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Axion (-like) particle

Axion field : ¢
e Shift symmetry (NG boson) +  Chern-Simons coupling
1 ~
¢ - P+d¢ fquWGW

%

* Shift symmetry breaking V($) = Atcos—

by strong dynamics

* Theoretical motivation, interesting phenomenology, ...

Strong CP problem, QCD axion
Naturalness of electroweak scale, Relaxion
Axion monodromy

Axion inflation
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Axion (-like) particle & cosmology

Dynamics of axion field is interesting

e Axion & ALP dark mattter
e Relaxion : dynamical expanation of electroweak scale

SolvingEOM ¢ +3H¢p +V'(¢p) = 0 with some initial condition
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ex) Axion (-like) particle DM scenario

[Preskill, Wise, Wilczek (1983)]

* Misalignment mechanism [Abbott, Sikivie (1983)]

[Dine, Fischler (1983)]

Initial condition ¢ =¢o#0 V(6) o |
=0 Misalignment Mechanism
6,=0
. . AR(T |
EOM b+3ug+ 220 5% _ g |
;o : ;

[taken from Co, Hall, Harigaya (2019)]

The axion starts to oscillate when 3H(T) ~ m(T)

3 2
: : a (Tosc) Ay (Tosc)4 91’
Ppm ~ Mg < a m, (Tosc) w/ mg (Tosc) 3H (Tosc)

mass Dilution factor Number density at T = T,
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ex) Axion (-like) particle DM scenario

I = ¢, T 2
initial condition  ® (ﬁ‘i:(’ What happens if ¢ > Aj?
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ex) Axion (-like) particle DM scenario

K. Harigaya’s talk
on Friday morning

[Co, Hall, Harigaya (2019)]

* Kinetic Misalignment mechanism . co ooty

Initial condition gb > A% V(6)

Kinetic Misalignment Mechanism

A3 (T)
f

EOM ¢+ 3Hp +

sin?= 0

[taken from Co, Hall, Harigaya (2019)]

The axion starts to oscillate when ¢2(T) ~ A% (T)

a(Tysc) ’ Ap (Tosc)4 .
Pom ~ Mg X | == | X =y W/ *(Tose) ~ A (Tosc)

mass Dilution factor Number density at T = T,

Delay of onset of oscillation = larger ppy,
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Axion fluctuation?

What people usually do

Solving EOM for spatially homogeneous field : $+3Hp+V'(¢p) =0

However...

Even we start from (almost) homogeneous field configuration,
fluctuations can grow later.

[7/35]



Velocity as U(1) charge

. oL ,
Velocity ¢ is U(1) charge : Pshift = 00_¢ = f¢ d>Pp+f56

Shift transf.

Explicit breaking of U(1) : V(gp) = Aj cosf

f

> U(1) charge will be lost = energy dissipation

Axion fragmentation  Feree, vogente, ks, servant (2019)

For related earlier works, see

[Green, Kofman, Starobinsky (1998)]

[Flauger, McAllister, Pajer, Westphal, Xu (2009)]

[Jaeckel, Mehta, Witkowski (2016)]

[Arvanitaki, Dimopoulos, Galanis, Lehner, Thompson, Van Tilburg (2019)]
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2. Perturbative analysis
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EOM of axion

Let us investigate the simplest case.

* H = 0 (no cosmic expansion)

* V(¢) = A cos(¢/f)

- bo : initial velocity
We have only three parameters : - f : decay constant
5 AG : height of barrier
EOM of axion :
2 4
— P2 ——2sin-= 0

t? FoUF
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EOM of axion

3
We decompose  ¢(X,t) = ¢(t) + U Tk

¥E 5S¢, (t)e™ + h.c.

EOM of axion :
d? )
T p2h——Lsint= 0
172 ) 7 smf
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EOM of axion

_ d3k
We decompose ¢ (X, t) = ¢(t) + U

¥I5E S (t)e’™™ + h.c.

At the leading order of 6 ¢,

d’é6 AN @ 1A%

dtgf — fb sin% = Eﬁsm(pf l(5¢(x)>2
d2s AG

dt2¢ 25¢_f_2COS%5¢ -0
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EOM of axion

d25¢, A bt
-2t kz—f—gCOST 6pr, = 0

Mathieu equation
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EOM of axion

gdot/f=1, %:D.Dﬁ
gk
— k=0.5
T k=0.7
There exist resonant solutions for this.
It’s like a swing!
d?5¢, A Pt
b
+ | k?——=cos— |8¢p, = O

dt2 20 f

Mathieu equation
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EOM of axion

Exponential growth
1.5

— Exponential growth

Exponential growth

Ao*
0.2 0.4 0.6 0.8 1.0 ¢
< —>
Large velocity Small velocity There exist resonant solutions for this.

It’s like a swing!

d25 ¢y,
dt2 20 f

Mathieu equation

A3 t
+ | k2 ——bcos¢— Yoy

|
-
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Growth of fluctuation

v

Back reaction to zeromode
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Naive estimation on back reaction

: NGt
As long as ¢ is constant, 0 ~ exp (

t=20 ¢
kcr—ﬁ

No growth Unstable

No growth

f¢> for | 2f| 2f¢

'\_'_;

By using dimensional analysis

P (t) k ok exp( 4t>
fluc cr cr

>
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Naive estimation on back reaction

A4
f(/)) for | 2f| 2f¢

As long as ¢ is constant, 0 ~ exp (

t >0 b
ker = ﬁ
No growth Unstable No growth
> k
. A
Instability band moves to IR... Db
Sk ~

1
By using dimensional analysis

P (t) k ok exp( bt)
fluc cr cr
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Naive estimation on back reaction

. Ajt ) A}
As long as ¢ is constant, 0, ~exp| — for k — < :
[ 2f| " 21
t = lgrowth o = i
No growth Unstable Growth stopped! No growth
> k
4
Skey = 2
fo
‘oF mode with k=kcr |
By using dimensional analysis The growth'stops when
Ajt - 1 72 _1 o 2
pfluc(t) ~ kgré‘kcrexp (ﬁ) pfluc(tgrowth) 2 ¢ 2 ((15 2f5k6r)
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Naive estimation on back reaction

. Apt d| AL
As long as ¢ is constant, 0, ~exp| — for k — < :
fo 2f| " 2f
t = tgrowthn o = i
No growth Unstable Growth stopped! No growth
> k
4
Skey = 2
fé
\oF mode with k=kcr |
By using dimensional analysis The growth'stops when
A4 t _.2 5kCT‘
Priuc(t) ~ ki-8krexp (fi Priuc(growen) ~ &2 X 7=
¢
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Naive estimation on back reaction

. Ajt ) A}
As long as ¢ is constant, 0, ~exp| — for k — < :
[ 2f| " 21
t = lgrowth o = i
No growth Unstable Growth stopped! No growth
> k
4
Skey = 2
fo
‘oF mode with k=kcr |
By using dimensional analysis The growth'stops when
A4 t _.2 5kCT‘
Priuc(t) ~ k3rOkerexp (}% pre(tgrowen) ~ $2 X 775
¢

»’ [21/35]



Result in perturbative analysis

It works!
Time evolution of zeromode velocity Fluctuation spectrum b
! ! 80000 T T
10 — numerical result || — 2 x 100A;]
—— analytic formula 70000 04— 4 x 10%A;!
— t=o00
al | 60000 -
50000}
~C
<
R 6 i }_
CT-Q ;E‘ 40000 +
l'-a
= 30000 +
4L i
) . 20000 F
. d¢
2t Solution of ar _E@ log $2 | 10000 |
0 . . . L . . 09000‘ - 0.001 0.002 0.003 0.004 0.005
0 1000000 2000000 3000000 4000000 5000000 6000000 A,‘lk

Ayt
[Fonseca, Morgante, RS, Servant (2019)]
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3. Non-perturbative analysis
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Necessity of non-linear analysis

Perturbative analysis provides intuition. But how reliable?

Inittial kinetic energy : $2/2

Typical wavenumber : bo/f

Energy conservation :

Classical lattice simulation

4
b =V +%sin? j‘>

6¢)2 x (¢o/f)" ~ o

> Typical field variation : §¢p ~ f NOT small!

1 4 (% YL !
2 =g Dtk = 200k + Gic1 k)
P o ,
t3 (Pijr1e — 2055k + Pij—11)

1 N
+ 0_2 (Oﬂi,j,k+1 - 2C)i,j,k i @i,j,k—l)

A\4 < (J) i
—+ i St

f [24 /35]



Velocity of zeromode

—— L=80/m, N=2563
0 + = [ =160/m, N=5123

(y _

£ 10

‘S g-

2

g 6

g - |inear

S 49 —— L=20/m, N =256
5 —— L=40/m, N=2563
o 27

[@)]

©

Q

>

o

I ! !

! ! | I
0.0 0.5 1.0 1.5 2.0 2.5 3.0

time (t — Otamp MWtn [Morgante, RS, Ratzinger, Stefanek (2021)]
* Confirmed energy dissipation in non-perturbative calculation. mTAR

* Dissipation effect is stronger than perturbative analysis.
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Growth of spectrum (early stage)

— t=1.2"6bmp
= t=1.0"6tmp
—= t=0.9-6tmp
..... t=0.8"6tmp
— t=0.76tomp

101 -

1073 4

10-7

By g t= 0-3'6tamp
1074t

10715 1.

"
----------------

energy density dp/dink /m?f?

- e t=0-5'6tamp T — -

- 6t3mp :.0“.-\. J:—'.~-~—:;-T';:‘;"

10_19 e e ——

10—23 2

v —

v

.
........
...................................

v

10°

momentum k/m

10! -2 0 2
(k = kcr)/akcr

[Morgante, RS, Ratzinger, Stefanek (2021)]

[26/35]



Growth of spectrum (early stage)

101.

10—3.

energy density dp/dink /m?*f?

— =12 étamp

—_—— = 0-9'6tamp
..... t=0.8- Gtamp
— = 0.7 & 6tamp

——— = 1.0'6tamp

T e — T —y

----------
------------------------
------------------------

Zoom of 15t peak

10_23 ~ a\ g\uc’t\a\a{‘on a
10° 10! -2 0 2
momentum k/m (k = Kcr)OKcr
[Morgante, RS, Ratzinger, Stefanek (2021)]
h 16f*
5t = fé f
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Growth of spectrum (early stage)

ot

_fé

amp =A_‘l}7

energy density dp/dink /m?*f?

15t peak

Zoom of 15t peak

10?
1073
10~7 4 e RN L m e A ARy ——
10_11 " & 'Gtamp :.‘;“.-;—:;’:f‘ -: - —T
10—15 X —
10-19 Fluctuation from 2to1 processs
-____)_—,.’-@W
107 6¢, : \.\,{\a\ fuctuatio”
Sy
10° 10! -2 0 2
561 momentum k/m (k = Kcr)OKcr
[Morgante, RS, Ratzinger, Stefanek (2021)]
1614
¢‘,2
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Growth of spectrum (early stage)

ot

_fé

amp =A_‘l}7

energy density dp/dink /m?*f?

15t peak

Zoom of 15t peak

10?
1073
10~7 4 e RN L m e A ARy ——
10_11 " & 'Gtamp :.‘;“.-;—:;’:f‘ -: - —T
10—15 X —
10-19 Fluctuation from 2to1 processs
-____)_—,.’-@W
107 6¢, : \.\,{\a\ fuctuatio”
Sy
10° 10! -2 0 2
561 momentum k/m (k = Kcr)OKcr
[Morgante, RS, Ratzinger, Stefanek (2021)]
1614
¢‘,2
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Growth of spectrum (late stage)

102 A

:u_ 100 4
g
X
<
. —
2 YO . \
2 fo. 16f
I Otamp =~ log—
g Ay 7 P2
> 1041 "~ Sarats Lt A
] o« — gl tds N )
-—- t=6t7, * 3 i
. \
-6 | s v =
10 - t=0t] /2 TR R
""" t=25tamp \ ‘|
B e
10° 10!

momentum k/m .
[Morgante, RS, Ratzinger, Stefanek (2021)]

* We can see peak-like structure in the early stage
* The spectrum becomes broad
* (Cascading towards UV (early stage of thermalization)
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4. Application
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Implication to ALP dark matter

ALP dark matter :

Axion decay constant f~1 [GeV~!]

1020
10-°

1015

Fragmentation could happen before axion starts to oscillate

Yield Y

1010

10—16

10721 1

0|—16

10|—11

10-5

10-1

Axion mass mg [eV]
[Erdncel, RS, S@rensen, Servant (2022)]

104

V(6)

Misalignment Mechanism

6,=0

6
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Possible signals

e Axion mini-cluster

See Eroncel-Servant (2207.10111)

e Gravitational Wave (tensor perturbation in metric)

k Aemit :
b~ (Typically, k ~ m)
Aemit Ao
Wave number  Redshift
at emission

2 2 2
peak 64mn P emit a

(61,4 4
3M emlt (kpeak/aemlt) b

(Typically, a < 1, f > 1)

See [Chatrchyan, Jaeckel (2020)]

.o . 1 .
cf) h+3Hh ~ M_Iz,lp('b' Pew ~ zz)lhz
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Possible signals : gravitational waves

10-14 |

10715 -

Axion decay constant f~1 [GeV 1]

10-16 e
10719 10718 10V 10716 10-13

Axion mass m [eV]
Detailed analyslis IS Tuture work [Erdncel, RS, Sgrensen, Servant (2022)]
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Summary

* Large axion velocity - growth of fluctuation
 Zeromode kinetic energy dissipates into fluctuations
* Generic phenomena w/ periodic potential and large velocity

* Applications

e ALP dark matter

* Relaxion scenario (1911.08473, Fonseca-Morgante-Sato-Servant)

Relaxion fragmentation can be a source of friction to stop relaxion.

* Any other interesting application?
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Naive estimation on back reaction

Time scale of growth of single mode : Energy stored in fluctuations :
qu f4 - Skcr
Lstop ~ _410g;_ pfluc(tstop) ~ $2 X k.’
Ap q52 cr

i(ﬁz N_pfluC(tstop) N_A_% . f_4 -1
dt tstop f¢ g¢2
TPRN YL

dt _fq52 08 d}z

c.f.) WKB approx. with ¢ > AZ gives

dp  m A 32 f -
dt — 252\ % g
(see 1911.08472 for details)

Time scale of fragmentation : Field excursion:
i3
$o 1 f_4

. ¢s, f*
At ~ f—Flog= A ~ At ~ [f—log—
frag fA% gqbg ¢frag ¢0 frag ngI;) g(pg



Non-zero slope & Hubble expansion

What happens for non-zero u3 & non-zero H?

. 8 2 4N\ —1
 Fragmentation Drrag = — ”Apz <10g327?2f )
* Acceleration by slope us 2f ¢ ¢
* Hubble expansion 3H¢

Fragmentation works if

* During inflation (3H¢ ~ u3)

3H¢ < ~|(ﬁfmg| If not, axion keeps rolling with slow-roll velocity

« Not during inflation (3H¢ <« u3)

Mg < ~|d5fmg| If not, axion is just accelerated by slope



2 to 1 process

d(x,t) = d(t) + 5p(x, ) + 5P (x, ) + ...

q.S — 72¢ = V’(¢) $ 6¢(2) + (kZ + V”)5¢(2) — _%me d3p 5¢p6¢k—p

« §¢, with |p| = ¢/2f is amplified by resonance
§¢ becomes source term for §¢(?)

5, \
/ " s
Py

5¢p—k




Lattice calc. w/ slope term

f=103m; ¢o=5mf f=103m; ¢o=10 mf

10 20.0 ; 1 7
MM max
17.5 — a0 T

§ 8 L e 0
E 15-0 - e - 1.02 §
-s o .
b v o —1.01
> 6 12.5 : =l
o .
[®]
T‘>3 10.0 R 0.99 “
Z i —— 0.98
o
% Ty —_— .97 -
: e ():95
= 5.0 - —— 0.90
g —— 0.80
a 2.5 w— 0,70

0

0.0




Domain wall?

Field variance after fragmentation is not so small : op ~ f

Multiple run with finite size box

e 6¢ in multiple run = §¢ of causally disconnected area
* Extrapolation to V/3 = §tfa,

L = 40/m; Uy frag = 3000.5 L =80/m; Uy, frag=2966.0 L =160/m; Uy, rag = 2397.5

Oy, frag = 6.3 O, frag = 17 O, frag = 1A
3000 2975 -
° 2405 -
®
[y
E 3005 2970 1 »
= 2400 A
s i @ X s ® ®
£ . = .._‘_._‘_9_’_’.
g a0 = 20651, ® °
£ - 2395{ @
£ ®e
S
2995 - 2960
2390 -
2990 1 1
& 2955
0 5 10 0 5 10 0 5 10
Run
>

Large box



Domain wall?

Field variance after fragmentation is not so small : op ~ f

Multiple run with finite size box

¢ in multiple run = §¢ of causally disconnected area
* Extrapolation to V/3 = §tfa,

102 4 1: — analytic
- —-=-= analytic'10
wr A e N =643 Empirical formula of variance:
S 1074 b N = 1283
= N = 2563 ;N 3/2
g o¢p fdo
é 100 4  cerereniinnniiinain T gt rersatasasitasitinatenanniansT OTLLLLILI {' ..... 2 T[:f ~ 0(10) x V_l/z X A2
‘‘‘‘‘‘ b
1071 T T
10? 102
L-m
>
Large box
3
2\ 2
Naive extrapolation to V1/3 ~ ;... : 7 . 0(10) x (log 87?f ) ~0.01=01
2nf b0
Domain wall formation probability is ~ e 7190 — ¢=10



Energy cascade into UV

Number counting of “bubble” Time evolution of variance (§¢?)
$o=2.5mf, f=103m
1072
time t
f— Atg'lag
-4 |
& o — AL+t 51
A — Atf+ 2ty = 55
g 107 E
£ o
3 4
10—7 R
s _ s -3 ; ; > 3 ; :
10-8 ' 6.t"’"p_5'0.x 107 m time (t = 6tamp)/tn
0 500 1000 1500 2000

V()'I'T'I3

Fluctuation with long wave-length is exponentially suppressed.
* The size of variance decreases in time.



How to get initial velocity

[taken from slide by P. Sgrensen (2021)]

Implementations: How to get the kick

Strategy: Radial dynamics:

S .
e ——
V2
Afflek-dine-like setup (Afflek and Dine, 1985 and Co et al., 2019), with a
nearly-quadratic potential + higher dimensional operators:

Amg +aH P" B s |P|2”_2
n An—3 E T =6

V = (m% — e HY)|P]” +

Large initial radial VEV:

n—1

S(H) = (HM"3)7=2 ( on—2 )m

Solve EOM for 6:

npg = S?Okick
_ 1og ANy S" sin(n6/Naw)
o msyeﬁﬂ/_[n_3 .

Elliptic orbit
— radial oscillations must be damped




Possible signals : ALP mini-cluster

clump of axion DMs

Small m - Large mini-cluster
Perturbative analysis + Press-Schechter formalism

10°
] == m=107 eV = m=10"10eV =——m=10"1 eV KMM  r=eeemees Post-inf
] —_—— [MM ————- SMM
1071 -
= ]
-
T
[
o]
'_C'}__E. 1072
E ]
Il
<
%
1073 -
0_4 = m - T n T T T T
10~ 10713 1010 1073 10° 10° 1010 10%°

Halo mass M [M;]

[Eréncel, Servant (2022)]



Possible signals : ALP mini-cluster

clump of axion DMs

Small m - Large mini-cluster

Perturbative analysis + Press-Schechter formalism
105 E| I —
] KMM  =eseeess Post-inf of g
I 1 £ =
10¢ - LMM SMM = = 2
] o = ,.6
] ; '?;: ?J;,.
o 10‘3 3 = =3 ?Q
' ] . S G
8 : = Qc:“ 0 ™ %,
lo} 102 4 9-!1 ~ 2 ~ 2 - ";!
oy E—— ' @
l_t..q ] :nw g C’w 3-:‘{:8’ mw =
Q 1 ! =- Fi & ~ —
z 104 3 AR s 8
g} 11 PR § Il AN d{;@d ) ..
S 100187 TN F gf A ¢ g R
m . -.
© ” ¢ . -
@ 1071 4 / - R
/ /7 )
3 / / P
107 4 / / p
: / / /7
10_3 _ ’ T T T I T T l T T T 1
10718 10713 10712 107° 1076 1073 10° 103 106 10°

[Erdncel, Servant (2022)]

Scale mass Mg [My]



10—8-
B>
Li}]
:és 10—10 i
L
Q
5107124
h—
ey
£ 1014
<
% KMM, Z = 1.0 %
~ 107164 -~ KMM, z=0.1
§ KMM, z = 0.01
10-18 ] — LMM, Z = 1.0
- LMM, Z=0.1
----- LMM, Z = 0.01
10-20 . | . - |
1014 10°1! 108 10> 102

Peak GW Frequency vpeak [HZ]

10!



| 2/3 , 1/3 —2/3
RV T S o L (&) __F__ s
Vpeak 8 x 10 Hz (?720) 10—16 oV (1014 GE‘V) < .

‘ 1/3

ag 8 Z momyf?

Qpeak 4 = =15 M 2/3( mo )—2/3 f 4/32_4/3
GW,0 ™ mao 10-16 eV 1014 GeV '



Axion decay constant f~ [GeV 1]

Possible signals : gravitational waves

10~14

10—15

_16 T T LI T T LI | T T T T T " T T T T T T T T LI | T T rTrTTT
10719 1018 107V 1016 1071 1071° 1018 10~ 10716 1015
Axion mass m [eV] Axion mass m [eV]

Detailed analysis is future work [Eroncel, RS, Sgrensen, Servant (2022)]



