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Outline

1) Planck mission: quick introduction and update 

2) The Cosmic Infrared Background

3) Planck measurements of the Cosmic Infrared Background 
Power Spectrum ( arXiv:1101.2028 )

4) Present and future synergies between CMB and large 
Infrared Surveys
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The scientific results that we present today are a product of 
the Planck Collaboration, including individuals from more 
than 50 scientific institutes in Europe, the USA and Canada   

Planck is a project 

of the European 

Space Agency -- 
ESA -- with 

instruments 

provided by two 

scientific 

Consortia funded 
by ESA member 

states (in 

particular the lead 

countries: France 

and Italy) with 
contributions from 

NASA (USA), and 

telescope 

reflectors provided 

in a collaboration 
between ESA and 

a scientific 

Consortium led 

and funded by 

Denmark. 
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Launched on May 14th 2009...

• Launched by ESA from Kourou in French Guiana

• Herschel and Planck were launched together using a 
Ariane V rocket (total payload  about 5700 kg)

• Separation between Planck and Herschel occurred 
about 26 minutes after launch
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View from

 Herschel



http://sci.esa.int/science-e/www/object/index.cfm?
fobjectid=48205

http://sci.esa.int/science-e/www/object/index.cfm?
fobjectid=48205

http://sci.esa.int/science-e/www/object/index.cfm?
fobjectid=48205

http://sci.esa.int/science-e/www/object/index.cfm?
fobjectid=48205

Olivier Doré, JPL/Caltech IPMU, September 2011

... and entered L2 orbit on July 3d 2009

• Both Herschel and Planck 
traveled to L2 separately and 
were injected into different orbits 
around L2

• L2 is about 1.5 millions km from 
earth

• L2 offers great thermal stability 
and constant survey mode

• Joined WMAP in orbit around L2
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Scanning strategy

• Spin at 1 rpm

• Repoints spin axis by 2’ every 40 minutes

• Additional slow modulation of spin axis for 
full sky coverage at every frequency

• Full sky observed every 6 months (half an 
orbit around the sun)

• 5 full sky surveys will be ultimately available
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Hit counts for early papers
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Planck: the 3rd generation space CMB experiment

• Planck Primary goal is to measure the temperature anisotropies of 
the CMB to fundamental limits down to 5 arcminutes and to 
measure the Polarization of the CMB

• Planck will be nearly photon noise limited in the CMB channels 
(100-200 GHz)

• This translates into a factor 2.5 in angular resolution and 10 in 
instantaneous map sensitivity with respect to WMAP

• HFI detectors are cooled to 100 mK, 6 bands 100 to 857 GHz, read 
in total power mode with a white noise from 10 mHz to 100 Hz  (no 
1/f noise from readout electronics in the signal range)

• The temperature stability of the 100 mK stage must be better that 
20 nK√Hz in the same band not to affect the sensitivity
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High Frequency Instrument (HFI) 

• Coolest point in outer space...
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Overall sensitivity vs expectations
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Noise

> 0.6 Hz

• White noise level in the 0.6-2.5 Hz range
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Planck Early Results: First Assessment of the High Frequency Instrument In-flight Performance, arXiv:1101.2039
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Planck’s view of the universe
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• First full sky survey image released in July 2010

• RGB color encoding using 143, 30 and 353 GHz
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Planck Frequency Coverage

•Temperature and polarization 
power spectrum sensitivity should 
be limited by the ability to remove 
foregrounds (thus a very broad 
frequency coverage: 30 GHz-1 THz)

•Temperature measurements at nine 
frequencies: 30, 44, 70, 100, 143, 
217, 353, 545, 857 GHz

•Polarization measurements at 
seven frequencies: 30, 44, 70, 100, 
143, 217, 353 GHz

•Of necessity, we measure the 
foregrounds very well: lots of 
astrophysics!
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Planck Frequencies

Planck Bluebook

• Temperature measurement at nine frequencies: 30, 44, 70, 100, 143, 217, 353, 545, 857 GHz

• Polarization measurements at seven frequencies: 30, 44, 70, 100, 143, 217, 353 GHz

Planck Early Results Lawrence/Planck Collaboration—3 2011 January 11
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Planck’s Early Results

• The Planck collaboration is releasing

• The Early Release Compact Source Catalogues (ERCSC): the first data product from Planck

• Based on 1.6 sky surveys (10 months of observations) and 3 months of validation

• 7 papers describing the performance of the Planck mission and instruments in space, and the 
data processing that went into the ERCSC and the science results

• 18 papers reporting on early Galactic and extragalactic science results from Planck

• 5 on Sunyaev-Zeldovich clusters

• 3 on extragalactics radio sources

• 1 on Cosmic Infrared Background

• 2 on dusty galaxies, including the Magellanic Clouds

• 5 on dust in the Milky Way, including spinning dust

• 2 on cold cores or clumps

• First CMB results will come in January 2013

12
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Outline

1) Planck mission: quick introduction and update 

2) Planck measurements of the Cosmic Infrared Background 
Power Spectrum ( arXiv:1101.2028 )

3)    Present and future synergies between CMB and large 
Infrared Surveys
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• CIB introduction

• Planck analysis
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Mean sky brightness in IR important
• The extragalactic background 

brightness is dominated by the 
CMB...

• ... but the CIB and the COB have 
equal contribution

• Different than local measurements 
where it is ~1/3

• IR gals contributions increases 
with z faster than optical ones

• Slopes of the CIB part suggests 
that different galaxies contribute at 
different redshifts

• Over half of the energy produced 
since the surface of last scattering 
has been absorbed and re-emitted by 
dust.

14
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Lagache+ 2005
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Stellar bump from old stars

Starlight absorbed by dust

Dust re-emits in the FIR

UV from young, hot stars

Lagache et al. 2004
Gispert et al. 2001 Slides from J. Viera
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Fluctuations: working in the confusion limit

• CIB is basically the extra-galactic confusion noise: it represents the cumulative 
emission of high-z, dusty, star forming galaxies

16
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• Clustering in CIB detected by Spitzer (fwhm~10”), Blast, ACT/SPT (~2’) and Herschel (~7” 
at 100mu). 

• Planck adds large scales (linear regime) and high frequencies (higher redshifts)

• We will learn about SFR and more generally the interplay between baryons and dark 
matter at  at high-z

G. Lagache
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Redshift dependance

• Longer wavelengths probes 
higher redshift

17

� � � � � 
 �� � �� 	 � �� � � � � � � � � 
 � � � 
 	 � � � 
 � 	 � � � � � � � � � � � �

� � � � 	 
 
  � � � � � � � � � 
 
 � � � �  � � � � �

� � � 
 � � � 
 � � � 
 	 � � 
 � � �� � � � � � � � � � �� � �� � � � � � � 	 � � � � � � � 
 	 � � � � �� � � � � 
 �

� � � � 
 � � � � � � � � � � 
 � �

           Longer wavelengths probe to higher redshifts 

857 545  353  217 

� � � � 	 � � � � � � � 
 � � � � � � � � 	 
 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 
 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 	 
 
 �

� � � � � 
 �� � �� 	 � �� � � � � � � � � 
 � � � 
 	 � � � 
 � 	 � � � � � � � � � � � �

� � � � 	 
 
  � � � � � � � � � 
 
 � � � �  � � � � �

� � � 
 � � � 
 � � � 
 	 � � 
 � � �� � � � � � � � � � �� � �� � � � � � � 	 � � � � � � � 
 	 � � � � �� � � � � 
 �

� � � � 
 � � � � � � � � � � 
 � �

           Longer wavelengths probe to higher redshifts 

857 545  353  217 

� � � � 	 � � � � � � � 
 � � � � � � � � 	 
 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 
 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 	 
 
 �

� � � � � 
 �� � �� 	 � �� � � � � � � � � 
 � � � 
 	 � � � 
 � 	 � � � � � � � � � � � �

� � � � 	 
 
  � � � � � � � � � 
 
 � � � �  � � � � �

� � � 
 � � � 
 � � � 
 	 � � 
 � � �� � � � � � � � � � �� � �� � � � � � � 	 � � � � � � � 
 	 � � � � �� � � � � 
 �

� � � � 
 � � � � � � � � � � 
 � �

           Longer wavelengths probe to higher redshifts 

857 545  353  217 

� � � � 	 � � � � � � � 
 � � � � � � � � 	 
 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 
 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 	 
 
 �

Mean:

Shot noise:

Béthermin et al. 2011
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CIB in a nutshell

• CIB is produced by star-heated dust in galaxies, thus is sensitive to the SFR at 
high redshift

• These IR galaxies are difficult to observe so that the CIB is a very unique window 
to study them

• The fluctuations in this background trace the large-scale distribution of matter, and 
so, to some extend the clustering of matter at high-z

• Planck adds high z and large scales

• Interest highlighted early on by Partridge & Peebles 1967 and discovered by Puget 
et al. 1996 (FIRAS) and Hauser et al. 1998 (DIRBE)
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Planck CIB Analysis

• 6 fields totaling 140 sq. deg.
• CIB maps = Raw map - CMB - Pt sources - Cirrus (HI maps from Martin et al. 2011)
• Lots of details on systematics and measurement in the paper
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CIB maps

20

� � � � 
 � � 
 	 � 	 � � 
 � � �� �� 
 	 � � � � 
 � � � �� � � �� 
 �

Raw maps  

– CMB 
– ERCSC point sources 

HFI « raw » maps 

26.4 Sq. Deg. 

CIB maps  

= Raw maps  
– CMB 

– ERCSC point sources 
– Galactic dust 

CIB maps @ 10 arcmin 

217 GHz             353 GHz            545 GHz             857 GHz 

� � � � 	 � � � � � � � � � � � � � � 
 � 	 
 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 
 � � � � � � 
 
 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 	 � 
 �

Raw

- CMB (143GHz)
- Pt sources

- Galactic dust

Smoothed at 10’



http://sci.esa.int/science-e/www/object/index.cfm?
fobjectid=48205

http://sci.esa.int/science-e/www/object/index.cfm?
fobjectid=48205

http://sci.esa.int/science-e/www/object/index.cfm?
fobjectid=48205

http://sci.esa.int/science-e/www/object/index.cfm?
fobjectid=48205

Olivier Doré, JPL/Caltech IPMU, September 2011

Dust cleaning with local 21cm maps

•HI best tracer of galactic dust in diffuse sky

•Important to decompose the HI observations in three 
different components corresponding to three different gas 
velocities 

•Data from GBT (Martin et al. 2010)

•Relation between HI and dust is mostly empirical
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Figure 5. Hi and dust maps for two fields: SP (top) and AG (bottom). The first two maps on the left show the Hi components
(Local and IVC for SP, IVC and HVC for AG), the third maps show the 857GHz emission associated with Hi (

P
i αi

νN i
HI) and the

maps on the right side show the HFI 857 GHz maps. Those HFI maps have been convolved by the GBT beam to allow a better
comparison by eye. Hi maps are given in units of 1020 atoms cm−2. Note the correlation of the dust emission with the different Hi
velocity components and its variation from field to field.

N1 217GHz 353GHz 545GHz 857GHz
217 GHz 1 0.56 0.53 0.49
353 GHz 1 0.84 0.77
545 GHz 1 0.91

Bootes 1 217 GHz 353 GHz 545 GHz 857 GHz
217 GHz 1 0.44 0.39 0.39
353 GHz 1 0.75 0.74
545 GHz 1 0.89

Table 2. Pearson correlation coefficient between CIB anisotropy maps (values are given for the N1 and Bootes 1 fields to illustrate
the range of coefficients). The high-frequency maps are highly correlated. A decorrelation is seen when going to lower frequencies.
We interpret this decorrelation as reflecting the redshift distribution of CIB anisotropies (see text and Fernandez-Conde et al.
2008; Penin et al. 2011a).

.

resolution, even though the Hi map is of lower resolution.
This is not a problem since cirrus, with a k−3 power-law
power spectrum (Miville-Deschênes et al. 2007), has negli-
gible power between the GBT and HFI angular resolutions,
in comparison to the power in the CIB.

Residual maps and power spectra –Fig. 3 shows the HFI
power spectra before and after the dust removal in the SP
field. Cirrus removal has more impact for the two high-
frequency channels. At 217 GHz, the correction is very small
(13% at !=500). Such a method of using Hi data to re-
move the cirrus contamination from power spectra has
also been successfully applied at higher frequencies than
ours, where the cirrus contamination is higher, by Penin
et al. (2011b). They have been able to isolate precisely the
CIB anisotropies power spectra at 1875 and 3000 GHz with
Spitzer and IRAS/IRIS , in the N1 field.

The residual maps, at the HFI angular resolution, are
shown in Fig. 4 for the N1 field. We clearly see that the cir-
rus has been efficiently removed. The bottom row shows the
residual maps, smoothed at 10′. Common structures, corre-
sponding to the CIB anisotropies, are clearly visible at the
four frequencies. Table 2 gives the Pearson correlation coef-
ficients between the CIB anisotropy maps. They are about
0.9 between the 545 and 857 GHz maps and 0.5 between
the 217 and 857 GHz CIB maps. The decrease when the fre-
quency difference between the maps is larger is expected, as
the contribution of high-redshift galaxies to the CIB (and
its anisotropies) increases with wavelength. This is illus-
trated in Fig. 6, extracted from Béthermin et al. (2010c),
where we show the redshift distribution of the CIB. The
redshift distribution of correlated CIB anisotropies are dis-
cussed in Fernandez-Conde et al. (2008, 2010); Penin et al.
(2011a).

8

SP Local IVC Correlated 857 GHz

857 GHzCorrelated HVCAG IVC

Aurélie Pénin et al.: An accurate measurement of CIB mean and anisotropies

Fig. 3. Left: point spread function of MIPS 160 µm computed
using an oversampled map. Right: PSFs power spectra. The con-
tinuous line is our PSF and the dashed line is the power spectrum
from the STiny Tim Model(Krist et al. (2005), STinyTim, v1.3;
Krist, 2002).

Fig. 5. hi spectra of three different lines of sight, illustrating the
three velocity components (local, IVC an HVC from the top to
the bottom panel, respectively).

examination for remaining glitches and artifacts, and zodiacal
light removal. The three HCONs were then co-added using sky
coverage maps to make the average map (HCON-0). We will
return to these HCONs later to determine the power spectrum of
the instrumental noise.

The IRIS PSF is assumed to be Gaussian following Miville-
Deschênes et al. (2002):

P(k) = exp

−

k2

2σ2
k


 (1)

with σk = 0.065 ± 0.005 arcmin−1 at 100 µm which corre-
sponds, in real space to a Gaussian function with σ = 1.8 ± 0.1
arcmin. Sources are removed down to a 10σ threshold, follow-
ing the algorithm described in Miville-Deschênes & Lagache
(2005). The source-subtracted map at 100 µm is shown on Fig. 6.

The FWHM of our data are given in table 2.3. We convolve
the maps when necessary in order to compare consistent data.

Fig. 6. Source-subtracted IRIS 100 µm used in this study. The
area is ∼ 25 square degrees. Units are MJy/sr. The white contour
shows the MIPS field.

3. Power spectrum and error bars

There are several contributions to the power spectrum measured
in the far-infrared: the Poisson noise, due to discrete unresolved
sources, the clustering of galaxies (these two components make
the CIB anisotropies), the Galactic cirrus and the instrumental
noise. Assuming that the noise is not correlated to the signal:

P(k) = γ(k) [Psources(k) + Pclus(k) + Pcirrus(k)] + N(k) (2)

where k is the two-dimensional wavenumber and Psources(k),
Pclus(k) and Pcirrus(k) are respectively the power spectrum of
the unresolved sources, the clustering and the Galactic dust
emission. The instrumental noise is represented by N(k) and
γ(k) is the power spectrum of the PSF of the instrument.

The noise power spectrum, N(k) is computed using two
independent maps of the N1 field. At 100 µm, we use the
different HCONs (see Sect. 2.3). At 160 µm, we use the even
and odd Basic Calibrated Data (BCDs) to build two independent
maps. The power spectrum of the difference of the two maps
gives an estimate of N(k). To take into account the non homoge-
neous coverage, we apply the method of Miville-Deschênes &
Lagache (2005). We subtract the estimated N(k) from the raw
power spectrum P(k). The level of the Poisson noise at large k
is obtained by dividing the power spectrum by that of the PSF.

The result is shown for 160 µm in Fig. 7. We find
Psources = 9013 ± 100 Jy2/sr. Lagache et al. (2007) found a
slighly higher value of 9848±120 Jy2/sr with sources removed
with a higher flux (200 mJy). In this study, sources are removed
to a lower flux cut which leads to a lower shot noise level.

Statistical errors in power spectra are computed using mock
signal plus noise maps that we analyze with the same pipeline
as the data. We derive the covariance matrix of this set of power
spectra. Its diagonal terms give the errors on each P(k). Errors
in the subtraction of the cirrus component are not statistical
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Residual Power Spectra
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Comparison with Blast

• Almost the same flux cut, thus same shot noise
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Figure 17. Comparison of BLAST and HFI measurements at
545 and 857GHz. HFI data points are the red circles; BLAST
data points are the black triangles. They have been color cor-
rected for the comparison (the color has been computed us-
ing the CIB SED of Gispert et al. (2000), integrated through
the BLAST and HFI bandpass filters). The dashed line is the
BLAST shot noise (also color corrected). Also shown is the
BLAST best fit clustering model (black dash-dotted line) and
the total contribution (shot noise plus clustering; continuous
green line). It provides a good fit to the Planck data.

5.4. A self-consistent, cosmological, IR, galaxy evolution
model

Our interpretation of the CIB anisotropy measurements re-
lies on a model introduced in Penin et al. (2011a). The
model builds upon the halo model formalism (see Cooray &
Sheth 2002, for a review) and populates dark matter halos
with galaxies using a HOD, modeling the emission of dusty
galaxies using the infrared evolution model of Béthermin
et al. (2010c). Our main motivation for developing and us-
ing this parametric model is that it allows us to handle,
in a self-consistent manner, observational constraints com-
ing from galaxy clustering and the CMB with more galaxy-
evolution-centered measurements such as number counts or
luminosity functions at various wavelengths and redshifts.
This is a key feature of our model.

Previous models, such as Amblard & Cooray (2007) and
Viero et al. (2009), have used the Lagache et al. (2004)
infrared-galaxy evolution model. Compared to Lagache
et al. (2004) and Marsden et al. (2010), the parametric
evolution of Béthermin et al. (2010c) better reproduces
the mid-IR to millimeter statistical observations of infrared
galaxies (number counts, luminosity functions, CIB, red-
shift distributions). This is important since we derive from
this model the mean emissivity per comoving unit volume,
introduced below, which is a key quantity for interpreting
CIB anisotropies.

On the scales of interest to us we can use the Limber
approximation (Limber 1954) and write the angular (cross)
power spectrum of infrared emission at two frequencies, ν
and ν′, and at a multipole " as (e.g., Knox et al. 2001):

Cνν′

" =
∫

dz

(
dχ

dz

) (
a

χ

)2

j̄ν(z)j̄ν′(z)Pgg(k = "/χ, z)

(37)

where χ is the comoving angular diameter distance to red-
shift z, a = (1 + z)−1 is the scale factor and j̄ν(z) is the
mean emissivity per comoving unit volume at frequency ν
and redshift z. The mean emissivity is derived using the
empirical, parametric model of Béthermin et al. (2010c)6:

j̄ν(z) = (1 + z)
∫ Scut

0
dS S

d2N

dSdz
. (38)

The remaining ingredient in the model is thus Pgg(k, z).
As a foil to the HOD model for Pgg we begin with the
simple, constant bias model in which

Pgg(k, z) = b2
linPlin(k, z) (39)

where blin is a redshift- and scale-independent bias and
Plin(k) is the linear theory, matter power spectrum. We
compute Plin(k) using the fit of Eisenstein & Hu (1998).
We shall see that such a model is not sufficient to explain
the CIB anisotropies that we measure. This is not unex-
pected: at the mean distance of the sources we are probing
Mpc scales where non-linearities and scale-dependent bias
are important.

By contrast the HOD model computes Pgg(k, z) as the
sum of the contributions of galaxies within a single dark
matter halo (1h) and galaxies belonging to two different
halos (2h):

Pgg(k) = P1h(k) + P2h(k) . (40)
The details of our assumptions for the 1h and 2h terms are
given in the Appendix. On large scales P2h reduces to a
constant bias (squared) times the linear theory power spec-
trum while the 1-halo term becomes a scale-independent,
shot-noise term.

Before comparing our model to Planck observations, let
us identify the parameters we hope to constrain with these
data. The infrared galaxy evolution model of Béthermin
et al. (2010c) satisfyingly reproduces current number count
observations and luminosity function measurements at the
price of introducing a luminosity function characterized by
thirteen parameters. These thirteen parameters fully define
the mean emissivities, j̄ν(z), given in Eq. 38. The standard
cosmological parameters (baryon density, tilt, etc.) mostly
define the shape of the linear power spectrum in Eq. 39 and
the geometric functions like χ(z). The HOD formalism we
introduce in the appendix requires four more parameters.
Penin et al. (2011a) investigated this full parameter space
and its degeneracies and concluded, not surprisingly, that
the current generation of infrared galaxy clustering mea-
surements will not allow us to constrain all these parame-
ters simultaneously. Furthermore, they show that most of
the constraints on the luminosity function evolution come
from number counts and monochromatic luminosity func-
tion measurements. In the next section we thus fix the lu-
minosity function parameters to their best-fit values (from
Béthermin et al. 2010c) and vary only some of the HOD
parameters.

5.5. Confronting model and observation

To confront the measurements to our model, we use a
Levenberg-Marquardt algorithm to perform a χ2 minimiza-
tion. The χ2 of our data when compared to our model is

6 Note that for illustration purpose and where specified only,
we will sometimes use the older phenomenological model of
Lagache et al. (2004) (LDP).
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Comparison with SPT
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217GHz 353GHz 545GHz 857GHz
σobs (3.7± 1.3± 0.08)× 10−3 (1.9± 0.3± 0.04)× 10−2 (5.9± 0.8± 0.40)× 10−2 (1.0± 0.1± 0.07)× 10−1

CIBf
obs (5.4± 1.7)× 10−2 (1.6± 0.5)× 10−1 (3.7± 1.1)× 10−1 (6.5± 2.0)× 10−1

CIBg
obs (3.4± 1.1)× 10−2 (1.3± 0.4)× 10−1 (3.7± 1.2)× 10−1 (7.1± 2.3)× 10−1

CIBmod (3.1± 0.4)× 10−2 (1.2± 0.1)× 10−1 (3.3± 0.2)× 10−1 (6.1± 0.3)× 10−1

Table 5. RMS fluctuations in the CIB computed from Eq. 36 and average CIB levels at 217, 353, 545 and 857GHz. The subscripts
‘obs’ and ‘mod’ stand for observational and model values, respectively. The CIB model is taken from Béthermin et al. (2010c).
CIBf and CIBg are the Fixsen et al. (1998) and Gispert et al. (2000) best fits to the CIB spectra, respectively. The best fits and
the model have been integrated in the HFI bandpasses. All numbers are given for the photometric convention νIν=cst.

Since the bandpass filters are not exactly the same we ap-
plied a multiplicative correction factor (color correction) to
over-plot the SPT CIB anisotropy power spectra on those
of the HFI. This factor, the square of the HFI/SPT colour,
is computed using the CIB SED of Gispert et al. (2000)
convolved with the bandpass filters and is equal to 1.04.

To interpret their data, Hall et al. (2010) used a phe-
nomenological model of CIB sources that assumed each
galaxy has the same, non-evolving, grey-body SED and that
their light was a biased tracer of the mass fluctuations, cal-
culated in linear perturbation theory. Further, the redshift
distribution of the luminosity density was set by two pa-
rameters that set the width and peak redshift.

The green curve of Fig. 16 shows the Hall et al. (2010)
model, normalized to the SPT bandpowers. We see that
with this normalization, the power at large angular scales
is larger by more than a factor of 2 than the HFI data.
We also show as the blue curve the same model, except
with amplitude adjusted to better agree with the HFI data.
This downward adjustment of amplitude could arise from
either a reduction in bias or in the amplitude of the mean
CIB. This correction, of course, shifts the discrepancy to the
smaller-scale SPT data. Since we expect the linear theory
assumption will be better at large scales than at small, the
discrepancy between model and data at small scales may
be signaling the importance of non-linear corrections.

5.3. Comparison with BLAST measurements

Viero et al. (2009) presented BLAST power spectrum mea-
surements at 1200, 857 and 600GHz in the GOODS-South
field. They detect CIB anisotropy and shot-noise power
in the range 940 ≤ ! ≤ 10, 800. The measured correla-
tions are well fit by a power law over scales of 5-25′, with
∆I/I = 15.1% ± 1.7%. This level with respect to the CIB
is the same as that found at the four HFI frequencies (see
Sect. 5.1 and Fig. 15). Fitting to a linear theory power
spectrum, they find that the BLAST galaxies responsible
for the CIB fluctuations have bias parameters, b = 3.9±0.6
and b = 4.4 ± 0.7 at 857 and 600GHz, respectively. They
further interpret their results using the halo model and find
that the simplest prescription does not fit very well. One
way to improve the fit is to increase the radius at which
dark matter halos are truncated in the model (the virial
radius) and thus distribute satellite galaxies over a larger
volume. They interpret this as being equivalent to having
some star-forming galaxies at z ≥ 1 located in the outskirts
of groups and clusters.

We show on Fig. 17 the comparison between the BLAST
and HFI measurements at 857 and 545 GHz. The band-
pass filters being quite different (particularly the 600 and

Figure 16. Comparison of SPT (Hall et al. 2010, dark trian-
gles) and HFI measurements (red dots) at 217GHz. The green
dashed line corresponds to the SPT shot noise and the green
dotted-dashed line to the clustering model of Hall et al. (2010),
the sum of the two being the continuous green line. The clus-
tering model over-predicts by a factor " 2.4 the HFI power at
# = 800. When normalised by this factor (dashed-dotted line)
the clustering+shot noise (continuous line) now under-predicts
the SPT data points, which may be the signature of non-linear
contributions.

545 GHz BLAST and HFI channels), we applied a color cor-
rection as explained in Sect. 5.2, multiplying the BLAST
CIB anisotropy power spectra by 0.7 and 1.05 at 545 and
857 GHz, respectively. We see from Fig. 17 that the BLAST
power spectra agree quite well with those from HFI, except
that their largest-scale points are systematically higher.
This may be caused by contamination by residual Galactic
cirrus emission in the BLAST power spectra. Also shown
on the figure are shot-noise powers measured by BLAST.
Once the color corrections are applied they are 1843 and
7326 Jy2 sr−1 at 545 and 857 GHz, respectively. Their flux
cuts are comparable to ours (they removed 2 sources above
400 mJy at 857 GHz, and no sources at 600 GHz). The mea-
sured shot noise levels are 1.7 and 1.3 times higher than the
model predictions shown in Table 3 at 545 and 857 GHz,
respectively. We also plot their best fit halo model which
has a minimum halo mass required to host a galaxy of
log(Mmin/M") = 11.5+0.4

−0.1, and an effective bias beff # 2.4.
We see from Fig. 17 that their model is a very good fit to
the HFI data points. Indeed, it provides a much better fit
of the HFI data points than the BLAST data points!
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Comparison with Herschel Spire
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Spire data points are color corrected using the CIB mean spectrum  

(factors 0.97 at 857GHz, 0.68 at 545GHz) 

Planck 

Spire 

                                               Spire data from Amblard+2010 

Amblard et al. 2011, arXiv:1101.1080

• Comparison is subtle because of different flux cut level and color corrections

• Detailed study suggests issue with cirrus subtraction and beam solid angle (calibration)

• Joint analysis will be very potent when feasible, including cross power spectra
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Planck maps at 217, 353, 545 and 857 GHz

•High SNR sub-degree 
structures at all frequencies 

•Assuming sources at z~2, we  
are measuring clustering at 30 
Mpc/h (k~0.03 h/Mpc) or less 
scales

•Structures partially correlated 
across frequencies

•Obviously cosmologically 
very interesting! What can we 
learn from these maps?
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Required elements for a “physical” model

(1) Light traces galaxies which trace dark matter on large scales

(2) Prescription for the spatial distribution of galaxies and its redshift evolution: Pgg(k,z)

We consider either:

• Linear model with bias constant in redshift: Pgg(k,z) = blin2 Plin(k,z)

• HOD approach: clustering of DM through a halo models, whose halos we populate using 
Halo Occupation Density model

(3) Luminosity function and its redshift evolution for the relevant galaxies: j(z)

• We use the parametric (backward) model of Béthermin et al. 10

• Novelty of our approach: we can handle self-consistently and in a statistically sound 
manner all relevant observations (number counts, LF measurements, CIB mean, and 
redshift evolution)
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Figure 17. Comparison of BLAST and HFI measurements at 545 and
857 GHz. HFI data points are the red circles; BLAST data points are the
black triangles. They have been color corrected for the comparison (the
color has been computed using the CIB SED of Gispert et al. (2000),
integrated through the BLAST and HFI bandpass filters). The dashed
line is the BLAST shot noise (also color corrected). Also shown is the
BLAST best fit clustering model (black dash-dotted line) and the to-
tal contribution (shot noise plus clustering; continuous green line). It
provides a good fit to the Planck data.

We also plot their best fit halo model which has a minimum halo
mass required to host a galaxy of log(Mmin/M!) = 11.5+0.4

−0.1, and
an effective bias beff # 2.4. We see from Fig. 17 that their model
is a very good fit to the HFI data points. Indeed, it provides
a much better fit of the HFI data points than the BLAST data
points!

5.4. A self-consistent, cosmological, IR, galaxy evolution
model

Our interpretation of the CIB anisotropy measurements relies on
a model introduced in Penin et al. (in prep). The model builds
upon the halo model formalism (see Cooray & Sheth 2002, for
a review) and populates dark matter halos with galaxies using a
HOD, modeling the emission of dusty galaxies using the infrared
evolution model of Béthermin et al. (2010c). Our main motiva-
tion for developing and using this parametric model is that it
allows us to handle, in a self-consistent manner, observational
constraints coming from galaxy clustering and the CMB with
more galaxy-evolution-centered measurements such as number
counts or luminosity functions at various wavelengths and red-
shifts. This is a key feature of our model.

Previous models, such as Amblard & Cooray (2007) and
Viero et al. (2009), have used the Lagache et al. (2004) infrared-
galaxy evolution model. Compared to Lagache et al. (2004) and
Marsden et al. (2010), the parametric evolution of Béthermin
et al. (2010c) better reproduces the mid-IR to millimeter statisti-
cal observations of infrared galaxies (number counts, luminosity
functions, CIB, redshift distributions). This is important since
we derive from this model the mean emissivity per comoving
unit volume, introduced below, which is a key quantity for inter-
preting CIB anisotropies.

On the scales of interest to us we can use the Limber ap-
proximation (Limber 1954) and write the angular (cross) power
spectrum of infrared emission at two frequencies, ν and ν′, and

at a multipole " as (e.g., Knox et al. 2001):

Cνν
′
" =

∫
dz
(

dχ
dz

) (
a
χ

)2
j̄ν(z) j̄ν′ (z)Pgg(k = "/χ, z) (37)

where χ is the comoving angular diameter distance to redshift
z, a = (1 + z)−1 is the scale factor and j̄ν(z) is the mean emis-
sivity per comoving unit volume at frequency ν and redshift z.
The mean emissivity is derived using the empirical, parametric
model of Béthermin et al. (2010c)6:

j̄ν(z) = (1 + z)
∫ S cut

0
dS S

d2N
dS dz

. (38)

The remaining ingredient in the model is thus Pgg(k, z). As a
foil to the HOD model for Pgg we begin with the simple, constant
bias model in which

Pgg(k, z) = b2
linPlin(k, z) (39)

where blin is a redshift- and scale-independent bias and Plin(k)
is the linear theory, matter power spectrum. We compute Plin(k)
using the fit of Eisenstein & Hu (1998). We shall see that such a
model is not sufficient to explain the CIB anisotropies that we
measure. This is not unexpected: at the mean distance of the
sources we are probing Mpc scales where non-linearities and
scale-dependent bias are important.

By contrast the HOD model computes Pgg(k, z) as the sum
of the contributions of galaxies within a single dark matter halo
(1h) and galaxies belonging to two different halos (2h):

Pgg(k) = P1h(k) + P2h(k) . (40)

The details of our assumptions for the 1h and 2h terms are given
in the Appendix. On large scales P2h reduces to a constant bias
(squared) times the linear theory power spectrum while the 1-
halo term becomes a scale-independent, shot-noise term.

Before comparing our model to Planck observations, let us
identify the parameters we hope to constrain with these data.
The infrared galaxy evolution model of Béthermin et al. (2010c)
satisfyingly reproduces current number count observations and
luminosity function measurements at the price of introducing a
luminosity function characterized by thirteen parameters. These
thirteen parameters fully define the mean emissivities, j̄ν(z),
given in Eq. 38. The standard cosmological parameters (baryon
density, tilt, etc.) mostly define the shape of the linear power
spectrum in Eq. 39 and the geometric functions like χ(z). The
HOD formalism we introduce in the appendix requires four more
parameters. Penin et al. (in prep) investigated this full parame-
ter space and its degeneracies and concluded, not surprisingly,
that the current generation of infrared galaxy clustering measure-
ments will not allow us to constrain all these parameters simulta-
neously. Furthermore, they show that most of the constraints on
the luminosity function evolution come from number counts and
monochromatic luminosity function measurements. In the next
section we thus fix the luminosity function parameters to their
best-fit values (from Béthermin et al. 2010c) and vary only some
of the HOD parameters.

6 Note that for illustration purpose and where specified only, we will
sometimes use the older phenomenological model of Lagache et al.
(2004) (LDP).
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Figure 17. Comparison of BLAST and HFI measurements at 545 and
857 GHz. HFI data points are the red circles; BLAST data points are the
black triangles. They have been color corrected for the comparison (the
color has been computed using the CIB SED of Gispert et al. (2000),
integrated through the BLAST and HFI bandpass filters). The dashed
line is the BLAST shot noise (also color corrected). Also shown is the
BLAST best fit clustering model (black dash-dotted line) and the to-
tal contribution (shot noise plus clustering; continuous green line). It
provides a good fit to the Planck data.

We also plot their best fit halo model which has a minimum halo
mass required to host a galaxy of log(Mmin/M!) = 11.5+0.4

−0.1, and
an effective bias beff # 2.4. We see from Fig. 17 that their model
is a very good fit to the HFI data points. Indeed, it provides
a much better fit of the HFI data points than the BLAST data
points!

5.4. A self-consistent, cosmological, IR, galaxy evolution
model

Our interpretation of the CIB anisotropy measurements relies on
a model introduced in Penin et al. (in prep). The model builds
upon the halo model formalism (see Cooray & Sheth 2002, for
a review) and populates dark matter halos with galaxies using a
HOD, modeling the emission of dusty galaxies using the infrared
evolution model of Béthermin et al. (2010c). Our main motiva-
tion for developing and using this parametric model is that it
allows us to handle, in a self-consistent manner, observational
constraints coming from galaxy clustering and the CMB with
more galaxy-evolution-centered measurements such as number
counts or luminosity functions at various wavelengths and red-
shifts. This is a key feature of our model.

Previous models, such as Amblard & Cooray (2007) and
Viero et al. (2009), have used the Lagache et al. (2004) infrared-
galaxy evolution model. Compared to Lagache et al. (2004) and
Marsden et al. (2010), the parametric evolution of Béthermin
et al. (2010c) better reproduces the mid-IR to millimeter statisti-
cal observations of infrared galaxies (number counts, luminosity
functions, CIB, redshift distributions). This is important since
we derive from this model the mean emissivity per comoving
unit volume, introduced below, which is a key quantity for inter-
preting CIB anisotropies.

On the scales of interest to us we can use the Limber ap-
proximation (Limber 1954) and write the angular (cross) power
spectrum of infrared emission at two frequencies, ν and ν′, and

at a multipole " as (e.g., Knox et al. 2001):

Cνν
′
" =

∫
dz
(

dχ
dz

) (
a
χ

)2
j̄ν(z) j̄ν′ (z)Pgg(k = "/χ, z) (37)

where χ is the comoving angular diameter distance to redshift
z, a = (1 + z)−1 is the scale factor and j̄ν(z) is the mean emis-
sivity per comoving unit volume at frequency ν and redshift z.
The mean emissivity is derived using the empirical, parametric
model of Béthermin et al. (2010c)6:

j̄ν(z) = (1 + z)
∫ S cut

0
dS S

d2N
dS dz

. (38)

The remaining ingredient in the model is thus Pgg(k, z). As a
foil to the HOD model for Pgg we begin with the simple, constant
bias model in which

Pgg(k, z) = b2
linPlin(k, z) (39)

where blin is a redshift- and scale-independent bias and Plin(k)
is the linear theory, matter power spectrum. We compute Plin(k)
using the fit of Eisenstein & Hu (1998). We shall see that such a
model is not sufficient to explain the CIB anisotropies that we
measure. This is not unexpected: at the mean distance of the
sources we are probing Mpc scales where non-linearities and
scale-dependent bias are important.

By contrast the HOD model computes Pgg(k, z) as the sum
of the contributions of galaxies within a single dark matter halo
(1h) and galaxies belonging to two different halos (2h):

Pgg(k) = P1h(k) + P2h(k) . (40)

The details of our assumptions for the 1h and 2h terms are given
in the Appendix. On large scales P2h reduces to a constant bias
(squared) times the linear theory power spectrum while the 1-
halo term becomes a scale-independent, shot-noise term.

Before comparing our model to Planck observations, let us
identify the parameters we hope to constrain with these data.
The infrared galaxy evolution model of Béthermin et al. (2010c)
satisfyingly reproduces current number count observations and
luminosity function measurements at the price of introducing a
luminosity function characterized by thirteen parameters. These
thirteen parameters fully define the mean emissivities, j̄ν(z),
given in Eq. 38. The standard cosmological parameters (baryon
density, tilt, etc.) mostly define the shape of the linear power
spectrum in Eq. 39 and the geometric functions like χ(z). The
HOD formalism we introduce in the appendix requires four more
parameters. Penin et al. (in prep) investigated this full parame-
ter space and its degeneracies and concluded, not surprisingly,
that the current generation of infrared galaxy clustering measure-
ments will not allow us to constrain all these parameters simulta-
neously. Furthermore, they show that most of the constraints on
the luminosity function evolution come from number counts and
monochromatic luminosity function measurements. In the next
section we thus fix the luminosity function parameters to their
best-fit values (from Béthermin et al. 2010c) and vary only some
of the HOD parameters.

6 Note that for illustration purpose and where specified only, we will
sometimes use the older phenomenological model of Lagache et al.
(2004) (LDP).
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4 Aurélie Pénin et al.: A parametric model of clustering

The emissivities are computed using the parametric luminosity
functions following (see Sect. 3.1):

jν(z) =
(
a

dχ
dz

)−1 ∫

L
S

dN
dzd(lnL)

d(lnL) (9)

where dN/dzd(lnL) is the number of galaxies per redshift bin dz
and per luminosity bin d(lnL) and Each galaxy population (nor-
mal and SB) emissivity are computed and are sumed to get the
overall emissivity. Fig. 4 shows emissivities as a function of red-
shift. The two discontinuities at z ∼ 0.9 and z = 2 are due to the
breaks imposed by the model of galaxies. It is clear that as the
wavelength increases, the contribution of the high redshift part
increases. Emissivities are color corrected according to their in-
strument and wavelengths to be in Jy2/sr (νIν=cste).
In the context of the halo model, Pss(k) is the sum of the cluster-
ing in one single halo (1h) and in two different halos (2h):

Pss(k) = P1h(k) + P2h(k) (10)

where

P1h(k) =
∫

M
dM

dN
dM
〈Ngal(Ngal − 1)〉

n̄2
gal

U(k,M)p (11)

P2h(k) = Plin(k)
[∫

M
dM

dN
dM

b(M)
〈Ngal〉
n̄gal

U(k,M)
]2
. (12)

Here M is the halo mass, Plin(k) is the dark matter linear power
spectrum (we computed with the fit of Eisenstein & Hu (1998)).
U(k,M) is the normalised Fourier transform of the halo density
profile that is assumed to be that of Navarro et al. (1996) trun-
cated at the virial radius. b(M) the halo bias and 〈Ngal〉 is the
probability of having Ngal galaxies in a halo of mass M and we
consider p = 2. n̄gal, the mean number density of galaxies, is
given by:

n̄gal =

∫
dN
dM
〈Ngal〉dM (13)

where dN/dM is the halo mass function. In our study we will
use the universal form presented in Tinker et al. (2008) as well
as its redshift evolution. We use its associated halo bias. (see Eq.
A1 in Tinker et al. (2009)) Galaxies are included through the
halo occupation distribution To describe this statistical distribu-
tion, recent data and simulations suggest a required disctinction
between the central galaxy that lie at the center of the halo and
the satellite galaxies that populate the rest of the halos. Above
a given mass threshold, most halos will host a central galaxies.
Above a second, higher mass threshold, they will also host satel-
lite galaxies. Ngal can thus be written as :

〈Ngal〉 = 〈Ncen〉 + 〈Nsat〉 . (14)

We use the prescription of Tinker & Wetzel (2010). The occupa-
tion function of central galaxies is:

〈Ncen〉 =
1
2

[
1 + erf

(
log M − log Mmin

σlog M

)]
(15)

where Mmin is the halo mass at which a galaxy has a probability
of 50 % of having a central galaxy in the data. σlog M controls the
width of the transition between no central galaxy and one. There
is a smooth transition between low mass halos that do not contain
bright enough galaxies to be seen on the data (M << Mmin) and
more massive ones that always contain a bright central galaxy.

Fig. 3. Number of galaxies versus the halo mass. The blue dashed line
shows the central galaxies, the red dotted-dashed line shows satellite
galaxies and the black continuous line shows the total.

Fig. 4. Emissivities versus the redshift for different wavelengths. The
contribution of high redshift increases with the wavelengths.[Oli: Peut-
etre redondant avec les plots qui suivent. Laissons le pour le moment.
Ajoute une phrase de commentaire dans la legende et/ou le texte. OK]

(M >> Mmin).
The satellite ocupation function is:

〈Nsat〉 =
1
2

[
1 + erf

(
log M − log 2Mmin

σlog M

)] (
M

Msat

)αsat

(16)

It has a cutoff of the same form as the central occupation with a
transition mass twice larger than that of the central to prevent
halos which have a low probability of having a central galaxies
to contain a satellite galaxie. The number of satellite galaxies
grows with a slope of αsat.

Thus Cl on the halo model parameters αsat, Mmin, Msat and
σlogM . Cosmology is fixed at WMAP7 values. Our parameters
are recaped in Table 1.
The long term purpose of that model is to look for best fits of
these parameters for Planck, Herschel and SPT data. However it
is beyond the scope of this paper. Our aim here is to study the pa-
rameters space and investigate for instance, the halo bias, which
halos contribute to the power spectrum and its dependency with
the redshift and mass.

Planck Collaboration: CIB anisotropies with Planck

Figure 17. Comparison of BLAST and HFI measurements at 545 and
857 GHz. HFI data points are the red circles; BLAST data points are the
black triangles. They have been color corrected for the comparison (the
color has been computed using the CIB SED of Gispert et al. (2000),
integrated through the BLAST and HFI bandpass filters). The dashed
line is the BLAST shot noise (also color corrected). Also shown is the
BLAST best fit clustering model (black dash-dotted line) and the to-
tal contribution (shot noise plus clustering; continuous green line). It
provides a good fit to the Planck data.

We also plot their best fit halo model which has a minimum halo
mass required to host a galaxy of log(Mmin/M!) = 11.5+0.4

−0.1, and
an effective bias beff # 2.4. We see from Fig. 17 that their model
is a very good fit to the HFI data points. Indeed, it provides
a much better fit of the HFI data points than the BLAST data
points!

5.4. A self-consistent, cosmological, IR, galaxy evolution
model

Our interpretation of the CIB anisotropy measurements relies on
a model introduced in Penin et al. (in prep). The model builds
upon the halo model formalism (see Cooray & Sheth 2002, for
a review) and populates dark matter halos with galaxies using a
HOD, modeling the emission of dusty galaxies using the infrared
evolution model of Béthermin et al. (2010c). Our main motiva-
tion for developing and using this parametric model is that it
allows us to handle, in a self-consistent manner, observational
constraints coming from galaxy clustering and the CMB with
more galaxy-evolution-centered measurements such as number
counts or luminosity functions at various wavelengths and red-
shifts. This is a key feature of our model.

Previous models, such as Amblard & Cooray (2007) and
Viero et al. (2009), have used the Lagache et al. (2004) infrared-
galaxy evolution model. Compared to Lagache et al. (2004) and
Marsden et al. (2010), the parametric evolution of Béthermin
et al. (2010c) better reproduces the mid-IR to millimeter statisti-
cal observations of infrared galaxies (number counts, luminosity
functions, CIB, redshift distributions). This is important since
we derive from this model the mean emissivity per comoving
unit volume, introduced below, which is a key quantity for inter-
preting CIB anisotropies.

On the scales of interest to us we can use the Limber ap-
proximation (Limber 1954) and write the angular (cross) power
spectrum of infrared emission at two frequencies, ν and ν′, and

at a multipole " as (e.g., Knox et al. 2001):

Cνν
′
" =

∫
dz
(

dχ
dz

) (
a
χ

)2
j̄ν(z) j̄ν′ (z)Pgg(k = "/χ, z) (37)

where χ is the comoving angular diameter distance to redshift
z, a = (1 + z)−1 is the scale factor and j̄ν(z) is the mean emis-
sivity per comoving unit volume at frequency ν and redshift z.
The mean emissivity is derived using the empirical, parametric
model of Béthermin et al. (2010c)6:

j̄ν(z) = (1 + z)
∫ S cut

0
dS S

d2N
dS dz

. (38)

The remaining ingredient in the model is thus Pgg(k, z). As a
foil to the HOD model for Pgg we begin with the simple, constant
bias model in which

Pgg(k, z) = b2
linPlin(k, z) (39)

where blin is a redshift- and scale-independent bias and Plin(k)
is the linear theory, matter power spectrum. We compute Plin(k)
using the fit of Eisenstein & Hu (1998). We shall see that such a
model is not sufficient to explain the CIB anisotropies that we
measure. This is not unexpected: at the mean distance of the
sources we are probing Mpc scales where non-linearities and
scale-dependent bias are important.

By contrast the HOD model computes Pgg(k, z) as the sum
of the contributions of galaxies within a single dark matter halo
(1h) and galaxies belonging to two different halos (2h):

Pgg(k) = P1h(k) + P2h(k) . (40)

The details of our assumptions for the 1h and 2h terms are given
in the Appendix. On large scales P2h reduces to a constant bias
(squared) times the linear theory power spectrum while the 1-
halo term becomes a scale-independent, shot-noise term.

Before comparing our model to Planck observations, let us
identify the parameters we hope to constrain with these data.
The infrared galaxy evolution model of Béthermin et al. (2010c)
satisfyingly reproduces current number count observations and
luminosity function measurements at the price of introducing a
luminosity function characterized by thirteen parameters. These
thirteen parameters fully define the mean emissivities, j̄ν(z),
given in Eq. 38. The standard cosmological parameters (baryon
density, tilt, etc.) mostly define the shape of the linear power
spectrum in Eq. 39 and the geometric functions like χ(z). The
HOD formalism we introduce in the appendix requires four more
parameters. Penin et al. (in prep) investigated this full parame-
ter space and its degeneracies and concluded, not surprisingly,
that the current generation of infrared galaxy clustering measure-
ments will not allow us to constrain all these parameters simulta-
neously. Furthermore, they show that most of the constraints on
the luminosity function evolution come from number counts and
monochromatic luminosity function measurements. In the next
section we thus fix the luminosity function parameters to their
best-fit values (from Béthermin et al. 2010c) and vary only some
of the HOD parameters.

6 Note that for illustration purpose and where specified only, we will
sometimes use the older phenomenological model of Lagache et al.
(2004) (LDP).
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Figure 3. (a) to (f): Differential extragalactic number counts used for the fit. (h): Monochromatic LFs at different wavelengths and
redshifts. (a) to (h): The fitted points are thicker. Black solid line: our best-fit model. Black dashed line: 1-σ range of the model. (a)
to (c): Red diamonds: Béthermin et al. (2010a) Spitzer legacy number counts. (c):Green triangles: Berta et al. (2010)Herschel� PEP
number counts. (d) to (f): Red diamonds: Oliver et al. (2010) Herschel� Hermes number counts. Green triangles: Glenn et al. (2010)
Herschel� Hermes P(D) analysis. Clements et al. (2010) Herschel� ATLAS number counts. Purple cross: Béthermin et al. (2010b)
BLAST number counts. (g): Green triangles: Scott et al. (2010) AzTEC number counts in the CDFS field. Green triangles:
Austermann et al. (2010) AzTEC number counts in the SHADES field. (h): Red plus: Rodighiero et al. (2009) local 24 � m LF
(not fitted points in grey). Green diamonds: Saunders et al. (1990) local 60 � m LF (shifted by a factor 10 on the y-axis; not fitted
points in grey); Blue triangles: Rodighiero et al. (2009) 15 � m LF at z � 0.6 (shifted by a factor 100 on the y-axis; not fitted points in
grey). Purple squares: Rodighiero et al. (2009) 12 � m LF at z � 1 (shifted by a factor 1000 on the y-axis; not fitted points in grey).
Cyan crosses: Caputi et al. (2007) 8 � m LF at z � 2 (shifted by a factor 10 000 on the y-axis). 7
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HOD modeling - I
• Halo model: dark matter resides in spherical halos

• HOD: galaxies live in halos with a density fixed by the halo mass. 

• The probability of having N galaxies in a halo of mass M is given by the halo 
occupation density (hod).

• Small scale clustering determined by galaxy distributions; large scale 
clustering determined by halo clustering 

• Halo clustering follows DM clustering (with a cut-off due to halo exclusion) up 
to a multiplicative bias
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HOD modeling - II

•The Halo Occupation Distribution defines the clustering of galaxies (bias) and its redshift evolution

•We use an ansatz from Zheng et al. 05 and Tinker et al. 08 validated on N-boby simulations and optical data (z~<2)

•A full study of the parameter space suggests that current CIB clustering data alone can neither constrain 
cosmology nor the galaxy evolution model. The latter is mostly constrained by number counts and redshift evolution

•We restrict ourselves to two HOD parameters: Mmin and αsat. We set Msat = 10 Mmin and σlog M=0.65 . We assume 
Poissonian distribution for Ngal .

•Mmin roughly corresponds to the smallest halo mass hosting a CIB contributing galaxy. αsat fixes the total 
number of galaxies and the ratio of contributing high/low mass halos

Planck Collaboration: CIB anisotropies with Planck

6. Conclusion

We present the first measurement of CIB anisotropies with
Planck, detecting power from 10′ to 2 degrees. The exceptional
quality of the data, combined with a complete analysis of the
different steps that lead to the CIB anisotropy power spectra, al-
lows us to measure the clustering of dusty, star-forming galaxies
at 217, 353, 545 and 857 GHz with unprecedented precision.

We work on six independent fields chosen to have high
angular-resolution H data and low foreground contamination.
The CIB maps are cleaned using templates: H for Galactic cirrus
and the Planck 143 GHz maps for CMB. Having H data is nec-
essary to cleanly separate CIB and cirrus fluctuations. As CIB
anisotropies and Galactic dust have similar SEDs, blind compo-
nent separation methods do not separate CIB anisotropies from
cirrus emission well. The 143 GHz Planck channel, cleaned from
sources and filtered, provides a good template for the CMB as
it has low instrument noise and an angular resolution close to
the higher frequency channels from which we measure the CIB.
It has also the advantage of being an“internal” template, mean-
ing its noise, data reduction process, photometric calibration and
beam are known.

We obtain CIB anisotropy maps that reveal structures pro-
duced by the cumulative emission of high-redshift, dusty, star-
forming galaxies. The maps are highly correlated at high fre-
quencies. They decorrelate at lower frequency, as expected from
models of the redshift distribution of sources producing the CIB
anisotropies. In these models, at 217 GHz the contribution of
z ≥ 2 galaxies is becoming dominant, while at higher frequen-
cies the dominant sources are at lower z. We compute the power
spectra of the maps and their associated errors using a dedicated
pipeline, based on the POKER algorithm (Ponthieu et al. 2011).
After a careful examination of many systematic effects, use of
the best determination of the beam window function and in-
strument noise determined from jack-knife methods, we end up
with measurements of the angular power spectrum of the CIB
anisotropy, C!, at 217, 353, 545 and 857 GHz, over the range
200 < ! < 2000 with high signal-to-noise ratio (see Table 4 and
Fig. 12).

The SED of CIB anisotropies is not different from the CIB
mean SED, even at 217 GHz. This is expected from the model of
Béthermin et al. (2010c) and reflects the fact that the CIB mean
and anisotropies are produced by the same population of sources.
Our measurement compares very well with previous measure-
ments, at higher !, at 220 GHz by SPT (Hall et al. 2010) and at
600 and 857 GHz by BLAST (Viero et al. 2009).

From the Planck data alone we can exclude a model where
galaxies trace the linear theory matter power spectrum with a
scale-independent bias: that model requires an unrealistic high
level of shot noise to match the small-scale power we observe.
Consequently, we develop an alternative model that couples the
dusty galaxy, parametric evolution model of Béthermin et al.
(2010c) with a halo model approach. Characterized by only two
parameters, this model provides an excellent fit to our measured
anisotropy angular power spectrum for each frequency treated
independently. Whereas in principle, these two parameters could
offer us unique insights into the clustering and the nature of
dusty galaxies at high redshift, the current uncertainties in the
underlying model prevent us from drawing detailed inferences.
Our results suggest that a different HOD is required at each fre-
quency, which is consistent with the fact that we expect each
frequency to be dominated by contributions from different red-
shifts. We find that half of the contribution to the power spec-
trum at !=2000 comes from redshifts lower than 0.8 and 0.9

at 857 and 545 GHz, respectively. Those numbers are robust
against exact evolution of dusty galaxies comoving emissivity
at high-redshift (z ≥3.5). This is not the case at lower frequen-
cies and our best-fit model predicts that about 1/5 and 2/3 of
the anisotropies power at !=2000 come from redshifts z >3.5 at
353 GHz and 217 GHz, respectively.

Further modeling and interpretation of the CIB anisotropy
will be aided by the combination of the Planck and Herschel
data at 857 and 545/600 GHz and Planck and SPT/ACT data at
220 GHz. Such a combination will measure the CIB anisotropy
power spectrum over a wide range of scales, covering the three
regimes where we expect the 2-halo, 1-halo and shot-noise con-
tributions to dominate. Further progress could be made by mea-
suring the CIB anisotropies over more sky and at lower frequen-
cies (at least 143 GHz) with Planck. Going to lower frequency
extends our reach in redshift, and is also important for CMB
analysis and measurement of the SZ power spectrum. Further
information will be obtained by cross-correlating the CIB maps
with external tracers of the density field, like the galaxy and
quasar distributions in large area catalogs (such as those from
the SDSS, VIKING/VISTA and KIDS/VST surveys). This will
additionally constrain: 1) the populations contributing most to
the CIB; and 2) the relative bias between the external tracer and
the distribution of far-infrared emission. A particularly interest-
ing cross-correlation may be between the CMB lensing conver-
gence and the CIB maps (Song et al. 2003). The lensing and CIB
anisotropies are expected to have a high degree of overlap, and
lead to a signal readily detectable by Planck. This signal will
give a direct and independent measure of the bias.
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Appendix A: The halo model

In this appendix we give the details of our halo modeling.
Neglecting scale-dependent halo bias, the distinction between
central and satellite galaxies and halo exclusion, and assuming a
Poisson distribution of galaxies, the 1h and 2h terms in Pgg have
simple analytic expressions (Cooray & Sheth 2002)

P1h(k) =
∫

dM
dN
dM
〈Ngal(Ngal − 1)〉

n̄2
gal

u2(k,M) (A.1)

P2h(k) = Plin(k)
[∫

dM
dN
dM

b(M)
〈Ngal〉
n̄gal

u(k,M)
]2
, (A.2)

where M is the halo mass, dN/dM is the halo mass function,
u(k,M) is the Fourier transform of the (normalized) halo density
profile, b(M) the halo bias and 〈Ngal〉 is the mean number of
galaxies in a halo of mass M.

The mean number density of galaxies, n̄gal, can be written

n̄gal =

∫
dM

dN
dM
〈Ngal〉 . (A.3)

Note that on large scales u(k → 0,M) ' 1 so that we can define
the “effective” bias as

beff(z) =
∫

dM
dN
dM

b(M)
〈Ngal〉
n̄gal

. (A.4)

and the 1-halo term becomes scale-independent (i.e., a shot-
noise term).
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We use the fitting function of Eisenstein & Hu (1998) to
compute Plin, an NFW profile (Navarro et al. 1997) truncated
at the virial radius to compute u(k,M) and we rely on the mass
function fit of Tinker et al. (2008) with its associated halo bias
prescription (Tinker et al. 2010). All of these relations have been
calibrated through the use of N-body simulations. Our definition
of halo mass is the mass interior to a radius within which the
mean density is 200 times the mean density of the universe.

The HOD describes the way galaxies populate the dark mat-
ter halos. While we do not distinguish between central and satel-
lite galaxies in the above, the functional form we adopt for the
mean occupation is modeled on the form frequently used in op-
tical observations (e.g., Zheng et al. 2005)

〈Ngal〉 = Ncen + Nsat (A.5)

with
Ncen =

1
2

[
1 + erf

(
log M − log Mmin

σlog M

)]
(A.6)

and

Nsat =
1
2

[
1 + erf

(
log M − log 2Mmin

σlog M

)] (
M

Msat

)αsat

. (A.7)

These definitions ensure that Mmin is the halo mass at which a
halo has a probability of 50% of having a central galaxy. We in-
troduce σlog M to allow scatter in this relation between halo mass
and observable, which is important on large scales. Following
Zheng et al. (2005), we assume a Poisson distribution for Nsat
and write

〈Ngal(Ngal − 1)〉 = 2〈Nsat〉 + 〈Nsat〉2 . (A.8)

Within this parametrization, halos with M $ Mmin will not host
any galaxies whereas those with M % Mmin are almost certain
to contain one. The satellite occupation has a similar cut-off, but
the mass is chosen to be twice Mmin so that halos with a low
probability of having a central galaxy are unlikely to contain a
satellite galaxy (see Tinker & Wetzel 2010, for further discussion
of this form).

We note that this parametrisation was introduced to repro-
duce the observed clustering of luminosity-threshold samples of
optical galaxies at 0 < z < 2. We are thus making substantial
assumptions when applying this same parametric form to dusty
star-forming galaxies at higher redshift. As we shall see, how-
ever, our constraints on even this form of the HOD are weak
enough to argue against introducing additional degrees of free-
dom in the model.
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Glenn, J., Conley, A., Béthermin, M., et al. 2010, MNRAS, 409, 109
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We use the fitting function of Eisenstein & Hu (1998) to
compute Plin, an NFW profile (Navarro et al. 1997) truncated
at the virial radius to compute u(k,M) and we rely on the mass
function fit of Tinker et al. (2008) with its associated halo bias
prescription (Tinker et al. 2010). All of these relations have been
calibrated through the use of N-body simulations. Our definition
of halo mass is the mass interior to a radius within which the
mean density is 200 times the mean density of the universe.

The HOD describes the way galaxies populate the dark mat-
ter halos. While we do not distinguish between central and satel-
lite galaxies in the above, the functional form we adopt for the
mean occupation is modeled on the form frequently used in op-
tical observations (e.g., Zheng et al. 2005)

〈Ngal〉 = Ncen + Nsat (A.5)

with
Ncen =
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and

Nsat =
1
2

[
1 + erf

(
log M − log 2Mmin

σlog M

)] (
M

Msat

)αsat

. (A.7)

These definitions ensure that Mmin is the halo mass at which a
halo has a probability of 50% of having a central galaxy. We in-
troduce σlog M to allow scatter in this relation between halo mass
and observable, which is important on large scales. Following
Zheng et al. (2005), we assume a Poisson distribution for Nsat
and write

〈Ngal(Ngal − 1)〉 = 2〈Nsat〉 + 〈Nsat〉2 . (A.8)

Within this parametrization, halos with M $ Mmin will not host
any galaxies whereas those with M % Mmin are almost certain
to contain one. The satellite occupation has a similar cut-off, but
the mass is chosen to be twice Mmin so that halos with a low
probability of having a central galaxy are unlikely to contain a
satellite galaxy (see Tinker & Wetzel 2010, for further discussion
of this form).

We note that this parametrisation was introduced to repro-
duce the observed clustering of luminosity-threshold samples of
optical galaxies at 0 < z < 2. We are thus making substantial
assumptions when applying this same parametric form to dusty
star-forming galaxies at higher redshift. As we shall see, how-
ever, our constraints on even this form of the HOD are weak
enough to argue against introducing additional degrees of free-
dom in the model.
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We use the fitting function of Eisenstein & Hu (1998) to
compute Plin, an NFW profile (Navarro et al. 1997) truncated
at the virial radius to compute u(k,M) and we rely on the mass
function fit of Tinker et al. (2008) with its associated halo bias
prescription (Tinker et al. 2010). All of these relations have been
calibrated through the use of N-body simulations. Our definition
of halo mass is the mass interior to a radius within which the
mean density is 200 times the mean density of the universe.

The HOD describes the way galaxies populate the dark mat-
ter halos. While we do not distinguish between central and satel-
lite galaxies in the above, the functional form we adopt for the
mean occupation is modeled on the form frequently used in op-
tical observations (e.g., Zheng et al. 2005)

〈Ngal〉 = Ncen + Nsat (A.5)

with
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These definitions ensure that Mmin is the halo mass at which a
halo has a probability of 50% of having a central galaxy. We in-
troduce σlog M to allow scatter in this relation between halo mass
and observable, which is important on large scales. Following
Zheng et al. (2005), we assume a Poisson distribution for Nsat
and write

〈Ngal(Ngal − 1)〉 = 2〈Nsat〉 + 〈Nsat〉2 . (A.8)

Within this parametrization, halos with M $ Mmin will not host
any galaxies whereas those with M % Mmin are almost certain
to contain one. The satellite occupation has a similar cut-off, but
the mass is chosen to be twice Mmin so that halos with a low
probability of having a central galaxy are unlikely to contain a
satellite galaxy (see Tinker & Wetzel 2010, for further discussion
of this form).

We note that this parametrisation was introduced to repro-
duce the observed clustering of luminosity-threshold samples of
optical galaxies at 0 < z < 2. We are thus making substantial
assumptions when applying this same parametric form to dusty
star-forming galaxies at higher redshift. As we shall see, how-
ever, our constraints on even this form of the HOD are weak
enough to argue against introducing additional degrees of free-
dom in the model.
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Figure 17. Comparison of BLAST and HFI measurements at 545 and
857 GHz. HFI data points are the red circles; BLAST data points are the
black triangles. They have been color corrected for the comparison (the
color has been computed using the CIB SED of Gispert et al. (2000),
integrated through the BLAST and HFI bandpass filters). The dashed
line is the BLAST shot noise (also color corrected). Also shown is the
BLAST best fit clustering model (black dash-dotted line) and the to-
tal contribution (shot noise plus clustering; continuous green line). It
provides a good fit to the Planck data.

We also plot their best fit halo model which has a minimum halo
mass required to host a galaxy of log(Mmin/M!) = 11.5+0.4

−0.1, and
an effective bias beff # 2.4. We see from Fig. 17 that their model
is a very good fit to the HFI data points. Indeed, it provides
a much better fit of the HFI data points than the BLAST data
points!

5.4. A self-consistent, cosmological, IR, galaxy evolution
model

Our interpretation of the CIB anisotropy measurements relies on
a model introduced in Penin et al. (in prep). The model builds
upon the halo model formalism (see Cooray & Sheth 2002, for
a review) and populates dark matter halos with galaxies using a
HOD, modeling the emission of dusty galaxies using the infrared
evolution model of Béthermin et al. (2010c). Our main motiva-
tion for developing and using this parametric model is that it
allows us to handle, in a self-consistent manner, observational
constraints coming from galaxy clustering and the CMB with
more galaxy-evolution-centered measurements such as number
counts or luminosity functions at various wavelengths and red-
shifts. This is a key feature of our model.

Previous models, such as Amblard & Cooray (2007) and
Viero et al. (2009), have used the Lagache et al. (2004) infrared-
galaxy evolution model. Compared to Lagache et al. (2004) and
Marsden et al. (2010), the parametric evolution of Béthermin
et al. (2010c) better reproduces the mid-IR to millimeter statisti-
cal observations of infrared galaxies (number counts, luminosity
functions, CIB, redshift distributions). This is important since
we derive from this model the mean emissivity per comoving
unit volume, introduced below, which is a key quantity for inter-
preting CIB anisotropies.

On the scales of interest to us we can use the Limber ap-
proximation (Limber 1954) and write the angular (cross) power
spectrum of infrared emission at two frequencies, ν and ν′, and

at a multipole " as (e.g., Knox et al. 2001):

Cνν
′
" =

∫
dz
(

dχ
dz

) (
a
χ

)2
j̄ν(z) j̄ν′ (z)Pgg(k = "/χ, z) (37)

where χ is the comoving angular diameter distance to redshift
z, a = (1 + z)−1 is the scale factor and j̄ν(z) is the mean emis-
sivity per comoving unit volume at frequency ν and redshift z.
The mean emissivity is derived using the empirical, parametric
model of Béthermin et al. (2010c)6:

j̄ν(z) = (1 + z)
∫ S cut

0
dS S

d2N
dS dz

. (38)

The remaining ingredient in the model is thus Pgg(k, z). As a
foil to the HOD model for Pgg we begin with the simple, constant
bias model in which

Pgg(k, z) = b2
linPlin(k, z) (39)

where blin is a redshift- and scale-independent bias and Plin(k)
is the linear theory, matter power spectrum. We compute Plin(k)
using the fit of Eisenstein & Hu (1998). We shall see that such a
model is not sufficient to explain the CIB anisotropies that we
measure. This is not unexpected: at the mean distance of the
sources we are probing Mpc scales where non-linearities and
scale-dependent bias are important.

By contrast the HOD model computes Pgg(k, z) as the sum
of the contributions of galaxies within a single dark matter halo
(1h) and galaxies belonging to two different halos (2h):

Pgg(k) = P1h(k) + P2h(k) . (40)

The details of our assumptions for the 1h and 2h terms are given
in the Appendix. On large scales P2h reduces to a constant bias
(squared) times the linear theory power spectrum while the 1-
halo term becomes a scale-independent, shot-noise term.

Before comparing our model to Planck observations, let us
identify the parameters we hope to constrain with these data.
The infrared galaxy evolution model of Béthermin et al. (2010c)
satisfyingly reproduces current number count observations and
luminosity function measurements at the price of introducing a
luminosity function characterized by thirteen parameters. These
thirteen parameters fully define the mean emissivities, j̄ν(z),
given in Eq. 38. The standard cosmological parameters (baryon
density, tilt, etc.) mostly define the shape of the linear power
spectrum in Eq. 39 and the geometric functions like χ(z). The
HOD formalism we introduce in the appendix requires four more
parameters. Penin et al. (in prep) investigated this full parame-
ter space and its degeneracies and concluded, not surprisingly,
that the current generation of infrared galaxy clustering measure-
ments will not allow us to constrain all these parameters simulta-
neously. Furthermore, they show that most of the constraints on
the luminosity function evolution come from number counts and
monochromatic luminosity function measurements. In the next
section we thus fix the luminosity function parameters to their
best-fit values (from Béthermin et al. 2010c) and vary only some
of the HOD parameters.

6 Note that for illustration purpose and where specified only, we will
sometimes use the older phenomenological model of Lagache et al.
(2004) (LDP).
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•The Béthermin et al. 10  model has very little predictive power for z>~3.5 by 
lack of observations

•The only robust constrain we have is on the CIB mean as measured by FIRAS 
(Fixsen et al 98) that we use as a prior or not.  (Mean CIB ∝ ∫ j dz )

Caveat

Planck Collaboration: CIB anisotropies with Planck

We impose Msat = 10 Mmin and choose σlog M = 0.65, mo-
tivated by the clustering observed in optical surveys (see Tinker
& Wetzel 2010, for discussion and references). We did not find
σlog M to be a critical parameters for our fit. To let it vary drives
the fit to physically unrealistic region of parameter space. For
each frequency, we fix the Poisson noise level to the one ex-
pected from our model (see Sect. 3.1). To add to the robustness
of our interpretation, we take one more conservative step.

As stated above, our interpretation of these data requires
the knowledge of the emissivity. While our fiducial model
is well tested and reproduce all relevant current observations
(Béthermin et al. 2010c), these do not extend beyond a redshift
of about 3.5. As such, extrapolations to higher redshifts are un-
constrained by previous observations except for the integral con-
straints provided by the CIB measurement discussed in Sec. 5.1.
To let our conclusions be as model independent as possible and
also to isolate and constrain the high-z contribution, we make the
extra assumption that the emissivity, j, is constant for z > 3.5 and
we fit for it simultaneously while solving for log10 Mmin and αsat.
More precisely, we rewrite Eq. 37 as

Cνν
′
$ =

∫ 3.5

0
dz

dχ
dz

a2

χ2 j̄ν(z) j̄ν′ (z)Pgg(k = $/χ, z)

+
(

jνν
′

eff

)2 ∫ 7

3.5
dz

dχ
dz

a2

χ2 Pgg(k = $/χ, z) (43)

where we introduced the effective redshift-independent emissiv-
ity, jeff , that we will also solve for.

We treat the four frequencies as independent and perform
a single minimization per frequency. The results are illustrated
in Fig. 19. The solid orange line represents the best-fit model
per frequency. Our three-parameter model obviously fits each
frequency very well. The orange dashed line represents the 2-
halo (linear) term while the orange dot-dashed line represents
the 1-halo (non-linear) term. The green curve corresponds to the
assumed Poisson noise level. It is clear that the angular scales we
probe require a modeling of both the linear and the non-linear
contribution to the power spectrum for all frequencies, and that
the 1-halo term is similar in slope to the shot-noise term which
leads to a model degeneracy.

Quantitative results are given in Table 7 where we quote a
reduced χ2 as a goodness-of-fit measure. The errors quoted in
Table 7 correspond to the Gaussian errors computed from the
Fisher matrix at the best fit values. Any $ bin at any given fre-
quency is considered independent from the others at all frequen-
cies. For reference, we also give the results of a fit where we
fix j to the value given by our model and fit for only log10 Mmin
and αsat. While the best-fit values between the two models are
consistent, it is clear from the table that allowing jeff to vary de-
grades strongly the constraints on log10 Mmin and αsat. In fact,
a strong degeneracy between jeff and log10 Mmin is observed, as
might be expected.

Whereas optical data did not require a departure from αsat=1,
we failed to find a reasonable fit that does not require it. This
means that, given our model, our data require a higher relative
contribution of higher mass halos. We also considered different
ratios of Msat/Mmin, i.e. 2, 5 or 20. None of them provide a better
fit but most of them require even higher values of αsat, which are
not suggested by simulations8 (see Tinker & Wetzel 2010, for
a recent summary). Given the relatively simple version of the
halo model we employed, and the highly constrained form of
the HOD, it is not easy to interpret these results.

8 Andrew Wetzel private communication

Figure 20. For the best-fit model at each frequency, we plot the pre-
dicted clustering plus shot-noise power spectra at 545 GHz. This plot
suggests that the fits across frequencies are fairly different which hints
at an evolution in the population of galaxies we probed. We note how-
ever that the uncertainties associated with each prediction is not clearly
characterized by our method.

It is obvious from our Fig. 19 that the non-linear contribu-
tion is degenerate with the Poisson noise level. This explains the
problem faced by the linear model discussed in Sec. 5.5.1. Our
data by themselves are not sufficient to explore this degeneracy
and we thus rely on our model. For similar reasons, we do not
discuss details of the implementation of the 1h term (e.g., the
truncation radius in u(k,M)) unlike Viero et al. (2009). We ex-
pect that a future joint analysis with higher angular resolution
measurements from Herschel and SPT/ACT will allow us to al-
leviate this degeneracy.

As described in Sect. 5.1, our fiducial model predicts a mean
CIB consistent with observations. While it is not possible to
translate our constraints on j2eff , a weighted integral of j2 over
redshift, into a prediction for the integral of j with the different
weighting required to compute the CIB mean, rough estimates
suggest that our values are consistent with the FIRAS measure-
ments.

The relatively good consistency between the best-fit values
of log10 Mmin and αsat observed across frequencies raises an in-
teresting question: does a single model fit all of our data? Or
to put it otherwise, are the differences between each frequency
HOD subsantial? Different frequencies, loosely speaking, corre-
spond to different redshifts for the dominant galaxy population.
As such, consistency in log10 Mmin and αsat could imply that the
CIB fluctuations arise from a single subset of galaxies whose
redshift evolution we capture well with our emissivity model,
mass function and constant in redshift HOD prescription. To il-
lustrate this hypothesis, Fig. 20 shows, for each frequency’s best-
fit model, its prediction at 545 GHz. Even though this plot does
not convey the uncertainty associated with each prediction, it il-
lustrates clearly that each HOD leads to substantially different
predictions and thus that the frequency dependence of the HOD
is significant. We postpone more quantitative statements on the
implications for the clustering of galaxies at high redshift for
future work.

23

31



http://sci.esa.int/science-e/www/object/index.cfm?
fobjectid=48205

http://sci.esa.int/science-e/www/object/index.cfm?
fobjectid=48205

http://sci.esa.int/science-e/www/object/index.cfm?
fobjectid=48205

http://sci.esa.int/science-e/www/object/index.cfm?
fobjectid=48205

Olivier Doré, JPL/Caltech IPMU, September 2011

HOD model fits 

•Varying two HOD parameters 
(and optionally one j bin for 
z>3.5) per frequency provides 
excellent fits (χ2/dof~1)

•The angular scales we probe 
clearly require a careful 
modeling of the 1h and 2h 
terms

•Clear degeneracy between 
shot-noise level and 1-halo 
term. It explains the unphysical 
linear model results

Planck Collaboration: CIB anisotropies with Planck

Figure 19. Each panel corresponds to one frequency. For each frequency, the blue points correspond to the angular auto power spectra as well
as the associated error bars including statistical and systematic errors. The best fit model per frequency (including shot noise) corresponds to the
solid orange line. The dashed (dot-dashed) orange lines correspond to the 2h (1h) contributions. The green triple dot dashed curve corresponds to
the Poisson noise level, fixed to its expected value. To obtain those fits, three parameters per frequency were varied: log10 Mmin, αsat and jeff . The
fits are obviously qualitatively very good.

Frequency (GHz) log10 Mmin [h−1M"] αsat jeff [Jy/(Mpc/h−3)/sr] χ2/(#bins-#params)
217 10.52 ± 39.5 1.27 ± 2.57 0.20 ±3.39 × 103 1.38
353 10.50 ± 13.9 1.34 ± 1.03 0.87 ±4.72 × 103 0.93
545 10.70 ± 11.8 1.25 ± 0.82 2.44 ±13.3 × 103 0.26
857 11.57 ± 1.23 1.17 ± 0.05 3.02 ±2.72 × 103 0.23
217 11.73 ± 0.31 1.45 ± 0.09 N/A 1.19
353 12.37 ± 0.07 1.82 ± 0.07 N/A 0.93
545 10.92 ± 1.19 1.32 ± 0.10 N/A 2.17
857 12.47 ± 0.18 1.30 ± 0.07 N/A 0.30

Table 7. Best-fit values for each frequency as well as the reduced χ2. The errors correspond to the 1σ Gaussian errors including statistical and
systematic errors. Systematic errors introduced by the beam uncertainty (see Sect. 4.2.2) are not included here but are contributing less than an
extra 10% to the error budget. The upper half of the array allows for a freely varying jeff per frequency while the bottom half jeff is fixed to the
extrapolation performed by our model.

5.5.2. HOD model constraints

We now consider the HOD model introduced in Sect. 5.4. In the
most general configuration, our parametrization of this model
allows for four different parameters: Mmin, Msat, αsat and σlog M
(see appendix). The full exploration of this parameter space turns
out to be a difficult task beyond our scope in this paper. As
such we will restrict ourselves to only two parameters, Mmin and

αsat, which describe the mass above which we expect a halo to
host a CIB-contributing galaxy and the slope of the high-mass
end of the HOD. By varying these parameters we control the
mean, galaxy-weighted halo mass and the satellite fraction in
the model, which in turn control the amplitudes of the 1h and 2h
terms.
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HOD modeling best fit parameters

•We observe a strong Mmin - jeff degeneracy limit our 
interpretative power

•This greatly limits what we can tell about the the clustering of 
“CIB-contributing” galaxies

•Consistently requires a higher αsat than optical data
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Figure 20. Angular power spectrum of CIB anisotropies at 217, 353, 545, and 857 GHz. Each panel corresponds to one frequency. For each
frequency, the blue points correspond to the angular auto power-spectra, and the associated error bars include statistical and photometric calibration
systematic contributions. The best-fit model per frequency (including shot noise) corresponds to the solid orange line. The dashed (dot-dashed)
orange lines correspond to the 2h (1h) contributions. The green triple dot-dashed curve corresponds to the Poisson noise level, fixed to its expected
value. To obtain these fits, three parameters per frequency were varied: log10 Mmin, αsat and jeff . The fits are obviously qualitatively very good.

Frequency (GHz) log10 Mmin [h−1M"] αsat jeff [Jy/Mpc/sr] Reduced χ2 (χ2/do f )
217 11.95 ± 2.10 1.30 ± 1.16 7.51 ±0.75 × 101 2.68 (16.1/6)
353 12.49 ± 0.42 1.39 ± 0.42 2.00 ±0.29 × 102 2.42 (14.5/6)
545 12.35 ± 1.01 1.17 ± 0.65 3.11 ±3.85 × 102 0.50 (3.04/6)
857 12.20 ± 0.51 1.02 ± 0.87 3.14 ±17.0 × 102 0.73 (4.40/6)
217 11.82 ± 1.92 1.17 ± 2.38 N/A 1.14 (7.96/7)
353 12.50 ± 0.09 1.35 ± 0.20 N/A 0.80 (5.64/7)
545 12.35 ± 0.94 1.17 ± 0.45 N/A 0.35 (2.46/7)
857 12.21 ± 1.23 0.96 ± 0.73 N/A 0.60 (4.22/7)

Table 7. Best-fit values for each frequency, as well as the reduced χ2. The errors correspond to the 1σ Gaussian errors, including statistical and
photometric calibration systematic contributions. Systematic errors introduced by the beam uncertainty (see Sect. 4.2.2) are not included here, but
contribute less than an extra 10% to the error budget. The upper half of the array allows for a freely varying jeff per frequency, while in the bottom
half jeff is fixed to the extrapolation coming from our model.

6. Conclusion

We presented the first measurement of CIB anisotropies with
Planck, detecting power from 10′ to 2◦. Owing to the excep-
tional quality of the data, and using a complete analysis of the
different steps that lead to the CIB anisotropy power spectra, we

were able to measure the clustering of dusty, star-forming galax-
ies at 217, 353, 545, and 857 GHz with unprecedented precision.

We worked on six independent fields, chosen to have high
angular-resolution Hi data and low foreground contamination.
The CIB maps were cleaned using templates: Hi for Galactic
cirrus; and the Planck 143 GHz maps for CMB. Having Hi data
is necessary to cleanly separate CIB and cirrus fluctuations.
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Does one single HOD fit all frequencies?

•For each best fit model at each 
frequency, we are comparing here 
the prediction at 545GHz

•The uncertainties associated to 
each curve are not represented 
here but it hints at the fact each 
frequency requires a different HOD

•In general, we failed to find a 
multifrequency fit, even allowing 
for relative freedom at z>2.5

•This suggests that we are looking 
at somewhat different populations 
at different redshifts
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Outline

1) Planck mission: quick introduction and update 

2) Planck measurements of the Cosmic Infrared Background 
Power Spectrum ( arXiv:1101.2028 )

3) Present and future synergies between CMB and large 
Infrared Surveys
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CIB is becoming a critical issue
 in current CMB analysis

• Dominant foregrounds at high l
for CMB temperature analysis, 
after the thermal SZ effect

• Potential dangerous bias to 
cosmological parameters thus 
requires an accurate model

• Will benefit from any information 
about and multiple cross-
correlations with large sub-mm 
survey, eg Hajian & Viero et al. 11
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The new and ambitious SPT x Herschel program

•The measurement of kSZ from which 
we can constrain ionization history of 
the Universe (e.g. Pen & Zhang 99)

•New idea promoted by Joaquin Vieira 
and the SPT collaboration (full disclosure: 
JV bought me lunch today) : to use ~80 
hours of Herschel/SPIRE time to map 
~100 sq. deg. to remove CIB and 
isolate kSZ
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The new and ambitious SPT x Herschel program

38

•This constraint on reionization are complementary AND independent from the 
“usual” ones coming from large scale polarization 
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How are we going to learn more?

• By combining other data-sets, mostly 
Herschel (when fixed), but also SPT, ACT 
for extra angular coverage but also other 
wavelength for extra redshift coverage

• But also new probes:

• From Planck only, CMB lensing cross-
correlation is going to give us an 
unique leverage

• Also incidentally a good probe of ISW 
(not including magnification bias)

• Cross-correlations with QSOs, etc

• Better modelization now motivated by the 
new generation of experiments
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CMB lensing x CIB

ISW x CIB
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From a CIB  point of view: CMB lensing x correlation

• The CMB lensing has a perfectly matching 

kernel in z (Song et al. 99). 

• CIB is in fact and ideal tracer of density 
field to cross-correlate with CMB lensing

• Unique direct probe of the CIB bias at z~2 
at each frequency.

• But can also be done internally from 
Planck (SNR~20-30)

• And will also be done with SPT x SPIRE
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CMB lensing x CIB

Olivier Doré for the WG2.7 and WG6.6: CIB and CMB lensing cross-correlation

Fig. 1. Left panel: Field-combined CIB anisotropy power spectra at 217, 353, 545 and 857 GHz (extracted from Planck collaboration, 2011). The
dashed lines shows the expected sum of the dusty and radio galaxy shot-noise power. The power spectra at 217, 353, and 545 GHz have been
arbitrary scaled to allow for a better comparison between frequencies. Right panel Differential redshift contributions normalized to peak at unity)
for the CIB auto power spectra at Planck frequencies (solid colored lines), the CMB lensing signal (black line) and the cross-correlation between
the CIB and CMB lensing (dashed colored lines). At these frequencies, the cross-spectra receive relatively more contributions from z > 2 than the
CIB auto-spectra suggesting that the combination of the auto- and cross- spectra will allow us to isolate the high-z contribution to the CIB. Note
that the peak at ! 1 is an artefact from the luminosity function model.

We estimate that 20% of the sky can be cleaned within the coming year using auxiliary HI high-resolution data already available
but unused in this context so far. This will be our target area for this project.

Forecasts updated with the latest Planck CIB model suggest that analysing 20% of the sky should be sufficient to give a 10σ
detection (statistical errors only) of the cross-correlation; see the left-hand panel of Fig. 2. There, we plot the expected signal-to-
noise for the cross-correlation at various frequencies using 75% of the sky (dashed lines) and 20% of the sky (solid line) as a function

of the maximum multipole used. The right panel of Fig. 2 illustrates the cross-correlation coefficients, r" = CCIB,Φ
" /

√
CCIB,CIB
" CΦ,Φ" ,

where Φ is the projected gravitational potential. Our forecasts assume that Φ is reconstructed from the 143-GHz temperature map
with the blue-book noise level. The specific shapes of the cross-correlation power spectra result from the interplay between the
overlap in scale and redshift of the CIB and CMB lensing.

Fig. 2. Left panel: Signal-to-noise ratio of the cross-correlation as a function of the maximum multipole "max used. Right panel: Cross-correlation
coefficient as a function of multipole.

Measurements Details

Our measurement will naturally build upon the current efforts of each of the associated working groups. On the one hand, the
WG6.6 aims at measuring the CIB angular power spectra from larger areas of sky and at refining the component separation stage.
On the other hand, the lensing WG2.7 is converging towards a complete treatment of systematic effects in lensing reconstruction
from temperature maps.

The exact geometry of the sky area we will be able to analyze is still unclear as it depends on the details of the as-yet-unknown
dust cleaning procedure via a HI template. In any case, we plan to use both a patch-based approach (well-suited to this sort of local

2
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• Planck has been operating flawlessly since the beginning of the science survey on August 13, 
2009

• Built for cosmology, Planck has capabilities to pursue many interesting astrophysical 
investigations: Full sky, 9 frequencies, limited angular resolution (~4’) but excellent sensitivity

• First CMB results and public data release in January 2013 

• We have a robust measurement of CIB clustering from 10’ to 2 deg at 217, 343, 545 and 857 
GHz

• We develop a HOD inspired model using a self-consistent IR galaxy evolution model that 
provides us with a very good fit to the data

• Robust “model independent” physical interpretation is however still hard because of severe 
degeneracies and modeling uncertainties

• The CIB is emerging as a crucial elements in all current CMB data analysis

• We will benefit from a joint analysis with other data-sets and more data (if consistent) and new 
probes of the CIB as CMB lensing (and ISW) that Planck/SPT/ACT/Herschel/MUSIC/CCAT will 
enable

• The cross-benefits of large overlapping CMB and sub-mm surveys are obvious and numerous.

Conclusions
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