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iclu  1.The standard audible axion

The original mechanism

e ALPpotential: V(¢h) = m;f; (1 — Cos %)
¢

1%
e EoM: ¢@"+2aH¢ + azﬁ =0

e Startstorole: H ~ my,

* Atoscillation: T, . ~./mMp

2
0 Kl
p.osc ™
Mp,
non-exhaustive list:

[Machado, Ratzinger, Schwaller, Stefanek 1811.01950, 1912.01007] \‘/
[Ratzinger, Schwaller, Stefanek 2012.11584]
[Banerjee, Madge, Perez, Ratzinger, Schwaller 2105.12135]

[Madge, Ratzinger, Schmitt, Schwaller 2111.12730] ¢/f¢
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iclu  1.The standard audible axion

[Hook, Marques-Tavares 1607.01786]

Gravitational waves from tachyonic instability

e Photon modes: vitk,7) + ik, T (k,7) =0 =b vV xexp(—io.7)

(- -
I

1 2 — a /
with frequency k“Fk—¢'(7)
Jo
Unstable modes: me = 1071 GeV, f, = 1017 GeV, a =55, = 1.2
a. . X 1071 Best fit No supercooling
0<k< ]T |¢'] > wi< 0 *  Analytic estimate
e Simulation
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o ¢ * *
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clu - 2. Supercooling

Motivation and effect of delaying oscillation

e Sizable GWs: need large coupling + large decay constant

e Delaying the evolution can help!

o T d icali [Higaki, Jeong, Kitajima, Takahashi 1603.02090]
€.g. Irapped misa Ignment [Di Luzio, Serensen 2408.04623] + refs. therein

e Parametrize the supercooling: T P supercooled temperature

osc

sC
Tosc,aa

goscaa D temp. in original audible axion

_ 4
le),osc = Tse QZ;’IOSC gose V

E 7

lease

e Effect on the growth time between
oscillation and GW emission:

12872 f3
a—*:1+%rszcln( i ¢>
a

a at0? mq%

oscC

> trapped regime

P
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v 3. Dark photon scenario

How much supercooling for the dark photon case?

e More supercooling means less growth time means smaller a possible!

: : 1/4 1/2
* AN,y leads to maximum length of supercooling . a, of,
— M M . rSC ~
= lower limit on r: a,. My,
10~ 10 a = ol *— QOémm
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v 3. Dark photon scenario

Gravitational waves (I)

e Generally, for the peak of the GW spectrum:

2 y
H, a k
Qg = 2 | == =2-=
GW.x = Coprsap « ( o, Jow.x a,
. Linear numeric simulation
e We find:
g = 10721 GeV, fs =10 GeV, a=5,0=1
10~
Supercooling
]
2
Q Jo
GW ™~
Mp, N
L::-:‘ —_——— J:J
. au|
Extract fit parameters 10

for exact result
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v 3. Dark photon scenario

Gravitational waves (Il)
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v 4.The SM photon scenario

Overcoming the suppression

e A bit more complicated...

2.2 3 2

+ k + k
0 — KTk =2 (2 A TN (e A
f 2 2k w—k 2k3 w—k k2

Debye mass: mp ~ el

—» peak frequency suppressed with (e7)?

=» need supercooling to open band:

Foe ™ (m¢/MP1)1/2
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v 4.The SM photon scenario

Overcoming the suppression

Zero—T

e A bit more complicated... "
peak zero—T
22 ' \'
a a~m W w + -
0=k Fk—¢p =—2| —1In | — N _
f 2 \ 2k \w- g
Sl 6
Debye mass: mp ~ el = ?.5 |

o Finite-T, no supercooling
k d with (eT)* ~— -21f 3—scali .
—» peak frequency suppressed with (eT) 23| S k3—scaling of peak .

4

o Full 1-loop expression ...-':?*"\

—» need supercooling to open band: ’ — .
r..~ (m /M. )1/2 i /x peak finite-T
sc /e | e’
—-25r /¢'
5x 1071 x 108 5x 1081 x 10° 5 10°
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Overcoming the suppression
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v 4.The SM photon scenario

Cosmology

e Extra degrees of freedom play no role

e Additional thermal inflation in most of parameter space (before photon
production)

e Schwinger pair production limits the energy we can transfer to photons:

E
E2+BZ_CEB+%E‘IMCZ: O )
‘ Tm

x exp (— )

e

ek

e Suppressed by electron mass for small ALP masses
e ALP domination once production unsuppressed
e Suppressed by thermal electron mass for large masses

[Schwinger 1951]
[Domcke, Ema, Mukaida 1910.01205] + many more
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v 4.The SM photon scenario

Gravitational waves
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v 4.The SM photon scenario

Gravitational waves
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v 4.The SM photon scenario

Gravitational waves
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v 4.The SM photon scenario

Gravitational waves
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ilu B, Conclusions

What have we learned? What comes next?

Dark photon: Period of supercooling enhances SGWB

e Smaller decay constant f, and smaller photon-coupling a possible:
Jo ™~ 102 GeV and a ~ 1 can be sufficient

SM photon: supercooling can open the tachyonic band

e Pair production limits parameter space

e Small ALP mass + f, ~ 10'® GeV could be in yARES and BBO range
e UHFrange

Next: Lattice study, model building, other cosmological signatures
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e Pair production limits parameter space

e Small ALP mass + f, ~ 10'® GeV could be in yARES and BBO range
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Next: Lattice study, model building, other cosmological signatures

Thank you for your attention!

GW Probes of BSM Physics Warsaw 2025 12 Christopher Gerlach



v Backup

Simulation benchmarks -
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- growth time estimate
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icu  Backup

GW fits overview
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icu  Backup

GW fit functions

o Fit template: [Madge, Ratzinger, Schmitt, Schwaller 2111.12730]
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icu  Backup

Schwinger pair production. Some more details

e Gauge field equation of motion:  p, = —4Hp, + 2{HEB — eQEJ, ,

mm?
e Induced current suppressed by electron mass: Jing < €Xp | — E
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icu  Backup

The minimal coupling
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