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Consider a dark sector which does not (or only very feebly) interact with the SM

Dark matter nightmare scenario
→ no testable laboratory predictions

However, a first-order phase transition could give an observable GW background

What kind of signal could this give?
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Motivation
Decoupled dark sector



L = |DµΦ|2 − 1
4A′2

µν + µ2|Φ|2 − λ

4 |Φ|4 + iχL /DχL + iχR /DχR − yΦχ†
LχR + h.c.

Minimal dark sector with:
Scalar field Φ: Dark Higgs
U(1) symmetry with gauge boson A′

µ

Fermionic DM candidate χ

Model requirements:
1. create a strong GW signal
2. obtain correct relic abundance of DM

v

0

V(
)

Vtree
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Dark matter model



v

0

V(
,T

)

T v

T > v

T = Tnuc

V

Radiative corrections to ⟨ϕ⟩ summarised in Veff

Symmetry restoration at high T
Tunneling of background field through pot.
barrier

Bubble nucleation, expansion and collision
Production of gravitational waves
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First-order phase transition



Field expansion around vev: Φ = (ϕ + v)e iφ/F /
√

2

L = 1
2 (∂µϕ)(∂µϕ) − 1

2m2
ϕ(v)ϕ2 − 1

4A′
µνA′µν + 1

2m2
A(v)A′

µA′µ + g2vA′
µA′µϕ + g2

2 ϕ2A′
µA′µ

− λvϕ3 − λ

4 ϕ4 + χ̄i /∂χ̄ − mχ(v)χ̄χ + g
2 χ̄ /Aγ5χ − y√

2
ϕχ̄χ

Particle masses through symmetry breaking:

mϕ =
√

2λv , mχ = y/
√

2v , mA′ = gv

Model parameters: Couplings λ, g , y ,
energy scale determined by v

Large potential barrier: strong PT
⇒ Require sizable couplings: λ2, g ∼ 0.1
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Fit signal to numerical simulations

Ωsignal(f ) = Ωtot(α, β/H, Tperc, vw)S(f /fpeak)

Transition strength α = 1
ρtot

(
∆Veff − T

4
d∆Veff

dT
) ∣∣∣

Tperc

Transition speed β/H = T d
dT
(S3

T
) ∣∣∣

Tperc

Temperature Tperc at which 30% of Universe in new phase
Bubble wall velocity vw ≃ 1
→ Non-runaway, relativistic speed due to massive gauge
boson A′

µ

Here dominant contribution:
Sound waves
Peak frequency
fp,0 ≃ 10 mHz

(
β/H
100

) ( T perc

1 TeV
) ( g∗

100
)1/6

10 7 10 4 10 1 102

f [Hz]
10 21

10 18

10 15

10 12

10 9

10 6

GW
h2 (

f)

v = 1 GeV v = 1 TeV v = 1 PeV

y = 0.1 y = 0.5 y = 0.7

Institute for Theoretical Particle Physics Jonas Matuszak: Dark matter and gravitational waves 27. 9. 2023 6/14

GW Spectrum



Fit signal to numerical simulations

Ωsignal(f ) = Ωtot(α, β/H, Tperc, vw)S(f /fpeak)

Transition strength α = 1
ρtot

(
∆Veff − T

4
d∆Veff

dT
) ∣∣∣

Tperc

Transition speed β/H = T d
dT
(S3

T
) ∣∣∣

Tperc

Temperature Tperc at which 30% of Universe in new phase
Bubble wall velocity vw ≃ 1
→ Non-runaway, relativistic speed due to massive gauge
boson A′

µ

Here dominant contribution:
Sound waves
Peak frequency
fp,0 ≃ 10 mHz

(
β/H
100

) ( T perc

1 TeV
) ( g∗

100
)1/6

10 7 10 4 10 1 102

f [Hz]
10 21

10 18

10 15

10 12

10 9

10 6

GW
h2 (

f)

v = 1 GeV v = 1 TeV v = 1 PeV

y = 0.1 y = 0.5 y = 0.7

Institute for Theoretical Particle Physics Jonas Matuszak: Dark matter and gravitational waves 27. 9. 2023 6/14

GW Spectrum



Fit signal to numerical simulations

Ωsignal(f ) = Ωtot(α, β/H, Tperc, vw)S(f /fpeak)

Transition strength α = 1
ρtot

(
∆Veff − T

4
d∆Veff

dT
) ∣∣∣

Tperc

Transition speed β/H = T d
dT
(S3

T
) ∣∣∣

Tperc

Temperature Tperc at which 30% of Universe in new phase
Bubble wall velocity vw ≃ 1
→ Non-runaway, relativistic speed due to massive gauge
boson A′

µ

Here dominant contribution:
Sound waves
Peak frequency
fp,0 ≃ 10 mHz

(
β/H
100

) ( T perc

1 TeV
) ( g∗

100
)1/6

10 7 10 4 10 1 102

f [Hz]
10 21

10 18

10 15

10 12

10 9

10 6

GW
h2 (

f)

v = 1 GeV v = 1 TeV v = 1 PeV

y = 0.1 y = 0.5 y = 0.7

Institute for Theoretical Particle Physics Jonas Matuszak: Dark matter and gravitational waves 27. 9. 2023 6/14

GW Spectrum



Fit signal to numerical simulations

Ωsignal(f ) = Ωtot(α, β/H, Tperc, vw)S(f /fpeak)

Transition strength α = 1
ρtot

(
∆Veff − T

4
d∆Veff

dT
) ∣∣∣

Tperc

Transition speed β/H = T d
dT
(S3

T
) ∣∣∣

Tperc

Temperature Tperc at which 30% of Universe in new phase

Bubble wall velocity vw ≃ 1
→ Non-runaway, relativistic speed due to massive gauge
boson A′

µ

Here dominant contribution:
Sound waves
Peak frequency
fp,0 ≃ 10 mHz

(
β/H
100

) ( T perc

1 TeV
) ( g∗

100
)1/6

10 7 10 4 10 1 102

f [Hz]
10 21

10 18

10 15

10 12

10 9

10 6

GW
h2 (

f)

v = 1 GeV v = 1 TeV v = 1 PeV

y = 0.1 y = 0.5 y = 0.7

Institute for Theoretical Particle Physics Jonas Matuszak: Dark matter and gravitational waves 27. 9. 2023 6/14

GW Spectrum



Fit signal to numerical simulations

Ωsignal(f ) = Ωtot(α, β/H, Tperc, vw)S(f /fpeak)

Transition strength α = 1
ρtot

(
∆Veff − T

4
d∆Veff

dT
) ∣∣∣

Tperc

Transition speed β/H = T d
dT
(S3

T
) ∣∣∣

Tperc

Temperature Tperc at which 30% of Universe in new phase
Bubble wall velocity vw ≃ 1
→ Non-runaway, relativistic speed due to massive gauge
boson A′

µ

Here dominant contribution:
Sound waves
Peak frequency
fp,0 ≃ 10 mHz

(
β/H
100

) ( T perc

1 TeV
) ( g∗

100
)1/6

10 7 10 4 10 1 102

f [Hz]
10 21

10 18

10 15

10 12

10 9

10 6

GW
h2 (

f)

v = 1 GeV v = 1 TeV v = 1 PeV

y = 0.1 y = 0.5 y = 0.7

Institute for Theoretical Particle Physics Jonas Matuszak: Dark matter and gravitational waves 27. 9. 2023 6/14

GW Spectrum



Fit signal to numerical simulations

Ωsignal(f ) = Ωtot(α, β/H, Tperc, vw)S(f /fpeak)

Transition strength α = 1
ρtot

(
∆Veff − T

4
d∆Veff

dT
) ∣∣∣

Tperc

Transition speed β/H = T d
dT
(S3

T
) ∣∣∣

Tperc

Temperature Tperc at which 30% of Universe in new phase
Bubble wall velocity vw ≃ 1
→ Non-runaway, relativistic speed due to massive gauge
boson A′

µ

Here dominant contribution:
Sound waves

Peak frequency
fp,0 ≃ 10 mHz

(
β/H
100

) ( T perc

1 TeV
) ( g∗

100
)1/6

10 7 10 4 10 1 102

f [Hz]
10 21

10 18

10 15

10 12

10 9

10 6

GW
h2 (

f)

v = 1 GeV v = 1 TeV v = 1 PeV

y = 0.1 y = 0.5 y = 0.7

Institute for Theoretical Particle Physics Jonas Matuszak: Dark matter and gravitational waves 27. 9. 2023 6/14

GW Spectrum



Fit signal to numerical simulations

Ωsignal(f ) = Ωtot(α, β/H, Tperc, vw)S(f /fpeak)

Transition strength α = 1
ρtot

(
∆Veff − T

4
d∆Veff

dT
) ∣∣∣

Tperc

Transition speed β/H = T d
dT
(S3

T
) ∣∣∣

Tperc

Temperature Tperc at which 30% of Universe in new phase
Bubble wall velocity vw ≃ 1
→ Non-runaway, relativistic speed due to massive gauge
boson A′

µ

Here dominant contribution:
Sound waves
Peak frequency
fp,0 ≃ 10 mHz

(
β/H
100

) ( T perc

1 TeV
) ( g∗

100
)1/6

10 7 10 4 10 1 102

f [Hz]
10 21

10 18

10 15

10 12

10 9

10 6

GW
h2 (

f)

v = 1 GeV v = 1 TeV v = 1 PeV

y = 0.1 y = 0.5 y = 0.7

Institute for Theoretical Particle Physics Jonas Matuszak: Dark matter and gravitational waves 27. 9. 2023 6/14

GW Spectrum



Produce relic abundance via freeze-out mechanism

Estimate:
ΩDM ≃ 0.1 xf√g∗

10−8 GeV−2

⟨σannv⟩

⟨σannv⟩ ∼ coupling4/mass scale2

Strong PT: λ2, g , y ∼ 0.1 ⇒ vϕ ∼ 1 TeV
Sizable couplings required by strong FOPT lead to DM on
the electroweak scale

x

Y D
M
(x

) increase v

Yeq

Peak frequency: fp,0 ≃ 10 mHz
(

β/H
100

)(
Tperc
1 TeV

) ( g∗
100
)1/6 ∼ mHz

Freeze-out puts PT around the EW scale → LISA sensitivity range!
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Freeze-out calculation numerically with DarkSUSY arxiv:1802.03399

Annihilation channels:
χχ → A′A′, χχ → ϕϕ, χχ → A′ϕ

Freeze-out within dark sector → no need for large couplings to SM
Allows separate temperature evolution of SM and DS
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Assume a temperature ratio between the SM and DS before the PT
e.g. ξnuc = TDS/TSM|nuc = 1

PT injects energy into plasma ⇒ reheating of DS, ξperc > 1
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Separate temperature evolution of SM and DS after PT
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Thermal evolution of the dark sector



During radiation domination:
ρtot ∝ a−4 and ρGW ∝ a−4 ⇒ ΩGW = const.
Reheating of DS: Additional, non-rel. contribution to ρtot

Possible period of matter-domination after PT
Dilution factor

D = a4
f

a4
perc

H2
f

H2
perc

arxiv:2109.06208

Dilution of GW signal amplitude:
ΩGWh2 ∝ 1

D4/3
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Dilution

https://arxiv.org/pdf/2109.06208.pdf


Solution to avoid dilution: thermalisation with the SM

Simple possible extension: Higgs portal coupling

Lportal = |DµH|2 + µ2
hH†H − λh

(
H†H

)2 − λhϕ

(
H†H

)
(Φ∗Φ)

Thermalisation via decays ϕ → bb̄ and h → ϕϕ

Solve Boltzmann equation after PT

ṡDS = −3HsDS − mϕ

TDS
Γϕ→bb̄neq

ϕ

(
nϕ

neq
ϕ

− 1
)

− Γh→ϕϕneq
h

( nϕ

neq
ϕ

)2

− 1
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Interaction with the SM
Higgs portal coupling
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Significant dilution effect for very small portal couplings λhϕ ≲ 10−8
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Thermalisation between SM and DS



Scan over parameter space in λ, g , y , v ,
1 ≤ ξnuc ≤ 2 and 10−7 ≤ λhϕ ≤ 10−6

Get “typical” prediction of model

Imposing 0.06 ≤ ΩDMh2 ≤ 0.12
⇒ frequency restricted to LISA sensitivity range
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Gravitational wave signal



Scan over parameter space in λ, g , y , v ,
1 ≤ ξnuc ≤ 2 and 10−7 ≤ λhϕ ≤ 10−6

Get “typical” prediction of model
Imposing 0.06 ≤ ΩDMh2 ≤ 0.12
⇒ frequency restricted to LISA sensitivity range
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Gravitational wave signal



Freeze-out within the DS implies a PT around
the EW scale
Frequency of the GW signal falls into the LISA
sensitivity range
Feeble coupling to the SM, avoiding laboratory
constraints
Revival of the WIMP through GW
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f [Hz]
10 21
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10 6

GW
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v = 1 GeV v = 1 TeV v = 1 PeV

y = 0.1 y = 0.5 y = 0.7
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Backup Slides
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Parameter Space for v = 1 TeV
α and β/H
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Parameter Space for v = 1 TeV
Tperc and peak GW signal



Energy in broken phase: Eb(Ts) = Pb(Ts)ρb(Ts)

dEb
dTs

= Pbρ′
b + P ′

bρb = −3ρb + pb
Ts

Pb + P ′
bρs ⇒ ρ′

b = −3ρb + pb
Ts

+ P ′
b

Pb
(ρrad,s + ∆Veff − ρb)

Solve for Tb(Ts)
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Thermalization of the DS
Temperature evolution around the PT
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Thermal equilibrium after PT



Require that DS and SM have thermalised before freeze out, i.e. ξfreezeout ≤ 1.1
First order phase transition: λ ∈ [10−4, 10−2], g ∈ [10−1, 100]
Require dark matter candidate χ not to be the lightest particle → mϕ < mχ for freeze out
Vacuum stability: y < 0.7
→ y ∈ [0.1, 0.7]
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Excluded parameter points
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