AXion strings:

Gravitational waves (and axion stars)

Edward Hardy

I’("' \
/ \

\
i
-b

\A’

o UNIVERSITY OF

7 OXFORD

2101.11007 Gorghetto, EH, Nicolaescu; JCAP
2405.19389 Gorghetto, EH, Villadoro



Axions (=ALP)

- Axion a, shift symmetry a — a + ¢ , candidate axions generic in high energy theories



Axions (=ALP)

- Axion a, shift symmetry a — a + ¢ , candidate axions generic in high energy theories

This talk: the dynamics of simple field theory axions as a first step

Caution: Likely to be many important differences (production of strings, core structure,
cosmological history, KK modes, etc.) in more realistic theories



Axions (=ALP)

- Axion a, shift symmetry a — a + ¢ , candidate axions generic in high energy theories

This talk: the dynamics of simple field theory axions as a first step

Caution: Likely to be many important differences (production of strings, core structure,
cosmological history, KK modes, etc.) in more realistic theories

2 2\ 2 ; (v+7) ia/ v
_ 2 M, 2 v @ = —="¢€
£~ 10,0 - 35 (16 - ) b= "5
. ‘ "( ) //-\\ //A\\
Axion decay constant f, such that \alf o\ /\
\
/ \ / \ 0 = alf,
a=a+2nf, / \ / \
/ \ .
/ \ / \ Axion mass m,,
Assume m,_ ~ f, / \ |/ \
, \ / ! —
Ny =1
-2n - 0 n 2n



Searches

106
10-7

_ ABRA
]n 8 T em

107

SHAFT

1010 s
FesmnbSNe

—11 Ty
10711 e

Myr Y SNIUSTA
( handra

Mrk 121

MwpD

10-12
10-13
10~ 1%

BAS

10 12
10 1°

|Qany| [GeV L]

10 V7
10 18
10 12

T

T Palansalinn
il

1 -
A D — Zgayyd F”VF”U

Ca
~
N

ALPS1 &

OSQAR

Solar v

Horizontal branch

& uonaeay
uonesIuo|

o

N

R

2 g
-

XMAM-Newlnmn

LU SLALALLIS LLALLE LALLLA | mrr T Trmpers

T T C\ S T . T A ! . . S A Wy | . a2 Y A o R
0 A0 0 0 0707 07 P i T P A A8 A A 4

m, [eV]

https:/ / cajohare.github.io / AxionLimits



15

&

Searches

1 -
A D — Zgayyd F”VF”U

i
S
“
0 ' o
- 5/ 2l =
o N E
1 IAXO P
KREAD
aLICO BRASS
QRCAN 5
g [ MADMAX
|l ALPHA
o \
3‘ ADDMX
2- FLASH
-S"f?\ =) I'HESEUS
B XMM-Newlnn
elHOSITA
L L L | S ASLLILLALL L SLILLL SSLALLLE BLALLE | 1L L LU

- . . e B ,-',’ - . = U5 A . ) D, A W -
0 0 0 0 0 P07 070 T e T P A A @ 4 F 0 8

m, [eV]

https:/ / cajohare.github.io / AxionLimits



GGravitational wave searches

=6 I | :
10 ' 7 |
L ‘“‘A“O// |
rav | .
10-1" L‘/ : Caution:
| , 4 Many experimental
Ay h?
& 102 / ' challenges to overcome
dlogf ‘ |
/ I
10714+ / 4
/ |
|
10716+ 1
. 4
|
10—[8 1 1 I I 1 1 ! 1 1
10-12 10-8 10+ 1 1

S /Hz



GGravitational wave searches

Caution:
Many experimental
challenges to overcome

|
l
_1
i
|
l
4
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The early universe
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Topological strings
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Core | Grows logarithmically with time
gradient H ~ T?/Mp,
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Full evolution

T’ H Z f;l H = ma |Q(‘?R§iun] CMB tOday
N
’x/ A
AY N
AY N
log(m,./H) ~1+15 ~ 70+ 100
Strings form Domain walls form Relic axions and

gravitational waves

Dynamics:
- nonlinear
- large scale separation
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Simulations

a few lattice points per string core Q

¢ o o - a few Hubble patches

Memory constraints == max 5000° grid points

Simulations log(mr/H)SIOg(—) <38

Physical log(m,/H) ~ 10



Scaling regime
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Scaling

¢ (t) = Length of string in Hubble

| lengths per Hubble volume
< 11 (t) =string tension ~ xf>log(m,/H)
Ul
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Scaling regime
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Energy emitted .
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u(A) = nfzlog (A/m: )

u(A) = p(A)+(g%/2m) log(A'/A) = p(A)+m £z log(A'/A)

[Lund & Regge, 1976]
also [Horn, Nicolis, Penco] in the context of superfluids
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Einstein Eq.
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Einstein Eq.

String EFT
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Simulations
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Spectrum today
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Spectrum today
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Full evolution
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Full evolution

T’ H 2 fa H — ma’ T = AQCD I()(Fll)l?|§i1llnl CMB tOday
~ 9 9
N
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Strings form Strings destroyed Relic axions

[Eggemeier et al]

Axions with spatial fluctuations Dark matter substructure

“Axion miniclusters”
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Standard picture

z =~ 3000 z ~ 30
T, ~GeV Te =€V I
Perturbations frozen Collapse Hierarchical structure Adiabatic halos

Wave effects at matter radiation equality

1 1 1

/A A = —— =
7N\ \ P - m,v m,(GM/ ﬂclump) 172 lclump(47z' Gp ma2 )12

Actump “Quantum” Jeans scale: (/1 ;= (Gpm?)1* J k,/R = (162Gpm2)\*




New aspects

z =~ 3000 z =~ 30
=~ GeV T =€V 15
Self-  Perturbations frozen Collapse Hierarchical structure Adiabatic halos
interactions into

solitons



Self-interactions
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Halos vs solitons

Halos Soliton
O, ~0 P,=—-D v =20
— gravitational potential balanced by velocity — gravitational potential balanced by quantum
term pressure “Axion star”

rAs(pc)

Angular momentum “supports” the gravitational Quantum pressure “supports” the gravitational

potential potential
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Properties of the substructure
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Properties of the substructure
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Properties of the substructure
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Summary

- GW spectrum from axion strings has a Fg X 10g4 scaling violation

. Enhances the spectrum at low frequencies, observable for f, > 10!* GeV
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- Simple post-inflationary QCD axion:

~ 20 % of dark matter in axion stars soon after MRE




