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Introduction

N-PACT is a scientific network aimed at all researchers at Norwegian academic institutions (and
Norwegians at CERN) working on Theoretical Particle physics, Astroparticle physics, or Cosmol-
ogy. The network compiles an annual summary of the combined scientific activity of the network
members (this document), and runs an annual workshop and an email list: npact@uib.no.

1

TB, Gonzalo, Kahlhoefer, Matuszak & Tasillo, JCAP ‘24
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from nHz to GHz frequencies 
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Gravitational waves: status 2024
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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?
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Cosmological phase transitions
We need a (strong) 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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Main phenomenological parameters:

nucleation/percolation 
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PT strength

Gravitational waves from a very strong PT
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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

– 3 –

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

A naive fit looks good…
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⇠ ⌘ Tdark

Tvisible

…but is incompatible 
with cosmology

confirmed by full global fit
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A decaying dark sector
Simplest way out : allow               decays before BBN
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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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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

– 14 –

Problem solved — results 
in good fit to data

Conclusions strengthened 
with15yr data: w.i.p. …
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Gravitational waves: looking ahead
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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
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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� = ±
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µ2/�. One can
hence expand the complex field as � = (v� + � + i')/
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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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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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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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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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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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Gravitational waves: science fiction (?)
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λ ~ 10 pc λ ~ 1mλ ~ 105 km

Confirmed observations in two frequency ranges

ESA has now formally adopted the LISA mission

Some recent interest in exploring ultra-high frequency GWs
Table-top GW detectors ?
No known sources — smoking gun for new physics
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Detection: 1) Sidebands
Idea: design filter to cut out the intense carrier line
H direct detection of sidebands
H need to detect photons above background

( )2

?
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Atomic clocks as Quantum Sensor

Atomic 
clocks

Precision 10-18 H 10-20

Figure: M. Safronova
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Nobel Prize 2005
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Optical Frequency modulation 
TB, Domcke, Fuchs & Kopp, PRD ‘23Frequency measured by observer 

with 4-velocity      :
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High-frequency gravitational waves can be detected by observing the frequency modulation they
impart on photons. We discuss fundamental limitations to this method related to the fact that it is
impossible to construct a perfectly rigid detector. We then propose several novel methods to search
for O(MHz�GHz) gravitational waves based on the frequency modulation induced in the spectrum
of an intense laser beam, by applying optical frequency demodulation techniques, or by using optical
atomic clock technology. We find promising sensitivities across a broad frequency range.

Introduction Our Universe is filled with gravitational
waves (GWs) which render space and time themselves
highly non-static. Photons traveling through such an en-
vironment are a↵ected by GW-induced spacetime ripples
in manifold ways, reminiscent of the way a water craft is
a↵ected by rough seas.

Here we focus on modulations of the photon frequency
which arise due to variations of the gravitational field
along the photon trajectory and due to boundary condi-
tions imposed by the photon emitter and absorber, such
as Doppler shift. The goals of this letter are twofold:
first, we discuss the physics underlying GW-induced ph-
ton frequency modulation and calculate its magnitude,
with a focus on the distinction between detectors com-
posed of free-falling test masses and detectors that are
rigid. While we find that in the latter case the sensitivity
grows as !gL (where !g is the angular frequency of the
GW and L is the size of the detector), we demonstrate
that this e↵ect is spurious in the limit of large !g. In
the second part of this work we propose several promis-
ing new methods for searching for high-frequency GWs,
based on experimental methods from quantum optics: (i)
detection of sidebands in the spectrum of an intense laser;
(ii) optical frequency demodulation to convert frequency
shifts into an amplified electrical signal; (iii) an “opti-
cal rectifier” to ensure that the detected photons have
a non-zero net frequency shift which can be measured
using atomic clock techniques.

The impact of GWs on photons has previously been
studied in refs. [? ? ? ? ? ? ? ? ? ], while using
optical atomic clock technology to search for GWs has
been proposed in refs. [? ? ? ], albeit for much lower
frequencies.

Photon frequency shift. We are interested in com-
paring the frequency of a photon, !� , as measured by two
di↵erent observers which we will denote source (S) and
detector (D), respectively. We define the origin of our co-
ordinate system to be the spacetime point at which the
photon is emitted. We assume D is placed on the posi-
tive x1-axis, and that the photon has initial 4-momentum

pµ
��
t=0

= (!0,!0, 0, 0) in the frame of a free-falling ob-
server. In a frame with metric gµ⌫ , an observer moving
with four-velocity uµ will measure a photon frequency
!� = �gµ⌫pµu⌫ .
Here we want to investigate possible e↵ects due to tiny

space-time perturbations induced by a GW that passes
through S and D initially at rest. We write

gµ⌫ = ⌘µ⌫ + hµ⌫ (1)

pµ = (!0,!0, 0, 0) + �pµ (2)

uµ = (1, 0, 0, 0) + �uµ , (3)

with ⌘µ⌫ = diag(�1, 1, 1, 1), and with hµ⌫ , �pµ, and �uµ

denoting O(h) corrections to the corresponding quanti-
ties, where h is the GW amplitude (“strain”). We thus
obtain

!� = !0(1+�u0
��u1

�h00�h01) + �p0 + O(h2) , (4)

where p0 obeys the geodesic equation

dp0

d�
=��0

µ⌫p
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Here, �⇢
µ⌫ denote the Christo↵el symbols and � is the

a�ne parameter that parameterizes the photon geodesic,
with � = 0 corresponding to t = 0. At leading order in
h, it is su�cient to evaluate the Christo↵el symbols at
xµ = xµ

�,0 ⌘ (�!0,�!0, 0, 0). Hence, we find
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0

Z �D

0

d�0⇥�0

00
+ 2�0

10
+ �0

11

⇤
xµ=xµ

�0,0
, (6)

with �D being the value of � at the spacetime point where
the photon is detected. Plugging the above expression
into eq. (4), and performing some algebra, we arrive at
our master formula for the observed frequency shift,
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Apparently, nothing is trivial…
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which arise due to variations of the gravitational field
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as Doppler shift. The goals of this letter are twofold:
first, we discuss the physics underlying GW-induced ph-
ton frequency modulation and calculate its magnitude,
with a focus on the distinction between detectors com-
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rigid. While we find that in the latter case the sensitivity
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ing new methods for searching for high-frequency GWs,
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detection of sidebands in the spectrum of an intense laser;
(ii) optical frequency demodulation to convert frequency
shifts into an amplified electrical signal; (iii) an “opti-
cal rectifier” to ensure that the detected photons have
a non-zero net frequency shift which can be measured
using atomic clock techniques.

The impact of GWs on photons has previously been
studied in refs. [? ? ? ? ? ? ? ? ? ], while using
optical atomic clock technology to search for GWs has
been proposed in refs. [? ? ? ], albeit for much lower
frequencies.

Photon frequency shift. We are interested in com-
paring the frequency of a photon, !� , as measured by two
di↵erent observers which we will denote source (S) and
detector (D), respectively. We define the origin of our co-
ordinate system to be the spacetime point at which the
photon is emitted. We assume D is placed on the posi-
tive x1-axis, and that the photon has initial 4-momentum
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Here we want to investigate possible e↵ects due to tiny

space-time perturbations induced by a GW that passes
through S and D initially at rest. We write

gµ⌫ = ⌘µ⌫ + hµ⌫ (1)

pµ = (!0,!0, 0, 0) + �pµ (2)

uµ = (1, 0, 0, 0) + �uµ , (3)

with ⌘µ⌫ = diag(�1, 1, 1, 1), and with hµ⌫ , �pµ, and �uµ

denoting O(h) corrections to the corresponding quanti-
ties, where h is the GW amplitude (“strain”). We thus
obtain
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with �D being the value of � at the spacetime point where
the photon is detected. Plugging the above expression
into eq. (4), and performing some algebra, we arrive at
our master formula for the observed frequency shift,
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A) Free-falling detectors – TT frame
● S and D in free fall (move freely at least in direction of photon propagation)

H most convenient in transverse traceless (TT) gauge 
    where observers at rest remain at rest  

Plane wave

Frequency shift by GW (in + polarization)

GW in x polarization do not alter photons in x1 direction 

Fig.: Elina Fuchs

Calculation in different frames shows intriguing cancellations
A rigid experimental setup               naively gives frequency shifts           
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Signal with main (carrier) frequency <latexit sha1_base64="iyCVq0eRvXR9EpH5A2IGeqnGopA=">AAAB9HicbVBNS8NAEN3Ur1q/qh69BIvgqSQi1YOHghePFWwtNKFMtpt06X7E3U2hhP4OLx4U8eqP8ea/cdvmoK0PBh7vzTAzL0oZ1cbzvp3S2vrG5lZ5u7Kzu7d/UD086miZKUzaWDKpuhFowqggbUMNI91UEeARI4/R6HbmP46J0lSKBzNJScghETSmGIyVwkBykkA/SIBz6FdrXt2bw10lfkFqqECrX/0KBhJnnAiDGWjd873UhDkoQzEj00qQaZICHkFCepYK4ESH+fzoqXtmlYEbS2VLGHeu/p7IgWs94ZHt5GCGetmbif95vczE12FORZoZIvBiUZwx10h3loA7oIpgwyaWAFbU3uriISjAxuZUsSH4yy+vks5F3W/UG/eXteZNEUcZnaBTdI58dIWa6A61UBth9ISe0St6c8bOi/PufCxaS04xc4z+wPn8AdWzkiQ=</latexit>!�
Sidebands at 

<latexit sha1_base64="VYwmqKwNJTjcEkPdaEGcoqzClsM=">AAACA3icbVBNS8NAEN3Ur1q/ot70slgETyURqR48FLx4rGA/oAlhst2mS3eTsLsRSih48a948aCIV/+EN/+N2zYHbX0w8Hhvhpl5YcqZ0o7zbZVWVtfWN8qbla3tnd09e/+grZJMEtoiCU9kNwRFOYtpSzPNaTeVFETIaScc3Uz9zgOViiXxvR6n1BcQxWzACGgjBfaRlwgaQeBFIARgLxW4UKLArjo1Zwa8TNyCVFGBZmB/ef2EZILGmnBQquc6qfZzkJoRTicVL1M0BTKCiPYMjUFQ5eezHyb41Ch9PEikqVjjmfp7Igeh1FiEplOAHqpFbyr+5/UyPbjycxanmaYxmS8aZBzrBE8DwX0mKdF8bAgQycytmAxBAtEmtooJwV18eZm0z2tuvVa/u6g2ros4yugYnaAz5KJL1EC3qIlaiKBH9Ixe0Zv1ZL1Y79bHvLVkFTOH6A+szx+V5Jd7</latexit>

!� ± !g

Tiny amplitudes 
<latexit sha1_base64="51yp9BIxG1eZgyEpDBCdXNXWkSE=">AAACCHicbVC7TsMwFHXKq5RXgJEBiwqpLCVBqDAwVGJhLBJ9SE0U3bhuatVOIttBqqqOLPwKCwMIsfIJbPwNbpsBCke60vE598r3njDlTGnH+bIKS8srq2vF9dLG5tb2jr2711JJJgltkoQnshOCopzFtKmZ5rSTSgoi5LQdDq+nfvueSsWS+E6PUuoLiGLWZwS0kQL70FNM4AGueImgEQReBELAaf6KTgK77FSdGfBf4uakjHI0AvvT6yUkEzTWhINSXddJtT8GqRnhdFLyMkVTIEOIaNfQGARV/nh2yAQfG6WH+4k0FWs8U39OjEEoNRKh6RSgB2rRm4r/ed1M9y/9MYvTTNOYzD/qZxzrBE9TwT0mKdF8ZAgQycyumAxAAtEmu5IJwV08+S9pnVXdWrV2e16uX+VxFNEBOkIV5KILVEc3qIGaiKAH9IRe0Kv1aD1bb9b7vLVg5TP76Besj299CJkB</latexit>

⇠ h(!�/!g)
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Detection: 1) Sidebands
● Naive expectation was: GW changes photon 

frequency
● Instead: tiny sidebands 

◽ separated from carrier (original photon 
frequency) by GW frequency  

◽ suppressed by the GW amplitude h2 ~10-40

Advantage for high-frequency GWs

Still: tails from intense carrier line can 
hide the sidebands 

How to make the sidebands detectable?

( )2

carrier

sideband
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Sensitivities 3

the general importance of the boundary conditions in
eq. (7). Suitable choices of material and suspension thus
have the potential of influencing the sensitivity of high
frequency GW searches, and need to be studied carefully
on a case-by-case basis.

Frequency modulation of a laser beam.
:::
We

::::
now

:::::::
consider

::
a
::::::::::
continuous

::::
flux

:::
of

::::::::
photons

::
in

::
a
:::::
laser

::::::
beam.

In eqs. (10) and (11), the photon frequency is
::::
then

modulated by the phase '0(t) ::::::::::
'0(t) = !gt:of the GW

at the time of photon emission,
::::::
where

:::::::::
(without

::::
loss

::
of

:::::::::
generality)

:::
we

:::::
have

::::
set

:::
the

::::::
phase

:::
to

::::
zero

:::
at

:::::
t = 0. As

we observe the photons arrive at the detector over some
finite time interval, '0 oscillates with frequency !g. For
a photon coherence length � 1/!g, this leads to side-
bands at !±

� ⌘ !S
� ± !g in the spectrum. Quantita-

tively, the emitted photon wave takes the form A(t, 0) =
A� cos(!S

� t+��), with amplitude A� and phase �� . After
propagation, this becomes

A(t, L)

A�
= cos

✓Z t

0

!D
� (t0)dt0 + �0

�

◆
= cos(!S

� t+ �0
�)

+
h+

4

!S
�

!g

h
fsin(!S

�,�!gL) + fsin(!S
�,!gL) + fsin(!�

� )

� fsin(!�
� ,!gL) � fsin(!+

� ) + fsin(!+

� ,!gL)
i
, (13)

where we have taken (without loss of generality)

'0(0) = 0 and introduced fsin(!,') ⌘ sin(!t + �0
� + '),

denoting with �0
� the photon phase at t = 0 and x = L.

For simplicity, we have assumed here and in the following
# = ⇡/2, and that source and detector are freely falling,

::
as

::
in
:::::::::::::::::
eqs. (10) and (11)

:
,
::::
and

:::::
that

::::::::
# = ⇡/2. The first

term on the right-hand side of eq. (13) is the carrier
wave, i.e. the unperturbed photon signal. The first
two terms in the second line describe tiny corrections
to the amplitude of the carrier wave; these are irrele-
vant in practice. The remaining four terms generate
the sidebands. In the following, we discuss three dif-
ferent ways that may allow the detection of such a signal.

Direct observation of sidebands. For large !g, the
sidebands in eq. (13) are separated by a relatively large
frequency gap from the carrier frequency !S

� . However,
their intensity is suppressed by h2

+
. (Experimental at-

tempts to detect the interference term, linear in h+,
would have to deal with an overwhelming background
of photons from the main carrier line. Heterodyne de-
tection schemes, modulating the carrier line with a beat
frequency such that the frequency di↵erence between this
beat frequency and the GW frequency becomes tractable
for readout, may provide an interesting possibility to
overcome this challenge and are left for future work.)
Detecting such faint sidebands requires a powerful pho-
ton source that is highly monochromatic, complemented
by a very e�cient optical filter system that removes the
carrier frequency after the photons have propagated to
the detector.

In this respect, optical cavities or techniques from fiber
optics may o↵er a promising avenue towards table-top

Bringmann Domcke Fuchs Kopp 2023

FIG. 1. Sensitivity estimates for the three novel
high-frequency GW detection methods proposed
here (colored lines). For each proposal we show
the sensitivity under conservative (solid), realistic
(dashed), and optimistic (dotted) assumptions for
the achievable experimental sensitivity, in particular
(↵T, ↵th) = {(10�10, 10�15), (10�15, 10�17), (10�20, 10�19)},
� = 10, 1, 0.1 MHz and � = 10�15, 10�18, 10�21. In all cases
we have set ⌧ = 1 s, L = 1 m, !S

� /2⇡ = 2 ⇥ 1014 Hz and
P = mW. The grey shaded regions indicate other existing
(solid) and proposed (dashed) experiments, in particular
interferometers (extrapolated from ref. [? ]), levitated
sensors [? ], axion haloscopes such as DMRadio GUT [? ],
the holometer experiment [? ], bulk acoustic wave devices [?
] and microwave cavities like SQMs [? ] and MAGO 2.0 [?
].

high-frequency GW detectors. Let us consider a filter of
width�� which suppresses the main carrier frequency by
↵T ⌧ 1 while ensuring an O(1) transmission at the loca-
tion of the sideband. In fig. 1 we consider filter e�ciencies
of ↵T = 10�10..10�20 and a bandwidth of �� ' 100 kHz,
which may e.g. be achieved by employing optical cavities
tuned to the sideband frequency [? ], or potentially also
by stacking multiple fiber Bragg gratings [? ? ]. We will
neglect propagation e↵ects induced by the GW in this
filtering system, noting that they can be suppressed by
choosing a suitable geometry (e.g. parallel to the incom-
ing GW).

We will further assume that the sensitivity to a
gravitational wave signal is only limited by the require-
ment to find a su�ciently large number s of signal
photons in the side bands. From eq. (13), we have
s ' (P ⌧/!S

� ) ⇥ h2

+
(!S

� /!g)2 min(1,!2

gL
2), where P

is the laser power and ⌧ is the signal duration or
measurement time, whichever is shorter. The sensitivity
curves we show as orange lines in fig. 1 assume a mW
laser emitting at a wave length of 1500 nm. They are
based on requiring s to be larger than the square root
of the number of spillover photons from the carrier
mode, ns.o. ' ↵TP ⌧/!S

� plus the number of photons

TB, Domcke, Fuchs & Kopp, PRD ‘23
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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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Conclusions
The nHz GW background is consistent 
with a dark sector phase transition

Thanks for listening! Questions?

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

The observation of a mHz signal might 
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 –

Rapid progress in developing ideas for 
‘table-top’ detectors of GHz GWs 

now we just need good ideas for signals…
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Sensitivity
Assumptions in the limits:

conservative

realistic

optimistic

opticalIntegration time

Laser power: need high #photons

transmission Thermal noise


