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Outline
• Why the Cosmic Infrared Background (CIB)?


• Auto and cross-correlations of CIB as a tool to:


• measure galaxy-galaxy clustering to determine the 
dark matter hosts of dusty star-forming galaxies


• determine the connection between the            
Cosmic Optical and Infrared Backgrounds 


• cosmological applications


• The Future in Surveys



far-infrared/submillimeter:     
dust warmed by stars

M31

, R. Gendle ,  J. Fritz

M 31



Lagache+ 2005

Optical/UV Starlight absorbed by dust
Dust re-emits in the FIR

,  J. Fritz

M 101

UV/Optical and FIR/submm SED

SED: spectral energy distribution



Lagache+ 2005

Optical and FIR SED

Dusty Star-Forming Galaxies 
(DSFGs)
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Perfect 
Flight!
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Perfect 
Landing! 
Perfect 

Landing?
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see it all in 
“BLAST!”

the movie
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The Team

Plus engineers, instrument 
builders, software developers etc.

Marco Viero,
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250 µm	



350 µm	



500 µm	



Herschel/SPIRE

500 µm !
43 detectors

350 µm 
88 detectors

45 mm 
(13’)

23 mm 
(6.5’)

250 µm 
139 detectorsBeam size 


(FWHM)

250 μm - 16”

350 μm - 25”

500 μm - 36”



Herschel/SPIRE

250 µm	


16”

350 µm	


25”

500 µm	


36”



Lensed Sources

• Sources with flux 
density S > 100mJy 
at 500µm have high 
probability of being 
lensed

Negrello et al. (2010), Science !
The Detection of a Population of Submillimeter-Bright, Strongly 
Lensed Galaxies.  Science 330, 800.



Conley et al. (2011)

also see: Vieira+ 2013, Gonzalez-Nuevo+ 2012, Wardlow+ 2012, Fu+ 2013

Keck AO Spitzer/MIPS

Spitzer/IRAC Supremecam

Contours From Submillimeter Array (SMA)

z=2.97 from spectroscopic follow-upSPIRE 250µm (6” pixels)

Contours From Submillimeter Array (SMA)

Lensed Sources



“Red” Sources



z=6.337 “Red” source

Riechers+ 2013, Nature, 496(7), pp.329–333 

“A dust-obscured massive maximum-starburst galaxy at a redshift of 6.34” 

See also: Dowell+ 2013, Gill+ in prep.  



source confusion
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source confusion
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source confusion

confusion limit 
~18 mJy 3-σ

250 μm

500 μm

350 μm

Nguyen et al. (2009) 



RMS = 33.5 mJy (3σ)

4 scans (fls)


20.2 mJy (3σ)

152 scans (goods-s)


Source Confusion



~ 30 sources/
arcmin2

~ 0.3 sources/
arcmin2

20mJy

250μm

Béthermin et al. (2011)  
arXiv:1010.1150 

i.e. < 1% of 
sources are 

resolved with       
SPIRE

31

Number Counts



Cross-Correlations with the CIB



Outline
• Why the Cosmic Infrared Background (CIB)?


• Auto and cross-correlations of CIB as a tool to:


• measure galaxy-galaxy clustering to determine the 
dark matter hosts of dusty star-forming galaxies


• determine the COB-CIB connection


• cosmological applications


• The Future in Surveys



Blue!
Star-Forming!
Galaxy

Red !
Quiescent!
Galaxy

Galaxy Clustering
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Power Spectrum of CIB Anisotropies



CIB Power Spectrum

Combined 5 fields 
over 70 deg2 

l = 216 l = 21,600

Poisson

2-halo

2-halo

1-halo

1-halo

Smaller Scales

Halo Model: see e.g.,  
Cooray & Sheth (2000),  
Zehavi et al. (2005, 2008)



Viero & Wang et al. (2012b)   
arXiv: 1208.5049

DSFG Clustering

2-halo

1-halo

Combined 5 fields 
over 70 deg2 

1-Halo (non-linear) 
Term

}



Viero & Wang et al. (2012b)   
arXiv: 1208.5049

‘Halo Model in a Nutshell’!

• Extension of Shang et al. (2012) Model!

• Luminosity-Mass (L-M) Log-Normal Relationship!

• Used a single (just cold) and double component 
(warm and cold) thermal SED,  with and without T 
evolution with redshift!

• Fit all auto- and cross-spectra, and counts, 
simultaneously

DSFG Clustering



Best-Fit Halo Models

Halo Model: Lingyu Wang

�2
reduced = 1.1 [286 dof]

log(Mpeak/M�) = 12.1± 0.5

Problems with the current Halo Models!

• Too many parameters; difficult to interpret due to 
degeneracies between:!

• Redshift distribution of intensities, dI/dz!

• thermal SED of warmed dust



Take-away from Clustering

• DSFG emission traces the dark matter 
distribution


• SFGs most efficient in 


• The redshift distribution depends on the 
wavelength


• More massive halos (groups and clusters!) host 
very luminous DSGFs


• Halo Model interpretations suffer from 
degeneracies, requiring more constraints!

log(Mpeak/M�) = 12.1± 0.5



Outline
• Why the Cosmic Infrared Background (CIB)?


• Auto and cross-correlations of CIB as a tool to:


• determine the host-halos of dusty star-forming 
galaxies through their clustering properties


• determine the connection between the              
Cosmic Optical (COB) and Infrared (CIB) Backgrounds 


• cosmological applications


• The Future in Surveys



Cross-Correlations w/ Ancillary Catalogs



traditional stacking



traditional stacking

Phil Korngut (Caltech)



uncorrelated (random) source simulation

10,000 iterations
no bias



clustering induced bias



make hits map from catalog

convolve with map p.s.f.

regress to find stacked flux

Formalism developed w/ Lorenzo Moncelsi (Caltech); 
also see Kurczynski & Gawiser (2010), Roseboom et al. (2010) 

SIMSTACK code publicly available in arXiv:1304.0446

simultaneous stacking 
(SIMSTACK)



non-target induced bias



simultaneous stacking
× C1

× C2

× CN

+ 
…⋯
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≈
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map

…⋯

catalog 1

catalog 2

catalog N

➜

➜
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Formalism developed w/ 
Lorenzo Moncelsi (Caltech)

SIMSTACK code publicly available  
see arXiv:1304.0446



simultaneous stacking sim

unbiased

So
ur

ce
 D

en
si

ty
 (a

rc
m

in
-2

)

Sstacked/Sinput
Viero, Moncelsi, Quadri et al. (2013) 

arXiv:1304.0446
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Viero, Moncelsi, Quadri et al. (2013) 
arXiv:1304.0446

-UDS
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• Spitzer/MIPS

• 24, 70um


• Herschel/PACS

• 100, 160um


• Herschel/SPIRE

• 250, 350, 500um


• ASTE/AzTEC

• 1100um


• UKIDSS/UDS [2/3 deg2]


• uBVRizJHK + IRAC ch1234


• K-band magnitude cut 24 AB


• 81,000 sources in ~0.63 deg2


• redshifts - EAZY (Brammer 2008)


• masses - FAST (Kriek 2009)

catalog (Williams & Quadri, in prep.)

 maps (HerMES; Oliver et al. 2012)
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Separating Quiescent from Star-forming

Muzzin et al. (2013) 



lo
g(
νF

ν) 
[L

⊙
]

10          100        1000

stacked flux
Fl

ux
 D

en
si

ty
 [m

Jy
]

Wavelength [μm] -UDSViero, Moncelsi, Quadri+ (2013) 
arXiv:1304.0446



SEDs redshift!
slices

stellar 
mass!
slices

Viero, Moncelsi, Quadri et al. (2013) 
arXiv:1304.0446 -UDS



stacked CIB

~80% at SPIRE !
wavelengths

Star Forming Galaxies Quiescent Galaxies

Viero, Moncelsi, Quadri et al. (2013) 
arXiv:1304.0446 -UDS

log(M/M⊙~10-11)

i.e., M ≲ M*



Star Forming Galaxies Quiescent Galaxies

Infrared Luminosities

Viero, Moncelsi, Quadri et al. (2013) 
arXiv:1304.0446 -UDS



CIB by Luminosity Class

Viero, Moncelsi, Quadri et al. (2013) 
arXiv:1304.0446 -UDS

• ULIRG:  
12 < log(L/L⊙) < 13


• LIRG:  
 11 < log(L/L⊙) < 12


• “Normal”:  
log(L/L⊙) < 11



Infrared Luminosity Density

Viero, Moncelsi, Quadri et al. (2013) 
arXiv:1304.0446 -UDS

HerMES-UDS sSFR paper: 	


Vinod Arumugam+ (in prep.)



Temperature and Redshift Distribution

-UDS

Viero, Moncelsi, Quadri et al. (2013) 
arXiv:1304.0446• Powerful Constraints for 

Galaxy and Halo Models



Take-away from Stacking

• mass-selected sources (optical/NIR) make up ~80% of 
the CIB


• Mid-mass galaxies responsible for most of the CIB


• BUT, Higher-mass galaxies make up a significant 
fraction  of the luminosity density at higher redshifts


• Puzzling signal from highest-redshift quiescent 
galaxies


• L-M-z relationship a strong constraint for future models
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• Why the Cosmic Infrared Background (CIB)?


• Auto and cross-correlations of CIB as a tool to:


• measure galaxy-galaxy clustering to determine the 
dark matter hosts of dusty star-forming galaxies


• determine the COB-CIB connection


• cosmological applications


• The Future in Surveys



Cross-Correlations with CMB Lensing



SPT Lensing Mass Map

+-0.05 color bar 
(noise ~0.01)



Lensed CMB x CIB Holder, Viero, Zahn et al. (2013) 
arXiv:1304.0446

SPT X!
SPIRE



Measuring the CIB bias

• 6.7-8.8σ 
detection 
(Planck 42σ!)


• bias = 1.3-1.8, 
strongly model 
dependent

CMBlensedxCIB500μm

Holder, Viero, Zahn et al. (2013) 
arXiv:1304.0446

SPT X SPIRE



Sievers et al. (2013) arXiv: 1301.0824

CIB as CMB Foreground

ACT• Dusty Galaxies a 
significant 
contaminant at 
150 and 220 GHz


• SZ effect 
distortion of CMB 
by Compton 
scattering in 
massive clusters

SPT 
150GHz



thermal SZ-CIB correlation?
!

• uncertain 
degree of  
tSZ and CIB 
correlation 
makes it 
very hard to 
separate 
components

67
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Fig. 4.— 2D likelihood surface for the tSZ and kSZ power in the SPT 150GHz band at ⇤ = 3000. 1, 2, and 3-⇥ constraints are
shown in red, yellow, and blue respectively. The left panel shows the constraints for the modified BB CIB frequency scaling. The right
panel displays the likelihood surfaces for the modified BB CIB frequency scaling with the introduction of free parameter, �, describing the
correlations between the tSZ and CIB power spectra. The tSZ-CIB correlation is degenerate with the kSZ e�ect, thereby weakening the
kSZ limits.

e⇤ective bandcenters in the two datasets. S11 found
DtSZ

3000 + 0.5DkSZ
3000 = 4.5 ± 1.0 µK2. The two measure-

ments are completely consistent with each other. We
will discuss the inferred correlation and its impact on
CIB constraints in §9.

6.2.2. Beyond �CDM

Lastly, we consider whether the derived SZ and CIB
powers would change with an alternate cosmological
model. Current measurements of the primary CMB
anisotropy contain hints of parameters beyond the six
�CDM parameters (Reichardt et al. 2009; Komatsu et al.
2011; ?; K11). The evidence for these model extensions
is not yet compelling; however, it is interesting to test
whether the extended models a⇤ect the SZ constraints.
We consider three extensions: running of the scalar spec-
tral index of primordial fluctuations, massive neutrinos,
and extra neutrino (or other relativistic particle) species.
We find no evidence for a degeneracy between any ex-
tended parameters and the kSZ or tSZ power. The kSZ
and tSZ constraints are unchanged under these three
�CDM model extensions.

We also consider using an unlensed primary CMB
power spectrum. We see a significant increase in the
kSZ power when lensing is turned o⇤. The inferred kSZ
power increases by about the same amount as the pri-
mary CMB decreases in the absence of gravitational lens-
ing at ⌥ ⇥ 3000. This produces a significant, ⇥ 3 µK2,
shift in the kSZ power. However, current CMB data rule
out no-lensing scenarios at more than 5⇤ (K11). The
induced uncertainty on the kSZ level for the current con-
straint on the lensing amplitude, A0.65

lens = 0.95± 0.15, is
only 0.4 µK2. This is much smaller than the 1 ⇤ uncer-
tainty on kSZ, and therefore can be neglected.

7. THERMAL SZ INTERPRETATION

We now focus on comparing our measurements of the
tSZ power spectrum with the predictions of recent mod-
els and simulations. We combine measurements of the
primary CMB power spectrum, H0, and BAO with the
tSZ signal to measure ⇤8 and the sum of the neutrino
masses,

�
m� .

7.1. Thermal SZ constraints
The models for the tSZ power spectrum are based on

simulations with a fixed cosmology. Therefore, to cor-
rectly compare the measured tSZ power with theoret-
ical predictions, we must rescale the theoretical power
spectra so that they are consistent with the cosmological
parameters at each point in the MCMC chains. Recall
that the cosmological parameters are derived solely from
constraints on BAO, H0, and the primary CMB power
spectrum and so are not directly influenced by the am-
plitude of the measured tSZ power.

Following S11, we define a dimensionless tSZ scaling
parameter, AtSZ, where

AtSZ(�i) =
DtSZ

3000

⇥tSZ
3000(�i)

. (20)

DtSZ
3000 is the measured tSZ power at ⌥ = 3000 and

⇥tSZ
3000(�i) is the template power spectrum normalized to

be consistent with the set of cosmological parameters ‘�i’
at step i in the chain. We obtain the preferred value
of AtSZ by combining the measurement of DtSZ

3000 with
the cosmological parameter constraints provided by the
primary CMB measurements. As described in Section
5.2, we consider two template models for the tSZ power
spectrum, the ‘Shaw’ and ‘Sehgal’ models. These two
templates bracket the range of tSZ models considered by
S11.

To determine the cosmological scaling of ⇥tSZ
3000(�i), we

run the Shaw model at each step in the chain. The

Reichardt et al. (2012)   
arXiv: 1111.0932



Cross-Correlating CIB and CMB

ACT x BLAST	


Planck x Planck	



Current:

ACT x HeLMS/HerS	


SPT x SPIRE-SPT

Coming:

!
Green: Hajian, Viero et al. (2011)  
Blue: Viero et al. (2013)  
Red: Planck Collaboration (2013)



CMB Lensing B-modes

• Lensing mixes 
E-modes into 
B-modes

Holder, Viero, Zahn et al. (2013) 
arXiv:1304.0446



CMB Lensing B-modes

• 7.7σ detection of 
B-mode signal
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Moving Forward
• Galaxy Evolution models 

critically fail to match low 
mass galaxies at 
intermediate redshifts 
(e.g., Guo+ 2011, 
Weinmann+ 2011,2012)


• They require accurate 
LIRs/SFRs for this faint 
population, and that of 
their progenitors 

!
Arumugam, Viero, Quadri et al. (in prep.) 



Moving Forward

L-M*-z

Lots of sources to probe 
small masses

Lots of 
Area!

estimated using mass function of Muzzin et al. 2013



PI: Viero

HerS

HeLMS

SDSS Stripe 82
HETDEX

ACT
SHELA
SpIES

!
Also:


• DES/HSC 

• VHS/VICS82

• VLA

• Wiggle-z

• LSST

!
Includes:


• Clusters

• QSOs 

• LRGs

• maxBCGs

• HI

!

• Optical Spectra:

• Lyman Alpha Forest

• DLAs/Mg2/CIV

45°

Viero+ 2013, Herschel Stripe 82 Survey; arXiv:1308.4399	


Find Maps/Catalogs at: http://www.astro.caltech.edu/hers

350 deg

http://www.astro.caltech.edu/hers


Graeme Addison - Viktoria Asboth - Andrew Baker - 
Nicholas Battaglia - Jamie Bock - Dick Bond - Timothy 
Brandt - Carrie Bridge - Ed Chapin - Caitlin Casey - Alex 
Conley - Erin Mentuch Cooper - Sudeep Das - Mark Devlin 
- Olivier Doré - Jo Dunkley - Duncan Farrah - Andreu 
Font-Ribera - Steven Finkelstein - Eric Gawiser - Karl 
Gebhardt - Amandeep Gill - Amir Hajian - Mark Halpern  - 
Katie Harris - Brandon Hensley - Shardha Jogee - Peter 
Kurczynski - Andrea Lapi - Gaelen Marsden - Lorenzo 
Moncelsi - Mattia Negrello - Seb Oliver - Lyman Page - 
Casey Papovich - Sara Petty - Ryan Quadri - Marie Rex - 
Isaac Roseboom - Nic Ross - Bernhard Schulz -Douglas 
Scott - Rachel Somerville - David Spergel - Joaquin Vieira - 
Marco Viero - Risa Wechsler - Rik Williams - Mike Zemcov 
- Caroline Zunckel

herschel stripe 82 survey

Viero+ 2013, Herschel Stripe 82 Survey; arXiv:1308.4399	


Find Maps/Catalogs at: http://www.astro.caltech.edu/hers

http://www.astro.caltech.edu/hers


• 3.5 by 20 deg, or 70deg2


• Faithful to ~ 4 deg

Made with SANEPIC by V. Asboth (UBC)HerS
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Local Starbursts

Optical SPIRE IRAC
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36 arcsec2

14°

SHELA

Specific Star-Formation Rates



HerS Submillimeter and ACT 
SZ detections in Radio Stacks

• Stacked ~4400 Radio galaxies in HerS/ACT


• Detection of SZ in log(M/M⊙)~13 halos

Gralla et al. 2013; arXiv:1310.8281HerS



HerS •Clusters (Geach et al. 2012) 
• BOSS quasars

Viero+ 2013, Herschel Stripe 82 Survey; arXiv:1308.4399	


Find Maps/Catalogs at: http://www.astro.caltech.edu/hers

Wang, Viero et al. (2013) 
arXiv:1304.0446

http://www.astro.caltech.edu/hers


HerS

•Cluster Members  
Viero+ 2013, Herschel Stripe 82 Survey; arXiv:1308.4399	


Find Maps/Catalogs at: http://www.astro.caltech.edu/hers

http://www.astro.caltech.edu/hers


Future Work with 
Surveys

• Immediately: Cross-correlations with


• CMB to quantify CIB - SZ correlation


• Clusters and cluster members to study CIB-tSZ 
correlation, and infall radius, etc.


• SDSS-identified QSOs and DLAs to study their dust 
properties and bias


• IGM Scattered Starlight to measure dust grain sizes


• SNa host star-formation properties


• Farther in future: Star Formation History of lower mass and 
higher redshift galaxies



Summary
• Dusty Star-forming FIR/submm Galaxies are biased 

tracers of Dark Matter


• The CIB is made up mostly of typical galaxies from 
optical/NIR surveys 


• Cross-Correlating large data sets is a powerful tool for 
answering many questions in Galaxy Evolution and 
Cosmology


• HerS data publicly available at:                                 
http://www.astro.caltech.edu/hers


• SIMSTACK code publicly available at: 
http://www.astro.caltech.edu/~viero/
viero_homepage/toolbox/

http://www.astro.caltech.edu/hers
http://www.astro.caltech.edu/~viero/viero_homepage/

