
US (NASA) PI of Herschel-ATLAS (550 sq. deg)
LSS/high-z coordinator of HerMES (SPIRE GTO; 70 sq. deg.)
PI of the proposed Herschel-SPIRE Legacy Survey (4000 sq. deg)

First Results from the 
Herschel Space Observatory 

Asantha Cooray



3000kg   1500W

Sunshield and solar array

3.5 m SiC Telescope (80 K) 

He II Cryostat (~2460 liters) 
(1.7 K)

Service Module (300 K)
  S/C units and Instrument electronics

Instruments inside Cryostat (300mK)

7.2 m

The Herschel Spacecraft



Infrared sky is active

– Herschel Opens up New Observational 
window for the first time

– 55-672 µm –  bridging the far infrared & sub-
millimeter wavelengths



Infrared sky is active

why do we care:
- 50% of the total bolometric luminosity in the Universe is absorbed by dust and re-
radiated at far-infrared/sub-mm
- Dust plays a key role in lifecycle of stars
- Dust is responsible for extinction
- We are made of heavy elements that probably had the form of dust at some point

Dust



The Herschel Far-Infrared Observatory



Telescope Technology  (ESA)

Silicon Carbide (SiC)

3.5 m diameter largest SiC structure ever made 

(and only one mirror made) 

– Process flow: 

– Powder mixing => Hydrostatic pressing in 

moulds => Assembly of segments => 

Grinding of mirror to precise shape with 

diamond tools => Polishing => Coating 

=> Alignment testing and qualification 

(under space conditions) => Delivery for 

integration onto spacecraft.

From SiC “dust” to a cryogenic 
fully formed 3.5 m diameter Telescope !



France

Belgium

Spain

Finland

Telescope Technology  (ESA)



Herschel Basics
MISSION
  ESA-Led Cornerstone
  + NASA Contributions
SPECIFICATIONS
  3.5 m telescope (T ~ 80 K)
  L2 Halo Orbit
  3.5 year lifetime (boil-off ~May 2013)
  Launched in May 2009
INSTRUMENTS
SPIRE (bolometers)
   Photometer at 250, 350, 500 um
   FT spectroscopy 200 – 350, 350 – 670 um

PACS (photoconductors & bolometers)
   Imaging at 70/100, 160 um
   Grating spectroscopy 60 – 210 um

HIFI (heterodyne)
   High-resolution spectroscopy 270 - 610 um

SPIRE PACS

HIFI
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37 short bolometers
19 long bolometers

HIFI - Heterodyne receiver for spectral measurements (just like a radio)
PACS - 3-band imaging camera/spectrometer
SPIRE - 3-band imaging camera/Fourier Transform Spectrometer

SPIRE (UK) PACS (Germany) HIFI (Netherlands)



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

SPIRE
Spectral and Photometric Imaging Receiver

SPIRE PACS

HIFI



“Richards’ Law” for Bolometers

SPIRE technology downselect: 2000

SPIRE

SPIRE

Jonas Zmuidzinas



NASA Hardware Contributions

300 mK Detector Assembly Focal Plane Array

‘Spider-Web’ Bolometer

1.7 K

0.3 K

Kevlar
Strings!

Jamie Bock (Caltech/JPL; SPIRE US PI)



SPIRE Technology Pre-History

IRTS 1995 BOOMERanG 1998 BOLOCAM 2002

Composite bolometer Spider-web bolometer Spider-web bolometer array
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Photometer Layout and Optics 

3 B. Schulz 2007

NHSC Workshop, Pasadena, 18-19 July 2007

Detector Arrays (2F! Feedhorns)

490 µm
43 detectors

350 µm
88 detectors

8’

~4’

200 – 325 µm

37 detectors

315 – 670 µm

19 detectors

Photometer Spectrometer

! Coincident beam centers

250 µm
139 detectors

2.6’

! Vignetted beam centers



NASA Hardware Contributions

48-Channel JFET Amplifier Module

Frame
10 K

1 µm Silicon Nitride Film
Micro-Perforated!

Si JFET
140 K



Scan Mapping with SPIRE

Low 1/f noise = high fidelity on all angular scales



SDP DP workshop       14/12/2009   

Göran L. Pilbratt               VG # 2 

http://herschel.esac.esa.int/ 

Fairing integration on 10 May 2009 

Two Spacecraft

• Herschel, three axis stabilised, pointing satellite

• Planck, a low-spin-rate sky scanning satellite



One Launcher

• Ariane 5 ECA with single launch for both Spacecraft

Rollout on May 13, 2009       Launch May 14, 2009         





Göran Pilbratt | Herschel First Results Symposium | ESTEC, Noordwijk | 4 May 2010 | vg #5 

Two LEOP maneouvres 

•  OCM   2009-05-15T15:28:20.654   9.01 m/s 

Herschel orbit 

WMAP - ejected?
Herschel
Planck
JWST
LISA Pathfinder (L1)
IXO (XEUS)
GAIA/EUCLID/PLATO/SPICA



Mission (cryostat) lifetime 

Göran Pilbratt | Herschel First Results Symposium | ESTEC, Noordwijk | 4 May 2010 | vg #19 

Large uncertainties remain, but confidence in ! 3.5 years  

Mission (cryostat) lifetime 

Göran Pilbratt | Herschel First Results Symposium | ESTEC, Noordwijk | 4 May 2010 | vg #18 

At In-Orbit Commissioning Review (IOCR) 
•  Mid-July – just reached stationary conditions 
•  Amount of He at launch known at 333.5 kg 
•  Transient phase use modelled/estimated 
•  Stationary conditions 

•  CVV average stationary outside temperatures measured 
•  Stationary average dissipation 
!  Average He mass-flow modelled at 2.668 mg/s 

!  Mission lifetime estimated at 3.78 years 

First DLCM on OD#195 (25 November 2009) 
•  Remaining amount He measured at 283 ± 14 kg (269-297 kg) 
•  Use 2.668 mg/s => 1228 ± 50 days (1168-1288 days) 
•  Compute total mission lifetime => 3.65-3.98 years 
•  Estimated amount of He was 275 kg (consistent) 
!  Mission lifetime given as 3.8 years (end ~March 2013) 



Star Formation in the Rosette Nebula
PACS 70 & 160 um + SPIRE 250 um



Hi-GAL:  Map of the Galactic Plane
PACS 70 & 160 um + SPIRE 350 um



GALEX images of the VNGS target objects

M51 M81 N891 N2403

M83 M82 N4038/9 CenA

N1068 N4151 N205 N4125

Arp220



SPIRE images of the VNGS target objects

M51 M81 N891

N1068

M51 M81 N891 N2403

M83 M82 N4038/9 CenA

N1068 N4151 N205 N4125

Arp220



Imaging with the SPIRE FTS

~50”

Background 
image:
SPIRE
250 microns

PACS ~FOV
(spectrometer)



Probing the interstellar medium of M82

- P. Panuzzo et al. - Herschel/SPIRE FTS View of M82 5/12/10 2 

M82 SPIRE FTS observations 
•  M82 is the nearest (3.9Mpc) starburst (~10Msun/yr) 

–  Brightest IRAS extragalactic source (1390Jy at 100µm) 
–  Widely used in cosmology as starburst prototype 

•  Target of the Very Nearby Galaxies Survey (SAG2) 
•  M82 was observed as Performance Verification target 

–  High resolution (FWHM=0.048 cm-1 R~1000) 
–  1332 seconds (10 repetitions) 
–  Point source mode (single staring pointing) 



Probing the interstellar medium of M82

- P. Panuzzo et al. - Herschel/SPIRE FTS View of M82 5/12/10 9 

RADEX modelling 
•  We used RADEX (van det Tak et al 2007) non-LTE code 

to compute 12CO and 13CO lines for a large parameter grid 
–  Tkin: 20-1000K; nH2: 100-106cm-3; N(12CO): 1015-1018cm-2; N

(13CO): 1013-1017cm-2 

•  We computed the likelihood of each model 
–  A single component was assumed 
–  Had to add 20% uncertainty for lines in SLW and 10% in 

lines in SSW range 

- P. Panuzzo et al. - Herschel/SPIRE FTS View of M82 5/12/10 8 

M82 12CO SLED 
•  The Spectral Line Emission Distribution (SLED) of 12CO 

peaks at J=7-6 
•  Low J lines taken from Ward et al (2003) in a similar area 
•  Only with Herschel we can determine the peak of the 

SLED 

Best-fit model has T=545 K and 1.2x107 Mo of warm H2 
gas
• What heats gas to 545 K? turbulence, cosmic rays
 no evidence for an AGN in M82.

cold gas

hot gas



L(CO) ~ 1x108 Lsolar

L(H2O) ~ 7x107 Lsolar 



Cosmological Surveys with Herschel

z=
0
z=

1

z=
4 Herschel Extragalactic Surveys

- Observe at SED peak
- Bolometric far-IR luminosities
- Large and uniform samples

Far-Infrared Galaxy Formation
- History and evolution 
- Populations
- Energetics
- Large scale structure

PA
C

S
PA

C
S

SP
IR

E
SP

IR
E

SP
IR

E

Angular resolution

Survey speed
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SPIRE Instrument team’s Extragalactic survey

Primary US Institutions: Caltech/JPL; Colorado; UC Irvine



Bruno Altieri, Alex Amblard, Vinod Arumugam, Robbie Auld, Herve Aussel, Tom Babbedge, 
Alexandre Beelen, Matthieu Bethermin, Andrew Blain, Jamie Bock, Alessandro Boselli, Carrie 
Bridge, Drew Brisbin, Veroniquw Buat, Denis Burgarella, Nieves Castro-Rodriguez, Antonio Cava, 
Pierre Chanial, Ed Chapin, Scott Chapman, Michele Cirasuolo, Dave Celments, Alex Conley, Luca 
Conversi, Asantha Cooray, Gianfranco DeZotti, Darren Dowell, Naomi Dubois, Jim Dunlop, Eli 
Dwek, Simon Dye, Steve Eales, David Elbaz, Erica Ellingson, Tim Ellsworth-Bowers, Duncan 
Farrah, Patrizia Ferrero, Matt Fox, Alberto Franceschini, Ken Ganga, Walter Gear, Elodie 
Giovannoli, Jason Glenn, Eduardo Gonzalez-Solares, Matt Griffin, Mark Halpern, Martin Harwit, 
Evanthia Hatziminaoglou, Sebastian Heinis, George Helou, Jiasheng Huang, Peter Hurley, 
HoSeong Hwang, Edo Ibar, Olivier Ilbert, Kate Isaak, Rob Ivison, Ali Ahmed Khostovan, Martin 
Kunz, Guilaine Lagache, Louis Levenson, Carol Lonsdale, Nanyao Lu, Suzanne Madden, Bruno 
Maffei, Georgios Magdis, Gabriele Mainetti, Lucia Marchetti, Elizabeth Marsden, Gaelen Marsden, 
Jason Marshall, Ketron Mitchell-Wynne, Glenn Morrison, Angela Mortier, Hien Nguyen, Brian 
O’Halloran, Seb Oliver, Alain Omont, Frazer Owen, Mathew Page, Maurillo Pannella, Pasquale 
Panuzzo, Andreas Papageorgiou, Harsit Patel, Chris Pearson, Ismael Perez-Fournon, Michael 
Pohlen, Naseem Rangwala, Jason Rawlings, Gwen Raymond, Dimitra Rigopoulou, Laurie 
Riguccini, Davide Rizzo, Giulia Rodighiero, Isaac Roseboom, Michael Rowan-Robinson, Miguel 
Sanchez-Portal, Rich Savage, Bernhard Schulz, Douglas Scott, Paolo Serra, Nick Seymour, 
David Shupe, Anthony Smith, Jason Stevens, Veronica Strazzullo, Myrto Symeonidis, Markos 
Trichas, Katherine Tugwell, Mattia Vaccari, Elisabetta Valiante, Ivan Valtchanov, Joaquin Vieira, 
Marco Viero, Laurent Vigrouz, Lingyu Wang, Rupert Ward, Don Wiebe, Gillian Wright, Kevin Xu, 
Mike Zemcov

Faculty and Researchers, Postdocs, Students, (US participants)

SPIRE GT Program



Science Demonstration Phase:   7 % of our total time
    27,000 sources > 20 mJy @ 250 um
    9 A&A papers + ~ 40 MNRAS papers in press/prep
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10 arcmin

250µm

350µm

500µm

GOODS-N
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SPIRE
250 µm
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SPIRE
350 µm
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Finding Sources in Maps
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6.5'

7.5'

D. Elbaz

The Confusion Challenge



FIDEL – 160um
Spitzer/MIPS – GOODS-North

PEP – 160um
30 hours – GOODS-North



Three Ways to Deal with Confusion
Herschel Source Photometry
•	
 Need to be careful about bias (sources on background peaks)
•	
 Blending of multiple sources, especially at 500 um
•	
 Blind follow-up in large beam is laborious (~SCUBA)
•	
 However these are the most interesting source populations!
 

Pre-Existing Source Catalogs
• Assign source flux from Herschel maps
•    Reliable to within confusion noise
•    Choose fields with comprehensive ancillary coverage
•    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!



24µm

  ACS         IRAC3.6    24µm      100µm    160µm     250µm     350µm     500µm    1.4GHz

500µm

350µm

250µm160µm

100µm
70µm

modified blackbody, β=1.5
 Tdust

z = 1.5230
LIR= 2.6 x 1012 L from far-IR   
                vs  
LIR= 3.5 x 1012 L"from 24μm"  

  HST               Spitzer         Herschel PACS         &       SPIRE         VLA                  

Fν

λ(µm)Hwang +10



BLAST
resolved

BLAST
P(D)

SPIRE
resolved

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

5σ
 c

on
fu

si
on

5σ
 c

on
fu

si
on

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



Resolving the FIR Background

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

• P(D)
250, 350, 500 µm
65%, 60%, 45%

• Stacking
250, 350, 500 µm
80%, 80%, 85%

5σ
 c

on
fu

si
on

5σ
 c

on
fu

si
on

Of course:  The remainder may be the most interesting sources!
                     E.g. the z > 3 galaxy population.



SPIRE Galaxy Colors

Results Compared to Pearson Model Results Compared to Xu Model

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

Schulz et al. 2010



AGNs and Far-IR Galaxies

Distinct S70/S24 colors, but not S250/S350/S500
- FIR emission due to star formation
Higher FIR luminosity of Type 2s
- Inconsistent with unified AGN torus model
- Type 2 AGN associated with enhanced SF?

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
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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…

ZSPEC:

No CO lin
es!

250 um   350 um   500 um        *

*Confusion reduced S(500) – fS(250)



~4°

~4° H-ATLAS SDP field
 ~ 14.4 deg2 
 ~ 7000 sources

11 sources with
S500μm > 100 mJy



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)



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



Lensing Candidates ID81 & ID130



Lensing Candidates ID81 & ID130

+ Lensing Model to SMA data 



First Herschel CO Redshift:  ID81

CREDITS: CSO/z-spec team



First Herschel CO Redshift:  ID81



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



Atlas First Gravitational Lenses
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Figure 1: The Z-Spec spectra of four submillimeter bright H-ATLAS galaxies. The fit to the
continuum and CO lines at the measured redshift is overplotted in red, and the positions of the
strongest lines falling in the Z-Spec bandpass are indicated by the vertical blue lines. The line
indicated in red in the spectrum of ID130 is unidentified, and could be a data reduction artefact.
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Figure 2: The Z-Spec spectrum of the H-ATLAS source ID17. The fit to the continuum and
CO lines at z=0.94 is overplotted in red in the upper panel, and the rotational CO lines are
indicated by the vertical blue lines. These lines have been subtracted from the spectrum shown
in the lower panel. The red line in the lower panel shows the fit including the lines observed at
z=2.308.
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4 6 8 10
Upper J level

1•10-5

2•10-5

3•10-5

4•10-5

5•10-5

6•10-5

L C
O
/L

IR

ID9
ID11
ID17b
ID81

Figure 3: CO line luminosities as a function of CO transition, scaled by the LIR of each galaxy.
For clarity, the values for the same transition in different galaxies have been slightly offset
around the position of the upper J level. The continuous and dashed red lines show the range
of luminosities derived by fitting the averaged velocity-integrated brightness temperatures for
each transition. Note that the luminosity of the CO (7-6) line has larger uncertainties due to
blending with the [CI] 3P2 →3 P1 line.
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- P. Panuzzo et al. - Herschel/SPIRE FTS View of M82 5/12/10 8 

M82 12CO SLED 
•  The Spectral Line Emission Distribution (SLED) of 12CO 

peaks at J=7-6 
•  Low J lines taken from Ward et al (2003) in a similar area 
•  Only with Herschel we can determine the peak of the 

SLED 

- P. Panuzzo et al. - Herschel/SPIRE FTS View of M82 5/12/10 2 

M82 SPIRE FTS observations 
•  M82 is the nearest (3.9Mpc) starburst (~10Msun/yr) 

–  Brightest IRAS extragalactic source (1390Jy at 100µm) 
–  Widely used in cosmology as starburst prototype 

•  Target of the Very Nearby Galaxies Survey (SAG2) 
•  M82 was observed as Performance Verification target 

–  High resolution (FWHM=0.048 cm-1 R~1000) 
–  1332 seconds (10 repetitions) 
–  Point source mode (single staring pointing) 
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M82 SPIRE FTS observations 
•  M82 is the nearest (3.9Mpc) starburst (~10Msun/yr) 

–  Brightest IRAS extragalactic source (1390Jy at 100µm) 
–  Widely used in cosmology as starburst prototype 

•  Target of the Very Nearby Galaxies Survey (SAG2) 
•  M82 was observed as Performance Verification target 

–  High resolution (FWHM=0.048 cm-1 R~1000) 
–  1332 seconds (10 repetitions) 
–  Point source mode (single staring pointing) 

M82

z~2
SLEDs

T=545 K 
1.2x107 M

o
 of warm H

2
 gas 



Atlas First Gravitational Lenses

>20 clear examples of compact lensed SMGs by low-z ellipticals!



100% efficiency of identifying 
Lensed Galaxies

Negrello et al. Science, Oct 22nd issue; 4+ parallel papers in ApJ on 
the same sources





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)%    

Hopwood et al ApJL submitted

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. 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
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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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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

Lens model of Lockman 01 3

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

5 lenses, G1 at z=0.59; 
redshifts of rest unclear

G1 and G4 masses are well determined Gavazzi et al. in prep

Lensed SMGs in HerMES: An example 
(brightest extragalactic SMG found by Herschel so far; 
250 micron = 420 mJy, 15% brighter than eye-lash)



CSO/ZSPEC   z=2.956

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
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Scott et al. in prep

Riechers et al. in prep

GBT

CARMA

PdBI-WIDEX

6 Riechers et al.

Fig. 3.— CO(J=3→2) and CO(J=5→4) line emission contours as shown in Fig. 1, but overlayed on 890 µm continuum emission (color
scale; Conley et al. 2010). The cross indicates the same position as in Fig. 1. ‘A’ to ‘D’ label the four lensed images of the source ordered
by brightness of the 890 µm continuum emission. CO emission is detected toward all four images.

D

C

AB

CO(5−4)

LOCK−01 (z=2.957)

K−band

Fig. 4.— CO(J=5→4) line emission contours as shown in Fig. 1, but overlayed on 2.2µm continuum emission (grey scale; smoothed with
a 0.1′′ Gaussian kernel; Conley et al. 2010). ‘A’ to ‘D’ label the four lensed images as in Fig. 3. The CO emission is associated with the
four rest-frame optical lensed images, but the peaks of the emission are optically faint.

CO already spatially resolved in the 5-4 PdBI map
Mgas = 4x1010 Msun   (corrected for magnification)

Lensed SMGs in HerMES: An example 
(brightest extragalactic SMG found by Herschel so far; 
250 micron = 420 mJy, 15% brighter than eye-lash)



A and B same velocity while  D and C  same; we are 
resolving different regions of the CO gas at z=2.957

CO Imaging in the Brightest Submillimeter Galaxy 7

Fig. 5.— CO(J=5→4) first moment map. The colors indicate the velocity gradient. Contours are shown in steps of 50 km s−1, with
dotted (solid) contours showing blueshifted (redshifted) emission relative to zero velocity in Fig. 2. Images A and B are blueshifted relative
to image C and redshifted relative to image D. Image A shows a north-south velocity gradient (red to blue), and image B shows a gradient
in the opposite direction. No velocity gradients are resolved toward images C and D.
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Fig. 3.— CO(J=3→2) and CO(J=5→4) line emission contours as shown in Fig. 1, but overlayed on 890 µm continuum emission (color
scale; Conley et al. 2010). The cross indicates the same position as in Fig. 1. ‘A’ to ‘D’ label the four lensed images of the source ordered
by brightness of the 890 µm continuum emission. CO emission is detected toward all four images.
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Fig. 4.— CO(J=5→4) line emission contours as shown in Fig. 1, but overlayed on 2.2µm continuum emission (grey scale; smoothed with
a 0.1′′ Gaussian kernel; Conley et al. 2010). ‘A’ to ‘D’ label the four lensed images as in Fig. 3. The CO emission is associated with the
four rest-frame optical lensed images, but the peaks of the emission are optically faint.

also dynamically resolved, thus a multi-component source

Lensed SMGs in HerMES: An example 
(brightest extragalactic SMG found by Herschel so far; 
250 micron = 420 mJy, 15% brighter than eye-lash)



Herschel lensed sources in the XMM field



Herschel lensed sources in the XMM field

Two components have two different CO velocities, 
and thus are from two different places in the SMG.

Preliminary lens models show higher-resolution 
structure within each of the components made up 
of two images.

Probes the integrated mass of two galaxies. Center 
of the DM potential is away from light profile.



C+ in the ‘Eyelash’ 

Highly magnified (32 +/- 4) source discovered by LABOCA/APEX, z = 2.33
Herschel/SPIRE [CII] detection

Wavelength [µm]

Fl
ux

 [m
Jy

]



C+ in the ‘Eyelash’ 



Large Scale Structure

3.6°
Lockman Hole Field



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

Large Scale Structure



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



Spatial Power Spectrum of Background

Amblard et al. 2010, 
submitted 

Galactic dust/cirrus

source shot-noise



Spatial Power Spectrum of Background

Amblard et al. 2010, 
submitted 

source shot-noise

2-halo

1-halo



Spatial Power Spectrum of Background
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Neptune beam 
maps 

(700 scans across 
Neptune)

Map-making transfer
function 

(sky through an 
instrument simulator 

to maps pipeline)



Imaging the Bullet Cluster



Where is the bulk of the far-IR Background Produced?

Halo mass scale for efficient star-formation in the universe is 
about 1011 Msun  (Bouche et al. 2010 for a prediction based on stellar masses and “downsizing”)

from SPIRE background
 fluctuations

detected sources



Detecting the SZ Effect with Herschel!

Zemcov et al. 2010



Herschel Followup: A new paradigm

SCUBA followup: deep VLA to get radio positions, Keck spectroscopy at radio positions; took a    
4 year effort to get the SCUBA z-distribution for 70 or so sources (Chapman et al. 2004,2005)

– 12 –

Table 1: CO(1-0)Observational Results

Parameter SDP.81 SDP.130

Line Peak Sν [mJy] 2.39±0.19 1.63±0.22

FWHM ∆V [ km s−1] 435±54 377±62

Integrated Line Flux S(CO) [ Jy km s−1]a 1.11±0.25 0.65±0.19

Line Center (topocentric) [GHz] 28.515±0.003 31.798±0.005

Redshift [z(LSR)] 3.042±0.001 2.625±0.001

L(CO) [106 L"]b 0.9± 0.3 1.7± 0.5

L′(CO) [1010 Kkm s−1 pc2]b 1.8± 0.7 3.4± 1.0

M(H2) [M"]b,c ∼ 1.4 × 1010 ∼ 2.7 × 1010

L(IR) [1012 L"]b,d 2.1± 0.7 4.7± 1.3

L(IR)/L′(CO(1− 0)) [L"(K km s−1 pc2)−1]e 120±40 140±50

aUncertainty on the total CO(1-0) line flux includes the 15% systematic calibration uncertainty added to the statistical

noise of the line.
bCorrected for the lensing amplification factors of 25± 7 for SDP.81 and 6± 1 for SDP.130 (Negrello et al. 2010).
cAdopting α = 0.8M!(Kkm s−1 pc2)−1 (Downes & Solomon 1998) which could be uncertain by a factor of 2 or more.
dL(IR)[8–1000µm] based on fitting an Arp 220 template.
eAssuming no differential lensing between the CO and infrared emission.

Table 2: Instruments for CO Redshift Searches
Telescope Instrument Frequency Range Bandwidth

GBT Zpectrometer 25.6 – 36.1 GHz 34%

CSO Z-Spec 190 – 305 GHz 46%

CSO ZEUSa 632 – 710 GHz 4%

IRAM 30m EMIRa 83 – 117 GHz 8%

PdBI WideXa 80 – 116 GHz 3.6%

CARMAa,b 85 – 116 GHz 8%

EVLAc 12 – 50 GHz 53–18%

LMTc RSR 74 – 111 GHz 40%

ALMAa,c 84 – 116 GHz 8%

aHigher frequency bands with lower fractional bandwidth also available.
bThe Combined Array for Research in Millimeter Astronomy (CARMA) has a mixture of 4 GHz and 8 GHz bandwidths.
cSystem still in development.

Herschel HerMES followup: 24 micron Spitzer MIPS as a way to ID counterparts (then 24 
micron to  IRAC channels); usually we can identify 60% of our sources down to SWIRE depth 
with Spitzer. 20% no clear counterparts even in deep Spitzer imaging.  

Bright lensed source follow-up (lensed, high-z etc): coordinates to SMA and other sub-mm 
facilities, coordinates to CO spectrometers and CO imaging facilities (CARMA, PdBI, GBT).
IR IFU spectroscopy on CO redshifts. No blind optical redshift measurements attempted.

         The era of sub-mm astronomy:We seem to be finding about ~0.5 to 
1 very bright lensed source per sq. 
degree (500 micron > 100 mJy and 
870 micron > 20 mJy). 

The expectation is Herschel will 
find about  ~300 lensed SMGs in 
HerMES and H-ATLAS.

large programs at SMA, CARMA, 
PdBI, GBT (Zpectrometer), z-spec (Frayer et al. 2010)



Herschel-SPIRE Legacy Survey (HSLS)
Map 4000 sq. degrees on the sky with SPIRE instrument in fast scan mode starting 2011. 

780 hours to complete, single scans in SPIRE fast-mode (60”/sec)

The HSLS will find 2.5 to 3 million dusty galaxies, 
~1.5 million at z~2, 10,000 at z>4, ~1000 at z >5.  Follow-
up targets for ALMA, SPICA etc.
~2000 strongly lensed bright sources easily identified
a goldmine for cosmology! 

see the HSLS White Paper on the arxiv 1007.3519 now; 
250 team members covering all of CMB to Galactic 
communities.



Cosmological 
Applications with HSLS

ISW at z=2
(a) ISW at z=2: A strong probe of 
modified gravity theories for 
acceleration

(b) large-scale clustering constrain 
primordial non-Gaussianity with a 
higher z probe than Euclid/LSST

Please see HSLS white paper on the 
web for more details, 
arxiv.org:1007.3519

(b)

(a)



BLISS Spectrometer for SPICA

SPICA:  3.2 m mirror at T < 6 K



Covering more areas with Herschel

-0.01 0 0.01 0.02 0.03

GAMA-15 field, 45+ sq. degrees





Conclusions

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

And after waiting 10 years, we are finally buried
in data 

More discoveries to come.

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


