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thermodynamics and fluctuations of conserved charges
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We evaluate thermodynamic observables such as pressure, baryon number, entropy and energy density,
as well as the second and fourth order baryon number cumulants in the phase structure of QCD. The
intertwined confinement and chiral dynamics is resolved within functional QCD, aiming for quantitative
accuracy at larger densities. Specifically it is shown that the self-consistent resolution of the confining
gluonic background is crucial in particular for even the qualitative properties of the cumulants. Our results
are in quantitative agreement with lattice and functional QCD benchmarks at vanishing and small chemical
potentials. Moreover, they offer novel insights into the dynamics at larger chemical potentials including the
regime of the critical end point. A welcome by-product of this analysis is the computation of the Polyakov
loop potential in finite density QCD, which, alongside the aforementioned observables, can be used as

input and benchmark for effective theory computations at finite density.
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I. INTRODUCTION

With the new heavy ion experiments CBM (FAIR) and
CEE+ (HIAF) being nearly completed, experimental heavy
ion physics at collision energies ,/syy between 3 and
5 GeV is entering an exciting precision physics era.
Importantly, this energy regime encompasses baryon
chemical potentials of 600 < up < 650 MeV, where the
critical end point (CEP) or, more precisely, the onset of new
QCD phases is expected, see Refs. [1-3]. This regime has
more recently been also found within lattice extrapolations
[4,5], and model computations [6—10], for its importance
we provide a brief survey of the respective systematic error
estimates and assumptions in Appendix A.

The experimental data from CBM or CEE+ will
provide information on correlation of conserved charges
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and further observables after the chemical freeze-
out. The resolution or rather reconstruction of the under-
lying strongly correlated QCD dynamics requires an
abundance of experimental data that is accompanied
with respective theoretical precision results. The latter
endeavor asks for first principle QCD computations of
thermodynamic observables and fluctuations of conserved
charges at collision energies 3 GeV < /syy <5 GeV,
that roughly translates into baryon chemical potentials of
500 < pp <700 MeV.

Thermodynamic observables such as the pressure,
entropy and energy density as well as the baryon charge
as well as fluctuations of conserved charges encode much
of the confining and chiral dynamics of QCD, see e.g.
Refs. [11-23]. Moreover, their equilibrium values serve as
QCD input for transport and hydrodynamic computations
[17,24]. In particular the fluctuations of conserved charges
are well accessible in the experiment [25,26], and, as
mentioned above, we expect a plethora of respective data
in the next decade. To date, direct QCD computations in
this regime can only be performed with functional QCD
approaches, as lattice simulations still suffer from the sign
problem. Moreover, by definition, any extrapolation from
lower chemical potentials is explicitly or implicitly based
on smoothness assumptions. This makes it structurally

Published by the American Physical Society
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unattainable to accommodate new physics, leaving aside
systematic error estimates.

The present work concentrates on the first, important
part of the full analysis of the experimental signatures of
the confining and chiral dynamics at finite density. It
is concerned with the computation of observables in
equilibrium QCD, using the self-consistent functional
QCD approach based on Dyson-Schwinger equations
(DSEs) developed in [2,27-29]. Specific emphasis is
given to the computation and evaluation of correlation
functions on the quantum equations of motion of QCD,
including the gluonic background that signals confine-
ment, see Refs. [30-35]. This setup allows us to also
access observables that depend to a sizeable extend on
the confining dynamics or are even dominated by it, see
Refs. [11,22,36,37] within QCD-assisted low energy
effective theories.

A first functional QCD analysis of the thermodynamics
and fluctuations of conserved charged with DSEs has been
put forward in [12,13]. The present work improves on
[12,13] in two aspects: The chiral phase crossover line
computed in the present work compares well with the state
of the art functional QCD results in [1-3] due to the
technical advances in [2,27-29]. More importantly, the
gluonic background is used for the first time in the DSE
approach for the thermodynamics and fluctuations of
observed charges. This leads to qualitative changes in
most of these observables, specifically at larger baryon
chemical potentials. Our results meet all lattice and func-
tional QCD benchmark results at vanishing density, which
supports the quantitative nature of the present approach.

In Sec. III we present our results for the phase structure
with both the chiral and confinement-deconfinement cross-
overs. These results are obtained on the quantum equations
of motion of QCD with a nontrivial temporal gauge field
background, whose effective potential, the Polyakov loop
potential, is also detailed here. Part of this analysis is also
presented in Appendix B 2. In Sec. IV we discuss our
results for the thermodynamic observables and the fluctua-
tions of conserved charges in the phase structure of QCD,
including the regime around the CEP. This discussion also
includes an in detail analysis of the importance of the
confining background for the results. In Sec. V, we briefly
summarize the main results and provide an outlook on the
next steps in the program of uncovering the QCD physics in
the CEP regime.

II. QCD CORRELATION FUNCTIONS IN THE
PHASE STRUCTURE OF QCD

In this section we discuss the chiral and confinement-
deconfinement phase structure of QCD. The respective
results for correlation functions and order parameters are
the basis for the computation of thermodynamic observ-
ables and the fluctuations of conserved charges in the phase
structure of QCD in Sec. IV. We focus on finite baryon

chemical potential yy for vanishing strangeness and charge
chemical potentials uy = g = 0, with the quark chemical
potentials

1
Hu=Ha = ps = Hgs  Hg =3 Hp. (1)
In a follow-up work we will also discuss the physically
interesting case of strangeness neutrality, see e.g. Ref. [38].
In Sec. IT A we briefly summarize the functional frame-
work that gives access to the confinement-deconfinement
properties of QCD. In Sec. Il A this approach is put to work
for the computation of the confinement-deconfinement
phase structure, and in Sec. III C we present our results
for the chiral and confinement-deconfinement order param-
eters and the phase structure of QCD.

A. Correlation functions and confining dynamics
in functional approaches

In functional approaches, the resolution of the phase
structure as well as more generally the computation of
observables is done in a two-step process: In the first step
the gauge-fixed correlation functions of quarks, gluons and
possibly that of composite degrees of freedom are com-
puted from field derivatives of the functional relations for
the effective action, the DSEs or functional renormalization
group (fRG) flows. In a second step one computes gauge
invariant observables from their representation in terms of
these correlation functions. While the information of the
phase structure is readily extracted even from the gauge-
fixed correlation functions themselves, the diagrammatic
representations of general observables can be rather con-
voluted. Importantly, the underlying expansion schemes are
optimized, if the correlation functions are computed on
the quantum equations of motion (EoMs) of QCD: then,
observables are expanded about the global minimum of the
theory, which ensures the most rapid convergence of these
computations. In short, while a computation of the corre-
lation functions in the background of the solution of the
quantum EoM is not required, in a given approximation it
may even be crucial for obtaining fully converged results
instead of a qualitative failure for some observables.
Indeed, this is the case for observables that carry confining
information or are even dominated by the confining
dynamics such as the kurtosis of net-baryon number.

The property of the optimal expansion point is readily
derived from the functional Dyson-Schwinger equation,
from which all DSEs for the correlation functions are
derived. Structurally it reads

- A

ST[A, @]  /8SocplA. D
50, b, ’

Y (2)

where Socp[A, @] is the classical action of gauge fixed
QCD, see Eq. (B24) in Appendix B2 and I'[A, @] is the
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quantum effective action of QCD. In the present work we
use a background field approach for accommodating the
nontrivial gluonic background: the gauge field is decom-
posed into a background A and a dynamical fluctuation
field a with A, = A,, + a,, and the A also enters the gauge
fixing condition, see Eq. (B22) in Appendix B 2. The
fluctuation (mean) superfield @ contains all fundamental
fields in QCD: gluons, ghosts and quarks,

® = (&) = (a,.c.2.4.9). (3)

The DSE (2) for the fluctuation field is accompanied by that
of the background field, see Eq. (B65) in Appendix B 2.
The background field DSE is used for the computation
of the order parameter potential of the confinement-
deconfinement phase transition, while the former are used
for computing the vertices and propagators of the funda-
mental fields in QCD. In summary, the background field
approach facilitates the access to the confining dynamics of
QCD as discussed in Appendix B and below. The quantum
equations of motions of QCD are given by

ST[A, @] 0 ST[A, D)
sd,  S5A

4)

with the solution (A, @) = (A, ®)g.y. Equation (4) implies
that the right hand sides of (2) and (B32) vanish on the
quantum EoM. Put differently, the contributions of the off-
shell fluctuations to the effective action vanish on shell.
Correlation functions are off-shell objects and their one-
particle irreducible (1PI) parts in a given background are
given by derivatives of the effective action with respect to
the fields. While the respective right-hand side of deriv-
atives of (2) does not vanish on the EoM, the evaluation on
the EoM minimizes the loop contributions. These 1PI parts
of the correlation functions of QCD are given by

<‘i)i1 (Pl) T ‘i)in (Pn)>1PI =r® [q)EoM](ph pn)’ (5)

where I'") stands for the nth derivative of the effective
action with respect to the fields (Dh s <I>l-n. In the vacuum,
the global minimum of the effective action is given by
(A, ®)g = 0. This trivial background is the commonly
used background for the computation of correlation func-
tions in functional approaches, and in particular for the
DSE and fRG approaches.

At finite temperatures, the confining dynamics manifests
itself in the nontrivial expectation value of the temporal
component of the gauge field, tantamount to including the
dynamics of the Polyakov loop. Its effective potential is
readily computed in functional QCD, [30,31], and appli-
cations to the phase structure at real and imaginary potential
can be found in [32-34,39], see also Refs. [40—44] for
applications in the Curci-Ferrari model, and [45] for a study
of center-symmetric Landau gauge QCD. This background,

which signals the confining dynamics, is key to the
description of the transition from the quark-gluon phase
to the hadronic one. In the present work we store this
information completely in the background: A, # 0 with
ag = 0, for other options see e.g. Refs. [43,45].

Importantly, in a trivial background with A, = @, = 0,
the low temperature cumulants do not even describe the
qualitative features of the hadronic phase as well as that
of the transition regime around 7'.. For a comprehensive
analysis see Ref. [36]. There, it has been shown in
particular, that the kurtosis does not even get close to
unity for vanishing temperature in a trivial background.
This unity value of the kurtosis signals the hadronic phase
with weakly interacting hadrons. More recently, it has also
been shown that the confining background is crucial for a
quantitative description of the isentropic trajectories and
other thermodynamic observables [46]. For related results
within quantitative QCD-assisted low energy effective field
theories using the fRG see Refs. [11,22,37]. The latter two
works are based on the functional QCD results in [1]. The
present DSE work in the f{QCD Collaboration [47] will be
paired with an fRG one soon.

B. QCD correlation functions

In a first step we compute correlation functions in 2 + 1
flavor QCD from their coupled set of DSEs in a vanishing
background, specifically the quark and gluon propagators.
The computational details can be found in [2,27,28], and
we only briefly summarize the important ingredients: we
use the miniDSE scheme put forward in [29]: in this setup
thermal and chemical potential corrections of QCD corre-
lation functions are computed from their difference DSEs.
The reliability of this scheme crucially depends on the
quantitative precision of the vacuum QCD input and we use
the 2 4 1 flavor QCD data for quark and gluon propagators
as well as for all tensor structures of the quark-gluon
vertices obtained from the precision DSE computation [28]
in the vacuum. For the ghost propagator we use the two
flavor data from the precision fRG computation in [48].
This direct use of the fRG results is possible as we use the
fRG-compatible renormalization MOM? scheme setup in
[28]. We neglect the dependence of the ghost propagator on
the strange quark as well as on 7', up which has been proven
to be subleading. Moreover, the miniDSE systematics
allows us to use the Slavnov-Taylor identities (STI)- and
RG-adapted quark-gluon vertex dressings derived in [27].
The quantitative accuracy of these dressings in the phase
structure of QCD has been checked in [2]: the locations
of the chiral crossover lines agree with each other, while
the up location of the critical end point in the present
approximation is 10% larger than in [2]. In the latter work it
has been argued that the full quantitative reliability of the
current approximation and respective functional renormal-
ization group works, for a discussion see Refs. [1,22], is
limited by pp/T < 4. In turn, for uz/T Z 4, the functional
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results represent estimates with successively larger system-
atic errors. However, the clustering of the functional results
for the CEP 600 < up < 650 MeV for different approaches
and resummations reduces this systematic error consider-
ably. In short, the current approximation captures the full
QCD dynamics computed in the present state of the art
quantitative DSE studies with a significantly smaller
computational effort for uz/T <4, and the results for
ug/T Z 4 should provide good QCD estimates.

I1I. PHASE STRUCTURE OF QCD

In this section we map out the phase structure of QCD
and access both, the confinement-deconfinement and chiral
crossovers. The confinement-deconfinement crossover and
the respective order parameter is discussed in Sec. III A.
Specifically, we compute the nontrivial temperature and
baryon chemical potential dependence of the nontrivial
gauge invariant gluonic background, that signals the con-
fining dynamics in the hadronic phase. Apart from allowing
the access to the confinement-deconfinement crossover, it
also is of crucial importance for the results for thermody-
namic observables and the fluctuations of conserved
charges in the hadronic and crossover regimes. In Sec. III B
we compute the chiral condensate and the chiral crossover
temperature from its thermal susceptibility. We also show
that the chiral condensate is essentially independent of
the gluonic background. Finally, in Sec. IIIC we put
everything together and present our results for the phase
structure.

A. Confinement-deconfinement phase transition

In this section, we discuss the remnant of center-
symmetry breaking in QCD. In pure Yang-Mills theory
spontaneous center-symmetry breaking occurs with a first
order phase transition, leading from the confined to the
deconfined phase. In physical QCD with its light quarks,
the explicit center-symmetry breaking is very large. This
leads to a very shallow crossover, and the relation to
confinement is less obvious. Instead, fluctuation observ-
ables such as the baryon number kurtosis provide insight
in the confinement-deconfinement crossover. The order
parameter for center symmetry breaking studied here,
serves as a background for the thermodynamic and fluc-
tuation observables. Indeed, without this background the
observables show a qualitatively wrong behavior, specifi-
cally in the hadronic phase, see Ref. [36]. For that reason
we take this order parameter as proxy for the confinement-
deconfinement phase transition, keeping all the caveats in
mind. More details and discussion will be provided in
Appendix B.

The order parameter for center symmetry breaking
discussed above is provided by the gauge invariant eigen-
value field v of the algebra element of the Polyakov loop,
see Appendix B 1. Obviously, it is related to the standard

order parameter for center-symmetry breaking, the expect-
ation value of the traced Polyakov loop, but is more
amiable toward its computation in functional approaches.
Moreover, it does not suffer from the presence of normali-
zation factors with a large temperature dependence which
diffuses the access to the crossover temperatures in the case
of the expectation value of the traced Polyakov loop, see
Ref. [35]. This order parameter has been suggested and
worked out within the fRG approach in [30,49,50] for
different gauge groups and gauges. Its formulation within
general functional approaches has been put forward in [31],
and its relation to the commonly used order parameter, the
expectation value of the traced Polyakov loop, has been
evaluated in [35]. For a formulation with manifest center
symmetry see also Refs. [43,45].

The details of the functional approach to the Polyakov
loop or rather the eigenvalue field v are provided in
Appendix B. The understanding of the approach is chiefly
important for that of the computations in the present work,
and hence for an evaluation of the underlying systematics.
For that purpose and for the benefit of the technically
interested reader we provide a brief review of this approach
in Appendix B: In Appendix B 1 we review the construc-
tion of the gauge invariant functional order parameter and
its (linear) relation to the expectation value of the temporal
gauge field in the present setup. We also highlight its
importance as an optimal background or expansion point
for the systematic expansion schemes in functional
approaches. In Appendix B2 we provide a step-by-step
analysis of the computational details.

In the present section we utilize the functional Polyakov
loop approach detailed in Appendix B for an evaluation of
the confinement-deconfinement crossover, or rather that of
center-symmetry breaking, in the phase structure of QCD.
We provide the order parameter potential V,(¢s3,¢s),
where @53 are related to the Cartan component of the
temporal gauge field, ¢35 = 271A8’8 /(g,p), see Eq. (B29).
As discussed in Appendix B 2, the order parameter poten-
tial V, is computed from a sum over eigenvalues and
modes of the mode potentials (B51). In the present
approximation, the only nontrivial inputs in the latter are
the spatial-momentum and frequency dependent dressings
Zey Ze, Zg'M M, of the full ghost, gluon and quark
propagators, see Egs. (B52), (B56), and (B58). The
computational details have been explained in the introduc-
tion of Sec. II B. Here we only add the details concerning
the quark-gluon vertex. As mentioned in the Introduction,
we resort to the computational scheme in [27] for the
dominant vertex dressings l;gi. In [27], a combination of
the STIs as well as RG invariance has been used for the
construction of STI + RG-consistent dressings. The quan-
titative reliability of this setup has been confirmed in [2],
where the dressings of the quark-gluon vertex have been
computed directly. In conclusion the results from the
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present scheme agree with that of the full computation
in [2] up to chemical potentials up ~ 600 MeV. Note that
this is already beyond the full quantitative reliability of the
computation in [2] of uz/T < 4, see also Ref. [1] and the
comprehensive analysis in [22]. Moreover, we stabilize
the setup in [27] further by using the vacuum 2 + 1-flavor
QCD input from [28] instead of the two-flavor input from
[48]. This entails that we do not have to accommodate the
strange quark dependence in the difference DSE. A further
crucial benchmark is the compatibility of the results for the
chiral crossover temperature 7.(0) at vanishing chemical
potential and the curvature k, of the crossover line at
up = 0. We find

T.(0) =157 MeV,  k, = 0.0153, (6)

which is in quantitative agreement with the lattice results
as well as that from quantitative functional computations,
see Refs. [1-3,27]. Further, qualitative, functional studies
typically fail to meet the curvature constraint, for recent
compilations of the respective results see Refs. [27,51]. In
summary, the sophisticated approximation used here for the
coupled DSEs of the quark and gluon propagators dressings
as well as that of the quark-gluon meets all the benchmarks
at up = 0. The location of the critical end point is
obtained at

(TCEP_LSEP) = (103, 660) MeV. (7)

Equation (7) agrees within the errors with the up-to-date
estimates [1-3]. We note in passing that (7) should not be
understood as a new estimate. The state of the art estimate
is still given by [2], which is singled out by its direct
computation of the quark-gluon vertex dressing. We hasten
to add that an update of the estimate is not one of the aims
of the present work. Here we aim at the computation of
thermodynamic observables including the first quantitative
DSE computation of the fluctuations of conserved charges.

The above analysis of the results for the chiral phase
structure concludes the discussion of present setup: we
have quantitative reliability up to ug/T < 4 and agree with
the state of the art DSE computation in [2] up to baryon
chemical potentials up ~ 600 MeV, very close to the
critical end point.

We proceed with the results for the confinement-decon-
finement or rather center phase transition in QCD. We have
discussed in Appendix B that the expectation values of the
gauge invariant eigenvalues (v.) and (v3) determine the
expectation values (p3), (¢g), (B21b). Hence, the latter are
gauge invariant observables and constitute order parameters
for the confinement-deconfinement phase transition, or
rather the center phase transition in QCD. The expectation
values (@sg) are simply the solutions of the equations of
motion of ¢ ¢ which are the saddle points of the Polyakov

FIG. 1. 3D plot of the dimensionless Polyakov loop potential
V., 1(@3.0), defined in (8) and (B30). We show it as a function of
the background field ¢; and the temperature 7 at @3 = 0 and
vanishing baryon chemical potential. The temperature-dependent
minimum of the Polyakov loop potential is displayed as a dashed
red line.

loop potential, see Eq. (B35). Accordingly, we can read off
their values from these saddle points.

At vanishing chemical potential the physical solution of
the EoM is given by the absolute minimum of the potential.
Moreover, for ug =0, the expectation value of @g is
vanishing for all T, a respective heat map of the potential
for T = 120 MeV is shown in Fig. 18 in Appendix B 2 for
illustration. This entails that we only have to consider the
temperature dependence of the potential in the ¢5 direction.
This is depicted in Fig. 1, and we have normalized the
potential such that it vanishes at vanishing background
field,

V(p.T((of'vv (pS) = V(’,((p3, (p8)|T - Vq)(o’ O)|T (8)

The minimum (¢3) is indicated by a dashed red line in
Fig. 1. For asymptotically large temperatures, T — oo, it
vanishes, (¢3) — 0. In turn, for 7 — 0 it approaches the
(p3) =2/3 with L({@3),0) = 0. The expectation values
(@3.5) are the gauge invariant order parameters that serve as
optimal backgrounds for most expansion schemes in func-
tional approaches and specifically for the vertex expansion
that underlies most computations. However, the confine-
ment-deconfinement or center symmetry properties are
more conveniently assessed with the Polyakov loop of
the expectation value of the eigenvalue field, L({v)) and
L((v)), see Eq. (B67) in Appendix B 2 b. For convenience
and their importance we recall the relations here

L((v)) = = [e¥s/V3 4 2e7795/V3 cos 7p3).

L(v)) =

[e7277s/V3 4 26795/V3 cos mips). 9)

W = W] =

054019-5
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o —— 11 = 540 MeV/
0.2 L: == pg=300MeV/| |
— = i = 450 MeV
— = g =540 MeV
0.0+ T T T
80 120 160 200 240

T [MeV]

FIG.2. Traced Polyakov loops L and L of the expectation value
of the eigenvalue field, (v), see Egs. (9) and (10). They are shown
as a function of temperature 7 for different values of baryon
chemical potential u . The respective thermal susceptibilities (12)
are shown in Fig. 3.

with

@3 = (P3), Ps = —i(Ps), (10)

which are related to the expectation value of the eigenvalue
field,

(vy) = % (i@s i%%)’ (v3) = —ipg. (11)
The observables (9) are depicted in Fig. 2 as a function of
the temperature for different chemical potentials pp = 0.
We define the confinement-deconfinement crossover tem-
peratures T (ug), T (ug) with the peaks of the thermal
susceptibilities of the Polyakov loops L, L in (9),

oL oL

=— ;== 12
XL oT’ XL (12)

The susceptibilities (12) are shown in Fig. 3 for the same
chemical potentials as used in Fig. 2. We define the thermal
widths of the susceptibilities by the boundary of the interval
in which L, L exceed half their peak height. This coincides
roughly with the width of a Breit-Wigner fit about the peak.
In particular, we find at vanishing chemical potential

T,(0) = T7(0) = 152 MeV, (13)

close to the pseudocritical temperature of the chiral
transition 7.(0) = 157 MeV, see Eq. (6).

Our results for the confinement-deconfinement crossover
are shown in Fig. 6 in Sec. Il B together with the chiral
crossover temperature and its width.

20 T T T T T T T
L: =——pg=0
—— 115 = 300 MeV
—— g = 450 MeV
—— 115 = 540 MeV
L: = = pg =300 MeV
— = g = 450 MeV
— = 1ig = 540 MeV

N
)]
1

[&)]
1

Thermal susceptibility
=

100 120 140 160 180 200 220
T [MeV]

FIG. 3. Thermal susceptibilities (12) of the Polyakov loops
L.L, see Egs. (9) and (10). They are shown as functions of
temperature 7 for different values of baryon chemical potential
up, matching that in Fig. 2.

B. Chiral phase transition

We proceed with the evaluation of the chiral order
parameter, the renormalized chiral condensate A, ; in (14),
and the respective crossover temperature 7,. Here we
follow [1,2,27], and the only novel aspect is the discussion
of the dependence of A, ; on the gluonic background ¢, or
rather the lack thereof.

The renormalized light chiral condensate A,z reads

AZR_ 42

”q u,d

(T.pp) = 84(0.0)].  (14)

Equation (14) is the difference between the chiral con-
densate A, at (T, ug) # 0 and that in the vacuum, with

J— TZ/

where m,, is the current quark mass. The trace tr sums over
color and Dirac indices and the momentum and frequency
variable p, is given by

Gya(py)l: (15)

(Pgu) = (g0 + 22T —ipy.p). (16)
with the quark chemical potential p, = uz/3 and the
background field ¢¢ in the Cartan subalgebra with the
components @5, see Eq. (B29). Equation (15) simply is
the integrated scalar part of the quark propagator. The full
quark propagator is parametrized as

M

qu(P) = ZE iyp + M fq(pqwuq) (17)

—i}’opq,o

with the scalar dressing f,
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0.5 T
2
© 0.4 4
%)
c
S
c 0.3
8
©
E 0.2 1 with : =——pg =0
o —— g = 450 MeV'
= —— g = 660 MeV'
20.1- W.0. 0 = =-ug=0 4
— ~ — - g = 450 MeV/|
— = jg =660 MeV
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80 1(IJO 1é0 1£|10 1E|30 1é0 2(|)0 250 240
T [MeV]

FIG. 4. Renormalized light chiral condensate A; g, (14), as a
function of the temperature 7 for several chemical potentials yp
including u$EP = 660 MeV at the critical end point: A;  with the
gluonic background ¢ (straight), A, z at ¢ = 0 (dashed). We also
show the lattice QCD result of A, at zero chemical potential
(open circles) from [52]. For A, ; with the gluonic background ¢,
the respective thermal susceptibilities (19) are shown in Fig. 5.

1 1
~7E ZMN\ 2 ’
Zq p2o+ (Z—‘é) P>+ M

fq(pq’/"q) = (18)

and the momentum, chemical potential and background-
dependent  dressings ZqE’M(pq,ﬂq),Mq(pq,//Lq>. These
dressings are computed from the quark gap equation.
They are complex functions of p, and p, and we have
deferred the discussion of the computational details to
Appendix B 2 e. Moreover, as discussed there in the context
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FIG. 5. Thermal susceptibility of the light chiral condensate
XA, 0 (19), as a function of the temperature T for several chemical
potentials y5 including u$EP = 660 MeV at the critical end point.
The susceptibility is shown as a function of temperature 7 for
different values of baryon chemical potential up, matching
that in Fig. 4.
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FIG. 6. Chiral and confinement-deconfinement crossover tem-
peratures T, T, Ty, as functions of the baryon chemical poten-
tial. They are defined by the peaks of the thermal susceptibilities:
0A, p/0T (straight black, width: grey band), dL /0T (dashed blue,
width: blue band) and 0L /dT (dash-dotted red, width: red band).
The width of the crossovers are defined by the width at half
maximum of the thermal susceptibilities.

of the computation of the quark part of the Polyakov loop
potential, the color part of the trace in (15) can be turned
into a sum over the eigenvalues of ¢°.

The chiral crossover temperature is computed from the
thermal susceptibility,

aAT’R
or '

(19)

Harg =

see e.g. Refs. [2,3,27] for previous computation with DSEs.
For a comparison of crossover temperatures from different
order parameters see Refs. [1,53]. The respective crossover
temperature is shown in Fig. 6 together with its width. The
latter is defined by the boundaries of the interval in which
the susceptibility exceeds half its peak height, matching the
definition of the confinement-deconfinement crossover.

In summary, the chiral condensate A, is computed in
the gluonic background ¢ and are shown in Fig. 4.
Interestingly, the difference between the results in the
gluonic background and that with a vanishing background
(A, = 0) is negligible. The nontrivial background is trig-
gered by the confining dynamics and reflects the latter
phenomenon. This suggests that the onset of confinement
has little impact on the size of dynamical chiral symmetry
breaking. This is specifically interesting, as it is qualita-
tively different for the fluctuation of conserved charges.
The latter depend qualitatively on the “confining” back-
ground, for a comprehensive analysis see Refs. [11,54].
We shall corroborate the findings there in Sec. IV, where
thermodynamic observables and the fluctuations of con-
served charges are computed within functional QCD.

We close this section with the remark, that we have used
the quotation marks as the background is not confining but
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rather signals confinement. We will still keep the com-
monly used notion of “confining” and its true meaning is
implicitly understood.

C. QCD phase structure

The results of Secs. IIT A and III B allow us to map out
the chiral and confinement-deconfinement phase structure
of QCD at vanishing strangeness and charge, (1). In Fig. 6
we show the chiral and confinement-deconfinement cross-
over lines together with their thermal widths. As expected,
the chiral crossover is far steeper than the confinement-
deconfinement ones, and the L crossover is the smoothest
one. Still, in contradistinction to the expectation value of
the Polyakov loop as measured with lattice simulation, the
confinement-deconfinement crossover temperatures can be
determined well and they are close to the chiral one. This
originates in the fact that they are not subject to large
thermal normalization factors, see Ref. [35]. The latter shift
the transition temperature to far larger values.

The physics significance of the respective confinement-
deconfinement temperatures is supported by the following
property: the gauge invariant order parameters (¢psg) play
an important physics role as physical backgrounds that
allow for optimal convergence of computations of observ-
ables within functional approaches. Loosely speaking, such
an expansion point already carries a sizeable part of the
underlying dynamics. Indeed, resorting to the diagram-
matic representation of the Polyakov loop potential, the
expectation values themselves have a diagrammatic repre-
sentation. If inserting them as backgrounds in the dia-
grammatic representation of, e.g., the fluctuations of
conserved charges, this background provides an additional,
physically relevant, resummation. In summary this leads to
a qualitatively enhanced apparent convergence of such a
computation.

This leads us directly to the assessment of the systematic
error of the phase structure predictions within the current
approximation. This is important for the assessment of the
systematic error of the results for the thermodynamics and
the fluctuations of conserved charges in Sec. I'V: To begin
with, the present results for the chiral phase transition lines,
including the location of the CEP, are in quantitative
agreement with the functional results in [1-3] and the
closely related one [27]. Indeed, the present computation is
an upgrade of the latter computation and this upgrade is
informed by the improvements on [27] in the state of the art
DSE computation in [2]. This entails that its respective
systematic error can be deduced from [2].

For the discussion of the combined systematic error of
the theoretical computations of the QCD phase structure we
use all state of the art results both from lattice simulations
as well as functional approaches of QCD. In Fig. 7 we show
the respective chiral and confinement-deconfinement cross-
over lines as well as freeze-out data from different groups.
In both Figs. 6 and 7, we indicate the two lines uz/T = 3

200 ; .

150 =

— / R Voot
> = Chiral crossover L, I
[ B B Confinement, L .
E 100 H|-.- Confinement, [, T
— — —-DSE: Gao et al.
= ----fRG: Fuetal.
— - - DSE: Gunkel et al.
50 727 Lattice: WB
T Lattice: HotQCD 7

¢ freezeout: Alba et al.

% freezeout: Andronic et al.
v freezeout: Becattini et al.
m  freezeout: STAR

0 T T T
0 200 400 600 800

ug [MeV]

FIG. 7. Chiral and confinement-deconfinement phase structure
of QCD. The crossover lines display the locations of the peak
positions of the thermal susceptibilities y 5, . [chiral, (19)] x., x;
[confinment-deconfinement, (12)]. We also show the chiral phase
transition line obtained from the lattice QCD [58,59] and func-
tional QCD approaches [1-3], and the freeze-out data from
different groups [60-63].

and pg/T = 4 relevant for the systematic error analysis:
The former one, uz/T = 3, indicates the convergence area
of lattice simulations. Beyond this regime, with pp/T = 3,
one may use extrapolations of lattice results. However, the
respective unbiased systematic error estimate is increasing
rapidly and only can be kept small by additional assump-
tions such as the absence of novel physics phenomena
such as (off-shell) diquark and baryon fluctuations or the
dynamics of the density mode. In conclusion, lattice
simulations at yp = 0 offer benchmark results for func-
tional computations at vanishing chemical potentials and
functional computations as first principle QCD ones, that,
amongst other criteria, meet all these benchmark results.
For a systematic discussion of these properties in the
phase structure of QCD we refer the reader to [22], for
general discussions of apparent convergence in functional
approaches see Refs. [29,55-57].

Consequently, for pg/T = 3, the only QCD benchmark
results to date are the functional ones from [1-3]. Then, the
systematic error line at uz/T = 4 indicates the current
regime of quantitative reliability of functional approaches,
both from state-of-the art fRG and DSE computations
[1-3], see Fig. 7. In contradistinction to the lattice line at
up/T = 3 this does not come as a hard conceptual bound.
Indeed, we hope to report on more sophisticated compu-
tations soon, where this bound is pushed beyond the regime
of the critical end point or rather that of the onset of new
phases: the direct systematic error estimate of the different
functional computations in [1-3] increases successively for
up/T = 4. This increase of the systematic error estimate is
specifically triggered due to the onset of the moat regime
[64] in QCD, [1,65] and its incomplete resolution in the
current state of the art functional computations. This
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deficiency is currently resolved and [65] is a first important
step in this direction. Still, we remark that the quantitative
agreement of the different functional approaches in the
regime up/T Z 4 provides nontrivial evidence for the
reliability of the results even in this regime. This remark-
able agreement even persists for the location of the CEP
which only varies within 10%.

This concludes our discussion of the systematic error
estimate. In short, the results for the thermodynamics and
fluctuations of conserved charges have a small systematic
error for ug/T < 4. For ug/T = 4, the direct systematic
error is increasing successively, but the agreement of
different functional computation within rather different
resummations schemes suggests a still rather small sys-
tematic error of 10%.

Finally we remark that our present framework success-
fully captures the relative - shifts of L and L, see Fig. 2.
Their difference is related to the free energy gap between a
static quark and an antiquark. This further allows for a
systematic study on strangeness neutrality [38,66] via
continuum correlation functions, which will be presented
in a follow-up work [67].

IV. THERMODYNAMICS AND FLUCTUATIONS
OF CONSERVED CHARGES

The preparations and results of Sec. III and Appendix B
for the chiral and confinement-deconfinement crossovers
allow us to resolve the thermodynamics and fluctuations of
conserved charges with DSEs quantitatively. As already
alluded to in Sec. III B, the gluonic background ¢ (or Ay),
triggered by the confining dynamics, is essential for even
qualitative results. In particular, they are of crucial impor-
tance for the fluctuations of the conserved net-baryon
number, see Refs. [11,54]. Moreover, this importance is
even growing for higher order fluctuations. The current
results are benchmarked with the lattice results at vanishing
chemical potential. For uz/T = 3 they are discussed in
comparison to the fRG results in [22,37] within sophisti-
cated low energy effective theories: they pass the bench-
mark tests at ugp = 0 and corroborate the fRG results at
up # 0. We also emphasize that, both the present results
and [22,37] confirm the findings in [11,54]. While the
chiral properties, such as the renormalized chiral conden-
sate Arg, show a relatively small dependence on the
confining background (¢), the fluctuations of conserved
charges in QCD show a qualitative dependence. In short,
the results in a vanishing background are not converged and
fail to even reflect the qualitative dependence in QCD
already at yp = 0. In turn, in the confining background they
agree quantitatively with the lattice results at up = 0 and
with each other for larger densities, and in particular
for ug/T = 3.

In Sec. IV B, we discuss our results for the baryon
number density and the fluctuations of conserved charges.

The baryon number kurtosis is used in Sec. IV C for a
discussion of the beam energy scan (BES).

A. Baryon number density and thermodynamics

The baryon number density and its respective fluctua-
tions are readily derived from the net-quark number
density,

3
n(T) =13 [ S B a-pnatr)). @0

where we have left out a (re)normalization function, for a
respective discussion see e.g. Refs. [29,68]. The net-quark
number density is given by the trace of the y, component of
the quark propagator,

3
ny(Tog) = -3 / ((217133“[706(1(%)]’ (21)

with p, = p,(¢°) defined in (16). The gluonic background
@° takes care of the fact that the quark propagator in (20) is
the one on the full equations of motion. The trace trin (21)
sums over color and Dirac indices, and the RG-invariant
propagator G, is defined by

Gq(pq) = Zg(l’q)qu(pq)- (22)

The RG invariance of Gq is accommodated by the wave
function Z%(p,) in the numerator which also arranges
for the appropriate normalization, see Ref. [29]. The RG-
invariance of Gq and hence that of the integrand in (21) is
readily seen from

tr[}/OGq(pq)] = _4Ncipq,()zg(pq)fq(pqvﬂq)’ (23)
with f,(py. p,) in (18) and

1
M\ 2 .
Pot (%) P>+ M3

Zg(Pq)fq(quﬂq) = (24)

The right-hand side of (24) is manifestly RG invariant and
so are (21) and (23). The computational details of perform-
ing the thermal sums in (21) can be found in Appendix D.

The baryon number density ny follows from that of the
net-quark number densities as a flavor sum,

ns(Ton) =5 3 ny (T (29)

q;=u,d,s

The temperature dependence of ng(T,up) including the
confining background is displayed in Fig. 8 for different
baryon chemical potentials with ug/T from 0.5 to 4.0 in
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1.6 T

——ug/T=0  ——pg/T=1.5 ——x/T=3.0
—— ug/T=0.5 —— pp/T=2.0 —— p/T=3.5
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FIG. 8. Baryon number density ngz/T> for different baryon
chemical potential ugz/T =0,0.5,...,4.0 as a function of
T €(100,250) MeV. We also show lattice QCD data from the
T' expansion scheme [70] (open diamonds) and the sixth order
Taylor expansion [69] (colored bands).

steps of 0.5. We also show extrapolation results from the
lattice QCD, including those from the Taylor expansion up
to O(ug/T)® [69] (colored bands), and those from the 7"
expansion scheme [70] (open diamonds).

Our result agrees well with the lattice QCD extrapola-
tions for pp/T < 3.5 within the error bars from the
extrapolations. For pug/T > 3.5 we are beyond the con-
vergence radius of lattice extrapolations. We also emphaz-
ize that our result of np in Fig. 8 is obtained with a direct
functional computation without any external input. Hence,
Fig. 8 and further thermodynamic observables and the
fluctuations of conserved charges at small density serve as
decisive benchmarks for the present approach: to begin
with, the present approach allows for direct computations
at larger densities up/T = 3 and hence, together with the
fRG approach, is the only QCD-based approach at these
densities that provides direct results. This leads to the
following crucial observation: Assume that one obtains the
results agreeing with all lattice benchmark observables at
small density, and then extends them to larger density with
either direct lattice extrapolations or low energy effective
theories such as Nambu-Jona-Lasinio-type models, quark-
meson models and holographic models. Then, the results
from the functional QCD approach at larger density have a
qualitatively better systematics than any of these extrapo-
lations as it includes the QCD dynamics. This statement
persists even in the regime with up/T = 4, where the
systematic error of functional QCD approaches still grows
larger. Moreover, these deficiencies will be remedied soon
by improved computations within the fQCD collaboration
[47]. In any case, the present functional results for the
crossover line including the location of the CEP and the
results for the observables there should be considered as
the benchmark for low energy effective model computa-
tions including lattice extrapolations.

For small chemical potentials the results agree within the
systematic error estimate of 10% for the current results. For
up/T <3 the comparison is far better. For puz/T = 3 and
large temperatures the np from functional QCD grow
slightly larger than those from the lattice extrapolation,
while still within our systematic error estimate of 10%. This
overshooting tendency for larger temperatures was also
present for the renormalized chiral condensate at vanishing
chemical potential, see Fig. 4. Hence, it may hint at an
overshooting of the integrated scalar dressing Z x f,, (24)
within the systematic error. This overshooting is accom-
modated within the systematics of the difference DSE used
in the current miniDSE scheme and is part of the 10%
systematic error estimate. It will be investigated and
systematically improved in further works.

Still, we note that the corresponding regime already
overlaps with the predicted regime of novel phenomena,
especially the moat regime which features spatial modu-
lations in the thermodynamic system [64,65]. In other
words, the density profile might contain signatures of the
onset of novel phase structure of QCD at large chemical
potentials. Such a property is most likely not captured by an
extrapolation.

We emphasize that the gluonic background ¢° plays a
crucial role in the thermodynamic behavior of ng in the
hadronic regime, in contradistinction to the irrelevance of
the gluonic background for the chiral condensate shown in
Fig. 4. We have deferred the respective discussion to
Appendix C, see in particular Fig. 22: the importance
of the consistent ¢¢ background is growing large for the
hadronic regime, but sizeable differences persist up to
temperatures 7 =~ 200 MeV. This illustrates very concisely
the relevance of the confining dynamics in the finite-
density part of QCD thermodynamic functions.

In the present section we concentrate on the physics
results from the present approach, and proceed with the
computation of the equation of state and further thermo-
dynamic observables at finite density from the net-baryon
number density. To that end we simply consider the density
effects of the thermodynamic observables, and we explain
the general procedure at the example of the equation of
state: Key to the computation is the observation, that the
finite-density effects in the equation of state and other
thermodynamic observables at a given up are completely
captured by a pp integral of the density [13,29,46].

For its importance for the present results and in order to
allow for a direct systematic error assessment we illustrate
the approach at the example of the pressure. It reads

P(Tgi) = PT.0)+ [ duna(T). 26)

which can be computed from P(T,0) and from our density
results Fig. 8. The entropy follows as its temperature
derivative,
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FIG. 9. QCD equations of state at finite temperature and
density: pressure (P/T?), entropy density (s/T°) and energy
density (e/T*) as functions of temperature with T € (100,
250) MeV for baryon chemical potentials uz/T =0,0.5,...,4.0.
We also show lattice QCD data from the 7’ expansion scheme
[70] (open diamonds) and the Taylor expansion [71] (colored
bands).

oP(T, up)
s(T,pup) = or (27)
Hence, using (26), the entropy at finite baryon chemical
potential can be computed from the input s(7,0) and
0/0ong(T, ug), computed in the present work. Finally, these
results for the pressure P(7T,pug) and the entropy s(7, pug)
can be used directly to determine the energy density

(T, pg) = Ts(T.up) — P(T.up) + ppnp(T.up),  (28)

and the trace anomaly

I(T,pg) = [e(T, pg) —3P(T, ug)]/T*

0 (P(T, oP(T,
or\_ T T oug

At vanishing baryon chemical potential yp the thermody-
namic observables, and in particular P, s, ¢, I have been
determined very accurately with lattice simulations and we
use the up = 0 results from [70].

Our results for the QCD equations of state, the pressure
P, entropy density s, and energy density ¢, are shown in
Fig. 9 together with the lattice data from [70,71]. We
display the results for ug/T ranging from O to 4.0 in 0.5
steps. These plots are complemented by that on the trace
anomaly in Fig. 10. Finally, we discuss the relevance of the
gluonic background: we have already seen that the baryon
number density shows sizeable differences that grow larger
with increasing baryon chemical potential, see Fig. 22 in
Appendix C. Consequently we expect an increasing rel-
evance of the ¢ dependence with increasing up in the
present approach, where we only compute the finite density

6
>
£
o
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@©
(]
[&]
E /T=0 /T=1.5 /T=3.0
— [ T=0  —— pg/T=1.5 —— p1/T=3.
= 2 —_— E/T‘05— B/T‘ZO— E/T‘35 7]
Hg/ 1=0. Hp/ 1= Hg/ 1 =9.
U/ T=1.0 —— g/ T=25 —— 15/T=4.0
[ Borsanyi et al.

HotQCD, stout [ HotQCD, HISQ

140 160 180 200 220 240
T [MeV]
FIG. 10. Trace anomaly I = (¢ —3P)/T* as a function of

temperature at given ug/T = 0,0.5, ...,4.0. We also show lattice
QCD data [72] (hotQCD) and [73] (Borsanyi et al.) for ug = 0.
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correction of thermodynamic observables, see Eq. (26).
With ¢ =0 the thermodynamic observables have been
computed within a trivial background in [13], and an
analysis of the differences between ¢ = 0 and the non-
trivial gluonic background ¢ is done in Appendix C,
see Fig. 22.

The results in Fig. 9 may be seen as a benchmark test for
the accuracy of the finite density correlations (for the quark
propagator) in the present functional QCD approach.
However, they should rather been seen as a confirmation
of the validity of lattice QCD extrapolations of the equation
of state at small chemical potentials. Note that the latter is
done with only a few parameters.

We have already mentioned that the impressive agree-
ment extends to the baryon number susceptibilities y% and
x5, see Sec. IVB. In contradistinction to the thermody-
namic observables the results for the susceptibilities is
computed solely from the correlation function results of the
functional QCD approach used here.

Finally, we also comment on the ppz/T = 3.5 results in
comparison to the lattice extrapolations. This is already
close or even beyond the convergence radius of the lattice
QCD extrapolation. Consequently, the error bars of the
lattice results are growing large, particularly in the low
temperature region.

In summary, these results confirm the quantitative
accuracy of the present DSE computations for ug/T < 3.
As discussed before, the results for P, s, ¢, I for ug/T <3
constitute the first fully self-consistent functional QCD
computation of these observables in this regime. In the
absence of any other first principles QCD results, these are
the first QCD results in the regime pz/T 2 3. Hence, they
set the benchmark for the thermodynamic observables in
this regime including the critical end point. Extrapolation
results and that from low energy effective theories (LEFT)
should be confronted with them and potentially adjusted.

The present results provide a direct access on the
equation of state at relatively high densities, which is of
imminent importance for the theoretical access to exper-
imental data from low-energy collision experiments. They
can be used as input for respective phenomenological
studies, e.g. in hydrodynamic simulations. Related inves-
tigations are beyond the scope of the present work and are
the subject of forthcoming ones.

B. Fluctuations of the conserved baryon charge

We have computed thermodynamic observables (the
equations of state) of QCD at finite baryon chemical
potential in Sec. IVA. This has been done by representing
their density contributions via the baryon density, and its
temperature integral (pressure) and first order derivatives
with respective to temperature (entropy, energy density) or
baryon chemical potential (trace anomaly). Higher order
T,up derivatives provide a differential resolution of the
equations of state, and hence provide more information

about the underlying QCD dynamics. The nth order
derivatives with respect to baryon chemical potential of
the pressure are the baryon number susceptibilities y2 with

g _ 9"(P/TY)

= . 4an—1nB
" o(us/T)"

A} (30)
oy

The y2 give access to a whole set of observables, and in
particular to the baryon number fluctuations. The latter are
closely related to the fluctuations of net-proton number,
measured in the experiments.

Equation (30) can be either computed directly on the
numerical results for the baryon number density ny in (21).
This requires a rapidly increasing numerical precision for
np with rising order n of derivatives. A more promising
alternative is taking analytic up derivatives of (21), hit-
ting the correlation functions as well as the explicit
ug-dependence, see Refs. [54,74]. There it has been shown
that the higher order ug-derivatives of correlation functions
or rather the dressings can be iteratively computed from the
lower ones without the need for taking numerical deriva-
tives. For example, x5 is related to the up derivative of the
quark number density,

P (o T w)] e

p

where Gq is the RG-invariant normalized quark propagator
(22). The D;’s are parts of correlation functions such as
wave functions or mass functions as well as dynamical
backgrounds such as the dynamical background ¢¢ which
signals confinement. In the present investigation we have to
consider the quark dressing functions and the ¢°,

D= {ZE,ZM M, ¢}, (32)

Similarly, higher order baryon number susceptibilities can
be obtained by further applying the up derivatives on (31)
order by order. In the present work we have used the first
step in this iteration and computed the numerical deriva-
tives for the D; instead of using the full iterative procedure.
Close to the crossover line this led to the restriction
up <600 MeV for the results, the larger up regime will
be discussed elsewhere. On the freeze-out line discussed
later, the numerical accuracy is sufficient to go to larger up,
that is smaller /syy, see Fig. 16.

In Fig. 11, we show our results for the second-order
baryon number susceptibility 5 and the kurtosis y% /4% at
up = 0. The computation draws from the complete sets of
correlation functions and potentials computed here and we
provide a brief review of the most important properties:

To begin with, they are obtained in the dynamical
gluonic background ¢: we have discussed in Secs. II A
and IIT A and Appendix B that this background signals the
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FIG. 11. Baryon number susceptibilities y2 and the kurtosis y2/y% as a function of temperature at gz = 0 and po = pus = 0. The
lattice QCD results from [71,75], and the fRG-LEFT results from [22,37], are shown together for comparison.

transition from the quark-gluon phase at large temperatures
to the confined hadronic phase at low temperatures. Its
inclusion is of crucial importance for even obtaining the
qualitative properties of the fluctuations of conserved
charges, see Refs. [11,54]. We have repeated the respective
analysis here. Figure 12 comprises the comparison of the
kurtosis with and without the gluonic background ¢, see
Ref. [12] for the first DSE computation with ¢ = 0. This
comparison illustrates the qualitative importance of the
dynamical gluonic background, that signals confinement.
Specifically, within the dynamical gluonic background we
meet the crucial benchmark for the kurtosis for vanishing
temperature and density, y% /5 (T = 0) = 1. This signals
the baryonic nature of the hadronic phase, while in the
quark regime it is signaled by y% /4% — 1/9. Monitoring
this dynamical change accurately in degrees of freedom is
vital for the explanation of the dynamics in the crossover
regime that shows in the experimental data for fluctuations

Kurtosis with ¢ b
—-—- Kurtosis without ¢

it

0.0 T T T T
120 140 160 180 200 220

T [MeV]

FIG. 12. Baryon number kurtosis y%/y5 at vanishing ug,
evaluated with the dynamical gluonic background ¢ and at
@ = 0. Computations in the latter background are not converged
and fail to even meet the qualitative features, including
2B =1aT=0.

of conserved charges. This important property as well as
the underlying dynamics is not even captured qualitatively
for a vanishing gluonic background ¢ = 0. A more detailed
comparison, and in particular that of the importance of
@g €1R is done in Appendix C.

On the more technical side we remark that the compu-
tation of observables within the dynamical gluonic back-
ground ¢ optimizes the convergence of the computation as
@ is the solution of its equation of motion. We conclude that
the present results constitute the first functional QCD
results for the fluctuations of conserved charges that
accommodate all qualitative properties of the QCD dynam-
ics in the crossover regime and in the hadronic phase as
well as providing quantitative results. The results are
obtained within a self-contained functional computation:
all correlation functions are computed within the present
DSE approach and the gluonic background is obtained
from the functional Polyakov loop potential obtained
within the present DSE approach, see Sec. III A and
Appendix B. This concludes the brief overview.

We proceed with the discussion of our results for the
kurtosis. In Fig. 11 we also show benchmark results from
lattice QCD [71,75] and from QCD-assisted fRG-LEFTSs
[22,37]. Our result agree quantitatively with these bench-
mark results for all temperatures considered.

With these preparations we proceed to QCD at finite
baryon chemical potential, and in particular to ug/T 2 3.
There, the present approach gives us access to a precision
analysis of thermodynamic observables at finite density,
particularly for the event-by-event fluctuations of con-
versed charges that are directly accessible in heavy-ion
collisions. The respective results for the kurtosis at finite
ug, are collected in Fig. 13. There we show the temperature
dependence of the kurtosis for pup, ranging from O to
600 MeV. In particular we find that the nonmonotonicity of
the kurtosis becomes more sizeable with increasing yp.
This is expected from previous studies both in QCD and
low energy effective theories. Moreover, it follows directly

054019-13



LU, GAO, LIU, and PAWLOWSKI

PHYS. REV. D 113, 054019 (2026)

153

— =0 —— 1ig = 350 MeV/
—— 11 = 100 MeV = 1 = 400 MeV

1ig = 150 MeV g = 450 MeV

-1 —— 1ig = 200 MeV/ g = 500 MeV| |
—— 1 = 250 MeV/ g = 550 MeV
—— 1ig = 300 MeV/ g = 600 MeV

120 140 160 180 200 220
T [MeV]

FIG. 13. Baryon number kurtosis y%/y% as a function of
temperature for different baryon chemical potentials ranging
from up = 0 to 600 MeV in steps of 50 MeV.

from the basic properties of analytic functions. While such
a behavior could signal critical phenomena for the fluctua-
tions observed in the low-energy collisions, it has been
argued that the critical regime in QCD is very small and no
functional QCD computation shows critical scaling for
up <400 MeV, for a recent discussion see Ref. [22].
Consequently we consider it as very unlikely that the
nonmonotonicities signal critical scaling. Indeed, for a
dissection of the QCD phase structure and in particular
the location of the critical end point the noncritical
scenario is far more amiable toward its detection, see again
Ref. [22].

We close this section with a brief discussion of the
systematics: the current approximation is quantitatively
accurate for pup/T <4 and the quantitative agreement of
the chiral crossover lines from functional QCD, [1-3] for
up/T = 4 provides nontrivial support for its predictive
power for larger baryon chemical potentials including
the CEP regime. However, this argument does not apply
to the susceptibilities and further differential observables,
and the systematic error of the respective results grows
successively larger for /T Z 4.

C. Baryon number kurtosis and beam energy scan

In this final part of Sec. IV we map out the kurtosis in the
phase structure, concentrating on the crossover regime and
the approach to the CEP, see also Ref. [22]. For a recent
review concerning its relevance for detecting the CEP, see
Ref. [76]. This result is used for analyzing the behavior of
the baryon number kurtosis on the freeze-out line with
respect to possible signatures in the beam energy scan of
heavy-ion collisions. The experimental measurements pro-
vide the net-proton cumulants, and hence this comparison
has to be taken with a grain of salt. The theoretical
equilibrium results should be seen as the QCD fundament
for going toward the experimental signatures, and these

l— DSE, chiral - - - -freeze out, Andronic et al. ‘ B B
170 L e N B A e — xalxz
1 E 15
160 E
1 i 10
150
— 5
% ]
S 140 0
- ]
130 -5
120 4 1o
1 -15
110

— T T T T "t T T T T
0 100 200 300 400 500 600
ug [MeV]

FIG. 14. Kurtosis y5/x5 as a function of temperature and
baryon chemical potential yz. We also display the chiral cross-
over line and the freeze-out line extracted with the statistical
hadronization approach [61] as a frame of reference.

additional steps not only have to accommodate the differ-
ence of the fluctuations of conserved charged but also have
to take care of the nonequilibrium nature of the heavy ion
collision. Still, the QCD fundament is most important for
anchoring any progress toward the experimental signatures.

In Fig. 14 we show a heat map plot of y§/4% up to
baryon chemical potentials pz = 600 MeV. This value is
already close to the location (7) of the CEP in the present
computation with 4§ = 660 MeV. The heat map Fig. 14
is complemented with the kurtosis along the chiral cross-
over line in Fig. 15. The result is depicted on a linear scale
for [¥%/x8| <1 and a logarithmic scale for [y%/,5| > 1.
We find that the kurtosis starts out positive and turns
negative at yp between 350 and 400 MeV. This behavior
has also been seen in the fRG studies within QCD-assisted
LEFTs, [22,37]. It is a common property of generic low
energy effective theories, see e.g. Ref. [11]. Moreover, in
such a setup it is readily shown that it persists in the absence

Along chiral phase transition line
T T

0 200 400 600
ug [MeV]

FIG. 15. Kaurtosis y5/x5 along the chiral phase transition
T,(up) line as a function of .
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FIG. 16. Kurtosis y% /8 along the freeze-out line [61] as a
function of collision energy ,/syy. We also show results with a
canonical ensemble within the QCD-assisted fRG-LEFT [22], the
lattice QCD result [15], the STAR BES-I [80] and BES-II [81]
data for the net-proton cumulant ratio C,/C,, together with
baselines from HRG [14], UrQMD [82] and hydrodynamic
simulations [17].

of a critical end point. In this context it is also worth
emphasizing that critical scaling in this regime is present
neither in functional QCD studies [1-3] nor in the low
energy effective theory ones. In conclusion, while such
nonmonotonicities do occur in the vicinity of a critical
scaling regime around the CEP, they are no smoking
gun for it. Indeed, in this regime of /syy =5 GeV or
up ~ 500 MeV, QCD has not entered the critical regime,
which is dominated by critical scaling laws. This can be
inferred from the fRG computation in [1], which accom-
modates critical fluctuations. For a related more detailed
analysis of critical physics in the chiral limit at uz = 0 see
Ref. [77], for comprehensive model studies with full critical
scaling see e.g. Refs. [78,79]. In short, the critical region is
very small. While seemingly complicating the search for
the critical end point, it actually comes as an advantage. As
discussed in [22], one can infer the location of the critical
end point from the noncritical behavior in the fluctuations
of conserved charges.

With these preparations we also investigate the kurtosis
along the freeze-out line. This provides the first equilibrium
baseline for the beam energy scan experiment from direct
functional QCD computations. Moreover, in the absence of
lattice QCD results for collision energies /syy < 8 GeV,
the present results are the first QCD results available. For
the freeze-out line we use the parametrization [61], based
on the statistical hadronization approach.

In Fig. 16 we show the kurtosis of net baryon number as
a function of /sy, along the freeze-out line from [61]. The
results are complemented by the fRG data from [22], using
corrections for the canonical ensemble. This work is done
in a sophisticated QCD-assisted LEFT that features the
chiral physics and crossover line obtained in functional

QCD in [1]. However, the setup still allowed for minor
variations of the location of the CEP with approximately
+50 MeV relative to the present one in (7). Such a
variation led to large variations of the amplitude of the
cumulants on the freeze-out line for \/syy < 10 GeV. In
turn, the peak location of the kurtosis on the freeze-out line
only showed subleading variations, see Fig. 11 in [22]. The
respective analysis readily translates to the present setup:
the amplitude of the kurtosis at the freeze-out line shown in
Fig. 16 may change with an improved computation as the
location of the CEP still has a (conservative) systematic
error of +50 MeV. In turn, the peak position can be already
read off from Fig. 16 with a good accuracy, and matches the
one of [22]. Note that this analysis is true for both the
canonical and grand canonical ensemble.

The plot also contains the STAR BES-I [80] and BES-II
[81] data of the kurtosis of net-proton number, the lattice
QCD calculation from [15], as well as the baselines
obtained from HRG [14], UrQMD [82], and the hydro-
dynamic simulation [17]. The lowest energy point of
BES-II is 7.7 GeV, and for lower energies future experi-
ments such as CEE+ (HIAF), CBM (FAIR) and NICA
(JINR) are taking data soon.

V. SUMMARY

We have computed thermodynamic observables and
fluctuations of conserved charges within first principles
functional QCD. The computational Dyson-Schwinger
setup draws from earlier investigations and technical
developments [2,27,29]. The crucial novel ingredient for
the computation of these observables is the use of the
dynamical gluonic background ¢¢ that signals confine-
ment, see Sec. [II A and Appendix B. This background
constitutes a solution of the gluonic equations of motion
and carries a considerable part of the confining infrared
dynamics of QCD. It is gauge invariant and is related to
both the temporal component of the gauge field and the
Polyakov loop. On the technical side we note that this
background can be seen as an optimal and stable expansion
point, and hence ensures a rapid convergence of the
computation. Notably, for ¢ =0 the above mentioned
observables lack even qualitative features in the hadronic
regime and cannot be used to access the transition regime
around the chiral and confinement-deconfinement cross-
overs. In turn, the results within the gluonic background are
quantitatively trustworthy.

We find that the confinement-deconfinement crossover is
close to the chiral one but features a far larger width, see
Fig. 6. Both crossovers end in the (chiral) critical end point,
see Fig. 7. The thermodynamic observables, that is the
pressure, entropy, energy density and trace anomaly, are in
quantitative agreement with the lattice benchmarks at
vanishing and small densities with pg/T < 3. For larger
densities, the present results constitute the first functional
QCD without any external input, and constitute the QCD
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benchmark for pg/T = 3, see Figs. 9 and 10. We have also
studied baryon number susceptibilities, and computed the
second and fourth order cumulants. As for the other
observables, they meet the lattice benchmarks well, see
Fig. 11 and constitute the QCD benchmarks for pz/T = 3,
see Fig. 13. This allows us to map out the kurtosis in the
QCD phase structure, the respective heat map is provided in
Fig. 14. Moreover, we have used the results to follow the
kurtosis on the chiral crossover line, Fig. 15 as well as on
the freeze-out line, Fig. 16. There, our results constitute
the equilibrium QCD baseline, in particular for
Vsny < 8 GeV, in the energy regime of the future heavy
ion experiments CEE+ (HIAF), CBM (FAIR), NICA
(JINR), taking data soon, and hopefully also NA60+,
NAG61/SHINE (CERN). There, this baseline has to be
confronted with the event-by-event measurement of the
baryon number fluctuations in these experiments. Note
however, that apart from the equilibrium nature of the
present computation, further differences have to be con-
sidered as baryon number versus proton number fluctua-
tions and canonical versus grand canonical ensembles.
This and further computational improvements relevant at
higher densities are in completion, and we hope to report on
them soon.
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APPENDIX A: THE HUNT FOR THE CRITICAL
END POINT

In this appendix we provide a brief survey of error
estimates and implicit assumptions underlying the recent

estimates for the location of the critical end point. For that
purpose we distinguish between

(i) Direct QCD computations at finite density: lattice
simulations, functional QCD.

(i) Computations in LEFTs: e.g. quark-hadron models,
holographic models, extrapolations of lattice data.

This distinction is rooted in the following property or lack
thereof:

(i) Direct QCD computations at finite density are based
on exact and closed relations for correlation func-
tions for QCD (functional QCD) or are based on
sampling from the exact probability distribution of
QCD (lattice QCD). QCD results are obtained if
functional relations are solved without approxima-
tion or the continuum limit is taken on the lattice.
Key to the reliability of direct QCD computations is
the systematics and the respective systematic error
control. Importantly, direct QCD computations have
the capacity of detecting new phases and dynamics.

(i) Computations in LEFTs can only capture what is
included explicitly or implicitly in the model at
hand. Hence, they lack the capacity of detecting all
potentially new phases and dynamics. In that sense
the extrapolation of lattice (or functional QCD) data
from low densities can be understood as a specific
subclass of low energy effective theories. Indeed, all
LEFTs should be understood as extrapolations of
QCD data and large density results in quark-hadron
models and holographic models that accommodate
the same QCD data, can be understood as specific
physics-informed extrapolations. In that sense, they
may outperform direct lattice extrapolations as they
contain more physics information. This point of
view also emphasizes the necessity and current lack
of a comprehensive systematic error analysis for
LEFT approximations.

This finalizes our discussion of the classes (i), (ii). An
example for the potential failure of LEFTs is given by the
following situation within direct extrapolations. Assume
the presence of an effect such as a resonance that emerges
at large densities and is exponentially suppressed at low
densities. Then, its signals are drowned in the statistical or
the systematic error at low densities. An extrapolation
cannot capture such an effect. Similarly, a quark-hadron
model would not be able to detect such a phenomenon if the
model does not allow for such a resonance by construction.

We also emphasize that a crude approximation in func-
tional QCD should rather be labeled as a LEFT and hence
belongs to (ii). However, systematic expansions in func-
tional QCD have the capacity of a quantitative resolution of
QCD and hence are conceptually different from LEFTs. Put
differently, in the absence of lattice results at large density
to date, they are the only QCD approach for ug/T = 3, if
the approximation is sufficiently advanced. This leaves us
with the crucial task of a dedicated and comprehensive
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systematic error analysis within functional QCD. We
emphasize that such an analysis is also required for
LEFTs and extrapolations, including the discussion of
underlying assumptions and a serious evaluation of alter-
native scenarios.

In Appendix A1 we briefly survey the state of the art
of such an error analysis in functional QCD, and in
Appendix A2 we briefly survey the underlying assump-
tions in LEFTs and extrapolations. For a more compre-
hensive analysis we refer to [22], Appendix S.2.

1. The CEP from functional QCD

In the functional QCD works [1] (fRG) and [2,3] (DSE)
estimates for the critical end point or rather the regime of
new phases has been provided, also including dedicated
systematic error analyses. In combination this has led to
the estimate

600 MeV < pp ., < 650 MeV. (A1)
All these works build on a systematic vertex expansion
scheme whose systematics has been explained and assessed
in many works in the past decade, recent discussions with a
comprehensive list of references can be found in [29,55].
Specifically, the systematic error analyses in [1-3] includes
the assessment of the relevance of dropped interaction
channels, and in particular the density and vector channels
in the four-quark scattering part of the effective action as
well as diquark scatterings. This part of the analysis draws
from the modular structure of functional relations: different
sectors of the theory are coupled by only a few connecting
diagrams, and the stability of the whole system can be
assessed by varying the strength and momentum structure
of these connecting diagrams. This is called the LEGO®
principle and has been introduced and discussed at length
in [55]. Importantly, this modular structure entails that the
systematic error analysis of functional QCD at finite
temperature and density can draw from that of a plethora
of low energy effective theories, vacuum QCD compu-
tations and dedicated tests of the importance of channels
by comparing results with and without these channels.
The error analyses also includes the assessment of
incomplete momentum dependences such as angular
dependences of vertices.

In summary, this analysis leaves us with a conservative
10% estimate for the systematic error on the location of the
phase structure for ug/T < 4: in this regime the dropped
channels and momentum dependences have been shown to
be of subleading importance. In turn, for uz /T = 4 the error
analysis, while being very advanced, lacks completeness:

First of all, the density, vector and diquark channels have
not been studied comprehensively. In a forthcoming work
this task has been completed within the fRG [83], which
will lead to a further extension of the regime with a small
systematic error.

Second, the momentum dependences of the scalar and
pseudoscalar channels have to be resolved comprehen-
sively due to the presence of a QCD moat regime
[64,65,84,85] at large density. The intersection of this
regime with the chiral crossover line is at ug/T ~ 4, and
while the nontrivial pion and sigma dispersion that signal
the moat has been first observed and accommodated in [1],
it has not been fully resolved yet. This analysis is furthered
in [86], which will lead to a further extension of the regime
with a small systematic error.

Finally, we note that different functional relations, i.e.
fRG and DSE, accommodate different resummations.
From the perspective of lattice simulations this relates
to using different lattice actions. In any case, the impres-
sive quantitative agreement of results from fRG and DSE
computations provides a further nontrivial systematic
error control even beyond the regime ug/T < 4. Note
however, that the ensuing reduction of the systematic error
is hard to quantify and hence the current quantitative
reliability bound for functional QCD, ug/T = 4, is not
informed by this nontrivial agreement. However, it still
provides further reliability for the estimate (A1), and the
assessment of the final confidence level for this estimate is
left to the reader.

2. The CEP from low energy effective theories

More recently, holographic models [8,87] and lattice
extrapolations (direct [73,88] and Lee-Yang [4,89-91])
have put forward estimates for the location of the CEP
in the regime (A1) from functional QCD [1-3]. Below we
discuss whether these results can be seen as independent
evidence for the location of the CEP, hence corroborating
the estimate from functional QCD. Alternatively, the
implicit or explicit assumptions used in the respective
LEFTs may enforce the similarity. Then, the similar
LEFT estimates do not provide further evidence for the
location of the CEP.

We start with the discussion of the implicit assumptions
of direct extrapolations of lattice data. As already men-
tioned above, these extrapolations implicitly carry the
assumption of the absence of emergent degrees of freedom
at finite density that are largely suppressed at low densities.
A specific example is the signatures of off-shell resonances
such as diquarks that are not visible at small densities.
The bases used for extrapolations such as a polynomial
basis (Taylor expansion), Padé-type resummations, the 7-
expansion, [70,92-94], as well as the expansion [91,95]
assume explicitly (in 7" expansion) or implicitly (in Taylor,
Padé) that the yz dependence is structurally the same as that
of the fermionic determinant or rather the resummation of
correlation functions by order [95]. Note that this distinc-
tion is also important for the combined systematic error
estimate of all results. For detailed investigations on that in
different extrapolation schemes, please refer to [37,96,97].
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APPENDIX B: CENTER-SYMMETRY BREAKING
IN FINITE DENSITY QCD

In this appendix we discuss the functional approach to
center-symmetry breaking in QCD at finite density. This
approach has been set up in the functional renormalization
group, including results to the QCD phase structure in
[30,31,35,39,49,50]. Its setup for DSE has been introduced
in [31], and applications can be found in [31-34], for fRG
review also discussing some of the subtleties see
Refs. [98,99]. Furthermore, it has been also picked up
and developed further in the Curci-Ferrari model [40—45],
see specifically [43] for a manifestly center-symmetric
formulation in the CF model, and [45] for a study of
center-symmetric Landau gauge QCD.

While for dynamical quarks the relation of center-
symmetry breaking to the confinement-deconfinement
phase transition is less clear, the respective nontrivial
temporal background field A, related to the expectation
value of the Polyakov loop, is essential for the rapid
convergence of expansion schemes in functional
approaches, for a discussion in pure Yang-Mills theory
see Ref. [100]. Specifically, the A, background is a crucial
ingredient for the computation of the thermodynamic
observables evaluated in the present work. While this
property of the A, background or the respective
Polyakov loop has been called “statistical confinement,”
we consider this a misnomer for the reasons above: it
simply carries a crucial dynamical information similar to
that carried by the chiral condensate in the context of
dynamical chiral symmetry breaking.

For its importance for the present work we present a
rather detailed introduction to this approach, including also
computational instructions. While most of it can be found
in the references cited above, we believe that the present
introduction helps the reader both for their understanding
but also for our own computations. In Appendix B 1 we
introduce the gauge-invariant functional order parameter
for center-symmetry breaking suggested in [30] and discuss
its relation to the A, background as well as the expectation
value of the traced Polyakov loop. In Appendix B 2 we
provide a computational guideline for the computation of
the related order parameter potential within the DSE,
including the subtleties at finite density.

1. Order parameter for center-symmetry breaking
in functional approaches

In this appendix we provide a brief review of the
functional approach to center-symmetry breaking put for-
ward in [30,31,35,49,50]. We restrict ourselves to the
physical case of SU(3) important for the present work.

a. Traced Polyakov loop

The traced Polyakov loop in the fundamental represen-
tation is sensitive to center symmetry transformation. It

may be understood as the interacting part of a static quark,
sitting at the position x for all times. Such a quark solves the
static Dirac equation for all times ¢, given the quark at some
initial time t,

q(x) = P(t.1'x)q(x'),  (BI)
with a vanishing spatial gauge field A = 0 and x = (¢,x),
x' = (#,x). The temporal Wilson line is given by

P(1 1;x) = Pe % Jy dwhale), (B2)
In (B2), P is the path ordering and g; is the strong coupling
and x is the spatial position. We now consider static quarks
and antiquarks at finite temperature with the initial time
' =0 and the final time ¢ = . Then the phase factor is
given

P(x) = P(0,5;x). (B3)
Now we consider the free energy of a quark-antiquark pair
at the positions x and y for asymptotic large distances,

lim (3(x)q(y) o lim (tr,P(x)tr P(y))

= (tr;P(x)){tr/P(y)). (B4)

with » = [jx —y|| and

P(x) = P Jo #o(ex) (BS)
In the first step in (B4) we dropped the free quark part of the
expectation value, and in the second step we have used
the cluster decomposition property. Moreover, for real
gauge fields, (B5) is simply the adjoint of P(x). The free
energy F; of the quark-antiquark state is proportional to
minus the logarithm of (B4) and for large distances it is
proportional to

lim F 5 (r) o —|log(L) + log(L)|,

r—0o0

(B6)
with the normalized traced Polyakov loops

L(x) = NitrfP(x), L(x)= %trfi’(x). (B7)

c c

Accordingly, in the confining phase of Yang-Mills theory
with a diverging free energy of a quark-antiquark the
expectation value of the Polyakov loop has to be vanishing.
In pure Yang-Mills theory the confinement-deconfinement
phase transition is phase transition between a disordered
center symmetric phase at low temperatures and a center-
broken one at high temperatures: a center transformation
with z € Z5 leads to

054019-18



FINITE DENSITY SIGNATURES OF CONFINING AND CHIRAL ...

PHYS. REV. D 113, 054019 (2026)

P — zP, 7 = e*mib: (B8a)
with
2 1
6. e O,—tg,t3——t8}, B8b
) { V3 V3 (BED)

The t* = A9/2 are the SU(3)-generators with the Gell-
Mann matrices 14 with a = 1, ..., 8. With (B8), the traced
Polyakov loop in the fundamental representation, L in (B7),
acquires a center phase under a center transformation.
Consequently, its expectation value serves as an order
parameter for center-symmetry breaking, and has the
benefit that it is easily accessibly within lattice simulations.

b. Gauge invariant eigenvalue field
of the Polyakov loop

In terms of the correlation functions of gauge fixed QCD
computed in the present work, (L) is obtained as a sum
over Ay-correlation functions of any order. Apart from the
fact that such an expectation value is difficult to access
within functional approaches, in our opinion a better-suited
order parameter is provided by the eigenvalue fields v;, that
is derived from the algebra element ¢(x) of P(x). The
algebra field and its normalization is defined with

P(x) = ¥ o), (B9)
and the eigenvalues and eigenvectors in the fundamental
representation follow as

p@)lw) =v@lw,). =123 (BIO)
The Polyakov loop P(x) transforms as a tensor under gauge
transformations U(x) € SU(3), and so does the algebra
field ¢(x). Accordingly, the eigenvalue fields v;(x) are
gauge invariant as the eigenvalues are invariant under
unitary rotations such as gauge transformation. This can
be used to write the algebra field as
¢(x) = Up(0.x)(x)U, (0.x). (B11)
where v(x) is the diagonal eigenvalue field and U, is the
gauge transformation, that rotates ¢(x) into the Cartan
subalgebra. Applying this rotation on the level of the gauge
field we find

“(x) = 9:P% B12
v =200, (B12)
where the superscript ¢ indicates that both, ¢ = v and A,
are in the Cartan subalgebra.

It is left to construct an order parameter of center-
symmetry breaking from the algebra field or rather the

eigenvalue field. To that end we consider the center

transformations of these fields, that follow readily from
that of the Polyakov loop in (B8). This leads us to
p(x) = (x) +0.. (B13)

Moreover, gauge transformations can be used to rotate ¢(x)
into the Cartan subalgebra and we arrive at

v(x) = g3(0)F + g (x)1°, (B14)

with the eigenvalue fields v;(x),

1 1
vy :E (408 i7§§03

and, with a slight abuse of notation

>, U3 = —@g, (BIS)

¢ =v P, +v_P_+15P;, (B16)
where the matrices P, are simply projection matrices
P3 = P, on the A’s entry of the diagonal,
(P4)BC = 5AC51B, (B17)
Note that the v, overdetermine the ¢;, as can be seen
from (B15). This will be used to our advantage in
Appendix B2, where the Polyakov loop potential is
computed in terms of potentials for the eigenvalues in
the adjoint representation.
With (B15), the traced Polyakov loop (B7) takes the
form

1 _2r; 4
L((pfiv 908) = 5 [6 \/glfﬂs + 26\/51(% COoS 7T§03], (Blga)
while the traced loop L in (B7) reads
= 1 £ ]
L(ps.g5) = 5[5 + 265" cos mps]. (BISD)

Equation (B18a) can be rewritten in terms of the v;(x),
using e.g.

@3 = \/3(14 -v), @3 = —l3. (B19)
Equation (B19) makes the underlying gauge invariant
nature of (B18a) apparent. The center shifts of v; following
from that of the algebra fields (B13) as

v = U + w;, (B20a)
with
2 1
wi:O,ﬁ,—ﬁ, a)3:0,1. (B20b)
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The fixed points of the combination of a center trans-
formation (B20b) with a Weyl reflection are the zeros of
L(¢s, @g), see e.g. Ref. [35].

In summary we conclude that their expectation values
v; = (D;) serve as order parameters for center-symmetry
breaking. Here, the ~ indicates field operators and we
reserve v, ¢, ... for the mean fields. The respective sym-
metry breaking information can conveniently be combined
in a single order parameter, the traced Polyakov loop of
(v(x)). It can be written as

L({93). (¢s)) = L({1)) (B21a)

with

(p3) = \/§(<l/+> —(v2)), (pg) = —(v3),

using (B19). It is left to compute the gauge invariant
expectation values v; within the DSE approach used
in the present work. This is detailed in Sec. Il A and
Appendix B 2.

We close this discussion with the remark, that it has been
shown in [35] that the difference between (L) and L((v)) is
a thermal normalization factor that diffuses the symmetry
breaking information of the order parameter already in pure
Yang-Mills theory: while L({v)) rapidly converges to unity
in the deconfined regime with 7 = 1.3T,,;, the order
parameter (L) converges very slowly and even overshoots
unity for a very large regime. Finally, while the connection
of center-symmetry breaking and the confinement-
deconfinement phase transition is a direct one in pure
Yang-Mills, this connection is less obvious in QCD, where
center-symmetry breaking is described by a soft crossover
and the definition of the confinement-deconfinement tran-
sition is still under debate. We refrain from entering this
debate here and simply use the center symmetry crossover as
a proxy for the confinement-deconfinement phase transition.

(B21b)

2. Eigenvalue potential

In Appendix B1 we have reviewed the functional
approach to center-symmetry breaking. This is based on
the gauge invariant eigenvalue fields of the Polyakov loop
or rather the traced Polyakov loop of the expectation values
of the eigenvalue fields as an order parameter, see
Egs. (B18) and (B21). It is left to compute these expectation
values within the DSE approach. We follow the back-
ground field approach to the Polyakov loop potential put
forward in [31] for general functional approaches. For more
details we refer to this work and references therein.

a. Background field approach

In the background field approach the gauge field is split
into an auxiliary background field A and a dynamical
fluctuation field a,. Then, the partial derivative in the

covariant gauge is turned into the covariant one with the
background field,

0,A,=0-D,a, =0, A, = A” +a,, (B22)
with the covariant derivative
D, =09, —ig,A,, (B23)

and D = D(A). The respective classical gauge fixed action

S[A, @] underlying the DSEs is given by,

_ e 1
SQCD[Av ¢] = / |:q(D - 7/0/’lq =+ mq)q +ZFzDFZl/

+ Sg[A, a] + Sen[A. a, ¢, €, (B24a)
where ® = (a,,c,¢,q,g) is the fluctuation superfield,
see Eq. (3). The current quark mass matrix and the quark
chemical potential are diagonal
m, = diag(mm mg, ms)7 Hq = diag(ﬂm”dvﬂs)' (B24b)
In the present work we consider pu, = puy; = u, = pug/3, see
Eq. (1). Moreover, the computations are performed in the
isospin-symmetric approximation, m, = my; = m;.

The second line in (B24a) constitutes the gauge fixing
sector with

_ 1 _
Salal = 5 / (D,a,)2.

SanlA, a,c, ] = - / ¢D,Dibct.  (B24c)

X

The covariant derivative (B23) in the adjoint representation
has the form

Dbe = §h<o, — g,Adfabe, (B25)
with (1%)%¢ = —ifc. The respective effective action
depends on the background field and the fluctuation field
separately,

F=TrA¢] ¢=(acctqq. (B2)
where ¢ is the superfield of all dynamical fields, including
not only the fluctuation gauge field a, but also the ghost and
antighost ¢, ¢ and the quarks and antiquarks ¢, g. In the
present isospin symmetric 2 + 1 flavor QCD setup we have
g = (I, s) with the light quark field / = (u, d).

The construction admits the definition of a gauge
invariant effective action

IA] =T[A, 0], (B27)
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A priori, the gauge invariance of I'[A] is that of the auxiliary
background field. However, it indeed encodes the physical
one as the respective Ward identities are related to the
STIs of the full gauge field via the Nielsen identities. Part
of (B27) is the gauge invariant Polyakov loop potential,
expressed in terms of ¢,

I'A] = / V(@) +---, (B28)

where in an abuse of notation we use ¢ also for its mean
field. Evidently, due to its gauge invariance, the Polyakov
loop potential V', can be expressed in terms of (v) or the
respective mean fields @5 g in (B21b) by simply rotating ¢
into the Cartan subalgebra. For constant fields this implies
(B12) with the components

9P 38
frd —A ’ s
P38 270

(B29)
for the dimensionless fields ¢3g. The respective dimen-
sionless effective potential is given by

1

= T3—V3F[Ao(¢)»A = 0],

Vo(99) (B30)

with the spatial volume V5. In (B30) we divided out the
four-dimensional volume V5 as well as the overall explicit

dimensional factor 7*. A given mean field can be seen as
the solution of the EoM with an external current,

oV
¢ — Je, B31
a(pc 4 ( )

with the Cartan components of the constant J,, current,

given by 2x/ (‘qsﬂ)]g'8 and J, is the zero component of
the gauge field current. The physical expectation value is
obtained for J, = 0.

b. Background DSE for the eigenvalue potential

Equation (B30) allows us to determine the effective
potential V, or rather its derivative from the respective
functional background field DSE [31]. Schematically the
latter reads

oI —=S4) 1 .3 (3) 3)
T 5 Saun,Gaa = SayeeGec = Sygn,Gag
1
S G S0 G2 G
(B32)

with the gluon, ghost and quark propagators G,,, Gz, G, 3-
Moreover, in (B32) we have used the notation

Jr—8)
sA,

FIG. 17. Functional background field DSE. Full propagators
and vertices are indicated by grey blobs, the classical vertices are
indicated by small black blobs. Gluons are represented by red
spiral lines, ghosts by back dotted ones, and quarks by straight
black ones. In contradistinction to the fluctuation field DSE, the
background field DSE also hosts a two-loop ghost-gluon term
. . 4
with the four-point vertex Sacf/io'

o A = (g
iy Pin o, ...¢; 6A

for functional derivatives with respects to the fields ¢ and
;\”. In (B32), the propagators are contracted in momentum,
Lorentz and internal indices with the vertices, a pictorial
description of (B32) is given in Fig. 17.

The Yang-Mills theory is center symmetric and the
potential is also invariant under Weyl reflections, see
e.g. Ref. [35]. Then, @g can be set to zero and (B18a)
takes real values. This choice picks up one of the minima
of the potential, and a similar choice is done on the lattice,
see the contour plot Fig. 18. In QCD with vanishing
chemical potential, the choice @g =0 is still possible,
keeping a real Polyakov loop L({v)) in (B21), see e.g.
Refs. [32,34,39,41,54]. In both situations we have
L({v)) = L({v)), reflecting (L)" = (L") at pup = 0.

At finite chemical potential this symmetry is broken
and we have (L)" # (L) due to the medium. Indeed, for
positive pp we find

(L) < (L. (B34)
Moreover, for ug # 0, the choice @3 = 0 does not con-
stitute a minimum or saddle point of the Polyakov loop

FIG. 18. Heat map of the Polyakov loop potential V,(¢3, ps),
see Eq. (B30), in the ¢3; — @g plane. We have normalized the
value of the potential at the minimum to zero.

054019-21



LU, GAO, LIU, and PAWLOWSKI

PHYS. REV. D 113, 054019 (2026)

(T, 1) = (120, 450) MeV

0.05
0.00
1§ -0.05

-0.10

02 03 04 05 06 07 0.8
©3

FIG. 19. Heat map of the Polyakov loop potential V,(¢3, ¢s),
see Eq. (B30), in the @3 — g plane, with pg = ipg. We have
normalized the value of the potential at the minimum to zero.

potential anymore, see the contour plot Fig. 19. Instead, we
find saddle points with ¢; € R and ¢g € iR, that also lead to
a real Polyakov loop L({v}), see Eq. (B18a). For a recent
comprehensive discussion see Refs. [41,42]. These proper-
ties reflect the finding in low energy effective theories
with the Polyakov loop, for respective discussions see
e.g. Refs. [101,102] and in particular the review [103].
Specifically, it has been shown in [102], that the con-
struction of model potentials that still allow for minima
for the equations of motion for (L), and hence for (v), is
incompatible with physics constraints.

The mean value (v) is derived from the solution of the
EoM for ¢;5 in (B31) for vanishing external current
J, =0,

av(/) ((p?y ’ (PS)

= O,
9p; @i=(wi)

i=3.8 (B35)

The solutions of the EoMs are the expectation values of
the algebra fields, ™™ = (¢;). The expectation value (v)
follows with (B15) and (B21b). It is left to compute
V., (@3, @3), and for this purpose we resort to a modification
of the optimized approximation scheme discussed in [31].
There, the renormalization point in Yang-Mills theory was
chosen such that the impact of the two-loop terms is
minimized around the phase transition. In the present work
we choose the renormalization point ppg = 40 GeV of
2 4 1 flavor vacuum QCD computation in [28], underlying
the computation here. Then it is checked that this indeed
minimizes the contributions of the two-loop terms by the
benchmark computations of fluctuations of conserved
charges at up = 0: our results agree well with the respective
lattice results, see Fig. 11.

We proceed with the explicit computation of the
Polyakov loop potential in this approximation. The first
two terms on the right-hand side of (B32), the gluon and

ghost loop, constitute the A, derivative of the pure glue
potential, Vgl, while the third term is the A, derivative of the
quark part of the potential, V, to wit,

Vo (@3.03) = Va(@s. 03) + Vy(@3. 03). (B36)
with the split of the glue potential in the gluon and ghost
loop parts

Vgl((p3»(p8> = Va((ﬂs,(ﬂs) + Vc(éﬂs,(ﬂs)- (B37)
Accordingly, the numerical computation of the potential is
done in terms of the ghost, gluon and quark potentials and

we illustrate this computation in detail at the example of the
gluon potential.

c. Computation of gluonic potential V,(@3.¢5)

Here we discuss the computation of the different parts of
the full potentials at the example of V,: to begin with, the
gluon loop contains a color trace in the adjoint representa-
tion and the respective eigenvalues are given by

oL ly”) = @), (B38a)
with i = 1,...,8 and the eigenvalues in the adjoint repre-
sentation
a ++3
U e <o, 0, +¢s, i%f\/_(pg) (B38b)

For the computation of the effective potential we consider
constant @3 g and hence constant eigenvalues v, and y,,. For
the sake of convenience we use the representation of the
Cartan field ¢° in the adjoint representation,

(pc,(ad) _ ngad)Piv Pi2 =P, (B39)

the analog of (B16) and (B17) in the adjoint representation.
We have dropped the contributions of the first to eigen-
values as they are vanishing, see Ref. (B38b). As in the
fundamental representation, (B39) is overcomplete.
However, we shall use this overcompleteness to our
advantage: we can turn the ¢; derivatives of V,(¢s, @g)

in that with respect to the eigenvalue field z/l(-ad),

2)
3 A Y
S Eu)AO - (ad) *
o;

(B40)

The derivatives with respect to ¢3¢ and hence that with
respect to A, follow as linear combinations of the eigen-
value derivatives, using (B39). The benefit of (B40) is the
fact, that the right-hand side of (B40) lies in the eigenspace
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of y}ad). This facilitates the computation of the color trace in
the gluon loop in (B32).

The loop also involves the gluon propagator, which is
also diagonal: to begin with, it admits an orthogonal split
inthe chromoelectric, chromomagnetic and gauge part,
% (p) + "(p)

1
__ — 1
Zj (x)x Zy (x)x

[
+ 1 (p).

Gui(p) =
(B41)

with the covariant momentum p = p(¢°) and the covariant
Laplacian x = x(¢°),

(0, +27T¢°,p), (B42)

plo°) = x(¢°) = pj.

In (B41) we have used constant backgrounds ¢ and in
such a background the projection operators IT5Y TIF take

the form
_ p,,py>
p )

with the transverse and longitudinal vacuum projection
operators

I (p) = (1= 6,0)(1  8,0) (a,w

M (p) = I+ (p) — 05 (p), (B43)

_ Puly

gl —
H (p) - 5/41/ X((ﬂc)

. ME=1-TIt.  (B44)

Finally we show that the gluon propagator is diagonal in
the coordinate system, spanned by the eigenvectors of ¢°.
We also perform the trace over Lorentz indices with
Gha8" — Ghly and arrive at

W |G (p)lwi

1
- 6” Zg(x(”i)>x(”i) +

2 ¢
ZM( Z ))x(”z) x(”i)

, (B45)

where we have used IS, =1, I}, =2 and PL, = 1.

In (B45) we have used the covariant momentum p®),
which carries no color structure,

plyis”) = pe ), (B46)
with
p¥) = (w, + 22T p), (B47)
and the respective covariant Laplacian x*i),
xW) = (22T)*(n + uga@)z +p>. (B43)

Note that (B47) and (B48) are color scalars and do not carry
a color structure such as x(¢¢) in (B42). With this
preparation it also follows, that (B40) reads

s
aU@d)

1

= (22T (n + )P, (B49)

where i is not summed over. We also have introduced the

projection operator P; on the eigenspace of ygad)

everything together, we are led to
2) 3
g 98 &’p
T -
Vs ra (ad [ZTZ/(Q,, (n+v

)
o

(B50)

. Putting

Vg 71
du(ad) 2

i

T3
{ 2
0 Z () e

With (B50) the computation of the full glue part of the
potential can be separated into the computation of three
mode potentials V4. (@) for the chromoelectric, chromo-
magnetic and gauge modes for a scalar shift ¢ of the
Matsubara frequency. These mode potentials or rather their
@ derivatives can be defined for all fields,

avmode ¢

s
5 / (n+9)fy (%), (BSIa)
neZ
with x() in (B48) and
(S8, S, SarsSe,84) = (1,2,1,-2,-2). (B51b)

The prefactor s, takes care of the relative minus sign of the
fermionic loops as well as the multiplicity of all field
modes. All internal traces have been already performed
in (B51a), which is a simple numerical sum and integral.
The 1ntegrands fg, of the fields ¢ = (at,a" c,q) are
fL L fof 4 and are provided the scalar parts of the gluon,
ghost and quark propagators computed from the respective
DSEs. They are provided in (B52) (gluons), (B56) (ghosts),
and (B58) (quarks). For the chromoelectric, chromomag-
netic and longitudinal gluons they are given by

faEM ()C) =

(B52)

Finally, the full gluon part of the Polyakov loop potential is
obtained from the mode potentials with the sum over all
modes and all eigenvalues

Va((p3v(p8) = Z Va"((p3ﬂ¢8)7

A=EM.L

(B53)
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with

8
Vi (@3, 95) =3 Z V mode.at (i),

i=1

(B54)

with A = E, M, L. The longitudinal part can be computed
analytically, it is simply half of the full one-loop potential
in Yang-Mills theory, [104,105]. With V. = Vgpy.y/2 it
follows

2 O 1\2 2 ~
Vmode,aL((p):_[4<(P__> _1:| ; @ =¢ mod 1.

(B55)

This concludes the step-by-step evaluation of the compu-
tation of the gluonic part of the Polyakov loop potential.

d. Computation of the ghost potential V (¢3.p3)

All steps are generic and the computation readily extends
to the ghost part of the glue potential. The ghost integrand
in the mode potential relation (B51a) is given by

folx) = . T2 =Z.(x)x1, (B56)

with 1,4 in the adjoint representation.

e. Computation of the quark potential V,(¢3.¢5)

The quark part V, of the potential follows similarly.
However, the quark carries the fundamental representation
and hence we have

E Vmode q a

a==+3

q(@3. 95) (B57)

with the eigenvalues in the fundamental representation
provided in (B15). The integrand f, of quark mode
potential (B51a) is given by (18), and we recall it here
for the sake of completeness,

1 1
7E ZMN 2 :
%ot () 07+ M

fo(Pgop ) = (BS8)

The matrix valued quark momentum (16) reduces to

pq - (a)q,n + 27Z(p - i,uqvp)’ (B59)

with the eigenvalue ¢ instead of the color matrix ¢¢ in (16).
Evidently, the quark momenta p, are different from that of
the gluons and the ghosts in (B42) and (B48): we have to
accommodate the quark chemical potential u, as well
as the quark Matsubara frequencies w; = 22T (n + 1/2).

Furthermore, all quark dressings Z = Zg‘M , M, depend on
pq and p, separately,
Z=2pyn,). (B6O)
This parametrization is amiable to the Silver blaze property:
at 7 = 0 and below the baryonic onset chemical potential,
Hg < ygm), the dressings only depend on x,: their imagi-
nary part originates solely in the imaginary part of the
: (on)
complex variable x,. In turn, for p, > pg4
develop a genuine y, dependence.
In the present work we consider temperatures
T zZ 100 MeV. Instead of (B60) we use the approximation

, the dressings

Z~Re(Z)(py(ug = 0). pq)

+1Im(Z)(py (g = 0). 1) (Bo6l1)
The split of the dressings Zg'M , M in their imaginary and
real parts suits the numerics and suffices for the present
purpose. This concludes the discussion of the numerical
computation of the Polyakov loop potential.

f. Eigenvalue potential and Eigenvalues at finite up

In summary, the glue part of the Polyakov loop potential
in the present approximation still carries the center sym-
metry while the quark breaks it explicitly. Consequently,
the center-symmetry phase transition in Yang-Mills theory
turns into a rather soft crossover in full QCD with
dynamical quarks. Moreover, at finite chemical potential,
the quark part of the potential is complex for nonvanishing
@s: V(93,95 # 0) € C, while it is real for g3 = 0. Hence,
the respective effective potential and the effective action are
functionals of the complex variable @g as discussed in
detail in [106]: the Legendre transform with respect to A is
defined at vanishing p, and the effective action at yg # 0 is
the analytic continuation of that at u, = 0. The latter is
defined by the functional relation for I'[A, @] itself, either
the DSE as here or the fRG as discussed in [106]. This
entails, that the effective potential depends on the complex
fields ¢;, but not their complex conjugate ¢; . It satisfies the
Cauchy-Riemann equations

oV, (03, ¢3)

=0, i=3.8,
op; l

(B62)

and is computed as detailed above also for u, #O0.
Equation (B62) has to be paired with (B35) for a compu-
tation of the solutions 53" of the EoM:s at finite chemical
potential. Moreover, the solution of the equations of motion
still define the vanishing current J, = O required for the
definition of correlation functions. At finite y, the solutions
to the EoMs are now saddle points and not minima,
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see Fig. 19. Moreover, taking the u, derivative of the
EoMs (B35), one can show that

Oy, (3) ER, Oy, (@g) €iR. (B63)
More explicitly, the u, derivative of the EoM leads to
the relations

1
0, (93) = —[Vy3sVpus = VossVousl
Hq det Vé}z) P, PHq @ PHg
1
0, (P3) = 757 Vp38Vpus = VossVousl (B64)
Hyq det V(</)2> @ PHq 2 P:Hg

where the right-hand side is evaluated at ¢; = (@;). In
(B64) we have used the short hand notations

v, v,
0p;0p; PHE O, 0p;

(B65)

Voij

This concludes the discussion of the numerical computa-
tion of the Polyakov loop potential. Inserting the purely
imaginary expectation value for ¢g and the real one for g3,

p3.1¢3) = ((@3). (P3)), 73, s €R,
(@3.1p5) = ((93). (@s)) P3. Ps ER (B66)
in (B18), we arrive at
1 _ _
L(p3,ipg) = 3 [€2705/Y3 1 2¢7705/V3 cos 3],
_ 1 _ _
L(@3.ips) = 5 [e=270s/V3 1 26795/ V3 cos 1) (B67)

The order parameters L,L€R in (B67) take real
values. We close this discussion with the remark, that
L({#)),L({¢)) have no direct physical meaning even in
pure Yang-Mills theory. They serve a twofold purpose: they
constitute optimized order parameters for center-symmetry
breaking as well as encoding the optimal expansion point or
gluonic background for the vertex expansion in functional
approaches. As such, they encode relevant dynamics of
observables such as the thermodynamic observables dis-
cussed here.

APPENDIX C: FURTHER RESULTS ON QCD
THERMODYNAMIC FUNCTIONS

Here we summarize some additional results on QCD
thermodynamic functions which compare the case with and
without feedback of the gluonic background ¢.

First, we provide further details concerning the relevance
of the dynamical background for the fluctuations of
conserved charges, complementing the respective discus-
sion in Sec. IV B, see Fig. 12. In Fig. 20, we show the more
detailed comparison of the second-order susceptibilities
x5 and the kurtosis y%/y% with and without gluonic

I I free Iquark i
63y . 3
0.2 7
L'D;}l P 7
LV

0.14 —xZ with @3 and g
———-Xf with @3 only
--= XZB without ¢

0.0 T T T T

120 140 160 180 200 220
T [MeV]
1.0 HRG Kurtosis with ¢3 and @g| |

=== Kurtosis with ¢3 only
= - —- Kurtosis without ¢

0.8

2306 7T

o<

=
0.4
o2y TS
0.0 . : ‘-fr;e.f‘—“ém R _
120 140 160 180 200 220
T [MeV]
FIG. 20. Impact of ¢* and ¢® background field on the baryon

number susceptibilities y5 and the kurtosis y2 /% as a function of
temperature at yp = 0 and py = pug = 0.

background. We compare the full computation with ¢¢
with that with ¢ = 0 already shown in Fig. 12 as well as
that with @® = 0 and ¢* # 0: This background is obtained
by solving the EoM for ¢* at fixed ¢® =0 instead of
solving the full equations of motion (B35). We draw the
following conclusions: Both, @ and @8, suppress the value
of the baryon number susceptibilities at low temperatures,
which are also responsible for recovering the low-
temperature limit of the kurtosis and the limit y% /45 =1
for weakly interacting baryons at 7 = 0 is not obtained. As
expected, the leading contribution for the 7 =0 limit
comes from >, while ¢® gives a subleading contribution
compared with A. Moreover, its effect is rather small in %,
but it is not negligible in the kurtosis at low temperatures,
see Fig. 20. We expect that the inclusion of the full
dynamical background has an increasing importance for
higher-order fluctuations. We also expect that the gluonic
background is of increasing importance for the QCD
thermodynamics at larger baryon chemical potentials.

The respective analysis is summarized in Figs. 21 and 22
(thermodynamics):

We first discuss the kurtosis shown in Fig. 21: We
conclude from our results that the kurtosis without the
dynamical background fails to even show the qualitative
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Kurtosis with ¢: without ¢:
g =0 MeV - = -1 =0MeV
g = 150 MeV 1g = 150 MeV
14 HRG ——Hg =250 MeV == -y =250 MeV| |
— = -1y = 350 MeV
mo
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oY e
= L~ _
04 -------K---S===— -
T T T T
120 140 160 180 200 220
T [MeV]

FIG. 21. Baryon number kurtosis y% /x5 for yp = us =0 as a
function of temperature, with (solid) and without (dashed) the
inclusion of the gluonic background ¢. The comparison is given
at several pp values: 0, 150, 250 and 350 MeV. We also show the
HRG limit y% /% = 1 at low temperatures.

features in the hadronic phase and its amplitude is off in the
crossover regime and the hadronic regime. However, basic
features such as the occurrence of nonmonotonicity persist

129 e —wr o — 1g/T=2.0 —IpB/T=3.0 ]
without ;= = -pg/T=1.0 — = -pg/T=2.0 — = -pp/T=3.0
0 ]
0.8 ]
°
Y B —— ]
c -
044 ]
024" L. ]
0.0- , .
100 150 200 250
T [MeV]
with ¢: I—pE/T=1.0 — ug/T=2.0 I—;LB/T=3.0

without @1 = = - ug/T=1.0 = = -g/T=2.0 = = -pg/T=3.0

200
T [MeV]

150 250

FIG. 22.

and the respective temperature regimes are comparable,
even though only qualitatively. This corroborates the
qualitative behavior of the fluctuations on the freeze-out
line as analyzed in [12].

Finally, we analyze the relevance of the dynamical
background for the kurtosis with a similar one for the
net-baryon number density, pressure, entropy density and
energy density discussed in Sec. IVA. This comparison is
shown in Fig. 22 for ug /T = 1.0, 2.0, 3.0. It is clear that the
differences in the thermodynamic functions increase
toward lower temperatures: the differences are sizeable
for temperatures about and below the crossover temperature
and grow larger for increasing baryon chemical potential.

In summary, the inclusion of the gluonic background is
of crucial importance for both the qualitative and quanti-
tative behavior of thermodynamic observables at finite
baryon chemical potential. Moreover, its importance grows
even stronger with increasing baryon chemical potential.

APPENDIX D: COMPUTATIONAL DETAILS

The computations of thermal sums can be sche-
matically written as the Matsubara sum and the

T T
With @7 —— g/ T=1.0 —— pg/T=2.0 —— pg/T=3.0
4 4 |without @: — — -pg/T=1.0 = = -pg/T=2.0 = = - g/T=3.0 4

200
T [MeV]

250

I I
With (= g/T=1.0 = 1g/T=2.0 = p1/T=3.0
without p: = = - ug/T=1.0 = = -pup/T=2.0 == -pg/T=3.0

200
T [MeV]

150 250

Impact of dynamical gluonic background on thermodynamic observables in QCD: baryon number density ny /T3, pressure

P/T*, entropy density s/7° and energy density ¢/T*, as functions of temperature evaluated at uz/T = 1.0, 2.0, 3.0.
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spatial-momentum kernel

function f,

F= I/(@,

with x = p?> the Laplacian. For computational con-
venience we consider the difference of the thermal
sum [2,27],

integral of a

Y-y o

p

specific

F(:Z4(x) = f(:Z8)) + Af,
Af = f(x:Zy(x) = f(x:Z))).

with a finite momentum cutoff A and Zg)) is the wave
function of the field ¢ at the cutoff. The thermal sum
in f,(x; Z((/)O)) can be evaluated analytically in the limit
A — o0,

Yore = Yarezoe + Yooz o3

p p P

(D2)

We take the O(4) cutoff for the difference sum,

/
i for @2, +p* < A2, (D4)

p

and set its cutoff scale to be the same as the
renormalization scale of the propagators, which is
A=40GeV. For the sum of quark number densities
(21) at finite p, we apply an additional regularization
for the spatial-momentum integral with the contour
integration technique, see Refs. [12,107] for the
details in Euclidean space.

It also turns out to be convenient to apply a further
approximation to the quark mass function for achieving a
better convergence on the numerical sums of (21) at low

temperatures, if combined with the contour techniques. For
simplicity we illustrate this approximation in the case of
vanishing background ¢, that is A, = 0. Without loss
of generality, one can define the mass components M,
and M7 with the momentum pairs p; = (£, , — iu,.P)
where @, , > 0,

1

Mq,+(p;) :_[Mq(pq+>+Mq<pq_)]’ (DS)

[\

1
Mq,—(p;;) :E[Mq(p;r)_Mq(p;)}' (D6)
The function M, is readily obtained from the mass
function M,. Conversely, M, can be reexpressed using
M, and M, _ with the positive (+) frequencies in p,,. The
additional approximation concerns the M, _ component: an
analytic expansion on M, with respect to the Laplacian

x, = p3 in (D6) yields,

M 2i oM, (D7)
—~=2iw, ,u ,

q 14 ox,
which vanishes under the limit of w,, — 0. However, in
numerical calculations such an imaginary contribution
from (D7) results in a slow convergence of the spatial-
momentum integral in (21) at low 7. Hence, we neglect the
M, _ component for the lowest frequencies w, = +x7T and
use instead,

M, (pg) =M, (pf)  pyo=+aT—ip, (D8
in the kernel function f,(p,.pu,:M,) for the thermal
sums of quark number densities. We have thoroughly
tested the accuracy of this approximation and the
respective error is less than 5%. Finally, it can be used
readily in the presence of the dynamical gluonic back-
ground: one simply replaces iy, with iy, —27¢° in the
above derivations.
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