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Birefringence

Some crystals have varying refractive index depending on
polarization, splitting two linear polarization by refracting them

into different directions:
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Ni ('77); Turner & Widrow ('88); Carroll, Field & Jackiw ('9o); Carroll & Field ('g1); Harari & Sikivie ('92)

Cosmic Birefringence

If the Universe is filled with a pseudoscalar field, such as an
axion, couple to photon by the Chern-Simons term:

1 1 1 .
L = —0,00'0 = T F, F" + =g 08, B

Integration by part, and the Bianchi identity (OVF”” = 0):

1 - -
Los = Q8T = AOOT = AT
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Cosmic Birefringence

The Maxwell’s equations
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Ni ('77); Turner & Widrow ('88); Carroll, Field & Jackiw ('9o); Carroll & Field (‘'g1); Harari & Sikivie ('92)

Cosmic Birefringence

The Maxwell's equations become the wave equations:

Assumptions: small g _, @ caring much slower than E and B.
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Ni ('77); Turner & Widrow ('88); Carroll, Field & Jackiw ('9o); Carroll & Field (‘'g1); Harari & Sikivie ('92)

Cosmic Birefringence

The Maxwell's equations become the wave equations:

Dispersion for right-handed(+) and left-handed (-) polarizations:

w2 = k* £ g kO, or to linear order in g,
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Ni ('77); Turner & Widrow ('88); Carroll, Field & Jackiw ('9o); Carroll & Field ('g1); Harari & Sikivie ('92)

Cosmic Birefringence

If the Universe is filled with a pseudoscalar field, such as an
axion, couple to photon by the Chern-Simons term:

1 | | -
— HO — U Uuv
L = —0,00'0 = T F, F" + =g 0F, F
The coupling makes the phase velocities of two circular

polarization state diverge: w, = k = 5 gaké’

N

— Linear polarization rotates with / = Py g, dro
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Cosmic Birefringence

rn

Linear polarization rotates with / = > g, dro

Credit: Y.Minami

Dong Woo Kang (JBNU) High1 Workshop on Particle, String and Cosmology 2024-01-25



Temperature map of the CMB
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Scattering of plane wave
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Polarization of CMB

4

A

Z

Scattering of monopole

High1 Workshop on Particle, String and Cosmology

2024-01-25

10



Polarization of CMB

Scattering of dipole Scattering of quadrupole

Z
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Polarization map of the CMB
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Seljak & Zaldarriaga (‘97); Kamionkowski, Kosowsky & Stebbins ('g7)

k- and B-mode of linear polarization

E-mode : Polarization directions are parallel or perpendicular to
the wave number direction

B: /N NU N/ SN N\

B-mode : Polarization directions are 45° tilted with respect to the
wave number direction

13
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Seljak & Zaldarriaga (‘97); Kamionkowski, Kosowsky & Stebbins ('97)

E- and B-mode of linear polarization

Parity flip

For the parity flip, E-mode remains the same,

whereas B-mode change the sign
14
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k- and B-mode of linear polarization

Two-point correlation functions invariant under the parity flip:
(E,E%) = Qu)y*850(¢ — ) CLF

(B,B%) = apoQt - £)CE"

(TEp) = (T7Ep) = (27T)251()2)(f — f’)CgE

The other combinations (7,B})and (E,B},) are not invariant
under the parity flip:

We can use these combinations to probe parity-violating physics
(e.g., Axions)
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Eskilt & E. Komatsu, 2205.13962

Cosmic Birefringence (WMAP + Planck)
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Eskilt (2022); Eskilt & E. Komatsu, 2205.13962

Frequency dependence?
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Motivation

* Axion or axion-like field is the simplest model that can
explain cosmic birefringence.

* But, what else can generate cosmic birefringence?

* The energy budget of our Universe is dominated by two
dark components: Dark Matter and Dark Energy

* What if cosmic birefringence is coming from dark sector?

* Thus, detection of parity-violating physics in polarization
of the CMB can shed light on our understanding of dark
sector.
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Lee, Kang, Gong, Jeong, Jung, and Park (2022)

Dark CMB

(Dark) Axion (like) field
Cosmic neutrino background ?
Dark neutrino ?
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Lee, Kang, Gong, Jeong, Jung, and Park (2022)

Dark CMB
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Lee, Kang, Gong, Jeong, Jung, and Park (2022)

Mixing photon with dark photon

An alternative route to generate cosmic birefringence by kinetic
mixing between the photon and massless dark photon:

1 ~ . 1 ~ . E A A
S =——FF — XWX ——F X
4 S| ad )

Diagonalizatoin: (A»\ (1 0\ [A*
X - \—e 1 ). G

The interaction terms:
e] A + ey dy, K~ exdy XV + (eJM _ eeXJXM> A¥

SM photons couple to the dark-sector current, which is

constrained by the milli-charged particle search in LEP and LHC. ”1
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Lee, Kang, Gong, Jeong, Jung, and Park (2022)
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Coupled Maxwell’s equations

Maxwell’s equation for SM photon and dark photon

23
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Coupled Maxwell’s equations

Maxwell’s equation for SM photon and dark photon

We solve these equations by defining A# = A# — e¢X*:

Dark photon has a relative phase a at the CMB-decoupling time.

Dark photon has birefringence fy since the CMB-decoupling
time. 24
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Induced Birefringence

Y Y

Initial misalignment (random) Induced Birefringence
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Lee, Kang, Gong, Jeong, Jung, and Park (2022)

Polarization of tensor

* Density matrix in terms of Stokes parameters

Dong Woo Kang (JBNU)

P

_ 1
921

I+Q U—iV
U+iV I-Q

100% Q

100%

100% V

+Q

4 5

+V

\
K
‘I

Q=0;U>0;V=0

Q=0;U=0;V=>0

I=|E,|" +|B,[,
Q — IEx|2 - lEy|2a
U = 2Re(E, E3),

V = —2Im(E, E),

B(n) = %arctan (%)

(b)

Q<0;U=0;V=0

Q: 0‘U<
(d)

0,V=0

Q:O;U:

(f)

0; V<

High1 Workshop on Particle, String and Cosmology
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Lee, Kang, Gong, Jeong, Jung, and Park (2022)

Polarization of SM Photon

1 [(I+Q U—-iv
P=51\Uu+iv 1-0Q

* Density matrix after mixing

7 (1 — P)cosdx sin (a Px ) i (%{) e %X cos (a + %() sin (%()
,0=p0—2€ I_X\/PPX ﬂ ﬂ B ,3 +O(€2)
0 %X cos ( —) ( X) —(1 — P)cosdx sin (a + —X) sin (7)()

2 2 2

I
= p11 — p22 = P — 4¢(1 — P) —X\/PPX cos dx sin (a+ %) sin (%{) + O(€%),
= p12 + p21 = 4e \/PPX cos d x COs (a + %) sin (521() +0(€%),

= i(p12 — p21) = 4e II—X\/PPX sin d x cos (a + %) sin (%X) -+ (’)(62) .
0

~NI< NS N

27
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Lee, Kang, Gong, Jeong, Jung, and Park (2022)

Observational Implications

* Density matrix after mixing

(1 — P)cosdx sin (a + ﬂTX) sin (%{) e~ X cog (a + %) sin (%)

+ O(€?)
e'%x cos (a + %() sin (%) —(1 — P)cos dx sin (a + BTX) sin (BTX)

I
p=p0—2€ I—X\/PPX
0

* Induced cosmic Birefringence

B(n) = %arctan (%) = 2¢ I;(OZX cos d x COS (a + %X) sin (%) + O(€?)

If & is random, isotropic birefringence S, = (f(n)) = 0 at O(e),

_ AN\ a2
However, f;, = (p()) ~ P
The recently reported cosmic birefringence at 3.6-0 level of ;. ~ 0.35° = 6.1 x 107

28
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Lee, Kang, Gong, Jeong, Jung, and Park (2022)

Observational Implications

* Density matrix after mixing

(1 — P)cosdx sin (a + %{) sin (%X) e~ X cog (a + ﬂTX) sin (%)

= e —9e X /PPy 2
p=po—2e Iy Phx i ( ﬂx) . (5){) . ( ﬂx) . (ﬂx) +O(e)
e”Xcos |a+ — |sin | — —(1—=P)cosdxsin | a+ —— | sin | —
2 2 2 2
* Induced cosmic Birefringence
B(n) = %arctan (%) = 2¢ I;(OZX cos d x COS (a + %X) sin (HTX) + O(€?)
Anisotropic birefringence at O(e?),
I P , 15 _
2 oy 22 (2 ysin? (FX ) $3x 1074
<6an1so> € IO < P >Sln ( 9 ) ~J
29
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Lee, Kang, Gong, Jeong, Jung, and Park (2022)

Observational Implications

* Density matrix after mixing

(1 — P)cosdx sin (a + %{) sin (%X) e~ X cog (a + ﬂTX) sin (%)

+ O(€?)
!X cos (a + ﬂTX) sin (%) —(1 — P)coséx sin (a + BTX) sin (BTX)

I
p = po — 2€ %\/PPX

* Circular Polarization

<V2> =~ 462[0[prx Sil’l2 (B—X) S @(IOﬂK)

2 [Nagy et al. (SPIDER) (2017)]

The non-vanishing V ~ U 1s a characteristic feature of our model with kinetic mixing.

Only a negligible amount of circular polarization is generated from the axion only scenario.

30
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Lee, Kang, Gong, Jeong, Jung, and Park (2022)

Observational Implications

* Spectral distortion

For the blackbody photon,

Is {’I’ (k‘ < Tx)

g 1—r k Ty =rT
R G (_ r r27rT ) (k> Tx) S
Y

To satisfy the NV, constraint from Planck, 7 < 0.4 Gurian.jeong. Ryan, and Shandera 2021

The frequency dependence is weak for the low k.

At high frequencies in the Wien tail, the intensity of dark photon is suppressed so
the effect on the CMB polarization become tiny.

Current bounds on the spectral distortion is ©@(107>) and expected to be improved

up tO @ ( 1 O_ 8) . [Kogut, Abitbol, Chluba, Delabrouille, Fixsen, Hill, Patil, and Rotti (2019)]
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Conclusion

Evidence of Parity violation in Universe

- Cosmic birefringence has been measured with 3.6¢ significance. and
more (e.g.) galactic 4 point functions

We study the effect of birefringent dark photon that mixes with photon
with mixing parameter €

Dark Photon Axion
Isotropic Birefringence O(e?gox AB)  O(goAH)*
sin fy Anisotropic Birefringence| O(egoxAf) O(goAD)
Ieug Spectral Distortion Yes Yes™
Circular Polarization O(egox Af) Negligible

eF-X=f,~¢€

The detection of parity-violating physics in polarization of the CMB will
shed light on our understanding of dark sector.
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Thank You for Attention!
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