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Abstract. It has recently been pointed out that Gaia is capable of detecting a stochastic
gravitational wave background in the sensitivity band between the frequency of pulsar timing
arrays and LISA. We argue that Gaia and Theia have great potential for early universe
cosmology, since such a frequency range is ideal for probing phase transitions in asymmetric
dark matter, SIMP and the cosmological QCD transition. Furthermore, there is the potential
for detecting primordial black holes in the solar mass range produced during such an early
universe transition and distinguish them from those expected from the QCD epoch. Finally,
we discuss the potential for Gaia and Theia to probe topological defects and the ability of
Gaia to potentially shed light on the recent NANOGrav results.
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1 Introduction

It has recently been shown that large surveys of stars such as Gaia [1] and the proposed
upgrade, Theia [2], can be powerful probes of gravitational waves (GW) [3]. GWs affect the
apparent position of a star, and the multiple subsequent measurements of the same star can
be used to turn Gaia into a GW observatory [3–5]. The dimensionless strain sensitivity of
Gaia is expected to be a constant [3] and scale inversely with the lifetime of the experiment [6].
This is in contrast to pulsar timing arrays, whose strain sensitivity scales as the inverse square
root of the observation time. The scaling with the mission lifetime comes from the fact that
Gaia monitors the position of N sources in the sky with angular resolution ∆θ over a time
T . For a single source, one could detect an angular velocity (proper motion) of order ∆θ/T ,
and for N sources, a correlated angular velocity of order ∆θ/(T

√
N) should be detectable. It

follows [6] that one should obtain an upper limit

ΩGW(f ∼ 1/T ) . ∆θ2

NT 2H2
0

(1.1)

on the GW energy density from a SGWB. Moreover, the analysis of ref. [3] seems to indicate
that the cadence of the astrometric survey does not change the strain sensitivity appreciably,
at least not more than an order of magnitude.

The constant strain sensitivity makes astrometry a powerful tool for filling the sensitivity
gap between nanohertz frequencies probed at pulsar timing arrays [7, 8], and millihertz
frequencies probed by the LISA mission [9]. Furthermore, the efficient scaling with the mission
time makes upgrades to Gaia competitive with even the square kilometer array at probing
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the nanohertz range. In this paper we discuss the cosmological opportunities of using Gaia
and Theia as GW observatories. In particular, various dark matter models based on the
Strongly-Interacting Massive Particles (SIMP) paradigm are expected to feature a confining
transition that could leave a observable background gravitational wave spectrum that typically
peaks between the sensitivity ranges of LISA and pulsar timing arrays, precisely the frequency
range where astrometry can contribute. Asymmetric dark matter is also expected to include
physics at a similar scale. Further we explore the potential of primordial black hole detection
with an emphasis of primordial black hole production during such a confining transition.
We also discuss the potential to observe gravitational wave backgrounds generated from
topological defects such as domain walls and strings. Finally, motivated by the recent hint
of a possible SGWB signal at NANOGrav [8], we discuss the timescale for Gaia to give
complementary information on the tentative signal.

The structure of this paper is as follows. Section 2 we give the sensitivity curves for
Gaia and its upgrades, we then discuss the potential to observe cosmological phase transitions
indirectly with astrometry in section 3. Note that in that section we discuss specific models
that can be detected, focusing on dark sectors. Next, in section 4, we discuss cosmological
defects and the potential reach of astrometry as well as a discussion of the recent NANOGrav
results. In section 5 we discuss the effect that phase transitions have on the Primordial Black
Hole (PBH) mass spectrum as a complementary cosmological probe before concluding in
section 6. We describe in the appendices the low-energy effective models associated with
confinement transitions.

2 Sensitivity curves for Gaia and Theia

Experimental designs typically specify a strain sensitivity, whereas cosmologists are typically
interested in the gravitational wave abundance. The strain sensitivity, hc can be conveniently
converted to the abundance, ΩGW via the relation

ΩGW(f) = 2π2

3H2
0
f2h2

c(f) (2.1)

where H0 = 67 km/s/Mpc, is the value of the Hubble rate observed today and f is the
frequency. For Gaia we can take the constant sensitivity derived in ref. [3]

hc = 10−14
(5 years

TM

)
, ∀ f > 1/TM (2.2)

where TM is the mission lifetime, which we will generously take to be 20 years. For Theia,
we estimate that one will observe a hundred times as many stars with an angular velocity
resolution that is 60 times better (from both angular resolution and time cadence) [2]. This
results in a strain sensitivity of

hc = 1.6× 10−16
(5 years

TM

)
, ∀ f > 1/TM . (2.3)

When searching for a specific signal, the sensitivity of Gaia/Theia can be dramatically improved
by comparing the signal for multiple frequency bands, since the astrometric sensitivity covers
several decades in frequency of GW, a technique also used in LISA [10]. We present the peak
integrated sensitivity curve [11] relevant for phase transitions and the power law sensitivity
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curve [12] relevant for strings in figure 1. In both cases the integrated sensitivity curve can be
obtained by

N (f) =

3H2
0

∫ fmax

fmin=1/T

(
f ′

f

)3
 7

4 + 3
(

4 + 3
(
f ′

f

)2
)


7/2

df ′

2π2(f ′)3h2
ch

2


−1

(2.4)

N (f) = Max(n)

( f

fmin

)n(
3H2

0

∫ fmax

fmin=1/T

(f ′/fmin)n
2π2(f ′)3h2

ch
2df
′
)−1

 , (2.5)

where h = 0.67 and the above is for a broken and an envelope of power laws respectively.
The sensitivity we show in figure 1 alongside pulsar timing arrays as well as other proposed
experiments including Lisa and aLIGO. Theia is almost unmatched in its potential sensitivity
and both astrometry experiments have potential reach in frequencies between those of pulsar
timing arrays and LISA. The ability to detect a SGWB by Gaia/Theia will depend on the
performance of cross-correlation codes of several billions of objects, a feat now performed by
Machine Learning methods in Large Scale Structure surveys [13].

3 Phase transitions

For any given phase transition, the dominant source is widely believed to be the acoustic
source [24–26]. The spectral form is model independent with the peak amplitude and frequency
depending just on four thermal parameters — the bubble wall velocity, vw, the inverse timescale
of the transition, β, the change in the trace anomaly normalized by the radiation density, α,
and the temperature at which percolation occurs, Tp. The peak amplitude depends on the
thermal parameters as follows [24–27]1

h2ΩGW = 8.5× 10−6
( 100
gs(Te)

)1/3
Γ2Ū4

f

[
Hs

β(vw)

]
vw ×Υ, (3.1)

where Γ ∼ 4/3 is the adiabatic index and Υ is the suppression factor arising from the finite
lifetime, τsh, of the sound waves, given by

Υ = 1− 1√1 + 2τshHs
. (3.2)

3.1 Motivating first order transitions detectable with astrometry
The range of frequencies that Gaia is sensitive to is ideal for a phase transition occurring
between an MeV and a GeV. This is precisely the scale we would expect a confinement
transition to occur in either QCD, a hidden sector involving a strongly interacting massive
particle (SIMP), or asymmetric dark matter model. In fact, the preferred confinement scale
for strongly interacting massive particle (SIMP) dark matter is precisely in this range [32].
We will focus mostly on hidden sector models here, but let us begin with the QCD transition,
which can also in principle be a strong first order transition and can give us insight to what
sort of phase transitions can lead to a gravitational wave signature.

1Note that the method we use in this paper is common, but has some non-trivial uncertainties, as it neglects
vorticity and reheating effects [28], assumes a bag model [29, 30] and is not always an accurate estimate of the
nucleation temperature [31].
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Figure 1. Power law and peak integrated sensitivity curves for pulsar timing arrays [14–16] against
astrometry methods such as Gaia and Theia. The bands correspond to a signal to noise ratio between 1
and 10, the lighter bands are power law integrated sensitivity curves while the darker bands correspond
to the peak integrated sensitivity bands. Also included are space based missions, Lisa [17], BBO [18]
and Decigo [19, 20] where for the latter we have used the ultimate specifications. Additionally, we
included high frequency detectors in aLIGO [21] and the Einstein telecope [22]. Note that Theia has
sensitivity in the range beween pulsar timing arrays and LISA. By extending the cadence of Theia
down to days one could fill the gap between PTA and LISA frequencies. The reach of all interferometers
is shown for an experimental time of 1 year, astronometric constraints are shown alongside SKA after
20 years of observation whereas we show the current reach of NANOGrav and EPTA. Note that the
recent PARKEs result is quite similar to NANOGrav [23].

In the standard model, the cosmological QCD transition is unfortunately not expected
to be strongly first order [33, 34]. However, in principle, extensions to the standard model or
unusual conditions in the early Universe could modify this. Confinement transitions are not as
easy to model as transitions involving fundamental scalars, where effective potential methods
provide a powerful and intuitive guide and are known to describe low scale QCD reasonably
well [35–38].2 In the absence of lattice calculations, it is a natural to consider an effective
scalar theory and model confinement transitions in an analogous manner. From such an
effective theory, one can make a qualitative check of that nature of the transition by searching
for stable infrared fixed points [40]. Between lattice calculations and effective methods of
the condensate one can derive three scenarios that can make a cosmological confinement
transition first order

2Note that transitions concerning fundamental scalars involve their own set of theoretical problems that
can create large uncertainties in perturbative methods [39].
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• Having at least three quarks that are effectively massless compared to the confinement
scale. In QCD, this can occur if u, d, s quarks are made lighter in the early Universe [41].

• Having a pure Yang-Mills transition where quarks are either absent or heavy.

• The baryon chemical potential is large in the early Universe. This can be achieved
through a large lepton asymmetry [42] which can be made compatible with BBN
bounds [43]. In principle a confinement transition in a SIMP model can be similarly
influenced by a large asymmetry in the early Universe.

Although the calculations we present here will suffer from theoretical uncertainty, results
do seem to agree with the intuition that the larger the change in relativistic degrees of freedom,
the stronger the transition. For example, in the case where glueballs dominate the confining
transition, the strength of the transition grows with the number of colors. Similarly, in the
case where quark condensates dominate the free energy, prior work has shown some evidence
that strength of the transition grows with the number of flavours [44]. We will also consider
the implications of a transition of a fundamental scalar in an asymmetric dark matter model
introduced in ref. [45].

3.1.1 Gravitational waves from chiral symmetry breaking
To estimate the gravitational wave signal in a chiral symmetry breaking transition, we follow
the strategy of recent work that relies on low energy effective theories such as the linear sigma
model (LSM) and the (p)NJL model [46]. The NJL has the advantage of being sensitive to
the number of colours in the theory whereas the LSM is sensitive only to the number of quark
flavours. The pNJL model improves on the NJL model yet again by including a potential for
Wilson loops whose coefficients can be derived from lattice [47]. There is to date no lattice
calculation to compare the predictions for the gravitational wave signal produced in either
model, we therefore simply calculate benchmarks in each model with the expectation that there
can be future improvement in the predictions of gravitational waves produced in SIMP models.

For the linear sigma model, a large gravitational wave signal is predicted in the case
where there is a large hierarchy between the axion and pion mass [44]. In the case of the
(p)NJL model, there is a critical point in the parameter space where it no longer is energetically
favourable for chiral symmetry breaking to occur. Near this critical point are the strongest
transitions and we choose benchmarks in this region of parameter space. To ascertain the
lowest temperature a confinement transition can occur we need to enforce a number of
conditions

1 To drain the entropy in the hidden sector we require kinetic equilibrium to be maintained
until the freeze out temperature — typically one twentieth the pion mass [32, 48].

2 We enforce the chiral limit, this means the pion mass is much lower than the critical
temperature. We do not have a precise criteria, but for our present purposes require
that the critical temperature to be ten times the pion mass.

3 Freezeout needs to occur well before BBN. To ensure safety we enforce a conservative
bound that TFO > 2MeV, see also [49].

Let us begin with the first criteria. We must ensure that kinetic equilibrium is maintained
at the freeze-out temperature to ensure the entropy is drained. We consider dark photon
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mediation between mesons and SM fermions as the channel to maintain equilibrium [48, 50].
This is achieved when,

5ζ(5)
4 mπΓscatt .

H(Tf )m2
π

Tf
(3.3)

where

Γscatt =
∑
f

σfvrel
E2
f

12ζ(5)
π2

15
16T

5
f (3.4)

and

σfvrel = 8παDα
∑ Q2

π

Nπ

1
c2
χ

[
−
(
c2
ζ

m2
V

+
s2
ζ

m2
Z

)
cW tχQf

+
(
cζ(sζ + sW tχcζ)

m2
V

− sζ(cζ − sW tχsξ)
m2
Z

)
1

sW cW
(If3 −Qfs2

W )
]
E2
f . (3.5)

In the above we follow the notational conventions of ref. [48]. Specifically, (sx, tx, cx) denote
trigonometric functions where the subscript denotes the argument. The angle, χ is the mixing

L ⊃ −sinχ
2 BµνAµν , (3.6)

and

tan 2ζ = m2
ZsW sin 2χ

m2
V −m2

Z(c2
χ − s2

W s
2
χ) . (3.7)

Furthermore, π denotes the dark pion, αD denotes the dark sector coupling strength and all
Standard Model notation is conventional. It is straightforward to achieve kinetic equilibrium
and avoid all possible dark photon constraints [51] for a remarkably low freezeout temperatures
when the mixing is of the order χ ∼ 10−4.

The second and third constraints are arguably the most restricting. If the freezeout
temperature is at least 2MeV, this implies a pion mass of at least 40MeV which in turn implies
a critical temperature of 400MeV.3 This of course does not necessarily exclude interesting
gravitational wave signatures from a SIMP with light quarks involving a much lower critical
temperature. The weakness of the limit arising from kinetic equilibrium at freeze-out is
very promising. However, the methods for calculating such a gravitational wave signal is
even more uncertain than what we present as the chiral limit becomes invalid. With these
restrictions in mind, we therefore present the conservative benchmarks presented in table 1
with the GW signal plotted in figures 2 and 3. Note that even Theia requires a reasonably
strong phase transition, so in general the percolation temperature can be well below the
transition temperature. We take the chiral limit as being valid when the critical temperature
is 400MeV and the transition occurs when kinetic equilibrium is still possible. This can mean
in some benchmarks that the mass of the quarks are not too light compared to the transition
temperature. There is a theoretical uncertainty that arises from this that needs to be settled
either by lattice modelling or substantial theoretical progress.

3We hope this to be quite conservative since the pion mass is the geometric mean of the quark mass and
the confinement temperature which is larger than the quark mass.
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Model NC NF Λ parameters
LSM N/A 4 — mA/mφ = 51.66

NJL (B2) 3 3 1.24GeV G−1 = 0.48GeV2, G−1
D = −0.042GeV5

NJL (B3) 5 3 4GeV G−1 = 9.79GeV2, G−1
D = −14.72GeV5

pNJL (B4) 3 3 6.2GeV G−1 = 11.97GeV2, G−1
D = −131.69GeV5

Table 1. Benchmarks for SIMP models with light quarks. In each case the critical temperature is set
to the conservative limit of 400MeV (see text for explanation). The number of flavours is denoted by
NF and the number of colours by NC . The parameters are found by tuning the critical temperature
to 400MeV and notational conventions are taken from ref. [48].

3.2 Asymmetric dark matter and solitosynthesis

If a phase transition has tunneling rate that never becomes large enough compared to the
Hubble time to percolate, the phase transition can still complete through a process known as
solitosynthesis so long as there is a conserved charge to stabilize sub-critical bubbles [52]. If
there is a conserved charge, the free energy of a sub-critical bubble is stabilized by a term
proportional to the charge density inside the bubble — such a term diverges for vanishing
radius. Such a stable field configuration is known as a Q-ball [53]. As the Universe cools,
some sub-critical bubbles become critical and explode, completing the phase transition. The
phase transition is typically strong and long lasting [45].

If dark matter is asymmetric, matching the dark matter to its observed value fixes a
relationship between the asymmetry and the mass of the dark matter,

YDMmDM ∼ 5× 10−10 GeV . (3.8)

The transition temperature is generally within an order of magnitude of the dark matter. This
makes pulsar timing arrays ideal for probing such a phase transition that has an asymmetry
YDM ∼ O(10−7). Gaia is ideal for probing such asymmetric dark matter scenarios when
YDM ∼ O(10−7 − 10−8). Solitosynthesis occurs in a context where the conventional tunneling
rate is too slow compared to Hubble. This typically occurs when there is a tree level barrier
between a true and false vacuum. The simplest possibility is a dark sector Higgs augmented
by a dimension six operator4

V (hD, φ) = κφ2h2
D + Λ4

[
(2− 3α)

(
hD
vD

)2
−
(
hD
vD

)4
+ α

(
hD
vD

)6]
. (3.9)

We present the benchmarks that use the same model as ref. [45] with two benchmarks
presented in table 2 where the parameter α is varied between α ∈ (0.5, 2/3). The sensitivity
of Gaia and Theia to these benchmarks are given in figure 2 and figure 3.

3.2.1 Glueballs
Hidden sectors frequently include dark gauge symmetries which can confine. If there are no
light fermions in the theory, the properties of the transition can be studied on the lattice
without the ambiguities that arise from trying to model fermions. Gravitational waves arising

4A UV completion with the same thermodynamic properties is not guaranteed, but much easier in a dark
sector than a visible sector [54].
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Figure 2. Sensitivity to thermal parameters with α = 1 and benchmarks for a phase transition from
solitosynthesis with asymmetry of 10−7/10−8 (black/blue circles) glueballs for SU(N) (Olive numbers)
and confinement in the LSM model (red squares) and the (p)NJL model. Benchmarks for the (p)NJL
model are given in table 1 are denoted by Bx. All benchmarks are not excluded from current PTAs.
More details on the models producing these transitions are given in the text.

Figure 3. Same models with thesame colour coding as figure 2 against Gaia and Theia sensitivity
curves. In the case of Glueballs we take NC = 30 and NC = 31. For solitosynthesis we take the
strongest and fifth strongest phase transitions for both values of the dark asymmetry.

– 8 –



J
C
A
P
1
2
(
2
0
2
1
)
0
2
3

v Λ g η

0.06GeV 0.02GeV 0.1 10−7

0.7GeV 0.2GeV 0.1 10−8

Table 2. Benchmark parameters used for solitosynthesis following the notational conventions in
ref. [45].

from a pure Yang-Mills confinement transition are particularly attractive as the number
of parameters in the theory, specifically the rank of the group and the confinement scale,
matches the number of observables in the peak amplitude and frequency of a gravitational
wave spectrum. The surface tension and the latent heat of pure Yang Mills confinement
transition for a SU(NC) has been calculated on the lattice for NC . 8 [55, 56]

σ = (0.013N2
C − 0.104)T 3

C , L =
(

0.549 + 0.458
N2
C

)
T 4
C . (3.10)

Furthermore, the pressure in each phase is known and the ratio of the pressure to the
Stephann-Boltzmann pressure is approximately constant as a function of NC [57]. We use
lattice results for the pressure of an SU(3) confinement transition from refs. [58, 59]. In spite
of this impressive array of lattice knowledge, the surface tension and latent heat are only
calculated at the critical temperature. Similarly, the pressure below the critical temperature
is only defined in the confined phase. In the early Universe, the temperature is decreasing
fast enough that a fair amount of supercooling can occur by the time percolation begins.
To estimate the macroscopic thermal parameters at the percolation temperature requires
extrapolation of the lattice results for the supercooled phase. This can be estimated either
through a toy potential for the Polyakov loop whose properties match lattice results — either
a potential based on the Haar measure [60, 61] or a polynomial potential [61, 62]. This
presents some challenges, as the growth in the surface tension with NC can be in tension with
the fact that the pressure is decreasing much faster than T 4 near the critical temperature,
combined with the fact that the absolute value of the pressure is expected to be negative for
strongly super cooled transitions [63]. Another approach is to use classical nucleation theory
and extrapolate the pressure to the super cooled phase.

Since we require a fairly strong transition for it to be visible, we require a fair amount of
super-cooling which unfortunately means that any method used will need to be taken with a
healthy grain of salt until there are lattice calculations for supercooled transitions. Here we
will review classical nucleation theory and apply it to the case of glueball nucleation. The
free energy of a bubble of radius R is given by

F = −∆p4π
3 R3 + σ4πR2 . (3.11)

Here, ∆p is the pressure difference between the phases. There is a critical value of R above
which it becomes energetically favourable for the bubble to expand as the pressure overwhelms
the surface tension. The nucleation rate per unit volume, per unit time is then given by the
exponential of the free energy of a critical bubble divided by the temperature

Γ = T 4e−16πσ3/(3T∆p2) . (3.12)

To extrapolate the pressure below the critical temperature, we use a linear extrapolation of
the pressure, allowing it to go negative. A negative pressure in the supercooled deconfined
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phase was recently argued for in ref. [63]. Finally, the inverse time scale of the transition can
then be calculated in the usual way β/H = Td[F/T ]/dT .

While Gaia and Theia are sensitive to phase transitions occurring at slightly higher
frequencies than what would be visible to pulsar timing arrays, it is still optimal for detectability
for the transition to occur as late as possible. If the glueballs are absolutely stable on
cosmologically relevant lifetimes (i.e. τ & 1025s to avoid cmb constraints [51, 65–67]), such
glueballs can in principle be dark matter. However, the gravitational wave spectrum is
suppressed by eight powers of the temperature ratio between the two sectors as it depends on
the square of the latent heat. The temperature ratio is required to be less than one in order
to avoid overclosure [68, 69]. Alternatively, one can make the glueballs short lived, in which
case their decay rate must be larger than Hubble before BBN in order to avoid changing the
expansion rate of the Universe during BBN. If one works through a Higgs portal, the decay
rate for a glueball of around the QCD scale is [68, 70]

Γ ∼ N2
CΛ7

xy
2

Λ4v2
h

, (3.13)

where NC is the number of colors, Λx is the dark confinement scale (we have made the
approximation that this is equivalent to the glueball mass) and y is the relevant Yukawa
interactions. One can compare this rate to Hubble to find that the minimum scale is the
muon threshold, that is Λ & 2mµ. In the case of vector boson mixing, the rate of Glueball
decay is [68, 71]

Γ ∼ (α2
xα

2
i , α

3
xαY )N2 Λ9

x

Λ8 (3.14)

which allows for a confinement scale of around 100MeV for a cutoff scale of around 100GeV.
We therefore take this latter value to approximate our confinement transition temperature,

though note that it is an approximation and a more detailed calculation could move the lowest
possible confinement temperature somewhat.

4 Cosmic defects and NANOGrav

The recent 12.5 year updated results of NANOGrav observed a common source stochastic
noise to all neutron stars, but without the Hellings-Downs correlation curve [72] that would be
associated with a stochastic GW background. Note that this common source is confirmed by
the recent PARKEs data [23]. A promising explanation for such a hint is that of an almost scale
invariant background generated by cosmic strings [73–78]. Another possibility is a metastable
cosmic string [79] or a domain wall [64, 80], a strong first order phase transition [81–86] or
primordial black holes [87–90]. In the case of metastable strings or domain walls, the low
frequency Gravitational wave power spectrum obeys a cubic scaling. In this case, astrometry
is an ideal compliment to PTAs as the sensitivity has a better scaling with frequency. We
will here focus on stable cosmic strings and domain walls.

Let us begin with the case of a cosmic string. We use the velocity dependent one scale
model of refs. [91–93] which models the evolution of a loop of length ` as

` = α`ti − ΓGµ(t− ti) (4.1)

where the emission rate, the string tension and the initial loop size is denoted by Γ ∼
50 [94, 95], Gµ and α` ∼ 0.1 respectively, with our choice for α` motivated partly by recent
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simulations [94, 95]. The frequency today (t0)of the gravitational wave spectrum emitted by
a given mode, k, can be related to the time of emission, t̃, via

f = a(t̃)
a(t0)

2k
α`ti − ΓGµ(t̃− ti)

. (4.2)

The gravitational wave abundance is the sum of the gravitational wave spectrum for individual
modes

ΩGW(f) =
∞∑
k=1

kΓ(k)Ω(k)
GW(f) , (4.3)

where
Γ(k) = Γk−4/3∑∞

m=1m
−4/3 ∼ 13.9k−4/3 . (4.4)

The contribution to the spectrum from each mode has the form

Ω(k)
GW(f) = 16π

3H2
0

F(Gµ)2

α`(α` + ΓGµ)
1
f

∫ t0

tF

dt̃
Ceff(ti)
t4i

(
α(t̃)
a(t0)

)5 (
a(ti)
a(t̃)

)3
Θ(ti − tF ) (4.5)

where tF ∼ 0 is the time of formation, Ceff = 5.4 controls the number density of the loops
and F ∼ 0.1 is an efficiency factor. The network can be described by a plateau, where for
high frequency one essentially has a scale invariant spectrum that grows linearly with the
symmetry breaking scale

ΩGWh
2 ∼ 8Ωradh

2

√
Gµ

Γ , (4.6)

as Gµ ∼ v for a symmetry breaking scale v. In the infrared, the spectrum curves downwards.
The frequency at which the plateau occurs is quadratic in the symmetry breaking scale. This
makes it more difficult for pulsar timing arrays to observe very low string tensions. We show
the amount of time in years it will take for Gaia to have a competitive sensitivity to cosmic
strings in figure 4. Note that Gaia does poorly in the next two years due to the frequency
cutoff of the strain sensitivity being 1/T where we took T = 2.5 years at the present. Gaia
quickly outperforms NANOGrav and should give complimentary data within 5 years.

Domain walls can form when the vacuum manifold is disconnected, for example when
there is a spontaneously broken Z2 symmetry. The energy density in a domain wall scales
inversely with the scale factor which means that they quickly dominate the energy density of the
Universe unless they are unstable. One possibility is that the symmetry was only approximate.
In the case of a Z2 discrete symmetry one can for example have V (φmin) = V (−φmin)±∆V .
In this case the domain wall can collapse and the resulting gravitational wave power spectrum
is obeys a broken power law [96–98]

ΩGW(f)h2 = 5.2×10−20εGWA4
(

g∗
10.75

)1/3( σ

TeV3

)4
(

MeV4

∆V

)2

×

Θ(f−fp)
(
f

fp

)−1

+Θ(fp−f)
(
f

fp

)3
 , (4.7)

where εGW ∼ 0.7 [96] is an efficiency parameter, A ∼ 1.2 is an area parameter, σ is the tension
in the wall and the peak frequency is given by

fp = 3.99 nHzA−1/2
(

TeV3

σ

)1/2 ( ∆V
MeV4

)1/2
. (4.8)
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Figure 4. Current and projected reach of NANOGrav (gray) against projected reach of Gaia (red)
for cosmic strings with the bands corresponding to a signal to noise ratio SNR ∈ (1, 10).

Note that it is possible for the gravitational wave abundance to be an unacceptably large
amount of radiation, changing the expansion rate of the Universe at recombination. The
constraint on the number of relativistic degrees of freedom can be recast into a constraint on
the gravitational wave power spectrum [99]

∆Neff = 8
7

(11
4

)4/3 ∫ df

f

ΩGW
Ωrad

. (4.9)

In figure 5 we show the projected sensitivity of Gaia and Theia as well as the current best fit
to the NANOGrav signal from ref. [98] and the contraint from ∆Neff .

5 Primordial black holes

The extra components beyond the Standard Model responsible for the strong phase transitions
that give rise to a significant Stochastic Gravitational Wave Background (SGWB), as discussed
in the previous sections, also modify the number of relativistic degrees of freedom and rate of
expansion of the universe around the phase transition. The contribution of these new degrees
of freedom change the total pressure and energy density of the plasma and thus the equation of
state of the universe. We will assume that the extra phase transition responsible for the SGWB
occurs around that of the QCD quark-hadron transition, so that the effect is enhanced. Note
that the QCD horizon size gives both a solar mass scale (Mhor = (c3/G) tQCD ∼ 1M�) and
nanohertz frequencies (fpeak = 1/(2tQCD(1 + zQCD))) ∼ 10 nHz), which connects LIGO/Virgo
GWTC-2 black holes with the Pulsar Timing Array and Gaia/Theia surveys.

A rapid change in the equation of state of the plasma during the QCD transition will
decrease the radiation pressure and thus will allow for a few (horizon) domains to collapse to
form primordial black holes [100–102]. The sensitivity to the equation of state is exponential
and thus a small change in radiation pressure can completely change the PBH mass spectrum.
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Figure 5. Domain walls. Black lines give the 1,2,3 σ fits to the potential NANOGrav signal as given
in ref. [64], olive region is explored by Theia, light blue region by Gaia. Below the red line the domain
wall decays after BBN and below the Brown line the gravitational wave signal is too strong to be
compatible with bounds on ∆Neff .

The threshold for gravitational collapse δc(w) is a function of the equation-of-state parameter
w(T ), see ref. [103], so the thermal history of the Universe can induce pronounced features in
the PBH mass function even for a uniform power spectrum of fluctuations. The reason being
that, if the PBH form from Gaussian inhomogeneities with root-mean-square amplitude δrms,
then the fraction of horizon patches undergoing collapse to PBH when the temperature of the
Universe is T should be [100]

β(M) ≈ Erfc
[
δc
(
w[T (M)]

)
√

2 δrms(M)

]
, (5.1)

where the temperature is related to the PBH mass by T ≈ 200
√
M�/M MeV. This shows

that β(M) is exponentially sensitive to w(M). The present CDM fraction for PBHs of mass
M is then

fPBH(M) ≡ 1
ρCDM

d ρPBH(M)
d lnM ≈ 2ΩM

ΩCDM
β(M)

√
Meq
M

, (5.2)

where Meq = 2.8× 1017M� is the horizon mass at matter-radiation equality and ρCDM is the
CDM density. We have computed the change in EOS,

wi(T ) = pSM(T ) + pi(T )
ρSM(T ) + ρi(T ) , (5.3)

during the thermal evolution of the universe in the three cases discussed above: Glueballs,
Solitosynthesis and the PNJL model. Each one gives a different mass spectrum for PBH, when
taking into account the exponentially sensitive collapse to PBH as the radiation pressure varies
accross the corresponding transitions. In the case of Glueballs, it generates for large Nc a
delta function of PBH at a particular scale, which is strongly constrained by astrophysical and
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Figure 6. The equation of state around the phase transition, as a function of the temperature of the
Universe, and the PBH mass fraction distribution as a function of BH mass in solar units.

cosmological observations. On the other hand, the Solitosynthesis model changes only very
slightly the PBH mass spectrum from that of the SM. Finally, the PNJL model is sufficiently
different from the SM that the search for signatures of differences in the mass spectrum will
eventually be detected in the mass distribution of black holes from GW interferometers like
LIGO/Virgo/KAGRA, as well as with current microlensing surveys like OGLE/GAIA and
future surveys like LSST.

To test the robustness of our PBH results, we changed the value of the critical temperature
Tc and the scale Λ to lower values (but still above the BBN scale), in order to generate peaks
at higher masses, and we found no significant differences with the curves shown in figure 6,
which makes these mass spectra rather robust.
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6 Conclusions

In this paper, we have discussed the potential of a stochastic gravitational wave background
detection at Gaia or future Theia mission to probe early universe physics. These astrometric
surveys open up a new frequency window of gravitational wave detection between LISA and
pulsar timing arrays. We pointed out that there are many scenarios of phase transitions
associated with dark matter such as SIMP or asymmetric dark matter, solitosynthesis, cosmic
defects, and primordial black holes that can lead to detectable signals. Uncertainties in
theoretical predictions are spelled out. We hope our work stimulates further discussions for
the design of the missions and survey strategy in order to capture exciting physics potential.

A Low energy effective models for modeling confinement transitions

A.1 Linear sigma model

For convenience we give just the details of the potential for four light flavours

V (φ, T ) = V0(φ) + VT (φ, T ) (A.1)

where

V0(φ) = 1
32
(
−16m2

σφ
2 + (κ+ 4λ− µσ)φ4

)
(A.2)

VT (φ, T ) = J̄B(m2
φ/T

2) + J̄B(m2
η/T

2) + 15J̄B(m2
X8/T

2) + 8J̄B(m2
X3/T

2) + 15J̄B(m2
π8/T

2)
+ 8J̄B(m2

π3/T
2) + J̄B(mηψ) + J̄B(m2

ηχ/T
2). (A.3)

In the above

J̄B(z2) = T 4

2π2

∫ ∞
0

dxx2 log
[
1−e

√
x2+z2

]
− T

12π

((
z2+ 1

12(3κ+17λ)T 2
)3/2
−z3

)
(A.4)

and the masses are

mφ = 1
24
(
9κφ2 + 36λφ2 − 9µφ2 + 6µs − 24mΣ

)
(A.5)

mη = 1
8
(
φ2[κ+ 4λ+ 3µ] + 2µσ

)
−mΣ (A.6)

mX8 = 1
8φ

2 (3κ+ 4λ+ µ)−mΣ (A.7)

mX3 = 1
24
(
9κφ2 + 12λφ2 + 3µφ2 − 24mΣ

)
(A.8)

mπ8 = 1
8φ

2 (κ+ 4λ− µ)−mΣ (A.9)

mπ3 = 1
24
(
3κφ2 + 12λφ2 − 3µφ2 − 24µ.Σ

)
(A.10)

mηψ = 1
24
(
3φ2[3κ+ 4λ+ µ] + 18µs − 24µΣ

)
(A.11)

mηχ = 1
24
(
3φ2[κ+ 4λ− µ] + 18µS − 24mΣ

)
(A.12)
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A.2 (p)NJL model
The effective potential for the composite field, σ, in both the NJL and PNJL model is as
follows

V
(P)NJL

eff (σ̄, L, T ) = V
(P)NJL

0 (σ̄) + V
(P)NJL

CW (σ̄) + V
(P)NJL

FT (σ̄, L, T ) (A.13)
where

V
(P)NJL

0 (σ̄) = 3
8Gσ̄

2 − GD
16G3 σ̄

3 (A.14)

V
(P)NJL

CW (σ̄) = − 3NC

16π2

[
Λ4 log

(
1 + M2

Λ2

)
−M4 log

(
1 + Λ2

M2

)
+ Λ2M2

]
(A.15)

V
(P)NJL

FT = −6T 2

π2

∫ ∞
0

dxx2 log
(
1 + e−3

√
x2+r2 + 3Le−

√
x2+r2 + 3Le−2

√
x2+r2

)
+ T 4

(
−1

2a(T )L2 + b(T ) log[1− 6L2 − 3L4 + 8L3]
)
. (A.16)

The last term is the potential for the glueballs and exists only in the pNJL model where
the log term is from the Haar measure. We follow the strategy of ref. [46] in minimizing
the potential with respect to L, for each value of σ̄ to reduce the problem to a single field
problem. One can choose coefficients such that the potential reproduces the surface tension
and the evolution of the pressure for NC = 3

a(T ) = a0 + a1
TC
T

+ a2

(
TC
T

)2
(A.17)

b(T ) = b3

(
TC
T

)3
, (A.18)

where
a0 = 3.51, a1 = −2.47, a2 = 15.2, b3 = −1.75. (A.19)

In the above TC is an input parameter that needs to match the critical temperature of the
potential. For each value of G and GD, one can iteratively modify TC until it matches the
physical critical temperature. Finally the field dependent mass is

M = σ̄ − GD
8G2 σ̄

2. (A.20)

The field σ̄ is composite, thus the Euclidean action has a non-canonical kinetic term

S3[σ̄] = 4π
∫
r2dr

[
Z−1
σ

2

(
dσ̄

dr

)2
+ Veff(σ̄)

]
(A.21)

where

Z−1
σ = −3NC

(
1− GD

4G2σ

)2
[−2A0 + 2B0 + 8C0 − 2`A(r) + 2`B(r) + 8`C(r)] . (A.22)

In the above r = |M(σ̄)|/T with

A0 = 1
16π2

[
log

(
1 + Λ2

M2

)
− Λ2

Λ2 +M2

]
(A.23)

B0 = − 1
32π2

Λ4

(M2 + Λ2)2 (A.24)

C0 = 1
96π2

3M2Λ4 + Λ6

(M2 + Λ2)3 (A.25)
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finally the relevant thermal integrals are

`A(r) = − 1
4π2

∫ ∞
0

(
x2

(x2 + r2)3/2
1

1 + exp[
√
x2 + r2]

+ 1
2

x2

x2 + r2
1

1 + cosh[
√
x2 + r2]

)
(A.26)

`B(r) = r2

16π2

∫ ∞
0

dx

(
3x2

(x2 + r2)5/2
1

1 + exp[
√
x2 + r2]

+ 3x2

2(x2 + r2)2
1

1 + cosh
√

[x2 + r2]

+ x2

2(x2 + r2)5/2
1

1 + cosh[
√
x2 + r2]

)
(A.27)

`C(r) = − r4

96pi2
∫ ∞

0
dx

(
15x2

2(x2 + r2)7/2
1

1 + exp[
√
x2 + r2]

+ 15x2

2(x2 + r2)3
1

1 + cosh[
√
x2 + r2]

3x2

(x2 + r2)5/2
tanh(1

2
√
r2 + x2)

1 + cosh[
√
x2 + r2]

+ x2

2(x2 + r2)2
1

1 + cosh[
√
x2 + r2]

− 3x2

2(x2 + r2)2
1

(1 + cosh
√
x2 + r2)2

)
(A.28)
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