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GW: Present and the future
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[NASA/ESA]

[Kawamura et al. '20]

LISA:

DECIGO/BBO:



Our goal
• We want to learn about free streaming particles and equation of 

state in the early universe from propagation effects 


• Need an old source that lasted a finite time


• Astrophysical sources are too young


• Inflation spectrum is too weak 


• What we need are GW of cosmological origin
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GWB of cosmological origin
• Typically, the shape of GWB from 

cosmological source is model 
dependent

• However, causally produced GW have a 
universal feature of  scaling during RD 
for low frequency modes [Caprini et al., 
‘09]


• This universal part of the spectrum 
depends only on the propagation 
effects 


• First-order phase transition is an 
example causality respecting process.
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Examples of GWs from first-order PT

Unive
rsa

l

Model
Dependent

Brzeminski, Hook, Marques-Tavares, arXiV:2203.13842

Super-horizon Sub-horizon



Universal scaling

λ ≫ H−1
PT ⇒ ⟨Π(0)Π(λ)⟩ = 0

Super-horizon modes

⟨Π̃(−k)Π̃(k)⟩ = const ⇒ h′￼(k, τPT) = const

λ

H−1
PT

d
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ΩGW(k) =
1
ρc

dρGW

d log k
∝ k3(h′￼)2 ∝ k3 k2

k2
= k3

Phase space RD

Time der.
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Propagation Effects

Free streaming particles Equation of state

ΩGW ∝ k3+ 16fFS
5 ΩGW ∝ k3+3δw

This talk
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RD: w = 1/3 + δwfFS =
ρFS

ρtot
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Free streaming particles
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[Weinberg, 2004]



Free streaming particles

The effect of neutrino decoupling on 
the inflationary GW spectrum was 
first studied by Weinberg in 2004 
and is known as Weinberg 
damping.
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Neutrinos decouple

No free streaming particles



Free streaming particles
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• In our work, we are looking for the 
effect of free streaming particles that 
were already present before PT.


• Their presence adds a mass term 
that results in a slow roll before the 
mode enters the horizon.

No free streaming particles

Free streaming particles present before PT

Slow roll
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Free streaming particles

fFS
=

0

fFS
>

0

LISA
sensitivity

• Lower frequency modes spend 
more time in the slow roll phase 
before entering the horizon, 
leading to the steeper slope


• For small values of , the GW 
spectrum scales as 

fFS

ΩGW ∝ k3+ 16fFS
5
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[Hook et al., 2020]



Analysis 

• We estimate sensitivity to  using Fisher information matrix and 
vary 3 different parameters of the PT:


• Ratio of the energy released during PT to the radiation bath energy 

• Time scale of the phase transition 

• Temperature of the phase transition 

fFS

α = ρvac/ρrad

β−1

TPT
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Sensitivity to free streaming axions
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Conclusions

• Low frequency tail of causally produced GW encodes information about the 
EOS of the and the free streaming content of the universe

• LISA will launch durning the next decade and can improve bounds set by 
CMB-S4 by up two orders of magnitude.

• LISA will also be sensitive to free streaming axions over wide range of 
parameters if phase transition happened at 104 GeV ≲ TPT ≲ 106 GeV
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Thank you
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Sensitivity to free streaming axions
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Sensitivity to equation of state 
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