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GW production:
1. vacuum bubble collisions
2. sound waves collisions

3. turbulence and vortical motion




Phase Transition Parameters and Gravitational Wave Spectrum

Gravitational Wave spectrum obtained from numerical simulations and analytical
arguments, expressed in terms of few parameters:
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Phase Transition Parameters and Gravitational Wave Spectrum

Gravitational Wave spectrum obtained from numerical simulations and analytical
arguments, expressed in terms of few parameters:

strength/ o = P AVeg
energy budget Prad  Prad
characteristic B leScrit

scale 3 =T/T" H, T
transition

T, ~T )~ T
temperature 21y (@) = )

also: bubble dynamics:
wall velocity, efficiency factors, etc. crtical actons St = [[ % (V64 Varr(6, )]

nucleation rate: I'(T) = A(T) exp [ — Scrit(T)]
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Decoupled Hidden Sectors

p sub-MeV hidden sectors contribute to the effective number
of neutrino species N
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additional relativistic DOFs in thermal equilibrium with
photons are excluded

5/ 16

95% CL  SM: 3.046
BBN
p—t—i

2.9570:2
CMB

o |
2.9910-32
CMB+H, | -
3.27+0-30 1
Planck — 1807.06209 25 30 35

Ncﬁ'




Decoupled Hidden Sectors
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= sub-MeV hidden sector must be colder than SM
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H idden Sector Cosmology Breitbach et al. (JCAP, 2019)

completely decoupled
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Phase Transitions in Secluded Hidden Sectors Erethach <t al. (JCAP. 2019)
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[Machado et al. (JHEP 2019)]

p tachyonic band closes when |w(k)| < am, dark photon spectrum:

= ~ energy transfer stops p peaked around k & aescing(af/2)%/3
p first tachyonic helicity dominates
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Gravitational Wave Spectrum
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Gravitational Wave Spectrum

GWs generated at t, around the time when the tachyonic band closes:
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Kinetic Misalignment
misalignment + large initial velocity = DM abundance and GW amplitude set by ¢,
p complex scalar P with V(P) ~ |P|* and initial displacement |P| > f,

» high-dim. PQ breaking: AVpg oc P* +h.c. =  angular motion
=—> circular motion
S; > Mp,

p PQ restored as |P| decreases

—> dark photon and
graviational wave

production
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Conclusion

p Hidden sectors can generate GWs in several ways

p The hidden sector can be decoupled

—> GW spectrum suppressed: f;())eak ~ &y an~ &

» ALPs coupled to dark photons can produce SGWB via tachyonic instability

Thank you for your attention!
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Hidden Sector Benchmark Models

Singlet Scalars:
p 2 real scalars S and A
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Hidden Sector Phase Transition Detectability
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Audible Axion GW Spectrum

f > fpeak:
J < fpeak: (o7 » polarized
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p causality: ~ f3 107 — &Xp.
109+ supression
4 S =
< g 1070 1
P | &
lalep | = 107" o
X 107"2 3 Flw N
k| l — K
1073 : ‘ ‘
1072 0.1 1 10 100 P
A
k/(maOSC)
W [Machado et al. (JHEP, 2019)] ’q’C5



https://doi.org/10.1007/JHEP01(2019)053

Dark Photon Production in Klnetlc Misalignment
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at a = a, when k> a,H,

p backreaction on axion motion
delayed until a = agw by X
mode growth time

107!

1073

10-°

a,/as, as—y, /as,
— a=10"3 J/
r a=5x10"°
a=10""
- £/a .
plo T
10 103 10° 107
a/as,
agw/ay as— Oy
pPx X a?
L -
Po X a! : \'\_ \‘\,
i N .
E ~. N\
| N,
i .
H NN
e . -
X N, P
X .
\_\.
ALP «
Photon ‘ N
;

10°

10!

102
aja,

10%




Gravitational Wave Spectrum in Kinetic Misalignment

—> similar spectral shape as before, but with different parametric dependence:

—-— plus
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Relaxion Evolution
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» dark photon friction kicks in when -2 (XX) ~ A},

— define time of particle production:
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Dark Photon Production from Relaxion

p ¢ >0 = only '+’ helicity experiences
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Relaxion Gravitational Wave Spectrum

p IR: f < fpeak
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