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Dusty star formation as a crucial phase of galaxy 
evolution 

Hopkins et al. 2008
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Massive ellipticals formed early in the Universe

Hickox, JW et al. 2012
Toft et al. 2014
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Faded DSFGs have brightness distributions 
consistent with nearby ellipticals

Simpson, JW et al. 2014
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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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Lensed galaxies are readily identifiable in wide far-IR 
data

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 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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Lensed SMGs are easily distinguished from lenses

z=2.5
starburst

x500

x500

z=0.5
early-type



Julie WardlowThe ISM in DSFGs at z=1–3

HerMES Boötes image

Herschel
250, 350, 500 μm

1.3°

60″

SMA 880μm

30″
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A sample of Herschel lens systems in submm & NIR

Calanog, JW et al. 2014
Bussmann, JW et al. 2014
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Herschel PACS OT2 survey of 13 lenses: targets

Spinoglio et al. 2009
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All targets have apparent LFIR>1013L⦿

G12.v2.43 70μm

G12.v2.43 160μm

60”
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Examples of the spectroscopy

NGP.NA.144
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No [OIV]26μm (AGN tracer) in most DSFGs, but evidence of 
[SiII]34μm (PDRs) & [OIII]52 (HII regions)



Julie WardlowThe ISM in DSFGs at z=1–3

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

The lensing amplification makes studies of faint 
features possible.

Our PACS survey is breaking new ground detecting 
many fine structure lines at z>1.

The fine structure lines confirm IR emission 
dominated by HII regions and PDRs (star formation)


