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Outline
□ Some recent history
□ Linear evolution of scalar 

modes
■ Intensity, E-Mode 

polarization, l<1000
□ Gravitational Radiation 

from the Early Universe
■ B-mode polarization, l<1000

□ Clusters and the SZ effect 
(highly nonlinear scalar 
modes)

□ Exotic physics
■ topology, anisotropy, 

parity violation

□ Mildly nonlinear evolution
■ lensing, Ostriker-Vishniac 

effect
□ Foregrounds
■ astrophysics in the 

microwave band
□ Experiments: Planck, the 

next generation of 
suborbital telescopes, and 
beyond
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WMAP!



Theoretical Predictions

~180°/Angular scale

M
ea

n 
sq

ua
re

 f
lu

ct
ua

tio
n 

am
pl

itu
de



□ Initial temperature (density) of the photons

□ Doppler shift due to movement of baryon-photon plasma
□ Gravitational red/blue-shift as photons climb out of potential wells or fall off of 

underdensities

□ Photon path from LSS to today
□ All linked by initial conditions ⇒ 10-5 fluctuations

What affects the CMB 
temperature?

Cooler Hotter
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Inflation
□ Expand the universe by a 

factor >>1030 at t~10-30 sec.
■ a∝eHt

□ Makes the universe flat (Ω=1)
□ Puts it all into “causal contact”

 (so the CMB can be isotropic)
□ Generates perturbations that 

become galaxies, clusters, etc.
□ But: no way yet to choose

among specific models within 
particle physics, string theory, 



■ Thermalized, uniform CMB

■ Flat:
■ Ωtot = Ωm + ΩΛ = 1

■ (Approximately) scale-invariant + adiabatic initial 
spectrum of density fluctuations
■ P(k) ∝ kns, ns≈1

■ Gravitational radiation
■ (Need CMB polarization to detect)

Inflation Predicts



Perturbations from inflation
□ Rapid expansion blows up quantum scales to 

astrophysical size:
■ weakly-coupled (~free) scalar field 

 〈φ(x)φ(x’)〉=F(x-x’)  (~Gaussian)

■ quantum fluctuations become “frozen in”, generating

■ scalar (density/curvature) fluctuations, and

■ tensor (gravitational radiation) fluctuations
□ +/X polarization — handedness — curl-like pattern in CMB 

photon polarization

(see Langlois review)



Fluctuations: 
Generation & Evolution

□ Primordial fluctuations:
 
■ e.g. inflation
■ QM microphysics
□ weakly-coupled (~free) scalar field 

 〈φ(x)φ(x’)〉=F(x-x’)
□ pre-inflationary white noise generates 

nearly scale-invariant superhorizon spectrum
□ Linear evolution: δ(k, t) = T(k, t) δ(k)
□ P(k, t) = T2(k, t)P0(k)
■ [local in k ⇒ convolution in space]

■ CMB more complicated: mix k with Tℓ(k)

δρ0(r)
ρ

⇔ δ0(k)

〈δ∗0(k)δ0(k)〉 = (2π)3P0(k) ∝ kns if k = k′

Transfer function

need more 
here



Describing the (CMB) Universe

□ Allows us to define the power spectrum, Cl

■ Assumes isotropy (no absolute orientation)
■ If we also assume Gaussianity (e.g., inflation):

T (x̂)− T̄

T̄
≡ ∆T

T
(x̂) =

∑

!m

a!mY!m(x̂)

〈a∗!ma!′m′〉 = δ!!′δmm′ C!

“Fourier transform” 
on a sphere

P (a!m|C!) =
1√

2πC!
exp

(
−1

2
|a!m|2

C!

)



Flat

Us!

Last Scattering Surface

Ω=1

Measuring Curvature with the 
CMB



Closed Ω>1

Us

Last Scattering Surface

Measuring Curvature with the 
CMB



Open

Us

Last Scattering Surface

Ω<1

Measuring Curvature with the 
CMB





The CMB 2006: WMAP &c

High-res experiments 
confirm and extend 
WMAP results

 see also recent
MAXIPOL results
 Wu et al, 

astro-ph/0611392

 Johnson et al,
astro-ph/0611394

WMAP Science team 2006



Temperature 
/Temperature

Temperature/
Polarization

Polarization /
Polarization

Polarization 
consistent with 
and extended by 
DASI, 
BOOMERaNG, 
&c.



Measuring the geometry of  the 
Universe

Amount of “matter”
(normal + dark)
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Flat Universe
Ωtot=Ωm+ ΩΛ=1

WMAP



The CMB & Dark Energy

□ CMB alone ~insensitive to equation of state

W = -1  (Λ) w = -1/3 (“quintessence”)



CMB Polarization:
Generation

□ Ionized plasma + quadrupole radiation field: 
■ Thomson scattering
⇒polarized emission

□ Unlike intensity, only generated when 
ionization fraction, 0<x<1 (i.e., during 
transition) 

□ Scalar perturbations: traces ~gradient of 
density (like velocity)

v

v

eHOT

COLD



CMB Polarization:
 E/B Decomposition

□ 2-d (headless) vector field on a sphere
□ Spin-2/tensor spherical harmonics
□ grad/scalar/E + curl/pseudoscalar/B patterns

□ NB.  From polarization pattern⇒ E/B 

decomposition requires integration: non-local
■ (data analysis problems)

E E B B



Polarization from Gravitational 
Radiation

□ Causal physics — 
scattering in baryon-
photon plasma — 
same as intensity, E-
mode polarization
■ Specific predictions 

given primordial P(k) + 
parameters

Temperature

E — scalar

B — Tensor



CMB Polarization:
 E/B Decomposition

E only B only

W. Hu



CMB Polarization:
Spectra

□ 〈EB〉=〈TB〉=〈scalar.pseudo〉= 0 by parity

□ Density (scalar) plane waves 
⇒ aligned quadrupole perturbations

⇒ E polarization

(&〈TE〉correlation)

□ Gravity (tensor) waves
⇒ E + B polarization

Diagrams courtesy W. Hu



Inflation, Gravitational Radiation 
and Polarization: Overview

□ Energy scale of Inflation 
→ amplitude of tensor fluct’ns
→ amplitude of B (∝V)
detectable if V>1015 GeV

□ Inflationary potential (slow roll)
→ scalar and tensor spectra
r>10-5 detectable 
(but see e.g., Tucci et al 05)

□ Consistency relations:
 e.g., nt = -r/8

details accessible
if r>0.01  
[e.g., Song & Knox 2003]



Gravitational Radiation from 
Inflation

□ Gravitational radiation produced during inflation
■ same QM processes as density perturbations

□ Characterized by ratio of amplitudes of tensor 
perturbation power (GWs) to scalar power 
(density), r=T/S

■ ⇒Energy scale of inflation:

■ In single-field, “slow-roll” models, r is further related to 
the scalar and tensor spectral indices:

■ PT(k)∝kn
T  PS(k)∝k1-ns€ 

V 1/ 4 /MPl ≈ 3×10
−3 r1/ 4



 Gravitational Radiation from 
Inflation

Cooray 04

Current CMB limit 
(extrapolated from 10-16 Hz!)



Further in the future?

Kamionkowski & Hivon 2003

 Primordial Gravitational Radiation (e.g., from Inflation) generates B (Curl) 
modes; scalar (density) fluctuations only generate E (grad) modes

 Crucial foreground signal from gravitational lensing via intervening 
structure: generates B modes, masks GW signal



Anisotropy (from topology?)
□ Low power at large scales?
□ Problem becomes more acute

beyond the power spectrum
□ Multi-connected topology?
□ Finite universe
■ Cutoff at large scales induces 

power deficit 
■ In closed universe cutoff 

determined by curvature alone

□ Intrinsic anisotropy (orientable manifolds)
■ Possible apparent non-Gaussianity

□ Effects only present at large scales – at smaller scales standard 
ΛCDM power spectrum recovered

□ (Luminet et al “Soccer Ball” [Dodecahedron/Poincaré] universe?)
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Topology in a flat “universe”

Don’t need to “embed” the square 
to have a connected topology.

“tiling the plane”



Geometry and Topology
□ GR links mass-energy with curvature (geometry)
□ Topology determined in early Universe?
□ “Topology scale” > H0

-1 (Hubble Scale)
■ Can’t see the back of our head!

□ Infinitely many multiply-connected topologies…

Closed (3-sphere) universes: 
■ finite number of [well-proportioned] tilings
■ topology scale linked to curvature scale (one fewer 

“coincidence”).



Topology + geometry

□ Tile the 2-sphere with different 
fundamental domains

□ Can also tile an open (hyperbolic) universe
■ (Souradeep et al)

http://www.sciencenews.org/pages/sn_arc98/2_21_98/bob1.htm

http://www.sciencenews.org/pages/sn_arc98/2_21_98/bob1.htm
http://www.sciencenews.org/pages/sn_arc98/2_21_98/bob1.htm


Topology in 3-d
□ Flat space: infinitely many possibilities
□ Curved space: fundamental domains are 

constrained by geometry (Thurston, Weeks)



Model Comparison

depends on prior
Information for 
whole model

Bayes factor (Bmn) : model 
likelihoods (“evidence”) depend on 
experimental information and 
parameter priors

€ 

P(m |DI)
P(n |DI)

=
P(m |I)
P(n |I)

P(D |Im )
P(D |In )

€ 

evidence :   P(D |Im ) = P(θ |Im )P(D |θ Im )dθ∫

€ 

model m favoured by :   νσ = 2 | lnBmn |

□ Model posteriors: marginalize over all parameters



Multiply-connected Spherical 
Topologies

Space
Fundamental 

group
Order Elements F.P.

Quaternionic
Binary 

Dihedral
8

order 2 rotations

about 2 perpendicular 
axes

Octahedral
Binary 

Tetrahedral
24

symmetries of

r. tetrahedron

Truncated

Cube

Binary 

Octahedral
48

symmetries of

r. octahedron

Poincaré
Binary 

Icosahedral
120

symmetries of

r. icosahedron



simply connected multi-connected

Yβℓm

Effects of  non-trivial topology
□ Orientability of manifolds
□ breakdown of global isotropy
■ apparent non-Gaussianity in the CMB

□ Finite size of fundamental domains
■ Fewer wavenumbers

  

€ 

Yβ
s = ξβlm

s Yβlm
m=−l

l

∑
l= 0

β −1

∑

  

€ 

alm = il dββ 2∫ P(β)Δ l (β)εβlm

  

€ 

alm ∝ P(β)Δ l (β) ξβlm
s εks∑

β

∑

  

€ 

alma ′ l ′ m = Clδl ′ l δm ′ m 
  

€ 

alma ′ l ′ m = Clm
′ l ′ m Cl ≡ Clm

lm

m
∑

Niarchou & Jaffe 07



Model Comparison

 WMAP 3-yr data
 significant diffs from 1yr, e.g., 

octupole

 First-year low power favors 
“small” fundamental domain to 
lower quadrupole (smooth low-l 
“decay”)

 Details depend on “priors”: 
 esp. H0 for Cℓ  odds 

This is a topology-specific test (cf. 
“circles-in-the-sky” which purports 
to be more generic)

Difficult (impossible?) to test when 
(topology scale)>>(Hubble scale)

Model
Odds:

Cℓ alone
Odds:

Cℓmℓ’m’

Simply-
connected 1 1

Quaternionic 0.07 0.04

Octahedral 0.32 0.005

Truncated Cube 0.14 0.0003

Poincaré 0.04  ≪1



Anisotropy & non-Gaussianity:
the future

□ Limits on specific topologies via marginalization
■ Next: expand to polarization predictions

□ Generic topologies harder to find
■ infinitely-large parameter space...
■ non-Bayes techniques e.g., “Circles-in-the-sky”

□ Generalize to search for anisotropy
■ e.g. Hajian & Souradeep 
■ Specific models: Bianchi (T. Jaffe et al)

□ ... and non-Gaussianity
■ e.g., fNL parameterizes higher-order contributions
□ expect fNL ~1, ultimately sensitive to fNL ~few (?)
□ (& see new work from Yadav & Wandelt for better detection methods?)

4

F i g u r e 1. T he sp here of l ast sca t t er v iewed i n t he u ni versal cover . T he d ar k sp here
m ar ks t he pr i m ar y copy a n d t he four light er sp heres are i nt ersec t i ng clones.

P revious a t tempts to detect topology in a finite universe have used sta tist ics tha t
are only sensi t ive to T 3 topologies[14, 15]. In contrast , our method is generic to all
topologies tha t are locally homogeneous and isotropic (this includes all small F RW
models). Impor tantly, the mapping from the surface of last sca t ter to the night sk y
is a conformal map. Since conformal maps preserve angles, the identified circles a t
the surface of last sca t ter would appear as equally rescaled, identified circles on the
night sk y. T he angular radius and angular separa tion of each identified circle pair will
depend on the geometry and topology of the universe, as will the number of pairs. If
we are able to detect these circles, then their posi t ion, number and size can be used
to determine the geometry and topology of the universe.

A second generic fea ture of topology is tha t it makes space globally anisotropic.
T his can be understood quite simply in the case of a three-torus in which looking along
one of the axes brings you back around in a closed loop, but looking o  -axis makes you
wind round and round the space like the red strip around a barber pole. T hus, in a
non-trivial topology, there are preferred direct ions. W ha t is more surprising is tha t all
but T 3 also make space globally inhomogeneous. In most topologies, the identifica tions
of faces are made with twists (much like how a Mobius strip is constructed from a
length of ribbon). T hus typical isometries involve a corkscrew type motion. Since the
topologies viola te global isotropy, this mixing of transla t ions and rota tions causes a
viola tion of global homogenei ty.

U nlike other inhomogeneous cosmologies, such as Tolman-Bondi universes which
are locally inhomogeneous, these global viola tions of homogenei ty and isotropy are
not excluded. A fter all, we already know tha t the universe is weakly inhomogeneous
and anisotropic on large scales – there is observable structure. Similarly, in the
topologically interest ing cosmologies, homogenei ty and isotropy are viola ted only by
the correla t ions between the structure tha t we observe – such as the fluctua tions in
the C M B R .



really exotic physics
□ Parity violation in the early universe
■ helicity induces EB, TB correllations 
■ (Kahniashvili; Alexander)

□ holography: information quantization (Hogan)
■ discrete spacetime
■ AdS-CFT correspondence and information bounds
■ 10120 bits in observable Universe back to Planck epoch
□  inflation could reduce this to 1010!!



Confusion from gravitational 
lensing

□ Can clean with detailed knowledge of projected 
density along line of sight to LSS 
(Lewis; Knox & Song)



Clusters and SZ
□ Cluster distances: Hubble 

Diagram
■ SZ decrement [ ∫n

e
] & X-Ray Temp 

[ ∫n
e
2] : size 

→ Distance Indicator

□ Cluster Baryon fraction
■ (SZ gas mass) / (X-Ray or Lensing: 

total mass)
→ Ω

b
/Ω

m

□ Cluster density: growth of 
structure

□ Predictions:
■ Press-Schechter (++)
■ primordial P(k) & cosmological 

parameters ⇒ number density of 

mass peaks (i.e., clusters, 
galaxies, ...)



Cluster abundances

□ Clusters – very massive
□ tail of Mass distribution
□ numbers exponentially sensitive to details

(Press-Schechter formalism and extensions)

Carlstrom et al ARAA 2001

Vol el't
Yield

Mass 
function

(0.5,0.5)

(0.3,0.7)

M>1014

M>1015

+

Church, AHJ & Knox 2001



Polarization and reionization
□ Universe [astrophysically] ionized again today
■ Damps primary oscillations: ΔT → ΔT e-τ

■ Generates “second-order” perturbations at very small scales 
□ Ostriker-Vishniac (1”) / Sunyaev-Zel’dovich (Clusters)

■ New surface of ‘last’ scattering: 
□ low l structure dominates polarization

□ WMAP: τ=0.17±0.06 → zr = 20±5 
■ all very prior-dependent: 

degenerate with n, running, …



Reionization and the CMB

CMB/free electron 
Thomson scattering 

 Large scales: secondary 
scattering peak
 Esp. polarization

 Intermediate scales:
e-τ damping

 Small scales:
secondary effects 
coupling density & 
ionization (OV, SZ)
 Esp temperature

 



Large scales

□ Generates new surface 
of “last” scattering

□ Mild dependence on 
full ionization history, 
xe(z)
■ zri shifts peak 
■ e.g., Kaplinghat et al ‘04; 

Colombo ‘04 — Planck 
can distinguish xe=1.0, 
0.6



The Ostriker-Vishniac effect

□ Dependence on the 
ionization history 
■ (mostly optical 

depth, but some 
structure based on 
details — esp. in 
nonlinear regime)

(GP)
(WMAP 1)

(interp)



The uses of  reionization

� Large scale: Reionization 
“amplifies” effects of 
primordial tensor spectrum
� (new, nearby, scattering surface)

� Large increase in total BB 
power:
� r>0.01 (τ=0.0) vs

r>10-4  (τ=0.2) detectable

� Small & medium scales: 
Cross-correlation analyses 
(e.g., ISW/SZ)

BB



Prospects for Planck
□ The Instrument(s)
■ 30 - 850 GHz, resolution 30’ - 4’

□ Science
□ ~150 defined papers/projects

■ Cosmology
■ Extragalactic Astrophysics
■ Galactic Astrophysics
■ Solar System

□ Beyond Planck
□ The Scientific Programme of 

Planck
■ http://www.rssd.esa.int/

index.php?project=Planck
■ arXiv:astro-ph/06040

http://www.rssd.esa.int/index.php?project=Planck
http://www.rssd.esa.int/index.php?project=Planck
http://www.rssd.esa.int/index.php?project=Planck
http://www.rssd.esa.int/index.php?project=Planck


Planck Surveyor
(2008++)





Planck’s orbit & schedule
□ L2 orbit
□ minimize and localize sun, 

moon, earth emission
□ ~7-month full-sky scan
■ (nominal mission 2 

scans)

■ mid-late 2008 launch
■ 2-4 month to L2 
■ PV phase
■ 2 * 7 month scan
■ proprietary period



The Planck Instruments

Bolometers
(some polarized)

HEMT
receivers



The Planck bands
4 CHAPTER 1 THE PLANCK MISSION

The Low Frequency Instrument (LFI) covers 30–70 GHz in three bands*; the High Fre-
quency Instrument (HFI) covers 100–857 GHz in six bands. The band centers are spaced ap-
proximately logarithmically. Performance parameters of the instruments are summarized in
Table 1.1. The LFI horns are situated in a ring around the HFI. Each horn collects radiation
from the telescope and feeds it to one or more detectors. As shown in Figure 1.3, there are
nine frequency bands, with central frequencies varying from 30 to 857 GHz. The lowest three
frequency channels are covered by the LFI, and the highest six by HFI.

TABLE 1.1

SUMMARY OF PLANCK INSTRUMENT CHARACTERISTICS

LFI HFI

INSTRUMENT CHARACTERISTIC

Detector Technology . . . . . . . . . . . . . . HEMT arrays Bolometer arrays
Center Frequency [GHz] . . . . . . . . . . . 30 44 70 100 143 217 353 545 857
Bandwidth (∆ν/ν) . . . . . . . . . . . . . . . 0.2 0.2 0.2 0.33 0.33 0.33 0.33 0.33 0.33
Angular Resolution (arcmin) . . . . . . . . 33 24 14 10 7.1 5.0 5.0 5.0 5.0
∆T/T per pixel (Stokes I)a . . . . . . . . . 2.0 2.7 4.7 2.5 2.2 4.8 14.7 147 6700
∆T/T per pixel (Stokes Q &U)a . . . . . 2.8 3.9 6.7 4.0 4.2 9.8 29.8 . . . . . .

a Goal (in µK/K) for 14 months integration, 1σ, for square pixels whose sides are given in the row “Angular
Resolution”.

FIG 1.3.— Spectrum of the CMB, and the frequency coverage of the Planck channels. Also indicated are the
spectra of other sources of fluctuations in the microwave sky. Dust, synchrotron, and free-free temperature fluctuation
(i.e., unpolarized) levels correspond to the WMAP Kp2 levels (85% of the sky; Bennett et al. 2003). The CMB and
Galactic fluctuation levels depend on angular scale, and are shown for ∼1◦. On small angular scales, extragalactic
sources dominate. The minimum in diffuse foregrounds and the clearest window on CMB fluctuations occurs near
70 GHz. The highest HFI frequencies are primarily sensitive to dust.

While LFI and HFI alone have unprecedented capabilities, it is the combination of data from
the two instruments that give Planck the imaging power, the redundancy, and the control of

* The 100 GHz channel originally proposed was dropped in 2003 due to budget constraints.
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4 CHAPTER 1 THE PLANCK MISSION

The Low Frequency Instrument (LFI) covers 30–70 GHz in three bands*; the High Fre-
quency Instrument (HFI) covers 100–857 GHz in six bands. The band centers are spaced ap-
proximately logarithmically. Performance parameters of the instruments are summarized in
Table 1.1. The LFI horns are situated in a ring around the HFI. Each horn collects radiation
from the telescope and feeds it to one or more detectors. As shown in Figure 1.3, there are
nine frequency bands, with central frequencies varying from 30 to 857 GHz. The lowest three
frequency channels are covered by the LFI, and the highest six by HFI.

TABLE 1.1

SUMMARY OF PLANCK INSTRUMENT CHARACTERISTICS

LFI HFI

INSTRUMENT CHARACTERISTIC

Detector Technology . . . . . . . . . . . . . . HEMT arrays Bolometer arrays
Center Frequency [GHz] . . . . . . . . . . . 30 44 70 100 143 217 353 545 857
Bandwidth (∆ν/ν) . . . . . . . . . . . . . . . 0.2 0.2 0.2 0.33 0.33 0.33 0.33 0.33 0.33
Angular Resolution (arcmin) . . . . . . . . 33 24 14 10 7.1 5.0 5.0 5.0 5.0
∆T/T per pixel (Stokes I)a . . . . . . . . . 2.0 2.7 4.7 2.5 2.2 4.8 14.7 147 6700
∆T/T per pixel (Stokes Q &U)a . . . . . 2.8 3.9 6.7 4.0 4.2 9.8 29.8 . . . . . .

a Goal (in µK/K) for 14 months integration, 1σ, for square pixels whose sides are given in the row “Angular
Resolution”.

FIG 1.3.— Spectrum of the CMB, and the frequency coverage of the Planck channels. Also indicated are the
spectra of other sources of fluctuations in the microwave sky. Dust, synchrotron, and free-free temperature fluctuation
(i.e., unpolarized) levels correspond to the WMAP Kp2 levels (85% of the sky; Bennett et al. 2003). The CMB and
Galactic fluctuation levels depend on angular scale, and are shown for ∼1◦. On small angular scales, extragalactic
sources dominate. The minimum in diffuse foregrounds and the clearest window on CMB fluctuations occurs near
70 GHz. The highest HFI frequencies are primarily sensitive to dust.

While LFI and HFI alone have unprecedented capabilities, it is the combination of data from
the two instruments that give Planck the imaging power, the redundancy, and the control of

* The 100 GHz channel originally proposed was dropped in 2003 due to budget constraints.
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Planck Surveyor will get ~all the (T) 
information that the CMB has to give us!

Planck will also get a better of the 
“polarization” of the CMB: probes 
movement of matter in the early universe 
and Gravity Waves – from inflation???
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FIG 2.18.—Forecasts of 1 and 2σ contour regions for various cosmological parameters when the spectral index
is allowed to run. Blue contours show forecasts for WMAP after 4 years of observation and red contours show results
for Planck after 1 year of observations. The curves show marginalized posterior distributions for each parameter.

power law. This is illustrated graphically in Figure 2.19, which shows 1σ and 2σ error ellipses
for various parameter combinations for WMAP4, WMAP4+ACT/SPT, and Planck. Planck
will remain extremely competitive against any foreseable developments from ground and bal-
loon experiments, especially given that Planck has the broad frequency coverage to subtract
foregrounds which will certainly be important for polarization measurements.

2.4 Probing Fundamental Physics with Planck

Figure 2.20 shows a schematic diagram of the evolution and thermal history of the Uni-
verse from the Planck time to the present. Since the COBE maps were first published, there
have been spectacular advances in our cosmological understanding, in large part due to mea-
surements of the CMB anisotropies. Fundamental questions relating to the geometry of the
Universe, its composition, and its age can now be answered in fairly precise terms, using several
complementary astrophysical techniques together with observations of the CMB.

Nevertheless, despite this spectacular recent progress in measuring the geometry and con-
tents of the Universe, we are far from understanding why it is the way it is, and precisely how
structure formed within it. Empirical progress on these questions requires much more precise
measurements, which is precisely what Planck was designed to do. In particular, unresolved
questions connected with the early Universe include:
• What is the dark energy that appears to be causing the Universe to accelerate at late times?



B-mode foregrounds
□ Astrophysical foregrounds
■ Contamination amplitudes E~B
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(Dole et al 2006)

H. Dole et al.: The Cosmic Infrared Background Resolved by Spitzer. 13

• A stacking analysis in three fields covering 0.85 square
degrees including a sample of 19181 MIPS 24 µm sources
with S24 ≥ 60 µJy lets us probe faint 70 and 160 µm galax-
ies one order of magnitude below the confusion level and
with a high signal-to-noise ratio. We take into account in
our noise budget uncertainties coming from: photometry,
calibration systematics, and large-scale structure.

• 24 µm galaxies down to S24 = 60 µJy contribute 79%,
92%, 69% of the CIB at respectively 24, 70 and 160 µm
(using 2.7, 6.4 and 15.4 nW m−2 sr−1 as the total CIB
values at 24, 70 and 160 µm, respectively). This is the first
direct measurement of the contribution of MIR-selected
galaxies to the FIR background.

• We derive the contributions to the CIB by flux density
bin, and show good agreement between our stacking anal-
ysis and the published source counts. This is a strong con-
straint for models. Moreover, we show that the CIB will be
mainly resolved at flux densities of about S70 ∼ 0.9 mJy
and S160 ∼ 3 mJy at 70 and 160 µm, respectively.

• We directly measure that the total CIB, peaking near
150 µm, is largely resolved into MIR galaxies. Other
works (Pérez-González et al., 2005; Le Floc’h et al., 2005;
Caputi et al., 2006, especially) show that these MIPS
24 µm sources are ∼ 3 × 1011 L" LIRGs distributed at
redshifts z ∼ 1, with stellar masses of about 3 × 1010 to
3× 1011 M" and specific star formation rates in the range
0.1 to 1 Gyr−1.

• Using constant color ratios 160/24 and 70/24 for MIR
galaxies fainter than 60 µJy, we derive new conservative
lower limits to the CIB at 70 and 160 µm including the
faint IR galaxies undetected at 24 µm: 7.1±1.0 and 13.4±
1.7 nW m−2 sr−1, respectively. These new estimates agree
within 13% with the Lagache et al. (2004) model.

• Using these new estimates for the 70 and 160µm CIB,
we show that our stacking analysis down to S24 ≥ 60 µJy
resolves >75% of the 70 and 160 µm CIB.

• Upper limits from high-energy experiments and direct
detections together with lower limits from galaxy counts
and stacking analysis give strong constraints on the EBL
SED.

• We estimate the Extragalactic Background Light
(EBL) Spectral Energy Distribution (SED) permitted
zone (between lower and upper limits), and measure
the optical background (COB) to be in the range 19.5-
35.5 nW m−2 sr−1, and the IR background (CIB) in the
range 24 to 27.5 nW m−2 sr−1. The ratio COB/CIB thus
lies between 0.7 and 1.5.

• We integrate our best estimate of the COB and the CIB,
and obtain respectively 23 and 24 nW m−2 sr−1; We find
a COB/CIB ratio close to unity.

• The galaxy formation and evolution processes have pro-
duced photons equivalent in brightness to 5% of the CMB,
with equal amounts from direct starlight (COB) and from
dust-reprocessed starlight (CIB). We compute that the
EBL produces on average 115 infrared photons per visible
photon.
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Fig. 14. Schematic Spectral Energy Distributions of the
most important (by intensity) backgrounds in the uni-
verse, and their approximate brightness in nW m−2 sr−1

written in the boxes. From right to left: the Cosmic
Microwave Background (CMB), the Cosmic Infrared
Background (CIB) and the Cosmic Optical Background
(COB).
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FIG 4.1.— Spectra of sources in “brightness temperature” (in which a Rayleigh-Jeans ν2 spectrum is flat),
superimposed on the Planck frequency bands. Spectra of the Galaxy (as measured by WMAP, see Fig. 1.3) and
M82, a star-forming galaxy, are shown. For the Galaxy, the components contributing to the over-all spectrum are
identified. Also shown are the expected level of CMB fluctuations on a 1◦ scale, and, as a light dashed line (EG),
the expected level of fluctuations introduced by all foreground radio sources on a 10′ scale.

total output power is emitted in the mid and far infrared. For starburst galaxies the fraction
can be as large as 99%. Star forming galaxies thus present a double peaked spectral energy
distribution (SED) with a highly variable ratio between the two components. At the source, the
infrared part of the SED peaks around 100µm. For starburst galaxies at redshifts 2 or larger,
this peak of the SED is shifted beyond 300µm, into the Planck range.

Infrared starburst galaxies are often associated with mergers and interacting galaxies.
Planck will be able to detect the rare high redshift, ultra-luminous, infrared galaxies in the
tail of the luminosity function. Furthermore, the cosmic far infrared background (CFIRB)
in the submillimetre/millimetre range, made up of the unresolved weaker sources, potentially
contains original information on the spatial distribution of mergers, and thus on the galaxy
formation process. Only recently have the galactic and the extragalactic components of the far-
infrared background been separated in the data of the COBE FIRAS and DIRBE instruments.
This background contains power comparable to its optical/UV counterpart. This surprising
result (locally, as mentioned above, the integrated infrared emission of galaxies is only one third
of the optical) has resulted in a strong interest in the population of sources responsible for this
background, but progress has been slow due to the difficulty of observations in this wavelength
range. Planck will be an important tool for studying the CFIRB.

In §§ 4.3–4.4, we describe some of the science goals to be met using Planck observations of
extragalactic sources, as well as complementary ground-based observations that will be made.
We expect substantial gains in our understanding of extreme radio sources and of star formation
processes that drive the thermal re-emission by dusty galaxies.

Planck will provide important and novel data on extragalactic sources; however, from the
standpoint of the CMB, discrete sources (and the CFIRB) are a foreground contaminant. Hence
in § 4.5 we briefly describe how extragalactic sources can be removed from Planck images to
limit the foreground noise they contribute to CMB images. Proper control of this potential
source of error in Planck’s cosmological results will require careful pre-launch modeling and
observations as well as component separation from the CMB images Planck produces.

(Dole et al 2006)
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• A stacking analysis in three fields covering 0.85 square
degrees including a sample of 19181 MIPS 24 µm sources
with S24 ≥ 60 µJy lets us probe faint 70 and 160 µm galax-
ies one order of magnitude below the confusion level and
with a high signal-to-noise ratio. We take into account in
our noise budget uncertainties coming from: photometry,
calibration systematics, and large-scale structure.

• 24 µm galaxies down to S24 = 60 µJy contribute 79%,
92%, 69% of the CIB at respectively 24, 70 and 160 µm
(using 2.7, 6.4 and 15.4 nW m−2 sr−1 as the total CIB
values at 24, 70 and 160 µm, respectively). This is the first
direct measurement of the contribution of MIR-selected
galaxies to the FIR background.

• We derive the contributions to the CIB by flux density
bin, and show good agreement between our stacking anal-
ysis and the published source counts. This is a strong con-
straint for models. Moreover, we show that the CIB will be
mainly resolved at flux densities of about S70 ∼ 0.9 mJy
and S160 ∼ 3 mJy at 70 and 160 µm, respectively.

• We directly measure that the total CIB, peaking near
150 µm, is largely resolved into MIR galaxies. Other
works (Pérez-González et al., 2005; Le Floc’h et al., 2005;
Caputi et al., 2006, especially) show that these MIPS
24 µm sources are ∼ 3 × 1011 L" LIRGs distributed at
redshifts z ∼ 1, with stellar masses of about 3 × 1010 to
3× 1011 M" and specific star formation rates in the range
0.1 to 1 Gyr−1.

• Using constant color ratios 160/24 and 70/24 for MIR
galaxies fainter than 60 µJy, we derive new conservative
lower limits to the CIB at 70 and 160 µm including the
faint IR galaxies undetected at 24 µm: 7.1±1.0 and 13.4±
1.7 nW m−2 sr−1, respectively. These new estimates agree
within 13% with the Lagache et al. (2004) model.

• Using these new estimates for the 70 and 160µm CIB,
we show that our stacking analysis down to S24 ≥ 60 µJy
resolves >75% of the 70 and 160 µm CIB.

• Upper limits from high-energy experiments and direct
detections together with lower limits from galaxy counts
and stacking analysis give strong constraints on the EBL
SED.

• We estimate the Extragalactic Background Light
(EBL) Spectral Energy Distribution (SED) permitted
zone (between lower and upper limits), and measure
the optical background (COB) to be in the range 19.5-
35.5 nW m−2 sr−1, and the IR background (CIB) in the
range 24 to 27.5 nW m−2 sr−1. The ratio COB/CIB thus
lies between 0.7 and 1.5.

• We integrate our best estimate of the COB and the CIB,
and obtain respectively 23 and 24 nW m−2 sr−1; We find
a COB/CIB ratio close to unity.

• The galaxy formation and evolution processes have pro-
duced photons equivalent in brightness to 5% of the CMB,
with equal amounts from direct starlight (COB) and from
dust-reprocessed starlight (CIB). We compute that the
EBL produces on average 115 infrared photons per visible
photon.
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Source counts
4.4 DUSTY GALAXIES 111

FIG 4.11.— Predicted counts at 350, 550 and 850µm (Rowan-Robinson 2001). Observed counts at 850µm are
shown, and the

Planck sensitivity is indicated by the vertical bars.

confusion rather than by the normal distribution expected from instrumental noise. Details of
the noise distribution will reveal information about the form of the sub-100 mJy counts over a
large fraction of the sky, and so provide valuable prior information for more accurate extraction
of the CMB signal. The angular power spectrum of fluctuations in the HFI images could also
be used to investigate the clustering and evolution of faint dusty sources (see Haiman & Knox
2000).

4.4.1.4 Large-Scale Clustering of Planck Galaxies

The 104–105 galaxies discovered by Planck will provide a uniform sample exploring a volume
of the Universe that is both large (in comparison to IRAS, 2df, and SDSS) and over a significant
fraction of the sky. These properties mean that the sample will be of great interest for studies
of large scale structure, dynamics, environments and biasing. While SDSS will already have
determined the local galaxy power-spectrum over many galaxy types, it will not have been able
to confirm the convergence of the dipole, or the local clustering of infrared emitting galaxies, a
field that will still be the preserve of far infrared and submillimetre samples. Ultimately these
studies will require spectroscopic redshifts, but early studies can be performed using immediately
available products from Planck.

By launch the existing optical and NIR surveys providing identification and photometric
redshifts will be extensive: the SDSS will be complemented by a 3000 deg2 survey in J, H, and
K undertaken by UKIRT WFCAM, while in the south VISTA will have undertaken in the u,

6. Attachments for programme (Figures - up to 1 page)
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Fig.1 - Source number counts at 33 GHz from the WMAP 3-year survey data

Fig.1 Number counts multiplied by S5/2. Red asterisks: counts from the NEWPS5σ Catalogue at 33 GHz
(López-Caniego et al., 2007). Black diamonds: WMAP number counts (Hinshaw et al., 2006). Black dots:
ATCA 18 GHz pilot survey counts (Ricci et al., 2004). The box is the estimate from the DASI experiment at
31 GHz (Kovac et al., 2002). The solid black curve shows, for comparison, the number counts predicted by the
model by De Zotti et al. (2005).

Fig.2 - Predicted differential number counts at 30 GHz

Fig.2 The figure shows the counts foreseen for all the main source populations: high-redshift spheroidal galaxies,
starbursts, ADAF, GPS, SZ effects and canonical radio sources. In this latter class (thick solid line) we include:
FSRQs, BL LaC objects and steep-spectrum sources (see De Zotti et al., 2005, for more details). The vertical
lines indicate the detection limits of WMAP and Planck, respectively.

Fig.3 - Predicted differential number counts at 350 GHz

Fig.3 Left-hand panel: contributions of different populations to the 350 GHz counts. Central panel: effect
of lensing on counts of proto-spheroidal galaxies. Right-hand panel: estimated counts of ”clumps” of proto-
spheroids with Planck resolution (from De Zotti et al., 2006).
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Planck point sources
□ 857 GHz predictions, S>0.5 Jy (6sigma)
□ ~8000 sources

Courtesy D Clements



Planck and Herschel
□ >8000 “dusty galaxies” 

z>1 detectable by HFI
□ Input to Herschel
■ Planck provides Early-

Release Compact Source 
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5.1 OVERVIEW 119

CHAPTER 5

GALACTIC AND SOLAR SYSTEM SCIENCE

5.1 OVERVIEW

Once the monopole and dipole terms of the cosmic microwave background (CMB) are
removed from the Planck maps, emission from the Milky Way will be the dominant feature
(Figure 5.1). This emission, which must be further subtracted to obtain the higher order
anisotropies of the CMB, will offer a complete portrait of the Galaxy in a virtually unexplored
astronomical observing window ranging from the submillimetre at 350µm to the microwave
at 1 cm. At the longest wavelengths, Planck will greatly improve on the only comparable
product so far (from WMAP), while at wavelengths shorter than 3 mm, Planck will provide the
first full-sky images. Planck therefore enables new and fundamental research on our Galaxy
with unprecedented observational advantages: broad spectral coverage; the ability to measure
polarised emission; high sensitivity; high photometric accuracy; high spatial resolution (5′) at
the shortest wavelengths; and full-sky coverage.

FIG 5.1.— False colour images of the simulated sky in the nine frequency channels of Planck, after subtraction
of the monopole and dipole CMB components. From top left to bottom right: 30, 44, 70, 100, 143, 217, 353, 545,
and 857 GHz channels.

The Planck full-sky maps will not only trace the spatial structure of the interstellar medium
(ISM) of the Galaxy, but also probe specific conditions such as densities and temperatures.
The emission in the Planck bands comes mainly from thermal radiation from interstellar dust,
synchrotron radiation from high energy particles, and free-free radiation associated with ionized
interstellar gas. The ability of Planck to measure polarisation will provide unprecedented maps
of the magnetic fields in the Galaxy. The broad frequency range gives Planck very powerful
leverage in this respect, since it will probe simultaneously two different mechanisms coupling
the magnetic field to the emission. Since the interstellar gas and dust respond to a variety of
physical mechanisms such as gravity, magnetic fields, and hydrodynamical phenomena, we can
investigate not only individual objects in the Galaxy, but also the physical processes which act
at a global Galactic level. In addition, improved understanding of Galactic foregrounds will
lead to significantly better CMB maps.

The spectral coverage of Planck will allow separation of the emission components of the
ISM based largely on the specific spectral signature of each component. The all-sky coverage

30 44 70

100 143 217

353 545 857



Anomalous emission?
□ 10-20 GHz bump
□ first noticed in CMB
■ Kogut et al. 1996; de Oliveira-Costa 

et al. 1997; Leitch et al. 1997

□ models
■ Spinning dust?
■ Unexpected distrib of 

grain sizes?
□ Polarization signal?

Davis et al



Stellar and Solar System 
Astrophysics

□ Moving objects (comets)
□ Zodiacal emission
■ detectable in timestream: short periods and seasonal 

variation due to L2 orbit
□ Stellar:
■ PN
■ SNR

6. Attachments for programme (Figures - up to 1 page)
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Fig.1 Simulated data stream of surface brightnesses (MJy/sr) at 857 GHz for the ZLE - smooth component (red),
the Galaxy (green) and the sum of the two (blue) (from [MBF06]). The ordinate is the phase of the scan circle,
assumed to be zero toward the North ecliptic Pole. The lowest, full, cyan line (peaks at 0.1 MJy/sr) represents
the contribution of secondary components of the ZLE. The red-dashed line represents the full contribution of
ZLE with both smooth component and secondary components. The cyan band represents the uncertainty in
the prediction for the Smooth component. Both the dashed line and the cyan band are reported after adding
the Galactic contribution as a green dashed line and a grey band above the Galaxy.

Fig.2 - Seasonal modulation of the ZLE

Fig.2 Differential surface brightness of the ZLE from the Smooth component in the 857 GHz channel computed
for spacecraft ecliptical longitudes, relative to the ascending node of the symmetry plane of the IDPs complex,
of 0◦ (solid line), 45◦ (dotted line), 90◦ (dashed line), 135◦ (dash dot line), 180◦ (long dashed line), 225◦ (solid
thick line), 270◦ (dotted thick line), 315◦ (dashed thick line). The yellow (light-gray in bw) band represents the
5σ sensitivity (white noise limited) expected from Planck at 857 GHz frequency channel for circular patches
of 2◦ of radius (from [MBF06]).
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Beyond Planck

Kamionkowski & Hivon 2003

 Next generation of ground/
balloon experiments 
targets Gravitational waves 
(B polarization)

 PolarBear
 SPIDER
 Eventually need ~full sky: 

e.g., ESA BPol

 Crucial foreground signal from gravitational lensing via intervening 
structure: generates B modes, masks GW signal

 Astrophysical Foregrounds likely to be dominant ℓ≲200



New Technologies

 PolarBear: AT Lee 
(Berkeley)
Antenna-coupled 
bolometers
900 pixels @ 150 GHz, 
3000 bolometers
Full use of useful 150 
GHz Field-of-view
New challenges: 1000s 
of bolometers (central 
limit theorem to the 
rescue????)
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Design Principles

• Search for CMB B modes

•              from satellite; concentrate 
on

• Deal with only one foreground

• Use balloon to get firm handle on 
dust foreground

• Detect B lensing signal: 
~x5 stronger than dust

• Provide strong rejection of 
polarimetric systematics

• Use available technologies where 
practical



SPIDER
□ SPIDER (Caltech, CITA, Imperial -- Antarctic 

Balloon)
■ optimized for large scales



Courtesy A. Miller



Ultimate limits?
□ Astrophysical foregrounds: 
■ Multifrequency experiments for astrophysical 

foregrounds
□ Lensing signal:
■ Large-scale structure 

cross-correlations
■ non-Gaussian extraction



Beyond Planck from Space:
BPol

that can be exploited to constrain neutrino masses and dark energy. While the lensing potential
can in principle be reconstructed from quadratic estimators constructed from TT correlations, such
estimators are extremely noisy due to cosmic variance present even in the absence of lensing. Since
the B mode (in the absence of tensor modes) is predicted to be zero, correlations involving the ob-
served B mode are much cleaner. [Detailed discussions of these questions may be found for example
in A Lewis & A Challinor, Phys. Rept. 429, 1 (2006), (astro-ph/0601594) and J Lesgourgues, L
Perotto, S Pastor & M Piat, Phys. Rev. D73, 045021 (2006) (astro-ph/0511735) and references
therein.]

• Re-ionization history of the Universe. Perhaps the most striking contribution of the WMAP
space mission was its measurement of the reionization optical depth of the microwave photons
through its characterization of the E mode polarization on very large angular scales, summarized
by the single number τ = 0.093 ± 0.027 from their 3yr analysis. Such reionization results from
ionizing radiation emitted by very first structures formed in the high-redshift Universe—either by
very massive stars or by quasars—and a better characterization of the full reionization history as
a function of redshift would provide important clues for understanding structure formation. The
precise polarization data that BPol will provide at very low multipoles will be invaluable to this
endeavor.

• Magnetic fields in the early Universe. Large-scale magnetic field are ubiquitous in our present
Universe; however, their origin is poorly understood. It is unknown to what extent these fields are
primordial. If present very early on at sufficient amplitude, such magnetic fields through their
Faraday rotation would generate B mode polarization detectable with BPOL. [See for example, E
Scannapieco & P Ferreira, Phys. Rev. D56, 7493 (1997) (astro-ph/9707115).]

5 Detecting primordial gravity waves with BPol
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Lensing

T/S = 10−1

T/S = 10−2

T/S = 10−3
T/S = 10−4

Figure 4: Sensitivities of B-Pol and PLANCK for measuring the primordial B mode. The four heavy
blue curves show the predicted angular spectra for the primordial gravity wave B mode signal for four values of
the tensor-to-scalar ratio (T/S) = 10−1, 10−2, 10−3, 10−4 (from top to bottom) assuming the best fit cosmological
parameters from the three-year WMAP analysis. The heavy red curve indicates the scalar B mode contaminant,
due to the gravitational lensing of the scalar E mode by intervening structures between the surface of last scattering
and us today. The lower solid black curve indicates the nominal B-Pol sensitivity (obtained by taking the combined
sensitivity of 5.2 µK·arcmin of the two central channels at 100 and 143 GHz having 47’ fwhm resolution). The
lower dotted black curve indicates the sensitivity that would be obtained by broad binning (i.e., ∆"/" ≈ 1). The
lighter pair of black curves above indicate the corresponding sensitivities for the PLANCK satellite, where the three
central channels at 70, 100 and 143 GHz have been combined to obtain a corresponding sensitivity of 63 µK·arcmin
at 10’ fwhm resolution. The lower solid and dotted green curves provide an estimate of the sensitivity after
foreground removal calculated by combining all channels optimally to remove synchrotron and dust components
whose frequency spectra are assumed fixed and known. The lighter pair of curves above shows the result of the
same analysis for PLANCK.

In the previous sections we explained how the detection of a non-zero tensor-to-scalar ratio (T/S)
would constitute a signature of primordial gravitational waves from inflation. Here we examine in more
detail what is required to measure (T/S). Inflation predicts a primordial gravity wave spectrum that
is nearly scale-invariant (nT ≈ 0), particularly when (T/S) is small as a consequence of the previously
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□ The future of Cosmic Microwave Background exploration is 
likely foreground-limited.



Challenges for the future
□ Polarized Forgrounds
□ Getting around the lensing signal
■ cross-correlation?

□ New systematic problems
■ intensity/polarization and Q/U leakage

□ Data analysis
■ combine thousands of maps (with thousands of different 

beams) and some correlated noise?
■ central limit theorem is our friend?
■ (lots of technical stuff about optimality, Bayesian 

estimation, etc.)
■ non-Gaussianity



The future of  CMB Studies
□ Closes cosmological loopholes
■ qualitatively determine the background cosmogony

□ Opens astrophysics from cm to sub-mm
□ Next: high-sensitivity measurements of polarization 

(B-mode)
■ suborbital experiments (QUAD, ClOVER, SPIDER, 

PolarBear)
■ Cosmic Vision: BPol

□ All of these require active collaboration with other 
wavelengths, techniques, theorists, data-analysts


