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Cosmic Microwave Background (CMB)

[Planck 2018 Results 1807.06205]
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Cosmic Microwave Background (CMB)
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Polarization of CMB
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Polarization of CMB
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Polarization of CMB

E-mode B-mode
Parity Even Parity Odd
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CMB Birefringence



Cosmic Birefringence
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Cosmic Birefringence
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Cosmic Birefringence

= AXion Background

L= —1PmwE, —1(da)
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Cosmic Birefringence

= AXion Background

L = —iFWFW — %(8@)2 — igaaFWﬁW

0, FM = g,(0,a)F™
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Cosmic Birefringence

= AXion Background
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Cosmic Birefringence
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Cosmic Birefringence
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Polarization of CMB

E-mode
Parity Even
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Polarization of CMB
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Cosmic Birefringence

% 10-3 Stacked observed B power spectrum
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What if: Birefringent “Dark” Photon?



CMB and Dark CMB
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CMB and Dark CMB
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Key Question
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Key Question

Birefringent
Dark Photon
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Massless Dark Photon & Kinetic Mixing
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Massless Dark Photon & Kinetic Mixing
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Massless Dark Photon & Kinetic Mixing
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Massless Dark Photon & Kinetic Mixing
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Constraints on € : milli-charged particle
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Modified Maxwell Equations
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Modified Maxwell Equations
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Modified Maxwell Equations

V. " ="+ 63?{

VMF)%V — jj;(
VL P = 5

AP = AH — e A’ freely propagates in SM vacuum
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Theory of Polarization



Theory of Polarization

Decomposition F = E®) 4 )



Theory of Polarization

Decomposition F = E®) 4 )
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Theory of Polarization

Decomposition F = E®) 4 )

Jones Matrix

« 1
Jog = <EQEE>T — E((xp)Eép) + 51(”’)50{6
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Theory of Polarization

Decomposition F = E®) 4 )

Jones Matrix

« 1
Jog = <EO‘E2§>T — E&P)Eép) + 51(”’)505,8

Intensity [ = TrJ

Polarization Tensor PaB = Ja,@/f
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Stokes Parameters
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Stokes Parameters

1
Birefringence angle 3 = 5 arctan
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Stokes Parameters
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‘Birefringent’ Dark Photon



Initial Setup and Birefringent DP
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Initial Setup and Birefringent DP
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Initial Setup and Birefringent DP

cos(a + Bx)

; () _  /
ng{)? / Ix PxeX (Cf)b a) Ly Ix Pxe’ (Sin(a: + BX)>

S111 (¥
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Initial Setup and Birefringent DP
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Birefringent Dark Photon
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Birefringent Dark Photon
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Effects on Photon & Implications



Jones Matrix of SM Photon

Observation: A* = AH —eA’;( freely propagates
= j(w = <Eaﬁ’;> is time-independent
_ \ T
J = (EE") = ((E —€eEx)(E — eEx)*)

= (EE*) + e(EEy + ExE*) + O(€?)

J(t) = (EE*); = (EE")—o+e(EEY+EXE") |l
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Jones Matrix of SM Photon

—4 cos dx sin (as — %X) sin (%) 2¢ 90X ¢os (az + JQX

J=J0+E\/IDIX\/PPX B ,SX BX
2e1%X cos (cr + 7) sin (7) 0

) (2)), o

= This result is independent of the specific form of Bx(t)

* |Intensity changes (spectral distortion)

AT =1 — Iy = —4e\/IyIx PPx cosdx sin (a + B%) sin (%) + O(€?)



Spectral Distortion

For blackbody,
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Polarization of SM Photon

(1 —P)cosdy sin [ o+ Ax sin

i
p = po— 2¢y/ == \/PPx 2
1o ( _|_.3X) (5}{

09X cos 5 sin



Polarization of SM Photon

T (1= P)cosdx sin (Of + %) sin (BTX) e~ 10X cog (oz + %X) sin (%}{)
2 /PPy

: g
X cos (a 2 32)() sSin (%) —(1 — P)cosdx sin (af + ’;) sin (52)()

= Birefringence (U # 0)

B(n) 26\/1);(5))( cos d x COS (a + %() sin (%)
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Polarization of SM Photon

7 (1 — P)cosdx sin (o; + ﬁ%) sin (BTX) e~ X cos (az =+ %X) sin (B—X)
X\ /PPx ’

X cos (az = BQX) sin (%) —(1 — P) cos dx sin (oa + %() sin (}82){))

= Birefringence (U # 0)

B(n) 26\/12;(5))( COS 0 x COS (a + %() sin (57)()

= No isotropic birefringence at 0(e) () =0

Ix /P
= Non-zero variance <52> - 62 ])O( < }'))(> sz (%)




Polarization of SM Photon

- (1 — P)cosdy sin (os + %) sin (BTX) e~ 90X cog (cn + %X) Sin (%}{)
X /PPx

; ¢
X cos (ac + 32)() sSin (6;{) —(1 — P)cosdx sin (a: + ’LQX) sin ([32){))

= Birefringence (U # 0)

B(h)~ 26\/12;(5))( COS 0 x COS (a + %() sin (%)

= No isotropic birefringence at 0(e) () =0

/ P
= Non-zero variance (52> = 222 (A Vg2 bx < (1°)?
Ip \ P >




Polarization of SM Photon

Tx (1 — P)cosdx sin (o; + ﬁ%) sin (BTX) e =X cos (cn + %) sin
p=p0—26 I—\,‘PPX ‘ BX 6}( fBX
0 ¢iox cos( +') sin () —(1 — P)cosdx sir (Cl:—f—r
2 2 2
(V # 0)

(V?) ~ 4€* Iy Ix PPx sin” (5>



Polarization of SM Photon

Ix (1 — P)cosdy sin OH—%{ o BTX)
p = po — 2/ —+/PPx )
Iy idx ( X) ([j’X>
e+ Cos + — |sin | —
2 2
(V+0)
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) < (10pK)”



Possible Implication

1t
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Possible Implication

Sung Mook Lee (KAIST)
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Conclusion

* There have been some signals of parity violation in cosmology.

* This may signal the existence of parity violation in the dark sector.

= \We constructed the polarization tensor of two massless photons
and explored the observational consequences in CMB.

= Spectral Distortion = Birefringence = Circular Polarization
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B-mode Polarization
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EB Correlation

%103 Stacked observed /B power spectrum
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Pictorial Understanding
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