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Axion misalignment mechanism.
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H > My
Radiation-dominated epoch of the cosmic evolution.
S
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Consider axion-like particle (ALP) with potential
V(g) =m3f; (1 — COS ﬂ)
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S
Equation of motion in FLRW Universe: ~
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Audible axions.
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ALP coupled to dark Abelian gauge field via £ D

Photon described by harmonic oscillator:

vy + (kziik%¢’> ve =0 .

N—— -
w1 <0 if 0<k<al¢'|/f N

ALP motion triggers tachyonic instability:

v ox exp(—iwT) — exp(|w|T) .
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Gravitational waves.
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Anisotropies in energy momentum tensor. h .
mg = 107 GeV, f, = 10" GeV, a =55, § = 1.2
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Delayed axion oscillations. GOETHE
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Trapped misalignment: ALP oscillations delayed by thermal contributions to potential’

Vip, T) = m?bfg (1 — COS %) + AT (1 — COS (nf% + 5)) _

Parametrize delay of oscillations /... < m, by supercooling ratio:

Toe = <L 1 .

Tosc,aa

Assume minimal possible supercooling ratio ——p upper bound on GW signal.

5 le.g. Di Luzio, Sgrensen [2024]



Axion-dark photon system. corrie B
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Enhanced growth rate 7 X ro. —— Smaller @ = 1 to have efficient growth.
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Observable parameter space. ggfgggg
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Suppression of GW signal alleviated: h*Qqw o Jo L
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Does this work with Standard Model photons? UNWERS{T*;J
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1. Debye mass mp ~ €1 impedes growth of photon modes w ~ —y K My .
mp

e Supercooled onset of ALP oscillations suppresses Debye mass: w TS_CQ

2
T™m
2. Schwinger effect: Generation of electron-positron pairs: 1’ o< exp ( 6) .

el

e Sizable GW emission only if Schwinger effect is suppressed



GWs from axion-SM photon system.
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Sizable GW production in parameter space where (thermal) electron mass suppresses Schwinger effect.
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Conclusions.
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Audible axions generate GWs via tachyonic instability in ALP-photon coupling.

Original mechanism requires large coupling and decay constants.

Trapped misalignment opens up parameter space.

Suppression of Debye mass enables tachyonic growth of unstable SM photon modes.
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Gravitational wave fits.

mey = 1071 GeV, f3=10""GeV, a =55, = 1.2

my =107 GeV, f, =10 GeV, a=1.5,0=1
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Minimum axion-photon coupling.
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Compare growth time of tachyonic modes...
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Varying the misalignment angle. T
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Constraints from Schwinger effect.
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Solve energy balance equation: 10 | |y ey = 1
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