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What’s Cosmic Birefringence?

Uniform rotation of the polarization plane of the CMB photons

Signal of a parity-violating interaction in the 

electromagnetic sector.

It shows up in the parity-odd power spectra of CMB

𝛽 is the angle of rotation

→ degenerate with a miscalibration angle

Minami and Komatsu (2020) developed a new method 

to measure 𝛽 and the miscalibration angle 

simultaneously → 𝛽 = 0.35 ± 0.14 deg
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E and B are the CMB polarization states (Stokes)

Carroll, Field & Jackiw(1990); Harari & 
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Hint of Parity-Violating physics: Axions

𝛽 = 0.342−0.091
+0.094deg (3.6𝜎)       Eskilt & Komatsu (2022)

Zero is excluded at 99.987% C.L. , 𝛽 ∝ 𝜈𝑛 → 𝑛 = −0.35−0.47
+0.48

compatible with frequency independent signal

With the increase of sensibility, the confidence of detection is also increasing!
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Modification of the Maxwell equations →
Left and Right-handed photons propagate with a different speed:
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At first order:  𝜔± ≃ 𝑘 ∓
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𝜙′

• Frequency independent 

• 𝜙′ ≠ 0

AXIONS can produce such a signal!
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Birefringence angle and axion parameter space

Field displacementAxion-photon 

couplingT. Fujita et al. (2020)

𝑔𝜙𝛾=
2𝛽

Δ𝜙

Take-home message: Axions within 15 orders of magnitude 

could explain the same* signal → AXIVERSE 

Signal maximized for 10−33𝑒𝑉 ≤ 𝑚𝑎 ≤ 10−29𝑒𝑉



String Axiverse Arvanitaki, Dimopoulos, Dubovsky, Kaloper, March-Russell (2009)

String Theory predicts many axions distributed over many orders of 

magnitude in mass and decay constant around GUT scale: 
𝑉(𝜃)

−𝜋 +𝜋

Mehta et al (2021)

Emergent PDFs for the mass and the decay constant



Toy Model: Cosine Potential 

With uniform initial conditions 𝜃𝑖 =
𝜙𝑖

𝑓𝑎,𝑖
∈ [−𝜋, 𝜋]

𝛽 = 0 the mean is zero, 

but the VARIANCE grows with 𝑁

𝛽2 =
𝛼𝑒𝑚

4𝜋
σ𝑖=1
𝑁 𝜗𝑖

2 = 0.06 𝑁 deg   → 𝛽~0.3 deg

𝑁(10−33𝑒𝑉 ≤ 𝑚𝑎 ≤ 10−29𝑒𝑉) = 25 → 𝑁𝑑𝑒𝑐 = 6

Statistical treatment of 𝛽 is ok!

Note: 𝑁𝑡𝑜𝑡 ≃ 𝑁𝑑𝑒𝑐 × log
𝑚𝑚𝑎𝑥

𝑚𝑚𝑖𝑛
= 6 × log

𝑀𝑝𝑙

𝐻0
= 360

Cosmic Birefringence

𝛽 = σ𝑖=0
𝑁 𝛼𝑒𝑚

2𝜋𝑓𝑎,𝑖

𝜙𝑖𝑛,𝑖

2
with 𝑔𝜙𝛾,𝑖=

𝛼𝑒𝑚

2𝜋𝑓𝑎,𝑖

This is assuming no mixing between different axions and 𝑐𝑖~1…

We move to the quadratic potential and then consider the Monodromy potential



• Initial field value follows a Gaussian 

distribution 𝑁 0, 𝜎𝜙 with 𝜎𝜙 ∼ 𝐻𝑖𝑛𝑓

• Decay constant follows a log-normal 

distribution

• Probability density function (PDF) of the 

mass within 𝐻0 ≤ 𝑚𝑎 ≤ 𝑀𝑃𝑙

→ almost flat at very low masses

• Presence of correlations between model 

parameters

Probability distributions of 𝑚𝑎 , 𝑓𝑎 , 𝜙𝑖𝑛

Mehta et al (2021)

Emergent correlation 

between 

Mass and decay constant

𝜌(𝑚𝑎, 𝑓𝑎)~0.5



The constraint comes from the different scaling of 𝛽 and 𝛺𝜙
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Asking 𝛺𝜙 ≤ 𝛺𝜙,𝑚𝑎𝑥 a few percent of DM gives an 

upper bound on the decay constant!

Implications for the Quadratic Potential 



Implications for the Quadratic Potential 

The constraint comes from the different scaling of 𝛽 and 𝛺𝜙
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Asking 𝛺𝜙 ≤ 𝛺𝜙,𝑚𝑎𝑥 a few percent of DM gives an 

upper bound on the decay constant!



Projecting the abundance at higher masses 

With just the Birefringence we cannot test the mass 

distribution at masses 𝑚𝑎 ≥ 10−28𝑒𝑉~𝐻𝑒𝑞 , but assuming the 

same distribution on 𝑓𝑎 and 𝜙𝑖𝑛 at higher masses
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Comparing it with the current bounds on Ω𝑝ℎ𝑖
we find 𝑚𝑚𝑎𝑥 that depends on 𝑓𝑎 !



The 𝛽-angle is only approximately constant, 𝑙-dependence  comes 

from the contribution at different epochs:

1. Recombination 𝑧 ∼ 1000 → 𝑚𝑎 ≤ 3 × 10−29 eV 

2. Reionization 𝑧 ∼ 8 → 𝑚𝑎 ≤ 10−31 eV

Reionization bump can probe 10−32 ≤ 𝑚𝑎 ≤ 10−31 eV:

𝛽𝑟𝑒𝑖
𝛽𝑟𝑒𝑐

≅
𝑁𝑡𝑜𝑡𝑃 10−32 ≤ 𝑚𝑎 ≤ 10−31 eV

𝑁𝑡𝑜𝑡𝑃 10−33 ≤ 𝑚𝑎 ≤ 10−29 eV
≅

2

4
≈ 0.7

Independent on the total number of axions across all masses!

Testing the Mass Distribution with 
Birefringence Tomography

Hiromasa Nakatsuka et al. (2022)

Uniform mass distribution

Reionization 

bump



The presence of correlations  weights differently the contribution from different axions:

• 𝜌 𝑚𝑎, 𝑓𝑎 > 0 → contribution from heavier axions is suppressed 𝛽𝑟𝑒𝑐 ∼ 𝛽𝑟𝑒𝑖

• 𝜌 𝑚𝑎 , 𝑓𝑎 < 0 → contribution from lighter axions is suppressed 𝛽𝑟𝑒𝑐 ≫ 𝛽𝑟𝑒𝑖

This changes the emergent distribution of 𝛽𝑟𝑒𝑖/𝛽𝑟𝑒𝑐

Effect of correlations: mass and decay constant 



• The signal can be explained with several axions per decade → depending on 𝜙𝑖𝑛 and 𝑓𝑎

• The axion abundance sets a general bound on 𝑓𝑎 ≤ 1017 GeV, the bound changes by:

𝑂(1) in the presence of correlation 𝜌 𝑓𝑎, 𝜙𝑖𝑛

𝑂(10) for the Monodromy potential  

• Expectation at higher masses of the abundance suggests a link between 𝑚𝑚𝑎𝑥 and 𝑓𝑎
→ 𝑚𝑚𝑎𝑥 ~10

−24eV for 𝑓𝑎 ~1016GeV 

• Birefringence tomography will allow testing Axiverse PDFs

→mass distribution and presence of correlations 𝜌 𝑚𝑎 , 𝑓𝑎 , 𝜙𝑖𝑛

Cosmic birefringence as a complementary test for the Axiverse at lower masses (lower than those 

accessible to Superradiance)

Conclusions



Thank you for your attention!

sgasparotto@ifae.es



The expectation changes if the initial value

is not randomly distributed around zero

but it has a preferable sign. 

Aligned case
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Monodromy potential

Monodromy potential, asymptotically flat at large field values 

𝑉 𝜙 =
𝑀2𝑚2

2𝑝
1 +

𝜙2

𝑀2

𝑝

− 1 𝑝 =
1

2

The results change depending on the 

initial condition 𝜙𝑖, the mass 𝑚 and the transition scale 𝑀,

Three types of evolution: linear potential, quadratic potential and transition of behavior

In each region the final 

abundance has a 

different dependence on 

the model parameters →
different bound on the 

𝑓𝑎 , 𝜙𝑖𝑛 plane


