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The search for a first-order phase transition in strongly interacting matter is one of the major objectives in
the exploration of the phase diagram of quantum chromodynamics (QCD). In the present work we investigate
dilepton radiation from the hot and dense fireballs created in Au-Au collisions at projectile energies of 1–2 AGeV
for potential signatures of a first-order transition. Toward this end, we employ a hydrodynamic simulation with
two different equations of state, with and without a phase transition. The latter is constrained by susceptibilities
at vanishing chemical potential from lattice-QCD as well as neutron star properties, while the former is
implemented via modification of the mean fields in the quark phase. We find that the latent heat involved in
the first-order transition leads to a substantial increase in the low-mass thermal emission signal by about a factor
of two above the crossover scenario.
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I. INTRODUCTION

Mapping out the phase structure of strong-interaction mat-
ter under extreme conditions of temperature and density is a
central goal of (ultra-) relativistic heavy-ion collisions (HICs).
Numerical evaluations of quantum chromodynamics (QCD)
on a discrete space-time lattice, so-called lattice QCD (lQCD),
have revealed that the early universe, where the baryon chem-
ical potential (μB) was very small, evolved via a smooth
crossover transition from a state of deconfined quarks and
gluons into a medium of color-neutral hadrons with sponta-
neously broken chiral symmetry [1]. The observations made
to date in ultrarelativistic HIC experiments at the Super Proton
Synchroton (SPS), Relativistic Heavy-Ion Collider (RHIC),
and the Large Hadron Collider (LHC) generally support the
lQCD result. In particular, a chemical freeze-out temperature
was extracted from the composition of the observed hadron
species [2] which coincides, within uncertainties, with the
pseudocritical temperature of Tpc � 155 MeV extracted from
lQCD at μB = 0 [3,4].

Contrary to the investigation of QCD matter at small
baryon chemical potential in HICs at the high-energy frontier,
the structure of the phase diagram at high baryochemical
potentials is much less explored. This region can be accessed
experimentally by lowering the collision energy. Due to the
initial energy. degradation of the nucleons, lower collision
energies produce a central zone with increasing net baryon
density (i.e., higher μB, accompanied by a reduced production

of antibaryons), until the matter compression decreases again
at still lower energies. As lQCD computations become rather
challenging with rising μB, theoretical guidance in this region
of the phase diagram largely resorts to effective theories or
QCD-inspired models. Many of these approaches predict the
occurrence of a first-order transition between hadronic and
deconfined matter, often embedded into a rich structure of
hitherto unknown phases of QCD matter.

Several new experimental facilities are aimed at exploring
the high-baryon density region of the phase diagram [5], and
various observables have been suggested as key facilitators
in this effort. For example, the azimuthal-angular dependence
of the transverse-momentum spectra of hadrons, associated
with collective flow patterns developed by the medium in
noncentral collisions [6–9], has been proposed as a signal
of a softening of the equation of state (EoS), most notably
within fluid dynamical simulations of the expanding fireball.
However, these simulations usually depend on parameters that
specify the initial-state configurations and freeze-out criteria
[10,11], which significantly affect their interpretations; in ad-
dition hadronic rescatterings in the more dilute phases tend to
wash out the information from the EoS-driven expansion [12].
Alternatively, the formation of density fluctuations caused by
a spinodal decomposition or nucleation in a first-order phase
transition [13,14], or fluctuations at a second-order critical
endpoint (see, e.g., Refs. [15–19]), have been widely inves-
tigated. However, it remains a challenging question whether
fluctuations in coordinate space can be preserved in hadronic
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final-state observables when using realistic simulations of the
fireball [9,20].

Electromagnetic (EM) radiation does not suffer from sev-
eral of the aforementioned disadvantages. As photons and
dileptons are emitted continuously throughout the fireball
evolution with negligible final-state interactions, they pro-
vide a unique tool to probe the microscopic properties of
QCD matter created in (ultra-) relativistic HICs [21]. Over
the past two decades, it has been found that the measured
dilepton (and with some caveat photon [22]) spectra at the
SPS, RHIC, and the LHC can be successfully described using
thermal emission rates from the QGP (calculated, e.g., in
hard-thermal-loop perturbation theory and/or constrained by
lQCD) and hadronic matter (calculated using hadronic many-
body theory). In particular, the melting of the ρ meson causes
the hadronic rates to merge into the QGP ones in the expected
transition region, which indicates a change in degrees of free-
dom from hadrons to partons and is also compatible with
chiral symmetry restoration [23]. These findings are rather
robust against details of the space-time evolution. For exam-
ple, time-dependent thermal blast-wave expansions [24,25],
relativistic fluid dynamics [26], and microscopic transport
simulations [27,28] give rather similar results as long as the
final-state hadron yields and spectra are consistent with the
measured ones. As such, the current interpretation of dilepton
and photon data does not exhibit indications of a first-order
transition. However, this situation may change at lower colli-
sion energies. For example, it has recently been suggested that
EM radiation may be sensitive to a local density clumping and
a longer lifetime of the fireball when the medium undergoes
a first-order phase transition [29,30], see also Ref. [31] for an
early investigation of dilepton transverse-momentum spectra
for different phase transition scenarios.

The purpose of the present work is to investigate whether
dilepton radiation in nuclear collisions at beam energies of
the Schwer-Ionen-Synchroton (SIS18) facility are sensitive
to the presence of a first-order phase transition. In particular,
the associated latent heat is generally expected to lead to a
significantly different bulk evolution compared to a crossover
transition, and we will quantify how this difference manifests
itself in the thermal dilepton emission from both scenarios. In
addition to two ideal-hydrodynamic evolutions, we will also
compare the results to our previous calculations using coarse-
grained transport simulations of the fireball in 1.23 AGeV
Au-Au collisions [28]. This will allow us to obtain an estimate
of the uncertainty in the space-time evolution by using both
the small and large mean-free-path limits (hydrodynamics and
kinetic transport, respectively) for the background medium
in the evaluation of dilepton emission, while the effects of
viscosities on the fluid-dynamical evolution will be deferred
to a future study.

Our article is organized as follows. In Sec. II we introduce
the dilepton emissivity of hot and dense matter, how it relates
to the EM spectral function of the medium, and how it is
employed to compute dilepton spectra in heavy-ion collisions.
In Sec. III, we first recall our previously used coarse-graining
procedure of the ultra-relativistic quantum molecular dynam-
ics (UrQMD) transport model (Sec. III A) and then lay out
the basic ingredients to our hydrodynamic evolution model

(Sec. III B), including a discussion of the two equations of
states used in this work (Sec. III C). In Sec. IV we benchmark
the final-state pion spectra of the different evolution models
against each other (Sec. IV A), inspect the space-time evo-
lutions in terms of temperature and baryon density profiles
(Sec. IV B), and present and discuss the pertinent dilepton
spectra (Sec. IV C). We also address the occurrence of (pre-
sumably artificial) high-temperature hydro cells at the fringes
of the fireball in the hydro evolution and their potential impact
on our results. We summarize and conclude in Sec. V.

II. DILEPTON EMISSIVITY AND SPECTRA

The phase-space distributions of dileptons provide valu-
able insights into the temperature, collectivity, and spectral
structure of the medium created during a nuclear collision.
Generally speaking, large values of the invariant mass, M,
and three-momentum, q, of the lepton pair are associated with
early emission in the evolution history, although momentum
distributions are also blue-shifted by the collective flow of the
medium which becomes large(r) in the later stages.

Our starting point is the differential emissivity of the
medium,

ε = dNee

dV dtd4q
, (1)

which defines the radiation rate of virtual photons from a
cell of strongly interacting matter per unit time and four-
momentum. In thermal equilibrium [32,33], one has

ε = −α2
EM

π3

L(M )

M2
f B(q0; T ) Im�EM(M, q; μB, T ), (2)

where αEM is the EM coupling constant, Im�EM the EM
spectral function of the QCD medium (i.e., the imaginary
part of the EM current-current correlation function, �EM),
f B(q0; T ) the thermal Bose distribution, evaluated in the
restframe of the medium cell moving with four-velocity, L(M )
the lepton phase-space factor, and q0, q, and M =

√
q2

0 − q2

the virtual photon’s energy, three-momentum and mass,
respectively. In hadronic matter, the main contribution to the
EM spectral function in the low-mass region, M � 1 GeV,
is directly related to the spectral function of the ρ meson,
Im�EM = (m4

ρ/g2
ρ ) ImDρ , via the vector dominance model

(much smaller contributions from the ω meson are also
included).

In this paper, we utilize the EM spectral function in
hot and dense hadronic matter of Refs. [25,34], consisting
of in-medium ρ- and ω-meson spectral function calculated
from hadronic many-body theory [24] and supplemented by
a four-pion continuum with chiral mixing at masses above
≈1 GeV. Compared to earlier studies in the SIS18 energy
regime [27,28,35] which were based on a four-dimensional
(4D) parametrization of the spectral functions, we here em-
ploy the explicitly calculated results (on a suitable grid of
temperature and baryon chemical potential, as well as in-
variant mass and three-momentum). The latter, in particular,
provide improved accuracy at total baryon densities above
saturation density, �0. Since the emission rates for deconfined
matter in the high-μB region are not well known, we use
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the hadronic in-medium rates over the entire course of the
collisions. Due to the above mentioned quark-hadron duality
of hadronic and partonic degrees of freedom in the transition
region, this appears to be a fair choice.

As an alternative test case, we will also conduct cal-
culations with the simple leading-order perturbative qq̄
annihilation rate (neglecting any μB dependence), given by

Im�EM(M ) = − M2

12π

[
1 + αs(M )

π
+ · · ·

]
Nc

∑
q=u,d

(eq)2,

(3)
where Nc = 3 is the number of colors, and the charge sum is
over the light up and down quarks. Using this rate essentially
eliminates any nontrivial medium effects in the spectral func-
tion and thus maximizes the sensitivity of the dilepton spectra
to the temperature evolution of the ambient medium, encoded
in the thermal Bose distribution in the emissivity.

Dilepton spectra suitable for comparison to experimental
data, as a function of invariant mass M, transverse momentum
pT (in the laboratory frame), and rapidity y, dNee

dMd pT dy , are
obtained by convoluting the emissivity over the space-time
evolution of the fireball. For a hydrodynamic evolution, one
can straightforwardly employ the discrete space-time cells
used for its numerical evolution. The calculation of the dilep-
ton spectrum then reduces to a discrete sum of the dilepton
rates dRi

dMd pT dy = 2π pT Mεi from each cell i at given tempera-
ture and baryon density, weighted by its four-volume 	V 	t
in the local restframe,

dNee

dMd pT dy
=

∫
d4x

dR

dMd pT dy
=

all cells∑
i

dRi

dMd pT dy
	V 	t .

(4)
To evaluate the four-momentum, qμ, of the lepton pair
in the thermal restframe (figuring in the Bose distribution and
the spectral function), each set of values of M, pT , and y
in the laboratory frame is transformed into �q and q0 using
the cell’s four-velocity uμ = γcell(1, �βcell ), by computing the
Lorentz scalar p · u,

q0 = pμuμ = γcell[p0 − βT,cell pT − βZ,cell mT sinh(y)]. (5)

The invariant-mass spectrum is simply obtained by integrating
dNee

dM d pT dy over the pair transverse-momentum and rapidity,

dNll

dM
=

∫
d pT dy

dNll

dM d pT dy
. (6)

III. DYNAMICAL DESCRIPTIONS OF NUCLEAR
COLLISIONS

The standard description of the bulk dynamics of nuclear
collisions at SIS18 energies to date utilizes semiclassical
transport models by simulating the Boltzmann equation for
the collisions of various hadrons, sometimes including the ef-
fects of nuclear mean-field interactions [36–43]. While these
transport models can successfully describe most particle spec-
tra and flow phenomena, the introduction of a first-order
(deconfinement) phase transition is a challenging task (see,
e.g., Refs. [44,45] for recent progress using an effective mean-

field approach). In the current work we will therefore employ
another approach for the dynamical description of nuclear
collisions, namely ideal relativistic fluid dynamics. To illus-
trate the uncertainty of the role of the bulk evolution model
for dilepton emission, we will compare the spectra from the
hydrodynamic evolution with crossover transition to the ones
from the kinetic transport approach of UrQMD.

In this section, we briefly review the basic features of the
hadronic transport model and its coarse graining (Sec. III A),
the ideal-hydro evolution (Sec. III B) as used in this work, and
discuss the two EoSs corresponding to the crossover and first-
order transition scenarios (Sec. III C).

A. UrQMD transport model

The UrQMD model is a microscopic transport model based
on the propagation and scattering of hadrons and their reso-
nances. The interaction of hadrons is based on their vacuum
scattering cross sections which are implemented geometri-
cally, i.e., via a distance of closest approach criterion. Binary
interactions can either lead to elastic scattering or the excita-
tion of either resonances or string configurations (the latter are
negligible at the beam energies considered in this paper). The
corresponding reaction cross sections, as well as the different
partial resonance decays widths, are taken from either experi-
mental data [46] where available, or theoretical considerations
(e.g., constituent quark scaling or model predictions).

For nuclear collisions at SIS18 energies, the inclusion of
nuclear mean-field interactions is considered an important
part of the dynamical description of the system. For exam-
ple, the maximally achieved density is rather sensitive to
these interactions, with typically ≈30–50% smaller values in
the presence of repulsive mean fields. Here we employ the
standard nuclear-potential implementation of UrQMD, with
a Skyrme potential where nucleons are treated as Gaussian
wave packages for calculating the local net-baryon density
[38],

VSk = α ·
(

ρint

ρ0

)
+ β ·

(
ρint

ρ0

)γ

. (7)

The potential parameters, α = −124, β = 71, and γ = 2,
control the stiffness of the nuclear EoS and are chosen to best
describe the different flow harmonics of nucleons as well as
light nuclei as measured by the HADES experiment [47,48].
In particular, the incompressibility at nuclear saturation den-
sity for the case of momentum-independent potentials as used
here amounts to 380 MeV, which yields comparable results
to using momentum-dependent potentials with a value of
270 MeV.

To obtain the dilepton yields from the UrQMD simulation
we follow the coarse-graining approach described in detail in
Ref. [28]. The space-time evolution of an ensemble of 104

events at a fixed impact parameter (b = 2 fm) is discretized
into a grid of individual cells of size 	V4 = 1 fm31 fm/c.
For each time step the UrQMD particles are smeared with a
three-dimensional Gaussian around their position and filled
into the cells. As thermalization criterion we require the ma-
jority (>70%) of nucleons in a given cell to previously have
experienced at least three interactions with other particles
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(elastic or inelastic, including resonance decays). Cells that
do not fulfill this criterion are not included in the calculation
of dilepton emission. This criterion removes most cells from
the early time steps while the two nuclei still penetrate each
other, roughly for the first ≈7 fm/c after the nuclei start to
touch. This procedure is corroborated by recent work [49]
which shows that after this time the energy-momentum ten-
sor is indeed near isotropic using the criterion developed in
Ref. [50]. The baryon density inside each cell is determined
by evaluating the baryon four-current, jμ; the latter also yields
the cell’s velocity needed to boost the hadron (and dilepton)
momenta into the local restframe of the cell. The cell temper-
ature is then obtained from the slope of an exponential fit to
the transverse-momentum spectrum of pions inside the cell.

Temperature, cell velocity and baryon density serve as
input parameters to the local dilepton rate. The spectrum
of thermal dileptons is determined by summing over the
contribution of all cells (weighted by the cell four-volume).
To compare the coarse-grained UrQMD result on an equal
footing to the space-time evolution from the fluid dynamics
simulations, cells with temperatures below 50 MeV or an en-
ergy density below 0.9ε0 are not considered for the calculation
of dilepton spectra.

B. Ideal fluid dynamics

Fluid dynamics has been used early on to simulate low-
energy nuclear collisions [51–53] and has by now become
the state-of-the-art model in the ultrarelativistic regime at the
LHC and RHIC and down to SPS beam energies. A main
advantage of fluid dynamics is that it is directly based on the
EoS of the medium, and thus its manifestation in observables
can be readily studied. In the present context, the inherent
assumption of (near) local-equilibrium of the medium cells
allows for a straightforward calculation of thermal dilepton
spectra as discussed in the previous section.

The equations of ideal fluid dynamics, under the conserva-
tion of the baryon number four current, are given by

∂μT μν = 0, (8)

and local flavor conservation,

∂μ jμ = 0, (9)

essentially expressing the conservation of energy momentum
and net baryon number. In principle, the fluid’s energy-
momentum tensor can be extended to higher-order corrections
due to local momentum anisotropies which would lead to
the formulation of an effective viscous fluid dynamics model.
Since in the current work we are mainly interested in the bulk
evolution of the system driven by low-momentum particles, a
nonviscous evolution is usually a fair approximation. This also
saves us the introduction of additional transport parameters
which, at high μB, have not been reliably assessed to date.
For example, in Ref. [54] empirical hydrodynamics-based
extractions of η/s from Au-Au collisions in the RHIC energy
regime (

√
s = 7.7–200 GeV) have found a moderate increase

toward lower energies, from about 0.1 to 0.2. However, such
extractions are beset with significant uncertainties in other
ingredients of the simulations, such as the initial-state config-

urations, formation times, or the temperature dependence of
η/s. In a transport-based hadron resonance matter study [55]
it was found that η/s is rather constant with chemical potential
and even tends to decrease slightly with μB for temperatures
pertinent to the present study, T � 80 MeV. On the other
hand, perturbative studies in deconfined matter usually predict
higher η/s values when the quark fraction is increased due
to reduced color-Casimir factors in quark- relative to gluon-
induced scatterings. Clearly, more careful studies of viscosity
effects in hydrodynamic simulations of heavy-ion collisions
at relatively low energies are needed and how they impact
the emission characteristics of EM radiation. This is, however,
beyond the scope of the present paper.

The fluid dynamic equations are solved on a 3+1-
dimensional Euclidean grid with cubic cells of size 	x =
0.2 fm and with a time step of 	t = 0.08 fm/c, to adequately
ensure current conservation, using the well-tested SHASTA
code [56]. In particular, it has been extended with a local
finite-range term which is mandatory for the treatment of the
spinodal region in the first-order scenario [13]. The initial-
ization of the fluid dynamical simulation is done with two
Lorentz-contracted, properly normalized, Wood-Saxon distri-
butions in the center-of-mass frame of the collision, just prior
to contact. As fluid dynamics assume instant local equilibrium
in every cell, the energy, momentum, and baryon number
of the two incoming nuclei is very rapidly stopped in the
simulation. For higher beam energies this can lead to issues of
overestimated stopping. However, it is known that the amount
of entropy per baryon produced due to the shock heating is
comparable to transport simulations [57]. Transport simula-
tions also suggest that the assumption of thermalization is
justified after a few fm/c [58].

In the present paper we will focus on the effect of a first-
order phase transition on the bulk evolution to estimate the
emerging dilepton production; for that purpose we restrict
ourselves to the evolution of event-averaged densities and
temperatures, as was also done in our previous studies using
the coarse-grained transport approach. The implementation
of density fluctuations would involve additional model un-
certainties while likely not improving the accuracy of our
calculations in this exploratory study.

C. Equation of state

The EoS relates the pressure of the fluid, P ≡ P(ε, nB) to
other thermodynamic quantities, i.e., energy and net-baryon
density. Since first-principle lQCD computations for the EoS
at large μB are not available, we resort to a model calcu-
lation constrained by phenomenology in terms of the chiral
mean-field (CMF) model as developed by the Frankfurt group
[59], which in essence is a chirally symmetric linear σ -ω
model with an explicit mass term for the baryons which
preserves chiral symmetry. This choice is based on the idea
of the parity doublet model of ground-state baryons and
their excited opposite-parity partner states [60–63]. In this
scenario, chiral symmetry restoration is realized through a
degeneracy where the mass of the excited state drops to
the one of the ground state. This mechanism is supported
by baryon correlation functions computed in QCD [64], as
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TABLE I. Variations of parameters in the Frankfurt CMF model
that allow to change from crossover (for T > 50 MeV) to a first-order
phase transition at higher T .

Parameter Crossover First-order phase transition

gqσ 2.5 5.2
gsζ 2.5 4.2
gqω 0.0 3.0

well as by dilepton spectra in ultrarelativistic HICs where
the ρ width strongly increases but its in-medium mass is
essentially stable and degenerates with a dropping a1 mass
[23]. The CMF model also includes a smooth transition to
a deconfined quark phase, where the thermal contribution of
the quarks is added to the grand-canonical potential in anal-
ogy to Polyakov-loop Nambu-Jona-Lasinio models [65,66],
while hadronic degrees of freedom are gradually suppressed
through an excluded-volume prescription effectively acting on
the chemical potential of all hadrons [67]. In Ref. [68] the
parameters of the quark phase were chosen to reproduce a
smooth crossover from hadronic to quark degrees of freedom,
consistent with lQCD findings at μB = 0 [3]. As a result, the
chiral transition remains a crossover down to temperatures of
T > 50 MeV, below which a weak first-order phase transition
develops. It was also shown [69] that this EoS is consistent
with constraints from neutron star mass-radius relations and
neutron star mergers; its incompressibility at nuclear satura-
tion density is compatible with that of the UrQMD model with
mean fields as described above.

Since, in the current work, we want to investigate the ef-
fects of a first-order phase transition in nuclear collisions, the

parameters of the model can be modified for this transition to
develop at higher temperatures, although the pertinent change
in parameters will generally create a tension with lQCD EoS
near vanishing μB. However, the aim of this paper is to find
experimental observables which are sensitive to such a phase
transition which is complementary to the theoretical analyses.
The changes in parameters from the crossover to the first-
order transition are summarized in Table I; they amount to
changing the coupling strengths of the free quarks to the scalar
fields (nonstrange σ and strange ζ ) as well as the repulsive
vector field ω (cf. Ref. [68] for further details). We note that
these couplings do not change the nuclear matter properties
of the model but do affect the phase structure of the matter at
high density.

To illustrate the properties of the two different EoSs the
isothermal speed of sound for both parametrizations is shown
in Fig. 1. With our parameter choice a smooth crossover,
relatively stiff EoS (Fig. 2) can be changed to a first-order
phase transition in the density range relevant for heavy-ion
collisions at SIS18 energies. The width of the transition is
illustrated in the left panel of Fig. 1 by the mechanically unsta-
ble phase of the transition with negative c2

s < 0 (as blue band)
and by the spinodal lines (dashed black lines) which mark
the appearance of metastable phases in the phase diagram.
The resulting latent heat amounts to a discontinuity of about
85% in the entropy density (relative to the mean value in the
transition).

The approximate dynamical evolution of the system is
indicated in the left and right panel of Fig. 1 by the trajec-
tories of the central cells of the fluid dynamical simulations
for central (b = 2 fm) Au-Au collisions at a beam energy of
Elab = 1.23 AGeV. These trajectories essentially correspond
to an isentropic expansion after the largest compression has
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FIG. 1. Speed of sound for first-order EoS (left panel) and the crossover EoS (right panel) in the Frankfurt CMF model. For the first-order
scenario the mechanically unstable region is shown in blue color, encompassed by the spinodal lines (dashed lines). The coexistence region,
where metastable solutions of phases can exist, is indicated by the dashed lines. To illustrate the approximate dynamical evolution path in a
HIC, the time evolution of the central cell (after t = 7 fm/c) in the full fluid dynamical evolution is shown as a gray line with symbols in each
scenario.
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FIG. 2. Pressure as a function of energy density along a line of
constant entropy per baryon, S/A.

been reached. The full space-time evolution will be discussed
in the following sections.

IV. FIREBALL EVOLUTION AND DILEPTON SPECTRA
IN 1.23 AGEV AU-AU COLLISIONS

In the following we first compare the results from
the different dynamical simulations of Au-Au collisions at
Elab=1.23 AGeV, specifically the final-state pion spectra
(Sec. IV A) and the evolution of temperature and baryon
density (Sec. IV B), and then analyze the resulting dilepton
production (Sec. IV C).

A. Comparison of pion spectra

In order to understand the role of EM probes (dilepton
emission) of the matter in nuclear collisions, one first needs
to achieve some control over the role of hadronic observables.
Most measurements in high-energy HICs relate to single-
hadron yields and spectra as well as pertinent correlation
functions. The most widely used species are pions which are
abundantly produced and reasonably simple to measure. Since
the EoS affects the created volume and lifetime of the system,
one may ask to what extent the final-state hadron/pion spectra
are sensitive to it. Since the hadrons are emitted, by defini-
tion, at the point of decoupling, the measured spectra provide
a snapshot at thermal freeze-out (where elastic interactions
cease), while the hadron yields are usually determined ear-
lier, at chemical freeze-out (where inelastic particle-number
changing interactions cease). At this time the system has usu-
ally reached the stage of a hadronic medium which is common
to most dynamical models, including the fluid dynamical and
transport approaches used in the present work. Even angular
correlations do not necessarily have a direct connection to the
EoS [70] at SIS18 energies, possibly requiring more sophisti-
cated analysis methods [71,72].

At the minimum we want to ascertain that the bulk evolu-
tion models employed here give a reasonable description of
pion production. Thus, we have extracted the pion transverse-
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FIG. 3. Comparison of the final pion transverse-mass spectrum
from the three bulk evolution models used in this work for b = 2 fm
1.23 AGeV Au-Au collision at midrapidity (|y| < 0.05). The two
fluid dynamical results are almost identical while the transport model
shows a small deviation from those at small mT .

mass spectra around midrapidity from the UrQMD-Skyrme
mode as well as from the fluid-dynamical simulations, cf.
Fig. 3. For the fluid dynamics we have employed the stan-
dard Cooper-Frye method [73] to compute the spectra on
an isoenergy density hypersurface at e = 3 · e0 (where e0 =
0.15 GeV/fm3 is the nuclear ground-state energy density),
with the same resonance content as in the UrQMD model.
This density defines our chemical freeze-out condition (which
is not equal to the thermal freeze-out condition). Its choice is
based on properly describing the measured pion yields. All
three model variants give approximately the same yield and
shape of the pion spectra, which provides a reasonable starting
point for a meaningful comparison of dilepton emission. The
small difference between the fluid-dynamical and the trans-
port simulations, with slightly harder spectra for the former,
is presumably related to a stronger collectivity generated by
hydrodynamics in the early phases. One should also note that
a recent comparison of HADES data found that the UrQMD
model gives a reasonable description of the experimental
results [74].

As the subsequent evolution from chemical to thermal
freeze-out continues to produce appreciable dilepton radia-
tion, we should ensure that the number of pions (as the main
catalysts of dilepton emission) is approximately conserved
during the later part of the expansion. It turns out that this is
the case for the first-order scenario, but for the crossover the
total pion number drops from ≈11 to ≈7. We correct for this
following the standard procedure employed in high-energy
HICs by introducing a pion chemical potential that increases
approximately linearly with decreasing T from chemical to
thermal freeze-out [75–77]. For the case at hand, we find
μfo

π � 22 MeV at Tfo = 56 MeV for the crossover scenario at
thermal freeze-out, so that the pertinent fugacity factor, zπ =
exp(μπ/T ) amounts to ≈11/7. Note that the fugacity factor
also applies to hadronic resonances with strong decay branch-
ings into pions according to the law of mass action, e.g.,
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FIG. 4. Distributions of the four-volume weights in fireball temperature and baryon density in central Au-Au collisions at 1.23 AGeV
extracted from the coarse-grained UrQMD transport model (left panel) and ideal-hydro evolutions with crossover EoS (middle panel) and
first-order EoS (right panel). Contributions from the first 7 fm/c after initial impact are not included.

μ	 = μN + μπ corresponding to 	 ↔ N + π with ≈100%
branching ratio. The additional fugacity also figures in the
EoS. However, in the nondegenerate limit, both pressure and
energy density of the respective particle components are af-
fected equally, and thus their effect on the EoS (or speed
of sound) approximately cancels. Consequently, the hydrody-
namic evolution is affected very little [76] by the fugacities,
and we can therefore safely neglect this effect here. For the
UrQMD evolution we adopt the pion chemical potentials as
found in our previous work [28]. In that work we have also
determined that, based on the different dilepton production
channels (NN Bremsstrahlung, resonance Dalitz decays and
ππ annihilation or ρ decays), the average number of pions
involved is κ = 1.12. Thus, the local dilepton rates in the
UrQMD and hydro-crossover scenarios are augmented by an
effective dilepton fugacity of zκ

π .

B. Temperature and density evolution

After benchmarking the final-state pion spectra, the next
step is to inspect the bulk evolution in terms of the extracted
temperature (T ) and baryon density (�B) profiles, which are
the key ingredients to the calculation of dilepton spectra in
the following section. Toward this end we fill 3D histograms
in the T -�B plane representing the space-time weight of each
value of the thermodynamic variables. For the fluid dynamical
evolutions this is directly obtained from the discrete cells used
in the numerical simulations, while for the coarse-grained
transport we employ the method laid out in Sec. III A; the
results are collected in the three panels of Fig. 4. For this
figure we have excluded any contributions from times be-
fore 7 fm/c, since it is not clear whether the matter at such
early times can be considered thermalized, as alluded to in
Sec. III A (the coarse graining only yields about 10% of the
total amount of radiated lepton pairs from this period). We will
return to a more quantitative assessment of the contributions
of these cells to dilepton spectra from the hydro evolutions in
Sec. IV D below.

For most of the four-volume the coarse-grained transport
and fluid dynamical descriptions without a phase transition
give comparable results: The majority of the system reaches

temperatures and baryon densities of up to 85 MeV and 3�0,
respectively, during the hot and dense stage of the collisions.
However, the spread in temperature is significantly higher
for the crossover hydro evolution, especially on the high end
with temperatures reaching near 110 MeV (albeit with a small
space time weight). For the hydro evolution with a first-order
phase transition in the EoS, substantially higher densities of
up to 4�0 are reached, and also cells with a temperature of
up to 105 MeV have an appreciable space-time weight, which
is much larger than in the crossover scenario. This is readily
understood as the heating in the fluid simulation occurs as
a result of the created shock, as the two nuclei hit head on.
As the matter enters the phase transition region, it becomes
much more compressible due to the drop in the speed of sound
(recall Fig. 1), resulting in larger initial temperatures and
densities. Furthermore, during the evolution of the system,
the fireballs of the UrQMD model and crossover fluid model
exhibit a rather smooth decrease of temperature and density,
while the evolution with phase transition develops separated
areas in the T -ρB plane corresponding to the two coexisting
phases. The thermal phase-space region in between these two
phases is “deserted” as the matter here is mechanically unsta-
ble and exponentially decays into any of the two coexisting
phases.

For a more inclusive representation of our results, we plot
the time evolution of the mean temperature and baryon density
in Fig. 5, while quantifying of the spread in terms of a 1-
σ standard deviation indicated by the colored bands around
the mean-value curves. As expected from the four-volume
histograms, the coarse-grained transport and the crossover
fluid evolution of the collision show rather good agreement,
both in terms of the average as well as the system lifetime
which terminates after about 20 fm/c (when all cells have
cooled below 50 MeV in temperature and 0.9 ε0 in energy
density); the spread is somewhat smaller for the transport
model, some of which may be caused by the coarse-graining
procedure to begin with. For the first-order hydro evolution,
the temperature and baryon density are significantly higher
(again in line with the 4D histogram), with slightly larger
spread than for the crossover EoS, and a markedly longer
lifetime by almost 10 fm/c. In the early stages, the spread
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FIG. 5. Time evolution of the fireball temperature (left panel) and density (middle panel) in Au-Au collisions at 1.23 AGeV extracted from
the coarse-grained UrQMD transport model simulation (blue curve), ideal hydrodynamics with either crossover (red curve) or first-order EoS
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the temperature-density plane, defined by the most probable value of T and ρB at a given time, as extracted from the three simulation models
(same color code as in the other panels).

in temperatures is, in fact, slightly larger in the crossover fluid
simulation compared to the phase transition case, as the very
hottest cells of all simulations are created in the former (recall
Fig. 4). The origin and consequences of these hot cells will
be discussed in Sec. IV D. Since it is only a small fraction of
cells (less than 1%), the mean temperature value is not signifi-
cantly affected by them. However, dileptons at larger invariant
masses (M > 1.2 GeV) become increasingly sensitive to the
hottest temperatures reached during the collision due to the
thermal factor in Eq. (2).

Finally, in the right panel of Fig. 5 we compare the tra-
jectories of the mean temperature and density for the three
different models in the T-ρB plane. The differences are likely
a consequence of the different effective degrees of freedom
in the three models. Despite these differences the trajectories
give a good indication of the area in the phase diagram that is
probed by the central collisions at the SIS18 accelerator.

C. Dilepton spectra

Given our analysis of the space-time evolution of the ther-
mal properties of the fireball in the previous section, we are
now in a position to study their consequences on dilepton
emission. We convolute the mass- and momentum-dependent
dilepton emission rates presented in Sec. II over discrete four-
volumes with their local temperature and net-baryon density
evolutions as input. While the size of the four-volume ele-
ments in the fluid dynamical simulation, 0.23 · 0.08 = 6.4 ×
10−4 fm4/c, is substantially smaller than in the coarse-grained
transport simulation, 13 · 1 = 1 fm4/c, we have checked that
changing the latter does not create any noticeable difference in
the results presented here. We restrict the invariant-mass range
to below 1.5 GeV in which the dilepton emission is dominated
by the bulk of cells. The emission spectra are evaluated on a
kinematic grid that covers 1.5 units around midrapidity and
pT up to 4 GeV, i.e., practically full phase space. The dilepton
emission is then computed all the way down to thermal freeze-
out, including the effects of chemical freeze-out to ensure
pion-number conservation in both UrQMD and the crossover
hydro simulation. In Fig. 6 we summarize the thermal dilepton

invariant-mass spectra for the three different evolution mod-
els. In addition to the results using the in-medium hadronic
rates in the left panel we also shown in the right panel spectra
computed with the schematic leading-order perturbative rates.

The strong broadening of the light vector mesons ρ and
ω induced by the hot and dense hadronic medium results
in a remarkably structure-less radiation spectrum with only
a slight bump structure (if any) remaining in the region of
their vacuum masses for all three evolution models. However,
the absolute yields differ substantially, especially between the
first-order scenario and the no-PT evolutions. In the low-
mass region (LMR) the first-order phase transition scenario
clearly produces the largest yield, followed by the hydro
with crossover EoS and the coarse-grained transport, which
are quite comparable. More quantitatively, one finds the in-
tegrated yields in the mass range 0.3 to 0.7 GeV to be
Nee × 104 = 4.1, 1.9 and 1.7 for the hydro version with phase-
transition, without phase transition and the coarse-grained
UrQMD, respectively. The enhancement in the PT scenario
can be attributed to the prolonged lifetime of the fireball due
to the latent heat in the evolution (slowing down the expan-
sion), as the low-mass radiation is known to be rather evenly
distributed over the different evolution phases of the fireball
[29]. This is the main result of our investigation.

Toward higher masses, the spectrum of crossover hydro
evolution features a significantly larger slope than the other
two evolutions. In comparison to the transport result this is not
surprising, as the hydro achieves the maximal conversion of
the incoming energy into thermal energy, but for the first-order
case this is somewhat surprising, especially in view of the
larger average temperatures of its cells, recall Fig. 5. Even the
1-σ spread does not suggest this. The inevitable conclusion
is that the rather rare cells at the highest temperatures of near
110 MeV in the crossover evolution are the origin of this result
(recall middle panel of Fig. 4). More quantitatively, one can
extract the pertinent slope parameters. If the EM spectral func-
tion itself does not strongly depend on temperature (which is
approximately the case for the in-medium broadened spec-
tral functions), then the only temperature dependence of the
dilepton emission rate is induced by the Boltzmann factor, cf.
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FIG. 6. Invariant-mass spectrum of e+e− radiated from central Au-Au collisions at 1.23 AGeV. The blue, red, and green curves show
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Eq. (2). Then the invariant-mass spectrum is approximately
proportional to (MT )3/2 exp(−M

T ). Fitting this expression to
the LMR of the spectra one finds Tslope = 86 MeV for the
crossover hydro, 82 MeV for the hydro with phase-transition,
and 75 MeV for coarse-grained UrQMD. In the intermediate-
mass range (IMR), for M � 1 GeV, temperatures of 119, 110,
and 85 MeV are obtained from the three different models,
respectively. This corroborates the relevant (yet uncertain, as
we will argue in the next section) role of the “very hot” cells
in the crossover evolution.

As a further step to distill the emission characteristics due
to the different bulk scenarios, we have separated out the
in-medium effects in the vector-meson spectral functions from
the spectra by performing calculations with the perturbative
qq̄ annihilation rate, Eq. (3), which is independent of T and
μB; the results are shown in the right panel of Fig. 6. We find

that the essential features of the comparisons of the bulk sce-
narios found when using the in-medium spectral functions are
preserved by these results. This furthermore implies that the
bulk dilepton emission is dominated by conditions where the
broadening of the spectral functions is large, i.e., rather high
baryon densities, since the perturbative qq̄ spectral function
has no resonance structure.

A more differential assessment of the enhancement effect
due to the first-order phase transition is displayed in Fig. 7
in terms of yield ratios between the first-order and crossover
scenarios. The left panel displays the mass-differential (but
still momentum-integrated) ratio of emitted dileptons. When
using the emission rates based on the in-medium spectral
functions the low-mass enhancement of the ratio of around
a factor of 2 is reflected for invariant masses of around
M � 0.4 GeV. Note that for the mass-integrated yields quoted
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above, the lower-mass region will have larger weights due to
the near exponential rise in the absolute spectra. The gener-
ally rising trend of the ratio at small M, and in particular
the dip structure around the vacuum ρ/ω mass, are caused
by the in-medium effects of the ρ melting (low-mass en-
hancement and quenching of the peak), suggesting that in
the first-order scenario the average densities probed in the
emission are somewhat higher. Again, to probe the robustness
of our results with respect to the medium effects, we also
plot the ratio for the case of the μB- and T -independent qq̄
rate. As to be expected, the pertinent first-order to crossover
ratio exhibits much less structure, but the overall enhance-
ment of about a factor of 2 in the low-mass region persists,
except at very small masses below ≈0.2 GeV where the qq̄
annihilation rate is lacking radiation processes. With the in-
medium hadronic rates, the broadening of the vector-meson
spectral functions additionally enhances the ratio in the region
at very small masses. This is caused by, e.g., Dalitz decays or
Bremsstrahlung processes in the hadronic many-body calcu-
lation which are not present in the qq̄ rate (which, e.g., gives
a vanishing photon rate). These sources are rather sensitive to
the baryon density, reiterating that, on average, larger densities
are probed by the radiation in the first-order scenario (recall
the right panel of Fig. 4). Thus, a quantitative control over
the very-low mass region (both experimentally and theoreti-
cally) could in principle enhance the sensitivity to a first-order
scenario. The dropping trend of the mass ratio toward higher
masses for the calculation with the q̄q rate (and, above 1 GeV,
also for the in-medium hadronic rate) suggests this feature
to be due to a temperature effect, namely the larger spectral
slope in the crossover scenario; its origin will be more closely
inspected in the following section. In the right panel of Fig. 7
we show the 2-differential ratio as a contour plot in the plane
of invariant mass and transverse pair momentum, pT . This
plot indicates that the cuts focusing on small pT can further

augment the enhancement effect, even at relatively large mass
(although largest factor of up to ≈3 around M � 1.2 GeV is
subject to the same caveat mentioned above, which will be
investigated in the following section).

D. High-temperature cells and their impact on dilepton emission

As discussed earlier, the dilepton emission in the crossover
scenario is characterized by a larger slope and almost catches
up with the yields from the first-order scenario for dilep-
ton masses near 1.5 GeV, despite a shorter lifetime and a
smaller average temperature across the entire time evolution
of the fireball (recall left panel of Fig. 5). This suggests a
substantial contribution from cells at very high temperatures,
despite their small space-time weight, which we would like to
further scrutinize in this section. Toward this end we display
in Fig. 8 the distribution of the entropy per baryon, S/A, in
all fluid cells in the transverse plane of a central 1.23 AGeV
Au-Au collision at time t = 8 fm/c for z = 0, which is in the
vicinity of the formation of the maximal energy densities in
the collision. One clearly identifies two regions of maximal
S/A of up to 6 to 7, essentially the upper and lower “caps” of
the reaction zone, which correspond to the hottest spots with
temperatures larger than T > 105 MeV. One may understand
the occurrence of these hot regions as a result of the so-called
squeeze-out effect. As the two incoming nuclei make contact,
the overlap regions at the top and bottom rapidly build up
significant flow into the direction of the vacuum (facilitated
by the instant-thermalization assumption), the out-of-plane
direction. Contrary to expansion into the direction of the
reaction plane, where the matter encounters relatively cold
nuclear matter which tames the entropy per baryon, this is
not the case for the out-of plane direction. Together with the
rapid squeeze out, the entropy per baryon rises in this direction
leading to relatively large temperatures. The size of this region
is, however, only a few fm3. In the coarse grained UrQMD

014904-10



DILEPTON SIGNATURE OF A FIRST-ORDER PHASE … PHYSICAL REVIEW C 106, 014904 (2022)

 [GeV]eeM
0 0.2 0.4 0.6 0.8 1 1.2 1.4

R
at

io
: H

yd
ro

 p
.t.

 / 
H

yd
ro

 n
o 

p.
t.

0.5

1

1.5

2

2.5

3

3.5
>0.90∈/∈>7fm + T>50 MeV + τ

S/A<6
S/A<5.5
S/A<5
S/A<4.5

 [GeV]eeM
0 0.2 0.4 0.6 0.8 1 1.2 1.4

 [1
/G

eV
]

M
dN

/d

9−10

8−10

7−10

6−10

5−10

4−10

3−10

2−10

1−10

1
πμ>0.9,0∈/∈>7fm + T>50 MeV + τ

Hydro p.t. + S/A<5

Hydro no p.t. + S/A<5

coarse-grained UrQMD Skyrme
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simulation, which also contains the squeeze-out effect, a sim-
ilar entropy production is not observed. It is therefore quite
possible that this effect is an artefact of the instant thermal-
ization assumption in the ideal-hydro description, especially
since it occurs on the fringes of the fireball where the validity
of this assumption is diminished. To quantify the contribu-
tions of the hot caps to the dilepton spectra, we display in
Fig. 9 (left panel) the ratio of the spectra with phase transition
over those without when imposing varying upper cutoffs on
the S/A ratio, starting with 6 and then lowered in steps of
0.5. With (S/A)max = 6, the results for M � 0.6 GeV agree
within 10% with the ones without cutoff, a trend that persists
when subsequently lowering (S/A)max down to 5. However,
for (S/A)max = 4.5, a major drop of the ratio by a factor of
≈2 is observed, signaling that this cut eliminates about half of
the cells of the bulk dilepton emission for the phase transition
scenario, while only a small fraction of cells is removed in
case of the hydro without phase transition. At higher invariant
masses, cutoff values for S/A larger than 4.5 have a much
more noticeable impact than at low mass: the falling trend
of this ratio without cut is appreciably mitigated, even re-
versed down to (S/A)max � 5, reiterating the stronger role of
the high-temperature cells at higher mass. However, when
lowering (S/A)max to 4.5, also the high-mass ratio abruptly
drops down close to one.

In the right-hand panel of Fig. 9 we compare the invariant-
mass spectra of both hydro results with the S/A < 5 cut
with the UrQMD coarse-grained results. The transport and
hydro-crossover results are now very similar, differing by
less than ≈10% in the LMR. This confirms that the main
difference between the hydro-crossover evolution and the
coarse-grained transport lies in the high temperature tail.
The enhancement of the dilepton yield in the LMR for the
first-order scenario can therefore be considered a robust re-
sult as being due to the mixed phase of the fluid dynamical
simulation.

V. CONCLUSIONS

In this work we have investigated the impact of different
evolution models on the properties of thermal dilepton spectra
in Au-Au collisions at HADES energies. In particular, we
have compared the results for two different hydrodynamic
simulations, employing an EoS with and without a first-order
phase transition, and a coarse-grained transport simulation
based on the UrQMD model with mean-field effects. All of
these evolutions have been benchmarked against the final-
state pion spectra, showing good agreement. The thermal
dilepton rates have been taken from existing calculations of
in-medium vector-meson spectral functions. Our main result
is that a first-order phase transition leads to a substantial
increase of the low-mass thermal dilepton yield over that from
a crossover transition, by about a factor two, as a conse-
quence of the prolonged lifetime caused by the mixed-phase
formation. At the same time, the dilepton spectra from the
crossover evolution show good agreement with the ones from
coarse-grained transport, especially when removing hot spots
at the fringes of the fireball in the hydro evolutions which
we have attributed to an artefact of the instant-thermalization
assumption. We have verified that removing the hot spots from
the hydrodynamics does not affect the enhancement due to
the mixed-phase formation in the first-order scenario. We also
found that the in-medium effects in the spectral functions, i.e.,
the strong broadening of the vector-meson peaks, lead to an
additional relative enhancement at masses around 0.2 GeV in
the first-order scenario, reflecting the higher average densi-
ties produced in the more compressible medium with mixed
phase.

Our findings call for further quantitative investigations in
comparison to existing HADES data. This work is in progress.
Also, based on the notion that the first-order transition should
disappear at lower chemical potentials and higher tempera-
tures, an experimental measurement of the excitation function
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in the the SIS100 beam energy range appears to be a promis-
ing undertaking.

ACKNOWLEDGMENTS

J.S. and A.M. thank Stefan Schramm for helpful dis-
cussions and guidance on the CMF model. This work was
supported by the Deutsche Forschungsgemeinschaft (DFG)

through the Grant No. CRC-TR211 “Strong-interaction mat-
ter under extreme conditions,” by the U.S. National Science
Foundation (NSF) under Grant No. PHY-1913286 and the Ex-
treMe Matter Institute (R.R.), by the Hungarian K10103/18-
D0200 kiválósági program NKFIH FK-123842 (AM), and
by the Samson AG and the BMBF through the ErUM-Data
project (J.S.).

[1] A. Bazavov, F. Karsch, S. Mukherjee, and P. Petreczky
(USQCD Collaboration), Eur. Phys. J. A 55, 194 (2019).

[2] A. Andronic, P. Braun-Munzinger, K. Redlich, and J. Stachel,
Nature (Lond.) 561, 321 (2018).

[3] S. Borsanyi, Z. Fodor, C. Hoelbling, S. D. Katz, S. Krieg, and
K. K. Szabo, Phys. Lett. B 730, 99 (2014).

[4] A. Bazavov et al. (HotQCD Collaboration), Phys. Lett. B 795,
15 (2019).

[5] T. Galatyuk, Nucl. Phys. A 982, 163 (2019).
[6] J. Brachmann, S. Soff, A. Dumitru, H. Stocker, J. A. Maruhn,

W. Greiner, L. V. Bravina, and D. H. Rischke, Phys. Rev. C 61,
024909 (2000).

[7] Y. Nara, H. Niemi, A. Ohnishi, and H. Stöcker, Phys. Rev. C 94,
034906 (2016).

[8] Y. Nara, J. Steinheimer, and H. Stoecker, Eur. Phys. J. A 54,
188 (2018).

[9] C. Spieles and M. Bleicher, Eur. Phys. J. ST 229, 3537 (2020).
[10] H. Petersen, J. Steinheimer, M. Bleicher, and H. Stocker,

J. Phys. G 36, 055104 (2009).
[11] J. Steinheimer, V. Dexheimer, M. Bleicher, H. Petersen, S.

Schramm, and H. Stocker, Phys. Rev. C 81, 044913 (2010).
[12] J. Steinheimer, J. Aichelin, M. Bleicher, and H. Stöcker, Phys.

Rev. C 95, 064902 (2017).
[13] J. Steinheimer and J. Randrup, Phys. Rev. Lett. 109, 212301

(2012).
[14] C. Herold, M. Nahrgang, I. Mishustin, and M. Bleicher, Nucl.

Phys. A 925, 14 (2014).
[15] M. Nahrgang, S. Leupold, C. Herold, and M. Bleicher, Phys.

Rev. C 84, 024912 (2011).
[16] C. Herold, M. Nahrgang, I. Mishustin, and M. Bleicher, Phys.

Rev. C 87, 014907 (2013).
[17] M. Stephanov and Y. Yin, Phys. Rev. D 98, 036006 (2018).
[18] A. Bzdak, S. Esumi, V. Koch, J. Liao, M. Stephanov, and N.

Xu, Phys. Rep. 853, 1 (2020).
[19] M. Bluhm et al., Nucl. Phys. A 1003, 122016 (2020).
[20] J. Steinheimer, L. Pang, K. Zhou, V. Koch, J. Randrup, and H.

Stoecker, J. High Energy Phys. 12 (2019) 122.
[21] R. Rapp, J. Wambach, and H. van Hees, Landolt-Bornstein 23,

134 (2010).
[22] C. Gale, J.-F. Paquet, B. Schenke, and C. Shen, Nucl. Phys. A

1005, 121863 (2021).
[23] P. M. Hohler and R. Rapp, Phys. Lett. B 731, 103 (2014).
[24] R. Rapp and J. Wambach, Adv. Nucl. Phys. 25, 1 (2000).
[25] H. van Hees and R. Rapp, Nucl. Phys. A 806, 339 (2008).
[26] G. Vujanovic, C. Young, B. Schenke, R. Rapp, S. Jeon, and C.

Gale, Phys. Rev. C 89, 034904 (2014).
[27] S. Endres, H. van Hees, J. Weil, and M. Bleicher, Phys. Rev. C

91, 054911 (2015).
[28] T. Galatyuk, P. M. Hohler, R. Rapp, F. Seck, and J. Stroth, Eur.

Phys. J. A 52, 131 (2016).

[29] R. Rapp and H. van Hees, Phys. Lett. B 753, 586 (2016).
[30] F. Li and C. M. Ko, Phys. Rev. C 95, 055203 (2017).
[31] J. Cleymans, J. Fingberg, and K. Redlich, Phys. Rev. D 35, 2153

(1987).
[32] R. D. Pisarski, Phys. Lett. B 110, 155 (1982).
[33] L. D. McLerran and T. Toimela, Phys. Rev. D 31, 545 (1985).
[34] R. Rapp and J. Wambach, Eur. Phys. J. A 6, 415 (1999).
[35] J. Staudenmaier, J. Weil, V. Steinberg, S. Endres, and H.

Petersen, Phys. Rev. C 98, 054908 (2018).
[36] S. A. Bass et al., Prog. Part. Nucl. Phys. 41, 255 (1998).
[37] M. Bleicher et al., J. Phys. G 25, 1859 (1999).
[38] C. Hartnack, R. K. Puri, J. Aichelin, J. Konopka, S. A. Bass, H.

Stoecker, and W. Greiner, Eur. Phys. J. A 1, 151 (1998).
[39] C. Hartnack, H. Oeschler, Y. Leifels, E. L. Bratkovskaya, and J.

Aichelin, Phys. Rep. 510, 119 (2012).
[40] W. Cassing and E. L. Bratkovskaya, Phys. Rep. 308, 65

(1999).
[41] W. Ehehalt and W. Cassing, Nucl. Phys. A 602, 449 (1996).
[42] S. Teis, W. Cassing, M. Effenberger, A. Hombach, U. Mosel,

and G. Wolf, Z. Phys. A 356, 421 (1997).
[43] O. Buss, T. Gaitanos, K. Gallmeister, H. van Hees, M.

Kaskulov, O. Lalakulich, A. B. Larionov, T. Leitner, J. Weil,
and U. Mosel, Phys. Rep. 512, 1 (2012).

[44] Y. Nara and H. Stoecker, Phys. Rev. C 100, 054902 (2019).
[45] Y. Nara, T. Maruyama, and H. Stoecker, Phys. Rev. C 102,

024913 (2020).
[46] M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98,

030001 (2018).
[47] P. Hillmann, J. Steinheimer, and M. Bleicher, J. Phys. G 45,

085101 (2018).
[48] P. Hillmann, J. Steinheimer, T. Reichert, V. Gaebel, M.

Bleicher, S. Sombun, C. Herold, and A. Limphirat, J. Phys. G
47, 055101 (2020).

[49] M. Wiest et al. (unpublished).
[50] W. Florkowski and R. Ryblewski, Phys. Rev. C 83, 034907

(2011).
[51] W. Scheid, H. Muller, and W. Greiner, Phys. Rev. Lett. 32, 741

(1974).
[52] J. Hofmann, H. Stoecker, U. W. Heinz, W. Scheid, and W.

Greiner, Phys. Rev. Lett. 36, 88 (1976).
[53] H. Stöcker, C. Riedel, Y. Yariv, L. P. Csernai, G. Buchwald, G.

Graebner, J. A. Maruhn, W. Greiner, K. Frankel, M. Gyulassy,
B. Schurmann, G. Westfall, J. D. Stevenson, J. R. Nix, and D.
Strottman, Phys. Rev. Lett. 47, 1807 (1981).

[54] I. A. Karpenko, P. Huovinen, H. Petersen, and M. Bleicher,
Phys. Rev. C 91, 064901 (2015).

[55] J. B. Rose, J. M. Torres-Rincon, A. Schäfer, D. R.
Oliinychenko, and H. Petersen, Phys. Rev. C 97, 055204 (2018).

[56] D. H. Rischke, S. Bernard, and J. A. Maruhn, Nucl. Phys. A
595, 346 (1995).

014904-12

https://doi.org/10.1140/epja/i2019-12922-0
https://doi.org/10.1038/s41586-018-0491-6
https://doi.org/10.1016/j.physletb.2014.01.007
https://doi.org/10.1016/j.physletb.2019.05.013
https://doi.org/10.1016/j.nuclphysa.2018.11.025
https://doi.org/10.1103/PhysRevC.61.024909
https://doi.org/10.1103/PhysRevC.94.034906
https://doi.org/10.1140/epja/i2018-12626-y
https://doi.org/10.1140/epjst/e2020-000102-4
https://doi.org/10.1088/0954-3899/36/5/055104
https://doi.org/10.1103/PhysRevC.81.044913
https://doi.org/10.1103/PhysRevC.95.064902
https://doi.org/10.1103/PhysRevLett.109.212301
https://doi.org/10.1016/j.nuclphysa.2014.01.010
https://doi.org/10.1103/PhysRevC.84.024912
https://doi.org/10.1103/PhysRevC.87.014907
https://doi.org/10.1103/PhysRevD.98.036006
https://doi.org/10.1016/j.physrep.2020.01.005
https://doi.org/10.1016/j.nuclphysa.2020.122016
https://doi.org/10.1007/JHEP12(2019)122
https://doi.org/10.1007/978-3-642-01539-7_6
https://doi.org/10.1016/j.nuclphysa.2020.121863
https://doi.org/10.1016/j.physletb.2014.02.021
https://doi.org/10.1007/0-306-47101-9_1
https://doi.org/10.1016/j.nuclphysa.2008.03.009
https://doi.org/10.1103/PhysRevC.89.034904
https://doi.org/10.1103/PhysRevC.91.054911
https://doi.org/10.1140/epja/i2016-16131-1
https://doi.org/10.1016/j.physletb.2015.12.065
https://doi.org/10.1103/PhysRevC.95.055203
https://doi.org/10.1103/PhysRevD.35.2153
https://doi.org/10.1016/0370-2693(82)91025-5
https://doi.org/10.1103/PhysRevD.31.545
https://doi.org/10.1007/s100500050364
https://doi.org/10.1103/PhysRevC.98.054908
https://doi.org/10.1016/S0146-6410(98)00058-1
https://doi.org/10.1088/0954-3899/25/9/308
https://doi.org/10.1007/s100500050045
https://doi.org/10.1016/j.physrep.2011.08.004
https://doi.org/10.1016/S0370-1573(98)00028-3
https://doi.org/10.1016/0375-9474(96)00097-8
https://doi.org/10.1007/BF02769248
https://doi.org/10.1016/j.physrep.2011.12.001
https://doi.org/10.1103/PhysRevC.100.054902
https://doi.org/10.1103/PhysRevC.102.024913
https://doi.org/10.1103/PhysRevD.98.030001
https://doi.org/10.1088/1361-6471/aac96f
https://doi.org/10.1088/1361-6471/ab6fcf
https://doi.org/10.1103/PhysRevC.83.034907
https://doi.org/10.1103/PhysRevLett.32.741
https://doi.org/10.1103/PhysRevLett.36.88
https://doi.org/10.1103/PhysRevLett.47.1807
https://doi.org/10.1103/PhysRevC.91.064901
https://doi.org/10.1103/PhysRevC.97.055204
https://doi.org/10.1016/0375-9474(95)00355-1


DILEPTON SIGNATURE OF A FIRST-ORDER PHASE … PHYSICAL REVIEW C 106, 014904 (2022)

[57] I. C. Arsene, L. V. Bravina, W. Cassing, Yu. B. Ivanov, A.
Larionov, J. Randrup, V. N. Russkikh, V. D. Toneev, G. Zeeb,
and D. Zschiesche, Phys. Rev. C 75, 034902 (2007).

[58] J. Steinheimer, M. Lorenz, F. Becattini, R. Stock, and M.
Bleicher, Phys. Rev. C 93, 064908 (2016).

[59] J. Steinheimer, S. Schramm, and H. Stocker, Phys. Rev. C 84,
045208 (2011).

[60] C. DeTar and T. Kunihiro, Phys. Rev. D 39, 2805 (1989).
[61] T. Hatsuda and M. Prakash, Phys. Lett. B 224, 11

(1989).
[62] D. Zschiesche, L. Tolos, J. Schaffner-Bielich, and R. D.

Pisarski, Phys. Rev. C 75, 055202 (2007).
[63] C. Sasaki and I. Mishustin, Phys. Rev. C 82, 035204

(2010).
[64] G. Aarts, C. Allton, D. De Boni, S. Hands, B. Jäger, C. Praki,

and J.-I. Skullerud, J. High Energy Phys. 06 (2017) 034.
[65] K. Fukushima, Phys. Lett. B 591, 277 (2004).
[66] C. Ratti, M. A. Thaler, and W. Weise, Phys. Rev. D 73, 014019

(2006).

[67] J. Steinheimer, S. Schramm, and H. Stocker, J. Phys. G 38,
035001 (2011).

[68] A. Mukherjee, J. Steinheimer, and S. Schramm, Phys. Rev. C
96, 025205 (2017).

[69] A. Mukherjee, S. Schramm, J. Steinheimer, and V. Dexheimer,
Astron. Astrophys. 608, A110 (2017).

[70] J. Steinheimer, J. Auvinen, H. Petersen, M. Bleicher, and H.
Stöcker, Phys. Rev. C 89, 054913 (2014).

[71] L.-G. Pang, K. Zhou, N. Su, H. Petersen, H. Stöcker, and X.-N.
Wang, Nat. Commun. 9, 210 (2018).

[72] Y.-L. Du, K. Zhou, J. Steinheimer, L.-G. Pang, A. Motornenko,
H.-S. Zong, X.-N. Wang, and H. Stöcker, Eur. Phys. J. C 80,
516 (2020).

[73] F. Cooper and G. Frye, Phys. Rev. D 10, 186 (1974).
[74] J. Adamczewski-Musch et al. (HADES Collaboration), Eur.

Phys. J. A 56, 259 (2020).
[75] R. Rapp, Phys. Rev. C 66, 017901 (2002).
[76] D. Teaney, arXiv:nucl-th/0204023 (2002).
[77] T. Hirano and K. Tsuda, Phys. Rev. C 66, 054905 (2002).

014904-13

https://doi.org/10.1103/PhysRevC.75.034902
https://doi.org/10.1103/PhysRevC.93.064908
https://doi.org/10.1103/PhysRevC.84.045208
https://doi.org/10.1103/PhysRevD.39.2805
https://doi.org/10.1016/0370-2693(89)91040-X
https://doi.org/10.1103/PhysRevC.75.055202
https://doi.org/10.1103/PhysRevC.82.035204
https://doi.org/10.1007/JHEP06(2017)034
https://doi.org/10.1016/j.physletb.2004.04.027
https://doi.org/10.1103/PhysRevD.73.014019
https://doi.org/10.1088/0954-3899/38/3/035001
https://doi.org/10.1103/PhysRevC.96.025205
https://doi.org/10.1051/0004-6361/201731505
https://doi.org/10.1103/PhysRevC.89.054913
https://doi.org/10.1038/s41467-017-02726-3
https://doi.org/10.1140/epjc/s10052-020-8030-7
https://doi.org/10.1103/PhysRevD.10.186
https://doi.org/10.1140/epja/s10050-020-00237-2
https://doi.org/10.1103/PhysRevC.66.017901
http://arxiv.org/abs/arXiv:nucl-th/0204023
https://doi.org/10.1103/PhysRevC.66.054905

