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Gravitational waves: current status
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Hz

λ ~ 10 pc λ ~ 1mλ ~ 105 km

Confirmed observations in two frequency ranges

Individual mergers:
BH-BH 
BH-NS  
NS-NS

Stochastic BG:
SMBH mergers ?
New physics?

2017 Weiss, Thorne & Barish
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Gravitational waves: looking ahead
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Hz

λ ~ 10 pc λ ~ 1mλ ~ 105 km

Confirmed observations in two frequency ranges

ESA has formally adopted the LISA mission

Large potential to probe new physics

construction has begun, launch scheduled in 2035
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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
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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 PT explanation of NANOGrav ?
Sound waves, stable dark sector,
ignoring cosmological constraints

�Ne↵ > 0.22: excluded by
BBN and CMB at 95 % C.L.

�/H < 3: No percolation

�/H < 10: GWB is overestimated
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Figure 1: Triangle plot showing the 1 � and 2 � contours obtained by a naive fit (blue) of
the NANOGrav 12.5 yr data to a GW spectrum emitted in a DS phase transition, ignoring
cosmological constraints. To illustrate the tension with BBN and CMB, the 95% C.L. ex-
cluded regions corresponding to �Ne↵ > 0.22 are shaded in red [40], cf. the discussion in
section 4. The regions in which no percolation (�/H < 3) and an overestimation of the GWB
amplitude (�/H < 10) are expected are shaded in grey, see section 2 for further details.

section 2 — to NANOGrav data, without taking into account physically motivated priors on
the rate �/H of the phase transition or cosmological constraints. We discuss the former in
more detail in section 2, and the latter in section 4. Here, we simply wish to demonstrate that
these considerations (as indicated by grey and red shadings, respectively) will necessarily have
a major impact on the naively inferred parameter space. One of our main results from a full
statistical treatment, including information from cosmology, is indeed that an astrophysical
explanation of the common red noise signal is much more credible than a GWB due to a phase
transition from a stable DS. When considering a DS that decays at pre-BBN temperatures,
on the other hand, we find that the viable parameter space of DSPTs opens up; in this case,
the NANOGrav data can be explained without violating BBN constraints, fitting the pulsar
timing data as good as SMBHBs. For earlier work on cosmological constraints on phase
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Sound waves, stable dark sector,
ignoring cosmological constraints

�Ne↵ > 0.22: excluded by
BBN and CMB at 95 % C.L.

�/H < 3: No percolation

�/H < 10: GWB is overestimated
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Figure 1: Triangle plot showing the 1 � and 2 � contours obtained by a naive fit (blue) of
the NANOGrav 12.5 yr data to a GW spectrum emitted in a DS phase transition, ignoring
cosmological constraints. To illustrate the tension with BBN and CMB, the 95% C.L. ex-
cluded regions corresponding to �Ne↵ > 0.22 are shaded in red [40], cf. the discussion in
section 4. The regions in which no percolation (�/H < 3) and an overestimation of the GWB
amplitude (�/H < 10) are expected are shaded in grey, see section 2 for further details.

section 2 — to NANOGrav data, without taking into account physically motivated priors on
the rate �/H of the phase transition or cosmological constraints. We discuss the former in
more detail in section 2, and the latter in section 4. Here, we simply wish to demonstrate that
these considerations (as indicated by grey and red shadings, respectively) will necessarily have
a major impact on the naively inferred parameter space. One of our main results from a full
statistical treatment, including information from cosmology, is indeed that an astrophysical
explanation of the common red noise signal is much more credible than a GWB due to a phase
transition from a stable DS. When considering a DS that decays at pre-BBN temperatures,
on the other hand, we find that the viable parameter space of DSPTs opens up; in this case,
the NANOGrav data can be explained without violating BBN constraints, fitting the pulsar
timing data as good as SMBHBs. For earlier work on cosmological constraints on phase
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…but is incompatible 
with cosmology

released energy makes 
universe expand too fast 
during Big Bang 
nucleosynthesis
confirmed by full global fit

A naive fit looks good…
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⇠ ⌘ Tdark

Tvisible
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}~ ‘Hubble-sized’ bubbles 
concerns about causality, validity of GW predictions, PBH (over)production…
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A decaying dark sector
Simplest way out : allow               decays before BBN

<latexit sha1_base64="84S7WAGVfv4Kj7xDYcSUBG1JFoA=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCp5IUqR4LXrwIFe0HNKFstpt26W4SdjdKif0pXjwo4tVf4s1/47bNQVsfDDzem2FmXpBwprTjfFuFtfWNza3idmlnd2//wC4ftlWcSkJbJOax7AZYUc4i2tJMc9pNJMUi4LQTjK9mfueBSsXi6F5PEuoLPIxYyAjWRurbZS8ZMeTpGGWeFOjuZtq3K07VmQOtEjcnFcjR7Ntf3iAmqaCRJhwr1XOdRPsZlpoRTqclL1U0wWSMh7RnaIQFVX42P32KTo0yQGEsTUUazdXfExkWSk1EYDoF1iO17M3E/7xeqsNLP2NRkmoakcWiMOXIfDrLAQ2YpETziSGYSGZuRWSEJSbapFUyIbjLL6+Sdq3q1qv12/NKo5bHUYRjOIEzcOECGnANTWgBgUd4hld4s56sF+vd+li0Fqx85gj+wPr8AVask18=</latexit>
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TB, Depta, Konstandin, Schmidt-Hoberg & Tasillo, JCAP ‘23

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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Figure 4: Bayes factor estimates of various DSPT models with respect to the no common
red noise-hypothesis. Filled coloured dots correspond to actually performed full model com-
parisons, while lines in the corresponding colours are derived from an a posteriori reduction
of the prior range of chains with minimal �/H of 1 (for details, see appendix C.4). We also
indicate how to translate the Bayes factor to Je↵rey’s scale (coloured shadings) as well as
Z-scores from frequentist statistics (right y-axis, cf. appendix C.3). In the grey shaded area
(�/H < 3), a constant nucleation rate is not su�cient to drive percolation.

from the analysis without cosmological constraints, cf. figure 1, where inverse timescales of
�/H = O(10�100) are favoured. Increasing the lower prior bound on �/H therefore directly
induces a shift towards larger ↵tot. At the same time, a larger inverse timescale �/H also
means smaller bubbles at the time of their collision, and hence a larger peak frequency in the
spectrum (see again figure 2). This is compensated for by a lower percolation temperature
T

perc

SM
, which by itself would lead to smaller peak frequencies. Finally, we can identify in

figure 3 an upper bound on the initial temperature ratio, which again is a direct consequence
of the constraint on �Ne↵. For ⇠

perc

DS
& 0.7, in particular, eq. (A.5) would imply a violation

of this constraint already for a single dark sector species that is not non-relativistic before
the transition [75].

Overall, these e↵ects push the posterior for �Ne↵ towards higher values. Since this
is strongly punished by the cosmological part of the likelihood, however, that also explains
the already mentioned appearance of a second preferred parameter region, characterized by
a weak DSPT that corresponds to �Ne↵ ' 0 (at the price of an unobservably small GW
signal). We confirmed that this region of parameter space is indeed explained by fine-tuning
the pulsar-intrinsic red noise parameters, rather than by a GWB, by directly comparing the
marginalized posteriors of the nuisance parameters ✓PSR between the two chains depicted in
light blue and dark blue. Let us stress that this parameter range would have been impossible
to reliably infer with simpler statistical methods, i.e. by re-fitting a power-law common red
spectrum described by (ACP, �CP) or by using the free-spectrum “violins” (see the discussion
in section 3).

From the above discussion, one would expect the Bayes factor between the DSPT and
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Problem solved — results 
in good fit to data

Important generic 
constraint for any 
model-building !

💡
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Update: 12.5yr →15 yr data
TB, Depta, Konstandin, Schmidt-Hoberg & Tasillo, JCAP ‘23

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 –

preferred PT parameters 
shift towards larger Treh

Relaxes BBN constraints, but 
still relevant for model-building 

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.
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Various PT models can 
explain the data well

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

Would in principle allow to measure 
dark sector model parameters !
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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
<latexit sha1_base64="xqO5xF91XkfgcNL1pA79dFQDdgk="></latexit>

Standard 
Model

SM particles

<latexit sha1_base64="pR778xpJoPzwkg/VT26hiIgdJYI="></latexit>

L → ↑ωA→
µωB

µω

‘portal’ interactions 
(kinetic mixing)

Quantum and thermal corrections 
break conformal symmetry

Strong 1st order PT: GWs
   becomes massive: dark matter

<latexit sha1_base64="aaht7Wq7fctSeJQ4kUBGhjoTP7Q=">AAACAXicdVBNS8NAEN3Ur1q/ol4EL4tF8FSSqrXeCl48VrAf0ISy2U7bpZtN3N0IpdSLf8WLB0W8+i+8+W/cphFU9MHA470ZZuYFMWdKO86HlVtYXFpeya8W1tY3Nrfs7Z2mihJJoUEjHsl2QBRwJqChmebQjiWQMODQCkYXM791C1KxSFzrcQx+SAaC9Rkl2khde8/jRAw4ePGQeTKl2BNw43TtolM6ddzzyjF2Sk6KlFTdchW7mVJEGepd+93rRTQJQWjKiVId14m1PyFSM8phWvASBTGhIzKAjqGChKD8SfrBFB8apYf7kTQlNE7V7xMTEio1DgPTGRI9VL+9mfiX10l0v+pPmIgTDYLOF/UTjnWEZ3HgHpNANR8bQqhk5lZMh0QSqk1oBRPC16f4f9Isl9xKqXJ1UqzVsjjyaB8doCPkojNUQ5eojhqIojv0gJ7Qs3VvPVov1uu8NWdlM7voB6y3T5mPlwA=</latexit>

→ω↑ ↓= 0
<latexit sha1_base64="JHZys6ggcLwTsu3WXkpSHbAsc5I=">AAAB63icdVBNS8NAEJ34WetX1aOXxSJ4KpsiMb0VvHisYD+gDWWz3TRLN5uwuxFK6V/w4kERr/4hb/4bN20FFX0w8Hhvhpl5YSa4Nhh/OGvrG5tb26Wd8u7e/sFh5ei4o9NcUdamqUhVLySaCS5Z23AjWC9TjCShYN1wcl343XumNE/lnZlmLEjIWPKIU2IKaUBjPqxUcQ1beB4qiOtj15JGw6/XG8hdWBhXYYXWsPI+GKU0T5g0VBCt+y7OTDAjynAq2Lw8yDXLCJ2QMetbKknCdDBb3DpH51YZoShVtqRBC/X7xIwkWk+T0HYmxMT6t1eIf3n93ER+MOMyyw2TdLkoygUyKSoeRyOuGDViagmhittbEY2JItTYeMo2hK9P0f+kU6+5Xs27vaw2/VUcJTiFM7gAF66gCTfQgjZQiOEBnuDZSZxH58V5XbauOauZE/gB5+0TV4+OcA==</latexit>ω

Dark 
Sector

massless scalar field
Chiral fermion pair 

<latexit sha1_base64="PDV64SOtxmTxQ0TizziJW5vxa3k=">AAACAHicdVDLTgIxFO3gC/GFunTTSIy4mUwRmWFH4sYlJg6QwIR0SoGGziNtx4RM2PgDbvUP3Bm3/ok/4HfYAUyU6EmanJxzXz1+zJlUlvVh5NbWNza38tuFnd29/YPi4VFLRokg1CURj0THx5JyFlJXMcVpJxYUBz6nbX9ynfnteyoki8I7NY2pF+BRyIaMYKUl1y2ji/N+sWSZyK449Sq0zEsHOXZFk6u6jew6RKY1Rwks0ewXP3uDiCQBDRXhWMousmLlpVgoRjidFXqJpDEmEzyiXU1DHFDppfNjZ/BMKwM4jIR+oYJz9WdHigMpp4GvKwOsxnLVy8Q/vZhlA1e2q6HjpSyME0VDslg+TDhUEczSgAMmKFF8qgkmgun7IRljgYnSmRV0MN+/h/+TVsVENbN2Wy01nGVEeXACTkEZIGCDBrgBTeACAhh4BE/g2XgwXoxX421RmjOWPcfgF4z3LySqlow=</latexit>

U(1)→

<latexit sha1_base64="J4f+QuXGFupkzIjwyiXAI5z0FnY=">AAAB63icdVDLSsNAFJ3UV62vqks3g0VwFZKqNe4KblxWsA9oQ5lMJ83QmUmYmQgl9BfcuFDErT/kzr9xkkZQ0QMXDufcy733BAmjSjvOh1VZWV1b36hu1ra2d3b36vsHPRWnEpMujlksBwFShFFBuppqRgaJJIgHjPSD2XXu9++JVDQWd3qeEJ+jqaAhxUjn0iiJ6LjecOwLx71qnUHHdgoUxHObHnRLpQFKdMb199EkxiknQmOGlBq6TqL9DElNMSOL2ihVJEF4hqZkaKhAnCg/K25dwBOjTGAYS1NCw0L9PpEhrtScB6aTIx2p314u/uUNUx16fkZFkmoi8HJRmDKoY5g/DidUEqzZ3BCEJTW3QhwhibA28dRMCF+fwv9Jr2m7Lbt1e95oe2UcVXAEjsEpcMElaIMb0AFdgEEEHsATeLa49Wi9WK/L1opVzhyCH7DePgFSZY5r</latexit>

ω

conformal symmetry

<latexit sha1_base64="JHZys6ggcLwTsu3WXkpSHbAsc5I=">AAAB63icdVBNS8NAEJ34WetX1aOXxSJ4KpsiMb0VvHisYD+gDWWz3TRLN5uwuxFK6V/w4kERr/4hb/4bN20FFX0w8Hhvhpl5YSa4Nhh/OGvrG5tb26Wd8u7e/sFh5ei4o9NcUdamqUhVLySaCS5Z23AjWC9TjCShYN1wcl343XumNE/lnZlmLEjIWPKIU2IKaUBjPqxUcQ1beB4qiOtj15JGw6/XG8hdWBhXYYXWsPI+GKU0T5g0VBCt+y7OTDAjynAq2Lw8yDXLCJ2QMetbKknCdDBb3DpH51YZoShVtqRBC/X7xIwkWk+T0HYmxMT6t1eIf3n93ER+MOMyyw2TdLkoygUyKSoeRyOuGDViagmhittbEY2JItTYeMo2hK9P0f+kU6+5Xs27vaw2/VUcJTiFM7gAF66gCTfQgjZQiOEBnuDZSZxH58V5XbauOauZE/gB5+0TV4+OcA==</latexit>ω

Dark photon      has further consequences 
(cosmology and accelerator searches) 

<latexit sha1_base64="xGDfiBMfv1FuTWNwF6o3/qe1R7Y=">AAAB6XicdVDJSgNBEK2JW4xb1KOXxiB6GmbGJBNvES8eo5gFkiH0dHqSJj0L3T1CGPIHXjwo4tU/8ubf2FkEFX1Q8Hiviqp6fsKZVJb1YeRWVtfWN/Kbha3tnd294v5BS8apILRJYh6Ljo8l5SyiTcUUp51EUBz6nLb98dXMb99TIVkc3alJQr0QDyMWMIKVlm4vT/vFkmU6lu26DrLM85pTcauaVC5qZbuCbNOaowRLNPrF994gJmlII0U4lrJrW4nyMiwUI5xOC71U0gSTMR7SrqYRDqn0svmlU3SilQEKYqErUmiufp/IcCjlJPR1Z4jVSP72ZuJfXjdVQc3LWJSkikZksShIOVIxmr2NBkxQovhEE0wE07ciMsICE6XDKegQvj5F/5OWY9pVs3pTLtXryzjycATHcAY2uFCHa2hAEwgE8ABP8GyMjUfjxXhdtOaM5cwh/IDx9glsVo1R</latexit>

A→

Include all constraints in full global fit
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Timeline of events
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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               :

<latexit sha1_base64="Mzhe9jHGp8flFzHTOA1DO3o8lkQ=">AAACAHicdVDLSgMxFM3UV62vqgsXboJFdKElU7WOC6Hixo1QwT6gLSWTpm1oMjMkGaEMs/FX3LhQxK2f4c6/MZ2OoKIHLhzOuZd773EDzpRG6MPKzMzOzS9kF3NLyyura/n1jbryQ0lojfjcl00XK8qZR2uaaU6bgaRYuJw23NHlxG/cUamY793qcUA7Ag881mcEayN181uie7F3biN0WEKofRC1pYDXtB538wVUPEH2WfkIoiJKkBDHLjnQTpUCSFHt5t/bPZ+EgnqacKxUy0aB7kRYakY4jXPtUNEAkxEe0JahHhZUdaLkgRjuGqUH+7405WmYqN8nIiyUGgvXdAqsh+q3NxH/8lqh7judiHlBqKlHpov6IYfah5M0YI9JSjQfG4KJZOZWSIZYYqJNZjkTwten8H9SLxXtcrF8c1yoOGkcWbANdsA+sMEpqIArUAU1QEAMHsATeLburUfrxXqdtmasdGYT/ID19glpTJRh</latexit>

m→
A = 100→ 200MeV

<latexit sha1_base64="jNX5KyVPkcAHNrO9yx3fegx/yXs=">AAAB/nicdVDLSsNAFJ3UV62vqLhyM1gEN4ak1lp3BTcuK9gHNLFMppN26GQSZyZCCQV/xY0LRdz6He78G6dpBBU9cOFwzr3ce48fMyqVbX8YhYXFpeWV4mppbX1jc8vc3mnLKBGYtHDEItH1kSSMctJSVDHSjQVBoc9Ixx9fzPzOHRGSRvxaTWLihWjIaUAxUlrqm3vuGMUxgq6kIbmFjn2THlenfbNsW6e2c147gbZlZ8hI3anUoZMrZZCj2Tff3UGEk5BwhRmSsufYsfJSJBTFjExLbiJJjPAYDUlPU45CIr00O38KD7UygEEkdHEFM/X7RIpCKSehrztDpEbytzcT//J6iQrqXkp5nCjC8XxRkDCoIjjLAg6oIFixiSYIC6pvhXiEBMJKJ1bSIXx9Cv8n7Yrl1KzaVbXcqOdxFME+OABHwAFnoAEuQRO0AAYpeABP4Nm4Nx6NF+N13low8pld8APG2ycO65Tl</latexit>

ω → 10→4
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Secluded vs coupled dark sector
Balan, TB, Kahlhoefer, Matuszak & Tasillo, JCAP ‘25

NB: Thermalization requires     
within experimental reach

<latexit sha1_base64="pWouLP2GMuAH3k+FO6mYXYjpvXQ=">AAAB7nicdVBNS8NAEN3Ur1q/qh69LBbBU0iq1ngrePFYwX5AG8pku2mXbJJldyOU0B/hxYMiXv093vw3btMKKvpg4PHeDDPzAsGZ0o7zYZVWVtfWN8qbla3tnd296v5BR6WZJLRNUp7KXgCKcpbQtmaa056QFOKA024QXc/97j2ViqXJnZ4K6scwTljICGgjdQcRCAF4WK059oXjXjXOsGM7BQriuXUPu0ulhpZoDavvg1FKspgmmnBQqu86Qvs5SM0Ip7PKIFNUAIlgTPuGJhBT5efFuTN8YpQRDlNpKtG4UL9P5BArNY0D0xmDnqjf3lz8y+tnOvT8nCUi0zQhi0VhxrFO8fx3PGKSEs2nhgCRzNyKyQQkEG0SqpgQvj7F/5NO3XYbduP2vNb0lnGU0RE6RqfIRZeoiW5QC7URQRF6QE/o2RLWo/VivS5aS9Zy5hD9gPX2CSzvj3U=</latexit>ω

extend model 
by adding dim-6 
operator for

<latexit sha1_base64="YZuw2zuN1+D/DvqL1h4LT5Zvw48=">AAAB73icdVDLSgMxFM3UV62vqks3wSK4KpmqdVwIBTcuK9gHtEPJpJk2NJOJSUYoQ3/CjQtF3Po77vwb0+kIKnrgwuGce7n3nkBypg1CH05haXllda24XtrY3NreKe/utXWcKEJbJOax6gZYU84EbRlmOO1KRXEUcNoJJldzv3NPlWaxuDVTSf0IjwQLGcHGSt3+BEuJL9GgXEHVM+Re1E8gqqIMGfHcmgfdXKmAHM1B+b0/jEkSUWEIx1r3XCSNn2JlGOF0VuonmkpMJnhEe5YKHFHtp9m9M3hklSEMY2VLGJip3ydSHGk9jQLbGWEz1r+9ufiX10tM6PkpEzIxVJDFojDh0MRw/jwcMkWJ4VNLMFHM3grJGCtMjI2oZEP4+hT+T9q1qluv1m9OKw0vj6MIDsAhOAYuOAcNcA2aoAUI4OABPIFn5855dF6c10Vrwcln9sEPOG+fyTmPzA==</latexit>

ω = 0

<latexit sha1_base64="Uw9idP8pJufKdoUVIBRQjOFCCuc=">AAAB9XicdVDJSgNBEO2JW4xb1KOXxiAI4tAzJnFyC3jxGMEskI2eTiVp0rPQ3aOEkP/w4kERr/6LN//GziKo6IOCx3tVVNXzY8GVJuTDSq2srq1vpDczW9s7u3vZ/YOaihLJoMoiEcmGTxUIHkJVcy2gEUuggS+g7o+uZn79DqTiUXirxzG0AzoIeZ8zqo3UacVD3tIRhs4ZdM672RyxSyWSz3uY2AXiuvmCIeTC9TwHOzaZI4eWqHSz761exJIAQs0EVarpkFi3J1RqzgRMM61EQUzZiA6gaWhIA1DtyfzqKT4xSg/3I2kq1Hiufp+Y0ECpceCbzoDqofrtzcS/vGai+157wsM40RCyxaJ+IrD5cxYB7nEJTIuxIZRJbm7FbEglZdoElTEhfH2K/yc113aKdvEmnyt7yzjS6Agdo1PkoEtURteogqqIIYke0BN6tu6tR+vFel20pqzlzCH6AevtE/m/kis=</latexit>
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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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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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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
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4
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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
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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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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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Figure 3: The transition strength ↵ (top) and speed �/H (bottom) of the PT, in the �� g
plane for y = 0 (left) and y = 0.5 (right), with v = 1TeV and ⇠ = 1.

where ⇢SM,p (⇢DS,p) is the energy density in the SM (DS) at percolation. The last missing
piece for obtaining a GW spectrum is the speed of the PT, which can be determined through

�/H = Tp

d

dT

S3(T )

T

����
T=Tp

, (2.13)

where S3 is the O(3)-symmetric bounce action for thermal tunneling.
In figure 3 we show how the transition strength ↵ and transition speed �/H depend on

the model parameters, �, g and y. The PT is relatively strong for most of the allowed region
↵ 2 (10�2, 102) and it is particularly strong close to the supercooled limit, where percolation
is delayed (Tp ⌧ Tc). On the other hand, the speed of the PT �/H becomes smaller in the
supercooling limit, reaching values of �/H ⇡ 102 � 103.

2.4 Gravitational wave spectrum

The spectrum of GWs in our scenario is produced dominantly through bulk fluid motion in
the reheated plasma due to the large velocity-dependent friction from the emission of soft dark
photons in the bubble wall, yielding a terminal bubble wall velocity [55–57]. A discussion
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tree-level masses from SSB:  

scalar field charged under U(1)’ 

(Chiral) dark matter fermion

mass & thermal freeze-out
after PT

Figure 1: Total e↵ective potential (solid) and finite temperature part (dot-dashed) for
g = 0.67,� = 0.0035, v� = 1000GeV and T = 240GeV, for varying values of y.

For illustration, we plot this potential in figure 1 for a choice of parameters g = 0.67,� =
0.0035, and varying values of y.

In addition to encoding the properties of the PT, the e↵ective potential also provides
information about the stability of the true vacuum after the phase transition occurs. In fact,
a new feature becoming important for non-zero Yukawa couplings is that for low values of
� and g the potential can become unbounded from below [30]. To ensure vacuum stability
we require that no deeper vacua are present at zero temperature. The requirement of a dark
sector PT already implies that Ve↵(0) > Ve↵(v�). Hence, it is su�cient to check whether there
exist vacua with lower potential energy for large field values, i.e. whether Ve↵(�b) < Ve↵(v�)
for �b � v�. In our analysis, we explicitly exclude such parameter points.

It is well known that the one-loop, daisy-resummed calculation of the e↵ective potential
can su↵er from large theoretical uncertainties, foremost sourced by a large renomalization
scale-dependence [43]. A possibility to improve upon those uncertainties is to systemati-
cally resum higher orders of the thermal masses in the e↵ective field theory framework of
dimensional reduction [44]. In order to validate our simpler approach, we therefore also im-
plemented our model in DRalgo [45], which automates the task of dimensional reduction.
We calculate the critical temperature in both our four-dimensional implementation and the
reduced three-dimensional theory for the parameter space where we expect a first-order PT.
In the regime where the e↵ective field theory is valid (T � m�) we find that the two results
agree very well. We therefore conclude that we can take the computationally more economical
approach of using the 1-loop, daisy-resummed e↵ective potential stated in eq. (2.8).

2.3 Properties of the phase transition

The PT in our model occurs when the dark Higgs � acquires a non-vanishing vev at the min-
imum of the e↵ective potential Ve↵ , thereby breaking the U(1)0 symmetry. At the nucleation
temperature Tn the transition from the unbroken (false) vacuum to the broken (true) vacuum
becomes energetically favourable and bubbles of the new phase start nucleating and expand
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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
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◆✓
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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Sound waves, decaying dark sector
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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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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
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A simple conformal model explains both the 
GW signal and the cosmological dark matter

Testable with beam dump experiments !
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Ø/H = 16.2
Tperc = 12.3 MeV

g = 0.833
y = 0.445
v = 199 MeV

Secluded Dark SectorSMBH

FOPT

Sum

°9.5 °9.0 °8.5 °8.0 °7.5 °7.0 °6.5 °6.0

log10 f [Hz]

°14

°13

°12

°11

°10

°9

°8

°7

°6

lo
g 1

0
h

2 ≠
G

W

Æ = 4.99
Ø/H = 21.1
Tperc = 8.36 MeV

g = 0.877
y = 0.363
v = 92.9 MeV

increase v
(larger Tperc)

decrease g
(smaller Ø/H)

Coupled Dark SectorSMBH

FOPT

Sum

°9.5 °9.0 °8.5 °8.0 °7.5 °7.0 °6.5 °6.0

log10 f [Hz]

Æ = 19.8
Ø/H = 16.2
Tperc = 12.3 MeV

g = 0.833
y = 0.445
v = 199 MeV

Secluded Dark SectorSMBH

FOPT

Sum

see LDMX poster by Taylor Gray
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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

