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We investigate the phase transition from hadron to quark matter in the general case without the
assumption of chemical equilibrium. The effects of net strangeness on charge and isospin fractions,
chemical potentials, and temperature are studied in the context of the Chiral Mean Field (CMF)

model that incorporates chiral symmetry restoration and deconfinement.

The extent to which

these quantities are probed during deconfinement in conditions expected to exist in protoneutron
stars, binary neutron-star mergers, and heavy-ion collisions is analyzed via the construction of 3-

dimensional phase diagrams.

I. INTRODUCTION

Recent works have discussed the possible similarities
between the conditions in energetic astrophysical envi-
ronments, such as protoneutron stars, core-collapse su-
pernovae, and neutron-star binary mergers, to those
present in heavy-ion collisions (HICs) [1 [2]. These sim-
ilarities are a consequence of (i) new low-energy heavy-
ion experiments that are starting to produce matter at
larger densities, together with more refined HIC calcula-
tions that allow for large chemical potential fluctuations
at all energies [3] and (ii) high temperatures (compared
to the Fermi temperature) achieved in some astrophysi-
cal phenomena that, unlike in the case of cold-catalyzed
neutron stars, cannot be ignored. In particular, the tem-
perature in protoneutron stars can be as high as 30 — 40
MeV [4, 5] and, in mergers, it can exceed 50 MeV or even
reach 100 MeV [6l [7]. On the other hand, contempo-
rary full general-relativity simulations [§] indicate that
neutron-star mergers cannot attain the large charge frac-
tions of close to Yo = 0.4 produced in HICs (eg. for
Au-Au and Pb-Pb) and supernovae [9, [10]. This is a new
feature as, before the advent of compact star mergers, all
known hot astrophysical systems out of chemical equilib-
rium were newly formed and, therefore, still contained
a significant amount of protons from the original heavy
nuclei in the progenitors. The knowledge of such a large
variety of conditions created the need to study hot and
dense matter under a large range of charge fractions.

Phase diagrams for high energy matter (usually re-
ferred to as or Quantum Chromodynamics - QCD - phase
diagrams) showing the position of the first-order decon-
finement and chiral symmetry restoration phase transi-
tion are usually only depicted in two dimensions, tem-
perature and baryon number density/chemical potential
or temperature and isospin number density/chemical po-
tential. The latter are interesting due to the fact that
lattice QCD results are not afflicted by the sign problem
at finite isospin chemical potential py [ITHIT], as long as
the baryon chemical potential yup remains zero. When
up # 0 or, equivalently, when there is a difference in the
number of particles and anti-particles in the system, first-

principle methods such as non-perturbative lattice QCD
simulations cannot be performed due to the well-known
fermion “sign problem” [I8-21]. Although a considerable
amount of theoretical work has been devoted to the sub-
ject [22H68], the phase diagram of high-energy physics
still remains poorly understood.

Another issue raised in the literature is the manner in
which strangeness can affect phase diagrams. Ref. [69]
has recently studied this for the particular case of isospin
symmetric matter using functional renormalization the-
ory, although this is not a new topic [TOH73]. Lattice
QCD calculations have also studied the effects of a non-
zero strange chemical potential in, for example, the cur-
vature of the chiral pseudo-critical line [74] [75]. In this
work, we consider two scenarios. In one of them, there
is no constraint on strangeness, assuming that chemical
equilibrium with respect to the weak force has already
been achieved, in which case there is no need to define
a strange chemical potential. In the other case, it is as-
sumed that there is not enough time for strangeness to
be produced, in which case the strange chemical potential
must be numerically determined in each phase to produce
a zero net-strangeness fraction.

When the baryon chemical potential is finite, the
usual practice in the literature has been to construct 2-
dimensional phase diagrams (with temperature on the
other axis) either in weak-chemical equilibrium, referring
to fully-evolved neutron star matter with the charged
chemical potential set to minus the electron chemical po-
tential 1o = —[te, Or in an isospin-symmetric configu-
ration with puy = 0, referring to matter created in rel-
ativistic HICs. In this work, we examine the behavior
of the deconfinement coexistence region in 3-dimensional
phase diagrams as a function of either the (hadronic and
quark) charge fraction Y or the isospin fraction Y7 (with
temperature and baryon chemical potential/free energy
completing our coordinate system). We do that numer-
ically by varying the charged or isospin chemical poten-
tial, and in some cases also the strange chemical poten-
tial. Note that the charge fraction Yy is the variable
usually employed in equations of state for astrophysical
applications, while the isospin fraction Y7 is more com-



monly used in HIC applications. The relation between
the two quantities is trivial only when net strangeness
is zero. Our calculations and discussion extend to phase
diagrams in which the charge and isospin fractions are
replaced by the corresponding chemical potentials, both
at zero and non-zero net strangeness. As pointed out
in Ref. [76], it is important to understand which plane
of the high-energy phase diagram is being probed, eg.
in the HIC Beam Energy Scan experiment, as the tradi-
tional critical point for isospin-symmetric matter without
strangeness constraints may never be reached in the ex-
periment.

II. FORMALISM
A. The CMF model

In order to construct our phase-diagrams, we make use
of the Chiral Mean Field (CMF) description. It is based
on a nonlinear realization of the SU(3) sigma model and
constructed in such a way that chiral invariance is re-
stored at large temperatures and/or densities. In its
present version, it contains hadronic, as well as quark
degrees of freedom EL and its Lagrangian density is given
by [79, 80]:

L = Lxin + Lint + Lseir + LsB — U, (1)

where Lkiy is the kinetic energy density of hadrons and
quarks. The remaining terms are:
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Here, L, represents the interactions between baryons
(and quarks) mediated by the vector-isoscalar mesons

1 Note that an alternative version of the CMF model includes in
addition the chiral partners of the baryons and gives the baryons
a finite size |77, [78]

w and ¢ (strange quark-antiquark state), the vector-
isovector p, the scalar-isoscalars o and ¢ (strange quark-
antiquark state), and the scalar-isovector §. Lge¢ de-
scribes the self-interactions of the scalar and vector
mesons. The chiral symmetry breaking term responsi-
ble for producing the masses of the pseudoscalar mesons
is given by Lgg. U is the effective potential for the
scalar field ®. It depends on the temperature and the
baryon chemical potential in order to reproduce the stan-
dard view of the high-energy phase diagram concerning
the shape of the deconfinement first-order phase transi-
tion coexistence line and its intersection with the zero-
temperature axis. Its pure temperature contribution was
fitted to reproduce the results of the Polyakov loop in the
PNJL approach [81],[82] at zero baryon chemical potential
(see details below when discussing quark couplings). The
chemical potential and mixed terms were motivated by
symmetry and simplicity. The former one also contains
the correct scale in the asymptotic zero-temperature case.
The index ¢ runs over the baryon octet and the three
light quarks. Leptons are not included in this calcula-
tion, since they are not present in HIC initial conditions
and are not in chemical equilibrium with the rest of the
system in the astrophysical scenarios we discuss.

The coupling constants of the hadronic part of the
model are given in Ref. [83]. They were fitted to re-
produce the vacuum masses of baryons and mesons, nu-
clear saturation properties (density pg = 0.15 fm 3, bind-
ing energy per nucleon B/A = —16 MeV, compressibil-
ity K = 300 MeV), symmetry energy (Egym = 30 MeV
with slope L = 88 MeV), and reasonable values for the
hyperon potentials (Uy = —28.00 MeV, Uy = 5 MeV,
U=z = —18 MeV). The predicted critical point for the
nuclear liquid-gas phase transition of isospin symmetric
matter lies at T, = 16.4 MeV, up. = 910 MeV. The
vacuum expectation values of the scalar mesons are con-
strained by reproducing the pion and kaon decay con-
stants.

As a result of their interactions with the mean field
of mesons and the field @, the baryons and the quarks
acquire (Dirac) effective masses, which have the form:

M} = gBe0 + gpsT30 + gpcC + Mo, + gpa®?,
M; = gq00 + gq67'36 + 9qcC + Moq + gq@(l — ), (4)

where the bare masses are My = 150 MeV for nucleons,
354.91 MeV for hyperons, 5 MeV for up and down quarks,
and 150 MeV for strange quarks (see Ref. [83] for the
coupling constants in the quark sector). Notice that for
vanishing values of ®, M is large, which suppresses the
quarks. Conversely, values of ® close to 1 suppress the
hadrons. In this sense, ® acts in our approach as an order
parameter for deconfinement, as it only gives rise to a
quark phase in the expected regime of large temperatures
and/or densities.

The coupling constants of the quark sector are fitted
to lattice data and to expectations from the phase di-
agram. The lattice data include (i) the location of the
first-order phase transition and the pressure functional



P(T) at up = 0 for pure gauge (the latter resulting
from the PNJL model fitted to lattice) [82] [84] and (ii)
the crossover pseudo-critical temperature and suscepti-
bility d®/dT at vanishing chemical potential, together
with the location of the (T,up) critical end-point for
zero net-strangeness isospin-symmetric matter [85]. The
phase diagram expectations include a continuous first-
order phase-transition line that starts at 7' = 167 MeV
temperature for zero-strangness isospin-symmetric mat-
ter and terminates on the zero-temperature axis at four
times the saturation density of chemically-equilibrated
and charge-neutral matter. See Ref. [83][86] for a detailed
description of the effects of deconfined quarks inside neu-
tron and protoneutron stars within the CMF model.

Note that the CMF description allows for the existence
of a small admixture of quarks in the hadronic phase and
a small admixture of hadrons in the quark phase at finite
temperature. This feature becomes more prominent with
increasing temperature and is required for the reproduc-
tion of the crossover transition known to take place at
very large temperatures [87]. Despite this, quarks always
have the dominant contribution in the quark phase (de-
fined by a large @), and hadrons in the hadronic phase
(defined by a small ®). The first-order phase transition is
characterized by a discontinuity in ®, which disappears
at the critical point, beyond which (for higher tempera-
tures) only one phase exists. Note that at zero tempera-
ture, the hadronic phase only contains hadrons (& = 0)
and the quark phase only contains quarks (® ~ 1).

In this work, we choose to only show our phase dia-
grams up to T = 160 MeV, a little bit below the criti-
cal temperature T, = 167 MeV predicted by the current
parametrization of the model for zero net-strangeness
isospin-symmetric matter. This is done for two differ-
ent reasons. First, our critical point position was fitted
and any modification to it would not affect the qualitative
conclusions of our work. Second, we want to keep the dis-
cussion entirely general and the inclusion of a "special"
feature, such as the critical point, would detract from
our goals. In addition, the CompOSE [88] repository
contains equation of state tables that go up to T" = 160
MeV, so all of our results could be reproduced as soon as
our tables are uploaded to their website. So far, only the
hadronic version of our tables are available online [89],
but complete ones with quarks will be available soon.

B. Useful Relations

We are interested in systems that are in equilibrium
with respect to the strong and electromagnetic interac-
tions, therefore, baryon number B and electric charge @
are conserved. In some of the cases we study, chemi-
cal equilibrium is not attained because weak interactions
operate over much longer timescales (than the time scale
of the system), introducing an extra condition of zero
net strangeness S. The conserved quantities listed above
correspond to our three independent chemical potentials

1B, tg, and pg. The total chemical potential p; of each
fermionic species i can be expressed as a linear combina-
tion of these:

i = QB uB + Qi po + Qs fis. (5)

This equation was derived in detail throughout Ref. [90]
without any model assumption using Lagrange multipli-
ers. The conventions we adopt for the values of the quan-
tum numbers @’s for the baryon octet and the three light
quark species are given in Table I of Appendix A, followed
by the resulting chemical potentials of the various species.
Note that we consider the strangeness of particles to be
positive in our notation, otherwise, all strangeness re-
lated quantities would have to have their signs reversed.
For the purposes of our calculations, it is more conve-
nient to work with fractions, the charge fraction being
the amount of charged baryons and quarks over the total
amount of baryons and quarks:

v, - @ _"no _ 2 Qi ni (©)
CTB Y T Y, Qpani

where the n’s are number densities. Note that within
the CMF model n% = Y ,Qp,n; is not the same as
the baryon number density np, as the latter comes from
the derivative of the pressure with respect to the baryon
chemical potential and, therefore, also contains a contri-
bution from the potential U(®) when quarks are present
(see Eq. (3]) and discussion at the end of this section). For
low temperatures, this contribution can be safely ignored
on the hadronic-phase side of the phase-coexistence re-
gion, where ® is approximately zero and, thus, n% ~ ng.
Furthermore, we can insert the Gell-Mann-Nishijima re-
lation [91]:

1 1
Qi = Q1+ 5@371‘ - 5@571', (7)

where Q)1 ; is the isospin of particle 4, in the definition of
charge density from Eq. @ to obtain:

1 1
ng =3 <Ql,i + iQB,i - 2@5,i> ng,

14 1
=n —ng— =-ng, 8
1+ 9 B 9 S ( )
where we have also used the definitions of the isospin
density ny = X;Qrn; and strangeness density ng =

¥iQs,ni. Dividing Eq. by n% and using the defi-
nitions of isospin fraction Y; = nj/ n% and strangeness
fraction Yg = ng/n% results in:

1 1
Yo=Y+ - — =Y, 9
Q 1+ 579 S ( )
so we can finally write:
1 1
Y =Yy - By + §YS’ (10)

as a new way to calculate the isospin fraction in a for-
malism in which charge is the conserved quantity.



Combining Egs. and @ gives:
1 1
pi = Qpips + (Q[,i +5@Bi— 2@s,¢> pQ + @sitts,

1 1
= @B, (MB + 2#@) +Qrikg + Qs.i (us - 2#Q> ,

= QB W+ Qri 11 + Qs,i . (11)

A comparison of the above with Eq. reveals that our
conserved charge formalism is equivalent to another in
which the isospin is fixed, leaving the isospin chemical
potential as the independent chemical potential (together
with up and ug), provided we use the following new vari-
ables:

1 1
Wp =+ ug and s =ps = spg. (12)

In this way, the chemical potentials correspond, p; = pq,
and no modifications to our numerical codes are required
to show isospin fractions and isospin chemical potentials.
To the best of our knowledge, these model-independent
fractions and isospin correspondences Eqgs. have
never been discussed before. The expressions for the
chemical potential of each particle included in the model
derived using Eq. or Eq. are given in Appendix
A

It is also convenient to define a Gibbs free energy per
baryon (henceforth called simply free energy) of the sys-
tem, a quantity that is always the same on both sides
of a first-order phase transition in order to fulfill phase
equilibrium. In our case (when, besides baryon number,
charge fraction and strangeness fraction are also fixed),
it is:

o= up +Youg + Ysus. (13)

Note that the free energy will be equal to the baryon
chemical potential only in the particular cases of zero
charge fraction or zero charge chemical potential and zero
strange fraction or strange chemical potential. This is the
case in the modeling of the typical examples of delep-
tonized cold neutron stars (charge neutral in chemical
equilibrium Yg, ... = 0, pg = —pe and with no con-
straint on net strangeness pg = 0) and relativistic HICs
(no net isospin pg = 0 and no net strangeness Yg = 0).

Eq. was derived without any model assumption
throughout Ref. [90] for the particular case in which net
strangeness is not constrained (which implies pug = 0)
and charge neutrality is enforced by leptons. It was then
later discussed in full in the Appendix D of Ref. [92]. This
equation can be derived either by a Legendre transfor-
mation of the grand-potential or by taking the derivative
of minus the grand-potential with respect to the baryon
number, giving:

fi =32, pini/n. (14)
Substituting p; from Eq. in Eq. results in:

~_ (ZL Q:’g"i)HB 4 (Ziig):i)ucz i (El Qs{)};ni)ﬂs (
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which, using the definitions above, results in Eq. .

Alternatively, replacing u; from Eq. in Eq. leads
to:

fi= pip + Yrpr + Yspis. (16)

This general equation for the free energy in a formalism
in which the isospin and strangeness are conserved had
not been discussed before in the literature.

In the particular case of the CMF model, the grand-
potential density of the system is:

Q:—P:g—Ts—Zumi—MBnqn (17)
i

where the last term is a non-baryonic contribution nge =
—(4arpd + 2a2T? up)®? (with negative coefficients) nec-
essary to ensure thermodynamical consistency. This fol-
lows from the fact that our potential U for & contains
baryon chemical potential terms and, therefore, con-
tributes to ng. One can understand these terms as aris-
ing from a chemical-potential dependence of the confine-
ment phase transition temperature, see e.g. discussions
in Refs. [93H95].

Replacing Eq. in gives:
N=ec—Ts— (Z QBJ"%)MB (18)
i

_ (ZQJM),UQ - (Zstmi)uS — UBng,

D=e—-Ts— n%,uB — n%YQuQ — n%Ys,us — UBNg.
(19)

Taking the derivative of minus the CMF grand-potential
density Eq.[I9 with respect to the baryon number divided
by volume n% gives once more Eq. (13)).

III. RESULTS
A. Non-Strange Matter Ys =0

We start by discussing 3-dimensional phase diagrams
with first-order phase transition deconfinement coexis-
tence regions calculated within the CMF model for tem-
peratures in the range 0 — 160 MeV, charge fractions in
the range 0 — 0.5, and the corresponding baryon chemi-
cal potentials pp or free energies 1. In order to construct
those, at each given temperature and charge fraction, the
free energy is varied. The free energy of the deconfine-
ment coexistence region is determined by finding a jump
in the deconfinement order parameter ®. This jump is
very large (basically from 0 — 1) at zero temperature,
but its size decreases with temperature until it becomes
very close to zero at our chosen maximum temperature
near the critical point. At the coexistence region, our
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Fig. 1: Top panels: The temperature T vs. baryon chemical potential pp vs. charge fraction Y phase diagram for
non-strange matter Ys = 0 on the hadronic-phase side of the deconfinement phase transition coexistence region (left
panel) and on the quark-phase side (right panel). Bottom panel: The temperature T vs. free energy @ vs. charge
fraction Yy phase diagram for non-strange matter either on the hadronic or quark-phase side of the deconfinement
phase transition coexistence region. All curves were calculated varying the charge fraction between Yy = 0 and
Yo = 0.5.

numerical code determines the baryon chemical poten-
tial (see equation below) and charged chemical poten-
tial that reproduce the given charge fraction. In addi-
tion, in this subsection, the strange chemical potential is
also determined numerically in order to produce a zero
net strangeness Ys = 0 in each phase. This is the case
for matter produced in HICs, where there is no time for
strangeness to emerge. Note that for non-strange matter

Eq. simplifies to:
p=pp + Yo (20)

Having Y = 0 means that there is no net charge in the
system even though the presence of charged particles is
not prohibited insofar as the sum of their charges is zero.
Having Yg = 0.5 corresponds to the situation where the
total baryon number of the system is twice as large as
its net charge. For matter with no net strangeness at
zero temperature, the case of Yo = 0 is equivalent to

having just neutrons or two times more d-quarks than
u-quarks, whereas Y = 0.5 corresponds to having equal
amounts of protons and neutrons or d- and u-quarks. At
finite temperature, there can be hyperons and s-quarks
present when requiring no net strangeness, as long as the
difference between the number of strange particles and
strange antiparticles is zero.

As shown in the bottom panel of Fig.[I] the free energy
at deconfinement increases as a function of Y. This
behavior is related to the softening of nuclear matter with
increased net charge (e.g. equal numbers of neutrons and
protons), the effect being stronger for hadronic matter.
A softening of the equation of state (pressure vs. energy
density) of hadronic matter corresponds to an increase in
pressure at a given free energy (with respect to the quark
phase), therefore, extending the stability of the hadronic
phase to larger free energies.

Although the free energy is the same on both sides of
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Fig. 2: Same as Fig. |1/ but showing the charged chemical potential ;1. The separate bottom panels show the
hadronic phase (left panel) and quark phase (right panel) sides of the deconfinement phase transition coexistence
region.

the deconfinement coexistence region, the baryon chemi-
cal potential is not. This is evident in a comparison of the
top left (hadronic phase) to the top right (quark phase)
panel of Fig. 1. The difference stems from the fact that
the baryon chemical potential is calculated from the free
energy using the charged chemical potential, which is dif-
ferent on either side of the phase transition (the reason
for which will be discussed in the following). In addition,
when comparing the top left panel with the bottom one,
we find a reasonable difference for all cases corresponding
to up # i in Eq. , that is, for all Y other than 0
and 0.5 (when ug = 0).

The difference is much smaller between the top right
panel of Fig.[l]and the bottom one, as the charged chem-
ical potential ¢ is always small in the quark phase. This
has already been shown in Fig. 3 of Ref. [83] for the par-
ticular case of chemically equilibrated matter (with and
without trapped neutrinos). Here, we extend this discus-
sion to matter out of chemical equilibrium. A comparison
of the left and right panels of Fig. 2] demonstrates that
the hadronic-phase side reaches much larger absolute val-
ues of ;1 than the quark phase for small charge fractions

(corresponding to the more negative pg’s). This can be
easily understood in the case of zero temperature. In this
case, Yo = 0 means having only neutrons, which requires
a very large difference between their chemical potential
and the proton one (that differ only by ng, as shown in
the equations of Appendix A). In the quark phase at zero
temperature, Yy = 0 implies having twice the amount of
d-quarks than u-quarks, a much more balanced case that
requires a smaller u; difference and, therefore, a smaller
Hq absolute value.

In the case of Fig. [2| (unlike Fig. 7 the bottom panels
are always different from each other. This happens be-
cause the charged chemical potential itself is discontin-
uous across the first-order phase transition. Analyzing
separately the hadronic-phase (left) side of the coexis-
tence region in Fig. [2| it can be seen that the curves in
the top and bottom panels are always different, except
on the upper and lower boundaries of pq.

We show phase diagrams as functions of charge frac-
tion because this is common practice in astrophysics,
where the requirement of charge neutrality implies Y =

Yelectron- There is no corresponding general equality
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Fig. 3: Equivalent to Fig. [1| (top panels) and Fig. |2| (bottom panels) but only showing results along the
deconfinement coexistence line for 0 (left panels) and 160 MeV (right panels) temperatures. Green, red and brown
lines (all grey in black and white print) show results already discussed for non-strange matter, while black lines show
new results for strange matter.

for the electron chemical potential: the relation pg = B. Strange matter Ys # 0
—lelectron 1S only valid in the special case of chemical
equilibrium, which is only established in deleptonized
cold neutron stars. Similar figures to Figs. [I] and [2] are
presented in Appendix B for the equivalent scenario of
fixed isospin fraction. For non-strange matter, Eq. (10)
reduces simply to ¥Y; = Yo — 0.5 and, therefore, the
changes in both figures are trivial. More details are given
in Appendix B.

In this subsection, we compactify the temperature and
only show results for 7' = 0 MeV and T = 160 MeV
(corresponding to the two temperature extremes in our
previous figures) in order to make comparisons. Full
3-dimensional phase diagrams with net strangeness are
available upon request. In addition to quantities shown in
the preceding subsection (for matter with net strangeness
constrained to zero) using the same colors, we now dis-
play strange matter results in black for comparison. By
strange matter, we mean matter in which there is no
constraint on net strangeness and therefore, no strange
chemical potential (usg = 0). For T = 0, no significant



T I T I T I T I T
Mg H non-strange
= = Mg Q non-strange
fi H/Q non-strange

* Mg H strange
- =— Hpg Q strange

1440

"y
Y
o
o

T [MeV]

Ms

1360

1320
-0.5

Y,

600 T T T T T T T T 1 1 1 I !

#s, i [MeV]

>k Mg H non-strange % Mg H strange
= = Mg Qnon-strange . — Hp Q strange

H H/Q non-strange — ﬁ H/Q strange

(= I T I T T N T T O

Fig. 4: Same as the top panels of Fig. [3| but showing the isospin fraction Y;. Equivalent isospin chemical potential
panels would be exactly like the charged chemical potential bottom panels of Fig. @

difference in the position of the deconfinement phase-
transition coexistence line with respect to the baryon
chemical potential or free energy is expected due to al-
lowing for nonzero strangeness. This is because, in this
case, in our model, only a few A’s and ¥~ ’s are present
around the deconfinement free energy (and no strange
quarks) and only at small charge fractions. This is il-
lustrated in the difference between the solid brown line
and the solid black line in the upper left panel of Fig. [3]
The strange solid black line being at a larger g than the
non-strange brown dashed line is a consequence of the
hyperons softening hadronic matter when they appear
(for low charge fraction) and pushing the phase transi-
tion coexistence line to larger values of ji.

The difference due to strangeness in the position of
the coexistence line with respect to the baryon chemical
potential is related to the presence of strange particles,
which modify the charged chemical potential relative to
the zero-strangeness case (Eq. reduces once more to
Eq. for pg = 0). As a consequence, as shown in
the green vs. black stars still in the upper left panel of
Fig. Bl up on the hadronic-phase side is lower around
intermediate charge fractions for the strange case. This
is a combination of pg being lower in absolute value for
low and intermediate values of Y for strange matter (see
different color stars in the bottom left panel of Fig.|3|) and
the fact that 1o is multiplied by Yg in Eq. . As for
the quark-phase side of the phase transition coexistence
line, pq is always small in absolute value (different color
dotted-dashed lines in bottom left panel of Fig. , SO Up
behaves very similarly to i in strange (as well as in non-
strange matter), as seen when comparing black and red
dot-dashed and solid lines in the top left panel of Fig. [3]

For large temperatures, strangeness generates much
larger effects and the first-order phase transition it-

self is very weak (particularly for the case without net
strangeness), becoming very similar to a crossover. The
large effects translate into a significant difference in the
position of the black vs. colored lines in the top right
panel of Fig. [3t the strange black solid line for 1 resides
about 40 MeV higher than the non-strange dashed pink
one. For T=0, this difference is < 5 MeV. This large shift
is a consequence of the fact that, at large temperatures,
the presence of strangeness-carrying particles is enhanced
at all charge fractions, but now softening more the quark
equation of state (relative to the hadronic one) around
deconfinement. As a consequence, strangeness pushes the
free energy to larger values.

To discuss the baryon chemical potential, we first note
that at this large temperature, which is very close to the
critical point, the hadronic-phase and quark-phase sides
of the deconfinement phase transition are nearly identi-
cal. The difference in the position of up with respect to
1 has to do with the fact that, once again, the charged
chemical potential difference also needs to be accounted
for. When looking at the black stars and dot-dashed line
still in the upper right panel of Fig. 3} we find that they
are lower in comparison to the solid line for & (than in the
colored non-strange case). This has to do with the fact
that pg is lower in absolute value and even positive for
some large charge fractions when strangeness is included
(see all black lines in the right bottom panel of Fig. .

Fig. [4] shows the effects of strangeness on the baryon
chemical potential and free energy as a function of the
isospin fraction Y;. Now, when net strangeness is non-
zero (black curves), the left panel in this figure is not sim-
ply a constant horizontal shift from the Y axis shown in
the top left panel of the previous figure, but a shift that,
according to Eq. , depends on the strangeness frac-
tion and, therefore, is different for every point. The hori-



zontal shift is always positive and larger for low Y7 /Yg at
zero temperature, where there is more net strangeness.
At T = 160 MeV, the black lines in the right panel of
Fig. 4| show that the horizontal shift (with respect to the
upper-right panel of the previous figure) is always pos-
itive and substantial for all Y7 /Yy, as, in this case, net
strangeness is always present.

Note that in Fig. [ we do not show bottom panels for
isospin chemical potential, as they would be identical to
the charged chemical potential bottom panels of Fig.
In addition, if instead of using Eq. to calculate Y7, we
had rewritten our numerical code to run for fixed isospin
fraction from -0.5 to 0, we would have obtained the same
results as shown in Fig. [] but with an extra piece on
the left and a missing piece on the right side of our finite
temperature panel, a consequence again of the non-trivial
YQ to Y[ shift.

IV. DISCUSSION AND CONCLUSIONS

We present, for the first time, a comprehensive study of
the effects of fixing and varying either the (hadronic and
quark) charge fraction or isospin fraction on the position
of the deconfinement to quark matter coexistence line.
To do so, we assume the deconfinement phase transition
to be of first order and make use of the Chiral Mean Field
(CMF) model to produce our equations of state. We start
by obtaining model-independent relations among charge
and isospin fractions including how they are affected by
the presence of net strangeness. We also show the re-
lation between the isospin and charge chemical poten-
tials and free energies. We then use these relations to
draw 3-dimensional high-energy phase diagrams showing
phase-transition coexistence regions for the CMF model.
This discussion is extremely timely as, historically, the
heavy-ion collision community has modeled their systems
in terms of fixed isospin fraction, while the astrophysical
community has modeled it in terms of charge fraction
(equal to the electron fraction when muons are not in-
cluded), whereas now these communities are working to-
gether to understand the hot and dense matter generated
in neutron star mergers and in low energy heavy-ion col-
lisions and need to have their findings compared. We
provided here this tool.

Our goal in this work has been to obtain a qualita-
tive description of how a given fixed charge fraction or
isospin fraction changes the position of the deconfinement
coexistence line (for a given temperature) to larger or
lower baryon chemical potential or Gibbs free energy per
baryon. To that end, we have built 3-dimensional phase
diagrams for matter that possesses no net strangeness,
the kind of matter created in particle colliders like RHIC
and LHC. We have also determined the ranges that can
be probed (given specific initial conditions of tempera-
ture and strangeness) for charge and isospin chemical po-
tentials during deconfinement along the phase-transition
coexistence line. Unlike quark matter produced in the

lab, quark matter created inside stars can be strange, as
the timeframe for its creation is much longer than the
timeframe for weak decay. To discuss the effects of net
strangeness on deconfinement to quark matter, we have
constructed 2-dimensional phase diagrams at two chosen
temperatures of 7' =0 and 7' = 160 MeV. In the former
case, very little strangeness is created and, therefore, its
effects are minimal. In the latter, the consequences of
nonzero strangeness are significant.

For example, when the charge fraction changes from
Yo = 0 — 0.5, the baryon chemical potential at the de-
confinement coexistence line can change by up to 130
MeV (at zero temperature on the hadronic side), the free
energy by up to 50 MeV (at zero temperature), and the
charge /isospin chemical potential by up to 330 MeV (at
zero temperature on the hadronic side). At zero tem-
perature, we have found that, for non-strange matter
(Ys = 0), the charged and isospin chemical potentials 1
and py cover a range from —420 to 0 MeV following the
deconfinement coexistence line, reaching more negative
values on the hadronic-phase side of the phase transition.
For the strange case Ys # 0, the corresponding range is
—320 to 0 MeV, once again reaching more negative val-
ues on the hadronic-phase side of the phase transition.
On the quark-phase side of the phase transition, g and
puy lie between —75 and 0 MeV. At large temperatures
close to the critical point, 1o and pr become practically
the same on the hadronic and the quark sides and have
intermediate values for Yg = 0 ranging from —110 to 0
MeV. Finally, when strangeness is allowed, pug and pr at
large temperature become less negative and even posi-
tive, reaching ~ 50 MeV (all values calculated following
the deconfinement coexistence line).

Our results show that comparisons among results from
heavy-ion collision and hot astrophysical scenarios con-
cerning the position of the deconfinement phase transi-
tion have to be interpreted carefully. Their different char-
acteristics i.e in charge fraction going from Yy ~ 0.4—0.5
to Yo ~ 0.1 —0.15 can change considerably (by hundreds
of MeV in chemical potentials for a given temperature)
the position of the deconfinement phase-transition co-
existence line. Also, when strangeness is included, the
commonly discussed equivalence between Yy = 0.5 and
Y; = 0 is broken and in reality correspond to very differ-
ent systems.

Note that the formulas presented in section IIB, con-
cerning the relation between charge and isospin fractions
and respective chemical potentials are independent of any
chosen microscopic model to describe different phases.
Concerning our quantitative results extracted from phase
diagrams, they are model dependent, as the equation of
state in each phase depends on the particle population in-
cluded and particle couplings, both of which are hard to
quantify. Nevertheless, at zero temperature, the amount
of hyperons and strange quarks allowed in models used
to describe neutron stars, as well as how isospin/charge
fractions modify the equation of state are to some extent
constrained by several laboratory and astrophysical ob-



servations, among which we list the symmetry energy, its
slope, and the hyperon optical potentials.

More specifically, on one hand, hyperons cannot ap-
pear at very low densities due to their massive character
and (together with protons) cannot appear in a very large
number, while keeping matter from being too soft (and
unable to generate massive stars) and preventing stars
from cooling too fast [96]. On the other hand, there
are no indications that quarks appear close to satura-
tion for isospin symmetric matter, but they also cannot
appear too late, beyond densities in which hadrons are
expected to overlap. Finally, the strange quarks usu-
ally appear at larger densities than the light ones. The
uncertainty included in our calculations at finite temper-
ature is larger, as it becomes harder to find observables
to fit effective models at large densities. In this case, we
rely on comparisons with perturbative QCD to test our
model [83]. That being said, our results concerning the
dependence of the position of the deconfinement phase
transition on charge/isospin fraction is only due to the
stiffening /softening of the hadronic/quark equations of
state when different particles appear and Fermi levels are
occupied by a different amount, which strongly depends
on the particles’ quantum numbers. As a result of the
fractional nature of the quark quantum numbers, quark
matter is not as sensitive to (small) Y as hadronic mat-
ter. As a consequence, quark matter does not respond
as much for a given change in Yg. In this sense, the ef-
fective model used to produce our results is only a tool
fitted to reproduce a reasonable particle population at
each density /temperature/charge or isospin fraction.

As a final note, it is known that systems that undergo a
first-order phase transition between phases in which more
than one charge is globally conserved are non-congruent
and present extended mixtures of phases. These cases
show no discontinuities in the first derivatives of the po-
tential [97]. An example is the case we discuss in this
work, where charge or isospin is conserved in addition
to baryon number. An exception takes place when the
charge or isospin fractions are Yo = 0.5 or Y7 = 0, imply-
ing that the respective chemical potentials are zero (for
an extended discussion on this azeotropic behavior, see
Section II of Ref. [92]). Another exception takes place
when the surface tension between the phases is too large
and electric charge is conserved locally instead of glob-
ally. For this work, we assume the latter and, therefore,
avoid the discussion of a mixture of phases. But, even
if that had not been the case, and we had chosen to de-
scribe a mixture of phases, its position would had varied
with respect to the free-energy or baryon chemical poten-
tial when changing the charge or isospin fraction, as the
region with the mixture of phases always encompasses
the forced-congruent (no-mixture) coexistence line.
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Particle QB Q Qs Qr
P 1 1 0 1/2
n 1 0 0 -1/2
A 1 0 1 0
=t 1 1 1 1
»0 1 0 1 0
>- 1 -1 1 -1
=0 1 0 2 -3/2
=- 1 -1 2 -1/2
u 1/3  2/3 0 1/2
d 1/3  -1/3 0 -1/2
s 1/3  -1/3 1 0

TABLE Al: Baryon number () g, electric charge Q,
strangeness (g, and isospin (J; quantum numbers for
the baryon octet and the three light quarks.
Antiparticles carry opposite signs.
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APPENDIX A

The chemical potentials of the various baryon and
quark species are obtained using the appropriate values
from Table I in conjunction with Eq.

Wp = UB + 1Q,

Hn = UB,

MA = 1B + s,

By = pB + po + s,
1% = pp + ps,

Py, = B — U@ + 1S,
1l = pp + 2us,

pz = pp — fQ + 2ps, (A1)
_L 2
My = 3,UB 3,UQ7
1 1
Hd = 3,&3 3,UQ7
1 1
fs = 3hB ~ ghQ + s (A2)
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Fig. Al: Same as Fig. |1/ but showing the isospin charge fraction Y7.

Once more, we remind the reader that we consider the
strangeness of particles to be positive in our notation.
Otherwise, all Qg,i, ns, and Ys would have to be multi-
plied by —1. This would also reverse the sign of ug in all
equations. In the equivalent isospin formalism discussed
in Section II B, the chemical potentials for the differ-
ent species look the same, except for pg being replaced
by py. This can be obtained by replacing the values of
@B, Qr,; and Qs ; for each baryonic or quark species in
Eq. .

APPENDIX B

To extend the discussion of Section IIT A to the equiva-
lent isospin formalism, we present Figs.[AT|and [A2] where
we plot phase diagrams in terms of the isospin fraction Y;
and isospin chemical potential p; (as opposed to the ear-
lier Yy and pg). Since for non-strange matter Eq.
reduces simply to Y7 = Yg — 0.5, Fig. is very similar
to Fig. |1} only differing by the 0.5 shift in the Y7 axis.

Fig.[A2]is exactly like Fig. 2] which is a consequence of
the middle term being the same in Eq. and Eq.
in order to reproduce the same particle chemical potential
expressions of Appendix A. All of the statements made
in this Appendix and at the end of Section III B were
verified numerically by rewriting our numerical code to
run for fixed isospin fractions.
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