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X. Wu et al.

We investigate a crossover quantum chromodynamical (QCD) phase transition that occurred in
the early Universe and explore a potential formation scenario for stable strangeon nuggets
during this process. To analyze the thermodynamics of the QCD phase involving u, d, s quarks,
we employ the Polyakov—Nambu—Jona-Lasinio model, while the relativistic mean-field model is
used to describe the hadronic matter. We consider the participation of strangeons (strange
quark clusters with net strangeness) in the quark-hadron phase transition process. During this
process, strangeon nuggets are formed, and larger nuggets could survive after the phase tran-
sition. The crossover phase transition from quarks to hadrons occur at a cosmic temperature
of approximately 7'~ 170 MeV, and these two phases (quark phase and strangeon nugget-
hadronic phase) are connected in a three-window model. We introduce a distribution function of
the nugget baryon number, A, to describe the nugget’s number density (equivalent to the mass
spectrum). All strangeon nuggets with A > A, are considered to be stable, where the critical
number, A, is determined by both weak and strong interactions. To calculate the thermody-
namics of stable strangeon nuggets, a nonrelativistic equation of state was applied, resulting in
negligible thermodynamic contributions (pressure, entropy, etc.) compared to the hadronic
part. Our study shows that the mass fraction of the strangeon nuggets that survived from the
early Universe is comparable to dark matter, suggesting a possible explanation for cold dark
matter without introducing any exotic particles beyond the Standard Model.

Keywords: Cosmic QCD; strangeon nuggets; dark matter.

PACS Number(s): 95.35.4+d, 98.80.Bp

1. Introduction

Cosmic phase transitions'™ are natural consequences of hot big bang cosmology,

playing a crucial role in understanding various cosmological phenomena such as the
primordial magnetic field,” baryonic asymmetry®” and even the gravitational wave
background.®” In the early Universe, at least two types of transitions occurred: the
quantum chromodynamical (QCD) phase transition'’ and the electroweak (EW)
transition.!’ The EW transition occurs when the cosmic temperature drops below
T ~ 10> MeV, breaking the EW symmetry and allowing particles within the Stan-
dard Model to acquire gauge-invariant masses.'®!? On the other hand, the exact
dynamics of the QCD phase transition remains unclear, as perturbation theory
breaks down during this process. If the QCD transition is of first order, stable quark
nuggets (strangelet) with a large baryon number may survive.'* However, the
transition is likely to be a rapid and smooth crossover,'> 7 according to lattice QCD
simulations and various effective QCD models. A question arises: Could the real
nature of dark matter be strangelet that survived from the early Universe? This
question has been extensively studied since Witten’s work in 1984.'* Strangelet, a
candidate for dark matter, has even been proposed as a potential explanation for the
puzzling presence of supermassive black holes at high redshifts,'® invoking their rapid
formation into stellar-mass black holes.!” However, in our study, we consider
strangeon nuggets instead of quark nuggets (strangelets) as dark matter candidate,
as they are formed through strong interactions at the hadron level. Unlike strange-
lets, which consist of quarks bound by strong interactions at the quark level,
strangeon nuggets possess stronger interactions and potentially greater stability.
Furthermore, it is important to note that the strangeon nuggets we mentioned are
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Cosmic QCD transition

the outcome of a crossover QCD phase transition, in contrast to strangelets which
arise from a first-order QCD phase transition. Therefore, the focus of this work is to
investigate the QCD crossover transition and the potential role of the production of
strangeon nuggets.

After the EW phase transition, the Universe becomes filled with a dense and hot
quark—gluon plasma (QGP) consisting of six flavors of quarks. This state persists
until the temperature drop to a few giga-electronvolts. At this point, the heavy
flavors of quarks, namely charm (c), top (¢) and bottom (b) quarks with masses
greater than 1 GeV, begin to decay into lighter quarks: up (u), down (d) and strange
(s) quarks, whose masses are approximately less than 0.1 GeV. This process occurs
under the chemical equilibrium. Subsequently, the Universe enters the QCD phase
transition. During this epoch, the initial phase of strongly interacting quark matter
at temperatures above or equal to 100 MeV gradually transforms into hadronic
matter, predominantly composed of nucleons, as the temperature decreased to
around 10 MeV. This phase transition provides the initial conditions for the subse-
quent process known as big bang nucleosynthesis (BBN), which is responsible for the
production of light elements in the early Universe. The cosmic timeline of this epoch
is illustrated in Fig. 1.20:2

In a model of first-order cosmological QCD phase transition, low-temperature
bubbles emerge once the cosmic temperature falls below the critical temperature
T, ~ (100 — 200) MeV.!* These bubbles release heat to the surrounding high-
temperature phase, gradually expanding and colliding. As the Universe expands and
the temperature continues to decrease, these dense and high-temperature bubbles
eventually become isolated. They lose energy through surface evaporation and
neutrino emission, with the latter carrying only the leptons away while leaving the
baryons trapped inside the bubbles. Consequently, the baryon excess within the
bubbles eventually reaches a stable state, i.e. the strangelet.

However, whether the QCD phase diagram has first-order phase transitions is still
a subject of ongoing debate. In particular, when considering the chiral phase tran-
sition, it is necessary for the evolution line to terminate at the critical point. At a
cosmic temperature above 100 MeV, three flavors of quarks (u, d, s) coexist in an
equilibrium state. Besides the first-order phase transition, it is also reasonable to
consider a smooth crossover phase transition starting from the QGP phase with free
quarks to hadrons. This notion finds support in lattice QCD simulations and

(u,d,s;c,t,b) «—|— (u,d,s)
EW Qcb p/n % D(BBN)
2 -1 -2 -3 -4 log[T/GeV]
0

1

10 9 8 7 6 5 4 -3 2 -1

|
T T T

1 2 3 log[ts]

Fig. 1. Cosmic evolution from the EW epoch to the BBN. Free nucleons (protons and neutrons, p/n)
appear after QCD phase transition at 7' ~ 100 MeV, setting the initial condition of BBN. Neutrinos (v) are
decoupled at T~ 1 MeV, while the deuterium (D) forms at 7'~ 0.1 MeV.
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numerous effective QCD models, which suggest that the transition is more likely
to be a simple crossover rather than a first-order transition.!®'%2? During the
crossover QCD phase transition, quarks can undergo collisions, leading to the for-
mation of nucleon-like clusters containing strangeness. These clusters, referred to as

”23) may nucleate

“strangeons” (a term coined by combining “strange” and “nucleon
and subsequently merge and collide, eventually giving rise to nuggets composed of
strangeons, i.e. the strangeon nuggets. Hot strangeon nuggets, at cosmic tempera-
tures above approximately 100 MeV,?%2°> may have the ability to emit particles such
as strangeons, A and nucleon. Eventually, they decay into neutrons and protons.?’
As the temperature decreases, the process of evaporation becomes suppressed,
allowing the remaining strangeon nuggets to reach a state of thermodynamic
stability. These stable nuggets can persist if they possess a sufficient number of
baryons. It is important to note that there is difference between strangeon nuggets
and strangelets as proposed in Ref. 14. Strangelets consist of u, d and s quarks
and can only be stable if they contain an initial baryon number over the order
of ~ 104424252728 Gimjilar to atomic nuclei, which remain stable due to the
interactions (both strong and weak) between protons and neutrons, strangeon
nuggets are composed of strangeons as their fundamental units. Consequently,
heavy strangeon nuggets can also exhibit stability as a result of these weak and
strong interactions.??

Many previous studies have investigated the strangeon matter from the astro-
physical perspective,?’
than 90 years ago.?! It is believed that strangeon stars, which are stellar-sized

aiming to solve the problem raised by Lev Landau more

strangeon nuggets, can provide an explanation for certain pulsar observations.
While neutron stars have traditionally been considered, previous works**33 indi-
cated that bare strangeon stars could account for the sub-pulse drift signal, and
Refs. 34 and 35 showed further the potential of strangeon stars to explain the
observed relative glitch amplitude. Furthermore, several theoretical research
studies® 3% studied the pulsar glitches mechanism in the framework of the stran-
geon stars. The global parameters of rotating strangeon stars and the oscillation
modes of nonrotating strangeon stars have also been investigated in full general
relativity by Refs. 39 and 40, respectively. In relation to strange quark matter in
the early Universe, a recent study discusses the possibility to destroy primordial “Li
abundance via a 2MeV photo emission line from color superconducting quark
nuggets.?! Our previous work!'? investigated the possibility that strangeon nuggets
formed during the QCD phase transition could collapse to a stellar-mass black hole,
then it kept growing by the gas accretion and became the supermassive black hole
at redshift z > 6.

This work explores the behavior of strangeon nuggets in the context of the
crossover QCD phase transition in the early Universe. The s-quark itself is not stable
and undergoes decay via s — e~ + u + I, with a lifetime of approximately ~107?s.
However, there exists a threshold baryon number A, which determines whether a
strangeon nugget will undergo evaporation due to weak interactions. If a small
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strangeon nugget has A < A, it will be completely destroyed by weak interaction-
induced evaporation. Conversely, a large strangeon nugget will remain stable, as
the decay of a significant number of s-quarks into w/d-quarks simultaneously
through weak interactions is highly unlikely. During a crossover phase transition,
strangeon nuggets are formed through collision and nucleation. As a result, their
baryon number may not be as large as those produced during a first-order phase
transition (where A, ~ 10%*). Additionally, the distribution of these nuggets may
not be uniform. Relic nuggets with small baryon numbers could potentially in-
teract with nuclei during the epoch of primordial nucleosynthesis. Further inves-
tigations on such interactions could provide more stringent constraints. On the
other hand, strangeon nuggets with large baryon numbers would interact negli-
gibly with normal baryonic matter through strong, weak or electromagnetic
interactions. This makes the strangeon nuggets potential candidates for cold dark
matter (CDM).

In fact, there are several potential candidates of the CDM: axion, weakly inter-
acting massive particles (WIMPs), primordial black holes, etc.?! Axions and WIMPs
are hypothetical elementary particles that are not part of the Standard Model. To
produce primordial black holes which appear before the QCD transition, a significant
density fluctuation is required in the early Universe, as discussed in Refs. 21, 42 and
43. Many proposed extensions to the Standard Model have been ruled out, leading to
a narrowing of the allowed parameter space.***> One motivation for this study is
that stable strangeon nuggets provide a potential candidate for dark matter within
the realm of “old” physics, without invoking any exotic particles. The connection
between strangeness and dark matter has a long history, as discussed in Refs. 14 and
45-48, due to the low charge-to-mass ratio if the symmetry of light-quark flavors
(u, d and s) is restored.

This study describes quark matter using the Polyakov—Nambu—Jona-Lasinio
(PNJL) model, which accounts for asymptotic freedom, chiral symmetry restoration
at high density, and quark confinement as signified by the Polyakov loop. This model
extends the Nambu—Jona-Lasinio (NJL) model, providing an effective theoretical
framework for low-energy QCD that incorporates all QCD symmetries in its
Lagrangian. The interaction between fermions in the PNJL model occurs through
the coupling of local fermions, while gluon degrees of freedom are constrained in
quark-like point interactions. We utilize the relativistic mean-field (RMF) model to
describe hadronic matter, which is an effective field theory approach based on meson
exchange theory. In the RMF model, meson masses and various coupling constants in
the Lagrangian are free parameters that can be adjusted to fit experimental data and
nuclear matter saturation properties.

This paper is organized as follows. In Sec. 2, we provide a brief introduction to the
PNJL model for quark matter in the QGP phase and the RMF model for the hadron
phase. In Sec. 3, we examine the formation of strangeon nuggets and the crossover
QCD phase transition. Section 4 presents the numerical results and discussions of the
QCD phase transition. Section 5 provides a summary of our findings.
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2. Equations of State of Quark Phase and Hadronic Phase

During the QCD phase transition, the statistical equilibrium and the charge neu-
trality are satisfied. Figure 2 presents the conjectured QCD phase diagram in the
T-up plane (for quantitative discussions on the QCD phase diagram, refer to
Refs. 49-51). The first-order nuclear liquid-gas phase transition (solid black line in
Fig. 2) occurs at low temperatures, where pp is approximately equal to the nucleon
mass. The hadron-quark phase transition is a crossover (blue dashed line) at high
temperatures and a first-order transition (solid blue line) at low temperatures. These
two lines are connected by the critical end point (red dot). Although the exact curve
that distinguishes the QGP phase and hadron gas phase has not yet been deter-
mined, current experiments and theories provide an overview of the diagram. At low
temperatures and extremely large pp, various forms of quark Cooper pairing, such as
the color superconducting phase, may appear. We consider the trajectory of the
Universe in the QCD phase diagram to follow a crossover phase transition, nearly
approaching the vertical axis with almost zero chemical potential. The temperature
T begins from T ~ 200 MeV to approach the nuclear matter region at low tem-
peratures (' ~ 1 MeV).

In general, the equation of state (EOS) of the QGP phase and the hadron-
strangeon (HS) nuggets phase under finite temperature depends on the number
density and one of these thermodynamical quantities: temperature, entropy den-
sity or lepton fraction Y;. In this study, the thermodynamical quantities are con-
sidered as functions of temperature T and entropy per baryon s/n;. It is assumed
that the Universe maintains isentropic during its expansion. In the case of rela-
tivistic particles, the entropy of the Universe is primarily contributed by the
relativistic gas,??:°2:% and the entropy density s is proportional to the number

Quark Gluon Plasma

~170 MeV | <

o color super-
IquId-%:s conducting
~940 MeV U

Fig. 2. (Color online) Sketch of the QCD phase diagram in terms of temperature T and baryon chemical
potential 5. The green curve with arrows illustrates the thermal trajectory of the Universe during the
QCD epoch.
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of particles,

S e+p 2n 3

- T
v T a5 It

S

(1)

where g,, is the sum of the degrees of freedom for all relativistic particles. € and
p are the energy density and pressure, respectively. Since most of the time,
these particles share the same temperature, the entropy density s is proportional
to the photon number density, s =1.80g,,n,. The entropy per baryon s/n,
remains constant with respect to the co-moving frame of reference since n; oc T%.
The value of s/n; can be obtained from the baryon-to-photon ratio n using the
relation n = 1.8¢,,(ny/s). Observations of the cosmic microwave background
power spectrum currently constrain 7 to be (6.16 £+ 0.02) x 1071 which corre-
sponds to a baryon density of €,h% = 0.0224 £ 0.0001 within the standard ACDM
model.°* In this study, we adopt the value of s/n, based on this 7 value.
Furthermore, we also consider an extreme alternative scenario with s/n;, = 100 for
compression.

2.1. Quark phase

To describe the u — d — s quark matter, we employ the three-flavor PNJL model,
which is constructed by SU(3) NJL model coupled to a temporal background gauge
field representing Polyakov loop dynamics. The effective Lagrangian is written as
(hereafter, we use the natural unit c = h = kg = 1)

8
Ly, = q(ivy, D" — m")q + GZ (@29 + (@i75200)]
a=0

— K{det[q(1 +75)q] + det[a(1 — v3)gl} —US, ®,T),  (2)

where ¢(q) denotes a quark (antiquark) field with three flavors (N; = 3) and three
colors (N, = 3). m® = diag(m$, mY, m?) is the current quark mass matrix, and we
assume isospin symmetry m$ =mY = mg. A(a=1,...,8) and v,(p=0,1,2,3)
represent the Gell-Mann matrices and the Dirac matrices, while Ay = ﬁgf (Iis the
unit matrix), vs = ivyy172773- We use the parameters in Ref. 55, mg =5.5MeV,
m?=140.7MeV, A =603.2MeV, GA? =1.835, KA =12.36. The quantity U(®,®,

T) is the effective potential in terms of ® and @,

® = (Tr.L)/N., (3)

¢ = (TrcL+)/Nc’ (4)

which are the traced Polyakov loop and its conjugate. A logarithmic formed Poly-
akov loop potential U(®, ®,T) is applied”®
U@, ®,7) by (T')

S =y 80— by(T) In[1 - 660 + 4(8° 4 @%) ~3(2)%),  (5)
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Table 1. Dimensionless parameters of the potentials and
T, given in Egs. (5) and (6).”

) ay Qg as by by Ty

6.75 —1.95 2625 —744 0.75 7.5 270MeV

with

by(T) = ap + ay (%) + asy (%)2,
ba(T) = b, <%)5

where T, represents a characteristic temperature at which ® undergoes a transi-
tion from a vanishing value to a finite value. The parameters are provided in
Table 1.

® and ® are determined by

(6)

o0
o) o
o " e " )

Q is the grand canonical potential

3
Q= U(®.9.7)+ 2G(0} + 0} + 1) — 4K,0u0, — 2N, | 55 (B, + By + )
A

Bk R . ;
-2 Z /(27T)3£th2[F+(E1_:U’17T7(I)7(I))+F (Ei+uiaTa(I)a(D)]7 (9)

i=u,d,s
with

_ Pet/T 4 2Ppe—22/T —3z/T
P T 0,8) = TS (10)
14+ 3Pe—2/T + 3Pe—22/T 4 ¢—32/T
Peo/T 4 2pe=20/T 4 g=32/T

1+ 30eo/T + 3Pe—22/T 4 ¢—32/T’ (11)

being the generalized Fermi-Dirac distribution, where E; = v/k* + m2. The con-
stituent quark mass obeys the gap equation

F(2,T,®, &) =

m; = m} — 4G, + 2K, (12)
where ¢; is the quark condensate. The quark number density can be expressed as
*k2dk
=p,=2N.N Ft—F7). 1
n P c f/() 22 ( ) ( 3)

Through thermodynamic relations, one can derive expressions for various thermo-
dynamic quantities. The expressions of the pressure P, the energy density &, the
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entropy density s and the free energy density fare provided as
Poxgr, = = U(®,®,T) = 2G (¢, + ¢ — 63) + 4K, dad,
* k2dk k? A k2dk

2NNf3/ (F++F)+2N6Nf/
0

2—7‘_2E2 +5vacv (14)

o2 E;

_ ou
epngr, =U(P, @, T) — T8_T +2G(¢2 + @5 — ¢2) — 4K b, a0,

o L2k A 24k

2N.N, ——E(F"+F)—2N_N, —F, — 15
+ c f[) 22 1,( + ) c //0 o2 i Evacs ( )

au ~ j2dk K )

kgdk k2dk

2N.N,— —E;(Fr+F)—-2N.N Fr—F~ 16
+ ¢ fT/O A2 ( + ) fT/ 272 ( )7 ( )
Jenon = epng — Tspnyt- (17)

Inside the homogeneous matter, leptons (and anti-leptons) occupy single-particle
states with the Fermi—Dirac distribution. The particle and antiparticle occupation
probability is given by

ff =[1+ e(E}%#i)/T]%’ (18)
fE=[1 4 eBitm)/T)-1 (19)

3

respectively. The leptons are treated as free Fermi gas, and their thermodynamic
quantities can be described by the following expressions:

lze:u = / R+ m 2)1/2 e+ £k 20)
q= Y [ 0 m st ak (21)

l e u
S = /dk fzklnfl—(l—fz)ln(l—fl)

I ﬁp

—frinff = (1= f)In(1 = f7), (22)
fl =& — TSZ. (23)

By incorporating the contributions from both leptons and quarks, we obtain the
expressions of quark phase,

Py = Ppxyr, + B, (24)
€qQ = €pNJL T €1 (25)
8Q = SpNJL T S5 (26)
fo =¢eq —Tsq. (27)
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2.2. Hadronic phase

To describe the hadronic matter, we utilize the RMF theory, which could successfully
predict experimental data of finite nuclei and saturation properties at low densities.
The Lagrangian reads

Lrar = Y @{ma"' — (M +g,0) =, [gww" + %nﬂ’”’} }wi

i=p,n

1 1 1 1 1 1
+ 5%08"0 — §m302 — 5920'3 — 19304 — ZW’WWW + §m3wuw”
1 a auy 1 a a, Y
- ZRMVR a +§mipup o+ Z 1/’1(2%8” - ml)wla (28)

l=e,u
where W# and R*" are the antisymmetric field tensors,

W L, JV 12 L
WH = ghw” — 9w,

RO — QR — GV & gpgm’ifypﬁppﬂ,fu.

In the RMF model, the interactions among hadrons are described by the
exchange of mesons. Specifically, the ¢ meson accounts for the mid-range at-
traction, while the w meson represents the short-range repulsion, and the p meson
takes into account the isospin difference between neutrons and protons. The
masses of these mesons, along with the corresponding coupling constants, are
provided in Table 2. Hadronic matter satisfies the statistical equilibrium and
charge neutrality condition, i.e.

Hn = Hp + He) (29)
Py = e (30)
n, =ng +n,. (31)
The vector density and the scalar density are given by

=p,= (¥ =L [r fhyan 32
n; = pPy = <7/)b'>/01/)b> - 2 (fl fL) ) ( )

- 1 my
ps = () = — | R (fE + F1)dk, (33)

T E

Table 2. Parameters in the GM1 model.”” The masses are given in MeV.
Model M My my, m, 9o Gu 9p 92 (fmil ) 93

GM1 938.000  550.000  783.000  770.000 9.5705 10.6096 8.1954 —12.2799  —8.9767
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respectively. The energy density €, pressure P, entropy density s and free energy
density fof the hadron phase can be expressed as follows:

1 1 | 1 1
e = —mZo? —&——920“ +—930'4 —|——m2w2 + —mQ,o2

27 3 4 2w 2
+ Z /’f2+m DVER(FF + fH)dk + e, (34)
i= np
Py = 177%202**9ff“*ls;'rr4+fm2w2+ m?p?
H 2 o 392 4 3 g Mw 5 oP
9 Z ’/T2/ kQ 1/2 (fz +f )dk+Pl, (35)
i=n,p
su= 3 = [aki-rfngt - @ fHm - £
= np
— fiff = (1= ) = )] + s, (36)
Ju =en — Tsy. (37)

3. The Formation of Strangeon Nuggets and the Crossover QCD
Phase Transition

In our proposed model, the QCD phase transition is characterized as a continuous
crossover phase transition where quarks interact and form strangeon nuggets. During
this process, small nuggets quickly decay into nucleons, while large strangeon nuggets
can survive even after temperatures decrease below 7' ~ 100 MeV. The nature of the
strongly interacting system, whether it be a nucleon-constituted nucleus or a stran-
geon-constituted nugget, is determined by the fundamental strong and weak inter-
actions. From an astrophysical standpoint, it is conjectured that bulk strangeon
nuggets could be more stable than the nucleus *Fe.>® Therefore, strangeon nuggets
with a baryon number larger than a critical number A, could be long-lived and
considered classical particles due to their massive mass. However, those with a baryon
number below A, will quickly decay into neutrons and establish a nuclear statistical
equilibrium with protons since the temperature is still higher than the weak inter-
action decoupling temperature Tj,. ~ 1 MeV. The value of A, is determined by the
interaction scale and can range from A, ~ (103 ~ 10%). For example, suppose we only
consider the weak decay of the s quark may cause the instability of the strangeon
droplets. In that case, the critical scale is given by the electron Compton wavelength,
D, ~ A\, = 27/(m,c) = 2.4 x 103 fm, so we have A, ~ A3 ~ 10°. Alternatively, one
has A, ~ 300 if only the strong interaction is considered.” Besides, follow the
evaporation rate discussion from Ref. 24 (which gives A, ~ 10°? for strangelet),
dA 1

T ﬁmnTQei%(fn + fp)o-OA§a (38)
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where m,, is the nucleon mass, T'is the temperature and f,, f, are absorption effi-
ciencies (for neutrons and protons) correcting the geometric cross-section 00A§. The
primary difference between strangelets and strangeon nuggets lies in their binding
energy I, and slight variations in I can significantly impact the stable baryon number
A. Typically, strangeon nuggets have a larger binding energy than strangelets, that a
small difference of several times in the binding energy I can result in an exponential
disparity in the critical baryon number A,. Based on the discussion above, we use the
suggested value of A, ~ (10° ~ 10°). To describe the co-existence of hadrons and
strangeon nuggets after the phase transition, we use a distribution function of A.
The timescale for the QCD phase transition is approximately ~ 10~% second, which is
much longer than the relaxation timescale for the Universe to achieve thermal equi-
librium. Therefore, we define a crossover region near the critical temperature T, and
use a smooth interpolation of the Helmholtz free energy per baryon to describe the
continuous phase transition. However, a realistic calculation would need to consider
the hybrid existence of the quark phase and HS phase and integrate the transition
process with the strangeon nugget distribution evolution.

3.1. Formation of the strangeon nuggets

It is more challenging to form a nugget with a larger baryon number A through
collisions. Consequently, nuggets with larger A tend to have a lower number density.
This is analogous to the behavior in atomic nuclei, where the baryon number of a
nucleus is proportional to its volume, given by the relationship A = (D/D,)?, where
D represents the diameter of the nuggets. In this study, we adopt an exponential
distribution that depends on the size of the nuggets D,

__2D
n(D) = noe’D/Rf‘ = nge DOAL/", (39)

where R, = D,./2 is the critical radius for the strangeon nuggets that could be stable.
ng is the normalization factor since the total number density of the hadron should be

/O " nge P/RedD = 2 (T;L—Z)S/Qexp [—(m — u)/T]s (40)

for the nonrelativistic fermion. This distribution is inspired by the size distribution of
raindrops, which encompasses various processes involved in the phase transition
between gas and liquid phases. These processes include the condensation of water
vapor into rain droplets, evaporation of rain droplets, as well as collisions and
merging or fragmentation of rain droplets.

The number density of strangeon nuggets is given by

nS:/ ngeP/edD. (41)
D,

c

The nuggets with A > A, form the stable strangeon nuggets that are nonrelativistic,
so they should follow the classical Maxwell-Boltzmann velocity distribution.
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Then similar to the ideal gas, the EOS reads

1 00
b= g/ dD nOE_D/R('mS(D)U(D) 31115

D,
1 [ mq(D)]3/2 [ —mg(D)v?
= 3/Dr dD noe_D/R“mS(D)le{ 2577(T)] /0 dvv?exp {;(T)}

It is expected that the contribution of antiparticles to the thermodynamic quantities
would follow similar relationships as those described by Eqgs. (34)—(36). Therefore, the
thermodynamic quantities of the system, including the pressure P, the entropy density
s, the energy density ¢ and the Helmholtz free energy f can be expressed as follows:

ps =ng: T, (43)
™ 3/2

59 :/anSi(D){ln [%} +g} (44)

Eg = gnSiTv (45)

fs =¢ese — Tssu, (46)

ng. represents the total number density of particles (ng, ) and antiparticles (ng_). £g
denotes the average kinetic energy density, excluding the contribution from rest mass.

Because of the large number of A, the number density of strangeon nugget is very
small compared to the number density of ordinary hadrons, even when accounting
for particle—antiparticle pairs. It is typically no more than 10 times the net number
density. This can be attributed to the energy release (resulting in entropy decrease)
during the formation of strangeon nuggets, which in turn transfers energy to
hadrons, causing an increase in entropy. The energy of the HS phase is derived from
quark energy. Consequently, the energy density and other thermodynamic quantities
of the HS phase are largely independent of the fraction of strangeon nuggets present.
Consequently, all these thermodynamic quantities associated with strangeon nuggets
are considered negligible in comparison to those of hadrons.

Strangeon nuggets must satisfy chemical potential equilibrium,

Hs = A(/iu + Hq + /‘LG) = A/i/\ = A/~Ln' (47)

The total entropy density of hadron and strangeon nuggets should have (with con-
stant > as discussed before)

S
SHs = Sg T 55 = ansn—b- (48)

Moreover, since D = DyA'/3, the baryon density of strangeon nugget under this

distribution is given by
00 D 3
psz/ no| —= | e P/RedD, (49)
D D,

c
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then we have the mass density of the ordinary baryons (i.e. A < A, component):

[P D3e=D/IR 4D
Joaryon = foooD?,e—D/Rp aD 0.1429. (50)

Hence, the stable strangeon nuggets are estimated to account for approximately
~85.7% of the total baryon mass density, offering a potential explanation for dark
matter without introducing exotic theories. This ratio is used for the strangeon
nuggets and nucleons in HS phase.

Nevertheless, it is important to note that this scenario assumes the stable
nuggets are entirely unaffected by other cosmological constraints. For instance,
if we only consider the geometric cross-section of the strangeon nuggets, denoted
as 0,,, = mR%, the absorption rate of neutrons (since protons are repelled by
the surface electrostatic potential for large-sized nuggets) is given by dn,/dt =
o,vang x 1/R =1/AY3. Our previous study'® demonstrated that when the nug-
gets have a uniform size and a baryon number A > 10%, they remain unaffected by
the primordial neutron-to-proton ratio. However, relatively small nuggets may
form bound states with light nuclei during the nucleosynthesis epoch. Therefore,
a detailed BBN network considering strangeon nuggets becomes necessary to
establish realistic constraints on the distribution function of the number density of
strangeon nuggets. This topic falls outside the scope of this work, which we will
explore in future research.

3.2. Crossover phase transition

Building upon the concept introduced in Refs. 60—63, we define the crossover region,
commonly referred to as the three-window modeling, centered around the chemical
freeze-out temperature T, ~ 170 MeV, with a temperature range of T, — ' < T <
T, + T, where T represents the range of temperatures associated with the QCD phase
transition. The EOS of both the quark phase and the HS phase are described in
Secs. 2.1and 2.2 forT'> T+ 'and T <« T — T, respectively. It is worth noting that
the crossover region typically refers to a hybrid state of hadrons and quarks; how-
ever, in this work, strangeon nuggets are also included in the hybrid phase and
final phase. They coexist and exhibit strong interactions within this crossover
region.’"%6 The crossover region that we have discussed is primarily governed by the
dynamics of strangeon nuggets. During this hybrid phase, quarks collide and become
confined in different-sized strangeon nuggets with a baryon number of A, which
equals one-third of the quark number. At the end of the crossover phase transition,
all nuggets with A < A, are destroyed and subsequently form nucleons, while com-
ponents with A > A, could survive. To obtain a realistic EOS for the crossover phase
transition, a thorough understanding of the evaporation and interaction mechanisms
of strangeon nuggets is necessary. This includes the study of evaporation productions
and decay timescale for various cluster sizes. However, we do not delve into these
mechanisms in our work.
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We perform a smooth interpolation of the Helmholtz free energy density f between
the quark phase and the HS phase. This interpolation allows for a continuous de-
scription of the system’s thermodynamic properties throughout the transition region,

fCIOSb( ) fQ( b>X+ +fHS (T7nib)Xa (51)

where x, and xy_ =1 — x, are the weight functions. The Helmholtz free energy f
should be the function of number density n, and temperature T (or entropy S) under
0 equilibrium. In the case of the evolving Universe, as the temperature T decreases
while maintaining a fixed value of entropy per baryon s/n;, the number density n,,
becomes a function of T. Hence, it is reasonable to assume that the weight functions
X+ and x_ also depend on T in this scenario,

1 T-T,
Xi:2[1:|:tanh< T C)] (52)
Subsequently, the conservation of n, is expressed as
1
ny, = g (nu +ng + ns)X+ + (np +n, + nA,)X*' (53)

The thermal quantities are described by

S S
SCross (Ta 71—},) = 35Q <Ta TL_
S S S
ECross <T§ n_> =£&q (T, n_) X+ 1 €ns (T n_
b b

S S S
P, T,— ) =Py T;— Pyas| T5— ) x_. 56
Cross< an > Q( ,nb>X+ + HS( 7nb>X ( )

<

S

4. Results

In Fig. 3, we present the behavior of the strangeon nuggets pressure Pg (panel (a))
and the total number density of strangeon nuggets and anti-strangeon nuggets
ng(£) (panel (b)) as functions of the cosmic temperature 7. The change in Py is
consistent with the change in ng(4). Other thermodynamic quantities such as eg, fg
and sg should exhibit similar behavior to ng(+) since they are all related to the EOS
as shown in Egs. (43)—(46). We consider different values of the critical baryon
number A, specifically A, = 10°,107,10%, represented by the red, blue and green
lines, respectively. The results include both low and high entropy cases, with s/n;, =
100 (dash-dotted lines) and s/n;, = 1.13 x 10'% (solid lines), respectively. In Fig. 3
(a), the pressure Py arises from the motion of both particles and antiparticles,
resulting in a higher pressure at higher temperatures due to the coexistence of these
particles and antiparticles. As the temperature decreases to around 120 MeV, most
antiparticles annihilate with their corresponding particles (Fig. 3(b)), leading to a
decrease in pressure (Fig. 3(a)). Figure 3(b) shows that for larger values of A, the
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Fig. 3. Panel (a) illustrates the variation of pressure Pg for strangeon nuggets with respect to temper-
ature 7T, while panel (b) depicts the total number density ng(£), which includes both particles and
antiparticles, as a function of T.

formed strangeon nuggets contain more baryons, resulting in a smaller number
density ng(+), and vice versa. Therefore, strangeon nuggets can be treated as
clusters of baryonic like matter, and their contribution to the early Universe’s
thermodynamics is considered negligible. This is one of the reasons why strangeon
nuggets are potential candidates for dark matter.

Figure 4 shows the thermodynamic quantities (g, P, s and f) of both the HS phase
and quark phase as a function of temperature 7. Above T = 150 MeV, there is a
noticeable rapid increase in €, P and s, which can be attributed to the co-existence of
particles and antiparticles in the early Universe at high temperatures. The number
density of these particles is approximately proportional to 7%. Additionally, for high
temperatures, the dominant component among elementary particles is free quarks
(represented by dash-dotted lines). Their number density is determined by statistical
equilibrium, and it decreases significantly at lower temperatures (7'~ 150 MeV),
leading to the formation of strangeon nuggets and hadrons (refer to Fig. 5 for more
details). Furthermore, at low temperatures, the entropy density of the quark
phase (dash-dotted lines in Fig. 4(c)) aligns with that of the HS phase (solid lines
in Fig. 4(c)). This can be explained by considering the mass fraction of strangeon
nuggets, which accounts for approximately 85% of the total baryon content. Con-
sequently, when all quarks transition into hadrons at low temperatures, the number
ratio between HS and quarks becomes approximately nyug ~ ny,q ~ 0.85/0.150,5.
On the other hand, the behavior of the Helmholtz free energy fis opposite that of the
other thermodynamic quantities (note that in Fig. 4(d), f is plotted in absolute
value). It is important to note that these thermodynamic quantities should evolve
continuously, as outlined in the previous section. Therefore, the phase transition
occurs when the interpolation of f, € and P can effectively connect the two phases
(refer to Fig. 6 for more details).

Figure 5 illustrates the net baryon number density n, (panel (a)) and the total
baryon number density n,+ (panel (b)) as functions of temperature 7. The net
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Fig. 4. (Color online) The energy density ¢, pressure P, entropy density s and free energy density ffor HS
phase and quark phase as a function of temperature T. In each panel, the quark phase (@) and the HS
phase results are presented in dash-dotted lines and solid lines, respectively. The cases with high entropy
are displayed in red, while the cases with low entropy are shown in green. Additionally, it should be noted
that fis a negative quantity, and therefore, its absolute value is plotted.
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Fig. 5. Panel (a) shows the net baryon number density n; for both hadrons and quarks as functions of T,
panel (b) displays the same relation but for the total baryon number density n;(+).
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Fig. 6. (Color online) The free energy density f, energy density e and pressure P as a function of
temperature T for different phases: the quark phase (solid red line), the crossover region (blue dashed line)
and the HS phase (green dash-dotted line). The crossover phase transition takes place at
(T.,T) = (170,30) MeV, i.e. the blue lines represent the interpolation between the red and green lines
within this temperature range.

baryon number density n; of both phases is shown in dash-dotted lines for the quark
phase and solid lines for the HS phase. The total number density n;+ is depicted by
the dotted lines and dashed lines, respectively. In the Universe, the total number
density of baryons NV, is conserved, so a higher s/n;, = S/N, ratio implies a larger
entropy S, which contributes more to the energy at each temperature T. Conversely,
a lower s/n; corresponds to less energy, a denser Universe. At high temperatures,
particularly above 100 MeV, there is a significant gap between n; and n;, . While at
low temperatures, most antiparticles annihilate with their counterparts, resulting in
ny=E being similar to n,.

The preceding discussion focuses on the thermodynamic quantities in both the
quark and HS phase, which serve as the foundation for the crossover region.
As mentioned in Sec. 3.2, all these thermodynamic quantities should undergo con-
tinuous changes with cosmic temperature during the crossover phase transition. The
relationship for this transition is derived from Egs. (51) and (54)—(56). In Fig. 6, we
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Fig. 7. The QCD phase diagram. Dash-dot and solid lines represent the evolutionary trajectory of the
quark phase and HS phase, respectively. The separation between the two phases for the s/n; = 1.13 x 10%°
is too small to be distinguished in this plot. The dashed arrow is used to indicate the crossover phase
transition for the case of s/n;, = 100.

depict the three-window relation between the thermodynamic quantities (f, € and P)
and the cosmic temperature 7. The three windows correspond to the quark phase
(solid lines), the transition window (dashed lines) and the HS phase (dash-dotted
lines). The narrow window for the crossover is set at (T;,I') = (170, 30) MeV, and a
rapid decrease in energy density € and pressure P is observed within this region.
This trend is indicative of particle-antiparticle pair annihilation.

Furthermore, we present the QCD phase diagram in Fig. 7. The horizontal axis
represents the chemical potential of neutrons, for quark phase it is derived from the
chemical potential relation u, = pg + i, + pt,- The change of u, with cosmic tem-
perature T can be viewed as the trajectory of the QCD transition in the QCD phase
diagram. The curves represent the evolutionary trajectories of both the QCD phase
(dash-dotted lines) to the HS phase (solid lines). The chemical potential y,, is cor-
related to the baryon number density n;, so a smaller s/n;, value (larger n,;) could
shift the trajectory towards the larger u,, side of this figure. We fixed the crossover
phase transition at (7,,T") = (170,30) MeV, and the arrow illustrates this transition
for s/my, = 100.

5. Summary

This study focused on examining the crossover QCD phase transition in the early
Universe. At high cosmic temperatures, three flavors of quarks, namely u, d and s
coexist. During the crossover phase transition, these quarks can interact and undergo
nucleation to form strangeon nuggets. While smaller nuggets decay rapidly into
nucleons, larger nuggets have the potential to remain stable, enabling them to sur-
vive the early stages of the Universe. In fact, these stable larger nuggets are
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considered as potential candidates for dark matter, which plays a crucial role in the
structure and evolution of galaxies and the whole Universe.

In our study, we consider a crossover phase transition occurring at a temperature
of approximately 7'~ 170 MeV. To describe the thermodynamic quantities in the
quark phase at high temperatures, we utilize the PNJL model, while for the hadron
phase at low temperatures, we employ the RMF model. We utilize a three-window
model, which involves smooth interpolations of the Helmholtz free energy fbetween
the quark and HS phases. Our analysis shows that when the temperature decreases
below 100 MeV, stable strangeon nuggets with different baryon numbers A can exist.
Since it is more difficult to form heavier quark clusters, we employ an exponential
distribution function with a critical parameter A, to describe the number density of
the strangeon nuggets and the nuggets with a baryon number A > A, are considered
stable. The value of the critical baryon number A, is determined by the weak and
strong interactions, and in this study, we adopt values of 10°,107,10° based on the
discussion before. Due to the large baryon number of the strangeon nuggets, we
consider them as noninteracting Boltzmann particles. The results indicate that the
contribution of stable strangeon nuggets to the overall thermodynamics of nucleon
matter is negligible, which fulfill the features of dark matter. Additionally, the mass
density of the strangeon nuggets relative to the baryon matter is approximately
~ 0.85/0.15, which further supports their potential as candidates for dark matter.
The presence of heavy strangeon nuggets has minimal influence on the primordial
neutron-to-proton ratio, signifying their potential as candidates for CDM. However,
in order to obtain a realistic distribution function of the number density of strangeon
nuggets, it is crucial to perform calculations involving a detailed primordial nucle-
osynthesis network, the abundance prediction of the light elements can serve as the
constraint on the mass fraction of the strangeon nuggets. Moreover, the formation of
the nuggets during the QCD phase transition could vary the EOS of the early
Universe, leave imprints in the induced gravitational wave of the nHz range, which is
the detected window of Pulsar Timing Array (PTA). As for experiments of direct
detection, an observatory on the quiet moon to monitor its weak quakes might help,
since a series of weak moon-quakes could occur when a strangeon nugget penetrates.
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