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ALP : Axion-like particle

Axion field : ¢

* PQsymmetry (NG boson) + ¢Guvﬁﬂv-type coupling w/ gauge fields
1 Photon,
— 7[1/ Gluon,
¢ - ¢ T 54) f ¢G#VG Hidden gauge boson,

%

V(p) ~ —A‘}?cos%

* PQsymmetry breaking
by strong dynamics

Axion-like particle - good candidate of DM

* Light and (almost) stable spin-0 particle is predicted from A, < f.

" Ab

ALP mass me = V'~ —
f

f2 f5

ALP lifetime Tp X —3~ %
mg A}
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Axion-like particle DM scenario

[Preskill, Wise, Wilczek (1983)]

Misalignment mechanism [Abbott, Sikivie (1983)]

[Dine, Fischler (1983)]

Initial condition $=Po#0 V(6) o |
(p =0 Misalignment Mechanism
6;=0
- . A(T |
FOM b+3ng+ 220 Gn 2 N
;o ; :

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

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

3
T Ay (Tosc)*67
a( "SC)> X b (Tose)"6: w/ Mg (Tose) ~ 3H(Tos)

~ Mgy X
Pom ¢ ( ao mcp(Tosc)

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

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

[Co, Hall, Harigaya (2019)]

Kinetic Misalignment mechanism ... ¢ ooty

Initial condition gb > A% V(6)

Kinetic Misalignment Mechanism

A (T)

EOM ¢+ 3Hp + 7

sin?= 0

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

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

3 4
a(TOSC)> X M w/ qSZ(TOSC) ~ ALIL? (Tosc)

~mg X
Pom ¢ < Ao mcp(Tosc)

mass Dilution factor Number density at T = T,

Delay of onset of oscillation = larger ppy,
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Why interesting?

* KMM predicts larger ppp, than conventional MM
* For given axion mass, conventional MM predicts smaller pp,, for smaller f,

U

KMM tends to predicts smaller f, (~ larger g4y, (L= lgawapwﬁ'uv )
motivates axion detection experiments !! *
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Why interesting?
=
- - (assuming KSVZ-like relation : g4y, ~ 2 X 1073 /f)

fiGev™"

A

1

10718 10-15 107"2 107°

10-5 10-2 1 10°

[taken from a slide by G. Servant (2023)] mo/eV 2206 1 4259 [ 7 / 32 ]



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.
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Velocity as PQ charge

Velocity ¢ is PQ charge : ppq = f 6([1; fo p->p+f6o

PQ sym. transf.

Explicit breaking of PQsym.:  V(¢) ~ —A} cos?

PQ charge will be lost
= axion kinetic energy will be lost
= energy dissipation

AXi O n frag m e ntatio n [Fonseca, Morgante, RS, 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. How axion fragmentation works
(What happen if initial ¢ # 0 ?)
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EOM of axion

Let us investigate the simplest case.

* H = 0 (no cosmic expansion)

* V(¢) = A cos(¢/f)

We have only three parameters : - f

EOM of axion :

d? A @
P p2h ——Lint = :'l>
772 V fsmf 0

. initial velocity
: decay constant
: height of barrier

dQ(?i.j,k 1

2 a2 (Gretge 20056 250

1

1

Classical lattice simulation 4 = (Gijks1 — 20ijk + Dijk—1)

;"\4 . O i
e & R

g fo

[11/32]



An example of numerical result

Confirmed energy dissipation in non-perturbative calculation!

19 10A?
Bl
i ° — linear
Aj 44 — L=20/m, N=256
— L=40/m, N =256
21— L=80/m, N=256
0 4 =— L=160/m, N=5123
|

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)]
. H 3
foo _féo
Time scale of fragmentation : At ~ 8 i Ay
b
L4
foo

Field excursion during fragmentation : Ap ~ —=
A
b [12/32]



Growth of spectrum (early stage)

energy density dp/dink /m*f?

10715 -

107194

101 -

1073 4

107 §

10711 4

fi)o = 10A%

10—23 2
10° k 107 -2 0 2
momentum 22 (k = Kcr)OKcr
b/f [Morgante, RS, Ratzinger, Stefanek (2021)]
1614
¢',2
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Growth of spectrum (early stage)

energy density dp/dink /m?*f?

15t peak

“an
.......................................
-----------------

d’o = 10A%

Zoom of 15t peak

10_23 5 - ation
" nitial fuet Fluctuati /[ k = bo/2
uctuation w =~ ¢po/2f
10° k -2 0 2
momentum — (k = ker)Oker
Ay /f
[Morgante, RS, Ratzinger, Stefanek (2021)]

1614
¢',2
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Growth of spectrum w/ Mathieu eqg

EOM of axion :
2 A4
2 b _
F—V ¢—TSII’17— 0

0(5¢°) — in— =
147 7 smf 0
25;b /\4 ;b
0(5¢") Vi — —= r = 0
702 Voo 72 cosf 0,

[15/32]



Growth of spectrum w/ Mathieu eqg

EOM of axion :
2 A4
2 b _
F -V ¢ — TSII’I7 = 0
1L oo = g0+ 800
25 A 5 ¢ > A2
0(5¢°) TR fb sin7= 0 f‘> P(t) = ot
y d28¢ Y
0(5pY) k 2 b —
172 +< —FCOST)S(P]( = 0

Mathieu equation
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Growth of spectrum w/ Mathieu eq

A
¢dot/f=1, 7z=0.05

There exist resonant solutions for this.
It’s like a swing!

A Pt .
172 + kz_f_ZCOST o, = 0 (¢ = ¢t)

Mathieu equation
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Growth of spectrum w/ Mathieu eq

Exponential growth
1.5

—— Exponential growth

Exponential growth

02 04 06 08 10 ¢
— —
Large velocity Small velocity There exist resonant solutions for this.
It’s like a swing!
d?5¢, A; Pt .
———+ | k* ——cos— |8¢p, = O (¢ ~ Pt)
dt f f

Mathieu equation
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Growth of spectrum (early stage)

15t peak

d’o = 10A%

Zoom of 15t peak

“an
.......................................
-----------------

energy density dp/dink /m?*f?

N . on
) . \n'\t'\a\ f\uctuat\

Consistent w/ Mathieu eq analysis!

10° k

momentum >
Nyl f

101 -2 0 2
(k £z kcr)/akcr

[Morgante, RS, Ratzinger, Stefanek (2021)]
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Growth of spectrum (early stage)

o 2
15t peak ¢o = 1073,
‘ Zoom of 1%t peak
10?
1073
«
™~
£
X~ 107 4 T T L LT T XL X1 -
<
2
a
g 1071 + 1+ Bty = ST
@
5,
o 10—15 N T L Ty
>
= .
o 10-19 4 FIuct)uatlon from 2 to 1 processs
] — e — T ——
107 6 o tion
¢p \aitial fluctu?
Sy
10° k 10 -2 0 2
momentum
6¢p—k

2 (k= kcr)/akcr
Ay /f
[Morgante, RS, Ratzinger, Stefanek (2021)]
h - 16f*
P fé f

amp = A_‘l},log d)z
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Growth of spectrum (early stage)

o 2
15t peak ¢o = 1073,
‘ Zoom of 1%t peak
10?
1073
«
™~
£
X~ 107 4 T T L LT T XL X1 -
<
2
a
g 1071 + 1+ Bty = ST
@
5,
o 10—15 N T L Ty
>
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107 6 o tion
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10° k 10 -2 0 2
momentum
6¢p—k

2 (k= kcr)/akcr
Ay /f
[Morgante, RS, Ratzinger, Stefanek (2021)]
h - 16f*
P fé f

amp = A_‘l},log d)z
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Growth of spectrum

102 A

¢o = 10fm

:u. 100 =
g
X
£
= N
.g- 1074
Ty
i)
C
(V]
©
5,10'“/_
% — t=56t7, \ X
-—- t=6t7, \ \
\
-6 -4 .
10 —-= t=6t7, /2 \ ;
""" t=25tamp \ ‘l
r
100 k 10!
momentum >
Ay /f

Resonance from Mathieu Eq. k

e Parametric resonance in early stage
* Broad spectrum from non-linear effect

= 10A%
foo, 16f*
Otamp = A401 g3
b 0

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

_ %o
-5
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3. ALP DM fragmentation scenario
(Who gives initial gb * 0 7?)
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Axion fragmentation & ALP dark matter

How do we get initial ¢ # 0 ??

AfﬂECk-Dine mechanism [Affleck, Dine (1985)]

[Dine, Randall, Thomas (1996)]

1 X0 P : PQcharged scalar ' l

P = —s expl|— S : saxion 05 — )
\/i f ¢ : axion

5 0.0
V(P) = Vpe(IPD) + Vpe(P)
PQ invariant term PQ violating term o5 L |
e.g., Vpg ~ Ai_4 + h.c. | | |
-0.5 0 0.5
Pr

Taken from [Dine, Randall, Thomas (1996)]
In addition, we also need

* largeinitial |P|
* Elimination of saxion oscillation (to avoid overclosure)
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A I I l O d e | [Co, Fernandez, Ghalsasi, Hall, Harigaya (2020)]

2im2 1 1 2|P|?

V. = m*|P] —§+§log 72
n |P|2n—2
—cyH?|P|? + (AMn_3+h.c.> + e
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A I I l O d e | [Co, Fernandez, Ghalsasi, Hall, Harigaya (2020)]

V
meZ
0.6
0.4/ 2|P|2
. 0.2 f2
PQ brea k|ng [Moxhay, Yamamoto (1985)]
15 \10 -05 05 10/ 15
V = m3P|? L 2l h
- Q 22872
n |P|2n—2
2 2
—cyH*|P|* + (AMn_3+h.c.> + V276

How to get kick ((}5 +0)

- Affleck-Dine mechanism
[Affleck, Dine (1985)]
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A thermal history

Tachyonic mass drives Large VEV P

1
¢early ~ (HM"_3)n—2

[Eroncel, RS, Sgrensen, Servant, in preparation]
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A thermal history

Tachyonic mass drives Large VEV

1
¢early ~ (HM"_3)n—2

¢ starts to roll

m~ H, Trick ~ MMy,

[Eroncel, RS, Sgrensen, Servant, in preparation]
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A thermal history

Tachyonic mass drives Large VEV

1
¢early ~ (HM"_3)n—2

¢ starts to roll

m~ H, Trick ~ MMy,

Energy in s dissipates (via, e.g., L ~ six)

3

Nonzero ¢ < a™ survives

[Eroncel, RS, Sgrensen, Servant, in preparation]
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A thermal history

Tachyonic mass drives Large VEV

1
¢early ~ (HMn_S)n_z

¢ starts to roll

m ~ H, Tkick ~ /MMp,

Energy in s dissipates (via, e.g., L ~ siy)

3

Nonzero ¢ o« a™° survives

Trapping by potential, fragmentation, etc

[Eroncel, RS, S@rensen, Servant, in preparation]
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A parameter space

Early damping with n=10

Initial adiabatic fluctuation could dominate
(depending on inflation scenario)
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Summary

ALP DM w/ kinetic misalignment is an interesting experimental target
Zeromode kinetic energy dissipates into fluctuations

Generic phenomena w/ periodic potential and large velocity
Fragmentation can happen in ALP DM scenario

Other theoretical applications

* Relaxion scenario (1911.08473, Fonseca-Morgante-Sato-Servant)
Relaxion fragmentation can be a source of friction to stop relaxion.

* Any other interesting idea?
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Backup
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Necessity of non-linear analysis

Naive dimensional analysis

Initial kinetic energy : q5(2)/2
Typical wavenumber : Cbo/f
Energy conservation : (5(]5)2 x (cﬁo/f)z _ <I502

Classical lattice simulation

4
$=Vz¢+%sin? j‘>

> Typical field variation: 6¢ ~ f NOT SMALL !!

2
(1 QD; ik 1 ~ ,
= =— (Gig1jk — 20i 4k + Di1jk)
dt a ! v

1

+ 2 (Digrine— 2056 + Oij1p)
1 [ s) y Il

& 2 (Pijrs+1 — 20k + Pijr—1)

- Tb sin - 1; .
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Naive estimation on back reaction

A4
f¢> for | 2f| 2f¢

As long as ¢ is constant, 0 ~ exp (

t=0 )

No growth Unstable No growth

> k
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Naive estimation on back reaction

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

No growth

f¢> for | 2f| 2f¢

t>0 b
ker = ﬁ
No growth Unstable .
. A
Instability band moves to IR... b
6kcr - =

>
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Naive estimation on back reaction

A4
f¢> for | 2f| 2f¢

As long as ¢ is constant, 0 ~ exp (

t = lgrowth Ko = P
cr
No growth Unstable Growth stopped! No growth
> k
4
Skey ~ 2
f
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Naive estimation on back reaction

¢ rolls

Fluctuation w/ k = ¢/2f grows
Fluctuation takes energy from ¢
Instability band moves to IR

Back to 1. with smaller ¢

AR N

This process repeats
and ¢ loses its kinetic energy!
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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.’
Ab (]52 cr

i(ﬁz o pfluC(tstop) A8 4 -1
. tsto P log.—z
P fo\ = ¢

o dp — m Ay 3224\ 7
c.f.) WKB approx. with ¢ > Aj, gives ar _Efq'bz log $?

(see 1911.08472 for details)

Time scale of fragmentation : Field excursion:
¢y f* . b, f*
Atfrag ~ fA_%loqu_g Aqbfrag ~ ¢0Atfrag ~ fA_%loqu_g

[39]



Non-zero slope & Hubble expansion

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

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

Fragmentation works if

* During inflation (3H¢ ~ u3)

3H¢ < ~|g}5fmg| If not, axion keeps rolling with slow-roll velocity

« Not during inflation (3H¢ <« u3)

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

[40]



2 to 1 process

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

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

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

5, \
/ " s
Py

5¢p—k

[41]



Lattice calc. w/ slope term

f=103m; ¢o=5mf f=103m; ¢o=10 mf

10 20.0 T 1 —
: M/ Hmax
17.5 o —_— 1.10 -
E 15.0 B e 1.02 |
e " — 1.01
> 6 12.5 : H
g —1.00
E 10.0 —"9.99
c 4 - (.98
'g 15 — 0.97
$ ~ 0.95
g 2 5.0 ~ 0.90
o — (.80
a 2 — 0,70
\
0.0 |
-2 0 2 4 6 -2 0 2 4 6

[Morgante, RS, Ratzinger, Stefanek (2021)]
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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 V3 = §tgae

L = 40/m; g rag = 3000.5 L =80/m; g frag = 2966.0 L= 160/m; [y, fraq = 2397.5

O¢, frag = 6.3 O, frag = 17 O, frag = 1A
3010 - S ]
™ 2405 -
®
[y
R 2970 Z
= 2400
s .9 ® oo ® ® @
£ . — .‘_‘_._‘_’_9_’.
g a0 = 20651, ® °
£ - 2395{ @
£ ®e
=
2995 o SR
2390 -
2990 - i
. ° 2955 . .
0 5 10 0 5 10 0 5 10
Run

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

Large box
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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 ~ §tg,

102 4 1: — analytic
- —-=-=- analytic:10
wr A e N =643 Empirical formula of variance:
& 10%+ . N=1283 /
S N = 2563 . | 3/2
g o¢p fdo
§ oo ; ——~0(10) x V712 x [ —=
o [ RPN+ oo PO T YRR k~~§§ ........ 27Tf Ab
1071 T T
10! 102
L'm >
Large box [Morgante, RS, Ratzinger, Stefanek (2021)]
3
2\ 2
. - 1/3 _ . o 8mf
Naive extrapolation to V tamp —— ~ 0(10) % (log : ~0.01-0.1
2nf do
Domain wall formation probability is ~ e 7100 — ¢~10

[44 ]



Energy cascade into UV

Number counting of “bubble” Time evolution of variance (5¢?)
$o=2.5mf, f=103m
1073
time t :
) Ee———— S —————————————_
— Atp, :
104 4 A——.  ——
& 0 e AtfLy + to 2.5+ :
4 T Alfag + 2o 200 sl
E 10_5 3 Lg
m; g 1.5 A
g c
3 107¢ 1 £ 1.0+
é% 0.5 - — q:ﬁo=20mf
17 | —— do=10mf
0.01 : — $o=omf
5 T 0 1 2 3 4 5
10_8 T 6ltamp_5.0|xlo m time (t_étamp)/tnl
0 500 1000 1500 2000 _
Vo -m?3 [Morgante, RS, Ratzinger, Stefanek (2021)]

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

Axion mini-cluster

See Eroncel-Servant (2207.10111)

Gravitational Wave (tensor perturbation in metric)

k Aemit .
Vo~ (Typically, k ~ m)
Aemit Qo
Wave number Redshift
at emission

2 2 2
peak 64mn P emit a

(64,4 4
3M emlt (kpeak/aemlt) '8

(Typically, a < 1, f > 1)

See [Chatrchyan, Jaeckel (2020)]

.o . 1 .
cf) h+3Hh ~ M—Izﬂpd), Pew ~ zz)lhz

[46]



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

X(M) = (M/pm)dn/din M

----- Post-inf
—-=—- SMM

10—20 10—15 10—10 10—5 100 105 1010
Halo mass M [M;]

1015

[Eroncel, Servant (2022)]
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Possible signals

Small m - Large mini-cluster

: ALP mini-cluster

clump of axion DMs

Perturbative analysis + Press-Schechter formalism
10° ; T -
] KMM  =s=meee Post-inf of g
| — i £ =
10¢ - LMM SMM = = 2
] o __....h ,.6
] ; '?;: ?J;,.
m 103 - = =] o
| ] " !
U ] | - = a
o : = 9 0 ™ %,
0] 2 | o o = — Z/
=713 - g 3 3 "
o 1 o 3 h & ) <
Q I =- o |
1] o = @
g 10 ';* u; ~ @& 1
cC ] I ,"-"—l,., 5 I o '53‘:{:9 I "
8 qoo{ &7 TR 3 Y SN B g R
) ] * e *\
© ” ¢ . -
@ 1071 4 / - R
/ /7 )
/ / P
1072 5 / 4 /
/ / /7
3 / / /
10718 10715 10712 107° 1076 1073 10° 103 106 10°

Scale mass Mg [My]

[Eroncel, Servant (2022)]
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Possible signals : gravitational waves

KMM, Zz=1.0
KMM, Z=0.1
KMM, z=0.01
- LMM, Z=1.0
-= LMM, Z2=0.1
----- LMM, Z=10.01

Peak GW Amplitude h2QPsak
el
N
o
|
|

10—18 4

10—20

10-14 10-11 10-8 10-5 10-2 101
Peak GW Frequency vpeak [HZ]
[Erdncel, RS, Sgrensen, Servant (2022)]
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Possible signals : gravitational waves

1014

10715

Axion decay constant ! [GeV ']

10—15

10-19 10-18 10-17 10-16 10-15 10-19 10-18 10-17 10-16 10-15
Axion mass m [eV] Axion mass m [eV]
Detailed analysis is future work [Eréncel, RS, Sgrensen, Servant (2022)]
2/3 /3 —2/3

_11 My mo /: f 13

Upeak ~ & X 10 Hz (— — Z .
bea mo 10-16eV 1014 GeV
1/3
T2 2

. 37 Qpm My HG
ag \ 8 Z momyf?

2/3 —-2/3 f 4/3
Qpeal{ ~ 1.5 % 10—15 Ty (&) s Z—4/3.
GW,0 mo 10—16 oV 1014 GeV [ 50 ]



Fate of saxion

Saxion oscillation can overclose universe.

WHEN

HOW

before saxion dominates - no entropy production
after saxion dominates - entropy production

Coupling with fermion y : L~Pyy
Coupling with Higgs : L ~ |P|?|H|?

Something else?

[51]



Necessary suppression of As

1078

.7 1Gev!

1071

10—12
1078

Yukawa: Necessary Ag(kqn) suppression for M=mp, and n=13

107 107 ¥
107 ,/ & _ Bpylpo
/ Z/ TOO
—— ] IAX 7
| 104 10
“|10°°
108 :
L —— o) :
f10‘3 "7 | ‘g :
&7 :
7 P
ZGVA2 : ot
$ &kﬁ >"" | 4 - ™ EThema_I_?-'[elicw
7 10 s’ = Collider constraints %,
105 ALPA - wPerturbativity
— B ----;;:manﬂ‘ »Hot axion relic
jeaW . P
- aserd ™ = Thermal € suppression
=Multiple constraints
| wld | Ty T R
1072 1 102

[Erdncel, RS, Sgrensen, Servant, in preparation]
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Implication to ALP dark matter

Possible two approaches:

Model independent analysis

¢V =—A}cos(d/f)
* Initialvalueof Y = npy/s = fo/s

(¢ scales as a™3 « s at the beginning)

Model dependent analysis

1

l¢ P : PQcharged scalar
P = —s exp | — S : saxion

V2

7

¢ : axion

There are many possibility of UV models and thermal scenarios.

Potential for PQ breaking

How to get ¢ # 0?

How to eliminate saxion oscillation?
etc
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Model independent analysis

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~

10-5

10-1

Axion mass mg [eV]
[Eroncel, RS, Sgrensen, Servant (2022)]

104

Vv(6)

Misalignment Mechanism
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Model independent analysis
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Amplified GW signal for £,=1.6x10'® GeV, M=mp, and n=13
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Why interesting?

For given axion mass,

s

KMM tends to predicts smaller f, (~ larger g4y, )
motivates experiments!!

e Conventional MM predicts smaller pp,, for smaller f,
 KMM predicts larger ppy than conventional MM
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A parameter space

Initial adiabatic fluctuation could dominate
Nearly-quadratic potentials with early damg
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