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A‘;:or their jointly developed theory o superaamdu&w&j,
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Peccel~Quinn

Early Universe Dynamics

?OSSE'bLQ . \ A VA &
- :  inikial 29 Al
Axion g2t ' ’ condiitions

(o) Misoligmmem& mechanism

Preskill, Wise, Wilczek 19%3, Abbobt, Sikivie 19¥3, Dine, Fischler 19%3

: : . Darke \
(1) Paramekbric resonance — Matter i
© RC, L. Hall, K. Harigaya 2017 K. Harigaya, 3. Leedom 2019 4

(2) = Kinetic misalignment mechanism
RC, L. Hall, K. Harigaya 2019 + K. Olive, S. Verner 2020
- Axitogenesis | &
RC, K. Harigaya 2019 - - . quvoh P
- ALY cogenesis Asymmekry =
RC, L. Hall, K. Harigaya 2020 ‘ (0) o
- LEE&)“AX&Q enesis | * .y
RC, N. Férnandez, A, Ghalsasi, L. Hall, K. Harr.gmja Qo0 ~
- T&Ckvahm LMSE&bLLLEv Gravitational
RC, K. Harigaya, A. Pierce 2020 Waves
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Axion Qoé&%mms

ABRACADABRA
SHAFT

Axion
Dark
Matter
(2) = Kinetic misaligument mechanism
RC, L. Hall, K. Harigaya 2019 + K. Olive, S. Vernher 2020
- Axtogenesis .
RC, K. Harigaya 2019 : BO\T‘jC)M
- ALY cogenesis Asymmekry
RC, L. Hall, K. Harigaya 2020
a g 1072 " - . )
= Lezs%o--Amo yenesis 1074 1072 1070 105 107
RC, N. Férnandez, A, Ghalsasi, L. Hall, K. Harigaja Qo0
m, (eV)
- Tachyonic W\sﬁabd&v Eracttobioet
RC, K. Harngaja, A. Pierce 2020 Waves
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Axion Rotations

' Axion Kination I

v Coetal 2108.09299
v" Gouttenoire et al. 2108.10328
v" Gouttenoire et al. 2111.01150

l Baryogenesis

v Co et al. 1910.02080
v’ Co et al. 2006.04809
v Coetal. 1910.14152 v’ Domcke et al. 2006.03148
v Chang et al. 1911.11885 v Co et al. 2006.05687

v Co et al. 2004.00629 v’ Harigaya et al. 2107.09679
v’ Di Luzio et al. 2102.01082 v’ Chakraborty et al. ' Magnetogenesis l
v  Rusov et al. 2109.01833 2108.04293

v/ Barman et al. 2111.03677 v Kawamura et al. v’ Kamada et al. 1905.06966

2109.08605
v Coetal 2110.05487

I Gravitational Waves I Cosmic Perturbations

v Coetal 2104.02077 v Coetal 2202.01785

Dark Matter

R. Co Minnesota



Axion Rotations

Axion Kination

v Coetal 2108.09299
v Gouttenoire et al. 2108.10328
v" Gouttenoire et al. 2111.01150

Dark Matter

v Coetal 1910.14152

v Chang et al. 1911.11885
v Co et al. 2004.00629

v Di Luzio et al. 2102.01082
v" Rusov et al. 2109.01833

v/ Barman et al. 2111.03677

Baryogenesis

v Co et al. 1910.02080

v Co et al. 2006.04809

v Domcke et al. 2006.03148

v Co et al. 2006.05687

v’ Harigaya et al. 2107.09679

v" Chakraborty et al. Magnetogenesis
2108.04293

v' Kawamura ef al.
2109.08605

v Coetal 2110.05487

v' Kamada et al. 1905.06966

l Gravitational Waves

Cosmic Perturbations

v Co et al. 2104.02077

R. Co Minnescta

v Co et al. 2202.01785



What is kination?

9306£00% Boris Spokoi.v\v
9606222 Michael :)OjCQ
"one simple alternative - domination b the energ =
o kinetic mode of a scalar z,ei.d mkuca scales as :}./IZ‘)

Py = % (¢ ‘+ me o ) %qb

Equation of state Evolution

e _3(1+w) _ -6
‘w—p K—|—V ~ ] ,0¢O<R =R

R. Co Minnesota



What is kination?

9306£00% Boris Spokoi.v\v
9606223 Michael :)OjCQ

"One simple albernative - dominakion ba the energ 5‘1 =
a kinetic mode of a scalar Letd which scales as 1/Re.

ol ' = Vig)
P¢:§<¢ +m¢gb) §¢ = f

A unhnatbural examyte

Equation of state Evolution

p K== — R—S(l—l—w) :"R_6

K -V Po s

R. Co Minnesota
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Iﬁi&é# condition

- Tikthall ciém&é&om

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



_ Why Rokation?

Large field value : Flat FOEQ".\&“" Initial condition ‘ | V2
For example, as an EV\EE‘E”Q{ condition or :
set dynamically bv the Hubble-induced mass

IS | P‘Qd

V(P ~ —HPP + S

: PRL 92, 011301 (2004) T, Chiba, F. Takahashi, M. Yamaquchi
R. Co Minnesota PRL 124, 111602 (2020) RC and K. Harigaya



= Whlﬁéﬁoiian?

Large field value : Flat potential - Inikial condition Z _ V2

For example, as an iv«i&{a[ condition or
sek dvhami.«cqtbj bj the Hubble-induced wass

|P‘2d

V(|P|) ~ —H}|P|* + 244

Angular motion : Explicit PQ brealking
o | =
V(P) ~ W == h.c. ' _ ——

expected from guantum e
or PQ as an accidental svmmegrj — e

S. Giddings et al. 19%%, S. Coleman 19¥%, G. Gilbert 19%%, D. Harlow et al. 2019
R. Holmawn 1992, S. Barr 1992, M. Kamiokowski 1992, M. Dine 1992 - —

Dynamics analogous to that in Affleck-Dine baryogenesis
I. Affleckk and M. Dine 1991

¥ : PRL 92, 011301 (2004) T, Chiba, F. Takahashi, M. Yamaquchi
R. Co Minnesota PRL 124, 111602 (2020) RC and K. Harigaya



Asymmetry of P& Charge
Noether «tharge associated with Ehé shift Sjmh«\e&rj

npq = iPP* — iP*P

npQ — S 2(9
PQ asymmetry = Rotation of PQ field ™

PQ charge desity

PQ charge is conserved soon after the onset.

RAES MDahesota PRL 124, 111602 (R020) RC and K. Harigaya

o=

S+ fa

= ==

a
ezfa _



eason:

an:_i 526 n’pQRg = conserved charge

Cownventional:

SQ' i f2

Our scenario (S »> £,

quartic S? x R
{quaa\ra&ic S2 5 R™°

R. Co Minnescta

6 xc R—3

A2 £2 —6 —
ppq = 0°f; x R o —

kinakion! —

2 —4
0x R~Y prQ X It
. : | R_g : necessary to achieve
60 = constant PPQ X = limatioh dominakion

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



PQ Field \Eyptuﬁom

h Lizaki * 27 dshift
Thermalizakion nPQ = S 6) Redshif

RC and K, Harigaja



Agimn&é&rées in Thermal Equilibrium

The free eherqy is minimized at 'equitibrium.

thermal bath
nth &= T3

fermion asymmetry .

- 2
Ty Z Ny = Ny ~ i’

rotation

Cho\'nge oﬂf the free energy
| an = 952 :

, i
Al AT A

| T2
AFrot ~ —9n¢ |

AFtot Ls mihéméz.ecl when fn/w ~ HTQ <4 HSQ = nPQ

Most of the PR charge remains in the rotation!

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



Evolution of Enerqy Densities

P(D)
radiation domination matter domination by rotation kination radiation

o domination
t]
tber 1 oc 7

g] batb

RC and K. Harigaya



P(T)

Evolution of Enerqy Densities

radiation domination matter domination by rotation kination radiation
| . f domination
tberptb & 7 No @.M&T’O Py p rg)ciu,@&“;,m' .

ng] b&t
]1 f
This can occur bebween BRN and CMB

RC and K. Harigaya



P(T)

radiation domination

Pt o g
t]zerma] b‘T'

at 11

Relevawnk Té.m _Eera%ures :

matter domination by rotation kination radiation

domination g m S YP Q

45 mgfc%
= 27"29* YPQ

Siln

2 g*ﬁ YPQ

RC and K, Harig}aja
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Axion Rotations

Axion Kination

v Coetal 2108.09299
v Gouttenoire et al. 2108.10328
v" Gouttenoire et al. 2111.01150

Dark Matter

v Coetal 1910.14152

v’ Chang ef al. 1911.1188>

v Co et al. 2004.00629

v Di Luzio et al. 2102.01082
v Rusov et al. 2109.01833

v/ Barman et al. 2111.03677

aryogenesis

Coetal 1910.02080
Co et al. 2006.04809
v Domcke et al. 2006.03148
v Co et al. 2006.05687
v' Harigaya et al. 2107.09679
v' Chakraborty et al.
2108.04293
v Kawamura ef al.
2109.08605
v Coetal 2110.05487

Gravitational Waves

Cosmic Perturbations

v Co et al. 2104.02077

R. Co Minnescta

v Co et al. 2202.01785

Magnetogenesis

v' Kamada et al. 1905.06966




Grravitational Waves from Imfta&iah

e ———— - — = - — ————— s —

The origin is the quantum ftu&ua&icms duﬁhg inflation,

The horizon crossing, k = H, determines the onset of mode evolutions.

1 k? 2H?
Pr(k) Prk) = ——

QGth = QT,O h2

pR(ThC) 047G 7T2Mf2>1
e H({T.)
b RD: faire
4 T 2 ’ :
Qawh? ~ 1.4 x 10717 Vii& ( TS )3 . (fRTM) MD : fux < f < frm
A 1016 GeV g*(Thc) fKLR KD fKR < f < fMK
= RD: f < fkr

R. Co Minnesota




Gravitabional Waves from Inflation

S = ———

Txr,rm [GeV]

102107t 1 10 10% 10® 10* 10° 10°® 107 10% 10° 10%

10~
1071
10—16
1017

10718
10719 ,
1070107 10"* 1077 10° 10> 107* 107* 102 107" 1 10 10* 10?

f (Hz)




Grqvi&a&cwnd Waves from Cosmic Skrings

1008, 4%42 C. Ringeval

R. Co Minnesota

1 = string tension

-
-
@ g
e
Y

Daniel Dominguez/CERN

——— - = = = - —_— ~ — = ==

Loop formation era

Rodiation  Maltter  Kinakion

Radiakion f 0 f = f l

' Mo&&ef f_1/2 f_l fl

Lac:fa de.c:wj era

Kination f1/4 f—1/2 | .fl

1. Flak sEac&ru.m for radiation domination
2. An enhanced Hubble increases loop energy density,



Grravitational Waves from Cosmic Skrings

S = ——— 5 =

———



Grravitational Waves from Cosmic Skrings

tentative signal

NANQOCGrrav

2009.04-496
PPTA
2107.12112
EPTA

2110,131%4

———



Axion Rotations

Axion Kination

v Co et al. 2108.09299
v" Gouttenoire ef al. 2108.10328
v" Gouttenoire et al. 2111.01150

Baryogenesis

Dark Matter

v Co et al. 1910.02080
v Co et al. 2006.04809
v Coetal 1910.14152 v Domcke et al. 2006.03148
v’ Chang ef al. 1911.11885 v Co et al. 2006.05687
v Co et al. 2004.00629 v Harigaya et al. 2107.09679

v' Di Luzio et al. 2102.01082 v’ Chakraborty et al. Magnetogenesis
v" Rusov et al. 2109.01833 2108.04293

v/ Barman et al. 2111.03677 v Kawamura et al. v' Kamada et al. 1905.06966

2109.08605
v Coetal 2110.05487

l Gravitational Waves Cosmic Perturbations ]

v Co et al. 2104.02077 v Co et al. 2202.01785
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Axioqgenesis - &

- —— = - - L

(QCD axion + bogrjogehesis)

R. Co Minnesota PRL 124, 111602 (2020) RC and K. Harigaya
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strong sphaleron

PQ asymmetry

nPQ

thermod bakh
Nip = T3

robakion
npeqQ = (952

chiral
asym me?:rj

RC and K, Harigaja



strong sphaleron
PQ asymmetry

nPQ

For T < Tew, the b&rjom
asymmelry is frozen.

Ehermod bakth
Nip = T3

072 Taw )\~
Y = e = cBYpQ 2

S S fa,

chiral E TEW
asym me?:rj

robakion
npeqQ = (952

Baryon asymmelry fixes rotational speed, equivalently Yeq

RC and K, Harigaja



strong sphaleron
PQ asymmetry

nPQ

For T < Tew, the b&rjom
asymmelry is frozen.

Ehermod bakth
Nip = T3

2 2

Vo 10_10 (C_B) TEW 108 GeV YPQ
e 130 GeV fos 500

robakion
npeqQ = (952

0.1

chiral
asym me?:rj

Baryon asymmelry fixes rotational speed, equivalently Yeq

RC and K, Harigaja



Lepto-Axiogenesis

Producing L at high temperatures

Higgs number asymmetry

Yukawa o
strong
YusYd electroweak
sphaleron

. sphaleron
PQ asymmetry quark chiral asymmetry| Yukawa lepton asymmetry, baryon asymmetry
(np-#0) (np-1#0)

npQ Ng Ny Ng Ye ny, np

electroweak

sphaleron
P lepton chiral asymmetry

ny TNe

R. Co RC, N, Fernandez, A, Ghalsast, L. Hall, K. Harigaya



Leﬁg&o-—-Axwﬁemesm

sphaleron

Lepton number violating
inkteraction rate

1 m?

FL ol T3

i 3 ,,4
477 VEw

Out of equ.i,i,i,bri,u.m whein
0.03e\/2)

T§5><1012Gev( =
, m

Producing L at high Ee’:vﬁtpero\&mres

quark chiral asymmetry

Converting to B ak Ty

Higgs number asymmetry

Yukawa nu

YusYd electroweak

sphaleron
lepton asymmetry

(np-#0)
Ny Ny NG Ye nr, ng

Yukawa baryon asymmetry

(np-r#0)

electroweak

sphaleron ]
lepton chiral asymmetry

ny Mg

28
Toor9

M=} CB—LéTQ
S H S

RC, N, Fernandez, A, Ghalsast, L. Hall, K. Harigaya

Yp BT

YB—L ==




RPV Axwieuesas

strong sphaleron

PQ charge chiral asymmetry

elect roweak

- S
(minimg] 5. Phalerop

Ogenesjs)

1 . =
W = -2—>\éLL + NQLd + §A”add

RC, K. Harigaya, Z. Johinson, A, Pierce



Axion Rotations

Axion Kination

v Coetal 2108.09299
v" Gouttenoire ef al. 2108.10328
v" Gouttenoire et al. 2111.01150

Baryogenesis

Dark Matter

v Coetal 1910.14152

v Chang et al. 1911.11885
v Co et al. 2004.00629

v Di Luzio et al. 2102.01082
v" Rusov et al. 2109.01833

v/ Barman et al. 2111.03677

v Co et al. 1910.02080

v Co et al. 2006.04809

v Domcke et al. 2006.03148

v Co et al. 2006.05687

v' Harigaya et al. 2107.09679

v Chakraborty et al. Magnetogenesis
2108.04293

VLTI | v Kamada et al. 1905.06966
2109.08605

v Coetal 2110.05487

l Gravitational Waves Cosmic Perturbations ]

v Co et al. 2104.02077 v Co et al. 2202.01785
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V(6)

Kinetic Misalignment Mechanism

0; 4

6

0
Kinetic Misalignment Mechanism

ols - = o S— = — e X B L e

(Misalignment + non-zero kinetic energy)

R. Co Minnesoka PRL 124, 261502 (Ro20) RC, L. Hall, K. Harigaja



Kinetic Misalignment Mechanism

V(6) "om alkternative scenario where the axion fi,e.td has a nownzero inikial vata»c:i,&j "

\&

C(}Msequahﬁez d\elo\jimi}* usual T, until KE = PE, enhancing the dark matter abundance

: Pa e C Y : * Parametbric resonance in fact occurs before oscillations start. The abundance
Abundqnﬁe: — UMgIpQ is modified by an 0(1) factor but axion dark matter can be warm.
S RC, K. Harigaja, A, Plerce

R. Co RC, L. Hall, K. Harigaya



V(6)

Kinetic Misalignment Mechanism

Man alkerinative scenario where the axion field has a nownzero initial velocity A

\&

: a : mg Yp
Abundance: e CmqYpq Q.h? ~ Qpmh? ( ) <_Q)

440
RC, L. Hall, K. Harigaya

meV



 Predictions from
Axiogenesis and Kinetic Misalignment

ABRACADABRA
SHAFT

CAST2017

TTTT] \W
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Hydra A
MS7

b
b
mn e
N

T \HH‘

NGC 1275

TTTTRTTT T T TTTTIT
[ | \

T T T T
L
L

T \HHH}

(Axiogenesis for ALPs)
— ALPgenesis

T \HHH}

— Kinetic misalignment

vod v e e ed e d e e il il v i
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Axion Rotations

Axion Kination

v Coetal 2108.09299
v Gouttenoire et al. 2108.10328
v" Gouttenoire et al. 2111.01150

Baryogenesis

Dark Matter

v Co et al. 1910.02080
v Co et al. 2006.04809
v Coetal 1910.14152 v Domcke et al. 2006.03148
v Chang et al. 1911.11885 v Co et al. 2006.05687
v’ Co et al. 2004.00629 v’ Harigaya et al. 2107.09679

v' Di Luzio et al. 2102.01082 v’ Chakraborty et al. Magnetogenesis
v Rusov et al. 2109.01833 2108.04293

v/ Barman et al. 2111.03677 7 v o o v/ Kamada et al. 1905.06966

2109.08605
v Coetal 2110.05487

l Gravitational Waves Cosmic Perturbations ]

v Co et al. 2104.02077 v Co et al. 2202.01785
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Grravitational Waves from Inflation

Txkr, rM [GeV] QCD axion dark matter: Tkgr =~ 7x10° GeV

102107t 1 10 10% 10® 10* 10° 10 107 10% 10° 10%°

1071
y Vi = 1.6x10' GeV I
10~ i SN1987A
10717 '
10—18
10—19
1071107 10-* 1077 10°¢ 1075 10~* 103 10-2 10! 1 10 10%* 10°
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ALPgenesis

(Axiogenesis for ALPs) -

DECIGO

{ALP genesis}

- [ALPgenesis} :<

;‘[Gﬂ = 6x1071, @ =0.

excluded by BBN

Ja

— 3x108 GeV

C fa
- 108 GeV I ’
e — 3x10% GeV
- 10° GeV

==+ 108 GeV

10 106

O P m m m PR
1074103107210 1 10 102 10% 10* 10° 105 107
TKR [Ge\/‘] TKR [GeV]

R. Co Minnesota



Probing 'PQ*W@.&WLMS Potential

Pilecewise appraxima&iom

= gafor S > [ d-eerlas Tk
£y a % for S~f, ie T<Tuk

log pa&ev\%mt

| NP
V(P) = m%|P|? (ln ‘fc%‘ — 1)

Two-field model
W = X(PP —v5)
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from inflation
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Models

_— — piecewise py
Todels "\ two—field model

—— piecewise pg with analytic approx. N R log potential

=== piecewise py with numerical solution

two—field model with analytic approx.

log potential with analytic approx.

radiation
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Axion Rotations

Axion Kination

v Co et al. 2108.09299
v" Gouttenoire ef al. 2108.10328
v" Gouttenoire et al. 2111.01150

Dark Matter

v Coetal 1910.14152

v’ Chang ef al. 1911.11885
v Co et al. 2004.00629

v Di Luzio et al. 2102.01082
v Rusov et al. 2109.01833

v/ Barman et al. 2111.03677

Baryogenesis

v Coetal 1910.02080
v' Co et al. 2006.04809
7 Domcke et al. 2006.03148
“al. 2006.05687
etal 2107.09679

ret al.
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l Gravitational Waves

Cosmic Perturbations

v Co et al. 2104.02077
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v Co et al. 2202.01785

Magnetogenesis

v' Kamada et al. 1905.06966




matter domination by rotation kination
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Cownclusions

= p— e

v New axion dfjmamics allows the QCD axion ko simu&amaou.sij EXPLO\E,V\' #

v the Strong C? problem
v the dark matter abundance
v the bdrjc;n aévmme?:rj

v This paradigm predicts axion kination, featuring
a triangular peak in gravitational wave spectra.

v Other possible signatures:

v (QCD) axion searches
v Warm axion dark matter
v Matter power spectrum

v New model building opportunities
R. Co Minnesota
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