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Abstract. The Cosmic Gravitational Wave Background (CGWB) is an irreducible back-
ground of gravitational waves generated by particle exchange in the early Universe plasma.
Standard Model particles contribute to such a stochastic background with a peak at
f~80GHz. Any physics beyond the Standard Model (BSM) may modify the CGWB spec-
trum, making it a potential testing ground for BSM physics. We consider the impact of
general BSM scenarios on the CGWB, including an arbitrary number of hidden sectors. We
find that the largest amplitude of the CGWB comes from the sector that dominates the en-
ergy density after reheating and confirm the dominance of the SM for standard cosmological
histories. For non-standard cosmological histories, such as those with a stiff equation of state
w > 1/3, like in kination, BSM physics may dominate and modify the spectrum substantially.
We conclude that, if the CGWB is detected at lower frequencies and amplitudes compared
to that of the SM, it will hint at extra massive degrees of freedom or hidden sectors. If
it is instead measured at higher values, it will imply a period with w > 1/3. We argue
that for scenarios with periods of kination in the early Universe, a significant fraction of the
parameter space can be ruled out from dark radiation bounds at BBN.
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1 Introduction

Testing physics beyond the Standard Model (BSM) of particle physics is extremely challeng-
ing, especially for energies much higher than the TeV scale. Proton decay, tensor modes
from the Cosmic Microwave Background (CMB) and possibly cosmic strings are some of the
very few potential signatures that can be searched in order to explore very high energies, like
those of the Grand Unification scale, which are beyond reach of collider experiments, even
in the long future. Gravitational waves, especially at ultra high frequencies, may provide a
new tool to explore physics beyond the Standard Model at very high energies, as well as the
early stages of the universe and it is worth exploring this potential.

The Cosmic Gravitational Wave Background (CGWB) is an irreducible background of
Gravitational Waves (GWs), sourced by the interactions of the constituents of a plasma in
thermal equilibrium. Its shape was computed in [1, 2] to leading-log and full leading order,
respectively, for the Standard Model (SM) particles and interactions. This approach was later
generalised in [3] to the spectrum of an arbitrary weakly coupled renormalisable gauge theory
with couplings to scalars and fermions. In these papers, it was shown that the shape of the
CGWRB is determined mostly by gauge interactions at the hottest moment of the evolution
of the plasma. In other words, the CGWB carries a snapshot of how the Universe looked like
right after reheating.

The shape of the CGWB is therefore a direct probe for physics much further than the
last scattering surface, which bounds electromagnetic astronomy. Due to its characteristic
frequency, around 80 GHz, the CGWB is an example of an ultra high frequency source
of GWs, which are attracting the attention of a growing community of both theorists and
experimentalists [4]. It is becoming increasingly clear that early Universe processes release



backgrounds at these high frequencies, and that their potential detection provides a window
for the direct study of high energy physics that is not achievable through electromagnetic
astronomy or collider physics.

In this paper, we study the general implications of physics beyond the Standard Model
(BSM) on the spectrum of the CGWB. In particular, we study modifications of the CGWB
due to the presence of general hidden sectors.! In standard cosmology with inflation followed
by radiation and matter domination, we find that the sector dominating the energy density
at reheating determines the peak of the CGWB spectrum. However, despite the presence of
hidden sectors, it turns out that generically the SM dominates the spectrum of the CGWB,
thereby generalising the findings of [3].

Further, we explore non-standard cosmologies and observe that, if there are periods
where the background energy density is governed by a fluid with a stiff equation of state
w > 1/3 such as in kination domination, then the contributions from BSM physics dominates.
We show that the shape of the CGWB can carry information about the interactions among
hidden sectors, and we manage to rule out part of a parameter space described in terms of
the number of e-folds of kination and maximum temperature.

More concretely, we focus on GWs sourced by a thermal bath in the early Universe
due to particle collisions. The amount of produced GWs is characterised by a fraction of
the total energy density Qwo(f).? When considering only the SM, the GW spectrum
Qcw,o(f) features a peak frequency around 80 GHz? and an amplitude which is linear in
the reheating temperature Ty, corresponding to the maximum temperature the thermal
bath has experienced. In figure 1, we report* the GW spectrum obtained with Ty =
1074 Mp, Tmax = 1075Mp and Typax = 1078 Mp, assuming that the entire particle content
is attributed to the SM. At the peak frequency, the energy density Qgw,o(fpeak) ~ 101
is well below the BBN bound Qg3 ~ 107%. It has already been shown in [3] that, for a
given Tiayx, it is challenging to enhance the amplitude of such a peak, at least in weakly
coupled extensions of the SM with a standard cosmological history: despite the enhanced
GW emission from additional interactions, the spectrum also experiences more red-shifting
due to the emission happening earlier. Indeed, since H? ~ ¢.T*, for fixed T' the Hubble scale
of emission is minimised by the SM because any hypothetical extension of the SM involves
additional degrees of freedom.

1.1 Executive summary

This work investigates the general potential for the CGWB to explore physics beyond the
Standard Model of particle physics. We study general extensions of the SM including an
arbitrary number of hidden sectors. In this vein, we write the energy density pas p=>; pl®)
where p(®) corresponds to the energy density of the i*® sector. In principle, each sector can
have a different temperature T; as long as the constraint on dark radiation at BBN is satisfied.
The thermal bath in each decoupled sector produces a different GW background with energy

density pgg,v The position of the peak in each spectrum is determined by the temperature of

"We focus on hidden -thermally independent- sectors defined as particles coupled to the visible sector only
through couplings with interaction rate satisfying I' < H, so that they cannot reach equilibrium. Examples
are gravitational and other non-renormalisable couplings to the SM that generically appear in string theory.

2We use the subscript “0” to indicate that quantities are evaluated in the present Universe.

3Since the frequency tracks the CMB case and falls in the microwave range reference [3] called this radiation
CGMB. We prefer to slightly deviate from this notation since we will explore other frequency ranges and chose
the more general CGWB.

4We do not consider additional processes becoming relevant at very high temperatures [5].
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Figure 1. GW spectrum for the SM with different reheating temperatures and values g, = 0.1,
gw = 0.3 and gs = 0.5 for hypercharge, weak and strong coupling constants, respectively. We
use h*Qaw,o with h ~ 70 for the present GW energy density to be independent of cosmological
uncertainties.

the corresponding sector. Close to this peak, the time-dependent part of pg\),\, produced per

e-fold in the sector ¢ at time ¢ is approximated by

d(dpl ) _ 7 e’
dloga \ dlogk ‘ v/ G+ tot

Here, a is the scale factor, k the physical wavenumber of the GW, g, ... the effective number of

F(k). (1.1)

massless degrees of freedom and F (12:1) a function of k; = k /T; which encodes the interactions
that source GWs.
There are two main lessons to learn from eq. (1.1):

o Assuming that g, .., = const. Then, because p¥ ~ a(t)~* and both k and T redshift as
1/a, the only non-constant term in the right hand side is T;. Therefore, the amount of
GWs released is larger at early times, when the sector was hotter, and these contribu-
tions dominate the GW energy density, as illustrated in figure 2. In other words, the
CGWRB carries an imprint of the Universe during its hottest phase and can be used as
a thermometer of the hot big bang [3].

e Once hidden sectors are taken into account, several spectra of the schematic type shown
in figure 1 for the SM overlie each other, thereby potentially resulting in novel shapes.
From eq. (1.1), we note that the dominant contribution to GWs at every time will be
sourced by the sector dominating the energy density at that time.

Putting both arguments together, because for every sector the amplitude of the CGWB is
dominated at early times, the shape of the CGWB will be dictated by the sector carrying
the most energy density after reheating.

Throughout the paper, we study how this shape is modified in the presence of a hot
hidden sector in the early Universe. In order for such a scenario to be compatible with the
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Figure 2. Evolution of the energy density of the SM (black) and that of GWs (red, green) emitted at
two different times (indicated by crosses), as a function of the redshift. The origin is chosen so that
the first emission occurs at Ty = 1072Mp. As explained below eq. (1.1), and illustrated by the red
and yellow line, GWs sourced later, when the bath is colder, are sub-dominant.

BBN bound, the hidden sector energy density p, must satisfy

2

BBN bound: pp < 73T—0 X ;ANERT‘%S, (1.2)
when the temperature of the visible sector is Tyis ~ 1MeV. The latest Planck results [6]
constrain AN, < 0.30 at 95% confidence level, which is a tight constraint on the existence of
hot hidden sectors at BBN. A way to reconcile an early hot sector meeting eq. (1.2) is through
fast dilution of the energy density. This happens for instance if the relevant sector undergoes
a phase with a stiff equation of state w > 1/3, such as a period of kination, illustrated in
figure 3. We will study this example more thoroughly in section 3.2.

To summarise, our main goal is a model independent study of the CGWB, establishing
the robustness of the SM spectrum, even in the presence of general BSM physics, and explor-
ing variations from it. We consider alternative cosmological histories and perform a detailed
analysis of such largely unexplored scenarios by putting constraints on their parameters, such
as reheating temperatures or the duration of kination eras. We find regions of parameter
space saturating the BBN bound by obtaining Qgw,o ~ 1076 at the peak of the spectrum
and regions which are already ruled out by the BBN bound.

Plan for the paper

This paper is organised as follows. In section 2, we review the production of GWs from
weakly coupled thermal plasmas, and their subsequent propagation through spacetime. We
emphasise the effects of hidden sectors, and compute the shape of the CGWB sourced by
each sector. For each of these spectra, we analyse the behaviour of the amplitude and peak
frequency, thereby concluding that the behaviour of the total amplitude is controlled by the
sector dominating the energy density after reheating. We also show how our framework
reproduces the standard scenario considered in [1-3], in which the energy density of the
Universe is dominated by the SM (or a minimal extension thereof) and the equation of state
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Figure 3. Evolution of the energy densities in the kination scenario as a function of redshift. Solid
lines represent massless degrees of freedom, and dashed lines the respective dominant contribution to
Q(Gl\),vo The figure illustrates a hidden sector with a variable equation of state. During the period
log(z/2pexn) € (5,35), the hidden sector undergoes kination, p(t) ~ a(t)~¢. For a sufficiently long
kination era, GWs from the hidden sector can saturate the BBN bound while the energy content in
massless degrees of freedom avoids it.

of the background is that of radiation. In section 3, we illustrate two ways in which a hidden
sector may have dominated the energy density of the early Universe while respecting the
BBN bound in eq. (1.2). These processes consist of injection of entropy through annihilation
of massive degrees of freedom, or a stiff equation of state, and we will refer to them as the
entropy scenarto and kination scenarto, respectively. We argue that the latter scenario can
yield substantially different results, including a boost in the amplitude. We summarise our
results in section 4.

2 CGWB from BSM theories

2.1 CGWB from a thermal plasma

GWs travel essentially freely after emission and, thus, carry unaltered information about
processes that sourced them. For this reason, the CGWB constitutes a valuable target for
directly observing pre-CMB physics. This section concerns the propagation of GWs from
their time of emission to today. Specifically, we derive an expression for the fractional energy
density Qgw,o(f) in terms of the frequency today.

The GW energy density pg\),v in the i*" sector is governed by the equation
1d AT¢ 1 APk -
—— > | ———=n;(T;, k; 2.1
oA di M3 / (27) ni(Ti, ki) (2.1)

where a(t) is the scale factor, H(t) = a(t)/a(t) is the Hubble parameter, T; is the temperature
of the i sector and the right hand side plays the role of a source term.’ The term n;(T}, k;)

(a'plde) = (@0 + 4H (1)) =

5We assume that the independent radiation sectors are either in thermal equilibrium or completely decou-
pled (thus not sourcing GWs). The only out of equilibrium process relevant for our purposes is that of fields
becoming massive (and eventually annihilated), which can be considered adiabatic if I" > H [7], with I" the
effective interaction rate with the plasma.



encodes the effects of GW emission from a thermal plasma. While it is the sum of various
components (see appendix A for the details), in our scenarios the dominant contribution
comes from the Hard Thermal Loop (HTL) piece® ngry, given by

~ ~2
_ .9 A A k 4k
NarL = ;Nnmn(T)fn(k)v gn(k) = 1671'(6’% _ 1) log (1 + m%> . (2'2)

Here we consider a theory with n = 1,..., N, gauge groups, gauge couplings g, (1), Ny-
dimensional Lie algebras and thermal masses m,,(T)? = T? 1, (T)? « T? g,(T), whose ex-
pressions are given explicitly in appendix A. Also, we work under the assumption that pgw
is always a sub-leading component of the energy density of the Universe.

We can find the total energy density in GWs today pgw,o by integrating eq. (2.1).
Assuming that the production of GWs starts at time ¢, and finishes at tenq, we obtain

~3 o
(i) 2V3 1t 7 3/ ki i (T, ki)
fond) = =22 L7 40 T7a(t)? [ dlog ke B0 5 2.3
pGW( d) 7T2MP aéelnd tond ( ) g \/ﬁ ( )

where we defined acng = a(tend), ap = a(ty) and ag = a(tp). The total energy density of the
Universe p reads in terms of relativistic” degrees of freedom G

2
T
P=3 Y 95T} (2.4)
J

From eq. (2.3) one can easily find the energy density in GWs today (in the i*" sector),
red-shifting the result by a factor (aenq/ao)*.

Stochastic GW backgrounds are characterised by the energy density fraction per loga-
rithmic frequency interval [8] which can be computed as

ook (a_nd)4 dpS
w0 He \ ag dlogk

, (2.5)

end

where p. is the critical density and Hy = 100 h Kmsec™! Mpc_1 is the Hubble constant
today. Lastly, combining eq. (2.3) and eq. (2.5) as well as using the current radiation energy
density [9]

274
P~,0 T Lvis,0 —5/12
Qvo= = — = 2.4728(21) x 107°/h~, 2.6
o=t = e (21) x 107/ (2.6
we arrive at our final expression

oo A1 twd  (al})5 T2 .3 -
_ewe _ - - da —— =X I n.(T;, k) . 2.7
Q'Y,O MP (aOTViS7O)4 /tp a2 \/ﬁ ) ”71( T ’L) ( )

in terms of

m T? 30 7 T;

This is the energy density of GWs emitted by each independent sector. In the remainder
of this paper, we use eq. (2.7) to engineer scenarios with phenomenologically appealing fea-
tures for Qawo(f) by synergising hidden sectors with non-conventional cosmological phases.

But before delving into the specifics, let us extract universal properties from the above results.

N
5\ 30\4/§’ VP _ J 2 ZQ*J <£) ) (2.8)

5We work sufficiently close to the peak of this function, ki~ 4, where the description in terms of quasipar-
ticles is valid [1-3].
"Note that GW production occurs before BBN, where we assume that the Universe is radiation dominated.



2.2 General features
2.2.1 Spectrum

We begin by exploring the implications of eq. (2.7) on the GW spectrum. To this end, let us
consider a phase in the history of the Universe in which the number of relativistic degrees of
freedom g, ; in the ith sector is constant. Although GWs can be emitted for varying gx,j, such
contributions come on top of the results reported here, which in this sense can be regarded
as a lower bound on the production of GWs. However, as we discuss in appendix A, it is this
contribution that features the qualitative aspects of the spectrum.

Let us write TZ-(T) = T;(t"), ar = a(t"), where t" indicates the time of reheating. Then,
the energy densities of GWs in the sector i emmitted after reheating is given by

(i) N (70 — Tt ()
% ~ \ (Z-S%g) (Tl MZ (t )) (sz(T)) %? " (Ti(r),]%i) . (2.9)

This follows from the integration of eq. (2.7) over a phase in which the effective degrees
of freedom are constant, and ignoring the logarithmic dependence of the couplings on T, i.e.,
by treating 7 as approximately constant. The time ¢/ indicates the moment in which effective
degrees of freedom cease to be constant, an example being some of the fields becoming mas-
sive. Notice, however, that in general TZ»(T) > T;(t7) so we can safely neglect the latter. The
total energy density of GWs produced by the thermal plasma during this phase amounts to

(r)
Quwo T (1O N\ (T) s
LUPVISY i 1T k. (T2, ki), 2.10
{40 ; Mp (Tv(ios) ao o w (178) (210

where N denotes the number of thermally independent sectors.
A few comments are in order. For the case where there is only one sector (the SM or some

extension at high temperatures) with fixed equation of state, the quantities arTi(T) /(agT. V(ios))
and k/T are fixed by the conservation of co-moving entropy, up to high energy degrees of
freedom (see section 3.1). In addition, T2/ \/p is temperature-independent, and so is 1 by
assumption. The total contribution is therefore linear in 7'/Mp, which implies that the
CGWB could be used as a thermometer of the Hot Big Bang [3].

Furthermore, as anticipated in section 1, it also follows that the dominant contribution
is sourced at the time where the plasma was the hottest (hence the superscript r, denoting
reheating, since this moment should happen after reaching thermal equilibrium, right after
reheating). We henceforth focus in such regime, commenting further in additional contri-

butions to the CGWB in appendix A. The rest of the section is devoted to the study of
eq. (2.9).

2.2.2 Peak amplitude

We observe in figure 1 that the shape of the SM contribution to eq. (2.10) has a global
maximum. This is true universally for the GW spectrum produced in each sector,® as we will
show momentarily. In this subsection, we study how the position and maximum amplitude
of this peak, which are the phenomenologically most interesting aspects of the spectrum,

8 At least in weakly coupled extensions. Similar results at strong coupling have been studied in [10].



change within the different scenarios. In order to obtain an analytic understanding, we
restrict ourselves to consider the leading-log HTL part [1-3] of eq. (2.2).
Let us define the objects

F(h) = AR2Q ok €(k), K=Y Ny (T), (2.11)

where &, as defined in eq. (2.2), depends only logarithmically on the field content of the
scenario under consideration. Neglecting this dependence allows us to extract general features
about the position of the peak and its amplitude. Further, K; is a sum over all coupled gauge
fields within the i*! sector. Then we can express the amplitude of an arbitrary coupled sector

A~

in terms of F'(k) as

2
e (22) T
" Qw0 (ao Tv(ios) My 0 K; F(k;). (2.12)
This expression formalises the schematic form of eq. (1.1). Indeed, T7/,/p counts the degrees
of freedom that dominate the energy density, and K;T}! is proportional to the energy density
of the gauge fields in the i*® sector, which source the HTL contribution.

The result in eq. (2.12) will play a vital role in section 3 where we aim at boosting
the spectrum in order to find larger signatures from GWs. To this end, we will consider
cosmological periods with equations of state w > 1/3, which increase the ratio aTTi(T) /(agT. éios))
appearing in eq. (2.12). Physically, these scenarios lead to larger energy densities than the
standard scenario, thereby increasing the GW signal.

2.2.3 Peak frequency

The amplitude in eq. (2.12) depends on the GW frequency f through the quantity ki = k/T;,
which is evaluated at the time of production. To relate the latter to the frequency today, we
use k(t)a(t) = const. to write

p_fa  _ f_aT”
e Tz(t) a(t) T(O) ap T(O) ’

vis vis

(2.13)

The position of the peak in eq. (2.12) is determined by F (k) at around k ~ 4.2 [3].9 Let us

make contact with the standard scenario, where the ratio aTTZ-(T) / (aoTv(iOS)) is fixed up to high
energy degrees of freedom, namely

f . Tz((])& 9x,i,0 e
T(O) B T(O) 2m Gx,i 7

vis vis

(2.14)

where the expression follows from conservation of co-moving entropy, which we explicitly
show in section 3.1. We have written g, ;o as the current number of degrees of freedom in
the i*" sector, while g, is the number of degrees of freedom in the i*™™ sector at the time of
GW production. The BBN bound requires that for any putative hidden sector the relation

9Small variations to this number arise from the logarithmic dependence of the HTL on the field content,
and from additional leading order corrections.



TZ-(O) < T\Sios) holds, which implies that the maximum frequency is determined by the visible

sector. Within one-sector BSM theories, the peak frequency is hence maximised by the SM
since this gives the minimal contribution to g..

In the case of stiff equations of state, however, we can increase the ratio arTi(T) /(aoT, V(ios))
and, by eq. (2.13), the peak frequency. An observation of the CGWB at a frequency bigger
than the SM prediction would be a signal of a period with stiff equation of state. As we
discuss in the next section, such scenarios typically yield a large amplitude.

In summary, the peak frequency is f ~ T with a O(1) proportionality constant. Hence
one can obtain the frequency at emission from the temperature of a given sector. In standard
cosmology, at any time we know 7" up to high energy degrees of freedom, so measurements of
Tp fix this frequency, which turns out to be f ~ 80 GHz. In the next sections we will see that
an exotic equation of state allows for a larger 7" than what is expected at a given redshift,
thus allowing a larger frequency.

2.2.4 The Standard Model

In this subsection we reproduce the results of [2] for the leading-order contribution to the
CGWRB predicted by the SM or an extension thereof belonging to the visible sector.

We thus consider a single sector and a single phase. Hereby, we neglect the contributions
to the CGWB after the EW phase transition because the amplitude is effectively linear with
the maximum temperature, recall the discussion below eq. (2.10).

We can use eq. (2.14) to find from eq. (2.10)

. 1/3 3 1/3

Qowo _ , T = T4 i (27”” ) p (10, 21 ( Gesu ) / (2.15)
= SM » ’ :

Q0 Mp S0 \1© T \ s vis,0

which is in perfect agreement with eq. (2.21) of [3] and depicted graphically in figure 1.
We stress that the generalisation of the amplitude for weakly coupled extensions of the
SM is obtained by simply replacing g« su — g«,ssm and nsu — 7ssm- The power of effective

degrees of freedom arises from &, p(") and arTi(r) / (aOT\EiOS)). Adding new bosonic or fermionic
particles only yields a small change since n is dominated by gauge fields through the HTL
contribution. The modifications compared to the SM prediction are thus marginal for such

BSM theories as already pointed out in [3].

3 Novel CGWB scenarios

The aforementioned results imply that the particle content and interactions of the sector
dominating the energy density of the early Universe are observable through their gravitational
imprint on the CGWB. In this section we explore two scenarios involving a hidden sector
that is hotter than the visible sector, whilst compatible with the BBN bound:

e the first scenario amounts to the injection of entropy in the visible sector through the
annihilation of degrees of freedom.

« the second scenario considers a stiff equation of state P = wp with w > 1/3.

The second scenario will actually turn out to be the most phenomenologically appealing as
will be explained momentarily.
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Figure 4. Energy density as a function of redshift in the entropy scenario, with SM (black)-+hidden
(blue) sector radiation (solid) and GW (dashed) energy densities. The standard scenario (green) is
also plotted for comparison. For a given reheating temperature, the CGWB sourced in the standard
scenario is always bigger.

3.1 Scenario 1 — entropy injection

In this scenario, we make use of the following basic fact: if there is some field content in the
early Universe that eventually gets massive whilst in thermal equilibrium, there is an injection
of entropy into the remaining massless degrees of freedom. This leads to the temperature to
redshift slower than 1/a, the sector is being ‘heated up’. An example of this process is the
well-known electron-positron annihilation, which renders the CMB hotter than the neutrino
background. In this subsection we study how this heating up of the visible sector can induce
different shapes of the CGWB.

Injection with one sector

Initially, we consider a situation with only a visible sector as some extension of the SM. The
sector is effectively colder than in the standard scenario, as illustrated by the black solid
line in figure 4. This results in a spectrum that peaks at smaller frequencies, according to
eq. (2.14), and a different (smaller) ratio arT\firs) / (aoT\EiOS)). This is immediate to see from
conservation of co-moving entropy s(t)a(t)® = const.,

arﬂ(r) 9*,o 1/3
aUTviS Grox

The amplitude is therefore smaller than that of the SM, as already pointed out in [3].

An important shift in the frequency would have happened if the field content decreased
a lot. From eq. (2.14), we observe that, in order to redshift the frequency by an order
of magnitude, one requires g psu = 1039*731\4 ~ 10°. This might have happened in multi-
field inflation, for the inflatons reaching thermal equilibrium with the bath. The diagram
in figure 4 and the fact that h?Qqw, depends on the fourth power of the ratio (3.1) show
the conclusions of [3] that, with standard equation of state, the standard scenario shows the

~10 -



biggest amplitude for the GW spectrum. This remains true in the presence of hidden sectors,
although there is the possibility of a richer phenomenology, as we now argue.

Injection with two sectors

When the injection of entropy occurs as described above, it can happen that an initially
cold sector becomes effectively hotter. We assume that this injection happened in the visible
sector in order to avoid the BBN bound by ensuring its energy density is sufficiently large
compared to that of the hidden sector. The scenario is illustrated by the black and blue lines
in figure 4: initially, the hidden sector is hotter, thus sourcing the largest contribution to the
CGWRB. However, due to injection of entropy, the redshift of the visible sector is slower and
eventually dominates the energy density of the Universe.

Furthermore, there is the possibility that the spectrum features two peaks. This is
because, as discussed before, the peak frequency of the visible sector is smaller. Thus,

two peaks could appear in the particularly tuned case where the amplitude of the hidden
(vis) —  ®)

W0 aw,00 and the peak frequencies sufficiently

sector and the BSM theory are similar, €2
different.

However, the amplitude of these scenarios is smaller than that of the standard scenario
for equal maximum temperature, as discussed before. Heuristically, this setup achieves to
obtain a CGWB dominated by the hidden sector by diminishing the contribution from the
visible sector. Since the SM prediction is still quite far from the reach of proposed experi-
ments [4], we do not study this scenario any further. The truly new and interesting results
appear when considering an exotic equation of state, to which we now turn.

3.2 Scenario 2 — stiff equation of state

In this subsection we study how the shape of the CGWB is modified if the energy density
of the hidden sector is ‘cooled down’. We model this by a sudden change in its equation of
state P = wp, w > 1/3, yielding

a >3(1+w) (3 2)

p(t) = p1 <E

The behaviour of undergoing such a change is sketched in the blue solid line in figure 3, in
the example of a period of kination [11], with equation of state w = 1, which is the maximum
value allowed by causality. This scenario is well motivated as a period between inflation and
reheating, and in models with axions, where kination follows a matter-dominated era. The
former is not much of our interest since the CGWB is emitted after reheating. We hence-
forth restrict ourselves to a cosmological history of the form radiation-kination-radiation, as
depicted in figure 5, though our results could be easily generalised to more advanced settings.
For recent interesting work on kination inspired by string cosmology see [12, 13], and [14] for
the study of a kination-like period motivated in scalar-tensor theories, and its consequences
the spectrum of primordial gravitational waves.

This scenario strongly alters the dynamics of spacetime since the expansion of the
Universe is slowed down in a period of kination domination H? ~ a~%. However, the causal
structure of FLRW is preserved and the GWs follow the same geodesics, redshifting as p ~

— 11 —
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Figure 5. Timeline of the evolution of a sector undergoing kination. The dominant contribution
to the CGWB is sourced during the first radiation period, right after reheating, where we integrate
eq. (2.7) up to the time given by as.

a~*. The shape of Qcw,o(f) emitted by the hottest sector is thus unaltered and eq. (2.12)
still applies.!©

To quantify the effects of the kination epoch, we focus on the GW spectrum Qg\),v
the hottest sector and compare it against the spectrum Qg\)ﬂ,,o of the equivalent sector in a
putative situation without kination.

One then finds from eq. (2.7)
i ) 4
Uivo (“TTi( )> (3.3)
oo \a T

o of

For simplicity, we assume that the sectors have the same energy density at BBN which implies
&rTi(T) — akeTi(kE) ’ CLTT;(T) — aksTfL‘(kS) , (34)

where ays (age) stands for the start (end) of kination. We can then trace the evolution of T
from (3.2) by assuming that the changes are instantaneous, thereby giving rise to

7 (ks) N\ 31H+w)/4
Z(k) — <ai) ) (3.5)
Ti ¢ ks
Hence, the ratio of the amplitudes only depends on the duration of the kination period
Qg\)fv,o N (%>3w_1 (3.6)
ng)zv,o ks

In words, this suggests that a period with equation of state w > 1/3 significantly boosts
the GW spectrum. For a given sector and w, the resulting parameter space containing the
number of e-folds and initial temperature is then constrained by BBN bounds analogously
to eq. (1.2). A similar analysis for the frequencies gives

3w—1

i:(%> b (3.7)

f Qs

implying that the spectrum is blue-shifted compared to the standard scenario.
Let us consider a hidden sector described by pure Yang-Mills SU(2), with hottest tem-
perature T = 10~4Mp. If there was no kination period in the early Universe, the CGWB

107f this signal has been emitted by a hidden sector, the signals emitted during kination domination from
other sectors will be altered because entropy is not conserved, so we cannot use eq. (2.9). These are, however,
subdominant with respect to the former.
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Figure 6. h?Qqw as a function of frequency in the kination scenario. The plot shows the GW
spectrum of a kinating, hidden SU(2) for different e-folds of kination. If kination is too long, the BBN
bound is violated. The standard scenario with only the SM is illustrated for comparison.

sourced by this sector is negligible.!! If such a period happened, however, the GW signal
emitted by the self-interactions can even saturate the BBN bound, as observed in figure 6.
We thus find that there is a maximum number of kination e-folds that we can allow for, given
a maximum temperature. In this case, T,gl) = 10"*Mp, we find that a kination period longer
than about 8.5 e-folds (age/ags ~ 10%7) is ruled out.

We can give precise bounds using the knowledge of the peak of hQQGW,O in the standard
scenario with a given maximum temperature 7. Let us denote this peak by hQQGWp.

Because the CGWB is linear with the maximum temperature, eq. (3.6) generalises to

o T ) »
QGW,O T \ags 7 .

where for ease of notation 7" denotes the reheating temperature in the kination scenario, and
we have neglected subdominant contributions to the amplitude from the other sectors. In our
example, hQQGWQ ~ 107 for T = 10~*Mp. Imposing that hQQGWp < 107 in the kination
scenario, we obtain a simple bound in the ratio of scale factors:

T foml 1070 T
M_P (ak€> — 104 . (39)

< —=——
ks h2Qew,0 Mp

Another example would be the SM undergoing kination. Such a scenario is harder to mo-
tivate, because of the complexity of the field content of the SM. Indeed, kination is usually
considered for scalar fields, and it can simply understood as the field quickly rolling down its
potential. We can motivate kination for gauge fields'? if there is an equivalent description of
them in terms of a scalar field, such as after confinement. Thus, the previous example could

1 And the BBN bound is satisfied for the SM and the hidden sector heated up at the same temperature,
since pn/pBN = 24/(TANek) (g« BN/ g:)"® ~ 0.53.

12This is the most interesting case as it is the gauge fields that source the dominant, HTL contribution to
the GW spectrum.
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Figure 7. h®*Qqw,o as a function of frequency in the kination scenario, in the presence of only one
sector, given by the SM. The number of e-folds of kination is more constrained in this case.

be understood as a weakly coupled YM theory that undergoes confinement, and the effective
scalar field undergoes kination. We cannot motivate a similar setup where the whole field
content of the SM is described by a scalar field, or that it undergoes a kination period oth-
erwise. However, it was pointed out in [14] that an effective period of kination can appear in
scalar-tensor theories. An analysis for the consequences of the CGWB in such scalar-tensor
theories is beyond the scope of this paper, but we believe that our considerations can yield an
interesting phenomenology of such scenarios. We thus provide an example in which the SM
undergoes a kination-like period in figure 7. For the a maximum temperature T = 10~4Mp,
we find that more than 6 e-folds of kination (age/ajs ~ 102'7) would be ruled out.

4 Conclusions

We conclude that the CGWB has the potential to test BSM physics, carrying an imprint of
the first hot radiation content of the Universe. Being an irreducible background, its detection
could be thought of as a milestone to future detectors, albeit most probably in the very long
term. It is worth reiterating that these signals were sourced in the very early Universe,
right after reheating, by a radiation bath in thermal equilibrium. Potential high-resolution
detectors (and calculations) could be used to study the interactions of hidden sectors through
gravity. The CGWB thus sets yet another case [4] of studying particle physics with GWs.
We claim that a measurement

e around the SM characteristic frequency f ~ 80 GHz would imply a strong case for the
absence of new physics after reheating, and determine the reheating temperature.

o at a smaller frequency would imply either the existence of many massive degrees of
freedom, or potentially the existence of a hidden sector.

e at a higher frequency would imply a period with a stiff equation of state.

Our analysis also rules out a parameter space of e-folds and maximum temperature
in models of the form radiation-kination-radiation. These constraints appear for models in
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which the radiation bath includes gauge fields, since we only considered the hard thermal
loop approximation. We point out, however, that similar considerations can be applied to
any model with a stiff equation of state that sources GWs. These issues certainly deserve
further investigations.
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A Running through stages

This appendix is devoted to collect the relevant formulae for a higher-precision calculation.
The source term 7 receives three contributions from gauge, matter and HTL effects. The
former give rise to

Ng
~ 1 ~ ~ 1 ~
Wg(T7 k) = E 9721(T) Nn{§Tn,Ad 7799(]‘9) + E :Tn,p Usy(k) + ) E :Tn,v nfg(k)}7 (A.1)
n=1 p Y

where we consider a theory with n =1,..., Ny gauge groups with N,-dimensional Lie alge-
bras. For every gauge field there are Weyl fermions ¢, v = 1,..., Ny, transforming under a
representation with Dynkin index!? T, and similarly scalars ¢, p = 1,..., Ny, with Dynkin
indices T}, ,. The functions n4p parametrise interactions among particle species A and B up
to two loops, see appendix A of [3] for explicit expressions.

The matter part of 7 reads

BT B) = 5 37 (D) g () (4.2)
pY,0

and is fully specified by Yukawa couplings yg 5
Lastly, the expression for the thermal masses appearing in the HTL part, is given by

) X 1 1 1
ma(T) = T*mi(T),  mi(T) = ga(T) {ng,Ad +3 > Top+ G > Tn,é} . (A3)
p )

The temperature dependence of m,,(T") implies that they are relevant during the whole ex-
pansion of the Universe. In contrast, bare masses of the fields are only relevant at particular
temperatures, namely when the associated thermal energy is comparable to such mass.

3The Dynkin index is defined as Tr(T(R)*T(R)") = Tré, where T(R)® is the a'* generator of the
representation R of the Lie algebra of the relevant group. For instance, in SU(NN.) the Dynkin index equals
1/2 in the fundamental and N, in the adjoint representation.
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On this point, note that the process of fields becoming massive necessarily modifies
the effective degrees of freedom, so in this regime our approximations fail and the integral
in eq. (2.7) is not immediate. We can perform an analysis of the contributions throughout
cosmic history by restricting the analysis to Ny stages in the history of the Universe in which
the number of relativistic degrees of freedom g, ; in the i-th sector is constant.

In practice, the integral in eq. (2.7) splits into a sum over stages labelled by «

GWO_ ZQGWO+QGWO7 (A-4)

where the term Q! \)N o accounts for contributions from non-constant g, ;. Explicitly, the terms
involved are:

)\ hZQ ta—g ((J/T)S T2 A3 .
oG )__—%0/ da~—5— = k; 0, (T, ks A5
Gw,0 Mp (aOTvis,o)‘l to—11¢ a a2 NG  mi(Tiy ki) (A.5)

~ (2 A h2Q 0 t%+e (CLT')S T2 3 .
R0 A Mo / da L I i3 g oG
WO T Mo (a0Tewo)* & Jra e " @ Jp i 1:(Ti, ki) (A.6)

where (% — ¢, +¢) indicates the time interval in which the transition between the o' and
(o + 1) stages occurs. In this time interval, not all the relativistic degrees of freedom Gxi
are constant, and so the integration is not immediate. A numerical improvement could be
achieved performing a Daisy resummation as in [15].

Furthermore, since the Qév{,)o are linear with the maximum temperature of the stage,
it follows that the maximum contribution to the CGWB comes from the first stage after

reheating, in which we have focused on the main text.
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