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Motivation
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1. Millicharged particles are theoretically allowed

They arise naturally in several extensions or deformations of the Standard Model.

2. Magnetic fields turn vacuum polarization into an optical probe

This is already the basis of laboratory polarization searches for weakly charged particles.

3. The Universe provides a natural long-baseline version of the experiment

provide the conditions for magnetized-vacuum polarization over cosmological distances.



Motivation
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4. Why MCP rather than ordinary electrons?

MCP birefringence can be strongly enhanced in the low-𝜒 regime:

5. MCPs can also open absorptive channels unavailable to ordinary CMB photons

6. Can this propagation physics convert the existing CMB linear polarization into circular/elliptical polarization?

dichroism



EFFECTIVE PROPAGATION

Wave equation for the photon field in the FRW metric
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𝑀𝐹 → Faraday mixing

Definitions:

𝐴+: ⊥ to 𝐵⊥ 𝐴×: ∥ to 𝐵⊥

𝒌 = 0,0, 𝑘 , 𝑩𝑒 = 𝐵𝑒sin𝛷, 0, 𝐵𝑒cos𝛷

Igoring 𝑀𝐹,



A transverse cosmic field splits the photon eigenmodes
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𝑄𝜖 = 𝜖𝑒, 𝑚𝜖

𝑆MCP
1

= −𝑖lndet​ 𝑖𝛾𝜇𝐷𝜖𝜇 −𝑚𝜖 , 𝐷𝜖𝜇 = 𝜕𝜇 + 𝑖𝜖𝑒𝐴𝜇

𝐵⊥ breaks transverse isotropy: , hence                   .𝛱11 ≠ 𝛱22 𝑛+ ≠ 𝑛×

𝒌 = 0,0, 𝑘 , 𝑩𝑒 = 𝐵𝑒sin𝛷, 0, 𝐵𝑒cos𝛷



Evolution of 𝐭𝐡𝐞 𝐝𝐞𝐧𝐬𝐢𝐭𝐲 𝐦𝐚𝐭𝐫𝐢𝐱 in (𝑨+, 𝑨×) basis
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Three distinct effects

Re𝛱 → 𝛥 ෩𝑀 → birefringent phase

Im𝛱 → 𝛥𝑀0,1 → differential absorption

𝑀𝐹 → Faraday rotation

Definitions:



Stokes parameters (𝑰, 𝑸, 𝑼, 𝑽)
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Total intensity

Horizontal vs vertical linear polarization

Linear polarization along +45∘ vs −45∘

Circular polarization

(𝐴+, 𝐴×)



Stokes evolution
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𝐼 𝑄 : dichroism

Differential absorption generates linear polarization



Stokes evolution
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𝑈 𝑉 : vacuum birefringence

𝑄 𝑈 : Faraday rotation



One-loop birefringence is controlled by the parameter 𝜒
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𝛥 ෩𝑀 = −
𝜖𝑚𝑒

𝑚𝜖

4

𝜔
𝛼

4𝜋

𝐵𝑒
𝐵𝑐

2

sin2​𝛷 𝛥ℐ 𝜒

𝛥 ෩𝑀 =
Re𝛱11 − Re𝛱22

2𝜔
= 𝜔 𝑛+ − 𝑛× , 𝐵𝑐 =

𝑚𝑒
2

𝑒

𝜒 =
3

2
𝜖

𝜔

𝑚𝑒

𝑚𝑒

𝑚𝜖

3
𝐵𝑒
𝐵𝑐

sin𝛷

𝜒 increases with

• photon energy 𝜔

• transverse field 𝐵𝑒sin𝛷

• smaller 𝑚𝜖The real polarization tensor supplies a relative 

refractive phase.

.



Small-𝜒 gives the Euler–Heisenberg fourth-power scaling
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𝛥ℐ 𝜒 =

6

45
, 𝜒 ≪ 1,

−
9

7
𝜋 21/3

𝛤2 2/3

𝛤 1/6
𝜒−4/3, 𝜒 ≫ 1.

𝛥 ෩𝑀 ≃ −
2

15
𝛼2𝜖4

𝜔𝐵𝑒
2sin2​𝛷

𝑚𝜖
4 𝜒 ≪ 1

.

𝜒 ≪ 1 : the birefringence is a power law

with strong 𝑚𝜖
−4 dependence.

𝜒 ≫ 1 : 𝛥ℐ ∝ 𝜒−4/3

The allowed effect is practically tiny.



Dichroism is exponentially suppressed when 𝜒 ≪ 1
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𝛥𝑀0 = 𝜅+ − 𝜅× =
1

2
𝜖3

𝑚𝑒

𝑚𝜖
𝛼𝜔𝑐sin𝛷 𝛥𝒯0 𝜒 ,

𝛥𝑀1 = 𝜅+ + 𝜅× =
1

2
𝜖3

𝑚𝑒

𝑚𝜖
𝛼𝜔𝑐sin𝛷 𝛥𝒯1 𝜒 , 𝜔𝑐 =

𝑒𝐵𝑒
𝑚𝑒

.

𝛥𝒯0 𝜒 = −
1

4

3

2
𝑒−4/𝜒, 𝛥𝒯1 𝜒 =

3

4

3

2
𝑒−4/𝜒 𝜒 ≪ 1

birefringence

power law in 𝜒
dichroism

∝ exp −4/𝜒



CLEAN LIMIT

For 𝑘 ⊥ 𝐵 , Faraday rotation vanishes and sectors decouple
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𝛷 =
𝜋

2
⇒ 𝑀𝐹 ∝ cos𝛷 = 0

𝐼, 𝑄
dichroism sector

𝑈, 𝑉
birefringence sector

ሶ𝑈 = − 𝛥𝑀1 + 3𝐻 𝑈 + 𝛥 ෩𝑀𝑉,
ሶ𝑉 = −𝛥 ෩𝑀𝑈 − 𝛥𝑀1 + 3𝐻 𝑉.

𝐵 𝑇1 , 𝐵 𝑇2 = 0 ⇒ the solution is an exact matrix exponential.



EXACT SOLUTION

The perpendicular case is an exact rotation𝑈​–​𝑉
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𝑈 𝑇
𝑉 𝑇

=
𝑇

𝑇𝑖

2

𝑒−𝒢1 𝑇 cos ሚ𝒢 sin ሚ𝒢

−sin ሚ𝒢 cos ሚ𝒢

𝑈𝑖
𝑉𝑖

ሚ𝒢 𝑇 = න
𝑇

𝑇𝑖 𝛥 ෩𝑀 𝑇′

𝐻 𝑇′ 𝑇′
d𝑇′, 𝒢𝑎 𝑇 = න

𝑇

𝑇𝑖 𝛥𝑀𝑎 𝑇′

𝐻 𝑇′ 𝑇′
d𝑇′ 𝑎 = 0,1

𝑉 𝑇 = −𝑈𝑖sin​ ሚ𝒢 𝑇
𝑇

𝑇𝑖

2

𝑒−𝒢1 𝑇 𝑉𝑖 = 0



LINE-OF-SIGHT ACCUMULATION

Cosmological redshifting weights the phase toward decoupling
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𝜔 𝑇 = 𝜔0

𝑇

𝑇0
, 𝐵𝑒 𝑇 = 𝐵𝑒0

𝑇

𝑇0

2

, 𝐻 𝑇 ≃ 𝐻0 𝛺𝑀
𝑇

𝑇0

3/2

ሚ𝒢 𝑇 = 𝒞න
𝑇

𝑇𝑖

d𝑇′ 𝑇′5/2 𝛥ℐ 𝜒 𝑇′ 𝜕𝑡 = −𝐻𝑇 𝜕𝑇 , d𝑡 = −
d𝑇

𝐻𝑇

𝛥 ෩𝑀 ∝ 𝜔𝐵𝑒
2 ∝ 𝑇5,

𝛥 ෩𝑀

𝐻𝑇
∝ 𝑇5/2, ሚ𝒢 ∝ 𝑇𝑖

7/2
− 𝑇7/2

ሚ𝒢 𝑇 =
12

315
𝒞 𝑇𝑖

7/2
− 𝑇7/2 𝜒 ≪ 1



OBSERVABLE AMPLITUDE

The low-𝜒 signal inherits a fourth-power MCP lever arm
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𝑃𝐶 𝑇0 ≃ −sin​ ሚ𝒢 𝑇0
𝑈𝑖
𝐼𝑖

𝑉𝑖 = 0, 𝒢0 ≪ 1

𝑃𝐶 𝑇0 ≃ sin​ 2.7 × 10−3
𝜖𝑚𝑒

𝑚𝜖

4
𝜈0
Hz

𝐵𝑒0
G

2
𝑈𝑖
𝐼𝑖

𝑃𝐶 𝑇0 ≃ 2.7 × 10−3
𝜖𝑚𝑒

𝑚𝜖

4
𝜈0
Hz

𝐵𝑒0
G

2
𝑈𝑖
𝐼𝑖

𝑃𝐶 ∝
𝜖

𝑚𝜖

4

𝐵𝑒0
2 𝜈0 𝜒 ≪ 1, ሚ𝒢 ≪ 1 Assumptions: 𝑉𝑖 = 0 ; negligible dichroism.

𝜈0: photon frequency at present



PHENOMENOLOGY

The quoted reach is optimistic and parameter-dependent
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Paper Fig. 4(a): present field 1 nG, 𝑟 = 0.1 , and 
𝑄𝑖
𝐼𝑖
= 10−6 .

10−10–10−6
optimistic future-detection range 

quoted by the paper

increases with charge-to-mass ratio 

and observing frequency



Parameter constraints used in 2017
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present field 1 nG; observing frequency 108Hz .

How to read this slide

gray region: allowed by the joint 

conditions

colored regions: PVLAS, BFRT, 

and orthopositronium exclusions 

used in 2017

white does not mean excluded; the 

paper’s joint conditions are simply 

not valid there

do not treat these contours as 

current limits



TAKEAWAY

Summary
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➢ MCP vacuum polarization in an external field produces birefringence.

➢ One Stokes system unifies dichroism, Faraday rotation, and birefringence.

➢ Existing linear CMB polarization can acquire a circular component.


