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First order phase transition within the dark sector
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Image credit: [1504.03587]

Smooth crossover 1st order PT

T ↓

• No GW


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

• Produces GW! 


• Requires some additional 
fields coupled to SM Higgs 
or new dark sector with 
scalars… [2602.09092]

VeffVeff

Tc

{ϵ  ESA/ATG Medialab, CC BY-SA 3.0 IGO

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


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], 

• turbulence.

First order phase transition within the dark sector
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Sound waves propagate long after phase transition completion:                             


 with 


(  - mean bubble separation,   - inverse PT duration) 

τsw ∼ R*/ ΩK ∼ 𝒪(10) R* R* ∼ 1/β

R* β

R*

Image credit: [2209.04369]



Interaction between SM and dark sector
We assume some interaction rate between two relativistic fluids.
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• Interaction length scale :





• Interaction rate  for 2 2 scattering:


lint

l̄int ∼ τint ∼
1

Γint

Γint →

Γint ∼ σ2→2 n

Number densityCross section
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Fully coupled vs secluded dark sector

R*

lss

Image credit: 
[2209.04369]
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Sound shell 
thickness:


 
lss = R*
|vw − cs |

vw

• If     
 

lint ≪ lss

SMDark 
sector

• If     
 

lint ≫ lsw ∼ τsw

Dark sector+SM



Fully coupled vs secluded dark sector

GW signal suppressed for 
fully coupled dark sector 
compared to the secluded 
dark sector for the same 
latent heat released in the 
phase transition!
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Intermediate regime: weakly coupled dark sector
Bubble growth assumed to be not affected, while the sound-wave propagation is.  

Image credit: [2209.04369]

    R* ≪ lint < lsw

Dark sector SM
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Hydrodynamic model
We consider sound-waves propagation stage to 1st order in near-equilibrium expansion.

{
∂μTμν

d = Qν,
∂μTμν

v = − Qν,
Qν = ϰT ( Tv − Td

T ) ūν + ϰV (uv − ud)ν

Model-dependent phenomenological parameters, 
(can, in principle, be derived from the collision integral)


   ∂μSμ ≥ 0 ⇒ ϰV,T > 0

ϰT, ϰV

with

Image credit: [2209.04369] 8/15

Dark sector SM



Four linearised equations for small perturbations.

Hydrodynamic model

λ′￼α + ∂ivi
α = (−1)δαd+1

3w̄α
ϰT (T̄) (λv − λd), α = d, v

(vj
α)′￼+ c2

s ∂jλα = (−1)δαd+1

w̄α
ϰV (T̄) (vj

v − vj
d), α = d, v,

For  and , we get  λα ≡ δeα/w̄α vi
α ≪ 1
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Solve in Fourier space  4 eigenmodes:⇒

Ω+,± = ± iω, Ω−,± = − Γint ± ω −1 +
δΓ2

ω2
= − Γint ± iω + 𝒪 ( δΓ2

ω2 ), ω = csk

Γint ≡ ( ϰT

3
+ ϰV) w̄d + w̄v

2w̄dw̄v
, δΓ ≡ ( ϰT

3
− ϰV) w̄d + w̄v

2w̄dw̄v

{LO ✅



Simplified isotropic case
Hydrodynamic model
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Effective numbers of relativistic 
degrees of freedom in dark/visible 

fluids,   
gd /gv = w̄d /w̄v

If the initial conditions are set to  and  at , the velocity 

fields in the two fluids tend to equal value .


vd = v0 vv = 0 τ = 0
vfin =

w̄d

w̄d + w̄v
v0
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• Initial conditions for the velocity 
fields and energy density 
fluctuations:


Zero for the visible fluid


Given by a set of randomly 
distributed bubbles with 
self-similar velocity profiles 
in the dark fluid

• Analytic results for the 
GW spectrum obtained 
by generalisation of the 
calculation within the 
sound shell model             
[1909.10040, 2308.12943]                   

• Anisotropic velocity fields obtained 
as the solutions of the coupled 
wave equations

GW spectrum within the sound shell model

11/15Image credit: [2209.04369]

 ESA/ATG Medialab, CC BY-SA 3.0 IGO
Dark sector SM

δTkl (τ, k) = ∑
α=v,d

a2w̄αvα,kvα,l

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


GW spectrum within the sound shell model
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 ESA/ATG Medialab, CC BY-SA 3.0 IGO
Dark sector SM

Unequal time correlator of the 
anisotropic stresses in the case of 
the secluded dark sector.


ΩGW(k) ≈
3k
2

𝒯GW ∫
τf

τ*

dτ1

τ1 ∫
τf

τ*

dτ2

τ2
cos[k(τ1 − τ2)] Esec

Π (τ1, τ2, k) F(τ1) F(τ2)

F(τ) =
w̄d + w̄ve−2Γint(τ−τ*)

w̄d + w̄v
Transfer function accounting 
for the expansion of the 
Universe since GW 
production

τf − τ* = τsw

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


 peak amplitude suppressed by a suppression factor :⇒ Rpeak ≡
∫ τf

τ*

dτ
τ2 F(τ)2

∫ τf

τ*

dτ
τ2

𝗋 = 𝗀𝗏/𝗀𝖽𝗋 = 𝗀𝗏/𝗀𝖽 𝖱𝗉𝖾𝖺𝗄

γ
=

Γ i
nt

/H
*

γ
=

Γ i
nt

/H
*
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Suppression of the peak amplitude
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𝟣
𝖱*𝖧*

= 𝟣𝟢𝟤, τsw𝖧* = 𝟣
𝟣

𝖱*𝖧*
= 𝟣𝟢𝟥, τsw𝖧* = 𝟣
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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!)


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


Calculation of  in specific models.


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


Is  affected by the coupling between the fluids? 

Γint

τsw ∼ τnl
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Thank you for your attention!



Back up



Validity of the leading order solution?
Only the combination  appears 

in the leading order solution!

Γint ≡ ( ϰT

3
+ ϰV) w̄d + w̄v

2w̄dw̄v
,

Assuming δΓ ≡ ( ϰT

3
− ϰV) w̄d + w̄v

2w̄dw̄v
∼ 𝒪(Γint) ≪ csk

• Requirement    satisfied around the peak of the GW 
spectrum ( ) since  is assumed anyway


• But at small , LO solution cannot be trusted!

Γint R* ≪ cs k R*
k R* ∼ 𝒪(1) ΓintR* ≪ 1

k

λ′￼α + ∂ivi
α = (−1)δαd+1

3w̄α
ϰT (T̄) (λv − λd), α = d, v

(vj
α)′￼+ c2

s ∂jλα = (−1)δαd+1

w̄α
ϰV (T̄) (vj

v − vj
d), α = d, v,



GW from secluded or fully coupled dark sectors

Gravitational waves from phase
transitions in dark sectors

Marco Finetti, Helena Kole!ová, Daniil Krichevskiy

University of Stavanger

Fully coupled or secluded dark sectors
• Let us assume a first order phase transition in a dark sector releasing vac-

uum energy ω. At the time of phase transition, total energy density of the
Universe consists of dark and visible sector energy densities εtot = εd + εv.
We define following phase transition parameters (assuming bag equation
of state and denoting the dark/visible sector temperatures and e!ective
numbers of relativistic degrees of freedom by Td/v and gd/v):

ϑd =
ω

εd → ω
, ϑtot =

ω

εtot → ω
= ϑd

gdT 4
d

gdT 4
d + gvT 4

v

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

Dark sector forming single fluid with SM bath: ϖsw evaluated at ϑtot

Secluded dark sector: ϖsw evaluated at ϑd

• Dark and visible sectors may not share the same temperature which may
lead to additional suppression of the GW signal (see, e.g., [1])

• If Td = Tv, !GW enhanced for the secluded dark sector compared to the
fully coupled case:

(GW spectra based on [2], plotted using CosmoGW package [3])
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Weakly coupled dark sector
• Our work focuses on an intermediate regime: the interaction rate between

the dark and visible sector particles is small compared to the inverse phase
transition duration ϱ, hence, the bubble dynamics is not a!ected, but the
sound waves induced in the dark sector can be later transferred to the visible
fluid if the source duration ςsw is long enough: 1/ςsw ↭ ”int ↑ ϱ

• Energy and momentum transfer between the dark and visible sectors in the
linear regime can be described by coupled wave equations for the velocity
fields of the dark/visible fluid vid/v and for the energy fluctuations normalized
by the mean enthalpies φd/v ↓ (εd/v → ε̄d/v)/w̄d/v:

ω→
d/v + εiv

i
d/v =

1
3w̄d/v

!T

(
ωv/d → ωd/v

)

v→d/v,j + c2sεjωd/v =
1

w̄d/v
!V

(
vv/d,j → vd/v,j

)
.

Here ”T and ”V capture the coupling between the dark and visible fluids.
Only the quantity ”int ↓ (”T /3 + ”V )(w̄d + w̄v)/(2w̄dw̄v) appears in the
leading-order solution. Prime denotes derivative w.r.t. conformal time.

• If the initial conditions are set to vd(ς = 0) = v0 and vv(ς = 0) = 0, the
velocity fields in the two fluids tend to equal value vfin = w̄d/(w̄d + w̄v)v0:

Results based on the sound-shell model
• The sound-shell model [4, 5] was used to compare the GW spectrum for the

cases of secluded and weakly coupled dark sectors.

• The coupled wave equations above were solved with vanishing initial velocity
field for the visible fluid and with the initial conditions in the dark fluid given
by a set of randomly distributed bubbles with self-similar velocity profiles.
The resulting fluid perturbations give rise to following GW spectrum:

”GW ↑ 3k
2
TGW

∫ ωf

ω→

dϑ1
ϑ1

∫ ωf

ω→

dϑ2
ϑ2

Esec
! (ϑ1, ϑ2, k) cos [k(ϑ1 → ϑ2)]F (ϑ1)F (ϑ2) ,

where
F (ϑ) =

w̄d + w̄ve
↑2”int(ω↑ω→)

w̄d + w̄v
,

TGW accounts for the expansion of the Universe since GW production, Esec
! is the

unequal time correlator of the anisotropic stresses in the case of the secluded dark
sector and ϑf → ϑ↓ = ϑsw.

• ”GW suppressed for weakly coupled dark sector compared to secluded one:

(R↓ is the mean bubble separation, R↓ ↓ (8ϖ)1/3vw/ϱ)

Secluded dark sector:  
 evaluated at κsw αd

Fully coupled dark sector: 
 evaluated at   suppressed!κsw αtot < αd ⇒
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