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Sensitivity to binary
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Foreground from LIGO-Virgo binaries
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@ Dashed gray line: total foreground from LIGO-Virgo binaries

@ Thick lines: foreground without individually observable binaries

ML, Ville Vaskonen arXiv:2111.05847



@ assuming power-law signal as in PI sensitivity

Qew(f) = Q <ff

)a + A(QsBu(f)) + QBwWD(f) + Qinstr (f)

ML, Ville Vaskonen arXiv:2111.05847



Early Universe Sources
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First Order Phase Transition: bubble

nucleation

@ Temperature corrections to the potential
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Gravitational waves from a PT

@ Strength of the transition
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@ Characteristic scale
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Three main sources of GWs
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LISA Cosmology Working Group, arXiv: 2403.03723



Sound Waves (in weak transitions a < 0.1)

@ Simulation of a scalar coupled to the plasma

= - f P T = S

FIG. 4. Slices of fluid kinetic energy density E/T¢ at ¢ = 5007 ", t = 10007, and t = 15007 " respectively, for the
n/T. = 0.15, Ny, = 988 simulation.

o Fit to the GW spectrum
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Hindmarsh, Huber, Rummukainen, Weir, arXiv: 1504.03291, 1704.05871



Sound Waves (in weak transitions a < 0.1)

@ Higgsless simulation of the plasma
b TOp\] o

v =064, L =200./8

napshots: ¢ = 27/8 (top left), 5.4/8
ttom right). We use box size L = d0v/8,

@ Fit to the GW spectrum
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Jinno, Konstandin, Rubira, Stomberg, arXiv: 2209.04369



Sound Waves (in less weak transitions a < 0.5)

@ Higgsless simulation of the plasma

GW production efficiency Qaw
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@ Fit to the GW spectrum unchanged
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Gravitational waves from a very strong PT

@ Strength of the transition
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ar —>1
PR

1
1 1
Treh ~ <3i(2)iAV)
T gx

Reheating temperature

@ Characteristic scale

1_‘o(e_sséT) _ e Blt—to) % _ T% <S31(1T)>

T=T,

Amplitude of the spectrum
2 —2
o B
Q P
P (a ¥ 1) (H)

fp X Treh*

Peak frequency



Strong transitions: computation of the GW spectrum




Bubble Collisions

e Envelope




Bubble Collisions

e Envelope

e Simulation




Vacuum Trapping
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Vacuum Trapping
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@ can also be verified analytically:
R. Jinno, T. Konstandin and M. Takimoto: 1906.02588



Abelian Higgs M

@ Global Symmetry breaking:

max [T (6)/T - (1))

T.. < R?

@ Gauge Symmetry breaking:
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ML, Ville Vaskonen arXiv: 2007.04967



Fluid Shells in strong transitions

e Plasma profiles for v,, = vy
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Fluid Shell Evolution

@ Plasma profile evolution with o = 20 and ~,, = 50
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@ Fluid shells with o > 1:

ML, Ville Vaskonen arXiv:2208.11697
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Fluid Shell Evolution

e Plasma profile evolution with o = 0.5 and ~,, = 3
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@ Spectrum today

2
Qaw(f, T )h* ~ 1.6 x 107 °Su(f, fu(T.)) [%]

@ Superhorizon modes
Gabriele Franciolini, Davide Racco, Fabrizio Rompineve arXiv: 2306.17136
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Fit to NANOGrav

e Constraint from PBH overproduction 5/H 2 3.9
ML, Piotr Toczek, Ville Vaskonen arXiv: 2305.04924
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John Ellis et al. arXiv: 2308.08546



Results from Multi-Model Analysis (MMA)

Scenario ‘ Best-fit parameters ‘ ABIC ‘
GW-driven SMBH binaries |ppg = 0.25 6.0
GW + environment-driven |pgy =1, a = 3.8 (BIC = 53.9)
SMBH binaries fref = 12 nHz
Cosmic (super)strings Gp=2x10"12p=6.3x10"3 -1.2
Phase transition T, =04 GeV, 3/H =55 -4.9
Domain walls Tann = 0.79 GeV, ax = 0.026 -5.7
Scalar-induced GWs k. = 1076 /Mpc -2.1

A =0.08, A =0.28
First-order GWs logigr = —16, ny = 2.9 -2.0

Tin = 0.35 GeV
“Audible” axions me =3.1x10"eV, f, =0.87 Mp -4.2

For each model, we tabulate their best-fit values, and the Bayesian information criterion
BIC = —2Afl + k1n 14 relative to that for the purely SMBH model with environmental
effects that we take as the baseline. The quantity in the parentheses in the third column

shows the ABIC for the best-fit combined SMBH+cosmological scenario.



Best Fits to NANOGrav including SMBH
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John Ellis et al. Phys.Rev.D 109 (2024) 2, 023522 arXiv: 2308.08546



Best Fits to NANOGrav including SMBH
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oduce PBHs

Old vacuum-dominated region (outside bubbles)
. New radiation-dominated region (inside bubbles)

Yann Gouttenoire, Tomer Volansky, arXiv:2305.04942



Slow transitions produce PBHs
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Secondary GWs dominating for slow transitions
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Secondary GWs: Impact on PTA fits
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ML, P. Toczek and V. Vaskonen, arXiv:2402.04158



Secondary GWs: Detection prospects
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Theoretical uncertainty on the paran

@ Standard Model with an additional singlet scalar
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ML, Marco Merchand, Laura Sagunski, Philipp Schicho, Daniel Schmitt arXiv:2403.03769



Theoretical uncertainty on th

@ Standard Model with an additional singlet scalar
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Conclusions

e Very strong transitions (« > 1) produce the same GW spectrum
regardless of whether the main source is collisions of bubble or
motion of the plasma.

e A very strong phase transition is one of the best explanations for
the current PTA data.

o If the transition is also slow (8/H < 10) a secondary GW
contribution will dominate the spectrum and a large population
of PBH can be created.

e Large errors on the GW spectra for individual parameter points
corresponds to small O(1%) error on the reconstructed model
parameters

@ These small reconstruction errors would still dominate the
experimental uncertainties for any detectable spectra



Thank you for your attention!



