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Abstract

We review the role of primordial black holes (PBHs) for illuminating the dark ages of the cosmological evolution and as dark matter candidates. We elucidate the role of phase transitions for primordial black hole formation
in the early Universe and focus our attention to the cosmological QCD phase transition within a recent microscopical model. We explore the impact of physics beyond the Standard Model on the cosmic equation of state
and the probability distribution for the formation of primordial black holes which serve as dark matter (DM) candidates. We argue that besides primordial black holes also droplet‐like quark‐gluon plasma inhomogeneities
may become gravitationally stabilized for a sufficiently long epoch to distill baryon number and form nuclear matter droplets which upon their evaporation may enrich the cosmos locally with heavy r‐process elements
already in the early Universe. This poster is based on the recent work [1].

Cosmic EoS with QCD transition

We apply the unified model [2] for the QCD transition from a hadron
resonance gas (HRG) to a QGP, where the hadrons are described as
quark bound states (multiquark clusters) that can undergo a Mott
dissociation,

Ω(T ) = ΩQGP(T ) + ΩMHRG(T ) + Ωγ(T ) + Ωlep(T ). (1)

The QGP part is described by a Polyakov loop Nambu–Jona–Lasinio
(PNJL) model for the non‐perturbative low‐energy domain aug‐
mented by perturbative QCD corrections O(αs),

ΩQGP(T, µ, ϕ, ϕ̄) = ΩPNJL(T, µ, ϕ, ϕ̄) + Ωpert(T, µ, ϕ, ϕ̄). (2)

The MHRG part takes the form of a cluster decomposition of the
thermodynamic potential for quark matter.

ΩMHRG(T, µ, ϕ, ϕ̄) =
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cluster distribution function for a net quark number a modified by
the traced Polyakov loop. The pressure as thermodynamical poten‐
tial can be obtained from the entropy density s(T ) = −dΩ(T )/dT
by integration over T (see [2] for comparison with lattice QCD)
and the energy density is ε(T ) = s(T )T − p(T ). The cosmic EoS
w(T ) = p(T )/ε(T ) exhibits ”dips” (see Fig. 1) when massive degrees
of freedom (dof) are excited (see Fig. 2)

gε(T ) = ε(T ) 30
π2T 4 , gs(T ) = s(T ) 45

2π2T 3 . (6)

Figure 1. Cosmic EoS in the SM (2+1+1+1) case and SM+X17 (2+1+1+1), the
interpolated data is seen as a solid line while the original data are explicitly shown
as points. The black dashed line corresponds to the relativistic limit w = 1/3.

Figure 2. Relativistic degrees of freedom for a (2+1+1+1) quark flavors
configuration for the SM and SM+X17 model, see equation (6).

PBH formation at the QCD transition

[t]
Schematic view of possible paths followed by early energy density
fluctuations. The left panel corresponds to an arbitrary initial time ti
with tinflation < ti < tcross; the middle panel corresponds to t = tcross.
The right panels represent the fate of the fluctuations at a time
t > tcross. An animated GIF version of the figure can be shared on
demand: mael.gonin@dzastro.de

Figure 3. PBH distribution for fPBH = 0.1 in the SM and SM+X17 scenario.

PBH as Dark Matter

Figure 4. Histograms of GW events sorted by mass and discriminated by origin.
The purple colors, correspond to the recent Ruiz‐Rocha et al. [3] study. TOV =
Tolman–Oppenheimer–Volkoff limit.

Conclusions

The existence of strong fluctuations in the gravitational field, for in‐
stance in connection with PBH, has strong consequences for the
evolution of the early Universe. As an example, large hot and dense
clumps of matter bound by these fluctuations appear as a new site
where r‐processes can occur so that it opens new possibilities to
explain the early production of heavy elements. For more details,
see [1].

Primordial dense baryon matter clumps and
heavy element freeze-out

Figure 5. Evolution of a finite‐sized overdense region at the QCD phase
transition which does not turn to a PBH but yet remains gravitationally bound
long enough to form QGP globs. Left panel: expansion and cooling at the speed
of sound; Middle panel: baryon number distillation by meson evaporation [4, 5];
Right panel: baryon density enrichment by quark‐antiquark annihilation to
neutrinos that are radiated off the glob [6].
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Â

log X̂ ′
Â

Figure 6. Accumulated mass fraction X̂Â (red “+” symbols) for the parameter
values T = 5.266 MeV, µn = 940.317 MeV [7] and µp = 845.069 MeV after
evaporation of neutrons X̂ ′

Â
compared with the solar accumulated mass fraction

X̂⊙
Â
(blue “×” symbols. For details, see text and Ref. [8]). In addition to neutron

evaporation, leading to X̂Â, nuclei with A > 212 are subject to α decay (feeding
the region near A ∼ 200) and fission (feeding the region near A ∼ 160).
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