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In this work, we show that a large class of models with a composite dark sector undergo a strong first
order phase transition in the early Universe, which could lead to a detectable gravitational wave signal. We
summarize the basic conditions for a strong first order phase transition for SUðNÞ dark sectors with nf
flavors, calculate the gravitational wave spectrum and show that, depending on the dark confinement scale,
it can be detected at eLISA or in pulsar timing array experiments. The gravitational wave signal provides a
unique test of the gravitational interactions of a dark sector, and we discuss the complementarity with
conventional searches for new dark sectors. The discussion includes the twin Higgs and strongly interacting
massive particle models as well as symmetric and asymmetric composite dark matter scenarios.
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Introduction.—Violent phenomena in the early Universe
can lead to large anisotropic fluctuations in the energy
momentum tensor, which act as sources for gravitational
waves (GW). Strong first order phase transitions (PT) are
examples of such a phenomena, and it iswell known that they
can produce GWs [1–4]. Once produced, GWs propagate
through space almost undisturbed, and can therefore serve as
a unique probe of processes in the early Universe.
Phase transitions in particle physics are usually associated

with symmetry breaking, i.e., with the transition of the
Universe from a symmetric phase to a phase of broken
symmetry, as the temperature drops below a critical temper-
atureT�.Within the standardmodel (SM) of particle physics,
at least two phase transitions should take place, associated
with the breaking of electroweak symmetry (EWPT) around
T� ∼ 100 GeV and with the breaking of chiral symmetry at
the time of the QCD phase transition, T� ∼ 0.1 GeV.
Today we know that both the QCD PTand the EWPTare

not first order, but proceed through a smooth crossover
[5–8], and can therefore not produce a strong GW signal
through the usual mechanism. This can, however, be
changed in models beyond the SM. Extensions of the
SM which lead to a strong first order EWPTare particularly
attractive since they can provide one missing ingredient for
generating the observed baryon asymmetry of the Universe
[9–15]. It is more difficult to modify the QCD PT, although
a large neutrino chemical potential could be sufficient to
provide a strong first order PT [16]. The resulting signal
was studied in Ref. [17].
The aimof thiswork is to point out that gravitationalwaves

could also be produced by a strong PT in a dark or hidden

sector. The particular scenario we have in mind is a dark
sector with a new SUðNdÞ gauge interaction which confines
at some scale Λd. Such models have recently received
renewed interest either as models of dark matter [18–32]
or as part of the low energy sector of so-called twin Higgs
models [33–35]. Different from generic hidden sectors [36],
these models provide a preferred mass range and some
restrictions on the particle content, such that the frequency
range of the potential GW signal can be predicted.
Models with first order phase transition.—Near the

confinement scale ΛQCD, the dynamics of QCD is governed
by three flavors, two of which are almost massless, while
the strange quark mass is of order ΛQCD. Lattice studies
[5,6,37] have shown that for these quark masses, the QCD
PT is a weak crossover. This is, however, not always the
case. For different values of mu;d and ms the behavior is as
follows: The pure Yang-Mills limitmu;d; ms → ∞ is known
to have a strong first order PT [38] from the restoration of a
global Z3 center symmetry at low temperatures. The
opposite mu;d; ms → 0 limit, i.e., the theory with three
exactly massless quarks, also features a strong first order
transition, related to the breakdown of the SUð3Þ × SUð3Þ
chiral symmetry [39].
Here we are interested in SUðNdÞ theories with Nd ≥ 3

and nf massless (m ≪ Λd) Dirac fermions in the funda-
mental representation, and with a confinement scale Λd. To
guarantee the existence of a confining phase we further
impose nf < 4Nd, in order to stay outside of the conformal
window.
For pure Yang-Mills theories, nf ¼ 0, the confinement

phase transition is related to the restoration of a global
ZNd

⊂ SUðNdÞ center symmetry, which is broken in the
high temperature phase. Lattice simulations have shown
that this PT is strong first order for Nd ≥ 3 [40].
The case of nonzero nf for Nd ¼ 3 and Nd → ∞ is

discussed in Ref. [39]. For nf ¼ 1 there is no symmetry
breaking, and therefore no phase transition. For nf ≥ 3 the
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PT is first order for any value of Nd ≥ 3. In the large Nd
limit, the PT is also first order for nf ¼ 2.
To summarize, SUðNd ≥ 3Þ theories with nf massless

flavors have a first order PT if either nf ¼ 0 or
3 ≤ nf < 4Nd. In the following, we will discuss a few
examples that are well motivated either from a dark matter
perspective or by naturalness arguments. These physically
motivated scenarios furthermore provide a preferred range
for the confinement scale Λd, which allows us to estimate
the temperature of the PT, T� ∼ Λd, and therefore make a
prediction for the GW spectrum.
Composite dark matter I (CDM1).—In this class of

models, the dark matter candidate is the lightest baryonic
bound state of a SUðNdÞ dark sector with nf dark quarks
which are neutral with respect to all SM interactions. This
allows the DM to be light, since it will only communicate
with the SM through heavy mediators. The most natural
realization of these models is in the context of asymmetric
dark matter [41,42]. The measured DM density then
implies a mass range of Oð5Þ GeV for the DM particle,
and therefore motivates T� ≈ Λd ∼ ð1–10Þ GeV. As a
concrete benchmark we will consider the dark QCD model
[24,31], which consists of a SUðNd ¼ 3Þ theory with nf ≥
3 dark quarks, such that a strong PT is guaranteed.
Composite dark matter II (CDM2).—Similar to the

previous case, the DM is a baryonic bound state of a
new SUðNdÞ theory. The important difference now is that
the dark quarks carry electroweak quantum numbers.
Models of this type were considered, for example, in
Refs. [21,22], where mass spectra and form factors are
calculated from first principles on the lattice. Constraints on
the invisible width of the Z boson immediately suggest a
confinement scale at or above the 100 GeV scale, while
unitarity arguments on DM freeze-out place a limit of
Λd ≲Oð100Þ TeV. The benchmark model considered in
Ref. [22] has Nd ¼ 4 with nf ¼ 4 flavors and should
therefore feature a strong first order PT.
Twin Higgs (TH).—These models attempt to solve the

hierarchy problem without introducing coloured partners
for the top quark [33,34]. This is achieved by adding a twin
sector to the SM with an approximate Z2 parity symmetry,
with the minimal requirement that there should be fer-
mionic partners for the top and bottom quarks which are
charged under a new SUðNd ¼ 3Þ interaction. The approxi-
mate Z2 symmetry constrains Λd to lie in the ð1–10Þ GeV
range. Top and bottom partners are heavier such that the
theory at the PT scale is SU(3) with nf ¼ 0 [35], which
again gives a strong first order PT.
Strongly interacting massive particle (SIMP).—The key

idea behind SIMP DM is that the relic density is determined
through freeze-out of 3 → 2 instead of 2 → 2 annihilations
[43]. The correct relic abundance is then obtained for DM
masses in the 100 MeV range. One simple realization of
this mechanism is a SUðNdÞ dark sector with dark pions as
DM candidates. The 3 → 2 processes can then be induced

by the Wess-Zumino-Witten term [44,45]. The condition
for the existence of the WZW term is nf ≥ 3, which again
allows for a strong first order PT, this time in the
100 MeV–GeV range.
Gravitational wave spectra.—Gravitational waves pro-

duced at a time t� (or, equivalently, at a temperature T�) will
propagate undisturbed in the expanding Universe; there-
fore, their frequency f and their fraction of the critical
energy density ΩGW will decrease as a−1 and a−4, respec-
tively, where aðtÞ is the scale factor [9,46]. Denoting by a�
and a0, the scale factors at time of production and today,
entropy conservation (sa3 ¼ const) implies

a�
a0

¼
�
g0;s
g�;s

�1
3 T0

T�
: ð1Þ

Here, T0 ¼ 2.725 K ¼ 2.348 × 10−13 GeV is the temper-
ature of the CMB, g�;s (g0;s ¼ 3.91) is the effective number
of relativistic degrees of freedom at the time of production
(today), and the entropy density at temperature T is given
by sðTÞ ¼ ½ð2πÞ2=45�gsðTÞT3. It follows that the frequency
today can be expressed as

f ¼ a�
a0

f� ¼ 1.6 × 10−7 Hz ×

�
g�
80

�1
6 T�
1 GeV

f�
H�

; ð2Þ

where we have used the Hubble rate at time of production,
H� ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð4π3g�=45Þ

p
ðT2�=MPlÞ, and assumed that all species

are in thermal equilibrium at T ¼ T�, i.e., g� ¼ g�;s.
To understand the spectrum of GWs from a strong dark

PT, we follow the discussion of Ref. [17]. Gravitational
waves are sourced by tensor fluctuations of the energy
momentum tensor of the primordial plasma. During first
order PTs both bubble collisions [47–49] and magneto-
hydrodynamical (MHD) turbulence [50–56] provide
sources of GWs. As functions of the conformal wave
number k ¼ 2πaf, the GW spectra produced by either
source can be approximated by [17,57–59]

dΩðBÞ
GWh

2

d log k
≃ 2

3π
h2Ωr0

�
H�
β

�
2

Ω2
S�v

3
ðk=βÞ3

1þ ðk=βÞ4 ; ð3Þ

dΩðMHDÞ
GW h2

d log k
≃ 8

π6
h2Ωr0

�
H�
β

�
Ω3=2

S� v4

×
ðk=βÞ3

ð1þ 4k=H�Þ½1þ ðv=π2Þðk=βÞ�11=3 : ð4Þ

Here H� is the conformal Hubble parameter H ¼ Ha at
T ¼ T�, and Ωr0 is the radiation energy density today. The
quantities that determine the GW spectrum are the duration
of the PT β−1 [usually ð1 − 100Þ% of a Hubble time [2]],
the bubble velocity v, and the relative energy density in the
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source, ΩS� ¼ ρS�=ρ�;cirt. The temperature of the PT enters
through the dependence of H� on T�.
The spectra depend on the wave number only through

k=H� (since β ∝ H�). Using Eq. (2) and f�=H� ¼
ðk=H�Þ=ð2πÞ, we find the peak frequencies today,

fðBÞpeak ¼ 3.3 × 10−8 Hz ×

�
g�
80

�1
6

�
T�

1 GeV

��
β

H�

�
;

fðMHDÞ
peak ≈ 10fðBÞpeak; ð5Þ

for v ≲ 1. In Fig. 1 we show the location of the frequency
peaks as functions of T� and β. As expected from Eq. (2),
the peak frequencies increase linearly with the transition
temperature T� and with β=H�.
Obviously, the signal strength strongly depends on the

parameters β, v, and ΩS�, which are not known for the

models considered here. In Ref. [60] it was shown that the
radion-stabilized RS model, which is a dual description for
strongly coupled gauge theories, has a very strong first
order PT. For very strong PTs the bubble wall velocity
approaches v ¼ 1 and large supercooling can provide
ΩS� ≲ 1. Furthermore, it was found that β=H� ≤ 10 is
possible, which gives rise to a larger signal than in weakly
coupled models, where typically β=H� ∼ 10–100 [61].
Motivated by the results of Ref. [60] we consider the GW

signal for v ¼ 1, β=H� ¼ 1–100, and ΩS� ¼ 0.1 in the
following (a similar range of values was also chosen
in Ref. [17]).
Lattice simulations of the strongly coupled transitions

will be necessary to determine β, v, and ΩS� for different
Nd and nf. In particular, an accurate determination of β
would be important since it determines both the peak
location and the intensity of the signal. Finally, it should be
noted that investigations of the GW spectrum from PTs is
still ongoing (e.g., Refs. [62–64]), and that not all aspects of
the MHD turbulence signal are captured by Eq. (4).
Detectability and complementarity.—We have seen that

the peak frequencies of GW signals from GeV–TeV scale
PTs are of order ð10−6 − 10−3Þ Hz. GWs with frequencies
down to 10−5 Hz can be probed by satellite based experi-
ments like eLISA [65]; however, the sensitivity quickly
degrades below 10−3 Hz. On the other end of the spectrum,
pulsar timing arrays (PTA) can probe frequencies in the
ð10−9 − 10−7Þ Hz range. In Fig. 2 we overlay the expected
GW signal for different model parameters with the
expected sensitivities of current and planned GW detection
experiments (based on Ref. [66]).
PTA experiments [67–69] are very sensitive to the GW

signal from models with a PT at the GeV scale or below,

FIG. 1 (color online). Peak frequencies of the GW spectra (in
mHz) from bubble collisions (blue,solid) and MHD turbulence
(red, dashed) in the T� − β plane, for v ¼ 1.0.

FIG. 2 (color online). GW spectra ΩðfÞh2 for T� ¼ 0.1 GeV (SIMP), T� ¼ 10 GeV (CDM1, TH models) and T� ¼ 10 TeV (CDM2
models). Curves are shown for β=H� ¼ 1; 100, v ¼ 1, and ΩS� ¼ 0.1. Dotted lines indicate the individual contributions from bubble
collisions and turbulence. The projected reach of several planned GW detection experiments is shown (dashed lines). Limits on a
stochastic GW background from the EPTA [67] and NANOGrav [68] experiments are also shown.
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which includes SIMP DM but also the QCD PT if it were
strong first order. As the transition temperature increases
the signals quickly fall out of the sensitivity range of PTAs,
such that the CDM1 and TH models are only detectable
here if their PT has β ≈H. Recently, the EPTA [67] and
NANOGrav [68] Collaborations have reported limits on the
stochastic GW background as indicated in Fig. 2. It is
interesting to note that GWs from a 100 MeV scale dark
sector could soon be detectable, although a precise estimate
of the sensitivity would require determining the signal-to-
noise ratio for the particular shape of the GW signal.
Satellite based experiments like eLISA and BBO are

instead highly sensitive to models with PTs in the TeV
range. Models of the CDM2 type naturally fall into this
region, but also the CDM1 models can be viable with a
confinement scale in that region. Another interesting aspect
of these experiments is that they are sensitive to the tails of
signals that peak at lower frequency, like the T� ¼ 10 GeV
band in Fig. 2. An interesting feature here is that the
frequencies shift to larger values with ðβ=HÞ, which
partially compensates the overall ðH=βÞ2 drop of the signal
in the high frequency tails. Therefore, satellite based
experiments have the potential to probe a large range of
PT temperatures from few GeV to 100s of TeV, although
the distinction from other GW sources (for example,
unresolvable galactic white dwarf binaries, contribute to
the stochastic background at the level of h2ΩGW ∼ 10−10 in
the f ¼ 10−4 − 10−3 range) could be difficult if the peak is
not in the sensitivity range.
A distinct feature of GW signals is that it directly probes

the gravitational effects of new physics sectors, whereas
dark matter direct detection or collider experiments have to
rely on sufficiently strong nongravitational interactions of
the dark sectors through mediator particles. All of the
models introduced earlier remain viable even if the masses
or couplings of the mediators are adjusted such that their
detection becomes difficult in current collider and DM
detection experiments. The nonobservation of new physics
in the near future would therefore not exclude the pos-
sibility of observing a GW signal from a dark sector. This is
very different from, e.g., models of strong EWPT
[60,70,71], which could be in trouble if no new physics
is discovered at the LHC. A GW signal in the absence of
new physics discoveries would therefore point towards a
dark sector, assuming it could be disentangled from
astrophysical foregrounds.
Finally, it is worth noting that perturbative unitarity

constrains the mass of thermal DM to be below 110 TeV
[72,73], beyond the reach of the next generation of
collider experiments. For composite nonperturbative
DM this limit does not apply directly, instead, a lower
bound on the radius of the extended object can be
obtained, R≲ ð100 TeVÞ−1. It is reasonable to expect
the radius R to be of order of the inverse mass, which
again implies an upper bound on the DM mass of order

100 TeV. GW signals could therefore be a unique probe
of the thermal DM paradigm.
Conclusions.—Models beyond the SM with a confining

dark sector can lead to unexpected phenomenological
signatures. Here we have explored the possibility to detect
gravitational waves due to a first order phase transition at
the confinement scale Λd. DM and/or naturalness consid-
erations constrain the scale of the phase transition, and the
resulting GW frequencies lie in the sensitivity range of
current or planned GW detection experiments. Depending
on other aspects of the model, GW signals will either
provide complementary information about the models in
question, or might even be the best option to find evidence
for these models of new physics.
It will be interesting to further study the PT in strongly

coupled systems, to obtain a more precise understanding of
the GW spectrum, and its dependence on the number of
colors and flavors in the dark sector. Progress can be made
both using lattice simulations and using holographic
methods, opening a new connection between studies of
strongly coupled SUðNÞ theories and cosmology.
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