION

5.1. Differential Lensing and Source Sizes

Differential lensing is caused by spatial variations
within the background galaxy, which, if they have dif-
ferent colors or SEDs, effectively corresponds to different
wavelength regimes. This effect is more pronounced in
galaxy-galaxy lensing than cluster lenses because of the
steeper gradients of the magnification factors mapped
onto the source plane. Recent simulations predict the
effect of differential lensing in galaxy-galaxy SMG sys-
tems (Hezaveh et al. 2012; Serjeant 2012), but few ob-
servations studies have successfully measured it (Gavazzi
et al. 2011; Fu et al. 2012; Dye et al. 2014). In order
to measure the effects of differential lensing, a consis-
tent mass profile to describe the foreground galaxy must
be applied on lens modeling multi-wavelength data sets
of the same background source. Here, we search for
evidence of differential lensing by comparing the sub-
millimeter lens models (from Bussmann et al. 2013)
with our near-IR lens models. Figure 5 compares µNIR
with µ880 for the systems in our sample that are also in
Bussmann et al. (2013), where we show both our best-fit
near-IR magnifications, and the values calculated using
the same foreground lens parameters from sub-mm data.
To verify that the difference in lens modeling methods
between the near-IR and the sub-mm is not a dominant
source of error, we also model sub-mm data from Buss-
mann et al. (2013) and are able to recover consistent
magnifications values. The results of applying sub-mm
foreground lens parameters on near-IR data are summa-
rized in Fig. 5 and Table 7. For comparison, we also
show the lensed SMGs with both near-IR and sub-mm

Calanog, JW et al. 2014
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Figure 6. Intrinsic effective radii of lensed SMGs in the near-IR
compared with 880µm. Filled symbols are from independent anal-
yses in the near-IR and sub-mm. Open symbols denote consistent
foreground lens parameters between the near-IR and sub-mm. Here,
the foreground lens parameters are fixed to those derived from the
sub-mm (Bussmann et al. 2013). Most of the SMGs lie above the
line of one-to-one correspondence (dashed line), showing that their
dust emission is typically less extended than the rest-frame optical
(likely stellar) emission. This is consistent with the observed differen-
tial magnification (Fig. 5), and suggests that smaller emission regions
are generally more highly magnified.

magnification measurements from Dye et al. (2014), Fu
et al. (2012), Gavazzi et al. (2011), and Bussmann et al.
(2013) 29. Our overlapping sample has µNIR < µ880,
in most cases, with µ880/µNIR ∼ 1.5 on average, pro-
viding observational evidence of differential lensing 500-
µm selected galaxies. This result is likely due to the
fact that the selection preferentially identifies sources
that have boosted sub-mm fluxes and this bias is weak-
ened in the near-IR. Therefore, in cases where magnifi-
cation factors can only be measured in one regime, cau-
tion should be used when interpreting physical quanti-
ties at other wavelengths. However, it is also impor-
tant to note that the measurement uncertainties are often
greater than the average effect of differential magnifica-
tion (e.g. stellar masses have systematic uncertainties
from 2-5 Micha"lowski et al. 2010; Wardlow et al. 2011;
Micha"lowski et al. 2012a; Targett et al. 2013; Simpson
et al. 2013).
Lensing magnification values are generally negatively

correlated to intrinsic sizes of the lensed background
source. Therefore, Fig. 5 could suggest that the near-IR
emission regions in lensed SMGs are larger than sub-mm
emission regions in the source plane. Physically, this
could imply that the lensed dusty star-forming regions
have clumpier morphologies than the older stellar distri-
bution. We further explore this, by showing in Fig. 6 the
circularized effective radius (reff =

√
aeffbeff) of the most

extended background component in our near-IR models
compared with the sub-mm emission. Indeed, in most
cases the dust emission does appear to originate from a

29 Differential magnification for G12v2.30 was measured in Fu
et al. (2012) by applying the near-IR foreground lens parameters
in the sub-mm. However, we note that an updated model for this
source was discussed (Bussmann et al. 2013), due to additional
SMA EXT data. The studies of SDP lenses featured in Dye et al.
(2014), HLock01 in Gavazzi et al. (2011), and Bussmann et al.
(2013) use independent foreground lens parameters.

smaller region than the stellar light (as proxied by the
observed frame near-IR data).
It is difficult to asses whether the disagreement at

larger values of reff,880 is generally true for lensed SMGs.
Lensed sources that are intrinsically extended in the sub-
mm are also less magnified, which means a lower proba-
bility for detection in near-IR observations. HLock04 is
the only source from our analysis with a larger measured
intrinsic size in the near-IR relative to the sub-mm, which
could be due to the uncertainty in the observed sub-mm
lensing configuration as discussed in the Appendix. The
results of Fig. 5 and 6 could be a direct consequence
of the bias that exists in selecting lensing events in the
sub-mm. Simulations predict that detections of sub-mm
selected gravitationally lensed galaxies are subject to an
angular size bias towards the most compact emission re-
gions that are both comparable to the size of, and near
the source-plane caustics (Hezaveh et al. 2012; Serjeant
2012; Lapi et al. 2012). The bias towards compact sub-
mm sources translates to larger values of µ880. However,
this effect is reduced in the near-IR and hence contributes
to the deviation from the one-to-one correspondence line
in Fig. 5. If this bias has the same effect on sources that
are less amplified, more extended sources in the sub-mm
(Bussmann et al. 2013), then its possible that our result
in Fig. 6 could also hold true for larger values of reff,880.
Spatially resolved radio and gas/dust continuum ob-

servations (Chapman et al. 2004; Biggs & Ivison 2008;
Ivison et al. 2008; Tacconi et al. 2008; Engel et al.
2010) of SMGs have measured the emission due to star-
formation to be as extended as ∼ 10 kpc. This is also
in agreement with high-resolution sub-mm observations
(Younger et al. 2008, 2009; Hodge et al. 2013). While
in the near-IR regime, SMGs have a typical size range of
2−4 kpc (Swinbank et al. 2010; Targett et al. 2011, 2013;
Aguirre et al. 2013). For our sample of lensed SMGs that
overlap in the near-IR and sub-mm, we calculate a me-
dian intrinsic physical size of ∼ 2 kpc in the near-IR,
compared to ∼ 1 kpc in the sub-mm (Bussmann et al.
2013). These results are in contrast to the larger values
of the previous findings but could also be demonstrat-
ing one of the main drawbacks of galaxy-scale lenses.
The area of high magnification in galaxy-scale lenses is
smaller compared to cluster-scale lenses, so it is entirely
possible that only a sub-region of the total emission in
both near-IR and the sub-mm is being amplified and de-
tected. Future high-resolution sub-mm observations us-
ing the full capabilities of the Atacama Large Millime-
ter Array (ALMA) with sub-arcsecond spatial resolutions
(0.10-0.4′′) will be able to confirm this by measuring the
sizes of star-forming clumps in unlensed SMGs.
Figures 5 and 6 also give a measure of the variation of

µNIR and aeff from performing lens models independently
(i.e., without using 880µm parameters). On average, us-
ing 880µm foreground lens parameters to derive magnifi-
cation factors and intrinsic sizes are in agreement relative
to our independent analysis to within ∼ 30%. Less de-
viation is observed in the magnification measurements
when the lensing morphology provide strong constraints
and show similar configurations in both the sub-mm and
near-IR.
The analysis of Herschel-selected SMGs in Bussmann

et al. (2013) confirmed the angular size bias present
in sub-mm selected lensing systems. We investigate
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Figure 1: Redshift identification through molecular and atomic spectroscopy of HFLS3. a, Wide-
band spectroscopy in the observed-frame 19 - 0.95 mm (histogram; rest-frame 2,600 - 130 !m) 
wavelength range with CARMA (3 mm; “blind” frequency scan of the full band), the PdBI (2 mm), the 
JVLA (19 - 6 mm), and CSO/Z-spec (1 mm; instantaneous coverage). This uniquely determines the 
redshift of HFLS3 to be z=6.3369 based on the detection of a series of H2O, CO, OH, OH+, NH3, [CI] 
and [CII] emission and absorption lines. b to o, Detailed profiles of detected lines (histograms; rest 
frequencies are indicated by corresponding letters in a). 1 mm lines (m-o) are deeper, interferometric 
confirmation observations for NH3, OH (both PdBI), and [CII] (CARMA) not shown in a. The line profiles 
are typically asymmetric relative to single Gaussian fits, indicating the presence of two principal velocity 
components at redshifts of 6.3335 and 6.3427. The implied CO, [CI], and [CII] line luminosities are 
5.08+/-0.45 x 106, 3.0+/-1.9 x 108, and 1.55+/-0.32 x 1010 Lsun. Strong rest-frame submillimeter to far-
infrared continuum emission is detected over virtually the entire wavelength range. For comparison, the 
Herschel/SPIRE spectrum of the nearby ultra-luminous infrared galaxy Arp 22020 is overplotted (a). 
Most of the bright spectral features detected in Arp 22020,21 are also detected in HFLS3 (in spectral 
regions not blocked by the terrestrial atmosphere). See Supplementary Information Sections 2-4 for 
more details. 
!
 
 
 

LIR ~ 3x1013 L⊙

SFR ~ 3000 M⊙yr-1

M* ~ 4x1010 M⊙ 

Mgas ~ 1011 M⊙

Mdust ~ 109 M⊙

Mcarbon ~ 4.5x107 M⊙
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Figure 1. SPIRE color-flux density plots for sources detected in
HerMES blank fields. Sources brighter than 80mJy at 500µm
are highlighted and classified as blazars, local late-type galax-
ies or candidate gravitationally lensed SMGs (see Section 2 for
details). Large and small symbols correspond to sources with
S500 > 100mJy (robust lensed candidates) and S500 = 80–100mJy
(supplementary lensed candidates), respectively. Grayscale data
represent the density of all HerMES sources in these fields. Candi-
date gravitationally lensed SMGs have redder SPIRE colors than
local late-type galaxies, indicating that they are typically higher
redshift sources. Median error bars for the individual populations
are shown at the top of each figure, at the median flux density of
each population. We note that the apparent offset in SPIRE color-
flux density space of the highlighted sources compared to the bulk
of the HerMES population is due to our selection of the bright-
est sources. Indeed, in SPIRE color-color space no such offset is
apparent (Fig. 2).

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

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

3.2. Redshift distribution

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

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

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

from χ2 template fitting to the available submillimeter
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Figure 1. SPIRE color-flux density plots for sources detected in
HerMES blank fields. Sources brighter than 80mJy at 500µm
are highlighted and classified as blazars, local late-type galax-
ies or candidate gravitationally lensed SMGs (see Section 2 for
details). Large and small symbols correspond to sources with
S500 > 100mJy (robust lensed candidates) and S500 = 80–100mJy
(supplementary lensed candidates), respectively. Grayscale data
represent the density of all HerMES sources in these fields. Candi-
date gravitationally lensed SMGs have redder SPIRE colors than
local late-type galaxies, indicating that they are typically higher
redshift sources. Median error bars for the individual populations
are shown at the top of each figure, at the median flux density of
each population. We note that the apparent offset in SPIRE color-
flux density space of the highlighted sources compared to the bulk
of the HerMES population is due to our selection of the bright-
est sources. Indeed, in SPIRE color-color space no such offset is
apparent (Fig. 2).

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

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

3.2. Redshift distribution

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

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

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

from χ2 template fitting to the available submillimeter

Bluer

Bluer

Wardlow et al. 2013



Julie WardlowGravitationally lensed DSFGs

Summary
… and they are very efficient at finding lensed 
galaxies.

Lensing is revealing the complicated structures & 
conditions in z>2 galaxies.

Typical magnifications are factors of ~5–10 and are 
often higher in the FIR than NIR.A Strongly Lensed SMG at z∼ 3 7

FIG. 2.7 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-t 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 JVLA images ( f & k),
indicating differential magnication. 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-lled ellipses. f : SMA 880 µm compact array
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: JVLA 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
JVLA beam. n: CO residual. o: CO source. The green ellipse shows the FWHMs of the source.

from § 3.2; for the source, we assume a circular Gaussian pro-
le with variable position and size. We shift the SMA image
relative to the K model on a 2′′×2′′ grid with 0.′′1 steps. At
each offset position, we nd the best-t model using the same
tting procedure as in § 3.2. The modeling is performed on a
51×68-pixel (5.′′1×6.′′8) region enclosing the SMA sources.
Figure 3a shows a map of the minimum χ2 values at each off-
set position. The global best-t, with reduced χ2 of unity, is
reached when we shift the SMA image 0.′′6 E of the K image.
The middle panels of Fig. 2 show this global best-t model.
The noise of the SMA map is Gaussian but is highly cor-

related. We compute the r.m.s. noise of the SMA map af-
ter binning it by boxes of n2 pixels. We nd that the noise
starts to decrease as 1/n for n ! 20 pixels (FWHM ≃ 2 ′′ =
20 pixel), indicating that the noise becomes uncorrelated on
20-pixel scales. Therefore, we divide the χ2 values from the
the residual images by a factor of 400, which is equivalent to
computingχ2 from residual images binned by 20-pixel boxes.
In combination with the 1σ error ellipse from FIRSTb

SDSS cross-correlation, we determine that the astrometry off-
set between 880 µm and K images is ∆RA = �0.′′5± 0.′′1
and ∆Dec = 0.′′0± 0.′′2; i.e., the overlapping region between
the ellipse and the 1σ contour of the χ2 map. Collecting
all of the solutions in this permitted offset region satisfying
χ2(µ)�χ2min ≤ 1, we estimate a luminosity-weighted 880 µm

magnication of µ880 = 7.6± 1.5, and an 880 µm source size
of FWHM = 0.′′15+0.14�0.06 = 1.2

+1.0
�0.5 kpc. Because we have xed

the deectors with the best-t parameters from K-band, the
errors here do not include the uncertainties of the deectors.
Higher resolution far-IR images are required to constrain the
deectors and the source simultaneously.
Dust emitting regions are often spatially offset from the

UV/optical emitting regions in SMGs (Tacconi et al. 2008;
Bothwell et al. 2010; Carilli et al. 2010; Ivison et al.
2010b; Riechers et al. 2010). This is clearly the case for
HATLAS12�00, which shows distinctly different morpholo-
gies at K-band and 880 µm, even after convolving the K-band
image with the SMA beam (compare Fig. 2c & f ). From the
lens model, we estimate a source-plane separation between
the 880 µm source and the central K clump of 0.′′41± 0.′′07
or 3.1± 0.5 kpc (Fig. 2e).
If we assume zero astrometry offset between SMA and

Keck, then we obtain a model that poorly ts the observation
(∆χ2 ∼ 4; Fig. 3a). The lens model gives a slightly larger
magnication (µ880 = 8.4± 1.6) and doubles the source size
(FWHM = 2.5+1.9�0.3 kpc). However, the source-plane separation
between the 880 µm source and the central K clump remains
the same (3.2± 0.2 kpc).

3.4. CO(1→0) Source
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range of magnifications (µNIR = 9+5
−2), is due to the com-

pact size of the background galaxy (aeff ∼ 0.04′′) and
its location relative to the caustics. The residual image
shows areas of under and over subtraction, also reflected
by a relatively worse fit χ2

ν = 1.86, indicating that the
Sérsic profile could be an over-simplified model to de-
scribe the background SMG.
HLock04 (Grade A3): The double arc lensing mor-
phology of HLock04 is detected in both the near-IR and
sub-mm, which makes it ideal for multi-wavelength stud-
ies. This morphology is consistent in the J , H, and
Ks, but is brightest at the Ks-band, shown in Fig. 13.
We calculate a slightly higher magnification factor of
µNIR = 8.1+0.2

−0.3 compared to µNIR = 6.17 ± 0.03 from
Wardlow et al. (2013), but is consistent in the sub-mm
(µ880 = 7.1±1.5 Bussmann et al. 2013). This is likely due
to the background galaxy being located outside, near the
central caustic, which is a region with a steep magnifica-
tion gradient (Hezaveh et al. 2012). A slight positional
offset between the two lens models could then cause a
significant change in magnification value.
HFLS02 (Grade A3): This object was included in
the supplementary sample of Wardlow et al. (2013).
The HST imaging shows an asymmetric Einstein ring
lens morphology that suffers blending with the fore-
ground lens. The residual image shows areas of under-
subtraction, which could be either due to the presence
of substructure in the source plane or left-over emission
from the foreground lens. This is also a rare case in which
the background source has a larger angular size than the
foreground lens.
HECDFS05 (Grade A4): Subtracting the foreground
lens emission reveals a counter-image (> 7σ) east of the
foreground lens, exhibiting a double configuration. The
residual image shows an under-subtracted region to the
south of the foreground lens, which could be an arc. How-
ever, the low signal to noise feature is not reproduced in
the lens modeling and may not be part of the lensed
SMG. The source plane reconstruction shows a strongly
magnified (µNIR = 4.0+0.8

−0.7), compact (aeff = 0.11±0.01),
spherical (ϵs ∼ 0) galaxy.
HECDFS02 (Grade A4): This source was discussed
in Wardlow et al. (2013) and we present an updated lens
model in this paper. The HST image shows an arc with
two knots north-east of the foreground lens. We detect a
counter-image at > 10σ after subtracting the foreground
lens. the best-fit lens model contains two background
sources of similar size (∼ 0.15′′), with their centroids sep-
arated by ∼ 0.4′′. The SPIRE colors suggest a redshift
of 2.4, which corresponds to two ∼ 1 kpc objects sepa-
rated by ∼ 3 kpc. Both background sources are distorted
by the lensing galaxy to produce a double configuration
in the image plane, where the fainter counter-image of
both sources are in the same region and blended in our
data. Leaving the ellipticity as a free parameter in the
two-component model consistently caused it to converge
to zero (ϵ = 0 corresponds to circular symmetry), which
is the lower limit, so we fix this parameter to this value
in our best-fit model. The background source is rem-
iniscent of merger-like systems presented in figure 2 of
Chapman et al. (2003). A single-component model gives
a slightly worse fit (χ2

ν = 1.2), which yields a mass profile
that is significantly elongated (ϵ ∼ 0.6) in contrast to the
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Figure 5. µNIR vs µ880. Filled symbols are magnification values
from independent near-IR and sub-mm lensing analyses. Open sym-
bols denote best-fit lens models using consistent foreground lens pa-
rameters in the near-IR and sub-mm. For our work, we fix sub-mm
lens parameters from Bussmann et al. (2013) to our near-IR data. The
blue circles, diamonds and square are near-IR data points from Dye
et al. (2014); Gavazzi et al. (2011), and Fu et al. (2012), respectively,
with the corresponding sub-mm magnifications from Bussmann et al.
(2013), if available. The dashed line shows one-to-one correspondence
between µNIRand µ880. Most sources lie below this line, with µNIR <
µ880. Differential magnification is observed and is likely due to spatial
variations or a morphological difference between the near-IR (stellar)
and sub-mm (dust) emission.

rounder light profile (ϵ ∼ 0.1) and a cusp configuration
similar to HFLS08.

5. RESULTS AND DISCUSSION

5.1. Differential Lensing and Source Sizes

Differential lensing is caused by spatial variations
within the background galaxy, which, if they have dif-
ferent colors or SEDs, effectively corresponds to different
wavelength regimes. This effect is more pronounced in
galaxy-galaxy lensing than cluster lenses because of the
steeper gradients of the magnification factors mapped
onto the source plane. Recent simulations predict the
effect of differential lensing in galaxy-galaxy SMG sys-
tems (Hezaveh et al. 2012; Serjeant 2012), but few ob-
servations studies have successfully measured it (Gavazzi
et al. 2011; Fu et al. 2012; Dye et al. 2014). In order
to measure the effects of differential lensing, a consis-
tent mass profile to describe the foreground galaxy must
be applied on lens modeling multi-wavelength data sets
of the same background source. Here, we search for
evidence of differential lensing by comparing the sub-
millimeter lens models (from Bussmann et al. 2013)
with our near-IR lens models. Figure 5 compares µNIR
with µ880 for the systems in our sample that are also in
Bussmann et al. (2013), where we show both our best-fit
near-IR magnifications, and the values calculated using
the same foreground lens parameters from sub-mm data.
To verify that the difference in lens modeling methods
between the near-IR and the sub-mm is not a dominant
source of error, we also model sub-mm data from Buss-
mann et al. (2013) and are able to recover consistent
magnifications values. The results of applying sub-mm
foreground lens parameters on near-IR data are summa-
rized in Fig. 5 and Table 7. For comparison, we also
show the lensed SMGs with both near-IR and sub-mm

Wide-area, submm surveys can identify strongly 
lensed dusty star-forming galaxies by simply 
selecting the brightest sources….


