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These Nobel Laureates were born on November 7
• Marie Curie in recognition of the extraordinary services they have rendered by their 

joint researches on the radiation phenomena discovered by Professor Henri Becquerel.

• C. V. Raman for his work on the scattering of light and for the discovery of the effect 
named after him

Marie Curie
born in 1867

Chandrasekhara Venkata Raman
born in 1867
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Outline of the Talk
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Axion Rotation
as an explanation

Cosmic Birefringence

Axiogenesis

Enhanced gravitational waves

2)1)

3)

4)



Standard Cosmology
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Cosmology
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Credit: NAOJ



The Cosmic Microwave Background
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Photons freely propagate

Credit: NAOJ



The Cosmic Microwave Background
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The Cosmic Microwave Background
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The Cosmic Microwave Background
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E-mode polarization B-mode polarization



The Cosmic Microwave Background
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E-mode polarization B-mode polarization
Parity even Parity odd



Cosmic Birefringence
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Linear Polarization
= 2 opposite circular polarization 
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Linear Polarization
= 2 opposite circular polarization 
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Rotation of

traveling at different phase velocity “birefringence”



The Cosmic Microwave Background
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With a polarization rotation of 𝛽, an E-mode is rotated into a B-mode

For a small 𝛽,

This generates a parity-odd EB cross-power spectrum

Cosmic Birefringence



The Cosmic Microwave Background
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Cosmic Birefringence
P. Diego-Palazuelos, E. Komatsu, 2509.13654



The Cosmic Microwave Background
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Cosmic Birefringence



The Cosmic Microwave Background
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Cosmic Birefringence



Cosmic Birefringence
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Axion-Photon Coupling
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We assume a massless axion-like particle 𝜙 that couples to photons



Modified Maxwell Equations
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Birefringence
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For a plane wave moving in the z direction, circular-polarization modes are

In a homogeneous axion background, the two helicities obey the equations of motion

In the geometric-optics limit (photon wavelength ≪	axion coherence length),



Cosmic Birefringence
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The two circular polarizations therefore accumulate different phases

Linear polarization is a superposition of the two circular helicities, and its rotation is half of their relative 
phase

emissionobservation

LSStoday

PLB 1991, Harari and Sikivie
PRD 2009, Finelli and Galaverni



Axion Interpretation
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The field value of the axion must change from last scattering to today

LSStoday



Existing Interpretations
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Mechanism References
General parity/CPT-violating 
electrodynamics

Carroll, Field & Jackiw (1990); Carroll & 
Field (1991); 9812088

Rolling pseudoscalar / ALP Harari & Sikivie (1992); 9806099; 
0606248; 0802.4210; 2008.02473

ALP dark energy 2011.11894; 2106.12602; 2203.09409
ALP dark matter / DM-triggered ALP 1903.02666; 2103.08153
Early dark energy 2209.07804
Cosmic strings 2608.24456
Rotating ALP 2609.25202 (this work)



Axion Interpretation
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In the conventional axion dynamics, the axion oscillates in the potential

The oscillation amplitude redshifts, so oscillations should not occur long before the LSS to achieve

This requires



Axion Rotation
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In our scenario, the axion rotates in the (vanishing) potential

The rotational velocity around the last scattering surface is fixed by cosmic birefringence to achieve



dark mattermatter-antimatter
asymmetry

Axion Rotation

axion
S

(angular direction)
pseudo Nambu-Goldstone boson of 
Peccei-Quinn symmetry breaking

(radial direction)
spontaneously breaks 
Peccei-Quinn symmetry 
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Graphic: Co & Harigaya

       Photo: NASA
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Why Rotation?

PRL 124, 111602 (2020) RC and K. Harigaya
PRL 92, 011301 (2004)   T. Chiba, F. Takahashi, M. Yamaguchi

I. Affleck and M. Dine 1991

Dynamics analogous to that in Affleck-Dine baryogenesis
32



Wiggles :

Explicit PQ breaking
expected from quantum gravity
or PQ as an accidental symmetry

Why Rotation?

S
axion

S. Giddings et al. 1988
S. Coleman 1988

G. Gilbert 1988

PRL 124, 111602 (2020) RC and K. Harigaya
PRL 92, 011301 (2004)   T. Chiba, F. Takahashi, M. Yamaguchi

I. Affleck and M. Dine 1991

Dynamics analogous to that in Affleck-Dine baryogenesis
33



I. Affleck and M. Dine 1991

Dynamics analogous to that in Affleck-Dine baryogenesis

Large field value : Flat potential
For example, as an initial condition or
set dynamically by inflationary dynamics

Why Rotation?
Wiggles :

Explicit PQ breaking
expected from quantum gravity
or PQ as an accidental symmetry

S
axion

S. Giddings et al. 1988
S. Coleman 1988

G. Gilbert 1988

PRL 124, 111602 (2020) RC and K. Harigaya
PRL 92, 011301 (2004)   T. Chiba, F. Takahashi, M. Yamaguchi

Hubble-induced mass
M. Dine, L. Randall, and S. D. Thomas 1991

34



Asymmetry of PQ Charge

S
axion

PQ asymmetry
PQ charge density Rotation of PQ field

Noether charge associated with the shift symmetry

=
this is nothing but
“angular momentum”

This is conserved soon after the initial kick.

35
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The axion angle changes because of rotation

This would be the correct formula if recombination occurs instantaneously.

Cosmic Birefringence from Axion Rotation

2609.25202 RC, Lawrence Hall, Keisuke Harigaya, and Taegyu Lee
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The axion angle changes because of rotation

This would be the correct formula if recombination occurs instantaneously. We account for the finite 
thickness of the LSS by defining a visibility-weighted effective field value,

S. Weinberg, Cosmology 2008

Cosmic Birefringence from Axion Rotation

2609.25202 RC, Lawrence Hall, Keisuke Harigaya, and Taegyu Lee
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Cosmic birefringence is obtained from a finite PQ asymmetry

Cosmic Birefringence from Axion Rotation

2609.25202 RC, Lawrence Hall, Keisuke Harigaya, and Taegyu Lee
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Cosmic birefringence is obtained from a finite PQ asymmetry

The required PQ asymmetry is then

Cosmic Birefringence from Axion Rotation

2609.25202 RC, Lawrence Hall, Keisuke Harigaya, and Taegyu Lee



40

Cosmic birefringence is obtained from a finite PQ asymmetry

The required PQ asymmetry is then

This benchmark value of 𝑓/𝑐𝛾 comes from the astrophysical bound for 𝑚𝜙 < 10!" eV

from the absence of X-ray spectral 
irregularities from a bright quasar 

J.S. Reynés et al 2109.03261

Cosmic Birefringence from Axion Rotation

for experts
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Cosmic birefringence is obtained from a finite PQ asymmetry

The required PQ asymmetry is then

Namely, cosmic birefringence relates

Cosmic Birefringence from Axion Rotation

2609.25202 RC, Lawrence Hall, Keisuke Harigaya, and Taegyu Lee



Baryon Asymmetry
Axiogenesis

42



Asymmetries in Thermal Equilibrium

The free energy is minimized at equilibrium.

fermion asymmetry

Change of the free energy

is minimized when
__________________________________

Most of the PQ charge remains in the rotation!

__>

rotation

thermal bath

chiral 
asymmetry

PRL 124, 111602 (2020) RC and K. Harigaya43



Axiogenesis
matter-antimatter asymmetryStandard Model processes

PRL 124, 111602 (2020) RC and K. Harigaya

Baryogenesis is automatic, thanks to
(production of baryon asymmetry)

44

produced by axion rotations



Axiogenesis

Namely, the baryon asymmetry relates

Standard Model processes

out of equilibrium at TEW

Baryogenesis is automatic, thanks to matter-antimatter asymmetry

PRL 124, 111602 (2020) RC and K. Harigaya

(production of baryon asymmetry)

experimentally measured value
(Planck 2018)

45

produced by axion rotations



Cosmic Birefringence and Axiogenesis
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cosmic birefringence relates

the baryon asymmetry relates

2609.25202 RC, Lawrence Hall, Keisuke Harigaya, and Taegyu Lee



Cosmic Birefringence and Axiogenesis
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cosmic birefringence relates

the baryon asymmetry relates

2609.25202 RC, Lawrence Hall, Keisuke Harigaya, and Taegyu Lee



Cosmic Birefringence and Axiogenesis
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cosmic birefringence relates

the baryon asymmetry relates

CMB

2609.25202 RC, Lawrence Hall, Keisuke Harigaya, and Taegyu Lee



Cosmic Birefringence and Axiogenesis
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cosmic birefringence relates

the baryon asymmetry relates

CMB

very small, negative 𝑐𝐵 is required

2609.25202 RC, Lawrence Hall, Keisuke Harigaya, and Taegyu Lee



Minimal Model
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The coefficient 𝑐𝐵 depends on axion couplings to the Standard Model particles

2609.25202 RC, Lawrence Hall, Keisuke Harigaya, and Taegyu Lee

JHEP 01 (2021) 172 RC,  L. Hall,  K. Harigayavery small, negative 𝑐𝐵 is required



Minimal Model
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The coefficient 𝑐𝐵 depends on axion couplings to the Standard Model particles

If the ALP couples only to the hypercharge gauge field, 𝑐𝐵 = 0 at the tree level. However, one-loop 
quantum corrections generate ALP-fermion couplings as

very small, negative 𝑐𝐵 is required

2609.25202 RC, Lawrence Hall, Keisuke Harigaya, and Taegyu Lee



Minimal Model
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The coefficient 𝑐𝐵 depends on axion couplings to the Standard Model particles

If the ALP couples only to the hypercharge gauge field, 𝑐𝐵 = 0 at the tree level. However, one-loop 
quantum corrections generate ALP-fermion couplings as

The resultant 𝑐𝐵 is Correct sign!!!

very small, negative 𝑐𝐵 is required

2609.25202 RC, Lawrence Hall, Keisuke Harigaya, and Taegyu Lee



Minimal Model
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The coefficient 𝑐𝐵 depends on axion couplings to the Standard Model particles

If the ALP couples only to the hypercharge gauge field, 𝑐𝐵 = 0 at the tree level. However, one-loop 
quantum corrections generate ALP-fermion couplings as

The resultant 𝑐𝐵 is

Cosmic birefringence is

very small, negative 𝑐𝐵 is required

Correct sign!!!



Perfect circular motion 
from thermalization

PRL 124, 111602 (2020) RC and K. Harigaya54

Thermalization Redshift

Technical Detail



Perfect circular motion 
from thermalization
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Technical Detail

Efficient thermalization

requires

However, the PQ asymmetry required by cosmic birefringence is

We can resolve this by the clockwork mechanism 0409138, 1404.3511, 1404.6209, 1404.6923, 1407.4893, 1511.00132, 1511.01827

2609.25202 RC, Lawrence Hall, Keisuke Harigaya, and Taegyu Lee



Axion Kination
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Asymmetry of PQ Charge

S
axion

PQ asymmetry
PQ charge density Rotation of PQ field

Noether charge associated with the shift symmetry

=
this is nothing but
“angular momentum”

This is conserved soon after the initial kick.
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Asymmetry of PQ Charge

PQ asymmetry
PQ charge density Rotation of PQ field

Noether charge associated with the shift symmetry

=

What determines    ? Centripetal force!

which is in turn set by supersymmetry scale.

from supersymmetry

this is nothing but
“angular momentum”

This is conserved soon after the initial kick. S
axion

58



PQ Charge Evolution

Charge conservation:

PRL 124, 111602 (2020) RC and K. Harigaya

scale factor of the universe

dilution due to
cosmic expansion

S
axion

59



PQ Charge Evolution

Large field (         ):

for quadratic potential

Charge conservation:

PRL 124, 111602 (2020) RC and K. Harigaya

scale factor of the universe

At the minimum:

kination

matter

dilution due to
cosmic expansion

S
axion

60



61

Axion Rotations

2405.12268 RC, N. Fernandez, A. Ghalsasi, K. Harigaya, and J. Shelton

<latexit sha1_base64="bShvTTwdW4Tx85jW3+dk3+TqypI=">AAACEXicbVA9SwNBEN3zM8avqKXNYhBShTuRaBmwsYxgPiAJYW8zlyzZuz1250zCcX/Bxr9iY6GIrZ2d/8ZLcoUmPhh4vDfDzDw3lMKgbX9ba+sbm1vbuZ387t7+wWHh6LhhVKQ51LmSSrdcZkCKAOooUEIr1MB8V0LTHd3M/OYDaCNUcI/TELo+GwTCE5xhKvUKpc5Ei8EQmdZqHHcQJhij8IEOFBiKQ2HomE2TJN8rFO2yPQddJU5GiiRDrVf46vQVj3wIkEtmTNuxQ+zGTKPgEpJ8JzIQMj5iA2inNGA+mG48/yih56nSp57SaQVI5+rviZj5xkx9N+30GQ7NsjcT//PaEXrX3VgEYYQQ8MUiL5IUFZ3FQ/tCA0c5TQnjWqS3Uj5kmnFMQ5yF4Cy/vEoaF2WnUq7cXRarpSyOHDklZ6REHHJFquSW1EidcPJInskrebOerBfr3fpYtK5Z2cwJ+QPr8wfONJ4q</latexit>

time goes this way������������!



No entropy production!
This can occur between BBN and recombination

This modifies the cosmic expansion 
history and has profound implications for
q the matter power spectrum
q gravitational wave spectrum
q dark matter production
q the CMB

Evolution of Energy Densities

62



Relevant Temperatures

63 2609.25202 RC, Lawrence Hall, Keisuke Harigaya, and Taegyu Lee



Relevant Temperatures

64 2609.25202 RC, Lawrence Hall, Keisuke Harigaya, and Taegyu Lee

2108.09299 JHEP 09 (2022) 116 RC, D. Dunsky, N. Fernandez, 
A. Ghalsasi, L. Hall, K. Harigaya, J. Shelton

This model on 𝑓𝑎 is falsifiable by 
future astrophysical probes 2211.05136



Axion Kination
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Gravitational Waves



Loop formation era

Lo
op
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Radiation Matter Kination

Radiation

Matter

Kination
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Gauge symmetry breaking

1005.4842 C. Ringeval

Gravitational Waves from Cosmic Strings
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Gravitational Waves from Cosmic Strings



Gravitational Waves from Inflation
 

The horizon crossing, 𝑘 = 𝐻, determines the onset of mode evolutions.
The origin is the quantum fluctuations during inflation.
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Gravitational Waves from Inflation
 

The horizon crossing, 𝑘 = 𝐻, determines the onset of mode evolutions.
The origin is the quantum fluctuations during inflation.
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Smoking Gun: Triangular Peak in Gravitational Wave Spectra

2108.09299 JHEP 09 (2022) 116 RC, D. Dunsky, N. Fernandez, A. Ghalsasi, L. Hall, K. Harigaya, J. Shelton

2108.10328, 2111.01150 Y. Gouttenoire, G. Servant, P. Simakachorn70

kination

matter

matter
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Axion Rotations
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Cosmic Birefringence



2027 Particle Physics and Cosmology Conference
 5/17-5/21

Indiana University Bloomington
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https://indico.global/event/18862/



Conclusions
üAxion rotation can explain 

–  cosmic birefringence
–  baryon asymmetry

üAxion kination enhances Hubble rate and predicts
ü a minimum falsifiable axion-photon coupling
ü enhanced gravitational wave spectra

üThe same axion dynamics may also explain 
ü  dark matter

üOther possible signatures include
ü  anisotropic cosmic birefringence
ü  ℓ-dependent cosmic birefringence angle
ü  enhanced matter power spectrum

üNew model building opportunities 
ü  other open questions across disciplines
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