
= F(f + Ze-E) = Tobs

=> We observe misotropy ITe-E-
F

=> CeTT is suppressed by ezc for all modes within
the horizon during neionization (50)

CMB Polarization : E and B
14

ResQRecall and U : 7x

:Ko Q0
↑

· Compact representation : QilM
RotateGod

, Systby (in)
=> Q , U are wood-dep . E not good for all-sky

LMB pol . analysis
Fix : define wood. - indep , quantities E, B
Most easily done in the flat-sky approx:

Expand Qtill in Former basis :

it. Her = 2D(a+ in)() = 2 age waverector in

plane of sky
Def . T= (lcoste , (sing) S .t . 1 = /e) and de-angle
ofI w. r.t . X-axis of wood , system



Rotation of woods : by angle o still changes

as here (we haven't yet done anything cleve.
-2id

Trick : define new quantity 21 = -e a

2i/
=> a

= -e2

2:%s it .I=> (a+ in)() =- zee
Now note that if we rotate word, system by 0 :

92 + Pe - &
So under such rotation

,
our eg. above transforms as:

(a+ in)e2i=_
=- zi= e

=> thus the 21 Forier-space coefficients are

unchanged under wood rotations !

Canalog on the curved sky involves using spin-loverly

ad spir-raising operators in a similar way after

exarding QIiM in spir-2 spherical hamonics)

Thus , we have
12i9 it.Y

(QiM)(E) = -J =292e 2



De: 12 -(EstiBi)

=> (QiM)(E) =(E FiB)eFrigi
i.e.,

Q)= (Ecos(PE) - Bisin(2)eit

U()= (Eisin (201) + Becos(24) eit.E

Exercise : invet these expressions to obtan Ee and Be in

tems of For transform of Q(E) and U(E).

=> Conclusion : E and B are coord - indep · Iscalar and

pseudo-scolar, respectively) quantities that fully
describe the pol. field

What did we really do ? We rotated the frame in which

Qu were originally defined to have its x-axis now

aligned with the waverector [which yields E, B.I

Simple example : a single Foure mode aligned with rais

Q (*) = Excite
=> Pe = 0 => it .EU(E) = Bee

Consider pare E-mode
:

Photons are
Pure~sil coming out of

-mode" the page



Polarization Generation :
-

Scalar perturbations produce only E-modes

(slides)

Note : since & difision from hot and cold regions is

responsible for quadripolar anisotropy that greates

polarization, we should expect that the soure tel involves

the diffesion scale (lp above) and the bayo-photon velocity:

Consider scattering at 50 : scatteredI originally came

from F =E.+Sp Recall &=
Velocity :
() = b(xd) + Con : Bibko

Temp , see by scatter is Doppler-shifted:

AT(o ,n)
= n . (() -Y(*o) =Pinter to first order
F

Fater = Spinliki) (ivb) = -kepry (E-)
~

-large for kIlpt gradrupolen

and properiod to by > out of phase w. r.t density
perts

=> traster function ~ hepsin(krs*



CMB Spectral Distortions
-

Blackbody => described by T alone : N=Pr(T) = rTh
and

Recall the blackbody photon occupation number :
N=Na(=)

(vii)=I e = Br,i) CT3

Simple question: how do we change the temperature

from T to TI

Suppose we add some energy : E
=- = D-pp()-
Pa(T) Sp(T)

If still blackbody , then p'd #1+ c=-
Sp(T)

So A+c =(
- T = T(a+z)+/Y E TIT = (f+ 1)+-1
i

=

=>
But clearly the new spection would not be a

blackbody If we did not also change the photom
number desityappropriately :

Similar calculation sieds := (E)-1
= (+e)"-1 =3



er

Thus : ==> requirement to avoid create
non-blackbody spectrum

But : we haven't said anything (yet) about how the
-

new photons should be distributed in freguery !

Clearly they can't all be in a spectral linee.

We need to consider the photon occupation number
directing : to preserve blackbody spectrom, require

An(r) = mp(v,+) - up (r, i) Suppose ITIT1
=-
= (tT (vii) + o("

=- "pr(x)

+ex
-T = (k)

&

energy
E spectrum of a small temperature shift is

thus TBria2 (x=)

=> this is the SED of the LMB temperature
anisotropies !

Cafe plot in slides



Howcan spectral distortions be produced ?

Need to study what happens if energy or entropy is

injected into primordial plasma . Can processes
effciently restore blackbody spectrum (at new+ ?

Important : need processes that both produce new

photons and can redistribute then across energy

efficiently .

Very early universe (77108) : very efficient thermalization
na many processes- no distortion generated.

Three important processes to consider at z 108 :

- Double-Campton emission !

u = produces new (soft)
Y photons

- Bransstrahlung :

- -> also produces new y
pf

- Compte scattent :

i => redistributes &
across

free · (im particular from
low free to high free)



Each of these processes has a rate of
associated with it

,
which depads on T, ne,

etc. As usual
, when EEH , the process

becomes ineficient and falls out of equilibrium.

Simple example : y-type distortion
-

Consider mixing of blackbodies of two different temps. "
what is the spectio afterward (if more of the

three processes above are epeating efficiently) ?

Carry out our calculation above to O(IT)2:
Consider ensemble of blackbodies at temperatures TDT:O

↑
where <AT) = 0 but <At =%70. mean temp.

If they mix, what is the photon occupation
number ?

[MpStat =Set]
= [pe(t) + In (+)

S

=Melt) +[
⑧

~

= 8 -
- =
= (T+E

↑
6 +

blackbody of higher temp ,
# blackbody = Y(x)



Here Y()= - 4) =
6

=f(x)(xcth() - 4)
=> this is the formous spection of the Smycent

Zelldovish effect (the y-type distortion)
# is the gaveric distortio resulting from the

addition of Plack spectio without Corptorization
or photo-mular-changing processes.


