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Phase transitions and gravitational waves

Gravitational waves as windows into the early Universe 

Gravitational waves from first order phase transitions  
▶ The basics 
▶ Some recent (and upcoming) results  

The NANOGrav signal and GWs from PTs 
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What do we know about 
the early Universe? 



Thermal History
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Gravitational Waves?
Zoom into interesting region 

New window into early universe
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e.g. 
Electroweak symmetry 
breaking 
Baryogenesis 
Dark matter production



GWs & early Universe

CMB encodes information about the state of the universe 
at the time of its emission 

▶ Densities of matter, radiation, dark matter 

▶ Fluctuations, Hubble rate, … 

GWs could do the same 

▶ For earlier times 

▶ For different periods! 

▶ Need a strong source (CMB photons are just there!)
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Primordial sources of GWs

First order phase 
transitions (symmetry 
breaking) 

Inflation/Reheating 

Cosmic strings 

7

2

FIG. 1: Slices of fluid energy density E/T 4
c at t = 400 T−1

c ,
t = 800 T−1

c and t = 1200 T−1
c respectively, for the η = 0.2

simulation. The slices correspond roughly to the end of the
nucleation phase, the end of the initial coalescence phase and
the end of the simulation.

W ε, contracting [∂µT µν ]
fluid

with Uν yields

Ė + ∂i(EV i) + p[Ẇ + ∂i(WV i)]−
∂V

∂φ
W (φ̇+ V i∂iφ)

= ηW 2(φ̇+ V i∂iφ)
2. (5)

The equations of motion for the fluid momentum density
Zi = W (ε+ p)Ui read

Żi+∂j(ZiV
j)+∂ip+

∂V

∂φ
∂iφ = −ηW (φ̇+V j∂jφ)∂iφ. (6)

The principal observable of interest to us is the power
spectrum of gravitational radiation resulting from bub-
ble collisions. One approach is to project Tij at every
timestep and then making use of the Green’s function to
compute the final power spectrum [34, 35]; this is quite
costly in computer time. Instead, we use the procedure
detailed in Ref. [36]. We evolve the equation of motion
for an auxiliary tensor uij ,

üij −∇2uij = 16πG(τφij + τ fij), (7)

where τφij = ∂iφ∂jφ and τ fij = W 2(ε+ p)ViVj . The phys-
ical metric perturbations are recovered in momentum
space by hij(k) = λij,lm(k̂)ulm(t,k), where λij,lm(k̂) is
the projector onto transverse, traceless symmetric rank 2
tensors. We are most interested in the metric perturba-
tions sourced by the fluid, as the fluid shear stresses gen-
erally dominate over those of the scalar field, although it
will be instructive to also consider both sources together.
Having obtained the metric perturbations, the power

spectrum per logarithmic frequency interval is

dρGW(k)

d ln k
=

1

32πGL3

k3

(2π)3
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dΩ
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. (8)

We simulate the system on a cubic lattice of N3 = 10243

points, neglecting cosmic expansion which is slow com-
pared with the transition rate. The fluid is imple-
mented as a three dimensional relativistic fluid [37], with
donor cell advection. The scalar and tensor fields are

evolved using a leapfrog algorithm with a minimal sten-
cil for the spatial Laplacian. Principally we used lat-
tice spacing δx = 1T−1

c and time step δt = 0.1T−1
c ,

where Tc is the critical temperature for the phase tran-
sition. We have checked the lattice spacing dependence
by carrying out single bubble self-collision simulations for
L3 = 2563 T−3

c at δx = 0.5T−1
c , for which the value of

ρGW at t = 2000T−1
c increased by 10%, while the final

total fluid kinetic energy increased by 7%. Simulating
with δt = 0.2T−1

c resulted in changes of 0.3% and 0.2%
to ρGW and the kinetic energy respectively.

Starting from a system completely in the symmet-
ric phase, we model the phase transition by nucleat-
ing new bubbles according to the rate per unit volume
P = P0 exp(β(t − t0)). From this distribution we gener-
ate a set of nucleation times and locations (in a suitable
untouched region of the box) at each of which we insert a
static bubble with a gaussian profile for the scalar field.
The bubble expands and quickly approaches an invariant
scaling profile [23].

We first studied a system with g = 34.25, γ = 1/18,
α =

√
10/72, T0 = Tc/

√
2 and λ = 10/648; this allows

comparison with previous (1 + 1) and spherical studies
of a coupled field-fluid system where the same parameter
choices were used [23]. The transition in this case is rela-
tively weak: in terms of αT , the ratio between the latent
heat and the total thermal energy, we have αTN

= 0.012
at the nucleation temperature TN = 0.86Tc. We also
performed simulations with γ = 2/18 and λ = 5/648, for
which αTN

= 0.10 at the nucleation temperature TN =
0.8Tc, which we refer to as an intermediate strength tran-
sition. We note that αTN

∼ 10−2 is generic for a first
order electroweak transition, while αTN

∼ 10−1 would
imply some tuning [38].

For the nucleation process, we took β = 0.0125Tc,
P0 = 0.01 and t0 = tend = 2000T−1

c . The simulation vol-
ume allowed the nucleation of 100-300 bubbles, so that
the mean spacing between bubbles was of order 100T−1

c .
The wall velocity is captured correctly, but the fluid ve-
locity did not quite reach the scaling profile before col-
liding. Typically, the peak velocity prior to collision is
20-30% below the scaling value for the deflagrations.

For the weak transition we chose η = 0.1, 0.2, 0.4 and
0.6. The first gives a detonation with wall speed vw %
0.71, and the others weak deflagrations with vw % 0.44,
0.24, and 0.15 respectively. The shock profiles are found
in Figs. 2 and 3 of Ref. [23]; slices of the total energy
density for one of our simulations are shown in Fig. 1.
The intermediate transition was simulated at η = 0.4,
for which the wall speed is vw % 0.44, very close to the
weak transition with η = 0.2.

Fig. 2 (top) shows the time evolution of two quantities

from Hindmarsh et al

Outline
Introduction

Binding to Galaxy
Hunting Cosmic Superstrings in the Galaxy

Conclusion

Cosmic Strings
Superstrings in String Theory
Cosmic Superstrings

Loops get formed from long (horizon-crossing) strings:

• The loops decay via gravitational radiation. Large loops live
longer.

• The inter-commutation probability Pic = 1 for ordinary strings,
but Pic  1 for superstrings. It can be as small as Pic ' 10�3.
(Jackson, Jones, Polchinski)
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GWs from Phase Transitions

QFT at finite temperature ➞ symmetry restoration 

For first order PT 
▶ Need barrier here 

PT occurs at TN 

Potential energy   
   
            GWs  

Not in SM! Possible in  
 BSM scenarios

8

T ≫ TC
T = TC T = TN

T = 0



GWs from Phase Transitions
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First order PT ➞ Bubbles nucleate, expand

Bubble collisions ➞ Gravitational Waves

hhi = 0

hhi = v
hhi = 0 hhi = v



PT signal

PT characterised by few parameters: 
• Latent heat 

• Bubble wall velocity 
• Bubble nucleation rate 
• PT temperature 

Three physical contributions 
• Bubble wall collisions 
• Turbulence 
• Sound waves
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Figure 3: Example output of the ’PTPlot’ tool. The plot shows the expected GW power spectrum

and the LISA sensitivity curve.

methods for going beyond the standard approach and the corresponding uncertainties as they

relate to LISA.

The majority of GW predictions in specific BSM scenarios rely on the computation of

the e↵ective potential V [{�i}], through a perturbative expansion to one- or sometimes two-

loop order in four dimensions (4D). Here, {�i} denotes the set of scalar fields involved in the

transition (the order parameters). Under the assumption that the {�i} are homogeneous,

one may compute the finite temperature corrections to the classical potential. The global

minimum of the e↵ective potential then corresponds to the finite temperature expectation

value of the fields. The order of the transition is determined by whether this minimum

changes continuously (second order/cross-over) or discontinuously (first order) as a function

of temperature. The parameter ↵ follows directly from the e↵ective potential, while �/H⇤

and T⇤ can be determined by computing the action of the bounce solution, which follows from

the Euclidean equations of motion for the scalar(s) again utilizing the e↵ective potential.

An alternative method that has received renewed interest lately is to investigate the phase

diagram and determine the GW parameters by computing the e↵ective action using numerical

Monte-Carlo lattice simulations. This method was instrumental in establishing that the

minimal Standard Model does not have a first order phase transition at the physical value

of the Higgs mass [2]. By considering the e↵ective action rather than just the e↵ective

potential, no assumption is made about homogeneity of the fields, and mixed configurations

(such as bubbles) contribute. Issues related to the well-known infrared divergences of finite

temperature perturbation theory are automatically avoided in this approach, allowing for

theoretically robust and accurate predictions. The computation may be done in full 4D

simulations of an e↵ective bosonic model [3], but because of the numerical e↵ort involved,

parameter scans are more feasible in simulations of e↵ective 3D models that are matched

onto the 4D theory at high temperature through a procedure known as dimensional reduction

20
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Signal properties

11Figure 3: Example output of the ’PTPlot’ tool. The plot shows the expected GW power spectrum

and the LISA sensitivity curve.
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the Euclidean equations of motion for the scalar(s) again utilizing the e↵ective potential.
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diagram and determine the GW parameters by computing the e↵ective action using numerical

Monte-Carlo lattice simulations. This method was instrumental in establishing that the

minimal Standard Model does not have a first order phase transition at the physical value

of the Higgs mass [2]. By considering the e↵ective action rather than just the e↵ective

potential, no assumption is made about homogeneity of the fields, and mixed configurations

(such as bubbles) contribute. Issues related to the well-known infrared divergences of finite

temperature perturbation theory are automatically avoided in this approach, allowing for

theoretically robust and accurate predictions. The computation may be done in full 4D

simulations of an e↵ective bosonic model [3], but because of the numerical e↵ort involved,

parameter scans are more feasible in simulations of e↵ective 3D models that are matched

onto the 4D theory at high temperature through a procedure known as dimensional reduction
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Frequency ranges
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FIG. 2. Noise curves (left) and PLI sensitivity curves (right) for various gravitational wave observa-
tories. Dashed black lines in the left-hand plot indicate the expected magnitude of several important
backgrounds, in particular super-massive black hole binaries (SMBHB) [55, 56], and galactic [57, 58] as
well as extra-galactic [59, 60] compact binaries (CB). In determining the power-law integrated sensitivity
curves (as well as in the toy model analyses presented in Section III), we assume that the SMBHB back-
ground will eventually be resolvable, while the CB background will remain unresolved. In the right-hand
plot, we also show example spectra generated by a phase transition at T nuc = 10GeV and with ↵ = 0.1,
�/H = 10 for both runaway and non-runaway bubbles. The parameter choices made for forthcoming
experiments are given in Appendix B, and the data underlying our noise curves and PLI sensitivity curves
can be found in the ancillary material.

noise ratio (SNR) ⇢. A stochastic gravitational wave background is detectable if the signal-to-
noise is greater than a certain threshold value ⇢thr, which is either given by the experimental
collaborations or extracted from existing data as described in Appendix B.

The optimal-filter cross-correlated signal-to-noise is [6, 61]4

⇢
2 = 2 tobs

fmaxZ

fmin

df


h
2⌦GW(f)

h2⌦e↵(f)

�2
, (27)

where tobs is the duration of the observation, (fmin, fmax) is the detector frequency band, and
h
2⌦e↵(f) is the e↵ective noise energy density, i.e. the noise spectrum expressed in the same units

as the spectral gravitational wave energy density [61]. See Appendix B 1 for more details.
To make the comparison between the predicted signal and the noise even simpler, it has

become standard practice to quote so-called power-law integrated (PLI) sensitivity curves [61].
They are obtained by assuming the gravitational wave spectrum follows a power law with spectral
index b, i.e.

h
2⌦GW(f) = h

2⌦b

✓
f

f̄

◆
b

, (28)

where h2⌦b is the gravitational wave energy density at the arbitrarily chosen reference frequency
f̄ . According to Eq. (27), such a power-law signal is detectable if

h
2⌦b > h

2⌦thr
b

⌘
⇢thr

p
2tobs

2

64
fmaxZ

fmin

df

 �
f/f̄

�
b

h2⌦e↵(f)

!2
3

75

� 1
2

. (29)

4
For the case of a single-detector auto-correlated analysis, the factor 2 in Eq. (27) has to be dropped.
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Signal shape and frequency is characteristic for the 
source. Examples: 

Phase transition 
▶ Peak position depends 

on critical temperature 

Audible axions: 
▶ Peaked 

 but chiral 

Cosmic strings 
▶ Flatter spectrum

13

Buchmuller,  
Domcke, 
Schmitz,  

2021

Madge, PS, 2018
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FIG. 2. Black lines give benchmark gravitational wave spectra for various values of the model parameters (shown in
Table I). The black dots show the prediction of the peak location using the scaling relation in Eq. 23. Colored curves
are power law sensitivities for various gravitational wave detectors- Green (dotted): IPTA (SKA), Red: LISA 4-yr
(projected), Blue: LIGO 2022 (projected), Brown: DECIGO (projected), Magenta: BBO (projected). ADD ET IN
CAPTION AS WELL.

detectors. The low mass region 10�19 eV . m .
10�13 eV will also be probed by the black hole su-
perradiance with data from LISA [10], showing some
unexpected complementarity of GW measurements
by LISA and PTAs.

GW Spectrum m (eV) f (GeV) ✓ ↵ ⇢0�/⇢
0
DM �Ne↵

ALP 1 5.6⇥ 10�14 2.0⇥ 1017 1.0 75 0.011 0.24

QCD Axion 1 3.0⇥ 10�11 2.0⇥ 1017 1.0 73 1.1 0.18

QCD Axion 2 6.1⇥ 10�11 1.0⇥ 1017 1.3 55 1.9 0.075

ALP 2 1.0⇥ 10�2 1.0⇥ 1017 1.2 55 1.7 0.030

ALP 3 5.0⇥ 10�1 2.0⇥ 1017 1.0 75 0.85 0.069

ALP 4 1.0⇥ 102 1.0⇥ 1017 1.1 65 0.020 0.018

ALP 5 1.0⇥ 1010 2.0⇥ 1017 1.0 50 ⇤ ⇤

TABLE I. Parameter values for the gravitational wave
spectra shown in Figure 2. The present time ratio of the
axion and DM energy densities is given by ⇢0�/⇢

0
DM.

B. Chirality of the Gravitational Wave
Spectrum

As we discussed in Section III B, the dark photon
population is completely dominated by a single he-
licity and has a relatively narrow range of momenta
corresponding to the modes that experienced signif-
icant tachyonic growth. Since gravitational waves
are sourced by exponentially amplified dark photon
quantum fluctuations, they inherit the parity viola-
tion in the dark photon population. The peak of
the gravitational wave spectrum comes from the ad-
dition of two approximately parallel “+” polarized
dark photons of similar momenta k, such that a “+”
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FIG. 3. Emission time gravitational wave spectrum for
the ALP 2 model parameters. The solid black line gives
the total spectrum while the dashed lines show the con-
tributions from the “+” (red) and “�” (blue) helicities
of the spectrum.

circularly polarized gravitational wave is produced
with momentum ⇡ 2k. In contrast, the low-k tail
of the gravitational wave spectrum comes from two
approximately anti-parallel “+” polarized dark pho-
tons of similar momenta k. This results in an ap-
proximate cancellation of the polarizations and mo-
menta, leading to the production of unpolarized, low
momentum gravitational waves. These features can
be seen in Figure 3, where the peak of the gravita-
tional wave spectrum is dominated by “+” polarized
gravitational waves while the tail has equal compo-
nents of both helicities such that the net spectrum
is unpolarized.

Machado, Ratzinger,  
Stefanek, PS, 2018/19



Some recent progress 

(with my personal bias, sorry!)



Computing the GWs from PTs is hard I

Gauge fields are finite temperature are problematic 

Slow convergence of perturbation theory, non-
perturbative methods partially required 

Dimensional reduction + 3D lattice can overcome this 

15



Computing the GWs from PTs is hard II

Expanding bubbles source sound waves in plasma 
▶ Requires hydro simulations  
▶ For each parameter point! 

  

Many simulations, signal models are improving! 

16

Jinno, Konstandin, Rubira, 2021
Auclair, Caprini, Cutting, Hindmarsh,  
Rummukainen, Steer, Weir, 2022



Computing the GWs from PTs is hard III

Bubble wall velocity still open question 
▶ Strictly non-equilibrium 
▶ Runaway?  

• Yes (Boedeker and Moore, 2009 [leading order]) 
• No (Boedeker and Moore, 2017 [NLO])  

New attempts using: 
▶ Resummation  

▶ N-Body simulations  

▶ To be continued… :) 
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From Jessica Turner, 2021Höche, Kozaczuk, Long, Turner, Wang, 2020

Lewicki, Vaskonen, Veermäe, 2022



Strongly coupled PTs are also difficult

Nonabelian SU(N) dark sectors appear in many BSM 
scenarios (composite DM, twin Higgs, string theory) 

Confinement PT is first order  
for many choices of N and Nf 

Non-perturbative PT 
▶ Difficult to predict  

GW signal

18

Strong
First Order

Strong
First Order

SM

Weak Cross-over

0 •
0

•

mu,d

m
s

Figure 1: Phase diagram of QCD at zero chemical potential (schematic). The dashed region
represents our current lack of knowledge about the order of the PT in the limit of two massless
flavours.

chemical potential could be su�cient to provide a strong first order PT [25]. The resulting signal
was studied in [26].

The aim of this work is to point out that gravitational waves could also be produced by a
strong PT in a dark or hidden sector. The particular scenario we have in mind is a dark sector
with a new SU(Nd) gauge interaction which confines at some scale ⇤d. Such models have recently
received renewed interest either as models of dark matter [27–42] or as part of the low energy
sector of so called Twin Higgs models [43–48]. Di↵erent from generic hidden sectors [49], these
models provide a preferred mass range and some restrictions on the particle content, such that
the frequency range of the potential GW signal can be predicted.

Given that the SM QCD transition is not first order, we will review the known results on the
order of the PT in strongly coupled gauge theories in the next section, followed by a discussion of
models that fall into this category. In Sec. 3 we calculate the GW spectra that can be produced
in these models, and compare them to the sensitivity of current and planned GW detection
experiments in Sec. 4. We discuss the complementarity of GW experiments with other searches
for dark sectors in Sec. 5, before presenting our conclusions.

2 Models with First Order Phase Transition

Near the QCD confinement scale ⇤QCD, the dynamics of QCD is governed by three flavours,
two of which are almost massless, while the strange quark mass is of order ⇤QCD. Lattice
studies [5, 6, 50] have shown that for these values of the quark masses, the QCD PT is a weak
cross-over.

However this is not a generic result for QCD and similar theories, but more a consequence
of the precise values of mu ⇡ md and ms in the SM. The QCD phase diagram for arbitrary
mu,d and ms can be summarised in the so called Columbia plot, which is reproduced in Fig. 1,
based on [51]. The pure Yang-Mills limit mu,d,ms ! 1 is known to have a strong first order
PT [52] from the restoration of a global Z3 center symmetry at low temperatures. The opposite
mu,d,ms ! 0 limit, i.e. theories with three exactly massless quarks, also feature a strong first
order transition, related to the breakdown of the SU(3)⇥ SU(3) chiral symmetry [53].

2

from PS, 2015



Strongly coupled PTs are also difficult

Computed thermal effective 
potential in improved 
holographic QCD 
▶ Fit to reproduce finite T 

lattice data 

First prediction for GW spectra  
of QCD-like dark sectors from  
holography 

except for the wall velocity…

19
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III. EFFECTIVE ACTION FROM
HOLOGRAPHY

In order to study how the deconfinement phase transi-
tion took place in the early universe, we need to define an
e↵ective action that we can use to compute the transition
rate. The qualitative picture is as follows. For T > Tc,
the free energy gets minimized on the BBH solution. In
the 4D picture, this corresponds to a deconfined phase.
At T < Tc, it becomes energetically favorable to tunnel to
the free gas solution, corresponding to a confined phase.
Bubbles of the confined phase, and the phase transition
would be of first order. The phase transition must com-
plete before the temperature redshifts below Tmin.

A good order parameter for describing the phase tran-
sition is the horizon position �h

4. The e↵ective potential
for �h is obtained using a free energy landscape approach,
similarly to Refs. [11, 12] (see also [13] for an interesting
example applied to the Hawking-Page phase transition).
At a given temperature T , we construct field and metric
configurations that satisfy the Einstein equations, except
for the condition T = Th, which will be satisfied only
for the two values corresponding to the BBH and SBH
branches, and violated otherwise. In the latter case, a
conical singularity is present at the horizon, and its con-
tribution to the free energy is obtained after regularizing
it with a spherical cap (more details are provided in the
Supplemental Material) [14]. We obtain5

Ve↵(�h, T ) = F(�h)� 4⇡M3

p
N

2

c
b(�h)

3

✓
1�

Th

T

◆
. (14)

The result is shown in Fig. 1. We see that the poten-
tial reproduces the expected features from the discussion
above. For T > Tmin the potential has a minimum corre-
sponding to the BBH solution, a maximum correspond-
ing to the unstable SBH, and a critical point at �h ! 1,
where the free gas solution is recovered. Below Tmin, the
latter is the only critical point.

The tunneling proceeds through the nucleation of a
bubble that interpolates between the BBH solution at
infinity and some unstable, singular configuration at the
centre, rapidly decaying to the thermal gas (confined
phase). The bounce solution goes through the unstable
SBH solution. This is the equivalent, in our setup, of the
Hawking-Page transition in 4-dimensional space-time, in
which the SBH solution acts as an instanton connecting
the BBH solution to AdS space-time. [15]

4 In lattice gauge theory or other phenomenological approaches
for understanding the confinement phase transition, the conven-
tional order parameter is the Vacuum expectation value of the
Polyakov Loop which exhibits a discrete jump in the case of a
First Order Phase Transition. [8–10]

5 Here F is computed using Eq. (12) with Th in the integral. Even
though T 6= Th, this relation can be used to compute the action
of a given field configuration. The same result can be obtained
from the UV asymptotics of b(�), f(�).
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FIG. 1. Thermal e↵ective potential as a function of the hori-
zon position �h, for di↵erent temperatures T . The dashed
line represents the free energy density of the black hole solu-
tion Eq. (8)

The other ingredient that we need in order to define
an e↵ective action is the kinetic term. In principle, this
can be computed from the dilaton kinetic term and the
Ricci scalar term in the action of Eq. (1), computed on
a configuration as discussed above, and extracting the
term proportional to (~r�h(~x))2, where ~x and rx are
the 3-space coordinates and spatial derivatives. This is
anyway a complicated task, as it requires the knowledge
of the holographic counterterms that renormalize the ac-
tion (1). We postpone this task to a future investigation.
Here, we will assume a kinetic term [16]

c
N

2

c

16⇡2
(~r�h)

2 (15)

and we vary c in the range 0.1 � 10. The impact of c
on the GW spectrum, discussed below, is limited. The
bounce action is the sum of Eqs. (14) and (15), computed
on the bounce solution:

SB =
4⇡

T

Z
dr r2


c
N

2

c

16⇡2
(@r�h(r))

2 + Ve↵(�h(r), T )

�

(16)
where we assumed an O(3) symmetric action, as we are
interested in thermal tunnelling. The bounce can be cal-
culated with the overshooting/undershooting method as
a solution of the eom with �h(r ! 1) = �

BBH

h
and

@r�h(r)|r=0 = 0. We double-checked our results using
the publicly available code FindBounce [17]. The tun-
nelling rate per unit volume and time is then

� = T
4

✓
SB

2⇡

◆3/2

e
�SB . (17)

5

�/H v = 1 0.1 0.01
Tc = 50MeV 9.0⇥104 8.6⇥104 8.2⇥104

100GeV 6.8⇥104 6.4⇥104 6.1⇥104

TABLE I. Values of �/H for di↵erent wall velocities and crit-
ical temperatures.

the forces which acts on the bubble walls, namely the
pressure di↵erence between the di↵erent vacua and the
friction [29–31]. A detailed understanding of these forces
for the wall velocity is crucial for understanding the grav-
itational wave spectra emitted during a first-order phase
transition. The characteristics of the bubbles and the
amount of kinetic energy (↵) [20, 32] the bubbles obtain
are given by understanding the magnitude of the bubble
wall velocity compared to the sound speed of the plasma
[33, 34]8. Confident estimations of vw in particle physics
models which exhibit First Order Phase Transitions have
only been somewhat successful in models of first-order
Electroweak Phase Transition [36–42] and remain an ac-
tive field of research. Recently, holographic techniques
have been employed to estimate the wall velocity in a
strongly coupled phase transition [43–45]. Extrapolat-
ing the result of Refs. [43, 44] to our parameter range,
we obtain vw ⇠ O(0.01). On the other hand, Ref. [45]
obtains a terminal bubble wall velocity of vw ⇠ 0.3 in
a 3+1 dimensional simulation of the bubble growth in a
regime of at least moderately strong supercooling. Fi-
nally, if one relies on estimations of the bubble wall ve-
locity of hydrodynamical systems one conventionally uses
the Chapman-Jouguet formula

vCJ =
1/

p
3 +

p
↵2 + 2↵/3

1 + ↵
, (23)

where for ↵ ⇠
1

3
one obtains vCJ ⇡ 0.85. Given the large

discrepancy between the di↵erent approaches, we choose
to treat the bubble wall velocity as a free parameter and
leave for a future work to either perform numerical simu-
lations or try to extract qualitative semi-analytic approx-
imations of the bubble wall velocity.

Figure 2 shows our results for the gravitational waves
spectra, together with the expected sensitivity of future
GW experiments. The contours are evaluated by com-
puting the e↵ective action Eq. (16), varying c = 0.1�10.
The lowest line corresponds to c = 0.1, the uppermost to
c = 10, with c = 1 in between. The variation of c a↵ects
the GW spectrum mostly through �/H. [NR: Here we
should probably write a few short sentences about our
assumptions of the hidden sector right? or should we
have these sentences in the beginning of the section?]

8 Provided that we have a dark sector the recent study by [35] sug-
gests that further suppression in the gravitational wave spectra
shall occur if the dark radiation bath’s sound speed deviates a
lot from c2s = 1/3
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FIG. 2. Gravitational wave spectra estimated with our e↵ec-
tive action for IHQCD and the projected sensitivity curves for
future GW experiments: Square Kilometer Array (SKA) [46],
µAres [47], LISA [48], DECIGO/BBO [49], Einsten Telescope
(ET) [50], and Cosmic Explorer (CE) [51]. For illustration, we
choose a critical temperature Tc = 50MeV and Tc = 100GeV,
and the contours denote vw = 1 (grey), vw = 0.1 (red) and
vw = 0.01 (blue).

V. DISCUSSION/CONCLUSION ?

These are just a few bullet points I have come to think
about which perhaps would be nice to write into the dis-
cussion?

• the fact that the main source of error and where
there is also the most optimism in the literature
which concerns the bubble wall velocity should be
taken with great caution as it is clearly evident that
it is the most crucial parameter as we change the
kinetic term coe�cient by a total of 2 orders of
magnitude and get a change in the GW spectra of
about O(15)% meanwhile the same change in the
bubble velocity with vw = 0.1 provides a change of
4 orders of magnitude.

• the fact that we have used a tool which is actu-
ally a proper tool for studying strongly coupled
gauge theories and managed to provide Gravita-
tional wave estimates with a step forward in com-
parison to others for instance [52–54] also other pa-
pers but just as an example and to a good level
of complementarity between us and recent works
[25, 26, 41]

• comments between our results and the results by
[12, 43, 55–58] should be made such that it is clear

Enrico Morgante, Nicklas Ramberg, PS, in preparation



Probing sub-MeV phase transitions 

Very low frequency GWs induce CMB spectral distortions 

Probe sources that give peaked GW spectra (like PTs) 

20

Kite, Ravenni, Patil, Chluba, 2021



Probing sub-MeV phase transitions 

Can also directly probe the scalar (density) fluctuations 
induced by PTs in a dark or visible sector 

More sensitive! Multi-messenger cosmology! 
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Figure 13. Current and future constraints on a first order phase transition at temperature T⇤ releasing a

relative energy ↵ into the SM-plasma. For temperatures below ⇡ 2MeV the released energy ↵ leads to tensions

in BBN and CMB measurements of the baryon to photon ratio (blue). The sound waves caused by the phase

transition source GWs that can explain the NANOGrav hint (orange, filled) and in the future can be detected

over a wide range of parameter space (orange line). The green area and lines show the current and future

sensitivity to spectral distortions caused by the sound waves. At temperatures above ⇡ 1MeV the sound

waves and therefore spectral distortions are expected to be reduced due to damping by neutrino di↵usion.

and replacing ↵d ! ↵ as there is now only one fluid present.10 Since the walls now directly source
the acoustic energy in the baryon-photon fluid, we no longer rely on the gravitational coupling and
therefore simply have

✏ac(k) =
(↵)↵

1 + ↵

r
2

⇡

k
3

k3⇤
exp

✓
�

k
2

2k2⇤

◆
, (5.11)

with k⇤ = a⇤�/
p
3.

The results are shown in Fig. 13. An energy injection around or after BBN at T ⇡ 1 MeV leads to
a possible tension between the baryon to photon ratio obtained from BBN and CMB measurements.
The resulting current bound on ↵ and its temperature dependence has been investigated in [100], and
we show it in blue. As can be seen, this bound already excludes a decent chunk of the 2�-region to the
NANOGrav fit (orange, filled). However we find that the remaining region can be probed by future
distortion experiments, provided that our above estimate holds. Furthermore we obtain a significant
overlap of the parameter space testable by SKA and spectral distortions.

The previously mentioned conclusions come, however, with the following caveat: At the beginning
of BBN around T ⇡ 1 MeV, the neutrinos decoupled from the rest of the SM plasma. Similar to
the decoupling of photons, one has to expect that all perturbations on subhorizon scales might be
significantly damped due to the di↵usion of neutrinos. We anticipate that this e↵ect would reduce
the reach of distortion searches past temperatures of 1 MeV. The previously mentioned e↵ect covers
a significant region of the viable parameter space shown by the red line in Fig. 13. For transition
temperatures close to 1 MeV, in that region, it is plausibly a reduction in the GW amplitude as their
emission and the damping by ⌫-di↵usion are taking place simultaneously. We leave a detailed study
of these e↵ects to future work.

10
For transition temperatures below ⇡ 1 MeV the neutrinos are decoupled and there are technically two sectors. Since

the energy in the baryon-photon fluid is still ⌦� ⇡ 1, we make this simplifying assumption.
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NANOGrav
best fit

SKA reach  
for GWs

Nicklas Ramberg, Wolfram Ratzinger, PS, to appear



NANOGrav saw something! 

22

NANOGrav (kind of) detected stochastic GW background!

Significant Strain at low frequencies

No 4� evidence for Quadrupole

from NANOGrav colaboration: 2009.04496

Whispers from the dark side 2 / 13

From NANOGrav collaboration, 2009.04496
Now also consistent signals in PPTA, EPTA and IPTA - still not fully conclusive though



Fit with broken power law signals

23

Wolfram Ratzinger & PS, 2009.11875



Fit with Phase Transition

Generic PT parameterisation, best fit with PT at temperatures in few 
MeV range 

Also here, challenging to build model that does not break cosmology 
(BBN and/or Neff)
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Wolfram Ratzinger & PS, 2009.11875



Fit with Phase Transition

Generic PT parameterisation, best fit with PT at temperatures in 
few MeV range 

Some model parameters excluded by PTA data now! 
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Wolfram Ratzinger & PS, 2009.11875

Excluded by  
NANOGrav

Excluded by NANOGrav



Summary

GWs offer new window into the early Universe 

Can probe dynamics of otherwise invisible dark sectors, 
purely through gravitational interactions 

GWs from phase transitions probe presence of new 
symmetries (and their breaking) 
▶ Large theory effort to improve predictions on many frontiers 

PTA data already constrains new physics models 
▶ Possibly first hint for primordial GW background 

New data expected in near and far future! 
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Example: Audible Axion

Parameter reconstruction already possible 

Non-trivial constraints from cosmology (Neff)

28

Wolfram Ratzinger & PS, 2009.11875

    Excluded
    By NanoGrav



Frequency ranges

29

Pulsar timing arrays
Data already available

12
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FIG. 2. Noise curves (left) and PLI sensitivity curves (right) for various gravitational wave observa-
tories. Dashed black lines in the left-hand plot indicate the expected magnitude of several important
backgrounds, in particular super-massive black hole binaries (SMBHB) [55, 56], and galactic [57, 58] as
well as extra-galactic [59, 60] compact binaries (CB). In determining the power-law integrated sensitivity
curves (as well as in the toy model analyses presented in Section III), we assume that the SMBHB back-
ground will eventually be resolvable, while the CB background will remain unresolved. In the right-hand
plot, we also show example spectra generated by a phase transition at T nuc = 10GeV and with ↵ = 0.1,
�/H = 10 for both runaway and non-runaway bubbles. The parameter choices made for forthcoming
experiments are given in Appendix B, and the data underlying our noise curves and PLI sensitivity curves
can be found in the ancillary material.

noise ratio (SNR) ⇢. A stochastic gravitational wave background is detectable if the signal-to-
noise is greater than a certain threshold value ⇢thr, which is either given by the experimental
collaborations or extracted from existing data as described in Appendix B.

The optimal-filter cross-correlated signal-to-noise is [6, 61]4

⇢
2 = 2 tobs

fmaxZ

fmin

df


h
2⌦GW(f)

h2⌦e↵(f)

�2
, (27)

where tobs is the duration of the observation, (fmin, fmax) is the detector frequency band, and
h
2⌦e↵(f) is the e↵ective noise energy density, i.e. the noise spectrum expressed in the same units

as the spectral gravitational wave energy density [61]. See Appendix B 1 for more details.
To make the comparison between the predicted signal and the noise even simpler, it has

become standard practice to quote so-called power-law integrated (PLI) sensitivity curves [61].
They are obtained by assuming the gravitational wave spectrum follows a power law with spectral
index b, i.e.

h
2⌦GW(f) = h

2⌦b

✓
f

f̄

◆
b

, (28)

where h2⌦b is the gravitational wave energy density at the arbitrarily chosen reference frequency
f̄ . According to Eq. (27), such a power-law signal is detectable if

h
2⌦b > h

2⌦thr
b

⌘
⇢thr

p
2tobs

2

64
fmaxZ

fmin

df
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f/f̄

�
b

h2⌦e↵(f)

!2
3

75

� 1
2

. (29)

4
For the case of a single-detector auto-correlated analysis, the factor 2 in Eq. (27) has to be dropped.
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Standard model

The hot early Universe sources GWs! 
▶ Classical picture: thermal fluctuations source tensor fluctuations 
▶ Quantum picture: gluon + gluon -> graviton 
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From Ringwald,
Schütte-Engel, Tamarit, 2020

Original computations:
Ghiglieri, Laine, 2015
Ghiglieri, Jackson, Laine,  
Zhu, 2020


