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Infrared sky is active

– Herschel Opens up New Observational window 
for the first time

– 55-672 µm –  bridging the far-infrared & sub-millimeter bands
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HerMES Science Motivation
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Herschel Extragalactic Surveys
- Observe at SED peak
- Bolometric far-IR luminosities
- Large and uniform samples

What is the history of Far-IR galaxies?
- How do they assemble and evolve over time?
- Where have luminous FIR systems gone today?
- How do FIR galaxies relate to dark matter?
- What is the role of dust in star formation?
- What is the connection between dusty star
   formation and AGNs?
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HerMES Survey Design
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Oliver et al. 2011Lagache 2003 galaxy model

> 75 galaxies per Δlog(L)*Δz = 0.1 bin Cover sufficient area to see large-scale
structure and avoid sample variance



Photometer
 -  250, 350, 500 µm  (simultaneous)
 - 4 x 8 arcminute field of view
 - Diffraction limited beams (18, 25, 36”)
Fast scan mapping at long wavelengths

Imaging FTS
  - 200 - 670 µm
 - 2.6 arcminute field of view
  - Δν = 1.2 GHz high resolution mode
 - Δν = 25 GHz low resolution mode
Wide instantaneous bandwidth, map making

Design Principles
   - Sensitivity limited by thermal emission 
   from the telescope
    - 3He cooled detector arrays (0.3 K)
 - Feedhorn-coupled spider-web bolometers
  - Minimal use of mechanisms 
       Beam steering mirror;   FTS mirror drive
 - Optimized for scan-mapped surveys

HerMES = SPIRE GT Program
Spectral and Photometric Imaging Receiver

SPIRE PACS

HIFI



1 Repeat

Mapping to the Confusion Limit

0.7 h for 1 sq. deg



2 Repeats

Mapping to the Confusion Limit

1.5 h for 1 sq. deg



4 Repeats

Mapping to the Confusion Limit

3 h for 1 sq. deg



8 Repeats

Mapping to the Confusion Limit

6 h for 1 sq. deg



15 Repeats

Mapping to the Confusion Limit

11 h for 1 sq. deg



30 Repeats

Mapping to the Confusion Limit

22 h for 1 sq. deg



Mapping to the Confusion Limit

Nguyen et al. 2010

Band Conf. (1σ∗)     T/sq. deg
250 um      5.8         2.8 h
350 um      6.3         1.4 h
500 um      6.8         2.4 h

*after an iterative 5σ clip



SPIRE In-Flight Performance
Pre-launch (HSpot) estimates (instrument noise)
•	
 Numbers referred to point source detection in a map
 in the absence of confusion noise 
•	
 For (250, 350, 500 µm)
 -  1-σ sensitivity for one scan repeat:       (10, 13, 11)  mJy/beam
 
Achieved instrument noise
•	
 Standard map pixel sizes (6, 10, 14)” 
  -  1-σ sensitivity for one 30”/s repeat:    (9.0, 7.5, 10.8)  mJy/beam

Extragalactic confusion levels
•	
  Measured 1-σ confusion noise for (250, 350, 500 µm):  
 (5.8, 6.3, 6.8) mJy/beam   for (6, 10, 14)” map pixels 

SPIRE instrument noise = confusion noise in  < 2 repeats

Nguyen et al. 2010



350500 250 160 100 24 3.6 0.8

7.5 arcmin

6.5'

The power of multi-wavelength imaging against confusion

7.5' x 6.5' zoom on the GOODS-North field (10' x 15') 



6.5'

7.5'

D. Elbaz

The Confusion Challenge



Three Ways to Deal with Confusion

Herschel Source Photometry
• 	
 Need to be careful about bias and source blending
• 	
 Blind follow-up in large beam is laborious (~SCUBA)
• 	
 However these are the most interesting source populations!
 

Pre-Existing Source Catalogs
•  Assign Herschel flux of known ancillary source
•  Reliable to within confusion noise
•  Follows bias inherent in finder catalog

Map-Based Analysis
• 	
 Much more information in map than in reliable sources
•  Tends to be ensemble information:  P(D), fluctuations
•  Maps have high statistical fidelity!



SPIRE 250 um



HerMES Survey Design Principles

Wedding Cake Design
• 	
 Probe a wide range of the luminosity function 
• 	
 Deep fields for sub-confusion studies
• 	
 Wide fields for rare objects and fluctuations
 

Use Best Ancillary Fields Available
•  Fields with Spitzer, Radio, Optical, NIR, X-ray, etc data

Do What Herschel Does Best
•	
 SPIRE excels at large maps
•  PACS best at small deep maps
•  Collaborate with PEP for PACS data
•  Use parallel mode where possible



GOODS 
South

GOODS 
North ECDFS
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CDFS Lockman Bootes ELIAS-N1

FLS ELIAS-
S1

ELIAS-
N2

Akari 
SEP Bootes ELIAS-

N1
XMM-
LSS

SDP Release

DR1 Release

DR2 Release

Clusters

L1 0.11 □°

L2 0.36 □°

L3 1.25 □°

L4 4 □°

L5 30 □°

L6 40 □°

HeLMS / Stripe 82L7 270 □°

HerMES:  Wedding Cake Survey

Proposed

ELIAS-S1



HeLMS



Herschel Large High-z Surveys
HerMES:  Herschel Multi-tiered Extragalactic Survey
• PACS + SPIRE
• 70 sq deg from 20ʹ′×20ʹ′ to 3.6º×3.6º (900 hours) + 12 clusters
• Bolometric luminosities of galaxies, cosmic SFH
• Wedding cake to probe range of luminosities and environments

PEP:  PACS Evolutionary Probe
• PACS only
• 2.7 sq deg from 10ʹ′×15ʹ′ to 85ʹ′×85ʹ′ (655 hours) + 10 clusters
• Resolve CFIRB; LFIR & SFRs

H-ATLAS:  Herschel-Astrophysical Terahertz Large Area Survey
• PACS + SPIRE
• 550 sq deg (600 hours)
• Large-scale structure, AGN, rare objects
• Expect ~500,000 detections to z~3, majority at 250 & 350 um 

H-GOODS:  Herschel-Great Observatories Origins Deep Survey
• PACS very deep imaging of the GOODS Field (330 hours)
• SPIRE deep imaging of the GOODS Field (30 hours)

GAMA 9-hr field



vs. Previous Surveys

<z> = 2, Td = 35 K

HeLMS



vs. Previous Surveys

<z> = 2, Td = 35 K

HeLMS

Proposed
SPIRE Legacy
Survey



Marco Viero & Asantha Cooray

HeLMS:  A Cross-Linked Shallow Survey

Specifications
Total area = 270 sq. deg.
Total time = 103 h
SPIRE fast scanning
2x redundancy
AOR blocks = 16° x 3.8°
Some ancillary coverage
Minimal cirrus

Why did SPIRE GTO end up 
with Extra Time?
HerMES designed pre-launch
Reduced depth on clusters
Eliminated PACS on VVDS SDSS

ACT



HeLMS:  Science Highlights

SPIRE x SPIRE SPIRE x ACT

Lockman

HeLMS

SPT coverage

SPIRE 1/f

Luminous Sources
• ~25,000 galaxies at 5σ at 250 um
• ~250 lensed galaxies

Background Fluctuations:
• Extends galaxy x galaxy coverage to ℓ ~ 100
• CMB secondary anisotropies x FIR galaxies
• CMB lensing x FIR galaxies

Ancillary Data Science
• BOSS:  ~106 LRGs, z = 2 quasars
• Hetdex:  Ly-α galaxies out to z ~ 4
• SDSS, UKIDSS, VLA, Wiggle-z
• Great legacy value



10 arcmin

250µm

350µm

500µm

GOODS-N

HerMES Science Highlights

Selected^
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BLAST
resolved

BLAST
P(D)

SPIRE
resolved

SPIRE
P(D)

SPIRE Source Counts



BLAST
resolved

BLAST
P(D)

SPIRE
resolved

SPIRE
P(D)

SPIRE Source Counts

•Number counts of bright galaxies (ULIRGS+) over-predicted by models
•Bright-end counts are steeper than models generically



Resolving the FIR Background

• Source Counts
250, 350, 500 µm
15%, 10%, 6%

• P(D)
250, 350, 500 µm
65%, 60%, 45%

• Stacking TBD
With BLAST:
250, 350, 500 µm
80%, 80%, 85%

5σ
 c
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Of course:  The remainder are the most interesting sources!
                     E.g. z > 3 galaxy populations



What kind of luminosities?

8 D. Brisbin et al.

Figure 3. GOODS-N galaxy SEDs plotted as in Figure 2. The 500 µm
measurements for GOODS sources A, C, E, F, H, K, and L are compatible
with zero, so here we plot only the upper error bar, barely visible within the
diamond symbol. As in Figure 2, we weighted the 24 µm data a quarter as
heavily as the longer wavelengths. Observational data shortward of 24 µm
is plotted for reference but not used in fitting.

Figure 4. Infrared source luminosities (integrated over 8-1000 µm) in
GOODS-N and LN plotted as a function of redshift for all sources detected
at all three SPIRE wavelengths. Diamonds indicate GOODS-N luminosities
obtained from SEDs fitted by S&K models, and triangles indicate similar
luminosities for LN sources. The solid line shows the growth of luminosity
distance squared with z. It serves as a rough lower bound to the luminosi-
ties in our selection of observed sources; the scatter of data points about the
curve provides a visual impression of the uncertainties in those luminosities.

Figure 5. Spectral energy distributions of the most luminous sources in
GOODS North (a) to (d) Lockman North (e) to (k). As in Figures 2 and 3,
we solely plot the upper error bars at 500 µm for sources (a) to (e), whose
lower error bars are compatible with zero. We similarly plot an upper error
bar at 170 µm for LN (k). Luminosities and positions for these sources are
presented in Table 4. Seven of these eleven sources are triply secure; two of
these are also included in Figures 2 and 3. A brief description of sources (c),
(d), (f) and (i) is provided in Section 6. Although some of the ultraluminous
sources exhibit significant AGN activity, we have applied S&K model fits,
as discussed in Section 7. As in Figures 2 and 3 we have weighted the 24 µm
data only one quarter as heavily as the longer wavelengths. Observational
data shortward of 24 µm is plotted for reference but not used in fitting.

c� 2010 RAS, MNRAS 000, 2–??

HLIRGS

ULIRGS

LIRGS

(lensed?)

Are all 
starburst
galaxies
result of
mergers?



HerMES Rest-Frame 
250 µm LF

• Local sub-mm galaxy LF slightly above models
• Luminosity function increases out to z ~ 2
• Is it flattening out at z > 1?
• Next:  better statistics from bigger samples

Eales et al. (2010)

0.0 < z < 0.2
0.2 < z < 0.4
0.4 < z < 0.8
0.8 < z < 1.2
1.2 < z < 1.6
1.6 < z < 2.0

Strong Luminosity Evolution

Vaccari et al. (2010)

Local Luminosity Function



SPIRE Galaxy Colors

Results Compared to Pearson Model Results Compared to Xu Model

Schulz et al. 2010

Colors generally spread redder than models predict
 - colder dust and/or higher z populations?



How Well Do Galaxy Templates Work?

L(24 um) overpredicts L IR

at higher re
dshifts 

Cold cirrus component

•Herschel provides a direct measure of bolometric luminosity and SFR 
•LFIR and SFR predicted from λ ≤ 24 µm observations are inadequate
•~Half the SEDs require lower temperature dust component (10 – 20 K)

Rowan-Robinson et al. 2010

Elbaz et al. 2010

LIR for Starbursts and AGNs Multi-Wavelength SED Fits

Priors:  S24, z, SB/AGN



AGNs and Far-IR Galaxies

Distinct S70/S24 colors, but not S250/S350/S500
- FIR emission due to star formation

Two Modes of Host & AGN Evolution?

Low LAGN:  Increasing LSF w/ z
- Follows behavior of FIR galaxies
- SF unrelated to AGN?

High LAGN:  Related to LSF
- Trend is weaker
- Luminosities coupled by mergers?

L. Shao, 2010

LAGN ~ LX [erg s-1]
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F 
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IR
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rg
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]

E. Hatziminaoglou, 2010



• lack of strong evolution of LIR-Tdust
• mildly colder (U)LIRGs by ~2-5 K
• envelope extends to colder SMGs

z = 0-2.5 Herschel

Hwang et al. (2010) 
Amblard et al. (2010)
Chapman et al. (2010)
Magdis et al. (2010)

Dust temperature distribution

z = 0 AKARI + IRAS

-What about normal galaxies



Redshift distribution of SPIRE Sources?

Result from Herschel-ATLAS: PACS & SPIRE parallel mode. 550 sq. degrees total.
14 sq. degrees of first data (GAMA 9-hour field).

~6800 sources down to 32, 36, 45 mJy (5σ) at 250, 350, 500 μm

sub-mm colors as a mechanism to select z > 2 galaxies

Naive expectation based on
sub-mm SED

S250 > S350 > S500:  z < 2

S250 <~ S350 > S500:  z ~ 2 to 3

S250 < S350 < S500:  z > 4

z=
0

z=
1

z=
4

100 101 102 103

!"#m)

10 3

10 2

10 1

100

101

102

F 
(m

Jy
)



350μm selected galaxies > 5σ are at mostly at z = 2.2 ± 0.6

The “statistical” redshift distribution 
implied by SPIRE colors for the 1686 
sources
[equivalent to fitting each SED with
a single-temp model and marginalizing over 
T,β]        (Hughes et al 2002;  Aretxaga et al. 2007)

In red and blue
additional color
cuts on 500/250
ratio (red selects
higher-z end with
“redder” colors)

Amblard et al. 2010

The surface density of 350 µm selected
sources (z~1.8 to 3) S350 > 30 mJy
is  ~350/deg2

Redshift distribution of SPIRE Sources?



Abundance of z > 3 sources?
H-ATLAS:
281 sources with S500  > S350
55 detected above 5σ (>45 mJy)
49 detected above 5σ in all 3 bands.
One of these is a blazar at z~1.02, in Fermi all-sky/WMAP catalog.

Are all the 281 sources at z > 3?
Unclear!  We need follow-up data, 
especially near-IR.
CO-line redshifts?
 
Assuming all 281 sources are z > 3,
a rough lower limit on the 
surface density of z > 3 sources 
down to S500 > 45 mJy is ~20/deg2 

S500>S350>S250

Amblard et al. 2010



High Redshift Candidates?
500 um peaked sources

Average spectra of sources detected in 4 
HerMES fields compared to templates: 

Three examples:

These could be: 
z = 1.5, Tdust = 20 K ULIRGs or 
z = 5, Tdust = 35 K HLIRGS or lensed 

250 um   350 um   500 um        *

*Confusion reduced S(500) – fS(250)



Galactic 
“blob”

Bright radio QSO (zspec=1.02)

QSO:  S250μm = 159.6 mJy 
            S350μm = 193.8 mJy 
            S500μm = 265.8 mJy !
            S1.4GHz = 571.7 mJy 
G         in WMAP point source catalog!

prediction: ~0.1 deg-2

De Zotti et al. (2005)

Slides from
Mattia Negrello, H-ATLAS



ID1

ID5

ID
6

ID7

zspec = 0.0534 

zspec = 0.0189 

zspec = 0.0277 

zspec = 0.0401 

ID1 : S500μm = 177 ± 28 mJy 
ID5 : S500μm = 122 ± 20 mJy  

ID6 : S500μm = 112 ± 19 mJy 

ID7 : S500μm = 104 ± 18 mJy 



optical counterparts 
zphot/spec < 1.0

ID81

ID11

ID130

ID9

ID17

zspec = 0.299 

zphot = 0.672

zphot = 0.241 

zphot = 0.721 

zphot = 0.942 

ID9  : S500μm = 175 ± 28 mJy 
ID11  : S500μm = 238 ± 37 mJy  

ID17  : S500μm = 220 ± 34 mJy 

ID81  : S500μm = 166 ± 27 mJy

ID130 : S500μm = 108 ± 18 mJy



Lensing Candidates ID81 & ID130

   z=0.299    z=0.223

Sam Kim



Lensing Candidates ID81 & ID130



Lensing Candidates ID81 & ID130

+ Lensing Model to SMA data 



First Herschel CO Redshift:  ID81

CREDITS: CSO/z-spec team



ID130

CO(1-0) redshift from GBT/Zpectrometer

ID130

CREDITS: D. Frayer, A. Harris, A. Baker, R. 
Maddalena et al. 

confirmed by PdBI

CREDITS: R. Neri, A. Omont, P. Cox, Beelen, Dannerbauer,  
F. Bertoldi



Strong lensing Studies with Herschel-SPIRE 
(a) 0.5 million dusty galaxies, with 0.3 million at z~2, 3,000 at z>4, ~100 at z >5.  Follow-up targets for 
ALMA, SPICA etc. 

(b) 500 strongly lensed bright sources by the end of 2012:  a goldmine for cosmology!  we have 150 now 
already with 200 sq. deg of data.

Negrello et al. Science, 2010 
(Nov 5th issue) 

The Detection of a Population of
Submillimeter-Bright,
Strongly Lensed Galaxies
Mattia Negrello,1* R. Hopwood,1 G. De Zotti,2,3 A. Cooray,4 A. Verma,5 J. Bock,6,7 D. T. Frayer,8
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S. Serjeant,1 R. J. Ivison,18,19 S. Dye,20 I. Aretxaga,21 D. H. Hughes,21 E. Ibar,18 F. Bertoldi,22

I. Valtchanov,23 S. Eales,20 L. Dunne,24 S. P. Driver,25 R. Auld,20 S. Buttiglione,2 A. Cava,26,27

C. A. Grady,28,29 D. L. Clements,30 A. Dariush,20 J. Fritz,31 D. Hill,25 J. B. Hornbeck,32

L. Kelvin,25 G. Lagache,33,34 M. Lopez-Caniego,35 J. Gonzalez-Nuevo,3 S. Maddox,24

E. Pascale,20 M. Pohlen,20 E. E. Rigby,24 A. Robotham,25 C. Simpson,36 D. J. B. Smith,24

P. Temi,37 M. A. Thompson,17 B. E. Woodgate,38 D. G. York,39 J. E. Aguirre,40 A. Beelen,34

A. Blain,7 A. J. Baker,41 M. Birkinshaw,42 R. Blundell,9 C. M. Bradford,6,7 D. Burgarella,43

L. Danese,3 J. S. Dunlop,18 S. Fleuren,44 J. Glenn,45 A. I. Harris,46 J. Kamenetzky,45 R. E. Lupu,40

R. J. Maddalena,8 B. F. Madore,47 P. R. Maloney,45 H. Matsuhara,48 M. J. Michaowski,19

E. J. Murphy,49 B. J. Naylor,6 H. Nguyen,6 C. Popescu,50 S. Rawlings,5 D. Rigopoulou,5,51

D. Scott,52 K. S. Scott,40 M. Seibert,47 I. Smail,53 R. J. Tuffs,54 J. D. Vieira,7
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Gravitational lensing is a powerful astrophysical and cosmological probe and is particularly
valuable at submillimeter wavelengths for the study of the statistical and individual properties
of dusty star-forming galaxies. However, the identification of gravitational lenses is often
time-intensive, involving the sifting of large volumes of imaging or spectroscopic data to find
few candidates. We used early data from the Herschel Astrophysical Terahertz Large Area Survey
to demonstrate that wide-area submillimeter surveys can simply and easily detect strong
gravitational lensing events, with close to 100% efficiency.

When the light from a distant galaxy is
deflected by a foreground mass—
commonly a massive elliptical galaxy

or galaxy cluster or group—its angular size and
brightness are increased, and multiple images of
the same source may form. This phenomenon is

commonly known as gravitational lensing (1)
and can be exploited in the study of high-redshift
galaxy structures down to scales difficult (if not
impossible) to probe with the largest telescopes at
present (2–4) and to detect intrinsically faint
objects. Surveys conducted at submillimeter wave-

lengths can particularly benefit from gravitational
lensing because submillimeter telescopes have
limited spatial resolution and consequently high
source confusion, which makes it difficult to di-
rectly probe the populations responsible for the
bulk of background submillimeter emission (5, 6).
In addition, galaxies detected in blank-field sub-
millimeter surveys generally suffer severe dust
obscuration and are therefore challenging to detect
and study at optical and near-infrared (NIR)
wavelengths. By alleviating the photon starvation,
gravitational lensing facilitates follow-up observa-
tions of galaxies obscured by dust and in particular
the determination of their redshift (7). Previous
submillimeter searches for highly magnified back-
ground galaxies have predominantly targeted
galaxy cluster fields (8). In fact, a blind search for
submillimeter lensing events requires a large area
because of their rarity and sub-arcseconds an-
gular resolutions to reveal multiple images of the
same background galaxies.

Although the first requirement has recently
been fulfilled, thanks to the advent of the South
Pole Telescope (SPT) (9) and the Herschel Space
Observatory (Herschel) (10), the second is still
the prerogative of ground-based interferometric
facilities, such as the Submillimeter Array (SMA)
and the IRAM Plateau de Bure Interferometer
(PdBI), which because of their small instanta-
neous field of view are aimed at follow-up ob-
servations rather than large-area survey campaigns.
Nevertheless, several authors (11–14) have sug-
gested that a simple selection in flux density,
rather than surveys for multiply imaged sources,
can be used to easily and efficiently select sam-
ples of strongly gravitationally lensed galaxies in
wide-area submillimeter and millimeter surveys.
The explanation for this lies in the steepness of
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Sub-mm galaxy lensing

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

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

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

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

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

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

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

9 10.79−0.11
+0.16 –0.51−0.27

+0.20 — — 232−56
+75 0.77−0.34

+0.49 13.48−0.06
+0.07 6.7−1.0

+1.5

11 11.15−0.10
+0.09 –0.08−0.24

+0.18 — — 258−62
+82 0.91−0.40

+0.59 13.61−0.06
+0.06 5.1−0.7

+1.6

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

+1.4

81 11.17−0.08
+0.04 –1.66−0.14

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

+0.98 13.71−0.07
+0.07 3.5−0.3

+3.4

130 10.65−0.08
+0.06 –1.17−0.58

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

+0.52 13.45−0.09
+0.08 1.9−0.3

+0.3

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

SED models from (47). The background source, responsible for the submillimeter emission, is a heavily
dust-obscured star-forming galaxy (red solid curve), whereas the lens galaxy, which is responsible for
the UV/optical and NIR part of the spectrum, is characterized by passive stellar evolution.
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The lensed galaxies are not bright 
in the optical. Missed in optical 
surveys.

Proposed distortion of number counts by Blain 1996. 
More detail on these from ATLAS still coming



ATLAS First Gravitational Lenses
Background galaxies seen in Spitzer

log Ldust = 12.7 ± 0.05
log Mdust = 8.9 ± 0.03 (Herschel/MAMBO/SMA SED)

log Mstars = 11.7 ± 0.3 (Spitzer SED)

log Mgas = 10.1 ± 0.5 (CO line spectra)

log SFR = 2.5 ± 0.1  
Av = 4.4 ± 0.6
Gas fraction = (5-8)%    

Ross Hopwood, Cooray et al ApJL 2011

2 Hopwood et al.

ology of selecting gravitational lenses using submillimeter
(sub-mm) surveys (Blain 1996, Perrotta et al. 2002, Ne-
grello et al. 2007) has been tested for the first time during
Herschel’s science demonstration phase (SDP) (Negrello
et. al. 2010 (N10 hereafter)). Candidates are selected
using a cut in flux of 100 mJy at 500µm, a limit based on
the steep number counts slope in the sub-mm (Clements
et al. 2010). Above this flux limit only gravitation-
ally lensed objects and easily identifiable local galaxies
remain. Initial results show this selection method has
∼100% efficiency, and should produce a sample of 100s
of new gravitational lenses over the full H-ATLAS field.

Five lens candidates were selected from the SDP H-
ATLAS field and confirmed with spectroscopic redshifts,
obtained via the detection of redshifted carbon monox-
ide (CO) emission lines (Lupu et al. 2010; Frayer et al.
2010). For two of the five lenses, SDP.81 and SDP.130,
sub-mm imaging was obtained with the Submillimeter
Array (SMA), which revealed lensed morphologies at
odds with the morphological type observed for the associ-
ated foreground galaxies in Keck optical imaging. These
Keck Low Resolution Imaging Spectrometer (LRIS; Oke
et al. 1995, McCarthy et al. 1998) g- and i- band data
also show no detectable emission associated to the back-
ground source galaxies (see figure 1 and N10). The spec-
tral energy distribution (SED) models of N10, however,
suggest the flux from the background sources should be
detectable at near-IR wavelengths from 2 to 5 µm above
∼ 10 µJy. At these wavelengths, the emission from the
foreground lens, at redshifts of 0.22 and 0.3, and the
background sources at redshifts of 2.63 and 3.04, become
more comparable, primarily due to the high lensing mag-
nification of the background source by factors of ∼ 25 and
6 for the two cases (N10).

In this Letter we present Spitzer/IRAC imaging, light
profile models, photometry and physical characteristics
for SDP.81 and SDP.130 derived from SED fitting. In
the next Section, we present a summary of the Spitzer
data, while in Section 3 we discuss modeling of the light
profile of foreground lenses. We discuss the SED model-
ing of background SMGs in Section 4 and present results
related to the properties of the two sources. We conclude
with a summary of results in Section 5. Throughout this
paper we assume flat ΛCDM cosmology with ΩM=0.3
and H0=70 Kms−1Mpc−1.

2. SPITZER IR AND KECK OPTICAL IMAGING DATA

The IR imaging data that have been analyzed in this
study are part of the Spitzer program 548 (with PI
A. Cooray) with data collected during July 2010 and
archived and released for analysis on July 30, 2010. As
part of this program, Infrared Array Camera (IRAC) im-
ages were taken at both 3.6 (Channel 1) and 4.5 (Channel
2) µm of several key targets in the H-ATLAS GAMA-9
hour SDP field. These targets include the two high pri-
ority gravitationally lensed SMGs, SDP.81 and SDP130.
Both gravitational lensing systems were imaged with a
36-position dither pattern and an exposure time of 30
seconds for each frame. This observing strategy lead to
a mapping grid depth with coverage of 36 pointings at
the locations of the candidate lensed SMG galaxies.

Corrected basic calibrated data (cBCD) pre-processed
by the Spitzer Science Center (SSC), using the stan-
dard pipelne version S18.18.0, were spatially aligned, re-

sampled, and combined into a mosaic image. For this,
we used the SSC’s Mopex software suite, version 18.3.1
(Makovoz & Marleau 2005). The IRAC mosaics have a
pixel size is 0.6′′, while these images provide angular res-
olution of 2 to 2.5′′ in channels 1 and 2. For photometry
of the mosaicked images, we utilized the Apex software
to perform point-source extraction. This step included
background subtraction of the images, and the fitting of
a resampled point response function (PRF), making use
of the most recent (April 2010) PRF file as provided by
the SSC 31.

For the analysis presented here, we also make use of
deep optical imaging of the two sources. These imaging
observations were acquired on 10 March 2010 using the
dual-arm LRIS on the Keck I telescope. Each target
field received simultaneous 110 × 3 second integrations
with the g-filter and 60 × 3 seconds integrations with
the i-filter using the blue and red arms of LRIS. A 20′′
dither pattern was employed to generate on-sky flat field
frames when incorporating all five fields. In addition, 1
second integrations were acquired in the g- and i-filters
for photometric calibration of bright stars in each field.
The seeing FWHM for the science exposures was ∼ 0.8′′.
The data were reduced using IDL routines and combined
and analyzed using standard IRAF tasks. The images
and additional details related to Keck data are available
in Negrello et al. (2010).

Fig. 1.— Keck i-band (top row), IRAC Channel 1 (middle row)
and Channel 2 (bottom row) postage stamp images for SDP.81
and SDP.130 and the corresponding residual after subtraction of a
Single de Vaucouleurs profiles modelled with GALFIT. The Keck
residuals show no signs of structure that can be associated to the
overlaid 870 µm SMA contours, but for all four IRAC cases there is
significant residual structure roughly corresponding to peaks in the
SMA contours, which strongly suggests this is lensed structure of
the associated background galaxy. The SMA contours are overlaid
in steps of 3σ, 8σ, 13σ etc.

3. MODELLING THE LENSES

To construct models of the light profiles for each lens-
ing system we used GALFIT (Peng et al. 2002), which al-
lows multiple profiles per object and performs a simulta-
neous non-linear minimisation. Before fitting profiles to
SDP.81 and SDP.130 in the IRAC data, de Vaucouleurs

31 http://ssc.spitzer.caltech.edu/irac/calibrationfiles/psfprf/
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Params. SDP.81 SDP.130

Foreground lens
Redshift(a) 0.299 0.220

u 3.87 ± 2.0 1.7 ± 1.7
g 24.9 ± 1.1 19.4 ± 0.7
r 115 ± 2.1 66.1 ± 1.2
i 198 ± 3.6 109 ± 2.0
z 278 ± 7.7 143 ± 6.6
Y 321 ± 22 —
J 367 ± 24 —
H 508 ± 46 —
K 574 ± 73 —

3.6 µm flux 0.354 ± 0.04 0.213 ± 0.03
4.5 µm flux 0.218 ± 0.04 0.230 ± 0.01

core radius [′′] 4.52
Mtot (R < RE) [1010 M"](a) 36.3 ± 1.1 3.7 ± 0.4

LV [1010 L"] 6.4 1.8
Mstar [1010 M"] 15 ± 1 4.0 ± 0.3
Background SMG

Redshift(a) 3.042 2.625
Magnification(a) 25 ± 7 6 ± 1

g < 0.13 < 0.20
i < 0.20 < 0.35
Y < 6.27 —
J < 9.23 —
H < 8.52 —
K < 13.5 —

3.6 µm flux 0.062 ± 0.04 0.044 ± 0.05
4.5 µm flux 0.126 ± 0.05 0.047 ± 0.01

70 µm flux(e) < 8.0 —
100 µm flux < 62 —

160 µm flux(e) 51.4 ± 5.0 —
250 µm flux 129 ± 20 105 ± 17
350 µm flux 182 ± 28 128 ± 20
500 µm flux 166 ± 27 108 ± 18

800 µm 76.4 ± 3.8 39.3 ± 2.3
1200 µm flux 19.6 ± 0.9 11.2 ± 1.2

LIR [1012 L"](b) 2.0 ± 0.6 4.0 ± 1.0
Av 4.4 ± 0.6 5.0 ± 0.6

SFR [M" yr−1] 74 ± 29 145 ± 70
MH2 [1010 M"](c) 1.4 2.7

M! [1011 M"] 2.5 ± 1.7 3.2 ± 2.2
Mdust [108 M"] 3.4 ± 1.0 10 ± 2.0

µ(d) 0.05 ± 0.01 0.08 ± 0.01

TABLE 1
Basic parameters of the two foreground lenses and

background SMGs. Refs and notes: (a) N10; (b) 8 to 1000
µm luminosity based on the best-fit SED; (c) Frayer et al.

2010; (d) Gas fraction (see text for details); (e) from
PACS reimaging data (Valtchanov et al. in prep). The u -
K and 100 - 1200 µm flux densities and 3σ upper limits are
taken from N10, unless otherwise stated. All photometric

data are presented in µJy. The values are intrinsic
quantities corrected for magnification and the errors
quoted accounts for the tabulated uncertainty in the

magnification.

added at 160µm and an upper limit at 70µm; these come
from reimaging of the lensed ATLAS sources in point-
source map mode of PACS (Valtchanov et al. in prep).
For the goal of deriving physical properties, the IRAC
photometry adds particularly important constraints to
the SMG SEDs, which previously consisted of just upper
limits below 250µm for SDP.130 and 160µm for SDP.81.
The SEDs were fitted using the models of da Cunha et
al. (2008). The results confirm the elliptical morphology
for the foreground lens galaxies with stellar masses of
between 4.0 × 1010 M! and 1.5×1011 M! and low star

Fig. 3.— Photometry and best fit SEDs for the foreground ellip-
tical (blue) and background SMG (red) for SDP.81 and SDP.130.
The photometric points and upper limits are taken from Negrello
et al. (2010), with updated PACS flux density at 160 µm and up-
per limit at 70 µm. Photometry from the best fitting light profiles
to the IRAC data have been added for the foreground lens galaxies
(turquoise points) and for the background SMG (pink points). The
photometric SEDs were fitted using the models of da Cunha et al.
(2008) and provide information on the physical properties for the
lensed systems (see table table 1). High levels of visual extinction
were required (Av > 4) to be consistent with the optical to NIR
data.

Fig. 4.— Gas fraction µ vs. stellar mass for a sample of SCUBA-
selected SMGs and the two lensed H-ATLAS sources; the molecular
gas masses come from CO emission line observations. The two H-
ATLAS sources support the overall trend seen in a sample sample of
SCUBA sources where SMGs with larger stellar masses, especially
above 1011 M" have gas fractions below 20% (Hainline et al. 2001).

formation rates < 1 M! yr−1.
For the background galaxies, the models were cal-

ibrated to reproduce the ultraviolet-to-infrared SEDs
of local, purely star-forming Ultra Luminous Infrared
Galaxies (ULIRGs; 1012 ≤ LIR/L! < 1013) (da Cunha et
al., 2010) giving best-fit models for which the emission by
dust in the infrared is consistent with the emission from
stars at ultraviolet, optical and near-IR wavelengths. We
find that a significant attenuation by dust (Av ∼ 4 to 5)
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Fig. 3.— Photometry and best fit SEDs for the foreground ellip-
tical (blue) and background SMG (red) for SDP.81 and SDP.130.
The photometric points and upper limits are taken from Negrello
et al. (2010), with updated PACS flux density at 160 µm and up-
per limit at 70 µm. Photometry from the best fitting light profiles
to the IRAC data have been added for the foreground lens galaxies
(turquoise points) and for the background SMG (pink points). The
photometric SEDs were fitted using the models of da Cunha et al.
(2008) and provide information on the physical properties for the
lensed systems (see table table 1). High levels of visual extinction
were required (Av > 4) to be consistent with the optical to NIR
data.

Fig. 4.— Gas fraction µ vs. stellar mass for a sample of SCUBA-
selected SMGs and the two lensed H-ATLAS sources; the molecular
gas masses come from CO emission line observations. The two H-
ATLAS sources support the overall trend seen in a sample sample of
SCUBA sources where SMGs with larger stellar masses, especially
above 1011 M" have gas fractions below 20% (Hainline et al. 2001).

formation rates < 1 M! yr−1.
For the background galaxies, the models were cal-

ibrated to reproduce the ultraviolet-to-infrared SEDs
of local, purely star-forming Ultra Luminous Infrared
Galaxies (ULIRGs; 1012 ≤ LIR/L! < 1013) (da Cunha et
al., 2010) giving best-fit models for which the emission by
dust in the infrared is consistent with the emission from
stars at ultraviolet, optical and near-IR wavelengths. We
find that a significant attenuation by dust (Av ∼ 4 to 5)

(1100 seconds integrations/pixel)



~0.9 candidates deg-2 in HerMES fieldsLensed galaxies in HerMES 3

Table 1
Number of lensed SMG candidates in each of the HerMES DR1 fields

Field RAa Deca Area Number of Number density
(deg2) candidates (deg−2)

ADFS 04h43m29s −53◦51′09′′ 8.5 8 0.9± 0.3
Bootes -NDWFS 14h32m45s +34◦10′10′′ 11.3 11 1.0± 0.3
CDFS-SWIRE 03h32m05s −28◦16′35′′ 12.2 8 0.6± 0.2
COSMOS 10h00m28s +02◦12′55′′ 2.1 1 0.5± 0.5
EGS 14h20m19s +52◦48′56′′ 3.1 1 0.3± 0.3
ELAIS-N1 16h10m09s +54◦18′50′′ 3.7 2 0.5± 0.4
ELAIS-S1 00h35m03s -43◦34′42′′ 8.6 5 0.6± 0.3
GOODS-N 12h36m55s +62◦14′19′′ 0.6 0 < 1.6
Lockman-SWIRE 10h48m00s +58◦09′02′′ 18.1 19 1.0± 0.2
Spitzer FLS 17h15m52s +59◦23′15′′ 7.3 8 1.1± 0.4
XMM 02h20m36s −04◦31′27′′ 21.6 24 1.1± 0.2
Total · · · · · · 97.1 87 0.90± 0.10

Note. —
a Coordinates are for the center of the HerMES field of view.

Figure 1. Magnification probability density P (µ) for the NFW
and SIS profiles for zources at z = 2 and Mth = 1012h−1M$.

relation (Sheth & Tormen 1999):

νf(ν) = A

√

2

π
aν2[1 + (aν2)−p] exp[−aν2/2] , (11)

We take the parameter values p = 0.3, a = 0.75 and
A " 0.3222 as normalization constant (Cooray & Sheth
2002). We have then:

fµ =

∫ zs

0
dzl

D2
A(zl)

H(zl)

∫ ∞

Mth

d lnMvir

∫ ∞

0
dzsP (zs)×

×∆Ωµ(zl, zs,Mvir, µmin)
dn(zl,Mvir)

d lnMvir

,

(12)

where P (zs) is the redshift distribution of the sources
that we take from the model of Béthermin et al. (2011)
and Mth is halo mass threshold
The lensing probability (of having a magnification

larger than µ) is then given by:

P (> µ) = 1− e−fµ , (13)

from which we can calculate the probability distribution
of magnification, P (µ) = −dP (> µ)/dµ, for HerMES

sources. Figure 1 presents this magnification probabil-
ity distribution and shows that few SMGs are strongly
gravitationally lensed, and confirms those that are mag-
nified by factors ! 20 are rare. (e.g. The Cosmic Eye-
lash; Swinbank et al. 2010; Danielson et al. 2011, SDP.81;
Hopwood et al. 2011). We show the probability of magni-
fication both for the NFW and SIS profile. As expected
(see also discussion in Perrotta et al. (2002)) for the SIS
profile the higher magnifications are more frequent with
respect to the NFW profile but for the low magnifcations,
which are generally much more likely, the SIS and NFW
profile gives very similar P (µ). As already pointed out
also in ? for statistcal magnifications the SIS and NFW
profiles provide very similar results. We will show below
that the choose of one profile over another has a small
effect on the total number counts.
The magnification increases the solid angle, Ω, and the

flux, S, of the lensed sources by a factor µ, resulting in
an increase of their number densities. By definition the
observed and intrinsic (unlensed) quantities are related
by:

Sobs = µS , (14)

dΩobs = µdΩ . (15)

For a given magnification, µ, the intrinsic differential
number density dn/dS is then modified as (Refregier &
Loeb 1997):

dn

dS
→

1

µ2

dn

dS

(

Sobs

µ

)

. (16)

Following the formalism and the discussion of Lima et al.
(2010) the observed differential number density is then:

dnobs(Sobs)

dSobs
=

1

〈µ〉

∫

dµ
P (µ)

µ

dn

dS

(

Sobs

µ

)

, (17)

where

〈µ〉 =

∫

dµ µP (µ) . (18)

and the cumulative number density can be obtained as:

nobs(> Sobs)=
1

〈µ〉

∫

dµP (µ)n

(

>
Sobs

µ

)

. (19)

Coordinates  and followup of ~90 lensed sources in 
Julie Wardlow (UCI postdoc) et al. (2011 in prep)

Wardlow et al. HerMES slides



An assortment of candidates

R-band                       IRAC

10”x10” 10”x10”

Subaru                       IRAC

10”x10” 10”x10”

SXDF1100.001; Ikarashi et al. 2011

5”x5”

10”x10”

10”x10” 10”x5”

Keck K-band Keck K-band Keck K-band + EVLA 7 GHz



Example: Lockman01
see Conley et al. 2011, Scott et al. 2011, Gavazzi et al. 2011, Riechers et al. 2011

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

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

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

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

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

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

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

38 http://casa.nrao.edu

Table 1
Photometry

Wavelength (µm) Flux Density Telescope/Detector

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

Notes. Combined flux densities for all the detected images as detailed in the
text. For brevity, only the summed flux density from all images is provided. All
values are calibrated relative to an Fν = const SED. Note that calibration errors,
which are dominant at most wavelengths and are strongly correlated between
points, are not included, and neither are contamination/confusion errors. These
values have not been corrected for magnification.
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ABSTRACT
We present the results of a lens modelling of the Lockman 01 sub-millimeter source as found by the

HERMES survey using the Herschell telescope.
Subject headings: gravitational lensing – surveys

1. INTRODUCTION

blablabla....
refer to (Conley et al. 2010, in prep)
Throughout we assume a concordance cosmology with

matter and dark energy density Ωm = 0.3, ΩΛ = 0.7, and
Hubble constant H0=70 km s−1Mpc−1, so that at the
redshift of Lockman 01, one arcsec subtends an physical
scale of 6.69 kpc.

2. LENS MODELLING OF OPTICAL DATA

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

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

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

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

2.2. Method
The lens modelling builds on a dedicated code

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

Fig. 1.— K band AO-corrected overview of Lockman 01 with

labelled multiple images (red) and foreground galaxies (black).

North is up and East is left. The bottom right inset zooms onto

the image 1 that is perturbed by the foreground galaxy G4 and

split into two pieces.

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

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

The Astrophysical Journal, 733:29 (10pp), 2011 May 20 Scott et al.

Figure 1. Millimeter wavelength spectrum for HLSW-01 measured by Z-Spec (histogram). The error bars show the 1σ photometric errors on the measurements and
do not include the 5% uncertainty on the absolute flux calibration. The solid curve shows the best-fit model to the dust continuum and the CO and [C i] line emission,
with the positions of the lines marked. This model includes the convolution of the intrinsic line profile (∆v = 350 km s−1) with the spectral response profiles of the
channels.

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

3.2. Line and Continuum Fitting

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

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

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

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

4

lens code = sl_fit



Lensed galaxies are usually red in the submm

of 4 bluer candidates 3 are real: lock01 and 2 shown on prev page



Modelling galaxy-galaxy lensing

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

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

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

• μ>2 for “strong” lensing

Francesco De Bernardis



high% of candidates in the model are lensed, μ>2

All sources Excluding spirals & AGN

Francesco De Bernardis

Blending ~5-10%



Average magnification in the model is ~5

=> Most SMG galaxy-galaxy lenses are intrinsically “normal” SMGs

Francesco De Bernardis

But Ian CO plot shows ~10 by cf FWHM L’CO
Ref Bothwell in prep, Harris in prep. 
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Large Scale Structure
Lockman Survey Field



Lockman North SPIRE 350 μm  Lacey et al. arXiv:
0909.1567v2

Ultimately test specific predictions of clustering properties of galaxies

Where are the galaxies?



Pre-Herschel:

N.B. Previously sub-mm 
clustering with SCUBA ~73 
sources

S. E. Scott, J. S. Dunlop and S. Serjeant (2006) 

~3.5σ detection



Angular Correlation of Detected Galaxies

• Spatial clustering of bright SMGs compared to halo model
• Halo needed to host a S250 > 30 mJy FIR galaxy: M = 1012.6 Msolar

• ~15% appear as satellites in more massive halos M ~ 1013.1 Msolar

• Population statistics consistent with so-called “dust obscured galaxies”

Cooray et al. 2010
~10,000 galaxies

Large Scale Structure



Large Scale Structure in the unresolved
maps - treat them like CMB maps



2001-2007 era of predictions
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ropy simply as a result of the Poisson sampling of the
density Ðeld. This so-called shot noise can be calculated
from the source counts by

C
l
shot \P

(S3dN/dS)d ln S . (14)

Note that this is more heavily weighted toward the bright
end of the distribution than the mean brightness was (eq.
[2]).

For an Euclidean distribution (appropriate for galaxies at
low redshift), dN/dS P S~2.5 and so the integrand diverges
at the bright end. However, in the case of the FIRB (at least
as modeled by G98 model E), the enormous number of
faint, high-redshift sources cause the source counts to
become steeper than S~2.5 at fainter Ñux levels. Even if we
remove sources only down to the very conservative Ñux
level such that per 4n sr, the FIRB shotScut N( [ Scut) \ 1
noise is still dominated by the fainter, high-redshift popu-
lation. Therefore, we take our shot-noise estimates from the
G98 model E counts, assuming only a cut at 1 source per
sky, and avoid any complications of source removal. The
number of sources detected at greater than 5 p by EDGE,
according to model E, are given in Table 1. The removal of
these sources from the map does not signiÐcantly reduce the
shot noise.

4. FOREGROUNDS AND BACKGROUNDS

There are celestial sources of emission in the far-infrared
and submillimeter other than the FIRB. To detect the corre-
lations of the high-redshift galaxies that make up the FIRB,
we need to be able to separate this signal from all the other
sources. The two most important contributions come from
the CMB anisotropies and thermal emission from dust in
our own Galaxy. Radio foregrounds such as synchrotron,
Bremsstrahlung, and rotational emission from dust do not
appear to be signiÐcant at GHz. Reviews of what isl Z 200

known about Galactic dust emission and other CMB fore-
grounds can be found in de Oliveira-Costa & Tegmark
(1999).

Figure 6 shows the predicted power spectra of the com-
ponents at four di†erent EDGE frequencies. The FIRB
angular power spectrum is shown by the thick dashed
curves for the standard, constant-bias model of HK00.
Unlike in all previous Ðgures in this paper, these curves
include a shot-noise contribution, computed from the G98
model E, as well as the e†ects of the nonlinear evolution of
the matter power spectrum. Other lines show the contribu-
tions of the CMB and Galactic dust, which we now discuss
in detail.

4.1. CMB
The thick solid curves in Figure 6 show the CMB power

spectrum in our Ñat "CDM model, consistent with the
COBE/DMR, Boomerang, and MAXIMA measurements
(de Bernardis et al. 2000 ; Hanany et al. 2000 ; Ja†e et al.
2000). As one can see from this Ðgure, the CMB aniso-
tropies are the dominant source of Ñuctuation power on the
sky over a substantial range of l at low frequencies. The
FIRB anisotropies would be swamped by such a signal.
Fortunately, the spectrum of the CMB anisotropies is well
known, so that one can use observations at yet lower fre-
quencies (where the contrast between the CMB and the
FIRB is even starker) to clean the CMB signal out of the
FIRB maps.

To demonstrate the ability of a particular experiment to
subtract the CMB, we have forecast errors on the determi-
nation of the FIRB power spectrum for four of the EDGE
channels. The results, in bins of dl \ 50, are plotted in
Figure 6. For each of the error forecasts at 210, 320, 590,
and 1060 GHz, we use only two channelsÈthe channel in
question plus the 150 GHz channel (as a CMB monitor).
Note that the 590 and 1060 GHz channels require no CMB
cleaning, and therefore the FIRB measurement is sample-

FIG. 6.ÈPower spectra of the dominant components of the far-infrared sky at four di†erent frequencies measured by EDGE. All are labeled in at least one
of the panels. The thick solid curves show the CMB in a Ñat "CDM model ; the thick dashed curves show the FIRB predictions for the HK00 model
including contributions from nonlinear evolution and from shot noise as predicted by model E (G98) ; the thin dotted and long-dashed curves show the dust
spectrum representing an average over the cleanest 50% of the sky, as well as a spectrum of the cleanest regions, respectively ; and the thick (square) dotted
curves with spacings of dl \ 50 are errors expected on the determination of the FIRB power spectrum from a 10 day Ñight of EDGE. [See the electronic
edition of the Journal for a color version of this Ðgure.]

Knox, Cooray, Eisenstein, and Haiman (2001)

Amblard & Cooray (2007)



CIB fluctuations with Herschel-SPIRE

SPIRE 250, 350 and 500 micron three color 
image of the Lockman-Hole, 16 deg2.

•  Unresolved CIB fluctuations capture the spatial 
clustering of all sub-mm galaxies.

•  Angular power spectrum of the CIB reveals that 
the minimum halo mass of sub-mm galaxies is 
about 3 x 1011 Msun

•  This minimum mass scale for sub-mm galaxies 
corresponds to the most efficient dark matter 
mass scale for star-formation in the Universe.

4‘x4’ Maps of Neptune made 
with 700 scans of SPIRE used 
for the PSF measurement

Amblard, A., Cooray, A., Serra, P. et al. Sub-millimetre Galaxies 
reside in Dark Matter Halos with mass greater than 3x1011 Msun,  

Nature, March 24, 2011.      
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Fluctuations require star 
formation be high beyond z ~3



Comparison to Planck and others
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respectively.

Fig. 1.— Planck DSFG clustering data (red points) at 217 GHz
and SPT data at 220 GHz (white points) compared with the com-
bination (solid black line) of the Poisson term (green line) and clus-
tering term (red) of unresolved point sources by scaling the best-fit
model to measurements made with Herschel at 350 µm to 217 GHz
using the frequency scaling of Gispert et al. (2000). We show the
1-halo (pink) and 2-halo (orange) contributions to the clustering
term following Amblard et al. (2011). The dashed lines are the
220 GHz SPT DSFG power spectrum components from Hall et al.
(2010), which resulted in an overestimate of DSFG clustering at
! ∼ 3000.

Here the first term is the lensed primary CMB power
spectrum. It is well known that gravitational lens-
ing of CMB anisotropies by large-scale structure tends
to increase the power at small angular scales (see
Hanson et al. (2010) for a recent review). A proper cal-
culation of this effect is hence necessary in order to pre-
vent an uncorrect estimate of the foregrounds and SZ
parameters The calculation of lensed CMB spectra out
to ! = 9000 is prohibitively expensive in computational
time. Instead, we approximate the impact of lensing by
adding a fixed lensing template calculated by running
camb (Lewis et al. 2000) with and without the lensing
option and taking the difference between these spectra.
The SZ templates we considered in this work are those

from Trac et al. (2010), calculated by tracing through a
dark matter simulation and processed to include gas in
dark matter halos and in the filamentary intergalactic
medium. At 220 GHz the main point source contribu-
tion is that of the dusty star-forming galaxies (DSFGs)
while at 150 GHz the point sources are primarily ra-
dio sources with a synchrotron spectrum. We ignore the
clustering of radio sources and assume that contribution
will be dominated by Poisson behavior of radio sources.
For DSFGs we adopt the template from (Amblard et al.
2011) where the authors reported a detection of both the
linear clustering and the excess of clustering associated
with the 1-halo term at arcminute scales. Those data
are from the Herschel Multi-tiered Extra-galactic survey
(HerMES) (Oliver et al. 2010), taken with the Spectral

and Photometric Imaging Receiver (SPIRE) onboard the
Herschel Space Observatory (Pilbratt et al. 2010).

4. RESULTS

In Figure 1 we show the recent CIB power spectra
data of the Planck collaboration (Ade et al. 2011) at 217
GHz and small angular scale CMB powerspectrum from
SPT, at 220 GHz, with a comparison to scaled measure-
ments from Amblard et al. (2011). The Herschel model
is shown in terms of the 1-halo and 2-halo contributions
to the total power spectrum. For reference,we also show
the model used by (Hall et al. 2010) at 220 GHz to de-
scribe the clustering of DSFGs, which overestimated the
power at tens of arcminute angular scales and above rel-
ative to Herschel and Planck DSFG clustering measure-
ments.
In Table 1 we list the mean values of the cosmological

parameters and their 68% C.L. uncertainty from ACT
data alone and ACT data combined with SPT data at
150 GHz. The clustered point sources are described by
the template of Amblard et al. (2011) scaled from Her-

schel to the CMB frequencies using the scaling relation
of Gispert et al. (2000), following recent results from
Planck (Ade et al. 2011). Although the point sources
and SZ parameters do not show significant degenera-
cies with cosmological parameters (see also Serra et al.
(2008)), a significant correlation exists between AtSZ and
AkSZ and to a smaller extent between AtSZ,kSZ and Aclus.
This can be seen in Figure 3 where we show the 2σ con-
straints in the plane AkSZ −AtSZ. The inclusion of SPT
data at 150 GHz improves only slightly the constraints
on Aclus and APoi, but it is almost irrelevant for the SZ
parameters.
In Figure 2 we show the best fit models for each compo-

nent compared with the SPT and WMAP7 data. When
the amplitude of DSFGs are allowed to vary when fit-
ting the SPT and ACT data combined with WMAP-7
data, we find that Aclus = 0.31 ± 0.25 with ACT and
SPT at 150 GHz to Aclus = 0.74 ± 0.17 with SPT at
150 and 220 GHz. This suggests that the combination of
Amblard et al. (2011) model and the frequency scaling
for the mean CIB overestimates the DSFG clustering at
lower CMB frequencies. Higher precision CMB power
spectra at 150, 220 and 350 GHz and a direct cross-
correlation of Herschel-SPIRE maps against the CMB
will be necessary to study if fluctuations scale with fre-
quency as the mean CIB intensity and to improve overall
constraints on secondary anisotropies.
Relative to the Trac et al. (2010) templates, we find

that the best-fit secondary anisotropy amplitudes are
AtSZ = 0.84±0.67 and AkSZ = 1.28±1.04. Based on the
degeneracy direction of Figure 3, we constrain the sum of
the SZ effects at ! = 3000 to be D!=3000

tSZ + 0.5D!=3000
kSZ =

5.7±2.0 µK2. This amplitude is consistent but the uncer-
tainty is a factor of 2 worse than Shirokoff et al. (2010)
who found this sum to be 4.5± 1.0 µK2. The 95% confi-
dence level upper limits on the amplitudes of the thermal
and kinetic SZ effects at 150 GHz and at ! = 3000 are 5.4
and 6.9 µK2, respectively, consistent with Shirokoff et al.
(2010).
We repeated the analysis of SPT data at all frequencies

fixing the amplitude parameter for the clustered point
sources Aclus and the Poisson term at 220 GHz and
hence fitting the data with a 6+4 parameters model.

Text

217 GHz

Planck CIB in Lagache et al. 2010; joint Planck+Herschel in preparation

more measurements, applications (e.g., a search for lensing of the CIB) is going
on now with papers over the next year.



SPIRE multi-scan SPIRE single-scan

Planck



Herschel-SPIRE Legacy Survey (HSLS)
Version 2010:  4000 sq. degrees on the sky with SPIRE. 780 hours to complete, single scans 
in SPIRE fast-mode (60”/sec). ESA/HOTAC declined due to overall schedule constraints.

Version 2011: 1500 to 2000 sq. degrees to be proposed in September 2011. Unlikely to be 
contiguous! Final coverage depends on helium boil-off (January 2013 +/- 2 months)

The HSLS will find 1 to 2 million dusty galaxies, 
~1000  strongly lensed bright sources easily identified
~1 million at z~2, 10,000 at z>4.  Follow-up targets for 

ALMA, SPICA etc.
a goldmine for cosmology! 

see the HSLS White Paper on the arxiv.



Cosmological 
Applications of 
HSLS sources
and maps

HSLS will “clean”
Planck SZ clusters

leading to peculiar 
velocities, gas temperature 
from relativistic 
corrections, more accurate 
cluster mass estimates.



z~2 ISW 
with Planck+HSLS

A strong probe of
modified gravity 

theories for acceleration



Cosmology with
HSLS source clustering
Planck CMB Lensing + 

HSLS

Non-Gaussianity

Neutrino masses

~2020+

~2010

~2013



HSLS fluctuations and
weak lensing magnification



After Herschel?

SPICA:  3.2 m mirror at T < 6 K
BLISS from US/NASA(?)

CCAT ?  

ALMA  



Conclusions

Herschel has opened up the dusty universe in a
new wavelength regime for the first time.

After waiting 10 years, we are finally buried in data 

Large sample of lenses, mostly unexpected (what do 
we get out at the end?). First CIB fluctuations 
measured. More to come over the next two years.

follow progress at http://oshi.esa.int


