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Quantum chromodynamics (QCD), the basic theory of strong interactions between the quarks and
gluons is expected to play an important role in the early universe. We discuss the scenario when
the fast cooling of QCD matter leads to the creation of a saturated phase with an enormous number
of possible configurations. Using an analogy with the classical glasses we predict that this glassy
form of matter — the Glasma — existing at temperatures above a few GeV has dominated properties
of the universe in the period preceding the formation of quark-gluon plasma (QGP). We examine
the possibility that the properties of this high-temperature color-glass condensate (CGC) filling
the universe in the very hot QCD and EW eras, and beyond were close to the stiff matter.
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1. Saturated QCD matter in high-energy particle collisions

In perturbative QCD the density of its basic degrees of freedom (DoF) — partons (quarks and
gluons) evolves along two different paths (see e.g. the standard textbooks [1, 2] and references
therein). The first corresponds to the development of a partonic cascade in variable Q — the
momentum transferred between the partons during their interaction, the second follows the evolution
in variable x = k*/P*, a fraction of the light cone momentum P* of the parent parton, which has
radiated a parton emerging with the light-cone momentum k* [2].

While the evolution in variable In(Q? /AéCD), where Aqcp =~ 200 MeV is the characteristic
QCD scale, is described by the DGLAP equations, the evolution in variable Y = In(1/x) at fixed Q
is described by the BFKL equations [1, 2]. The increase of Q leads to the dilution of the density of
partons that occupy a transverse area 1/Q?, the increase of ¥ leads to its growth. In the latter case,
the radiated quanta (mostly, soft partons with x <« 1, i.e. with Y > 1) are typically of the same
size. The repulsive interactions among them ensure that their occupation number N (the number of
gluons xG 4 (x, Q2) with a given x times the area each gluon fills up divided by the transverse size
of the object RE\ they occupy such as nucleus) saturates at [2—4]

xGa(x,09) 1
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Here N, = 3 is the number of QCD colors, as(Q) < 1 is the QCD running coupling constant,

N = Qs = Qs(x) . (D

determining the strength of the interaction amongst the quanta at QO > Aqcp — the emergent “close
packing” scale arising from the parton recombinantion.

The saturation of the particle density is a very generic behavior — the same density scaling as
the inverse interaction strength a~! is characteristic of several condensation phenomena such as the
Higgs condensate, superconductivity or a long-lived graviton condensate forming a black hole [5].
In QCD, the soft gluons form a highly coherent configuration called color-glass condensate (CGC)
[4], or Glasma which due to its high occupation number N represents the classical limit of QCD
(see Ref. [11] and references therein).

The word “glass” appearing in the acronym CGC is used in condensed matter physics to
describe a non-equilibrium, disordered state of matter acting like solids on short time scales but
liquids on long time scales, see e.g. [6]. Glasses are formed when liquids are cooled too fast to
form the crystalline equilibrium state. The fast cooling leads to an enormous number of possible
configurations Ng(T') into which they can freeze and consequently to their large entropy S(Ng)
not vanishing even at zero temperatures. Similarly to this phenomenon, the saturated QCD matter
acquires a large number of gapless modes corresponding to a specific micro-state entropy S [5] with
an upper bound Sp.x = N = @~ (Q,) imposed by the unitarity, see Eq. (1).

2. Saturated QCD matter in the early universe

To describe the evolution of energy density €(7") and entropy density s(7) of hot and dense
matter filling the early universe, it is customary to normalize both quantities to their values €y(7)
and so(T) corresponding to an ideal massless Bose gas with a single DoF at temperature T

2 2
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where ge(T) and heq(T) are the effective numbers of DoFs in energy and entropy, respectively.
For non-interacting gas consisting of Ng Dirac fermions, Ny massive vectors, Nyo massless vectors
and Ng neutral scalars, the two functions are identical and read

7
gé? (T) = hé?f) (T)=4- gNF + 3Ny + 2Nvyg + Ns , (3)

where the prefactors account for the DoF of each of the considered particle species. In terms of the
pressure p = sT — € and using Eq. (2) the EoS of the fluid can be written as

sT 4heff(T)
= T=——-1= —
p=we. wil)="c-1=3"7

“

The causality condition c2 = dp/de = w(T) < 1, where c; is the speed of the sound in the medium,
induces the inequality 2hes(T) < 3ges(T) with an upper bound corresponding to absolutely
stiff fluid [8]. The latter has therefore the largest number of DoF in entropy /. (7) among all other
forms of matter with the same effective number of DoF in energy gegs (7).

In complete analogy with the glass in condensed matter physics, we propose the following
cosmological scenario. Immediately after the end of the reheating phase of the Big Bang, the QCD
matter expanding with the speed of light underwent a fast cooling process. In (Q,Y)-plane this
corresponds to a rapid decrease of Q at fixed ¥ > 1. In this regime, the QCD mater has acquired
a substantial excess in hSﬁC P over ggﬂ,CD leading to the increase of the EoS parameter well above
w = 1/3; see Eq. (4). Eventually, this glassy form of QCD matter was transformed into a hot stiff
fluid! with w = 1 and the evolution of the scale factor has slowed from a(7) ~ t'/2 to a(t) ~ /3.

Compared to collisions of ultra-relativistic nuclei (see e.g. [7]), where Glasma represents the
initial state of matter consisting of small-x weakly interacting partons which thermalize only after
the collision of two nuclei, the hot and super-dense rapidly expanding medium filling the early
universe appears to be in local thermal equilibrium characterized by a fixed temperature T = Q /2,
where Q is the average momentum transfer among its constituents. Thus in the period preceding the
formation of QGP covering the very hot QCD era, EW era, and beyond whenT > T > Aqcp/(27),
where Ts = Qg /(2n) is the saturation temperature and Q the corresponding close packing scale, the
universe was dominated by the fully saturated QCD matter. The value of the saturation temperature
is set by the condition Qg > Aqcp. Taking, for instance, Qs ~ 5 + 25 GeV corresponding to
as(Qy) ~ 0.2 +0.15, we obtain Ty ~ 1 = 4 GeV.

In thermal QCD the breakdown of scale invariance is frequently accomplished by including
the power-like correction O(T?) to the perturbative high-temperature behavior of the EoS [11-13]

! 2 O, 4 2 _€-3p 4B A
E(T)—O'T -CT*+ 8, p(T)—gT -DT° -8, ®_T_F+ﬁ7 (5)
where o = (7%/30) gég), 8 is the confining part of the interaction, so-called bag constant, © is
the trace anomaly, C and D are some constants and A = 3D — C. The introduction of quadratic
terms leads to the softening of the EoS w(T) < 1/3 close to the critical temperature T, of the QGP-

hadron phase transition [13]. Using the same ansatz for saturated matter existing at temperatures

IThis is to be contrasted with the models in which the very early universe contains the stiff matter made of a cold gas
of baryons [9] or of dark matter made of relativistic self-gravitating Bose-Einstein condensates [10].



Quantum Chromodynamics in the Early Universe: .
The Color Glass Condensate Michal Sumbera

T >Ts > T, =~ Agcp with w(T') < 1 we can safely neglect 8 in Eq. (5) to obtain for the stiff fluid
at saturation temperature 7
& =0T —CT; = ¢(2) - 0T}, s55= 2Ti = %¢(z) : %‘UTS, z=—§, $(2) = 2%2 . (6)
In this case, the effective number of DoF in energy is always smaller: ges/ gég) = ¢(z) < 1. For
the effective number of DoF in entropy /g this happens only for 0 < z < 4 and for z > 4 we have
hett/ hég) > 1. Note that the increase in entropy density sy is solely due to temperature-dependent
gluon condensate (G2)7 [12]: ps + €5 = 2€; = (GZ)TS.
The QCD stiff matter — lumpy configuration of gauge fields has a typical correlation length
Ry ~ 1/Q; [5]. For expansion times Rscyg1 <t < Rsa§3/ 2 the semiclassical picture of the
Glasma as a high occupancy state with N ~ a/gl gluons with momenta p ~ Qg breaks down
due to their rescattering. In (Q, Y)-plane this corresponds to a decrease of Y at nearly constant
Q. This is followed by the quantum kinetic 2 — 3 process among liberated gluons at the time
13/5 \which leads to bottom-up thermalization [14] and the emergence of a strongly

s
interacting QGP [7, 11]. The cosmological expansion is restored to a(z) ~ t'/2.

scales of ~ R«
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