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The charged pion multiplicity ratio in intermediate energyheavy-ion collisions, a probe of the
density dependence of symmetry energy above the saturationpoint, has been proven in a previous
study to be extremely sensitive to the strength of the isovector∆(1232) potential in nuclear matter.
As there is no current knowledge, either from theory or experiment, about the magnitude of this
quantity, the extraction of constraints for the slope of thesymmetry energy at saturation by using
exclusively the mentioned observable is hindered at present. It is shown that, by including the ratio

of averagepT of charged pions〈p(π+)
T 〉/〈p(π−)

T 〉 in the list of fitted observables, the noted problem
can be circumvented. A realistic description of this observable requires the accounting for the
interaction of pions with the dense nuclear matter environment embodied by the so called S and P-
wave pion optical potentials. This is performed within the framework of a QMD transport model
that enforces the conservation of the total energy of the system and incorporates information about
these potentials gained by the experimental study of pionicatoms and pion-nucleus scattering
and also from theoretical hadronic models and chiral perturbation theory. A symmetry energy
with a value of the slope parameter L > 50 MeV is favored, at 1σ confidence level, from a
comparison with published FOPI experimental data. Future experimental measurements of pionic
observables will present the opportunity of extracting a more precise constraint for the symmetry
energy stiffness by restricting the comparison to low momentum pions and reducing the model
dependence induced by uncertainties in the density dependence of the pion optical potential by
studying also heavy-ion collisions of isospin symmetric nuclei.
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1. Introduction

Pions produced in intermediate energy heavy-ion collisions have been shown to provide promis-
ing means for the study of the isovector part of the equation of state of nuclear matter (asy-EoS),
commonly known as the symmetry energy (SE). In particular, the ratio of multiplicities of charged
pions (PMR) has been demonstrated to be sensitive to the density dependence of the SE in the
supranormal density region while uncertainties in the isoscalar part of the equation of state are
suppressed [1].

Attempts to constrain the density dependence of the SE, in particular its slopeL at saturation,
using this observable have made use of existing experimental data for pion production in central
(b<2.0 fm)197Au+197Au collisions at an impact energy of 400 MeV/nucleon due to FOPI Collab-
oration [2, 3]. Studies performed making use of different available transport models have resulted
in an inconsistent picture: constraints on the high densitydependence of the SE ranging from a
very soft to a stiff one have been extracted [4, 5, 6], or even no sensitivity on the slope parameter
has been reported [7]. Additionally, most models have led toa contradiction between theπ−/π+

multiplicity ratio and neutron/proton elliptic flow ratio extracted constraints for the SE stiffness.

Efforts to understand this discrepancy by studying the impact of in-medium modifications of
the pion-nucleon interaction, the kinetic part of the SE term, the neutron skin thickness, or particle
production threshold shifts due to the inclusion of self-energy contributions on the PMR value have
proven, from a quantitative point of view, largely unsuccessful. Studies of the impact of self-energy
contributions in the energy conservation constraint that appears in the collision term of transport
equations have however proven more fruitful [8, 9]. They lead to shifts of particle production
thresholds inside a dense nuclear medium and impose the conservation of the total energy of the
participants of a binary collision. Regarding the impact onPMR, a stiff asy-EoS leads to a higher
value for this observable than a soft choice does. This is in opposition with the situation when these
effects are not taken into account.

Requiring that the total energy of the entire system be conserved leads to an enhancement of
the impact of self-energies (or equivalently potential energies in nuclear matter) on particle produc-
tion thresholds [10] leading to important modifications of pion multiplicity predictions, particularly
for the π− meson, while maintaining the sensitivity of the PMR to SE density dependence. As a
result, constraints for its stiffness in agreement with those extracted from elliptic flow observables
can be obtained within the scenario of total energy conservation of the system for the standard
choice for the∆(1232) potentials in nuclear matter. A strong dependence ofthe results on the
strength of the isovector∆(1232) potential in nuclear matter has however been reported. Owing to
the fact that the magnitude of this quantity is presently unknown, the extraction of information on
the asy-EoS solely from PMR is consequently hindered at present.

The contribution was devoted to presenting the results of a recent study [11] which extends the
analysis performed in Ref. [10] to the averagepT ratio of charged pions〈p(π+)

T 〉/〈p(π−)
T 〉 (PAPTR).

It is shown that by using the two observables, PMR and PAPTR, constraints for both the symmetry
energy stiffness and strength of the isovector∆(1232) potential can simultaneously be extracted
from available experimental data. To achieve that goal, themodel of Ref. [10] has further been
improved by accounting for the interaction between pions and dense nuclear matter, described by
the so called S and P-wave pion optical potential. The present proceeding contribution provides
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a short account of the implemented modifications to the transport model and the most relevant
results obtained in connection to constraining the densitydependence of SE. All the findings of the
reported study are presented in great details in Ref. [11].

2. The model

Heavy-ion collision dynamics is simulated using an upgraded version [10] of the Tübingen
quantum molecular dynamics Model (QMD) transport model. Itallows the enforcing of conserva-
tion of the total energy of the system during an event, by including potential energies in the energy
conservation constraint imposed when determining the finalstate of a 2-body scattering, decay or
absorption process,

∑
j

√

p2
j +m2

j +U j = ∑
i

√

p2
i +m2

i +Ui, (2.1)

both indexes running over all particles present in the system and corresponding, from left to right,
to the final and initial states of an elementary reaction. This scenario has been referred to as the
“global energy conservation” (GEC) scenario in [10]. Additionally, the “local energy conservation”
(LEC) and “vacuum energy conservation” (VEC) scenarios have been introduced. They correspond
to the situation when only the potential energies of the particles directly involved in the 2-body
scattering, decay or absorption process are accounted for in the energy conservation constraint
and when the potential energies of particles in the medium are ignored in the collision term [10],
respectively .

The Gogny-inspired parametrization of the equation of state of nuclear matter [12] has been
selected to describe the mean-field experienced by a nucleonat finite density. It leads to a mean-
field nucleon potential,

U(ρ ,β , p,τ ,x) = Au(x)
ρτ ′

ρ0
+Al(x)

ρτ

ρ0
+B

( ρ
ρ0

)σ
(1−xβ 2)−8τx

B
σ +1

ρσ−1

ρσ
0

βρτ ′ (2.2)

+
2Cττ

ρ0

∫

d3~p′ fτ(~r ,~p′)

1+(~p−~p′)2/Λ2 +
2Cττ ′

ρ0

∫

d3~p′ fτ ′(~r ,~p′)

1+(~p−~p′)2/Λ2 ,

that displays besides density (ρ) and isospin asymmetry (β ) also a momentum (p) dependence in
both the isoscalar and isovector components (τ). The parameterx has been introduced to allow
for adjustments of the symmetry energy stiffness. Negativeand positive values of this parameter
correspond to a stiff and a soft density dependence, respectively. The values of theCττ , Cττ ′ andΛ
parameters are determined by optimally reproducing the momentum dependent part of the Gogny
interaction [12]. This results in an effective isoscalar nucleon mass of 0.7mN and a neutron-proton
effective mass splitting of approximately 0.4β at saturation density. The remaining parameters are
determined from the location of the saturation point (ρ0), binding energy at saturation, magnitude
of the symmetry energy at saturation (S0=30.6 MeV) and value of the compressibility modulus
(K=245 MeV).

The expression of the potential of∆(1232) and heavier baryonic resonances in nuclear matter
is derived under the assumption that it is given by the weighted average of that of neutrons and pro-
tons, the weight for each charge state being equal to the square of the Clebsch-Gordon coefficient
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for isospin coupling in the process∆ → πN. It can be cast in the following form,

V∆− = VN +(3/2)Vv

V∆0 = VN +(1/2)Vv

V∆+ = VN − (1/2)Vv

V∆++ = VN − (3/2)Vv,

(2.3)

whereVN andVv are the isoscalar nucleon potential and the difference between the potentials of
two neighboring isospin partners respectively. It can be shown thatVv =δ , with the definition
δ=(1/3)(Vn-Vp). By varying the magnitude ofVv different scenarios for the strength of the isovector
baryon potential can be explored. The choicesVv=-2δ , -δ , 0, δ , 2δ and 3δ have been used in this
study.

The interaction of pions with the dense nuclear environmentis accounted for by including the
effect of the so called S and P-wave pion optical potentials in the transport equations. A widely
used parametrization for these quantities, introduced by Ericson and Ericson, reads

Vopt(r) =
2π
µ

[

−q(r)+ ~∇
α(r)

1+ 4
3πλα(r)

~∇
]

(2.4)

where

q(r) = ε1(b̄0ρ + b̄1βρ)+ ε2B0ρ2,

α(r) = ε−1
1 (c0ρ +c1βρ)+ ε−1

2 (C0ρ2+C1βρ2).

Hereµ is the reduced mass of the pion-nucleus system whileλ is the Lorentz-Lorentz correction
parameter which accounts for the impact of short-range nucleon-nucleon correlations on the poten-
tial. The extra parameters are defined as follows:ε1=1+mπ/mN, ε2=1+mπ/2mN, with mπ andmN

theπ-meson and nucleon masses respectively. The parametersb̄0, b̄1 andB0 determine the strength
of theS-wave part of the interaction, while theP-wave term is described by the ones labeledc0, c1,
C0 andC1. Their values are determined from a comparison to experimental data for bound states
of pionic atoms and elastic pion-nucleon scattering [13]. An extraction of their values from a com-
parison with theoretical effective hadronic models usually reveals a missing strength in the P-wave
component of the latter. Parameter set values used in the current study can be read from Table. II in
Ref. [11]. They are a subset of those listed in Ref. [13] and were selected in order to cover with a
minimum number of parameter sets the uncertainties in the density dependence of these potentials.

These potentials need to be extrapolated at energies far above those probed in pionic atoms
in order to be applicable to heavy-ion related studies. Thisis particularly true for the P-wave
component which shows a strong energy dependence already atsmall energies, as induced by the
energy dependence of the∆(1232) decay width. To that end we mirror the energy dependence of
a theoretical P-wave potential model [14], based on a local approximation of the delta-hole model,
that allows a good description of elastic pion-nucleus dataup to pion kinetic energies of about 300
MeV. In practice, this is achieved by multiplying theP-wave part of the potential of Eq. (2.4) by
the form factor,

f (p2) =
1.0− p2

e f f/Λ2
1 + p4

e f f/Λ4
2

1.0− p2/Λ2
1 + p4/Λ4

2

, (2.5)
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Figure 1: Average pT ratio of charged pions as a function of the stiffness parameter x in central
197Au+197Au collision at an impact energy of 400 MeV/nucleon. Resultsfor the VEC (dashed-dotted
curves), LEC (dashed curves) and GEC scenarios are presented. For the case of the GEC scenario results
for two strengths of the Coulomb interaction are shown: the one of Ref. [10] (dashed-double-dotted curves)
and the one used in this study (full curves). The FOPI experimental result for the PAPTR [2] is depicted by
a horizontal band.

with Λ1 = 0.55 GeV andΛ2 = 0.22 GeV. For the S-wave component of the pion optical poten-
tial the energy dependence is less pronounced and for the parametrizations extracted from pionic
atom data it is completely ignored. Alternatively, a parametrization of the S-wave potential, con-
structed by using results from chiral perturbation theory [16, 17], effective hadronic models [15]
and experimental pion-nucleus scattering [18], can be usedas it features also a moderate energy
dependence

b0(ω) = −0.010−0.00016ω , b̄0 = b0−
3

2π
(b2

0 +2b2
1)

(3π2

2
ρ
)1/3

b1(ρ) = −0.088
(

1+
0.6116

b1

ρ
ρ0

)

, b̄1 = b1. (2.6)

Hereω denotes the pion kinetic energy and the potential parameters b0 andb1 are expressed in
units of [m−1

π ].

3. Selected results

The impact that the various energy conservation scenarios,briefly described in Section 2, have
on averagepT ratios of pions is presented in Fig. (1). VEC and GEC scenariosimulations reveal
values of PAPTR that overshoot the experimental FOPI result[2] by 10-20%. On the other hand the
LEC scenario leads to PAPTR values below their experimentalcounterpart by at most 10%. The
impact of local energy conservation (as compared to VEC) is therefore much more pronounced
for PAPTR than for multiplicity ratios, while the difference between LEC and GEC scenarios is
equally dramatic for these two observables. A moderate dependence of PAPTR on the SE stiffness
is also demonstrated, a softer asy-EoS leading to a higher PAPTR for the VEC and GEC scenarios
and the opposite for LEC.
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Figure 2: Sensitivity of the extracted constraints for the stiffnessparameterx and strength of the isovector
∆(1232) potentialVv to different choices for theS-wave (left panel) andP-wave (right panel) pion potentials.
The calculations help quantify the impact of uncertaintiesin the energy and density dependence of these
potentials on the quantities of interest. The case for whichpion potential contributions are completely
omitted (”no pion pot“) or only theS-wave component is included (”only S Eff Mod“) are also shown(left
panel). Result for a version of theP-wave potential with the gradient terms omitted is also shown (“P Batty-1
no grad” in the right panel).

The impact of each of the pion optical potential components on pion multiplicities, pion av-
erage transverse momenta and their corresponding ratios isstudied in great detail in Ref. [11]. It
is found that while their impact on PMR is only moderate in relative terms, their omission would
lead to uncertainties in the extracted values of the slopeL of the symmetry energy of as much as 50
MeV for certain fixed values of the isovector∆(1232) potential strength. The impact of the S and
P-wave pion potentials on PAPTR amounts to about 20% and 10% respectively and their inclusion
is crucial for reaching an agreement with the experimental value. A similar statement holds true
when comparing to experimental data for the absolute average transverse momenta.

The results presented in Fig. (1) demonstrate the sensitivity of PAPTR to the asy-EoS stiffness,
even though it is not a pronounced as for PMR. Owing to a different dependence on the strength
of the isovector∆(1232) potential [11], the two observables can be used simultaneously to extract
constraints for both quantities of interest. This is demonstrated in Fig. (2) where the 1σ confidence
level (CL) contour plots of the quantityχ2/dof determined by comparing theoretical and experi-
mental results for the observables PMR and PAPTR for different choices for the pionS-wave (left
panel) andP-wave (right panel) potentials are plotted.

The experimental values for PMR and PAPTR cannot be reproduced simultaneously if contri-
butions due to the pion optical potential are omitted (left panel of Fig. (2)). In fact, most of the
probed parameter space lies outside the 3σ CL region (curve labeled “no pion pot”). By including
the S-wave potential the situation improves considerably (curve labeled “only S Eff Mod”). The
inclusion of the P-wave potential has a clearly noticeable effect only on the favored value for the
strength of the∆(1232) isovector potential. The extracted constraints show however a pronounced
sensitivity to the parametrization, and hence density dependence, used for the S-wave potential. Its
energy dependence impacts mostly the extracted constraintfor the strength of the isovector∆(1232)
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Figure 3: Comparison of theoretical transverse momentum spectra of charged pions (left panel) and trans-
verse momentum dependent PMR (right panel) in mid-central197Au+197Au collisions at an impact energy
of 400 MeV/nucleon to the FOPI Collaboration experimental data [19]. The effective modelS-wave and the
Batty-1P-wave pion potentials have been accounted for in the simulations.

potential (compare full and double-dashed-double-dottedcurves in the left panel of Fig. (2)).

The sensitivity of the extracted constraints for the SE stiffness to the parametrization used
for the P-wave potential is presented in the right panel of Fig. (2). The uncertainty on the ex-
tracted value of the slope parameterL is of the order of 20 MeV (compare the contour plots for the
“Batty-2”, “Konijn-2”, “SM-1” and “SM-2” P-wave parametrizations [13]), much less than the one
induced by uncertainties in the density dependence of the S-wave potential. A similar conclusion
holds true for the extracted constraint for the strength of the isovector∆(1232) potential. Density
gradient terms of the P-wave potential are shown to have noticeable impact only on this latter quan-
tity. Additionally, it is shown that higher precision experimental data have the potential to lead to a
considerably more precise constraint for the stiffness of the asy-EoS. This is achieved by artificially
reducing the uncertainties of the existing experimental data for PMR and PAPTR to from 9% to
3% and from 2.5 % to 1.5% respectively (compare full and double-dashed-double-dotted curves).

In Fig. (3) a comparison of the transverse momentum spectra and transverse momentum de-
pendent PMR with their experimental counterpart is presented. For these cases the strength of the
isovector∆ potential has been set toVv=0.5δ in agreement with the favored constraints presented
above. The description of the experimental data for the former observable is qualitatively good, the
discrepancy between theory and experiment showing howevera rather pronouncedpT dependence.
This is enhanced for the case of thepT dependent PMR, the extracted constraint for the stiffness
parameterx depending strongly on the chosen window in transverse momentum. The result under-
lines the importance of energy dependence of the pion potential used in simulations and which is
currently accurately known only for small values of the pionmomentum. To circumvent this prob-
lem a comparison of theoretical predictions and future experimental data will have to be restricted
only to pions of low momenta. For this case only, extrapolations of the pion potential extracted
from pionic atom experiments will be fully justified.
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4. Concluding remarks

The presented study has demonstrated that the extraction ofconstraints for the symmetry en-
ergy stiffness from pionic observables measured in intermediate energy heavy-ion collisions is
viable. In order to circumvent the earlier noted problem of unknown strength of the isovector
∆(1232) potential in nuclear matter, the list of observableshas been extended to include both the
pion multiplicity ratio and the averagepT ratio. To convincingly describe the latter, contributionsof
the S and P-wave pion optical potentials have to be accountedfor in the transport model of choice.
In agreement with results of a previous study, the conservation of the total energy of the system is
of crucial importance as well. With these ingredients in place a consistent description of the avail-
able experimental data is possible and meaningful constraints for the slope of the symmetry energy
can be extracted, withL > 50 MeV at 1σ confidence level. A rather strong model dependence,
originating from uncertainties in the density and energy dependence of the pion potentials, of the
extracted constraints is however evidenced. The latter canbe alleviated by restricting the study to
low momentum pions, while for the former the study of heavy-ion collisions of isospin symmetric
nuclei may prove helpful.
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