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First order phase transition within the dark sector
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Smooth crossover

 No GW

* Realised in SM (EW PT,
QCD confinement PT)

Image credit: [1504.03587]
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1st order PT

Produces GW!

Requires some additional
fields coupled to SM Higgs
or new dark sector with
scalars...

2602.09092]
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https://commons.wikimedia.org/wiki/File:ESA_LISA.svg

First order phase transition within the dark sector

We assume PT to happen but do not discuss any concrete details!

Sources of GWs in the 1st order PT:

 bubble-collisions wall,

« sound waves In plasma - main source for the moderately
strong phase transitions [1910.13125], ————

8

e turbulence.

Sound waves propagate long after phase transition completion:

Image credit: [2209.04369]
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(R« - mean bubble separation, / - inverse PT duration)



Interaction between SM and dark sector

We assume some interaction rate between two relativistic fluids.

» Interaction length scale [;,
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Fully coupled vs secluded dark sector

Image credit:
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Fully coupled vs secluded dark sector
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GW spectra based on [2409.03651],

plotted using CosmoGW package
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Intermediate regime: weakly coupled dark sector

Bubble growth assumed to be not affected, while the sound-wave propagation is.

Dark sector SM

Image credit: [2209.04369] 7/15




Hydrodynamic model

We consider sound-waves propagation stage to 1st order in near-equilibrium expansion.

A1, Ay

Dark sector

0,1 = Q7 T —T .
ulv =

— 0",
\

Model-dependent phenomenological parameters,
(can, in principle, be derived from the collision integral) .
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Hydrodynamic model
Four linearised equations for small perturbations.
For A, = de /W, and v! < 1, we get

(_ 1 )5ad+1

xr (T) (4, — 24) a=d,v

3,
(_ 1 )5O{d+1

(W) + Cszdj/la = ——xy (T) (v{, — vg), a=d,v,

Wa

Solve In Fourier space = 4 eigenmodes:
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Hydrodynamic model

Simplified isotropic case

If the initial conditions are setto v, = vyand v, = 0 at 7 = 0, the velocity
W
fields in the two fluids tend to equal value v;,, = %VO.
Wyt W,

Effective numbers of relativistic
degrees of freedom in dark/visible

fluids, g,/g, =W, IW,




GW spectrum within the sound shell model

Dark sector SM

. Initial conditions for the velocity * Anisotropic velocity fields obtained ¢ Analytic results for the

ESA/ATG Medialab, CC BY-SA 3.0 IGO

fields and energy density as the solutions of the coupled GW spectrum obtained
fluctuations: wave equations by generalisation of the
calculation within the
* Zero for the visible fluid ol (7,K) = Z a*w, v, v, sound shell model
=1 d C [1909.10040, 2308.1294 3]

+ Given by a set of randomly
distributed bubbles with
self-similar velocity profiles

In the dark fluid 115
Image credit: [2209.04369]


https://commons.wikimedia.org/wiki/File:ESA_LISA.svg

GW spectrum within the sound shell model

Dark sector SM

3k °f dTl °f de sec

)
\ ” e —Zrint(T—T*)

W g —+ Wv
Unequal time correlator of the F(r) =
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Transfer function accounting

for the expansion of the S anisotropic stresses in the case of Wi+ W,
Universe since GW f * 7 "sw  the secluded dark sector.

production | 19/15
Image credit: [2209.04369]
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Suppression of the peak amplitude

2
. . Tx T
= peak amplitude suppressed by a suppression factor R peak = ij =
T T2
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*Based on leading-order solution of the wave equations.

Full GW spectrum”
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Conclusions

 GW signal from a dark sector phase transition is suppressed in presence of
coupling to SM!

(compared to secluded dark sector that shares the same temperature with SM)

* Further directions:
* Inclusion of the NLO correction (work in progress!) T

+ What if interactions are stronger and also bubble dynamics is affected?

* Calculation of I . in specific models.

+ All calculations assume sound waves propagating in a relativistic plasma.
What if this is not true?

*IstT

w ~ T affected by the coupling between the fluids?




Thank you for your attention!






Validity of the leading order solution?

L At ‘/_Vd T V_Vv
Only the combination ', , = F Xy ———, appears
3 2wdwv

° (—1)%ad*! — in the leading order solution!
Ay + 0y, = ——= %T(T) (/lv—/ld), a=d,v

3w,
){V<T> (Vi_vé.)a a=d,v, /

. A Wd + W,
Assuming 01" = Xy — ~ O, < ck
3 2WdWV

(_ 1)5ad+1

(V) + cszdj/la = T

W

» Requirement I, R. << ¢,k R. satisfied around the peak of the GW

Int

spectrum (k R. ~ O(1)) since I, R. < 1 is assumed anyway

Int
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e But at small £, LO solution cannot be trusted!



GW from secluded or fully coupled dark sectors

e Let us assume a first order phase transition in a dark sector releasing vac-
uum energy €. At the time of phase transition, total energy density of the
Universe consists of dark and visible sector energy densities pio1 = pa + Po-
We define following phase transition parameters (assuming bag equation
of state and denoting the dark/visible sector temperatures and effective
numbers of relativistic degrees of freedom by T}/, and g4/, ):

€ € ngfZL
; (ot — — Qg
Pd — € Ptot — € ngCA{ T gvTrél

g —

e When calculating the gravitational wave (GW) spectrum sourced by the
sound waves, the key quantity is the efficiency factor x4, determining the
fraction of vacuum energy transferred to fluid motion:

N

Secluded dark sector: Fully coupled dark sector:
K, €valuated at a, K., €valuated at a,,, < a; = suppressed!
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