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What we aim to learn here

= |n today’s lecture:

@ The use of E- and B-modes for CMB polarization
® Origin of CMB polarization, density modes
® E-mode power spectrum and reionization “bump”

= [N next week’s lecture:

@ Gravity waves and tensor perturbations
@ The search for inflationary gravity waves via B-mode
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CMB is weakly polarized

> 10*
i 10?
The CMB has a weak (~5% or less) linearly = '°

polarized component. This depends on the small< | .

quadrupole at the epoch of last scattering, and <
also the fact that only few photons having the x 1o

time to scatter in an optically thin medium. -

As seen from right, the anisotropy in the polarized
signal (CFE) is only about ~1% at large scales.
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One could describe the polarization by
means of standard Stokes Q and U
parameters, but that will make their value
dependent of the choice of X- and Y-axes.

So=1=E;+E I = E% + By = Ego + Egyo
Si=Q=E2—E2 |Q=Ex-By=Ep- Ejy
So = U =2EE, cosd U = Efso — B2 450
Sy = V= 2EE,sind | V=Eor—Fher

= “%&O(\ 22°
™ p = VELTEVE oo Lt
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ifying the polarization

100%Q | 100% U | 100% V
+Q y +U V/ +V y

Q>0:U=0;V=0
(a)

Y

-Q

Q<0;U=0;V=0
(b)

Q=0,U<0,V=0
(d)

\

I

* I, intensity
Q * O, U, linear polarization
U * [, circular polarization
7

*in the case of the CMB, "= L
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Changing the polarization basis

Under (x,y) -> (x’,y’):

2 2 ~
QO(Ew—Ey Q— O
U x E? — E7 U—U

Through a rotation by angle ¢ , the Stokes
O and U parameters transform as:

(Q)_( cos 2¢ Sin2<p><Q>
U —sin2p cos2yp U

Q +4iU = exp(—2ip)(Q +1U)

We need to define the polarization vectors
in a coordinate-independent way!

2
To do that, we write the polarization as : o d=l :
a complex vector, which behaves as a Q(H) + ZU(Q) T / (e exp(zﬁ ' 9)

comple . (2m)?
spin-2 field variable. We then choose
SpECiaI spin-2 Spherical harmonic where we write the coefficients as(*)
coefficients which has the rotation term Ap = —oQy exp(Qiqbg)

in-built, which cancels out the rotation
of O + iU vector.
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Formalism for E and B modes

Stokes Q,U parameters are not rotationally invariant: under rotation of P degrees we get
I =] Vi=V
Q' = QcosRy) — U sin(2y) U'=Ucos(2y) + Osin(2y)
or in a compact form O +iU =e”"(Q=il)

i.e., (Q = iU) transforms like a spin-2 variable under rotation.

Therefore, we go to Fourier-space and use spin-weighted spherical harmonics, which are
invariant under rotation. In general, a spin-s spherical harmonics function transforms under

rotation as esiv A
Y(m — € .€Y(1n (n)
For all-sky decomposition

(Q=iU)(#) = i}am oY, (R) = izmm tiay ) oY, (A)

(=2 m=—1( (=2m=—(

Here am*2 are decomposition into positive and negative helicity, which are used to define the
E- and B-modes

1
2 2
aE,(m = E(a/m + a/m) aB,/m = _(a/m - a/m)

2
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E and B mode characteristics

Two flavours of CMB polarization: e We can break down the polarization

field into two components which

Density perturbations: parity-symmetric, we call E and B modes. This is the

“E-mode” spin-2 analog of the gradient/curl
Gravity waves: parity-asymmetric, decomposition of a vector field.
“B-mode”

e E modes are generated by density
(scalar) perturbations via Thomson

E-mode . ‘ / TN scattering.

(“gradient-like”) — - — ‘

Q>0 U=20 Q<0 U=0

| e Additional vector modes are created

y AN AN / by vortical motion of the matter at
‘ T recombination - this is small

e B modes are generated by gravity

=0 U0 @=0 020 waves (tensor perturbations) at last
B-mode | o RN iscat’_cerin(g r<l)_r rIloy gra\;itationEaI ;
PERTIIRY B <o 550 ensing (which transforms E modes
(“eurl-like”) NN S/ into B modes along the line of sight
— to us) later on.
a N
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Geometric meaning of E and B modes

E- and B-modes are therefore nothing but
Fourier transforms of the Stokes Q and U
parameters with a rotation (in Fourier space)

Q) =R

| e

:Eg exp(zﬁ@)
:Bg exp(zf@)

v
Q=0, U=0

-»V:O: <0

|

\
O{:O‘ I.J =0
Aﬂ =0

* E mode: stokes Q), defined with respect to £ as the x-axis

e B mode: stokes U, defined with respect to £ as the y-axis

An Introduction to the CMB
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E and B modes have different parities

Q(0) iU (0) = / (27)?2 (Ee £ 1Bg) exp(£2i¢y + i€ - 0)

* E mode: Polarisation directions parallel or
perpendicular to the wavevector

e B mode: polarisation directions 45 degree tilted

with respect to the wavevector
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E and B modes: 2D vector analogy

The Helmholtz's Theorem on Vector Fields

Helmholtz's theorem is also called as the fundamental theorem of vector
calculus. It is stated as

“A sufficiently smooth, rapidly decreasing vector field in three dimensions can
be decomposed into the sum of a solenoidal (divergence-less) vector field
and an irrotational (curl-less) vector field.”

The theorem is also called as Helmholtz decomposition, it breaks a vector
field into two orthogonal components.

F=-VO0+VxA

Please be aware of the distinction of E- and B-modes with the actual E/B fields in
electrodynamics (and the somewhat unfortunate nomenclature)! There, the electic

field vector E has odd parity, and the magnetic field pseudovector B has off parity.
For the polarization vectors, E; has even parity, and B; has odd parity. This parity
difference greatly simplifies their separation from the actual sky measurements.

An Introduction to the CMB 08: Polarization anisotropies (part 1) I



Patterns of CMB polarization

The relation between E-B and Q-U maps is given by a position dependant rotation in fourier space. We introduce an angle v = arctan k—Y, where kx and

ky are the wave numbers in fourier space. With this angle in had the relation between E-B and Q-U is:

U

E cos 2y — Bsin 2y

kx

U = Esin 2y + Bcos2y
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Patterns of CMB polarization

The relation between E-B and Q-U maps is given by a position dependant rotation in fourier space. We introduce an angle v = arctan :—;, where kx and
ky are the wave numbers in fourier space. With this angle in had the relation between E-B and Q-U is:

Q = E cos 2y — Bsin 2y

U = EsinZw + Bcos2u/
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Patterns of CMB polarization
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Splitting the CMB polarization in E- and B-modes have two major advantages:
and (ii) they are generated by distinct physical processes

(i) They have different parities, so they can be measured independently,

An Introduction to the CMB



Quadrupole + Thomson scattering

Polarization is induced by Thomson
scattering, either at decoupling or during a
later epoch of reionization.

For scattering at ©=11/2 only one orthogonal
component of the initially unpolarized
radiation field will get scattered.

[sotropy

Thomson
—~ 5 ! Scattering

No Polarization

An Introduction to the CMB

P(6,¢) < 1 — cos?6

2 2
do e~ o a2
— = | - 5 €€
df (—l’ﬂ'l?l(“‘ )

Quadrupole
Anisotropy

Thomson

—~ 5 ! Scattering

[.inear
Polarization
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Photo Credit: TALEX




Photo Credit: TALEX

-




Photo Credit: TALEX




What causes the CMB quadrupole
anisotropy?

Two things:

“Normal” CDM (scalar modes): Density perturbations at
z=~1100 lead to velocities that create local quadrupoles
seen by scattering electrons.

=> E-mode polarization (“parity-even”)

Gravity waves (tensor modes): create local quadrupoles

seen by the scattering electrons.
=> B-mode polarization (“parity-odd”)
The problem of understanding the polarization pattern of the CMB

thus reduces to understanding the quadrupole temperature
fluctuations at the moment of last scattering.

An Introduction to the CMB 08: Polarization anisotropies (part 1) 19



From velocity gradients to E-mode polarization

Velocity gradients in the photon-baryon fluid lead to a quadrupole component of the
intensity distribution, which, through Thomson scattering, is converted into polarization

(See Zaldarriaga, astro-ph/0305272)

-~ “ Hotter R
/ \ / N i, \ - & o
! \ ! 4 \ \ s o I oV
(50 e, A AR BT e LSy 8 et Lo 13 YVYVY 9. al
\ / \ / e 7 \ B i P V 2 2
’s N\ 7’ \ N\ 7’ \ » /
/y\_/ e \J, - b ”’
electron S b Hotter e s
+ + I L TS S
- - N
’
\ Scalars
I ' -\l ' / % \ (Compression)
e P '; o
+ \ /
N /
- -~

Scattering of Scattering of Net scattering= = T ~caca- -
colder photons hotter photons polarized photons

When gravity overwhelms pressure, matter flows towards the overdense regions. But
these overdense regions are also colder to start with, as photons must climb out of
the potential well. Hence flows are established from hot to cold regions locally, and

these velocity gradients create the primordial E-mode signal.
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Polarization patterns on the
last scattering surface

We saw that polarization pattern created at the last scattering can only come
from a quadrupole temperature anisotropy present at that epoch.

In terms of multipole decomposition of a radiation field in terms of spherical
harmonics, Yim (6,¢), the five quadrupole moments are represented by
=2 and m =0, #1, 2.

The orthogonality of the spherical harmonics guarantees that no other
moment can generate polarization from Thomson scattering!

The problem of understanding the polarization pattern of the CMB thus
reduces to understanding the quadrupolar temperature fluctuations at the
epoch of last scattering.
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Polarization patterns

(I,m)=(2,0) (,m)=(2,1)

(,m)=(2,2)

Local quadrupole
temperature anisotropy

seen from an electron

An Introduction to the CMB

08: Polarization anisotropies (part 1)
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Polarization patterns

Vectors
(Vorticity)

Scalars
(Compression)

There are three sources to the quadrupole
temperature anisotropy at recombination:

- scalers (m=0) for velocity perturbation
- vectors (m=1) for vorticity (negligible)
- tensors (m=2) for gravity waves

Tensors
(Gravity Waves)

An Introduction to the CMB 08: Polarization anisotropies (part 1)
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Visualization of the polarization pattern

Polarization pattern is a projection of quadropole moments

The scaler quadrupole
moment, [=2, m=0. Note
the azimuthal symmetry in
the transformation of this
quadrupole anisotropy into
linear polarization.
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Polarization patterns

Animations by Wayne Hu. Thick and thin lines are E and B-mode patterns.

Vector mode
(I=2, m==*1)
(negligible)

Tensor mode
(I1=2, m=+2)

Scaler mode
(1=2, m=0)

An Introduction to the CMB 08: Polarization anisotropies (part 1) 26



Parity of E & B modes on a sphere

Global Parity
>

DR ER TR T T Y T
ER A EA R RRERERRYANERYNYNY T
D T2ZER AR R R RER R A RN AR RN
ER AR AR AR R AR AR R R AR
R R

e E mode: Parity even

s v ¢ e e e 3 ¢ @ @« =« g = @« @« 3 9 =« =« =

Lo meo s

o * B mode: Parity odd
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Parity determines the number of
observable power spectra

CMB Power Spectro
e

1LE+04 [ 20 ki
1.E+02F Tensors
R
3 1e+00f 'F
& EE __
- v \
O N :
f;\ 1.E-02F A TNt
= | BB for r=0.5 . \
7/ N\
1.E-04 .-~ Lensing \
| BB for.r=10-4 )
= 2T
1.E~06 N T o0 ST T B O o T S
1 10 100 1000
Multipole |

r = T/S: Tensor to scaler ratio,

generated by the primordial

gravity waves at last scattering

An Introduction to the CMB

E & B modes have different reflection
properties (“parities”):

Parity: (-1)' for E and (-1)+1

for B (here I=2) _, B has negative parity

The cross-correlation between B and E
or B and T vanishes (unless there are
parity-violating interactions), because B
has opposite parity to T or E.

We are therefore left with 4
fundamental observables. This also
helps with their separate measurement.

08: Polarization anisotropies (part 1) 28



Effect of gravitational lensing

[Hu+Okamoto (2002)]

Lensing induces CMB B-mode

Lensed E-mode

Need to de-lens to get to

Only E-mod Foreground matter . .
ol 3 ety the primordial B-mode

(unlensed) distribution

angular scale 6 |degrees
100 5 10 [deg 1 ]

Nonzero lensed B-mode !!!

Ye+1) C,/(2m) [uK?]

» Foreground density perturbations
contribute to B-mode through the partial
conversion of E-mode to B-mode !

| G-W B modes
r = [0.001, 0.01]

9/28/2011 Daisuke YAMAUCH| multipole number ¢

We will visit CMB-lensing in more details later!
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Detecting polarization is difficult!

~ Angular scale
] 10° 1’ 0.1

Polarization signal amplitude is
much smaller than the
1 temperature, since it requires a
scattering event and hence can
only be produced in optically
thin condition (any subsequent
scattering will cancel the
polarization signature).

Temperature

AT ~1000
times smaller

—
p_—
S

-

££+1) Cyf 27 [pK"|

We are getting a snapshot of
the quadrupole anisotropy from
the moment of last scattering.

r=0.00]

10 100 1000
Multipole moment £

Power spectra of CMB temperature anisotropies (black), grad polarization (red), and curl polarization due to
the GWB (blue) and due to the lensing of the grad mode (green), all assuming a standard CDM model with
T/S = 0.28. The dashed curve indicates the effects of reionization on the grad mode for T = 0.1.
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Shape of the polarization power spectra

The polarization power
also exhibits acoustic
oscillations since the
quadrupole anisotropies
that generate it are
nemselves formed from

{
the acoustic motion of
the fluid.

The EE peaks are out of
phase with TT peaks
because these E-mode
primordial polarization
anisotropies are sourced
by the fluid velocity
(hence roughly in-phase
with velocity maxima).

An Introduction to the CMB
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Shape of the polarization power spectra
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Credit: M. Zaldarriaga
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Shape of the polarization power spectra

1005 T T T T TTTT] T 111.‘2
- o .
: relonlzatlon/\,f\r
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1000

e Primordial E-mode signal peaks at small
scales (high |I), corresponding to the width
of the epoch of last scattering

e The primordial B-mode signal (due to a
stochastic background of gravitational
waves) dominates primarily at large
angular scales

e On very large angular scales (>5°), the E-
and B-mode polarization signals are
dominated by the secondary fluctuations
imprinted by reionization

e The lens-generated signal grows at smaller
scales (turning E modes into B modes!)

Shape and amplitude of EE are predicted by ACDM.

Shape of BB is predicted from “scale-invariant gravity waves”.

Amplitude of BB is model dependent, and not really constrained from standard ACDM.
Measuring this amplitude would provide a direct handle of the energy scale of inflation!

An Introduction to the CMB
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EE power spectrum
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The intermediate to small scale EE polarization signal is sensitive only to the
physics at the epoch of last scattering (unlike TT which can be modified).

The EE spectrum is already well constrained from the cosmological models,

but it provides additional checks and helps to break some degeneracies. Plus,
it gives a more accurate measurement of the reionization optical depth.
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BB spectrum uncertainties

BB (w/ Lensing)
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BB mode can tell us about a lot of new physics (energy scale at inflation,
neutrino mass, etc.), but its prediction is still very uncertain (i.e. the
prediction of the primordial signal; the lensing part is well modelled since
we have a good estimation of the lensing potential across whole sky).
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Detection of the E-mode polarization

e The DASI experiment at the South Pole
was the first to detect E-mode CMB
polarization

JX uk

150

4100

e It was followed by WMAP’s measurement
of CTE(l) for 1<500

e Both the BOOMERANG and the CBI
experiments have reported
measurements of CTT, CTE CEEand a
non-detection of B modes

e E-mode has also been measured by
CAPMAP and Maxipol

Muap is S degroes square

DASI collaboration, 2002

e B-mode polarization has not been
detected yet (current noise level for
ground-based experiment is below
1 puK in Q and U))
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E-mode generated during reionization

First measurements
from WMAP satellite
(Kogut et al. 2003)

20 LILLALLLLL P rrrreni

1 Re-scattering of CMB during and
E after reionization adds to the
' polarized power on large angular
scales, caused by coherent motion
of electrons. The large scales
correspond to the horizon scale (H-/)
at the time of reionization (~5°).

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

: ; This “bump” exceeds the cosmic
40 Do 40 ! \ PR T S S B T variance limit for FE and TE

10 100 500 1000 spectrum.
Multipole moment [
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Reionization “bump” in polarization
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These figures from a paper by Zaldarriaga (1996) show the effect of reionization on
the temperature (TT, on left) and polarization (EE, on right) power spectra, compared
to a “standard” CDM model without reionization (using a very large optical depth, for
illustration). The relative change in the E-mode power is very large, making it an ideal
target for measurement and constraining the reionization history of the universe.
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Reionization “bump” in polarization

Bump in low-¥ spectra
Height Ap = ApT CFP x71® CTP xr

The reionization bump is practically independent
of other cosmological parameters, it basically
gives a measure of the integrated optical depth.

Figures from Planck collaboration (2016)

0.12

T = 0.054 + 0.007
(Planck coll. 2018)
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| |  Grey bands denote the cosmic variance
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Optical depth of the universe

20

1 Tanh model Power Law model Tanh model + kSZ (ACT & SPT)

10l ) Az < 4.6 Az < 6.8 ) Az < 2.8
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Constraints still model dependent. Data disfavour early onset of reionization.
Planck collaboration (2016)
Planck Colluboration

0.12 0.080

010 I0_075 ¢ Planck Collaboration XLVII (2016).
< 004 0.070 % 1=0.058 £ 0.012 (assuming instantaneous
S |°-09° reionization).
< 0.06 10.060+
o) 004 0.055 ** Redshift of reionization 1s model
< 0.050 dependent: z_~8.5. Complementary to 21cm
- 0.02 0.045 studies.
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Questions?

L 3

Feel free to email me or ask questions
in our eCampus Forum
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