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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
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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
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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
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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
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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
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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
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Axion Rotations

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



No entropy production!

This can occur between BBN and recombination

This modifies the cosmic expansion

history and has profound implications for

❑ the matter power spectrum

❑ gravitational wave spectrum

❑ dark matter production

❑ the CMB

Evolution of Energy Densities
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PQ-breaking Potential
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Technical Detail #1



PQ-breaking Potential

log potential

Piecewise approximation

Two-field model
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Technical Detail #1



Perfect circular motion 
from thermalization

PRL 124, 111602 (2020) RC and K. Harigaya19

Thermalization Redshift

Technical Detail #2



Relevant Temperatures

JHEP 09 (2022) 116 RC, D. Dunsky, N. Fernandez, A. Ghalsasi, L. Hall, K. Harigaya, J. Shelton20



Axion Kination
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Matter Power Spectrum
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Perturbations

2510.01308 RC, N. Fernandez, A. Ghalsasi, K. Harigaya, and J. Shelton

log modeltwo-field model



Axion Kination
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Gravitational Waves



Gravitational Waves from Cosmic Strings
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Gauge symmetry breaking

Daniel Dominguez/CERN

Energy emitted via GWs
1005.4842 C. Ringeval



Gravitational Waves from Cosmic Strings
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Gauge symmetry breaking

energy/loop

power emitted

1005.4842 C. Ringeval

PRD (1985) T. Vachaspati and A. Vilenkin



Gravitational Waves from Cosmic Strings

PRD (1985) T. Vachaspati and A. Vilenkin

1005.4842 C. Ringeval

1. Flat spectrum for radiation domination

2. An enhanced Hubble increases loop energy density.

for RD
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Gauge symmetry breaking

energy/loop

power emitted



Loop formation era
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Gravitational Waves from Cosmic Strings
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Gauge symmetry breaking

1005.4842 C. Ringeval



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

2111.01150 Y. Gouttenoire, G. Servant, P. Simakachorn
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“Axion Rotation as the Icing on the Cosmic Cake”

Dear Jihn,
Happy Birthday!



Axion Kination
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NanoHertz Gravitational Waves
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Relevant Temperatures

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

BBN CMB



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

2111.01150 Y. Gouttenoire, G. Servant, P. Simakachorn

Matter and kination domination between BBN and recombination



33

Pulsar Timing Arrays
Potential detection of nHz gravitational waves by Pulsar Timing Arrays (PTA)

• NANOGrav 15-year data: evidence for Hellings–Downs correlations at the 
3.2σ level

• EPTA 10-year DR2 New+ data: ~3σ significance

2407.20510

2306.16214

NANOGrav EPTA



NanoHertz Gravitational Waves

34 2306.16219 NANOGrav 15-yr Data Set

Supermassive Black Hole Binaries (SMBHB)



NanoHertz Gravitational Waves

2608.IHope RC, T. Lee, S.C. Lam35

Cosmic Strings (CS) (+ SMBGB)

Grad student: Taegyu Lee Grad student: Nicolas Lam

Model Bayes Factor

CS (ΛCDM) 0.16

CS+SMBHB (ΛCDM) 0.64

Baseline Model: SMBHB

Jeffreys’ scale of Bayes factor:

< 1 : Model disfavored

1 − 10 : Negligibly small

10 − 10 : Substantially strong

…
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Relevant Temperatures

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

BBN CMB



BBN

37 2608.IHope RC, T. Lee, S.C. Lam

PRyMordial
2307.07061 A. Burns, T. Tait, and M. Valli

At 2σ,

Grad student: Taegyu Lee Grad student: Nicolas Lam



CMB

38 2608.IHope RC, T. Lee, S.C. Lam

Grad student: Taegyu Lee Grad student: Nicolas Lam

CLASS
1104.2933 B. Blas, J. Lesgourgues, and T. Tram

At 2σ,



NanoHertz Gravitational Waves

39

Cosmic Strings (CS)

Grad student: Taegyu Lee Grad student: Nicolas Lam

2608.IHope RC, T. Lee, S.C. Lam

Model Bayes Factor

CS (ΛCDM) 0.16

CS+SMBHB (ΛCDM) 0.64

CS (kination) 0.60

Baseline Model: SMBHB

Jeffreys’ scale of Bayes factor:

< 1 : Model disfavored

1 − 10 : Negligibly small

10 − 10 : Substantially strong

…



NanoHertz Gravitational Waves
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CS + SMBGB

Grad student: Taegyu Lee Grad student: Nicolas Lam

2608.IHope RC, T. Lee, S.C. Lam

Model Bayes Factor

CS (ΛCDM) 0.16

CS+SMBHB (ΛCDM) 0.64

CS (kination) 0.60

CS+SMBHB (kination) 1.28

Baseline Model: SMBHB

Jeffreys’ scale of Bayes factor:

< 1 : Model disfavored

1 − 10 : Negligibly small

10 − 10 : Substantially strong

…



NanoHertz Gravitational Waves

41 2306.16219 NANOGrav 15-yr Data Set

Consistency with astrophysical simulations



NanoHertz Gravitational Waves
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Thus far, the nHz gravitational wave signal is not yet statistically strong enough to 
distinguish between ΛCDM and kination cosmology. 

We will need more data from

• IPTA: Continued data integration across NANOGrav, EPTA, PPTA, CPTA, and 
InPTA to form a unified, ultra-sensitive global.

• SKAO (Square Kilometre Array): Will dramatically increase the number of 
precisely timed millisecond pulsars, lowering the noise floor and allowing the 
detection of tens of individual supermassive black hole binaries.

• DSA-2000: A large radio radio-survey instrument in the United States that will 
contribute high-cadence timing and help refine gravitational wave sky-mapping 
and diffractive lensing measurements



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. Simakachorn44
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Axion Rotations
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Conclusions

✓New axion dynamics gives rise to interesting cosmological evolution involving 
matter and kination domination.

✓This enhances Hubble expansion rate and predicts
✓ enhanced matter power spectrum

✓ enhanced gravitational wave spectra

✓The same dynamics allows the QCD axion to simultaneously explain 
✓ Strong CP problem

✓ dark matter abundance

✓ baryon asymmetry

✓Other possible signatures include
✓ gravitational lensing of axion mini-clusters

✓ warm axion dark matter

✓New model building opportunities 
✓ other open questions across disciplines
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