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CMB polarization

Introduction

Figure: Copyright: ESA and the Planck Collaboration
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@ Latasy

Introduction

SM?

A New Light Field?

Summary

Isotropic Cosmic Birefringence

e 5 =0.35°+0.14° (2.40)
(Minami and Komatsu 2011.11254)

e 5 =0.34°£+0.09° (3.60)
(Eskilt and Komatsu 2205.13962)

e - (507)

© Isotropic
© Frequency-blind

Figure: Credit: Yuto Minami
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@ fedgzs Axion (ALP) Explanation
Consider Axion-photon coupling (Carroll and Field,1991)

1 1 ~
ﬁ - _ZFNVF#V - Ze(t)FMVF'uV

Introduction This modifies equation of motion of photon (Choosing A° = 0 and V - A = 0),
0 2, 4 X 2 2 ;
(6—772—V +QVX)A:0 — wi:k ¥k9

In the limit %}' < 1, WKB approximation gives
+

. . 9 1 [ . 1
Ay oc e i dnk exp (i//dni) == f[= E/ dnb = 5 [0(m0) — O(nLss)]

LSS
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Axion (ALP) Explanation
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Figure: Fujita et al. 2011.11894
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Figure: Artwork by Sandbox Studio, Chicago.
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EFT!

Standard Model > SMEFT 4 Standard Cosmology



@®@tuiass What is ICB phenomenologically?

o ICB is a propagating effect. Relevant operators are quadratic in E and B.
In the vacuum, only F,, F*" is relevant. Therefore, we need medium.

@ Observed isotropy = medium is homogeneous.

o Derivative on E and B shall lead to frequency-dependent 3, which do not
fit the observation.
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@®@tuiass What is ICB phenomenologically?

o ICB is a propagating effect. Relevant operators are quadratic in E and B.
In the vacuum, only F,, F*" is relevant. Therefore, we need medium.

@ Observed isotropy = medium is homogeneous.

o Derivative on E and B shall lead to frequency-dependent 3, which do not
fit the observation.

L~ cee(t)E - E+ cgp(t)B- B+ cep(t)E- B
o E - B-term violates parity, produces ICB.

Any operator that relevant to ICB should be reduced to CEB(t)E~ Bina
cosmological background.
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o Of course, (’N)FWI:"“’ — OFE-B. Is it the only one?

@
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OFF?

&
o Of course, (’N)FWI:"“’ — OFE-B. Is it the only one?
° jWagF””l—:aﬁ under the cosmological background,

J could be formed by g, and u, o< V,t, t is cosmic time.

1
jpuaﬁ = E (g;ta-/uﬁ + g,u,BJua - gz/aJ,uB - gVﬁJ;La) s J;w = f(g,uzu U;L)

This reduce to

_ jaﬂaﬁ
4

JoupgF"F?, — OF,F* , O ¢
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@uass OFF?

&
o Of course, (’N)F,“,I:"“’ — OFE-B. Is it the only one?
° jWaBFW,EO‘ﬁ under the cosmological background,

J could be formed by g, and u, o< V,t, t is cosmic time.

1
j;wa/j = 5 (g;ta-luﬁ + g,u,BJua - gz/aJ,uB - gV,BJ}La) , J;w = f(g/JlH U;L)

This reduce to

~ . ~ o Iz af

JagF 1 FP, — OF,F™ 0= J% = jag

e J,KI, where KV = 2A,,I:_“”. ;
It is not U(1) invariant unless V(,J,; = 0, which means that J, oc V,0.

This makes J,K* — OF,, F*.
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e J,, F"" may give rise to P-violating effect in the loop level.
Formally, 6y = KuwagF® — FFKy,asFo.
If Kuvas D Ocepap/2, then FIY K asF? — O Fp Fr.

However, O, is non-local, produces frequency-dependent ICB angle.

@ Cosmic Magnetic field breaks parity.

However, it will produces Anisotropic Cosmic birefringence angle.
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Di P0|e OperatOr JMV =

JNV FHv 7

S = PAOWY

A= M

N

magnetic

+i¢y°

SN~
electric
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Dipole operator J,, F#¥

JwF*™ .y =0Aopr, A= M+ i€y’

magnetic  electric

FPRopapF? — O FY . O o PR 0s

gaﬁ)\y(bg)

N 1
Kuvas x 758 g\
waf X U0y, i
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@&aigss Dipole operator J,, F*

JwF"™ . Jy=0Xowr, A= M + i€y

magnetic  glectric

FPRopapF? — O FY . O o PR 0s

gaﬁ)\y(bg)

N 1
Kove (85 A
1 B xXv 0-/" Ia

O, x D(bg)e"”o‘ﬁam,)\(i@ — m)_laaﬁ/\y(bg)

= —4imi "8 \~5(9% + m?) 1 a(be)

Using e**P0,,, = —2iv°0*", o0, = 12 and o"y%0,,, = 0.
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Dipole operator J,, F#¥

(O) o m <17(bg)A'ys(82 + m2)_1)\u(bg)>
(775v) = 0 # (pv), this implies that

d*p, m n(py) + ii(py)
(2m)3 E, (py + py)? — m?

(O xx m(IME + EM) /

Let p, = (Ev,py) and py = (w,wn), where |n| = 1.

(Pu+py)? = m? = 2w(E, —n-p,)

~ 1
O, —, F -d dent ICB
B o >‘LSS o — requency-dependen

[m] = =

12/26



ICB from B

1 174
§/d4k1d4k2AM(k1)I'I“ (k, k2)A, (k)

@ Introduce helicity basis with respect to k, {€', €/}, ¢ }.
So 6&1”# =0, kﬂei =0# kueff.
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@ txi925  |CB from B

1 174
§/d4k1d4k2Aﬂ(k1)I'l“ (k, k2)A, (k)

@ Introduce helicity basis with respect to k, {€', €/}, ¢ }.
So ef_‘ﬁiuﬂ =0, kyey =0# kel
e Including the background, one has ki’ + kj o ut # 0.
Expand ki’ = wiu” + |k|e|' and k5 = wout — [klel'.
o With the background unit vector u, o« V,t, one has B" = u, FO».
o One could expand B" = B¢’ + Bye + Be".
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@ txi925  |CB from B

1 174
§/d4k1d4k2Aﬂ(k1)I'l“ (k, k2)A, (k)

Introduce helicity basis with respect to k, {e{’, ¢/, €" }.

So ef_‘iuﬂ =0, kyey =0# kel

Including the background, one has k' + kb oc ut # 0.

Expand ki’ = wiu” + |k|e|' and k5 = wout — [klel'.

With the background unit vector u,, « V,t, one has B" = u, FO».
One could expand B" = Biel' + B¢/ 4+ Be".

° FWI-:W = ¥ > e“”o‘ﬁ(kl)a(kg)/g o e’“’o‘ﬁua(q)ﬁ o< ei“ei — et
(F) FO5)(F,, Fr) = [BI2FF term gives ICB if [B] is uniform.
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ACB from Cosmic Magnetic field B

0) ra g1 ) « 5} g1
(FSYFO)FQ F#) = (BaugF?)(Byu, F)
o FOP 5 kX AP(ky) — kP A%(ky) and Frv — etvoB (ko) Ag(ky).

o BousFof — [(E- ki)ub — (u- kl)E“} A (k)
x (Byéy +B_e")Au(ki)+ -+

o Buu,F1 oc (Bye — B_e" ) A, (ko)
o (FFP)(FDFm) 5 CBLB (el — "¢ )ALA,.

This gives ACB due to the dependence on components of B.
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@®tu4957 Relavant Operator OF F!

To explain the observed frequency-independent ICB,
only CS-type operator @FWI-:W should be considered.
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SMEFT and LEFT

(0% ‘N)a ~ v . ~
Les = ar Ea An Fu F* . n=dim[O,]
Building Blocks:

H(dim 1), D,(dim 1), (dim 3/2), X,,(dim 2)

== vaA>
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SMEFT and LEFT

Les= o Za: %FWI:'W . n=dim[O,]
Building Blocks:
H(dim 1), D,(dim 1), (dim 3/2), X,,(dim 2)
e n=2: H'H

o n=3: (LEFT) Cie'P e/ + hc., (e—v,d, u).
One does not have hypercharge singlet in SM.
Therefore, one has to go down to SU(3)c x U(1)em. (Low-energy EFT)
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ICB from OFF?

@ Fuy  Cosmos bg. 1 ~ v L oA
871_OFWF — 4(bOF,“,F ) 27r<0>
The ICB effect is given by (same as the axion)
1
B =3 [do(tss) — do(to)]
o F - = ==

v/:\ \ \:
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n=2ICB

a H'H av?
—— F, F" — = , H
81 Ay Fruk ¢(’)2 271'/\%_, v=(H)
2
vy vV — v
) ov =
P=ome’ Y=y

o CMB gives % < (4 £ 11) x 1073, this indicates 6v < 1073-1072,
o Collider gives Ay > 1 TeV.

B < (4%107°)° < Pobs
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@ tuigzs n — 3 |[CB

Charged particle are suppressed by baryon-to-photon ratio 1 ~ 10710,

Thus, the only possible candidate here is Cosmic Neutrino Background(CrvB).

Assume Dirac neutrino.
a0, - ~
———F,F*", O, =
8t A, M v

o (7'N°) =0 and (P'1d) = 67 F(t),
3 m" . _;
F(t) = / (ZWI))3FP [n'(p,t)+A(p,t)] ,

where mj is the i-th neutrino mass and n' is phase-space number density.
(7 is that for anti-neutrino.)
@ This indicates that

AV
(CV 2CV) ]71,),5VJ

(V'ZCV) DIV1+

a tr Nl NV
o0~ &l Ca )

Majorana case with an extra 1/2. 19726



@ieigss n =3 |CB

@ Due to cosmic expansion, ¢ (to) < ¢ (tLss)-
@ At recombination T g5 ~ 0.3eV,

Fltiss) ~ 05— (N + N') |, m; < Tiss
Tiss

where N and N are number density for neutrino and anti-neutrino.

@ Possible ICB angle is

(c +cT) A3N'

1 o

TLSS
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n=3I1CB

3 ~ 0.008°

137 T Z Tree (CN”JF Nl) NI/TgN' ’

e CvB neutrino number density today is ~ 56 cm™3.
Tracing back to LSS gives N/3 ~ O(10710) GeV.
o Collider gives A, ~ 1072-10° GeV.

o Taking ¢~ O(1), mj ~0.1eV and T ss ~ 0.3eV, one has

ﬂ < (10_27)0 < Bobs
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n=4ICB

o FogFoP + FgFe?

Fou F1
8 /\?'_-

Cosmic Background magnetic field. Let F — F(O) 4 F.
Then, quadratic terms are

° (FO(Z(QFO‘B)(FlSB)I:'W) x E|| . §|| = Anistropic CB

o (FWF™) o E)- E

o CS-type term (F(E[%)F(O)O‘B)(FWIZ_W) xE-B = ICB
They are of the same order!
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Possible New Light Field

a oo ~
e Fou FH for a scalar ¢
86; 9/@'(,_- =% for a fermion y

A New Light Field?

(dTd) and () should be time-dependent backgrounds:
o Classical fields : similar to Axion

@ Pair condensates : effectively the same to Axion & Require exotic
cosmological scenario.

@ Particles : like CvB.
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@ Ludgsy

Possible New Light Field

For a single particle, E, > m. In the cosmological background

p
(@io) < L

At the LSS, one should have p < pcrss ~ (3 x 10713 TeV)*. Therefore
A New Light Field?

“1/2 ;AN\ -L
< —14 |B|
m <107 eV (—0‘30 TV (Scalar)

-1 -3
A
m <107 %%ev (0’@0> (Te_V) (Fermion)
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Takeaway

@ From EFT point of view, only CS-type operator could give frequency-blind
ICB.

@ SM particle could not give observed ICB under standard cosmology.

Summary o If a new field is responsible to ICB under standard cosmology, it should be
light.
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Summary

Thank You!



v(x) = / 271-)3 \/T Z { us(p)e —ipx b;Tvs(p)eipX]
1= [ A5 o s e

with {3, a3'} = {b§, b3} = (2m)*6P)(p — q)0™.
Dirac equation gives
VP 55) ( VP By* )
us N VS = = R T — T — 1 ,
(p) (\/—55 (p) —p s §'¢=n'n
where g# = (1,ﬂ), B = (1, —ﬁ) and E are Pauli matrices.
Using @°u" = —vSv" = 2md* and a°~v°u" = #*7°v" = 0, one has

d®p m

o) =0, ()= [ G E (e) + (e
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