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Outline

Lecture 1.
— Theory of CMB polarization.
* E and B modes.
* Primordial Gravitational waves.
— Observational status: CMB polarization measurements. E-mode detections
and B-mode constraints.
Lecture 2.
— Foregrounds of the CMB.
— The future (CMB polarization experiments).
» The Planck satellite.
 QUIJOTE CMB experiment.
» Core satellite.
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[ Physics of the CMB anisotropies: the angular power spectrum ]
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Stokes parameters ]

s+ The polarization state of a electromagnetic wave propagating in a direction n can
described by the intensity matrix

P, =(E 0 E;0))

where E is the electric field vector and the brackets denote time averaging.

¢ P is a hermitian 2x2 matrix and thus can be decomposed into the Pauli basis

P =I1(n)o, + Q(n)o, + U(n)o, + V(n)o,
(1 O) (O 1) (O —i) (1 0 )
Oy = O, = O, =1, O3 =
0 1 1 O i 0 0 -1

¢ In terms of the electric field, the Stokes parameters are defined as:

I=|E| + |, 0=IE[ - |E[

U=(E E,+E,E,)=2Re(E E,) V =2Im(E, E,)



Stokes parameters ]

¢ Linear polarization is described by Stokes Q and U parameters.

¢ Q measures the different of intensities in the to axes x and y, while U measures the
difference of intensities in a coordinate system at 45°.

¢ Not all Stokes parameters are rotationally invariant. Under a rotation of y degrees
of the coordinate system, we have

I =] Vi=V

Q' = Qcos(2y) — U sin(2y) U'=Ucos2y) + Osin(2y)

or in a more compact form

O +iU =e”"(Q=il)

“*Hence, (Q+iU) transforms like a spin-2 variable under rotations.



[ Spin weighted spherical harmonics ]

** Spin-s spherical harmonics.
¢ Under rotations, they transform as: szm — =" szm (n)

¢ Orthogonality and completeness

/ dﬁs Ejn, (f )Syfm (f ) — 5“' 577”77"

Yo (M) Yy, (D) = 0(d — ¢')d(cos — cosb')

“*Relation to Wigner rotation matrices:

20 +1
4

Y, (0,¢)=(-1)" e"'D., (¢.0,~y)



Statistical representation ]

¢ All-sky decomposition:

Q=)@ = Eam @) =S S g x iy ) V()

(=2m=-/ l=2m=-/

% Here, a,_*?is a decomposition into positive and negative helicity. The helicity basis

.1 .
e” = ﬁ(ee +ie,)

¢ In the last equality we have defined E- and B-modes:

1 +2 -2 )

) )
aE,Km = 5(a€m + aém aB,ﬁm = E(GZm — afm)

¢ Under parity transformations (n—>-n), the E-modes remain invariant, while B-
modes change sign.



E and B modes ]

A plane wave moving from top to
bottom. The direction of the
polarization vector defines if they
are E or B modes.

» Full-sky polarization maps can be decomposed into two components usually called
E-modes (analog of the gradient component) and B-modes (analog of the curl
component) (see Kamionkowski et al. 1997; Seljak & Zaldarriaga 1997).

» These modes are independent on the coordinate system, and are related to the Q and
U Stokes parameters by a non-local transformation.

E modes B modes

(A pure E-mode turns into pure B-mode if we turn all polarization vectors by 45°).



Angular power spectra ]
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The polarization of the CMB anisotropies

Four parity-independent power spectra can be formed

LS S 1 / = . \ ~ - 1 / \
Cpp = 2I+1 & <\a'1',/,,,,_ al',!m} Cpp = ) 5 Z', \“1; Im 4B, lm>
o / \ ; 1
CeEg = “——.4. a/ Am 4E 1m> Crg =

/ \
1 TLJ \OT 1 AE /m>

Physics of generation of the Polarization. Different sources of anisotropies
generate different types of modes:

Scalar (density perturbations)

Tensor (gravitational waves)
E-modes Yes Yes
B-modes No Yes

B-modes probe the existence of primordial gravitational waves
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Quadrupole

Thomson scattering ] Anisotropy

s»Differential cross-section

da_ 3
dQ2 8

+* A net polarization is generated during recombination
if there 1s a quadrupole anisotropy in the radiation field.

2 Thomson
' )
€€ ‘ Or ~ o ! Scattering

¢ Defining the y-axes of the incoming and outgoing Linear
coordinate systems to be in the scattering plane, the Polarization
Stokes parameters of the outgoing beam, defined with
respect to the x-axis, we have:

30,
SR’

~ 307

= I'sin*(B) U=V =0

I I'A+cos’(B)) Q=

¢ The net polarization produced by the scattering of an incoming, unpolarized ratiation field
of intensity I'(0,d) is determined by integrating over all incoming directions.

30

1(7)=—L [ dQI'(0,0)(1+ cos* (6
(2) 8nR23f (0,4)( () e
A . A O . i /
0()-iU@) = 7 [ dQ sin®(0)e™1'(6,$) components



[ Polarization: scalar perturbations ]

**Breakdown of tight-coupling leads to a quadrupole anisotropy.

* For scalar perturbations, the polarization signal arises from the gradient of the
peculiar velocity of the photon fluid (e.g. Zaldarriaga & Harari 1995).

¢ The basic argument is:

¢ Consider a scattering ocurring at x,,. The mean free path is A;. Photons coming
from a direction n roughly come from

X=X,+An
¢ The photon-baryon fluid at that point was moving with velocity

v(x) =v(x,)+ Andv(x,)

¢ Due to Doppler effect, the temperature by the scatterer at x,, is

0T (xy,n) = n-[v(x)=v(xy)] = A.nn dy (xy)



[ Polarization: scalar perturbations ]

**Breakdown of tight-coupling leads to a quadrupole anisotropy.

* For scalar perturbations, the polarization signal arises from the gradient of the
peculiar velocity of the photon fluid (e.g. Zaldarriaga & Harari 1995).

¢ Gradient of the velocity is along the direction of the wavevector, so the polarization is
purely E-mode:

A, ~-0.17(1- ,uz)Andeckvy 1,..)

¢ Velocity is 90° out of phase with respect to temperature — turning points of oscillator
are zero points of velocity:

A, o« cos(kr,) v, o sin(kr,)

¢ Polarization peaks are at troughs of temperature peaks.



Power spectra - Theory
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[ TE Polarization and acoustic peaks ]

¢ Cross-correlation of temperature and polarization

A, A, ccos(kr,)sin(kr,) « sin(2kr,)

¢ TE spectrum “oscillates” at twice the frequency

¢ TE correlation is radial or tangential around hot spots (see later, WMAP result).

¢ Large scales: anticorrelation peak around 1=150, a distinctive signature of primordial
adiabatic fluctuations (Peiris et al. 2003).



Power spectra - Theory
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Time since the i
Big Bang (years) < The Big Bang

The Universe filled

with ionized gas Recombination (z ~ 1000)

~ 300 thousand «The Universe becomes (Microwave background)
neutral and opaque

The Dark Ages start

Dark Ages

Galaxies and Quasars
begin to form (Neutral hydrogen.

~ 500 million The Refonization starts Accesible with 21cm line
surveys as SKA or

PoplI stars? QSO? LOFAR)

The Cosmic Renaissance
The Dark Ages end

~ 1 billion \ r XY < Reionization complete, Z~6
. i the Universe becomes

transparent again (GP trough observed in QSO)

Galaxies evolve Galaxies form and

evolve

~ 9 billi
fion The Solar System forms

(Universe accesible with
optical/IR telescopes)

~ 13 billion T L g Today: Astronomers
v 3 figure it all out!




[ How did the Universe became neutral? Sketch of the lonization History ]
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The Thomsom visibility function ]

Prior to the recombination epoch, the photons and the electrons are
tighly coupled due to Thomson scattering. When the number density of
electrons decreases, the photons are released and the CMB is formed.

1.207 . .

: | *The relevant quantity is the
1.0 e 2RI, p(=Tr) dTy/am x50 4 Thomson optical depth.
oL ; t=Jorn,dl
Dol 2y =1079 -
0.4 Az =80 : *The visibility function gives

I the probability that a photon
er - observed now was last scattered
0.0 . . et SRR TR L] at redShlft Z.

400 600 800 1000 1200 1400 1600 1800
z V = exp(-1) dt/dn




Reionization ]

+*Optical depth to Thomson scattering to reionization

m(z) = / dnn.ora = / dina== 5 o (Uh?)(Qnh?) 72 (1 4 2)%/2

H(a)

Wh2\ [ Qnh?\ 77 1+

0.02 0.15 61
¢ CMB re-scatters off re-ionized gas.

Generation of new anisotropies at large scales
(Doppler) and absorption at small scales:

A, —Ae" Ap—AT

TE - EE 2
C,~ xte™” C,~xt

¢ Effect peaks at horizon scale at
recombination (I=2-3). If the optical depth is
very large, primordial anisotropies are erased.
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Gravitational lensing ]

¢ Large scale density fluctuations in the Universe induce random deflections in the
direction of CMB photons as they propagate from last scattering surface to us. In the
small scale limit, we have

Q(0)=0(0+56)= (277)—3f 421t (6+56)
X[E(I)cos(2 ;) —B(Dsin(2 ¢y)],

UO)=U(0+56)

:(2W)—2f d2l€i1~(0+(50)

X[E(1)sin(2 ¢;) +B(l)cos(2 dy)].

(Zaldarriaga & Seljak 1998)



Gravitational lensing ]

¢ Zaldarriaga & Seljak (1998), PRD 58, 23003.
.« ' ~_
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¢ Lensing mixes E and B polarization modes. Even for pure
scalar fluctuations, B-modes are generated at small scales.
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Polarization and tensor modes: Gravitational waves ]

¢ Gravitational waves are a natural consequence of inflationary models (Grishchuk
1974; Rubakov et al. 1982; Starobinsky 1982, 1983; Abbott & Wise 1984).

¢ GW created as vacuum fluctuations (exactly as density perturbations).

“* GW correspond to spatial metric perturbations. From A. Lasenby’s talk:

» Tensor metric perturbations ds? = a?[dn? — (§;; + 2h;;)dx'dz’] where h;; is
traceless and transverse

» If substitute this into Einstein equations, and use modes of the form exp (ik;xz?),
then find

where ZZ; Is the transverse and traceless part of the anisotropic stress

» Express h;; in terms of the two independent gravitational wave polarization
components, h4 and h



Polarization and tensor modes: Gravitational waves ]

“*From A. Lasenby’s lecture:

e Two independent solutions:
h %(Cos(kn)kn —sin(kn)) and h %(Cos(kn)kn + sin(kn))
n n

» Find following behavior as one goes back in time: only one of these is non-singular,
and here can write

[ r—

3 . [ J3/2(kn)
hy x(n) = —k3—n3(cos(kn)kn = sin(kn))h.4 < (0) = 3 /

e So this is solution for scales entering the horizon well after matter domination

» Note that overall  dependence for large 7 is 1/172 o« 1/t2/3 o 1 + =z, so the
gravitational perturbations redshift away inside the horizon — quite unlike the

scalar perturbations

o Therefore only important at degree scales and above

** GW oscillate and decay at horizon crossing.
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Polarization and tensor modes: Gravitational waves ]

**Gravitational waves produce a quadrupolar distortion in the temperature of the CMB.

¢+ B-mode polarization is produced, because the symmetry of a plane wave is broken by
the transverse nature of gravity wave polarization.

(T) \
Cg = (4m)
(T)

2 [ k* dk P, (k)

2] k* dk P, (k)

f dr g(7)V(k,7)

f dr g(r)V(k,7)

¢ E and B modes have similar amplitude.

2

e

—jilx) + j/'(x) +

2]'15-1') N 4ji(x) }
X~ X

2

_ Ai
2j1(x) + %]

(Seljak & Zaldarriaga 1997)

“* Again, polarization is only generated at last scattering surface (or reionization).
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What would a detection of GW tell us?

* It would provide strong evidence that inflation happened!

* The amplitude of the power spectrum 1s a (model-independent) measurement of
the energy scale of inflation.
2

2 inf
My \27T

tensor

* Defining the tensor-to-scalar ratio (r) at a certain scale k, (typically 0.001 Mpc!),
we have

r

4
Pinsor (o) =0.008( o )
P (ky) 10"°GeV

* Values of r of the order of 0.01 or larger would imply that inflation occurred at the
GUT scale.

* These scales are 12 orders of magnitude larger than those achievable at LHC!



Primordial gravitational waves and B-modes
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l (from http://cosmology.berkeley.edu/~yuki/CMBpol/CMBpol.htm)

» 1=0.1 corresponds to an energy scale of inflation around 2x10'6 GeV.



Direct measurements of primordial Gravitational Waves

) universe  Virgo galaxy sun/earth earth
10'5" T T ]
BBN LIGO|
Bong
(2005)
PULSARS
e}
LIGO I
’]O-]o = | L1 | =
LISA (2013)
Benennnel
QO (f) (2012 ?)
GW
WMAP-I
+SDSS
S,
T T | Y 1 S ——— — i ———
15T INFLATION »igRo |
10 78 (2025 7) -
""
Ve Sagesncscavcccas = (Jl)] rreoveooosemeoneen - OO PO eSO EE W - .- .
& CMBPOL b0
‘..(2.0J§L ......... r: 0_001 -------------------------------- - o o
 LLL] |
BBO Corr
(20307)
10-20 1 I 1 1
107" 107° 107 10° 10°
Frequency (Hz)

(Bock et al. 2006, arXiv:0604101)



Eric Hivon
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Raising/lowering operators ]

An important property of spin-s functions 1s that there
exists a spin raising (lowering) operator O (8) with the prop-
erty of raising (lowering) the spin weight of a function,
(8;f) =e 16TV £ (8,f) = O DYS,f. Their explicit
expression 1s given by

d d
O,f(#.p)=—sin’(H) —+1csc H)—d)]sm (0)f(0.0),
- d d
6J(H,¢)=—sm_‘(ﬁ)[—ﬁ—zcsc(H)—]sm 0).f(60,0).

(A2)



Raising/lowering operators ]

**They can be used to define spin zero quantities:

. ) (1+2)1]¥2 )
6-<Q+iU)(n)=12m T2y1| @2mYim(R),
(1+2)!]Y?

62(Q_1L7)(l;)=12 a_z,lmlflm(';).
m

(I—2)!

¢ For real-space computations, it is useful to define:

[63(Q + iU) + dd(Q — iU)]/2
= _Z[([ + 2)'/(1 _ 2)!]1/2aE,1m Ylm,

Im

g = i[00(Q + iU) — dd(Q — iU)]/2
= ST +2)/ = 2)'1?ag Y im

Im

XE



E/B mixing ]

“*In finite patches of sky, the separation between E and B modes can not be done
perfectly.

¢ Aliasing effects from E modes into B modes are very important, as E-mode
spectrum is much larger in amplitude.

¢ Specific methods in Fourier space or real space to minimize this problem.



Observational status:
polarization of the CMB




First Observations of CMB polarization

E-mode detections: DASI (Kovac et al. 2002, Nature), WMAP, CAPMAP, CBI, Boomerang.
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WMAP 7yr results

Stokes Q Stokes U

—50 uK S 50 pK —50 pK EEE— O 50 K Jarosik et al. 2010



Reionization

(I+1)C,/2r [uK?]

WMAP7 power spectrum
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Green line 1s the
ACDM
prediction!
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Real space correlations

(TiT )= EI ("I+1

) Pz )C'IT.

21+1
. _ 10 -TE
1)=-3 (= e,

21+1
10, _\~BT

21+1

(UU;)= Z(_ o= )[F ) Cr = F(2)CT L
21+1

(QiU;)= Z( P )[Fz" 2)+Fi7(2)]C

(See e.g. Tegmark et al. 2006)



WMAPT7: real space correlations
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WMAP7 hot spots
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WMAP7 cold spots
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WMAP7 constraints on r

Komatsu et al. (2010)

Tensor=to-scalar Ratio (r)
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BICEP results

* BICEP (Background Imaging of Cosmic Extragalactic
Polarization). Caltech, Princeton, JPL, Berkeley and
others collaboration.

* Uses 100GHz and 150GHz polarization sensitive
bolometers. Operates from South Pole.
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I(+1)C,/ 21 (LK)

CMB polarization: observational status
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Chiang et al. 2010

3
10
Multipole /

» Several E-mode
detections: DASI, CBI,
CAPMAP, Boomerang,
WMAP, QUAD, BICEP,
QUIET, etc.

* WMAP7 gives r<0.93 at
95% using TE/EE/BB, and
r<2.1 at 95% with BB
alone.

*WMAP7+BAO+SN
gives 1<0.2 (Komatsu et
al. 2010).

* BICEP: r<0.72 at 95%
with BB only (Chiang et
al. 2010).

° QUIET. 1:0.35“'06_0.87
with BB only (Bischoff et
al. 2010)



QUIET results at 95 GHz
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Probing inflation
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* Komatsu et al. (2010): r<0.24 (at 95% C.L.) using WMAP7+BAO+H,

* For chaotic inflationary models with V=AdP and N e-folds of inflation, the predicted
tensor-to-scalar ratio is r=4p/N, with ng=1-(p+2)/2N. Data excludes p>3 for N=60 at
95% C.L.



TB, EB and BB spectra: hints for new physics?
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TB, EB and BB spectra: hints for new physics?

Testing CPT Symmetry

If terms like Chern-Simons have to be added to the
standard electrodynamic Lagrangian, than Lorentz, P
and CPT symmetries will be violated. This will induce a
rotation of the polarization direction of each photon as
It propagates from the LSS to us. This effect is called
“Cosmic Birefringence”

(,?E'Obs = (P cos(2Aa),

alpha = Birefringence angle
From these equations it is

CBo% = CTEsin(2Aw),

CEEODS _ CEECo(2A ) possible to build estimators
for alpha (as long as it is
CBBobs — CHEin2(2A), zero these violating terms

are excluded)
C EB'ObS = HCEF)sin(4Aa).




Constraining Primordial magnetic fields
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 Faraday rotation by a primordial magnetic field produce B-mode polarization.
* Kahniashvili et al. (2008). At scales of 1 Mpc and ng=-2.9, constraints are better than
InG (extrapolated to present).



Observability of B-modes

o Signals are extremely small = large number of | ————————
receivers with large bandwidths are required.

e Accurate control of systematics (cross-pol,
spillover,...) 1s mandatory.

e Foregrounds. B-mode signal is subdominant
over Galactic foregrounds

- Free-free, low-freq, not polarized

Antenna Temperature (uK, rms|

- Synchrotron, low-freq, pol ~10%

- Thermal dust, high-freq, pol ~10%

r=0.01

- Anomalous emission, 20-60 GHz, pol ~3%? i .

40 60 80 100 200
- Point sources, low-freq, pol ~5% Frequency (GHz)
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