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Herschel-Astrophysical Terahertz
Large Area Survey
• Largest Herschel survey: 550 deg2
• Probes wide, shallow areas
• Well-studied large fields:
(GAMA 9, 12 & 15hr fields; NGP & SGP)
GAMA 9-hr field

(Oliver et al.2012)
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The brightest 500μm sources are usually magnified

(Wardlow et al. in prep.)
(See also Negrello et al. 2010)
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Cosmological modelling predicts high fidelity
catalogues & average magnifications <10
No AGN or
87%
spirals

96%
86%

43%

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

(Wardlow et al. in prep.)
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Cosmological modelling predicts high fidelity
catalogues & average magnifications <10
No AGN or
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The model predicts that μmean
~3-8 for majority of lenses
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Majority of HerMES
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HerMES candidates

The model predicts that
~40-90% of S500=80 mJy &
~85-95% of S500=100 mJy
candidates are lensed
zSMG=1.58;
zlens=0.7

zSMG=1.79;
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zSMG=2.30;
zlens=0.94

H-ATLAS candidates
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zlens=0.22
(Negrello et al. 2010; Lupu et al. 2010;
Hopwood et al. 2011; Harris et al. 2012)
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A Herschel source lensed by a group
eVLA 1.4GHz + Keck K-band

14”

(Conley et al. 2011; Scott et al 2011;
Riechers et al. 2011; Gavazzi et al 2011)
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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 profile 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(Conley
et al.parameters
2011; Scott
et al 2011;
linear
potential
(Warren
& Dye 2003; Treu &
Koopmans
al. 2006)etbut
we did not conRiechers 2004;
et al. Suyu
2011;etGavazzi
al 2011)
sider this latter regime for the large images we had to
Strongly
deal
withlensed
here. Herschel galaxies

Julie Wardlow

ACT
ckman 01 sub-millimeter source as found by the

A Herschel source lensed by a group
eVLA 1.4GHz + Keck K-band
z=0.60 ± 0.04
Other lens redshifts are unclear but
REin = 4.02 ± 0.03 kpc
=> σv = 480 ± 20 km/s
....indicative of a small group deflector
Lens model of Lockman 01
Data

Model

14”

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 profile 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(Conley
et al.parameters
2011; Scott
et al 2011;
linear
potential
(Warren
& Dye 2003; Treu &
Koopmans
al. 2006)etbut
we did not conRiechers 2004;
et al. Suyu
2011;etGavazzi
al 2011)
sider this latter regime for the large images we had to
Strongly
deal
withlensed
here. Herschel galaxies

Residual

Source Plane

Fig. 2.— Subaru i band modelling results. Top left panel: input image with the foreground deflectors subtracted oﬀ. Top r
image plane model predictions. Bottom left panel: Image plane residuals (data-model). Bottom right panel: source plane model p
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Reff,s = 1.9 ± 0.1 kpc.
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Fig. 2.— Subaru i band modelling results. Top left panel: input image with the foreground deflectors subtracted oﬀ. Top r
image plane model predictions. Bottom left panel: Image plane residuals (data-model). Bottom right panel: source plane model p
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els, applied to the magnification corrected 70 − 1500µm photometry. The second model assumes optically thin emission,
and is only presented for comparison with literature values.
The derived parameters include the uncertainty in the magnification. For LIR , we assume h = 0.7, Ωm = 0.27, ΩΛ = 0.73.
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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
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z ∼ 3 Lensed SMG at z ∼
Keck K-band
μ(K) = 16.7±0.8
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z=1.1 ± 0.2
Lensed Images
zCO=3.26
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μ(880 μm) = 7.6±1.5

EVLA CO(1-0)
μ(CO(1-0)) = 6.9±1.6

(Fu et al. arXiv: 1202.1829)
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en SMA, EVLA and Keck. a: The background image is the χ map of the best-fit models as a function
ithmic scale. Positive offsets indicate shifting the SMA image W or N relative to the Keck image. Iso-χ2
hite plus sign indicates the offset that yields the minimum χ2 value. The ellipse shows the 1σ astrometry
elation. The cross indicates the systematic offset (!0.!! 07, +0.!! 08) between FIRST and SDSS within 1◦
een the 1σ contour of the χ2 map and the ellipse gives the best estimate of the astrometric offset and its
. b: Same as a but for EVLA relative to Keck.
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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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arXiv:
1202.1829)
elengths
the rest
frame of the SMG (z = 3.26). a: Black data points are for the foreground lenses G1+G2,
top
black
curve
shows
Strongly
lensed
Herschel
galaxiesthe best-fit BC03 stellar population synthesis model of G1+G2 at z = 1.06, using
Julie Wardlow

ometric offset between SMA, EVLA and Keck. a: The background image is the χ2 map of the best-fit models as a function
is displayed in logarithmic scale. Positive offsets indicate shifting the SMA image W or N relative to the Keck image. Iso-χ2
d 3σ intervals. The white plus sign indicates the offset that yields the minimum χ2 value. The ellipse shows the 1σ astrometry
ST–SDSS cross-correlation. The cross indicates the systematic offset (!0.!! 07, +0.!! 08) between FIRST and SDSS within 1◦
verlapping area between the 1σ contour of the χ2 map and the ellipse gives the best estimate of the astrometric offset and its
ed by the white circle. b: Same as a but for EVLA relative to Keck.

A lensed Planck source resolved by Herschel

F IG . 3.— Constraining the astrometric offset between SMA, EVLA and Keck
of SMA!Keck offset. The image is displayed in logarithmic scale. Positive offse
contours are overlaid for 1, 2, and 3σ intervals. The white plus sign indicates the
uncertainty determined from FIRST–SDSS cross-correlation. The cross indicat
radius of HATLAS12!00. The overlapping area between the 1σ contour of the
uncertainty. Zero offset is indicated by the white circle. b: Same as a but for EVL

Deflectors
z=1.1 ± 0.2
Lensed Images
z =3.26

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,
e lensed SMG. The top black curve shows the best-fit BC03 stellar population synthesis model of G1+G2 at z = 1.06, using
The bottom black curve shows the best-fit BC03 model for the SMG, along with the 1σ range of acceptable models. b: The
dashed (green), dash-doted (pur ple), and long dashed (orange) curves are the best-fit SED templates of the “Cosmic Eyelash”
d Mrk 231, respectively. The Eyelash provides the best description of the overall SED among the three. The solid black and
s with a single-temperature modified blackbody using the general and optically thin formula, respectively. The inset shows the
COthe general (black) and optically thin (blue) models.
plane for

r population synthesis models of
BC03). We assume a Chabrier
n (IMF), Calzetti et al. (1994) exially declining star formation hisding times (τ = 0.1 to 30 Gyr)
13 and⊙
FIR template, we fit for
For each
the
extinction (E(B ! V )). The best-fit
⊙
of = 7 (Fig. 4a). The derived propin Table 3. The intrinsic extinction

(intrinsic)
L = 1.6 x10 L
SFR ~ 1900 M /yr

is small (E(B ! V ) = 0.04+0.11
!0.04 ) and there is very little current
!1
star formation (SFR = 0.1+0.4
!0.1 M! yr ). The dust-absorbed
10
UV/optical luminosity ([3+14
!3 ] × 10 L! ) is less than 0.15%
of the total integrated IR luminosity before lensing correction (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

TD = 62 ± 3 K
β = 1.6 ± 0.4
No evidence for AGN
M* ~ 3 x1010 M⊙
(Fu et al. arXiv: 1202.1829)
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Summary
Wide-area, submm surveys can efficiently identify
In at least one galaxy the stellar distribution is clumpy
strongly lensed galaxies by simply selecting the
and the stars offset from the gas and dust.
A Strongly Lensed SMG at z ∼ 3
7
brightest sources

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

F IG . 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 (pur ple) and CO(1→0) (green) sources are shown as color-filled ellipses. f : SMA 880 µm image.
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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:
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Summary
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In at least one galaxy the stellar distribution is clumpy
strongly lensed galaxies by simply selecting the
and the stars offset from the gas and dust.
A Strongly Lensed SMG at z ∼ 3
7
brightest sources

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

Wide-field longer wavelength data is critical for
understanding the environments of these sources.

F IG . 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 (pur ple) and CO(1→0) (green) sources are shown as color-filled ellipses. f : SMA 880 µm image.
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Lensed galaxies can be selected from their colours
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Fig. 1.— SPIRE colors of objects with S350 > 85 mJy and S250 > 35 mJy (blue empty
diamonds). The black dashed lines indicate the limits used for the selection of high redshift 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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