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For the record, Co is my last name and I do not represent a company. 

I still remember being so excited to see my full name appear in a paper when I was a grad 
student at Berkeley. However, I quickly said what Lawrence likes to say a lot: “wait a 
minute!” Why is there a period after Co?
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Raymond Co

The paper was written by Stuart.

It’s too bad that Staurt had to leave 
this workshop early. When I took 
this opportunity and sent him an 
email to introduce myself, he kindly 
invited me to give a seminar at 
OSU. However, to this date, I still 
have not visited OSU.
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That email also reminded of what 
Yasunori said to me at the time.

“You should be happy because 
Lawrence suddenly becomes the 
employee of your company now!”
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Myths about Hitoshi I have heard during grad school

1. Hitoshi’s average speed is 40 mph throughout the year.
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Data collected: I was in Hitoshi’s QFT class, we had to reschedule
           classes every two weeks due to his trips to Japan
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Myths about Hitoshi I have heard during grad school

2. Hitoshi’s airline miles exceed the distance from the Earth to the Moon.
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2. Hitoshi’s airline miles exceed the distance from the Earth to the Moon.
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On 2/29/2016, I gave a 4D seminar. Hitoshi soon raised 
a serious concern that would basically kill our entire 
project. After the talk, he explained the issue in detail, 
but then
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On 2/29/2016, I gave a 4D seminar. Hitoshi soon raised 
a serious concern that would basically kill our entire 
project. After the talk, he explained the issue in detail, 
but then he immediately offered a solution..



Happy Birthday, Hitoshi
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Happy Birthday, Lawrence
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Happy Birthday, Lawrence

Mathematica calculation

Whenever I had some results after 
a long calculation in Mathematica to 
show Lawrence. He always pulled 
out his notes and checked my 
results using this hand-drawn 
figures. He was often able to catch 
my mistakes in O(1) factors, line 
slopes, and crossing points.
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Happy Birthday, Lawrence

Lawrence hand-drawn Mathematica calculation
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Happy Birthday, Lawrence

One time we encountered a serious problem in our project.
I found a solution in the literature and explained to Lawrence.
He was immediately amazed by the existing solution and asked 
who wrote the paper.
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Happy Birthday, Lawrence

It was him.

One time we encountered a serious problem in our project.
I found a solution in the literature and explained to Lawrence.
He was immediately amazed by the existing solution and asked 
who wrote the paper.



Happy Birthday, Lawrence

24
9/12/2015

Tahoe Summit 2015
9/27/2024

Lawrence/Hitoshi Fest
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As a grad student, I am not allowed to give you any presents 
that are worth a lot of money. Therefore, instead of spending 
a lot of money, I spent a lot of time making this present. And 
I am sure everyone here will agree that a grad student's 
time is worth no money. 

“

9/12/2015
Tahoe Summit 2015

Happy Birthday, Lawrence
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As a grad student, I am not allowed to give you any presents 
that are worth a lot of money. Therefore, instead of spending 
a lot of money, I spent a lot of time making this present. And 
I am sure everyone here will agree that a grad student's 
time is worth no money. 

“

9/12/2015
Tahoe Summit 2015

Happy Birthday, Lawrence

(Actually, after 9 years and having just gotten my own 
grant, I now take it back. Grad students’ time is 
expensive.)
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As a grad student, I am not allowed to give you any presents 
that are worth a lot of money. Therefore, instead of spending 
a lot of money, I spent a lot of time making this present. And 
I am sure everyone here will agree that a grad student's 
time is worth no money. 

“

This is a picture of Lawrence, made of 999 dice. This is not a 
printed picture but literally 999 dice. We know God does not 
play dice with the Universe. Neither does Lawrence. 
However, I do. I simply put all of the dice in the box and kept 
shaking it until the face of Lawrence emerged. 

“

made for Lawrence’s birthday celebration 
during Tahoe Summit 2015

Happy Birthday, Lawrence
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As a grad student, I am not allowed to give you any presents 
that are worth a lot of money. Therefore, instead of spending 
a lot of money, I spent a lot of time making this present. And 
I am sure everyone here will agree that a grad student's 
time is worth no money. 

“

This is a picture of Lawrence, made of 999 dice. This is not a 
printed picture but literally 999 dice. We know God does not 
play dice with the Universe. Neither does Lawrence. 
However, I do. I simply put all of the dice in the box and kept 
shaking it until the face of Lawrence emerged. 

“

made for Lawrence’s birthday celebration 
during Tahoe Summit 2015

Happy Birthday, Lawrence

(Lawrence, I hope you have not shaken it since. I have to 
remind you that I am now faculty and do not have the 
time to shake it back. Just kidding. For you, I will do a 
lifetime warranty.)
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Happy Birthday, Lawrence

For those lucky few who have used it, it can 
truly be called the Michael Jordan of chalk, 
the Rolls Royce of chalk.
https://math.williams.edu/dream-chalk/

“ “

Disclaimer: I do not own any shares of the company.
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Happy Birthday, Lawrence

Lawrence, I would like to offer you an unlimited 
supply for life. Here is the first box. Just shoot me an 
email when you run out of it.

For those lucky few who have used it, it can 
truly be called the Michael Jordan of chalk, 
the Rolls Royce of chalk.
https://math.williams.edu/dream-chalk/

“ “

Disclaimer: I do not own any shares of the company.
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dark mattermatter-antimatter
asymmetry

+

Outline of the Talk

Source: Planck

strong CP problem

neutron

u d
d

+
axion?
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Review of the QCD Axion
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Experiments:

Why exceedingly small?

PRL 97, 131801 2006,   PRL 124, 081803 2020

Strong CP problem:

gluonQuantum field theory:

Crewther, Di Vecchia, Veneziano, Witten 1979,   Pospelov, Ritz 2000

Strong CP Problem

u d

d

-1/3 e

-1/3 e

neutron
+2/3 e

gluon

“Charge-Parity” symmetry
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Strong CP Problem

QCD effects automatically generate an axion potential

This potential dynamically drives the axion to a field value that cancels    . Problem solved!

____>

Peccei, Quinn 1977
Weinberg 1978

Wilczek 1978

decay constant

Promoted to a dynamical field:

QCD axion2017

Peccei  Quinn

solution

35



Status of Axion Dark Matter

36
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Experimental Searches

shaded regions:   excluded

broken lines:        future sensitivities

Experimental progress
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Axion Dark Matter Abundance

Hubble “friction”
(from cosmic expansion)

Equation of motion:

damped simple harmonic oscillator

38



Axion Dark Matter Abundance

Misalignment Mechanism

abundance
set by

θi

oscillations start whenPreskill, Wise, Wilczek 1983
Abbott, Sikivie 1983
Dine, Fischler 1983

Hubble “friction”
(from cosmic expansion)

Equation of motion:

damped simple harmonic oscillator

39



Axion Dark Matter Abundance

10- 14 10- 12 10- 10 10- 8 10- 6 10- 4 10- 2 1
10- 20

10- 19

10- 18

10- 17

10- 16

10- 15

10- 14

10- 13

10- 12

10- 11

10- 10

10- 9

ma (eV )
g a

γγ
(G

eV
-1

)

CAST2017
ABRACADABRA

SHAFT
HB

ALPS- I IChandra
Hydra A

M87

NGC 1275

HESS

FermiSN 1987A

BabyIAXO

IAXO

K
LA

SH

R
B

F
an

d
U

F
H

A
Y

ST
A

C
A

D
M

X
C

U
LT

A
SK

O
R

G
A

N
M

A
D

M
A

X

ABRACADABRA- 75cm

DM Radio
50 L

B = 0.1T

B = 0.5T

1m3

4T

UP
LO

AD
- C

M
C- I

I

U
PL

O
A

D
- C

M
C-

II
I

QCD
ax

ion

40



10- 14 10- 12 10- 10 10- 8 10- 6 10- 4 10- 2 1
10- 20

10- 19

10- 18

10- 17

10- 16

10- 15

10- 14

10- 13

10- 12

10- 11

10- 10

10- 9

ma (eV )
g a

γγ
(G

eV
-1

)

CAST2017
ABRACADABRA

SHAFT
HB

ALPS- I IChandra
Hydra A

M87

NGC 1275

HESS

FermiSN 1987A

BabyIAXO

IAXO

K
LA

SH

R
B

F
an

d
U

F
H

A
Y

ST
A

C
A

D
M

X
C

U
LT

A
SK

O
R

G
A

N
M

A
D

M
A

X

ABRACADABRA- 75cm

DM Radio
50 L

B = 0.1T

B = 0.5T

1m3

4T

UP
LO

AD
- C

M
C- I

I

U
PL

O
A

D
- C

M
C-

II
I

QCD
ax

ionDark matter from convent ional misalignment mechanismWe assume               here.

Axion Dark Matter Abundance
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Axion Dynamics
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Axion UV Completion

axion
S

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

(radial direction)
spontaneously breaks 
Peccei-Quinn symmetry 

43



Axion Dynamics

44

✓ Parametric Resonance
✓ Axion Rotations



Pedagogical example:
Quartic potential:

Equation of motions:

(Non-expanding Universe)
radial
mode “axion”

45

Parametric Resonance

PRL 120, 211602 (2018) RC, L. Hall, and K. Harigaya



46

Parametric Resonance

Oscillation frequency
of the field

in absence of 
the driving force

Oscillation frequency of 
the driving force

___ _____

__
__

__
__

_
< __

__
__

__
_

<

Resonance occurs for some specific frequencies: warm dark matter.

PRL 120, 211602 (2018) RC, L. Hall, and K. Harigaya
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Parametric Resonance

Graphical understanding

Parametric ResonanceNo Enhancement

χ χ

V(χ) V(χ)

PRL 120, 211602 (2018) RC, L. Hall, and K. Harigaya
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Resonance

Parametric Resonance

giving a strong motivation for 
axion dark matter experiment

48 PRL 120, 211602 (2018) RC, L. Hall, and K. Harigaya
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Non-thermal PQ Symmetry Restoration

> 

E

kinetic 
misalignment

Tosc

|

end of
inflation

|
|

parametric resonance 
when P oscillates

fluctuations create
effective mass term

PQ symmetry restored
cosmic strings created

RC, K. Harigaya, T. Lee, A. Pierce
Grad student: Taegyu Lee

Work in Progress

Animation for illustration purposes only. 
Caution: string core ~ 0.5 lattice spacing
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Axion Parametric Resonance

> 

E

kinetic 
misalignment

Tosc

|

end of
inflation

|
|

Parametric resonance
from hilltop/trapped misalignment

Parametric resonance
from kinetic misalignment

Grad student: Taegyu LeeUndergrad: Bohao WangUndergrad: Owen LeonardHigh schooler: Ardashir Kocer

JCAP 01 (2017) 036   J. Jaeckel, V. Mehta, L. Witkowski
JCAP 08 (2019) 020   J. Berges, A. Chatrchyan, J.Jaeckel
JHEP 04 (2020) 010   N. Fonseca, E. Morgante, R. Sato, G. Servant
JHEP 12 (2021) 099   RC, K. Harigaya, A. Pierce 
JCAP 10 (2022) 053   C. Eroncel, R. Sato, G. Servant, P. Sørensen
JCAP 01 (2023) 009   C. Eroncel, G. Servant

PRD 101 (2020) 8, 083014   A. Arvanitaki, S. Dimopoulos, M. Galanis, L. Lehner, J. 
                   Thompson, K. Van Tilburg

JCAP 10 (2021) 001             L. Luzio, B. Gavela, P. Quilez, A. Ringwald
JHEP 09 (2024) 145             RC, T. Gherghetta, Z. Liu, K. Lyu
2408.04623                     L. Luzio, P. Sørensen

Work in Progress
2102.01031



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
53



Why Rotation?

202054



Why Rotation?

55



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
56



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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I. Affleck and M. Dine 1991

Dynamics analogous to that in Affleck-Dine baryogenesis

Why Rotation?
Wiggles :

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

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

58

S

Work in Progress: Axion Non-Gaussianity

Postdoc: Sai Chaitanya Tadepalli Grad student: Taegyu Lee

PQ field and inflaton interaction JHEP 12 (2023) 197   X. Chen, J. Fan, L. Li

Higher dimensional U(1)PQ breaking



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

60



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

61



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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Gravitational Wave Signatures

63



Evolution of Energy Densities

64 Over time, the universe cools and temperature drops.

standard cosmology

The energy content determines the universe’s expansion rate.



Large field (      ):

At the minimum:

kination

matter

Evolution of Energy Densities

65

axion rotation

standard cosmology

The energy content determines the universe’s expansion rate.

Over time, the universe cools and temperature drops.



Evolution of Energy Densities

66

The energy content determines the universe’s expansion rate.



Smoking Gun: Triangular Peak in Gravitational Wave Spectra
from inflation

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. Simakachorn

assuming radiation-dominated universe
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Smoking Gun: Triangular Peak in Gravitational Wave Spectra
from inflation

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. Simakachorn

assuming radiation-dominated universe
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kinetic misalignment prediction

model parameter dependent

69
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. Simakachorn

Smoking Gun: Triangular Peak in Gravitational Wave Spectra
from inflation



Evolution of Energy Densities

This modifies the cosmic expansion 
history and has profound implications for
❑ gravitational wave spectrum
❑ dark matter production
❑ the cosmic microwave background
❑ the matter power spectrum

71

The energy content determines the universe’s expansion rate.

No entropy production!
This can occur between BBN and recombination

2108.09299 RC, N. Fernandez, A. Ghalsasi, K. Harigaya, J. Shelton



Axion Dark Matter

75



Kinetic Misalignment Mechanism

PRL 124, 251802 (2020) RC,  L. Hall,  K. Harigaya

a novel scenario where the axion field has a 
nonzero initial velocity, e.g., from axion rotations.

axion cosine potential

axion cosine potential
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Kinetic Misalignment Mechanism
a novel scenario where the axion field has a 

nonzero initial velocity, e.g., from axion rotations.

axion cosine potential

PRL 124, 251802 (2020) RC,  L. Hall,  K. Harigaya

axion cosine potential

77

kinetic energy > potential energy
enhancing axion abundance
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Kinetic Misalignment Mechanism

giving a strong motivation for 
axion dark matter experiment
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Kinetic

Misalignment

Kinetic Misalignment* 

Observed dark matter abundance

(Planck 2018)

Thus, dark matter relates

DM

charge yield

Kinetic Misalignment Mechanism

abundance
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Baryon Asymmetry

80



Axiogenesis
matter-antimatter asymmetryStandard Model processes

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

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

experimentally measured value
(Planck 2018)

83

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)
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Axion/ALP Cogenesis
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Kinetic Misalignment + Axiogenesis
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Kinetic Misalignment + Axiogenesis
Prediction:
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Dark matter from convent ional misalignment mechanism

ALP = axion-like particle
 (no gluon coupling)
cogenesis 
          = production of both dark matter
 & matter-antimatter asymmetry
We assume TEW = 130 GeV.

ALP cogenesis :

DM
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ALP CogenesisExperimental probes are happening!

PRL 129, 251102 (2022)

PRL 126 (2021) 8, 081803

Sci.Adv. 8 (2022) 27, abq3765
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Kinetic Misalignment + Axiogenesis
Prediction:
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ALP cogenesis

Dark matter from convent ional misalignment mechanism

Can the QCD axion be compatible 
with cogenesis from axion rotations?
Yes. This is a great opportunity to bring 
other open questions into the picture!

ALP = axion-like particle
 (no gluon coupling)
cogenesis 
          = production of both dark matter
 & matter-antimatter asymmetry
We assume TEW = 130 GeV.

ALP cogenesis :

QCD axion cogenesis?

DM
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Extensions of Axiogenesis

any additional lepton or baryon 
number-violating processes
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Extensions of Axiogenesis

Lepto-Axiogenesis other extensions
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This Weinberg operator gives Majorana neutrino masses,
breaks lepton number, and thus affects the charge transfer.

any additional lepton or baryon 
number-violating processes
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Lepto-Axiogenesis

Producing L at high temperatures Converting to B at TEW
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Lepto-Axiogenesis
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ALP cogenesis

Dark matter from convent ional misalignment mechanism
Lepto-Axiogenesis achievement:

simultaneous production of
• dark matter
• matter-antimatter asymmetry

in the framework with
• QCD axion
• Majorana neutrinos
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Baryogenesis

Axion Rotations
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Conclusions

✓New axion dynamics allows the QCD axion to simultaneously explain 
✓  Strong CP problem
✓  dark matter abundance
✓  baryon asymmetry

✓This paradigm predicts exciting phenomenology
✓  specific axion mass-coupling relations
✓  axion kination: unique gravitational wave spectra

✓Other possible signatures include
✓  gravitational lensing of axion mini-clusters
✓  enhanced matter power spectrum
✓  warm axion dark matter

✓New model building opportunities 
✓  other open questions across disciplines 
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