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We demonstrate how a dark sector can provide a crucial link between a vacuum-dominated early universe and
the later radiation-dominated epoch. As an example, we consider a feeble axion-like coupling of dark non-Abelian
gauge fields with a single inflaton. In this scenario, a dark heat bath emerges at the end of inflation. As the dark
sector cools down, its gauge fields confine into composite glueball states. The reheating of the visible sector is
realized through portal interactions. After confinement, discrete symmetries protect part of the glueball states that
form relic dark matter, while the others keep decaying into Standard Model degrees of freedom. The dark relic
abundance depends mostly on the departure from equilibrium dynamics after the phase transition, constraining

the confinement scale of the dark sector. Moreover, indirect detection and Big-Bang nucleosynthesis set bounds
on the scale of portal interactions. We show that in a narrow but non-vanishing region of the parameter space,
the correct dark matter abundance and sufficient reheating temperature are simultaneously reached.

1. Introduction

Understanding the universe in terms of a few fundamental fields is
perhaps the holy grail of particle cosmology. Assuming inflation to ex-
plain the origin of primordial perturbations implies the existence of a
transition period, when the cold and inflated universe starts being popu-
lated by particles originating from the conversion of the inflaton energy.
A successful nucleosynthesis demands for the onset of a Standard Model
(SM) thermal bath at temperatures Tgy; 2 4 MeV [1-3]. Certainly, some
mechanism had to be active and efficient in producing a cosmological
abundance of dark matter, which is about five times larger than that
of the ordinary baryonic matter [4]. Current precision measurements
constrain inflationary models [5-7], as well as dark sectors [8-10].

It is then quite appealing and nowadays accepted as part of the spec-
ulations in particle cosmology, that a dark sector may be coupled to
the inflaton. This entails the possibility of a dark sector being populated
first from inflaton decays, and the SM particles being in turn gener-
ated via portal interactions with the dark sector, see e.g. [11-14]. The
main scope of our work is to link the various stages of the cosmologi-
cal evolution, from inflation to the onset of the SM nucleosynthesis, for
a quite minimal hidden sector: a non-Abelian pure Yang-Mills (YM) the-
ory [15-27]. Dreaming of a complete framework, here we want to keep
track of the continuous transition from the vacuum-dominated (infla-
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tion) to the radiation-dominated (hot big bang) epoch. In this work, we
restrict to an inflaton solely coupled to a dark SU(N) gauge theory.

As far as the inflationary stage is concerned, we consider axion-
like (or natural) inflation [28] as the minimal inflation model, where
a weakly-coupled thermal bath does not imply large back-reactions to
the slow-roll regime [29-32]. The setup for the evolution equations that
connect the inflaton field with the non-Abelian sector, together with a
detailed study of the temperature of the YM plasma, has been put for-
ward in ref. [33]. We follow up on the same scenario of a warm end of
inflation by investigating the fate of the dark sector, asking whether the
observed dark matter energy density and the generation of a sufficiently
hot SM bath could be realized.

The salient features of the dark sector are dictated by the behavior
of the non-Abelian gauge group. As the gauge coupling becomes large
at low energies, dimensional transmutation implies a scale similar to
Aqcp for the SM strong interactions. We refer to this scale as Apg in the
following. During the universe’s thermal history, whenever the temper-
ature of the dark sector crosses the scale Apg (from above), the physical
degrees of freedom become a tower of hidden glueballs, as a result of a
strongly-coupled dynamics.

Glueball states are often classified in terms of their quantum numbers
under angular momentum (J), parity (P), and charge conjugation (C),
which ultimately determine the effective interactions with the visible
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sector [34,35]. Glueballs can then generically decay into SM particles
and provide a way to reheat the SM. However, some of the glueball
states can be rendered cosmologically stable. More specifically, C-odd
glueballs feature a suppressed decay rate with respect to C-even states,
hence making the lightest C-odd glueball a viable dark matter candidate
[22]. This is the option that will be explored in our work.

We show that it is challenging but possible to account for the ob-
served dark matter relic density and to reheat the SM at temperatures
larger than 4 MeV, while keeping the C-odd glueball dark matter cos-
mologically stable. Our study is complementary to earlier investigations
[21,22,25,26,36], where the dark non-Abelian plasma is absent or very
sub-dominant during the early stages of the universe thermal history,
namely the inflaton is assumed to preferably reheat the SM.

The structure of the paper is as follows. In section 2 we discuss the
model for inflation and the dark sector, together with the portals with
the SM. We present the evolution equations for the various components
in section 3 and their numerical solution, together with the viable pa-
rameter space, in section 4. We offer some discussion and concluding
remarks in section 5.

2. Setup

This section introduces the benchmark models we use to describe
inflation, the emergence of a dark sector, and the interactions of the
latter with the SM.

2.1. Minimal non-Abelian axion-like inflation

We consider a variant of axion-like inflation [28] where the inflaton
couples feebly to a non-Abelian dark sector, resulting in the production
of YM fields already during the slow-roll inflationary phase [29,30,33].
Denoting ¢ the inflaton field, the Lagrangian reads

Hvpo pc pe
1 @ xe uv> po dark
LD =0,pp-V(p)— — + LT 1

7.0 9" (@) 7 Ton M m

The dark YM sector is described by the field strength, F¢ , the coupling,
y73%

a, a color index, ce{1,..., N}, and E%’\Xk, which comprises the SU(N)
kinetic term. Notice that we set N =3 in this work. For quantitative
studies, we set the inflaton potential V(@) = mé ff[l —cos(e/ f,)], and
fix decay constant, f,, and mass, m,, using Planck’s constraints [5], as
in ref. [32].! However, our final results do not depend on the details of
the slow-roll phase, as discussed in sec. 5.

The heating-up dynamics of the system in eq. (1) has been studied
in ref. [33], showing a crucial dependence on the assumed confinement
scale of the dark non-Abelian bath, Apg. In particular, if Apg is small
with respect to the scale of inflation, the energy released by the weakly
coupled inflaton suffices to maintain the bath at a temperature above the
critical scale, TSS ~ 1.24 Apg [37]. A phase transition must then occur
in a later stage, while the bath is cooling down after inflation. In the
present work, we show that adding a SM bath to this scenario can lead to
successful reheating, and provide a viable dark matter candidate. Portal
interactions between the SM and the dark sector might be active in both
stages: first, when the dark vectors are weakly coupled, and later, when
they are confined in composite glueball states.

2.2. Dark vectors

In the deconfined phase, the non-Abelian dark sector is expected to
thermalize? and for a given confinement scale Apg, its state can be de-
scribed solely by its temperature, Tpg. In order to capture the onset

! The values we use are f, ~ 1.25 mp1, m, & 1.09 X 1076 my. This potential is
known as natural since it might be generated in a UV completion of the theory.

2 This was studied in the context of heavy-ion collisions, see e.g. [38]. We
verify the assumption for our scenario a posteriori.
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of non-perturbative dynamics approaching the critical point, we use a
lattice-fit approach [33,39]. Also for the SM we assume that it is in a
thermal state within itself,> meaning that the dynamics of the system in
this regime is governed by equilibrium attractors.

The universality of gravitational interactions provides an unavoid-
able source for the visible sector from a dark thermal bath. SM particles
are produced through gravitational interactions at tree level, through
the exchange of a graviton in the s-channel [40,41].* A second option,
which is often considered in the literature, envisages massive mediator
states that couple to both the dark and visible sectors. If the character-
istic mass scale of the mediators satisfies M > Apg, Tpg, an effective
description of the interactions can be employed and leading operators
have mass dimension six and eight [34,35].

In particular, the dimension-six operator that involves the SM Higgs
doublet, H, reads

ate(FF)H'H

M2
where ¢4 is the matching coefficient, while color and Lorentz indices
are suppressed. Whenever M < my, the corresponding effective opera-
tors are expected to be more efficient for the production of the visible
sector through scatterings. We adopt M as a free parameter of the
model. The corresponding rates for the SM production are estimated as
Tg~ ”Zq<0'gg—>5MSMUre1> with negq being the equilibrium number density
for the dark gluons. In particular,

; (2)

portal
L 6

5
grav _ Ips 283

8 3
) @

B TSS 12 a? cé

ST M* A¢3)
The graviton-mediated thermally averaged cross-section in eq. (3) is
extracted from refs. [25,42], bearing in mind that one needs dark vec-
tors annihilation into SM particles; we carry out a similar calculation
for the operator in (2).° The rate in eq. (4) is the leading contribu-
tion for the broken and unbroken phases of the SM and it corresponds
to the processes GG — hh and GG — HH t respectively. In the broken
phase, the 2—2 processes that are mediated by a Higgs-boson exchange,
GG — h — SMSM, are suppressed as (v, /Tps)? < 1. Dimension-eight
operators are instead suppressed by (Tpg/M)*.

We verify a posteriori that the portal interactions are never efficient
enough to set equal the temperatures in the visible and dark sectors.
The maximal SM temperature reached in the benchmark viable scenario
illustrated in Fig. 1 is Tgy ~ 3.5 X 10° GeV < Tpg ~ 8.4 x 1010 GeV.

4

2.3. Dark glueballs

Relevant cosmological information is contained in the departure
from equilibrium of the dark glueballs after the phase transition. The
glueball spectrum for SU(3) YM theories has been studied on the lat-
tice [43-45]. Since the minimal YM action respects angular momentum,
charge, and parity, glueballs are systematized in terms of the relevant
quantum numbers J €,

We present our analysis illustrating the dynamics of the lightest C-
even and C-odd glueball, with masses m++~6.8 Apg and m;+-~11.5Apg,
respectively.® This minimal system has been shown to capture qualita-

3 We assume a radiation equation of state in the evolution equations and solve
for the energy density, egy,, avoiding parameterizations in terms of Ty,.

4 The original works focus on the reverse setting, i.e. a dark sector that is
produced from SM collisions as mediated by gravitons.

5 In both cases of egs. (3) and (4), the thermally averaged cross-section can be
carried out analytically, whenever a Maxwell Boltzmann distribution is assumed
for the dark vectors. We made this approximation in our work.

6 More precisely, m;r»c = krc /1y, Where ryAys = 0.62(2) for SU(3) [46] and
the values k»c are collected e.g. in refs. [43,47].
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Aps = 1.5 x 105GeV, M =~ 8.5 x 103 GeV

100 7"."‘- . T T T T T
,,,,,,, ey / (H.o mm>2
1021 === ey [ (Humy)? |
6sM/<Href7nP‘)2 I

10—40 L

10760 1 ~ ~ .

‘\
10780k N
»,

10* 10 102 10%
tH,

ref

Fig. 1. Numerical solution for the energy density for the various components.
The dotted line stands for the inflaton, the dashed line for the dark YM, and
the solid curve for the SM. The vertical gray band indicates the time at which
occurrence of the phase transition in the YM sector.

tively the dynamics of the glueball ensemble [21,22]. However, we need
to model the thermodynamics of the dark glueball system also at tem-
peratures close T, where other glueballs are considerably abundant.
To verify the two-glueballs approximation, we thus add the next lightest
glueball, 2% with my++=9.4Apg, to our numerical analysis.

Dark glueballs interact with the SM particles via the same set of ef-
fective operators as dark vectors [25,34,35], originating from graviton-
mediation or a new-physics scales. However, such operators are now
projected onto the composite states, hence requiring non-perturbative
inputs [43-45]. Moreover, the qualitative difference between C-even
and C-odd states shapes the phenomenology. The lightest C-even glue-
ball can decay through the dimension-6 operator (2), with the decay
rate scaling as Alsns /M*. Going beyond the parametric estimation, we
adapt the expression for the dominant decay process 0Tt — hh from
refs. [22,34] for my++ > my,,’

2
c K (z)
g =T, v —0 (@FY"P? L ' ®
68 = (Tgs) 322 M4 my++ LSIC) E

Although non-perturbative inputs for the matrix element exist also
from lattice studies, 47mF2++=2.3(5)m(3) .+ [44,47], we rather relay to
the large N-limit to align eq. (5) with the approximation in eq. (7),

FSO++~m(3) ++/a [22]. The thermal average is represented by the factor

K,/K,€[0.8,1.0], with K, = z7" [ dxx""'e™* (x* — z%)!/? extracted
as in footnote 5.

Conversely, the lightest C-odd state can only decay via dimension-8
operators of the schematic form [34]

1/2
portal a*/? “Qén t(FFF),, B"
L7 Deg 1

where B, is the SM hypercharge field strength and ¢z is again a
matching coefficient. This operator induces the decays 17~ — 0%ty and
17~— 07" Z, with widths scaling as A(”DS /M?. The 1*~ state is cosmo-
logically stable, if its lifetime exceeds the age of the universe, yielding

, (6)

7 Similarly as in the deconfined phase, the dominant decay width corresponds
to the 0T+ —hh process. Decays into other SM particles are largely suppressed by
(vp/mg)*<1 in our parameter space of interest. This statement is independent
of the new physics scale M.
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a dark matter candidate, even if C-even glueballs decay before BBN. In
the my+-, my++ > m, approximation, the full decay width is

2
3 3/2 071 3
_ 2 %mp M- (a M0++ ) mé**
FDM=<F1+*>:CS 3 3 1- — , )
247 ey, M m,

where cyy is the cosine of Weinberg angle. We omit the thermal average
suppression, since K; /K, — 1 at the temperatures relevant for this de-

cay. For the matrix element M 3:, lattice results are not available. The

large-N limit suggests Mé: a2~ \[Ax /N mg++ [22].

In addition to glueball-SM interactions, the dark composite states
will interact with one another as a remnant of the strong dynamics that
bind them. The corresponding processes, most notably 3—2 and 2—2
reactions, are key to determining the cosmological evolution of their
densities (see sec. 3). Despite the interactions between glueballs being
hard to determine from first principles, one expects the multi-glueball
processes to be consistent with J, P, and C conservation, and we again
borrow parametric estimates for interaction strengths from results in the
large-N expansion (see Appendix A for details).

3. Evolution equations

In order to track the evolution of the different species, we rely on
a network of evolution equations, that comprise the interaction rates
introduced in sec. 2, and the Hubble rate,

8

3m?
pl

H?= (e(p +epg + eSM) . 8)

We use the approximate initial value Hrzef58ﬂV((p0)/(3m§1) as an

inverse-time unit.® The energy density of inflaton, €ps dark sector, epg,
and SM, egy;, follow coupled evolution equations, which we now turn
to study. A benchmark solution is shown in Fig. 1.

3.1. Energy densities

The evolution of the inflaton embedded within a medium is taken
over from refs. [30,33]. In the post-inflationary era, the inflaton energy
density is dominated by the kinetic term, while its pressure vanishes.’
If we consider also the energy transfer between dark and visible sectors,
the evolution of the system can be described by the following set of
coupled equations,

éq, + 3Heq, = —Ye(p (©)]
éps +3H (epg + ppg) = Ye, —Iepg (10)
ésy +4Hegy =Tepg. (1mn

The friction coefficient Y in egs. (9) and (10), transfers energy from
the inflaton to the dark sector degrees of freedom. For temperatures
T<m,, relevant in our setup, it is dominated by the vacuum decay rate
Y ~ a2m3(p /(3273 £2) [30,33,49].

As long as the dark sector stays in the deconfined phase, we pa-
rameterize its pressure ppg and energy density epg by a temperature,
Tphs, using SU(3) lattice fits [39]. Even if the friction term is suppressed,
Y < H, in this first stage, dark vectors are efficiently populated. Relying
on their fast thermalization [38,50], the SM is in turn produced from fre-
quent 2—2 scatterings of vectors a la freeze-in. The corresponding rate
isI'= Fg as given in eq. (4).

8 The slow-roll inflation dynamics is an attractor solution [48], the initial
value ¢, ~ 3.5m,, is thus unimportant.

9 In particular, when the inflaton field rapidly oscillates around the minimum
of the potential, p,, = @*/2—V averages to zero and ¢* = e,+p, in the evolution
equations can be effectively replaced by the more convenient variable e,,.
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During the phase transition at Tpg = T, the dark sector is in a mixed
state, where dark vectors and glueballs are present at the same time
[33]. In this regime, within the adiabatic approximation, we assume
equilibrium number densities for the glueball states and take into ac-
count the different decay rates to SM for the two phases.

Once all vectors have been confined into composite states, they are
expected to remain in thermal equilibrium until a certain freeze-out tem-
perature Tlg‘;, <Tj;s- The thermodynamic quantities describing the full
dark sector, epg and ppg, are then functions of glueball number densi-
ties and Tpyg, according to the non-relativistic relations'°

3 T;
eDS:Zmi"i <1+ 5%) ) PDs:TDSZ”i (12)
i i i

where i runs over different glueball states. The modeling in eq. (12) is
supported by lattice simulation of a pure SU(3) gauge theory [51].11
Egs. (9)—(11) for the energy densities need hence to be complemented
by Boltzmann equations for the glueball number densities, capturing
their departure from equilibrium (cf. sec. 3.2).

In the confined phase, the inflaton can still lose energy in the form of
dark vectors, which hadronize quickly and effectively contribute to the
glueball energy density. However, in our parameter space of interest, the
inflaton field usually vanishes around the time of the phase transition
and does not affect the freeze-out dynamics.

At the same time, C-even glueballs decay into SM particles, hence
I"epg in egs. (10) and (11) has to be replaced by I'ggeyg, where I'gz was
introduced in eq. (5) and ey is the energy density in unstable glueballs.
In turn, C-odd glueballs remain cosmologically stable.

3.2. Boltzmann equations for dark glueball states

This is how we model the freeze-out dynamics of the glueballs, that
eventually sets the dark matter relic abundance.

As the dark sector is made of glueballs with different masses and
interactions, the composite states fall out of chemical equilibrium at
different temperatures and develop individual chemical potentials. In
order to track the glueball number densities, we employ a network of
Boltzmann equations that is based on earlier studies [21], augmented
by the feed-down of glueballs from the decaying inflaton, as well as the
glueballs decay into SM. It was shown in [21] that a simplified scenario
for the densities of the 0" and 17~ glueballs captures to a very good
approximation the freeze-out dynamics of the whole ensemble. For sim-
plicity, we adopt this choice when presenting the coupled Boltzmann
equations in the main body of the paper. Hence, eyg =~ ey++ and the sta-
ble glueball energy density is stored in e;+-. We stress that, in order to
improve the thermodynamic description of the YM sector [51], we shall
extend the treatment by including the next-to-lightest glueball state 2+
in our numerical analysis (see section 4). We collect the corresponding
equations in Appendix B.

The coupled Boltzmann equations for the two-glueballs system read

2
- e n
. + 4 0++ [
ny+- +3H}’l1+— =B(1p Y—— - <O'2—>2U> ["%+— - < eq > (nli—)z ] ’
my+- ot

13

2
. ++. o Ro++
Ag++ +3Hnges = Bg Y +(0y_90) n%Jr, ol (n?i_ >
Mo++ O++

2y 2 e
— ng++T'gp — (0300 >"o++ (ng++ — ”OL)' (14)

10 For SU(3) we have mg., ~ 5.4T;,, hence the non-relativistic approximation
is not appropriate shortly after the phase transition. However, we verify the
negligible effect of this error on our conclusions, mainly because the freezeout
of stable glueballs happens at lower temperatures T, /T5 ~ 0.5, see Fig. 2.

11 More specifically, for T,./Ts S 0.7, the lattice results agree very well with
a system modeled by the two lightest glueballs 0** and 2*+.
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Aps ~ 1.5 x 106 GeV, M = 8.5 x 1013 GeV

— g+ [Ny

10—11
eq
=== Ny /”o

10*20 ...... 7L6137 / ng

ni- /mg

no+t [ gl

I ni+- /ng

108 0.6 0.4 0.2

TDS / Tés

Fig. 2. Number densities for the C-even 0+ and C-odd 17~ glueballs respectively
in blue (upper) and red (lower) solid lines. By n; we denote the equilibrium den-
sity with zero chemical potential. The normalization n, = ny.. (Tfj¢) corresponds
to the number density of 0** at the end of the phase transition.

Thermally averaged cross-sections (6,_,,v) (here for 1*~ 1t~ - 0*+0*+*)
and (o5_,0?) (here changing the number of 0** states) are extracted
from ref. [21], as given in Appendix A.

The relative abundance of different glueball species sourced (non-
thermally) from the inflaton decays may be inferred phenomenologi-
cally from statistical hadronization models. Most notably, the branching
ratio of a given glueball is proportional to its equilibrium distribution
evaluated at a hadronization temperature, Ty,q =~ Tj5g [52,53]. This is

how we extract the branching ratios B; ™ that enter egs. (13) and (14).
These terms are of little importance below a certain threshold value of
Apg,'? since then the phase transition in the dark sector happens after
e,— 0.

4. Numerical solutions and constraints

The main result of our study is a scan of numerical solutions for
different values of the parameters Apg and M. An example of full solu-
tion for the energy densities of different sectors throughout the different
stages described in sec. 3 is shown in Fig. 1.'°> We rescale dimensionful
quantities by powers of H ., defined below eq. (8).

The period when e, ~ const corresponds to the slow-roll phase of in-
flation. When ¢ approaches the minimum of the potential, e, starts
decreasing and the expansion of the universe becomes decelerated,
translating in a milder dilution of epg and egy;. At the same time, both
dark and visible sectors are still sourced by the highly oscillating in-
flaton, so that, at this stage, they reach their maximum temperatures.
This turning point is followed by an early matter-dominated era, when
e, > epg > egy. For viable parameter choices, e, vanishes close to the
phase transition in the YM sector. Although SM fields are sourced both
before and after the phase transition, the decay of a glueball is more
likely than the GG — SM SM scattering of two dark gluons (cf. egs. (5)

12 To estimate this threshold value Ag’s, we observe that, when the inflaton de-
cays, the Hubble rate satisfies H ~ Y. Moreover, the energy density of the dark
sector around the phase transition can be approximated as e, ~ 0.1/\‘];8. If we
assume that e, dominates the Hubble rate we find Afy/my~+/Y/my ~ 1072,
13 For the parameters choice Ay~ 1.5 x 10° GeV, and M ~ 8.5 X 10! GeV we

obtain T/% ~ 4.3 MeV, and Q,, A* ~ 0.11.
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and (4) respectively). The consequence is a “kink” on the eg); line at the
beginning of the phase transition in the dark sector.

When the phase transition is completed, epg contains both stable
and unstable glueballs. Their respective fractions vary according to the
Boltzmann equations, until finally the unstable glueballs decay. This
happens when H < T'gp. The DS consists then of the stable glueballs
only, which evolve decoupled from the SM sector, and the standard
radiation-dominated era starts.

4.1. Cosmological and astrophysical constraints

Let us now turn to the question of what parameter choices provide a
viable scenario. By viable we mean, in particular, capable of providing
the correct relic abundance of sufficiently long-lived dark matter, while
achieving a successful SM reheating. In practice, we keep the inflation-
ary dynamics intact and inspect for which dark sector confinement scale,
Apg, and which portal scale, M, the following conditions hold

Tom = 1/Tpy 2 10%s, as)
TH > 4MeV, (16)
Qpy h? <0.1200 +0.0012. a7)

Eq. (15) corresponds to an approximate bound coming from indirect
detection experiments, widely used in literature [54,55]. This constraint
is expected to become more stringent, up to rp; ~ 102 5 [56,57]. On the
other hand, the precise theoretical estimate of I'fyy; crucially depends
on the branching ratios of the decaying dark matter to different SM
states, and we choose to leave this analysis to future work. Moreover,
the interpretation of eq. (15) in terms of constraints on Apg and M
is affected also by the uncertainties in the non-perturbative input and
matching coefficient, cg, as presented in eq. (7). Keeping these opposite
effects in mind, in this work we resort ourselves to TDMcg ~ 1076735,
6€10,1].

In eq. (16), TSrll\1/I is the SM temperature when its energy density starts
dominating, i.e., after the decay of unstable glueballs. The Hubble rate
at this time satisfies H ~ I'gg, and, approximating H 2y 8megy/ (3m$l),
we find an analytical estimate for the minimal decay rate required by
eq. (16),

Tgp > T0N & 58 % 1075 my,; . 1s)

Combining egs. (18) and (5) sets a constraint on a further combina-
tion of Apg and M. For the results illustrated in Fig. 3, we extract TSrl\l}I
from the numerical solution for egy; of the evolution equations, using the
SM equation of state provided in [58], finding a slightly larger value,
I | um & 1.4 X 107%2m,,;. Qualitatively, however, the SM reheating
temperature indeed depends solely on the value of I';; and not on other
combination of the parameters Apg and M.

Finally, for eq. (17), the dark matter relic abundance is dictated by
the freeze-out dynamics, which requires a numerical solution of the full
system, as presented in egs. (9)-(14).

4.2. Freeze-out dynamics and parameter space

At the core of the extraction of the dark matter energy density one
finds the solution of coupled Boltzmann equations. We solved the equa-
tions for a two-glueballs system, described by egs. (13)-(14), and for a
three-glueballs system, as in egs. (B.1)-(B.3). The result shown in Fig. 2
corresponds to the latter case. The observed dynamics is qualitatively
the same: the freeze-out of even states happens when the 3—2 interac-
tions cease to be efficient, and a non-zero chemical potential develops.
After this point, the 2—2 reactions maintain the value of the chemi-
cal potentials such that nj+-/ niﬂ_ R g+ [ ngi .- The relic abundance of
the stable glueballs is set at the point when also the 2—2 interactions
become inefficient.
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Fig. 3. Parameter space of the model in the plane (M, Apg). The white unshaded
triangle is the viable region that complies with the cosmological and astro-
physical conditions (15)-(17). The solid lines correspond to the three-glueball
case described by egs. (B.1)-(B.3) whereas the dashed lines correspond to the
two-glueball one, egs. (13)-(14). For the latter case, the open window is in the
bottom-left corner, shown magnified in the inset (top-left corner).

Since the 2—2 cross section scales as Agg, (cf. eq. (A.4)), for smaller
Apg, the interaction strength is larger, the freeze-out happens later, and
the relic abundance is suppressed. Quantitatively, the addition of the
2** state acts as a doubling of the interaction channels and thus of the
cross-sections, which translates into n;+- being half as large at freeze-
out completion.

The resulting parameter space is shown in Fig. 3, where the vi-
able region is unshaded (white). The interplay of the conditions in
egs. (15)-(17) is different for the three-glueballs system (solid lines)
and for the two-glueballs system (dashed lines).

The numerical results for TSrI\};l =4 MeV (purple) confirm the estimate
in eq. (18): a too small Apg or a too large M suppress the decay of the
even glueballs, resulting in an inefficient energy transfer to the visible
sector. Adding the 2%+ state has little impact on this line. On the other
hand, the curves depicting Qpy; h> = 0.12 (petrol-blue) differ consider-
ably for the 2-glueball and 3-glueball scenarios as expected based on the
discussion of the interaction strengths above.

Our numerical results also confirm that larger Apg leads to larger
DM relic abundance. Larger M, in turn, implies that the decay of the
glueballs to SM is less efficient, and radiation domination appears later,
leading to more dilution of the DM density.!* Finally, exclusion limits
from indirect detection (blue), cf. eq. (15), are identical for both cases,
but affected by the systematic uncertainty discussed above (see the dif-
ference between the dotted and solid lines showing the possibility of
enlarging the white region).

Let us stress the large impact of adding the next-to-leading glueball
contribution to the dark energy density epg. A realistic determination of
the parameter space must therefore take into account higher excitations

14 Let us note that this dilution also explains why we do not recover a linear
dependence Q,,,h% o A, as in the usual case, where the dark matter is consti-
tuted by the lightest 0** glueball state [15,20,23,24].
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when the system falls out of equilibrium. On the other hand, we expect
that adding even heavier glueballs will have less dramatic effect due
to more significant Boltzmann suppression of their number densities.
We remark that (1) uncertainties are ubiquitous in the modeling of
glueball dynamics, which range from the complexity of the dark phase
transition to the proper inclusion of glueball interactions.

5. Conclusions and outlook

We have presented a model providing successful inflation and reheat-
ing of SM fields and, at the same time, a viable dark matter candidate
with correct relic abundance. In summary, the thermal history that is
expected to occur in our framework can be summarized as follows. The
inflaton decays into non-Abelian dark vectors that form a thermal bath
of dark vectors at high temperatures. Already at this stage, portal inter-
actions between the dark and the visible sectors are active, sourcing a
non-negligible visible bath. After inflation, the expansion of the universe
induces a cooling of the dark plasma that undergoes a phase transition
from a deconfined to a confined phase, at a temperature TjJc ~ Apg. The
interactions among glueballs trigger various processes that control the
number density of the different dark composite states [18,21]. Together
with the glueball decays into visible particles, 3—2 and 2—2 scatter-
ings enter a network of evolution equations that ultimately determine
the dark matter relic density, as well as the SM reheating tempera-
ture.

Our framework is relatively general and can be applied to different
choices in the dark and inflationary sectors. In particular, although the
viable region in the parameter space appears small for our particular im-
plementation (see Fig. 3), generalizations of our scenario might enlarge
it. For example, one may consider different gauge groups, e.g. SO(N)
with N >8 [25,27,35]. The decay rate of stable glueballs scales then
as A%’sv ~3/M?N—4_ such that the blue line in Fig. 3 would be shifted
upwards correspondingly. However, apart from few pioneering stud-
ies like [59,60], the non-perturbative input on the glueball spectrum
and interactions is mostly missing in those theories. For these groups,
the stable glueball would likely be too long-lived to be probed by in-
direct detection experiments. On the other hand, gravitational wave
signatures might offer further observational constraints, as discussed
in [33,61-64]. In particular, the confinement phase transition in differ-
ent pure Yang-Mills theories is known to be of first-order [65,66], for the
case at hand leading to a peak frequency in the LISA range, f, ~ O(1) Hz
[62]. Per contra, the spectral amplitude might be suppressed by the long-
lasting matter-dominated period [67].

Other generalizations may also consider direct decays of the infla-
ton into SM degrees of freedom, e.g. via a similar axion-like coupling.
This has been considered in the literature of warm inflation, e.g. [68].
Since Agcp<< Apg, the couplings satisfy agcp<a, inducing a correspond-
ing hierarchy in the friction terms. Hence, the dark sector could still
dominate the total energy density for a certain amount of time, while
the DM relic abundance would be reduced and the parameter space en-
larged. Further freedom is also in the details of inflation itself, as these
turn out to barely enter the cosmological observables in Fig. 3. In sce-
narios with a larger friction coefficient, Y, the inflaton decays earlier,
and our results are unchanged. On the other hand, for feebler interac-
tion between inflaton and the dark sector, the inflaton might affect the
freezeout dynamics.

Finally, UV completions of our scenario, leading to the operators in
egs. (2) and (6), could be related to other puzzles in particle cosmology
as neutrino masses or baryon asymmetry.

Note added: During the revision of our manuscript the study of ref. [69]
appeared that investigates a closely related scenario of dark glueballs.
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Appendix A. Glueball Lagrangian and cross sections

Based on naive dimensional analysis [70-72] and large-N scaling
[73,74], we consider the following Lagrangian density for a given glue-
ball ¢gp [17,21,22]

1 @y > az (4rx 3 a, (4rx 2 4
£ 23 @uben) = Fmantly = 51 (57 ) montln = 31 (F7) o
(a1

In the first line, the glueball kinetic and mass terms are accompanied
by three- and four-glueball self-interactions. Terms with higher powers
of ¢qp within the effective potential approach are considered in other
works, e.g., [23,24]. Such additional interactions postpone the freeze-
out and reduce the dark matter relic abundance. However, they also
introduce additional unknown coefficients within our approach and we
choose not to include them. The coefficients a; are expected to be of
order unity.

The glueball interaction terms lack a detailed non-perturbative treat-
ment at the moment. Even if the schematic form of the effective La-
grangian in eq. (A.1) may hold for interactions among different glue-
balls, it is strictly appropriate only for scalar glueball states, such as 0*+.
For the 3 — 2 process of the lightest glueball, 0**, we improve upon the
results of ref. [21] by computing the diagrams at order (4z/N)3 and
find

1805 7° a2

2 3
{6000,000") =

2 2
_W (11a3 +7a4)", (A.2)

at leading order in the velocity expansion. The cross-section in eq. (A.2)
is about five times smaller than the estimation in refs. [21,22] for a;,=1,
which reads (gg,000”)=(47)* /(NOmy ).

Proceeding with analogous computations for the decays and inter-
actions involving glueballs of higher angular momenta would require a
precise formulation of the corresponding effective Lagrangians, which
goes beyond the goal of this paper. In order to align the approximation
on the inputs for our equations, we eventually adopt the estimation in
terms of the power counting and use [21,22]. The corresponding cross-
section for the next-to-lightest C-even glueball, 2*7 is then
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4 3
<°'222;22 Uz) N(()L)S . (A.3)

my. .

Also for the 2—2 processes, we simply estimate of the squared ampli-
tude in terms of the power counting of the effective Lagrangian, and we
obtain at leading order in the velocity expansion and with a; =1 the
expression

< ) (47‘[/N)4 Al/2 (l,mf/s,ms/s) (Ad)
OabicdV) = . A.4
o 8485 Seq 64775 A1/2 (1,m2 /s, m [s)

Here, A(x,y,z) = (x — y — z)? — 4yz is the Killén function, g; = (2J; + 1),
s = (m, +my)?, and S, is the symmetry factor accounting for identical
particles in the final state.

Appendix B. Three-glueballs evolution equations

The evolution equations describing the freezeout dynamics of two
unstable states, 07+ and 2**, and one stable, 11—, read

Ro++
- (nS‘L) ( 1+_)2]

. 1+t e(/’
iye- +3Hnp- =B, Y——— (o1 ,900) | #
my+- :

2
D++ eq 5
—<011220>[ ( eq ) (n2) ]
Oy
no++No++ eq 2
—<01102”>[ - —eq o (50) (B.1)
0++ 2++
Ag++ +3Hnpe+ = B Y — N+ g+ + npes Do
mMy++
Ro++ 2
0 eq \2
+ <Ull;OOU> [" = ( eq ) (n1+—) ]
Mot
2\ 2 eq
- <6000;OOU >”0++ (n0++ - n0++)
n
2 0++
+ <‘722;OOU> [”2++ - < eq ) 2++) ]
ot
(0'11 02U> no++No++ eq 2
Mo =~ (1)
0++ 2++
ny++{02,20V)
+ | no++ <O’20;00U> + 72
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0++n2++
(622200)
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The lightest state, 0+, decays to the SM via ['j++ = gg in eq. (5). Since
the next-to-lightest state, 2**, has spin two, it decays through different
operators. In particular, the direct decay to SM fields in analogy to I'gp
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implies a dimension-eight operator. However, a dimension-six contribu-
tion is allowed for our setup via the process 2t*—0*+h [34]. Its decay
rate is

2++,0++

2 2 5
g aM
(o) 2 gl (—— ) (12
M? Moy++

+ o+t
7 =0.03m [35].

0++

K(z)
K;(2)

s

z=my++ [Tys

(B.4)

"
with the matrix element M;
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