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Gravitational waves: current status
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Gravitational waves: looking ahead
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The nHz gravitational wave background
Pulsar timing arrays (PTAs) 

Pulses expected 
from timing model

Pulses recorded by 
radio telescopes

Timing residuals

Credit: C. Tasillo

Discovery w/ 15 
year data: angular 
correlation follows 
characteristic 
‘Hellings-Downs’ 
curve

Common red noise due to GWs 

Monopolar correlations,
e.g. clock errors

Dipolar correlations,
e.g. ephemeris errors

HD correlation,
i.e. a GW background
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Can SMBH mergers 
really explain this ?
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Cosmological phase transitions
GW signal requires first-order transition

Not in the standard model: new physics… !

Triggered by temperature 
corrections to the potential

First Order Phase Transition: bubble nucleation

Temperature corrections to the potential
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First Order Phase Transition: bubble nucleation

Temperature corrections to the potential
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Possible cosmological sources of the nHz background.

Inflation
Reentering of tensor fluctuations

Phase transitions
Connection to dark matter?

Topological defects
Cosmic strings and domain walls

Scalar perturbations
Incl. primordial black hole formation

9

Need numerical simulations
highly non-linear dynamics
GWs produced through bubble wall collisions, 
sound waves and plasma turbulence 

3.4.2 Bubble nucleation

Broken phaseBroken phase

Symmetric phase
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After the scalar field at a point in space has tunnelled to a non-vanishing VEV, a small
bubble of the broken phase forms. The energy difference in the potential at the new
and false vacuum is released and accelerates the bubble walls, converting more space
into the broken phase. The onset of a FOPT is marked by the nucleation temperature.
It is defined as the temperature at which, on average, one bubble has nucleated per
Hubble volume. This translates into [33, 48]
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Evaluating the Hubble parameter as � =
p

8c⌧/3 d, the condition reads [49]
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This condition was (and is) commonly used to estimate the point in time when the
phase transition occurs, i.e. the parameters describing the PT were calculated at this
temperature.
Recently however, it has been shown that a better description of the PT and the emitted
GWs is given by the percolation temperature [50]. This temperature is defined as the
point in time when the Universe is permeated with a connected web of bubbles of the
broken phase. That is the case when a fraction of approximately 70% of the Universe is
converted into the broken phase. Fig. 3.4 shows a schematic slice through the Universe
at those different characteristic temperatures.
We can start the calculation of the percolation temperature)perc by defining the fraction
of the Universe in the broken phase as

%̄(C) =
4c

3

π
C

C2

dC
0�(C0) E3

w(C � C
0
)
3|      {z      }

A
3 (C,C0)

. (3.4.8)

This counts the spherical volume occupied by bubbles nucleating with the rate � and
expanding with velocity Ew. However, the above expression does not account for over-
lapping bubbles. The space which is already converted into the new phase %̄(C) is no

33

Bubbles of new vacuum phase
nucleate spontaneously
quickly expand and percolate

J. Matuszak, ‘23
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Resulting GW spectrum
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Figure 2: Plot showing the NANOGrav “violins” (red) [3], their standard explanation
through a power-law spectrum from the inspiral of SMBHBs with ASMBHB = 1.53 ⇥ 10�15

and �SMBHB = 13/3 (grey) and two phase transition spectra. A characteristic bubble wall
collision spectrum is shown in orange. A sound wave-induced GWB spectrum is shown in
blue. These spectra correspond to the best-fit parameter points found in section 5 (including
cosmological constraints and demanding �/H > 1). The blue arrows indicate how an increase
in the phase transition parameters ↵tot, T

perc

SM
or �/H would shift the spectra.

In figure 2 we illustrate the generic influence of increasing ↵tot, �/H, and T
perc

SM
on the sound

wave and bubble wall collision spectra.4 The spectra shown here correspond to the best-fit
points of the analysis including cosmological constraints presented in section 5 (with a prior
of �/H > 1).

3 PTA data analysis

In this section, we briefly go over the methods used to analyse PTA data for common red
processes. We start by commenting on two often adapted approaches that are used to fit
arbitrary GWBs to such signals. After that, we discuss in detail why model comparisons
based on global fits require a more rigorous analysis.

In order to fit a given spectrum to the PTA data, one first has to define a deterministic
timing model for each pulsar. The timing residuals are then analysed for “white” noise
(being uncorrelated in time) and time-correlated “red” noise. To make the fit to di↵erent red
noise models computationally feasible, the timing model parameters are treated as nuisance
parameters and the initial likelihood is marginalized over those. The remaining likelihood
for the low-frequency red noise is modelled as a Fourier-series at multiples of the inverse
observation period 1/Tobs of the PTA. Correlations between observed pulsars then help to
further distinguish a GWB from the intrinsic noise, as well as from other sources of red

4The influence of ⇠
perc
DS on the GWB spectrum turns out to be negligible in our work since cosmological

constraints limit it to a su�ciently small value, cf. section 5.
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A phase transition as explanation of PTA data ?

TB, Depta, Konstandin, Schmidt-Hoberg & Tasillo, JCAP ‘23

Figure 8: Left panel: Generic predictions of our three sample models in the ω→ε/H plane

(coloured areas), as displayed earlier in figures 3, 6 and 7. For comparison, the grey-shaded

area shows the results for the model-independent fit to the PTA data, cf. figure 1. Right

panel: Preferred regions for the same models after sampling over the PTA likelihood, with

stars indicating the respective best-fit points (cf. tables 2 and 3 in appendix C). Note that

the contours in the right panel are only indicative for the Abelian Higgs and the flip-flop

model, see also footnote 4, and that the di!erent models require very di!erent amounts of

tuning to explain the PTA data, see the discussion around table 1.

In all cases, we further exclude parameter points that do not lead to a successful phase

transition, i.e. where nucleation or percolation or Pf < 0.01 would not happen before today,

or have tachyonic modes in the zero-temperature vacuum state. Further, we reject points of

the two-step model which have scalar masses below the muon threshold after the transition,

in order to allow for su”ciently fast decays of the dark sector before BBN without the need

of adding large bare mass terms, as discussed in section 3.3. For details on the adopted

PTArcade likelihood and the resulting posterior distributions of the model parameters see

appendices A and C, respectively.

We show the resulting best-fit regions in the right panel of figure 8, with 1ϑ and 2ϑ

contours4 relative to the respective best-fit points (represented by stars; see table 2 in the

appendix for the corresponding model parameter values). These best-fit points indeed all

describe the data equally well, as indicated by very similar likelihoods of lnL = →103.28

4
Due to the substantial numerical cost of the sampling, in particular for the Abelian dark Higgs and

flip–flop models, we deliberately terminated the sampling before full convergence was reached. We note

that these sampling challenges are directly related to the tuning issues discussed further down. Extending

the chains further would somewhat refine the detailed contour shapes, in particular, but not a!ect the

location of the best-fit points. While the qualitative shape of the confidence regions shown in the figure

should thus only be regarded as indicative, this has no impact on our qualitative conclusions – and hence

does not warrant additional computational e!ort.

– 21 –

Various PT models can 
explain the data well

but only conformal models appear 
to do so without significant tuning 
of model parameters 

Requires phase transition (PT) to happen well before BBN  
Dark sector cannot be completely secluded

Figure 1: Left panel: 1ω and 2ω best-fit regions of current PTA data, interpreted in terms

of strength ε and speed ϑ/H of a generic dark sector FOPT (blue lines), with gravitational

waves dominantly produced from sound waves due to the expanding bubbles. The colour

code shows the corresponding reheating temperature Treh, and the hatched grey region

indicates the combination of parameters that would generate a total energy density in GWs

in conflict with !Ne! constraints from BBN and CMB [42]. The dashed grey line indicates

below which ϑ/H values the computation of the GW signal starts to become unreliable [50]

as it is not backed up by simulations. The purple lines indicate the 1ω and 2ω regions when

adding an astrophysical contribution from merging SMBH binaries to the GW signal. Right

panel: Gravitational wave spectra and NANOGrav 15 yr spectrograms [4] for the best-fit

point when allowing both a phase transition and merging SMBH contribution (marked

with a blue star in the left panel). The grey area indicates the e”ect of varying amplitude

and slope of the SMBH contribution within their 1ω expectation [20].

into account the first 14 Fourier frequencies in the range f = [2, 28] nHz as recommended

by the NANOGrav collaboration [20]. In the left panel of figure 1 we show the results

of a profile likelihood analysis in the ε → ϑ/H plane, i.e. the iso-likelihood regions after

profiling over Treh for each point in the plane. The blue solid (dashed) lines indicate the

preferred parameter region at the 1ω (2ω) level, respectively. As noted previously [20, 37–

39, 57–62], a phase transition interpretation of the PTA data generally requires low ϑ/H

and (moderately) large ε, corresponding to slow and strong transitions. The slower the

transition, in particular, the less strong it needs to be.

Within the preferred region in the ε→ ϑ/H plane, we also indicate the corresponding

reheating temperatures Treh that are needed to explain the data. Ranging from a few

10MeV to a few 100MeV, these are higher temperatures than inferred from the NANOGrav

12.5 yr data [37], which relaxes cosmological constraints (see below) significantly. The

reason is that the observed signal, see right panel of the figure, is now best fit by the

rising part of the phase transition spectrum. Compared to the peak and UV tail of the

– 5 –

A PT (still) provides an 
excellent fit to data

Larger Treh compared to 
12.5yr data: relaxes BBN 
constraints, but still very 
relevant for model-building

TB, Konstandin, Matuszak,           
Schmidt-Hoberg & Tasillo,  2602.09092

Would in principle allow to measure 
dark sector model parameters !
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Dark matter
Overwhelming evidence on all scales  

galactic scales
A Primer on Dark Matter 3
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Fig. 1 Illustration of the formation of structures in the early universe without (left) and with (right) dark matter. Only in the latter case
do non-linear structures form that lead to the creation of stars and galaxies (yellow). In the former case, in contrast, the universe
would remain largely uniform, developing only rather small density perturbations in ordinary matter (red). This largely agreed-upon
picture rests on two observational inputs: i) the temperature of the nearly uniform CMB radiation, and ii) the tiny fluctuations of this
temperature, depending on the direction in the sky (here strongly enhanced for visual purposes).

The average energy density ω̄ of the universe can only depend on time, not space, because of the cosmological principle. This is of
course not true for the local density ω at any given position x. We denote this local density as ω(t, x) → ω̄(t) [1 + ε(t, x)], where we have
introduced the density contrast ε. This density contrast thus indicates whether the local density is larger (ε > 0) or smaller (ε < 0) than the
average cosmological density; in the former case we speak of a local overdensity. How is such an overdensity expected to evolve in time?
The two most important effects in this context are gravity and the intrinsic pressure of radiation: The former is always attractive and will
hence tend to increase the overdensity, while the latter is repulsive and will therefore tend to decrease it. If an overdensity extends over a
sufficiently large region of space, the gravitational pull always dominates and the overdensity grows, attracting more and more matter from
the surrounding regions (as long as this is efficiently possible, i.e. until close to depletion). This is known as the Jeans instability.

We can further refine the above description by introducing average densities ω̄i and density contrasts εi for each of the various main
components that the universe consists of. Examples for this subscript i include in particular any form of ‘radiation’ (i = r), i.e. massless
particles such as photons or matter moving at velocities close to the speed of light, as well as more slowly moving or ‘cold’ matter (i = m).
At very early times, as evidenced by the CMB, the universe was highly homogeneous, which implies |εi| ↑ 1 for these components. Thus,
the underlying equations describing density contrasts become linear, since terms involving powers of εi are subdominant compared to εi
itself. This greatly simplifies the quantitative analysis of how such tiny overdensities evolve in an expanding universe. In fact, the resulting
equations can now be solved fully analytically. One finds that overdensities in radiation, εr, do not grow and instead slowly decrease in
time. Overdensities in matter, on the other hand, grow at the same rate as the universe expands:

εm(t) ↓ a(t) . (1)

Note that this crucial result is in accordance with our rough qualitative considerations above. It assumes that there are no additional
interactions between the different components, and that the overall energy density of the universe, ω̄, is dominated by rest mass – as is the
case during the times relevant for our discussion here. As we will explain further down, the situation becomes more complicated once
the perturbations start to become non-linear, εm ↭ 1, and sophisticated numerical simulations have to replace the simple analytic treatment
sketched here.

2.2 Evidence for dark matter

The early universe was a hot plasma of electrons and protons that frequently interacted with each other and with photons. As the universe
expanded and cooled down, electrons and protons combined to neutral hydrogen – releasing the photons that we now observe as CMB. The
observation of this background radiation, combined with the basic understanding of linear perturbation theory sketched above, immediately
demonstrates that the universe cannot only consist of ordinary matter (commonly denoted as ‘baryons’ in the cosmological context). Let us
take this important argument step by step:

1. Initially, the released CMB photon energy corresponded to the plasma temperature TCMB = 0.3 eV: at this point neutral hydrogen forms
because there are no longer sufficiently many energetic photons to overcome the ionization energy of hydrogen, EH ↔ 13.6 eV. As the
universe expanded the wavelengths of these photons were stretched, similar to the well-known Doppler effect for sound waves, thus
resulting in a decrease of their frequencies and hence energies. The observed CMB temperature of T

today
CMB ↗ 2.7 K ↗ 0.2 meV therefore

implies that the universe must have been a factor of about atoday/aCMB ↗ 103 smaller at CMB times than it is today.
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Upshot: we know exactly how much there is…
⌦CDMh2 = 0.1188± 0.0010
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Figure 1: (Incomplete) Venn diagrams of theories of dark matter.

1. Introduction

The evidence for dark matter is overwhelming [1], and points to the need for what is most
likely a new quantum field which must supplement the Standard Model (SM) of particle physics.
The identification of this field is thus of paramount importance in order to extend the Standard
Model. Seeing how dark matter fits together with the Standard Model structure is a likely to
provide key insights into fundamental physics and may reveal new principles of Nature. A wide
variety of experimental searches aimed at uncovering clues are underway. In this talk I provide an
over-view of theoretical ideas for what could constitute the dark matter (Sec. 2) and discuss the
current status of experimental searches (Sec. 3). I apologize in advance that because each of these
areas are wide fields in themselves, my discussion will by necessity be somewhat personalized and
incomplete. I must further apologize that references are largely to reviews or other talks at the
conference, and are intended more as a starting point for an interested reader to learn more rather
than a fair historical representation of the literature.

2. Candidates

There are a wide variety of the theoretical ideas as to what might constitute the dark matter
(see Fig. 1). In terms of its particle physics properties, a viable dark matter candidate must satisfy
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Freeze-out of ‘hidden’ dark matter
Thermal production works equally 
well for vanilla WIMPs and fully 
decoupled dark sectors

but details need to be implemented 
correctly for precision treatment

observational uncertainty
on DM abundance

TB, Depta, Hufnagel & 
Schmidt-Hoberg, PLB ‘21

dark radiation (DR) 
degrees of freedom

SM DR

(annihilation)
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A minimal dark sector model
Balan, TB, Kahlhoefer, Matuszak & Tasillo, JCAP ‘25

SU(3)c ⇥ SU(2)L ⇥ U(1)Y
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Global fits
Need care when statistically 
combining multiple 
experimental constraints
Especially for many individual 
observations… 
… as well as in the presence of 
nuisance parameters

Rep. Prog. Phys. 85 (2022) 052201 Key Issues Review

Figure 2. Starting from four individual likelihood functions (top; orange, blue, red and green, where lighter shades indicate greater
likelihood), we compare overlaid 95% contours (bottom left) versus a combination of the likelihoods (bottom right; blue contours). The
dashed black line in both bottom panels is the intersection of the limits from the individual likelihoods. The red line in the bottom right panel
is the resulting 95% contour of the product of all likelihoods.

Second, parameters that are not of interest are integrated over,
resulting in a marginal posterior distribution. A 95% credible
region for the remaining parameters of interest is found from
the marginal posterior by de!ning a region containing 95%
of the posterior probability. In general, credible regions only
guarantee average coverage: suppose we re-sampled model
parameters and pseudo-data from the model and constructed
95% credible regions. In 95% of such trials, the credible region
would contain the sampled model parameters [15, 32]. Whilst
credible regions and con!dence intervals are identical in some
cases (e.g. in normal linear models), the fact that they in gen-
eral lead to different inferences remains a point of contention
[33]. For both credible regions and con!dence intervals, the
level only stipulates the size of the region. One requires an
ordering rule to decide which region of that size is selected.
For example, the Feldman–Cousins construction [34] for con-
!dence regions and the highest-posterior density ordering rule
for credible regions naturally switch from a one- to a two-tailed
result.

When several experiments report con!dence regions,
requiring that the true value must lie within all of those regions
amounts to approximating the combined con!dence region by
the intersection of regions from the individual experiments.
This quickly loses accuracy as more experiments are applied
in sequence, and leads to much greater than nominal error
rates. This is because by taking an intersection of n indepen-
dent 95% con!dence regions, a parameter point has n chances
to be excluded at a 5% error rate, giving an error rate of
1 − 0.95n [35].

This issue is illustrated in !gure 1 using the B-
physics observable φs, which is a well-measured phase
characterising charge conjugation and parity symmetry
(CP) violation in Bs meson decays [36]. We perform
10 000 pseudo-experiments64. Each pseudo-experiment con-
sists of a set of !ve independent Gaussian measurements of
an assumed true standard model value of φs = −0.037 with
statistical errors 0.078, 0.097, 0.037, 0.285, and 0.17, which
are taken from real ATLAS, CMS and LHCb measurements65.
We can then obtain the 95% con!dence interval from the com-
bination of the !ve measurements in each experiment66, and
compare it to the interval resulting from taking the intersec-
tion of the !ve 95% con!dence intervals from the individual
measurements. We show the !rst 100 pseudo-experiments in
!gure 1. As expected, the 95% con!dence interval from the
combination contains the true value in 95% of simulated exper-
iments. The intersection of !ve individual 95% con!dence
intervals, on the other hand, contains the true value in only 78%
of simulations. Thus, overlaying regions leads to in"ated error
rates and can create a misleading impression about the viable
parameter space. Whilst this is a one-dimensional illustration,

64 In a pseudo-experiment, we simulate the random nature of a real experi-
mental measurement using a pseudo-random number generator on a computer.
Pseudo-experiments may be used to learn about the expected distributions of
repeated measurements.
65 See equation (91) and table 22 in [36].
66 We used the standard weighted-mean approach to combine the results [37].
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Global Fits

The intersection,
Error rate = 1 − 0.95$

95% confidence 
exclusion bound:
rate at which the true 
parameter values are 
excluded is limited 
to 5%Ex: 5 experiments 

• error rate = 1 − 0.95% = 23%	
• falsely reporting 95% C.L.

Composite likelihood function,

10The status of sub-GeV DM | Taylor R. Gray

GAMBIT arXiv:2012.09874
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GAMBIT is a software framework for global fits 
actively developed over the past decade

GWs and DM from phase transitions

GAMBIT: The Global And Modular BSM Inference Tool
gambitbsm.org          github.com/GambitBSM EPJC 77 (2017) 784          arXiv:1705.07908

• Extensive model database, beyond SUSY
• Fast definition of new datasets, theories
• Extensive observable/data libraries 
• Plug&play scanning/physics/likelihoods
• Various statistical options 

(frequentist /Bayesian)
• Fast LHC likelihood calculator
• Massively parallel
• Fully open-source

Members of: ATLAS, Belle-II, CLiC, CMS, 
CTA, Fermi-LAT, DARWIN, IceCube, LHCb, SHiP, XENON
Authors of: BubbleProfiler, Capt'n General, Contur, 
DarkAges, DarkSUSY, DDCalc, DirectDM, Diver, EasyScanHEP, 
ExoCLASS, FlexibleSUSY, gamLike, GM2Calc, HEPLike, 
IsaTools, MARTY, nuLike, PhaseTracer, PolyChord, Rivet, 
SOFTSUSY, Superlso, SUSY-AI, xsec, Vevacious, WIMPSim

Recent collaborators: P Athron, C Balázs, S Balan, T 
Bringmann, G Busoni, J Butterworth, C Chang, J M Cornell, B 
Farmer, A Fowlie, T Gonzalo, W Handley, I-M Johansson, A 
Jueid, F Kahlhoefer, N P A Kozar, A Kvellestad, M Lucente, S 
Lee, N Mahmoudi, G D Martinez, J Matuszak, H Pacey, M 
Palmiotto, M Pitts, T Procter, A Raklev, R R de Austri, P Scott, 
C Sierra, L Street, P Stoecker, W Su, C Tasillo, A Vincent, M 
White, L Wu, Y Zhang, P Zhu, J Zuk

 

80+ participants in many experiments and numerous major theory codes
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Global fit results
Balan, TB, Kahlhoefer, Matuszak & Tasillo, JCAP ‘25

Loud PT on top of astro-
physical SMBH merger signal

addresses issues with SMBH signal slope 
and normalization

‘best fit’ point 
for secluded 
dark sector

100% of observed 
dark matter 

Satisfies constraints from BBN, CMB, 
Bullet cluster, (in)direct searches

Testable prediction 
for               :
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Secluded vs coupled dark sector
Balan, TB, Kahlhoefer, Matuszak & Tasillo, JCAP ‘25

NB: Thermalization requires     
within experimental reach
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ω → e+e→

… but even           
may be possible

GWs and DM from phase transitions
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Figure 7. Relevant processes for the thermalisation and subsequent decoupling of SM electrons, the
DM particle ω and the dark Higgs boson ε in the secluded dark sector scenario.

sector (middle panel),5 such that the sum of DM particles, DM antiparticles and dark Higgs
particles remains constant: Nω + Nω̄ + Nε = const. Introducing the number densities nω,ε,
the SM entropy density s(T ) and the yields Yω,ε = nω,ε/s, this equation can also be written as

Yω + 1
2Yε = const . (4.1)

In practice, we determine this constant at the temperature T SM

f when the dark sector
decouples from the SM, i.e. at the freeze-out temperature of the process ωω → e+e→.

For T < T SM

f , as long as the DM particles and the dark Higgs bosons are in equilibrium
with each other, detailed balance requires

Y 2

ω ↑ϑv↓ωω↑εε = Y 2

ε ↑ϑv↓εε↑ωω , (4.2)

where the brackets denote thermal averages. Together, eqs. (4.1) and (4.2) determine the
number densities of DM particles and dark Higgs bosons as a function of temperature, see
appendix C for further details. This, along with the thermally averaged cross sections, allows

5This necessarily holds if the dark sector decouples when already non-relativistic. Otherwise there might
still be e!cient number-changing processes, such as 3ω → 2ω and εε̄ → 3ω [125, 126], a detailed study of
which is left for future work. We note, however, that in such a case the dark sector would initially still behave
as if in chemical equilibrium with the SM, because the dark sector interactions would enforce a vanishing
chemical potential (while εe± ↑ εe± keeps kinetic equilibrium with the SM). However, the number-changing
processes are expected to become ine!cient before the process εε̄ → ωω freezes out, see also ref. [127], such
that chemical potentials will eventually become non-negligible.
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In the secluded sector case, 
the scalar must be slightly 
lighter than the DM particle

tim
e

first step: determines total dark sector content
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Figure 14. Top. DM relic density (solid black line) in the secluded dark sector scenario as a function
of the mass splitting ω, with the other model parameters set to the values of Point B in table 1. The
corresponding would-be relic density of the scalar particles ε, neglecting their eventual decay, is given
by the solid blue line. The dotted black line shows the DM relic density that would result if one were
to neglect the ϑϑ → εε interactions. Bottom. Value of x = mω/T indicating the freeze-out of these
number-changing dark-sector interactions. All curves are computed using DarkSUSY.

of the dark-sector interactions ϑϑ → εε: even for very small (positive) values of ω, there
is simply not su!cient energy density stored in the scalars at SM freeze-out, cf. eq. (C.1),
that could subsequently be converted to DM particles. This abruptly changes as mω > mε,
allowing DM particles to annihilate very e!ciently into ε, after decoupling from the SM,
while the reverse process is kinematically inhibited. This results in an exponential drop in
the DM relic density for small negative values of ω. The figure also shows that the dark sector
decouples significantly later than the SM in our scenario, xε

f ↑ xSM

f ↓ 12, which justifies our
treatment of the DM freeze-out process as consisting of two distinct steps. As also expected,
ϑϑ → εε remains in equilibrium most e!ciently as ω ↔ 0, in which case we can encounter
freeze-out as late as xε

f ↭ 104 in the most extreme case.

We stress that the above derivation, and in particular the calculation of r̄, strongly relies
on the fact that both ϑ and ε remain in kinetic equilibrium during the freeze-out process.
In fact, deviations of the velocity distributions from the Maxwellian shape may in general
strongly impact relic density calculations in ‘forbidden’ DM scenarios, making it necessary to
move beyond Boltzmann equations based on number densities alone [121, 122]. We estimate
that kinetic decoupling of ϑ from the SM happens approximately when electrons start to
become Boltzmann suppressed, i.e. T ↓ me. This temperature is only slightly larger than
the decoupling temperature T ε

f , which is of the order of 50–200 keV (for the parameters of
our best-fit regions). Concerning the assumption that ε is kept in local equilibrium with
ϑ, we refer to the discussion in the main text, cf. footnote 4.
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Figure 7. Relevant processes for the thermalisation and subsequent decoupling of SM electrons, the
DM particle ω and the dark Higgs boson ε in the secluded dark sector scenario.

sector (middle panel),5 such that the sum of DM particles, DM antiparticles and dark Higgs
particles remains constant: Nω + Nω̄ + Nε = const. Introducing the number densities nω,ε,
the SM entropy density s(T ) and the yields Yω,ε = nω,ε/s, this equation can also be written as

Yω + 1
2Yε = const . (4.1)

In practice, we determine this constant at the temperature T SM

f when the dark sector
decouples from the SM, i.e. at the freeze-out temperature of the process ωω → e+e→.

For T < T SM

f , as long as the DM particles and the dark Higgs bosons are in equilibrium
with each other, detailed balance requires

Y 2

ω ↑ϑv↓ωω↑εε = Y 2

ε ↑ϑv↓εε↑ωω , (4.2)

where the brackets denote thermal averages. Together, eqs. (4.1) and (4.2) determine the
number densities of DM particles and dark Higgs bosons as a function of temperature, see
appendix C for further details. This, along with the thermally averaged cross sections, allows

5This necessarily holds if the dark sector decouples when already non-relativistic. Otherwise there might
still be e!cient number-changing processes, such as 3ω → 2ω and εε̄ → 3ω [125, 126], a detailed study of
which is left for future work. We note, however, that in such a case the dark sector would initially still behave
as if in chemical equilibrium with the SM, because the dark sector interactions would enforce a vanishing
chemical potential (while εe± ↑ εe± keeps kinetic equilibrium with the SM). However, the number-changing
processes are expected to become ine!cient before the process εε̄ → ωω freezes out, see also ref. [127], such
that chemical potentials will eventually become non-negligible.
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φ in eq. with SM during entire freeze-out process  

only way to avoid full DM depletion: ‘forbidden’ annihilation
D’Agnolo & Ruderman, PRL ‘15
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revisit this assumption in section 4, and discuss in detail the processes that thermalize the
dark sector with itself and with the SM. In section 5 we finally calculate the e↵ect of ine�cient
thermalisation on the GW signal. We consider the dilution due to entropy injection and show
that for hot dark sectors a net enhancement of the GW amplitude can remain, while the peak
frequency is essentially una↵ected. We conclude in section 6 with a summary of our results
and some remarks about their consequences. In two technical appendices, we provide details
on the bubble wall velocity (appendix A) and on the Boltzmann equations for entropy transfer
(appendix B).

2 Dark sector phase transition

2.1 Dark sector model

The model we study in this work is an extension of the models considered in refs. [11, 33] and
consists of a complex scalar � charged under the U(1)0 gauge symmetry, the associated gauge
boson A0

µ, and two chiral fermion DM candidates, �L and �R. The Lagrangian describing
the model is

L =|Dµ�|
2
�

1

4
A0

µ⌫A
0µ⌫ + µ2�⇤�� �(�⇤�)2

+ �†
Li /D�L + �†

Ri /D�R � y��†
L�R � y�⇤�†

R�L , (2.1)

where A0
µ⌫ is the field strength tensor of A0

µ, � and y are dimensionless couplings and µ is a
bare mass parameter for �. The complex scalar and fermions are charged under the U(1)0

group as Q� = +1, Q�L = +1/2 and Q�R = �1/2. The kinetic mixing of the dark photon
with SM hypercharge and the portal coupling of the scalar field � with the SM Higgs field are
assumed to be small enough that they satisfy experimental bounds (see, e.g., refs. [34, 35] for
bounds on dark photons and ref. [36] for a recent review of bounds on Higgs mixing) and do
not play a role during the PT. We will return to these terms in section 4.2 when discussing
the thermalisation of the dark sector with the SM bath.

The tree-level scalar potential of our model has a minimum at v� = ±
p

µ2/�. One can
hence expand the complex field as � = (v� + � + i')/

p
2, where � and ' are real scalar

fields. In addition, the chiral fermions �L and �R can be written as a Dirac fermion �. The
Lagragian in eq. (2.1) can thus be re-written as

L =
1

2
@µ�@

µ�+
1

2
@µ'@

µ'�
1

4
A0

µ⌫A
0µ⌫

�
1

2
m2

��
2 +

1

2
m2

A0A
0
2

µ

� gA0
µ['@

µ�� �@µ'� v�@
µ'] +

g2

2
�2A

0
2

µ +
g2

2
'2A

0
2

µ + g2v��A
0
2

µ

� �v��
3
� �v�'

2��
�

4
�2'2

�
�

4
�4

�
�

4
'4

+ i�̄/@��m��̄�+
g

2
�̄ /A

0
�5��

y
p
2
��̄�+ i

y
p
2
'�̄�5� , (2.2)

where g is the gauge coupling associated with the U(1)0 symmetry, and the bare masses of
the various fields depend on the vacuum expectation value (vev) v� as

m2

� = �µ2 + 3�v2� = 2�v2�, m2

' = 0, m2

A0 = g2v2�, m2

� =
y2

2
v2�. (2.3)
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scalar field charged under U(1)’ 
(Chiral) dark matter fermion

mass & thermal freeze-out
after PT

Result: striking correlation between 
GW peak frequency and DM abundance

Why ??
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At the same time, gravitational wave (GW) observatories have opened a completely
new window into the universe, making it possible to observe objects and phenomena that
a↵ect visible matter only through gravity. The proposed LISA mission [4] will extend this
window to the mHz frequency range, allowing in particular for the observation of a stochastic
GW background that would be connected to a strong first-order phase transition (PT) close
to the electroweak scale [5–7]. LISA therefore raises new hopes to detect dark sectors that
are otherwise unobservable. Over the past few years, first-order PTs in dark sectors have
been studied in great detail [8–12], and various correlations between GW signals and the
phenomenology of DM have been explored [13–25]. The conclusion of these studies is that
it is di�cult to robustly predict the expected amplitude of the GW signal for a given DM
model, because strong PTs often only happen in special regions of parameter space. In
other words, it appears generally challenging to identify a strong correlation between the
GW amplitude and the DM abundance. In this work, we instead focus on the peak frequency
of the GW signal and show that it can be tightly correlated with the predicted DM relic
abundance. Intriguingly, when imposing the observed value of ⌦DMh2 = 0.12 and focussing
on GW signals strong enough to be potentially observable, we predict a GW peak frequency
that falls right into the most sensitive range of LISA.

Before describing our analysis in detail, let us provide a rough sketch of the argument.
We consider a dark sector comprised of a fermionic DM candidate � charged under a new
U(1)0 gauge group that is spontaneously broken by the vacuum expectation value (vev) v�
of a new dark Higgs field. It is well known that strong PTs can occur in this model for a
su�ciently large gauge coupling [26, 27]. All newly introduced particles are massless before
symmetry breaking and acquire a mass proportional to v� afterwards. The dark gauge boson
A0 (a.k.a. dark photon) and the dark Higgs boson � are generally unstable against decays
into SM particles, but � is stable and may obtain a sizeable relic abundance through thermal
freeze-out. If the spontaneous symmetry breaking occurs in a first-order PT, bubbles of the
new phase will nucleate spontaneously, expand and collide. This process perturbs the dark
plasma and leads to the emission of GWs, with a present-day peak frequency very roughly
given by [7]

fpeak ' 10mHz

✓
�/H

100

◆✓
Tp

1TeV

◆
. (1.1)

Here �/H denotes the speed of the PT and Tp is the temperature of the SM heat bath at
the time of percolation. For a not-too-strongly supercooled dark sector PT, which is what
we consider here, one expects �/H ⇠ 100 and Tp ⇠ v�.

The relic density from thermal freeze-out, on the other hand, can in leading-order
approximation be written as [28]

⌦DM ' 0.1
10�8GeV�2

h�annvi
, (1.2)

with h�annvi the thermally averaged DM annihilation cross section. If the DM particles
dominantly annihilate into the dark Higgs bosons �, arising from the same dark Higgs field
that generates the DM mass, it is parametrically of the form

h�annvi ⇠
y4

m2

DM

⇠
y2

v2�
, (1.3)
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At the same time, gravitational wave (GW) observatories have opened a completely
new window into the universe, making it possible to observe objects and phenomena that
a↵ect visible matter only through gravity. The proposed LISA mission [4] will extend this
window to the mHz frequency range, allowing in particular for the observation of a stochastic
GW background that would be connected to a strong first-order phase transition (PT) close
to the electroweak scale [5–7]. LISA therefore raises new hopes to detect dark sectors that
are otherwise unobservable. Over the past few years, first-order PTs in dark sectors have
been studied in great detail [8–12], and various correlations between GW signals and the
phenomenology of DM have been explored [13–25]. The conclusion of these studies is that
it is di�cult to robustly predict the expected amplitude of the GW signal for a given DM
model, because strong PTs often only happen in special regions of parameter space. In
other words, it appears generally challenging to identify a strong correlation between the
GW amplitude and the DM abundance. In this work, we instead focus on the peak frequency
of the GW signal and show that it can be tightly correlated with the predicted DM relic
abundance. Intriguingly, when imposing the observed value of ⌦DMh2 = 0.12 and focussing
on GW signals strong enough to be potentially observable, we predict a GW peak frequency
that falls right into the most sensitive range of LISA.

Before describing our analysis in detail, let us provide a rough sketch of the argument.
We consider a dark sector comprised of a fermionic DM candidate � charged under a new
U(1)0 gauge group that is spontaneously broken by the vacuum expectation value (vev) v�
of a new dark Higgs field. It is well known that strong PTs can occur in this model for a
su�ciently large gauge coupling [26, 27]. All newly introduced particles are massless before
symmetry breaking and acquire a mass proportional to v� afterwards. The dark gauge boson
A0 (a.k.a. dark photon) and the dark Higgs boson � are generally unstable against decays
into SM particles, but � is stable and may obtain a sizeable relic abundance through thermal
freeze-out. If the spontaneous symmetry breaking occurs in a first-order PT, bubbles of the
new phase will nucleate spontaneously, expand and collide. This process perturbs the dark
plasma and leads to the emission of GWs, with a present-day peak frequency very roughly
given by [7]
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Here �/H denotes the speed of the PT and Tp is the temperature of the SM heat bath at
the time of percolation. For a not-too-strongly supercooled dark sector PT, which is what
we consider here, one expects �/H ⇠ 100 and Tp ⇠ v�.

The relic density from thermal freeze-out, on the other hand, can in leading-order
approximation be written as [28]
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with h�annvi the thermally averaged DM annihilation cross section. If the DM particles
dominantly annihilate into the dark Higgs bosons �, arising from the same dark Higgs field
that generates the DM mass, it is parametrically of the form
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<latexit sha1_base64="wmihuFSLHvbAp6XtIHgjL6TfM2g=">AAACDXicbVC7SgNBFJ2Nrxhfq5Y2o1GwMewGiWmEgIWWEcwDsmuYndwkQ2YfzMwKYdkfsPFXbCwUsbW382+cJFto4oGBc8+5lzv3eBFnUlnWt5FbWl5ZXcuvFzY2t7Z3zN29pgxjQaFBQx6KtkckcBZAQzHFoR0JIL7HoeWNriZ+6wGEZGFwp8YRuD4ZBKzPKFFa6prHjlSEjgTw5DBNLlPbuk/OqmniCB9fQzPVVTntmkWrZE2BF4mdkSLKUO+aX04vpLEPgaKcSNmxrUi5CRGKUQ5pwYklRHotGUBH04D4IN1kek2KT7TSw/1Q6BcoPFV/TyTEl3Lse7rTJ2oo572J+J/XiVW/6iYsiGIFAZ0t6sccqxBPosE9JoAqPtaEUMH0XzEdEkGo0gEWdAj2/MmLpFku2ZVS5fa8WKtmceTRATpCp8hGF6iGblAdNRBFj+gZvaI348l4Md6Nj1lrzshm9tEfGJ8/nESbPQ==</latexit>

!
= 10→8GeV→2

A LISA miracle ?
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Sound waves, decaying dark sector

�/H < 3: No percolation

�/H < 10: GWB is overestimated
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Figure 5: Posterior distributions of model parameters in the decaying dark sector scenario.

cf. appendix A.2. Adopting a more accurate likelihood would result in a smoother transition
of the posterior in the range T

perc

SM
⇡ 1� 2 MeV, the main e↵ect being a slight increase of the

maximal possible value of �/H.

Compared to our analysis of stable DSPTs, the posterior for the inverse timescale �/H

is relatively flat up to �/H ⇠ 30, implying a very limited prior dependence. The underly-
ing reason for this is the possibility of dumping the liberated energy density into the SM
photon bath before the neutrino decoupling at around 2 MeV, thereby evading cosmological
constraints and hence opening up for large phase transition strengths ↵tot & 0.1 to fit the
common red signal even for �/H & 10. This however only works up to the point when �/H

becomes so large that its e↵ect on the peak frequency can no longer be compensated for by
a correspondingly lower percolation temperature, cf. figure 2.

In figure 4 we also indicate the Bayes factor for the decaying DSPT scenario (blue).
As anticipated, the prior dependence on �/H is much less severe than in the scenarios
discussed previously. In particular, this shows that a GWB from a decaying DSPT is a
viable explanation of the common red noise signal even for �/H > 10. Quantitatively, the
model evidence is a factor of ⇠ 200 larger than that of the nCRN hypothesis, corresponding
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19

Conclusions
The nHz GW background is consistent 
with a dark sector phase transition

Thanks for listening!

but only if the dark sector is not ‘too’ dark !

The observation of a mHz signal might 
more generically indicate thermal dark 
matter production in a secluded dark sector

… the WIMP miracle in disguise?
Figure 5: Scatter plots and 1D distributions of the DM density ⌦DMh2, the GW density
⌦GWh2 and the GW peak frequency fpeak. For comparison, the dashed line shows the
observed DM density, ⌦DMh2 = 0.12 [2]; grey shaded areas show the PLI sensitivities [10] of
pulsar timing arrays, LISA and the Einstein Telescope, respectively.

our setup correspond to a peak GW signal strength of ⌦peak

GW
h2 ⇡ 10�16, i.e. a few orders of

magnitude below the sensitivity of near-future GW observatories (indicated as grey shaded
areas). Note also that the DM density caps at ⌦DMh2 ⇡ 10, which would already correspond
to an overclosed universe; even higher values are avoided by our prior choice, in particular
the upper bound on v� and the lower bound on y.

In figure 6 we show the result of sharpening the relic density requirement by requiring
that 0.06  ⌦DMh2  0.12. Demanding in this way that the fermionic DM candidate in our
model constitutes the dominant form of DM, the predicted range of peak frequencies of the
GW signal shrinks significantly – as expected from the discussion above. Interestingly, almost
all viable parameter points now predict a peak frequency between 0.1mHz and 100mHz,
largely overlapping with the frequency range to which LISA is sensitive. In fact, the peak
frequencies for those parameter points that result in the strongest signal are the same as
those where LISA is most sensitive. This striking correlation is a non-trivial feature of our
model and constitutes one of our main results. Let us note that a few points remain that
predict peak frequencies outside the LISA band. Much smaller values of fpeak, in particular,
correspond to parameter points in the ‘forbidden’ regime, m� < m�, where DM annihilations
are exponentially suppressed at small temperatures. Smaller values of v� (and hence smaller
temperatures of the PT) can then still result in the correct DM relic abundance, but only at

– 14 –

A simple conformal model explains both the 
GW signal and the cosmological dark matter

Testable with beam dump experiments !
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TB, Depta, Konstandin, Schmidt-Hoberg & Tasillo, JCAP ‘23
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DarkSUSY

http://
darksusy.hepforge.org

Numerical package to calculate 
‘all’ DM related quantities:
relic density + kinetic decoupling 

generic SUSY models + laboratory 
constraints implemented
cosmic ray propagation
particle yields for generic DM 
annihilation or decay
indirect detection rates: gammas, 
positrons, antiprotons, neutrinos
direct detection rates
…

Module ...

..

.

Module generic_wimp
libds_generic_wimp.a

Interface functions
Internal routines

Particle physics modules
src_models/

Module mssm
libds_mssm.a

Interface functions
Internal routines

Linking to main library/user 
replaceable
Linking to chosen module

Possible (but not used) calling
Calling sequence

Main DS 
library
src/
libds_main.a

Observables 
(rates, relic 
density etc)

Main program
User-supplied, e.g. 
examples/dsmain.F

User
replaceables

User
replaceables
Functions 
replaced
and modified
by user

User
replaceables
Functions 
replaced
and modified
by user

User
replaceables
Functions 
replaced
and modified
by user

User
replaceables
Functions 
replaced
and modified
by user

TB, Edsjö, Gondolo, 
Ullio & Bergström,  

JCAP ‘18

since 6.1: DM self-interactions

(also for                              )Tdark 6= Tphoton
<latexit sha1_base64="xNJgwyCX22SvUc2xW01ZOb8m9bY=">AAACJHicdVDLSgMxFM34rPVVdekmWERXJeOz7gpuXFboC9phyKRpG5pJxiQjlGE+wd/wB9zqH7gTF25c+h1m2opa9EDgcM69ufeeIOJMG4TenLn5hcWl5dxKfnVtfWOzsLXd0DJWhNaJ5FK1AqwpZ4LWDTOctiJFcRhw2gyGl5nfvKVKMylqZhRRL8R9wXqMYGMlv3CQ1PxOiM1AhUkXq2HaEfQGfmvRQBop0tQvFFHpFLkXZwiiEhpjTMrusQvdqVIEU1T9wkenK0kcUmEIx1q3XRQZL8HKMMJpmu/EmkaYDHGfti0VOKTaS8YHpXDfKl3Yk8o+YeBY/dmR4FDrURjYymxPPetl4p9exLIPZ6abXtlLmIhiQwWZDO/FHBoJs8RglylKDB9Zgolidn9IBlhhYmyueRvM1/Xwf9I4Krmo5F6fFCvlaUQ5sAv2wCFwwTmogCtQBXVAwB14AI/gybl3np0X53VSOudMe3bALzjvn16Jpto=</latexit><latexit sha1_base64="xNJgwyCX22SvUc2xW01ZOb8m9bY=">AAACJHicdVDLSgMxFM34rPVVdekmWERXJeOz7gpuXFboC9phyKRpG5pJxiQjlGE+wd/wB9zqH7gTF25c+h1m2opa9EDgcM69ufeeIOJMG4TenLn5hcWl5dxKfnVtfWOzsLXd0DJWhNaJ5FK1AqwpZ4LWDTOctiJFcRhw2gyGl5nfvKVKMylqZhRRL8R9wXqMYGMlv3CQ1PxOiM1AhUkXq2HaEfQGfmvRQBop0tQvFFHpFLkXZwiiEhpjTMrusQvdqVIEU1T9wkenK0kcUmEIx1q3XRQZL8HKMMJpmu/EmkaYDHGfti0VOKTaS8YHpXDfKl3Yk8o+YeBY/dmR4FDrURjYymxPPetl4p9exLIPZ6abXtlLmIhiQwWZDO/FHBoJs8RglylKDB9Zgolidn9IBlhhYmyueRvM1/Xwf9I4Krmo5F6fFCvlaUQ5sAv2wCFwwTmogCtQBXVAwB14AI/gybl3np0X53VSOudMe3bALzjvn16Jpto=</latexit><latexit sha1_base64="xNJgwyCX22SvUc2xW01ZOb8m9bY=">AAACJHicdVDLSgMxFM34rPVVdekmWERXJeOz7gpuXFboC9phyKRpG5pJxiQjlGE+wd/wB9zqH7gTF25c+h1m2opa9EDgcM69ufeeIOJMG4TenLn5hcWl5dxKfnVtfWOzsLXd0DJWhNaJ5FK1AqwpZ4LWDTOctiJFcRhw2gyGl5nfvKVKMylqZhRRL8R9wXqMYGMlv3CQ1PxOiM1AhUkXq2HaEfQGfmvRQBop0tQvFFHpFLkXZwiiEhpjTMrusQvdqVIEU1T9wkenK0kcUmEIx1q3XRQZL8HKMMJpmu/EmkaYDHGfti0VOKTaS8YHpXDfKl3Yk8o+YeBY/dmR4FDrURjYymxPPetl4p9exLIPZ6abXtlLmIhiQwWZDO/FHBoJs8RglylKDB9Zgolidn9IBlhhYmyueRvM1/Xwf9I4Krmo5F6fFCvlaUQ5sAv2wCFwwTmogCtQBXVAwB14AI/gybl3np0X53VSOudMe3bALzjvn16Jpto=</latexit><latexit sha1_base64="xNJgwyCX22SvUc2xW01ZOb8m9bY=">AAACJHicdVDLSgMxFM34rPVVdekmWERXJeOz7gpuXFboC9phyKRpG5pJxiQjlGE+wd/wB9zqH7gTF25c+h1m2opa9EDgcM69ufeeIOJMG4TenLn5hcWl5dxKfnVtfWOzsLXd0DJWhNaJ5FK1AqwpZ4LWDTOctiJFcRhw2gyGl5nfvKVKMylqZhRRL8R9wXqMYGMlv3CQ1PxOiM1AhUkXq2HaEfQGfmvRQBop0tQvFFHpFLkXZwiiEhpjTMrusQvdqVIEU1T9wkenK0kcUmEIx1q3XRQZL8HKMMJpmu/EmkaYDHGfti0VOKTaS8YHpXDfKl3Yk8o+YeBY/dmR4FDrURjYymxPPetl4p9exLIPZ6abXtlLmIhiQwWZDO/FHBoJs8RglylKDB9Zgolidn9IBlhhYmyueRvM1/Xwf9I4Krmo5F6fFCvlaUQ5sAv2wCFwwTmogCtQBXVAwB14AI/gybl3np0X53VSOudMe3bALzjvn16Jpto=</latexit>

Since version 6: 
no longer restricted to 
supersymmetric DM !

since 6.2: ‘reverse’ direct detection 
(also Q2 -dependent scattering!)

since 6.3: freeze-in

http://darksusy.hepforge.org
http://darksusy.hepforge.org

