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Abstract

In the past two decades, pions created in the high density regions of heavy ion collisions have been predicted to be sensitive at
high densities to the symmetry energy term in the nuclear equation of state, a property that is key to our understanding of neutron
stars. In a new experiment designed to study the symmetry energy, the multiplicities of negatively and positively charged pions
have been measured with high accuracy for central 132Sn+124Sn, 112Sn+124Sn, and 108Sn+112Sn collisions at E/A = 270 MeV with
the SπRIT Time Projection Chamber. While the uncertainties of individual pion multiplicities are measured to 4%, those of the
charged pion multiplicity ratios are measured to 2%. We compare these data to predictions from seven major transport models. The
calculations reproduce qualitatively the dependence of the multiplicities and their ratios on the total neutron to proton number in
the colliding systems. However, the predictions of the transport models from different codes differ too much to allow extraction
of reliable constraints on the symmetry energy from the data. This finding may explain previous contradictory conclusions on
symmetry energy constraints obtained from pion data in Au+Au system. These new results call for better understanding of the
differences among transport codes, and new observables that are more sensitive to the density dependence of the symmetry energy.
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1. Introduction

Gravitational waves (GW) from the first binary neutron star
merger event GW170817 observed by the LIGO-VIRGO col-
laboration have provided a glimpse into the properties of asym-
metric compact nuclear objects with large imbalance of protons
and neutrons under extreme conditions [1, 2]. The eventual fate
of such merged objects as giant neutron stars or as transient
neutron stars that later collapse into black holes are currently
not known [3]. It depends on the equation of state (EoS) of very
neutron-rich nuclear matter that is of great interest to astronomy
and astrophysics [4, 5]. In nuclear physics [6, 7], understanding
the nuclear EoS has motivated research in dense matter and the
development of new powerful rare isotope accelerator facilities
worldwide.

Currently, astrophysical observations and nuclear physics ex-
periments provide complementary information about the nu-
clear EoS [2, 8, 9, 10]. Measurements of nucleus-nucleus colli-
sions and their interpretations via transport models have pro-
vided independent and consistent constraints on the EoS of
symmetric matter [10, 11, 12] which has equal numbers of neu-
trons and protons. By combining such laboratory constraints
with the GW results, the density dependence of the symmetry
pressure, which contributes when neutron and proton densities
differ, has been obtained with large uncertainties for densities
above the saturation density, i.e. ρ0 = 1.74 × 1014 g/cm3 [8].

Neutron star calculations have shown the deformability of
1.4 solar mass neutron stars [13, 14, 15] to be strongly cor-
related with the symmetry pressure contributions to the nu-
clear matter EoS at twice saturation density in the outer core
of the neutron star. The symmetry pressure helps support the
star against the gravitation force while the symmetry energy
plays a dominant role in the internal structure of neutron stars
[6, 16, 17, 18, 19]. In the past two decades, neutron star calcu-
lations have predicted that the presence of pions and ∆ isobars
[17, 20] may strongly influence the symmetry pressure at such
densities and the thermal properties and post merger dynamics
of neutron stars as well [21]. To address questions concerning
the microscopic foundation of the EoS in neutron stars, labo-
ratory constraints on the symmetry energy or pressure and the
role of pions at supra-saturation densities are needed.

Since the symmetry energy governs the dependence of the
EoS on neutron excess, one can study nuclear collisions in lab-
oratory using beams with extreme neutron richness impinging
on targets composed of neutron-rich or neutron-deficient nu-
clei. Compared to neutron stars, the symmetry energy plays a
much smaller role in nuclear collisions, reflecting the smaller
asymmetries of atomic nuclei. To maximize the sensitivity to
the symmetry energy and minimize sensitivities to other quan-
tities, one can employ isovector observables such as the relative
emission of isospin multiplets, e.g. π− vs. π+, n vs. p, t vs.
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3He, etc., that are subject to symmetry forces of opposite sign
[22, 23, 24, 25, 26, 27].

Here, we report the results from the first measurements ded-
icated to probe the symmetry energy via pion production in
Sn+Sn collisions. We designed Our experiment is designed to
measure pion measure very low momentum pions, to ensure
accurate measurements of pion energy spectra and pion multi-
plicities. Because negatively and positively charged pions (π−

and π+) are primarily produced in n-n collisions and p-p colli-
sions, respectively, pion yield ratios Y(π−)/Y(π+) from central
collisions are predicted to be sensitive to the isovector mean
field potentials that contribute to the symmetry energy at high
densities [30, 31, 32, 33]. To retain sensitivity to the symmetry
energy while suppressing the influence of the Coulomb interac-
tion, we construct double ratios, i.e., ratios of pion yield ratios
for two different reactions with the same total charge but very
different isospin asymmetries.

Transport models are required to extract constraints on the
EoS from heavy-ion collisions and have provided constraints
on the symmetric matter EoS and its associated isoscalar mean
field potentials [10, 12]. In transport models, pions are pro-
duced by excitation and decay of the ∆ resonance in the com-
pressed high density region formed during the early stages of
a nucleus-nucleus collision [30, 31, 32, 33]. Recent efforts to
constrain the isovector mean fields and the associated symme-
try energy, based on pion multiplicities from the Au+Au data
have led to inconsistent conclusions [34, 35, 36]. To understand
the discrepencies among codes, the Transport Model Evalua-
tion Project (TMEP), has formulated benchmark calculations to
evaluate methods used to solve transport equations and predict
experimental observables [37, 38, 39]. The latest publication
[37] discusses transport calculations of pion production in a box
with periodic boundary conditions where analytic solutions are
known. When identical input parameters are used, good agree-
ment, especially of the pion yield ratios, was obtained for most
codes [37].

In the following we show seven transport model predic-
tions made without knowledge of the present experimental data,
These seven widely used transport codes are: (i) AMD+JAM
[31, 32, 40], (ii) IQMD-BNU [41, 42, 43], (iii) pBUU [30, 44],
(iv) SMASH [45], (v) TuQMD [46, 47], (vi) UrQMD [48, 49]
and (vii) χBUU [50] which is a variant of RVUU [51, 52] using
the Skχm∗ energy functional [53]. The above codes fall into
two categories with the χBUU, SMASH and pBUU based on
the Boltzmann-Uehling-Ulhenbeck equation, and those based
on the quantum molecular dynamics, includes the TuQMD,
AMD+JAM, IQMD-BNU, and UrQMD. The differences be-
tween the BUU and QMD code families, as well as details of
the codes have been described in the published code evalua-
tion studies [37, 38, 39], especially in Ref. [39]. These codes
are listed in Table 1 together with their results for the pion
multiplicities and ratios, which will be discussed below. Each
code performed calculations using two extreme choices of the
isovector nucleon mean field potentials characterized in the sec-
ond column of Table 1 by L, the slope of the symmetry energy
at saturation. The density dependence of the symmetry energy
used by the codes (identified by color and labels) is displayed in

2



Fig. 1. For clarity, we loosely refer to the symmetry energy de-
pendence as stiff (dot dashed curves in the top two groups) and
soft (solid curves in the bottom two groups of curves). Due to
overlapping L values, some lines cannot be displayed separately
as described in the caption. In this paper we will demonstrate
the present uncertainties or spread in the predictions and the
sensitivity of each code to the symmetry energy.
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Figure 1: Nuclear symmetry energies used in the seven transport models to
study pion production in Sn+Sn reactions. The solid and dash-dotted lines of
the same color correspond to the soft and stiff symmetry energies, respectively,
for each code. Some codes use the same EoS and cannot be seen: the soft den-
sity dependence of the symmetry energy for SMASH, IQMD-BNU are the same
as those used in AMD+JAM; Similarly, TuQMD employs the same stiff density
dependent symmetry energy as UrQMD and SMASH. These three curves (not
shown) are nearly the same as the one used by AMD+JAM.

2. Experimental Setup

Four reactions were measured covering a wide range of
asymmetries characterized by the neutron to proton ratios, N/Z:
(a) 132Sn+124Sn (N/Z = 1.56), (b) 108Sn+112Sn (N/Z = 1.2),
(c) 112Sn+124Sn (N/Z = 1.36), and (d) 124Sn+112Sn (N/Z =

1.36), at the Radioactive Isotope Beam Factory operated by
the RIKEN Nishina center and CNS, University of Tokyo. We
collided secondary beams of 132Sn, 124Sn, 112Sn, and 108Sn at
E/A = 270 MeV onto isotopically enriched (> 95%) 112Sn and
124Sn targets of 561 and 608 mg/cm2 areal density, respectively.
The low purity (∼ 10%) of the 124Sn beam relative to the much
higher purity > 50% of 108,112,132Sn beams complicates the in-
clusion of 124Sn-induced reactions in the current analyses.

To measure charged pions and light isotopes with Z≤3 over
the required experimental acceptance, we built the SAMU-
RAI pion Reconstruction Ion Tracker (SπRIT) Time Projec-
tion Chamber (TPC) and the associated trigger arrays [54, 55,
56, 57]. Detailed description of experimental setup and perfor-
mance of the SπRIT TPC can be found in Refs. [54, 58]. Tech-
nical challenges of various aspects of the experiments includ-
ing software techniques used in data analysis have been docu-
mented in at least 9 publications [54, 55, 57, 59, 60, 61, 62, 63,

64]. In this letter, only relevant information about the experi-
mental setup and analysis regarding the pion measurements are
briefly summarized. This letter is the first of a series of physics
results obtained from the SπRIT experiments. Additional re-
sults will be published as the analysis is finalized.

This paper mainly focuses on the measurement of charged pi-
ons. Charged particles detected in each event is used to infer the
impact parameters. Even though a new electronic system, the
Generic Electronics for TPCs (GET), was employed to attain a
large dynamic range when measuring the energy loss signals in
the TPC [60], novel software techniques were needed to achieve
an effective signal to noise ratio of 4000 to 1 [59]. This allowed
good isotope separation of pions and light charged nuclei up to
Li as shown in Fig. 2. A tracking analysis framework called
SπRITROOT is created specifically to reconstruct the momen-
tum and energy losses of each particle track [62, 65]. It can also
interface with Geant4 toolkits to simulate the TPC response for
the Monte Carlo (MC) tracks. In this way, the same analysis
software evaluates both the detected events and MC tracks. The
efficiency of the TPC was estimated by embedding MC tracks
into real experimental data [66].

Figure 2: Particle identification plot from the 132Sn +124Sn reaction, measured
with the SπRIT TPC. The main plot focuses on the resolution of the pion; the
broader spectrum of positively charged particles is shown in the inset.

3. Results

Assuming that the measured charged particle multiplicity de-
creases monotonically with increasing impact parameter, we se-
lect events with the highest multiplicities while retaining good
statistical accuracy. The selected events have a cross section of
about 0.3 barns, corresponding to a mean impact parameter of
≈ 3 fm [54]. Fig. 2 shows the charged particle identification
achieved for the 132Sn +124Sn reaction by combining the mea-
sured magnetic rigidity (pe/Q) and the energy loss (dE/dx)
in the counter gas of the SπRIT TPC. The pions are located
at very low dE/dx regions. Electrons and positrons from the
Dalitz decay of π0 are the largest contributions in the pion back-
ground. They appear as horizontal appendages to the pion PID
at low rigidity. These background contributions are insignifi-
cant. Nonetheless, they are subtracted via methods detailed in
Ref. [58].
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The design of the SπIRIT experiment allows transverse mo-
mentum of pions to be measured down to 0 MeV/c in the center-
of-mass (CM) system, the key to obtain accurate pion multi-
plicities and their ratios. In contrast, previous measurements of
Au+Au system had thresholds of ≈ 100 MeV/c [29]. We define
the angles in a coordinate system, where the z-axis lies along
the beam line, y-axis is vertical pointing upwards and x-axis lies
in the horizontal plane conforming to the definition of a right-
handed coordinate system. To ensure accurate pion momenta,
we focus on pions measured to polar angles of θCM < 90°.
In central collisions, pion emission is azimuthally symmetric;
thus our pion angular coverage at rapidities y > yCM is com-
plete. To obtain the total multiplicities, we further assume that
the pion multiplicities at y > yCM and y < yCM are equal; an
assumption supported by measuring the pion emission from the
forward and reverse reactions of 124Sn +112Sn and 112Sn +124Sn
systems [58]. Using pBUU, we estimate that the pion multi-
plicities from y > yCM and y < yCM , are the same to within
8%. Given the uncertainties in code predictions described be-
low, this small difference is not an issue of concern. Of course,
exact comparisons to our data can always be made by compar-
ing theoretical calculations at y > yCM .

The experimental results for the total pion multiplicities are
shown in Fig. 3 together with the results of the calculations to
be discussed below. The crosses overlaid with open symbols
show the measured π− and π+ multiplicities as a function of
N/Z, in the top and bottom panel, respectively, for the three sys-
tems 108Sn +112Sn, 112Sn +124Sn, and 132Sn +124Sn. The size
of the open symbols at the center of the crosses corresponds to
the combined experimental (systematic and statistical) uncer-
tainties. The systematic errors associated mainly with exper-
imental analysis [58] for the π− and π+ multiplicities are 3%
and 4%, respectively, with the statistical uncertainties less than
1.2%. The N/Z ratios of the initial system are chosen for the ab-
scissa in Fig. 3. A more interesting asymmetry variable might
be the N/Z ratios of the participant regions, which is model de-
pendent.

The π− multiplicities increase while the π+ multiplicities de-
crease with N/Z (Fig. 3). Consequently, the π−/π+ single ra-
tios shown in Fig. 4 (left panel) increase steeply with N/Z. As
systematic errors common to both the π− and π+ multiplicities
cancel in the ratios; the overall errors, represented by the size
of the open symbols are reduced to less than 2%. The blue
dashed curve that passes through the data is a power-law fit
(N/Z)3.6, while a (N/Z)2 dependence (shown as a blue dotted
line) would be expected from a ∆ resonant model for pion pro-
duction [29, 33]. The measured π−/π+ ratios and many of the
calculated ratios are considerably larger than the (N/Z)2 of the
system indicating that other dynamical factors beyond the sim-
ple ∆ resonant model play a role here.

The double pion yield ratios (DR) would show a more selec-
tive dependence on the symmetry energy [28]. Only the largest
double ratio value, 2.42 ± 0.05 from the two extreme reactions,
[Y(π−)/Y(π+)]132+124/[Y(π−)/Y(π+)]108+112 is plotted as a hor-
izontal bar in the right panel of Fig. 4. Its uncertainty (2%),
represented by the vertical height of the bar, reflects a large can-
cellation of systematic errors. Achieving this experimental ac-
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Figure 3: Charged pion multiplicities as a function of N/Z for three reaction
systems, 132Sn +124Sn, 112Sn +124Sn, and 108Sn +112Sn, for π− and π+ in the
upper and lower panels, respectively. Crosses are the experimental data with
uncertainties represented by the sizes of the open symbols. Lines are the calcu-
lations of the codes identified by the legend and listed in Table 1 for the choice
of the soft symmetry energy for the two systems with highest and lowest neu-
tron content connected to guide the eye.

curacy is important because most transport model calculations
predict the impact of the symmetry energy on this observable to
be less than 10% [24, 31, 32, 35].

4. Transport Model Predictions

Next we confront these experimental data with predictions
on the pion production by seven widely used transport codes
listed in Table 1, using two choices for the stiffness of the sym-
metry energy, shown in Fig. 1. All other physical input to the
codes, like the isoscalar mean fields and the elastic and inelas-
tic cross sections, are chosen by the code authors according to
their present best modeling of heavy-ion collisions, and are not
common to all codes. Unlike earlier theoretical analyses of the
Au+Au data, the calculations shown here are actual predictions
for this experiment based on the best effort of the respective
codes. No model parameters have been adjusted. The calcu-
lations were requested for the two reactions of extreme isospin
content, 132Sn +124Sn and 108Sn +112Sn at 〈b〉 = 3 fm.

The results of the codes, listed in Table 1, are shown graph-
ically in Fig. 3 for the π− and π+ yields in the upper and lower
panels respectively, and in Fig. 4 for the single and double ra-
tios. The lines in Fig. 3 represent the yields of π− and π+ using
the soft density dependent symmetry energy for each code. The
results using the stiff symmetry energy are not plotted in Fig. 3
for clarity. The variation of the predicted π+ multiplicities in
the lower panel is smaller than that for the π− multiplicities in
the upper panel. All the codes (except for SMASH) reproduce
the general trends of the N/Z dependence of the data i.e. larger
than the expected (N/Z)2 dependence. However, there are large
differences among code predictions, often larger than their de-
viation from the data.

The left panel of Fig. 4 shows the measured and predicted
Y(π−)/Y(π+) yield ratios. Predictions for the 112Sn +124Sn re-
action are shown only for TuQMD and pBUU codes, as the
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Figure 4: (Left panel) Charged pion yield ratios as a function of N/Z. The data are shown as crosses with the size of the open symbols representing the experimental
errors. The results of the calculations are represented by colored boxes for the different codes identified by their color in the right panel. The height of the boxes is
given by the difference of predictions for the soft and stiff symmetry energies. The dashed blue line is a power-law fit with the function (N/Z)3.6, while the dotted
blue line gives (N/Z)2 of the system. (Right panel) Double pion yield ratios for 132Sn +124Sn and 108Sn +112Sn. The data and their uncertainty are given by the red
horizontal bar and the results of the transport models are shown by the colored boxes, in a similar way as in the left panel. See text for details.

(a) 132Sn+124Sn (b) 108Sn+112Sn

Code name L (MeV) Y(π−) Y(π+) SR(π−/π+) Y(π−) Y(π+) SR(π−/π+) DR(π−/π+)

χBUU 45.6 0.509 0.109 4.67 0.269 0.134 2.01 2.33
120 0.483 0.117 4.13 0.271 0.140 1.94 2.13

TuQMD 54.6 0.779 0.145 5.37 0.442 0.176 2.51 2.14
145 0.839 0.145 5.79 0.474 0.181 2.62 2.21

pBUU 56.1 0.698 0.181 3.86 0.401 0.213 1.88 2.05
135 0.649 0.185 3.51 0.392 0.214 1.83 1.92

AMD+JAM 55 0.339 0.0978 3.47 0.200 0.116 1.72 2.02
152 0.311 0.0986 3.15 0.192 0.116 1.66 1.90

IQMD-BNU 54.6 0.542 0.148 3.67 0.319 0.175 1.82 2.01
145 0.452 0.153 2.95 0.278 0.167 1.67 1.77

SMASH 55 0.468 0.168 2.79 0.287 0.190 1.51 1.85
152 0.479 0.163 2.93 0.292 0.188 1.55 1.89

UrQMD 54 0.483 0.129 3.73 0.285 0.144 1.98 1.88
144 0.447 0.141 3.18 0.275 0.149 1.85 1.72

Data – 0.603(20) 0.131(5) 4.60(11) 0.349(12) 0.185(8) 1.89(4) 2.44(4)

Table 1: Pion multiplicities Y(π±), single multiplicity ratios SR(π−/π+) and double multiplicity ratios DR(π−/π+) from seven transport codes and compared to the
data (last row). Each code uses two different symmetry energy functionals, characterized in the second column by the slope L of the symmetry energy at saturation,
and shown in their full density dependence in Fig. 1. Experimental errors include both systematic and statistical uncertainties. For most calculations, the statistical
errors are negligibly small (<0.5%) as they are obtained with a sufficient number of events in the simulations. The present study thus indicates that the theoretical
uncertainties due to disagreement of codes are very large.
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original assignment for model predictions did not include this
system. The results for both choices of the symmetry energy
are shown by colored boxes, where the upper and lower borders
of each box correspond to the results from the stiff or the soft
symmetry energies. All codes predict sensitivity to the symme-
try energy even though the degrees of sensitivity (height of the
boxes) is generally small in relation to the difference to the data.
In most cases the soft symmetry energy results in the higher ra-
tio, except for the codes TuQMD and SMASH, for which the
opposite holds true (see Table 1). The differences among pre-
dictions for the single ratios are smaller than for the individual
multiplicities. However, they are still larger than the overall
differences between the calculations and the experimental data.

The N/Z dependence of these predictions agree qualita-
tively, but not quantitatively with the data. This suggests
that other factors such as specific details in the ∆ produc-
tion cross-sections, isoscalar mean-field potential, the accu-
racy in the treatment of the Coulomb interaction or differ-
ences in the magnitude of neutron skins of the initial state
nuclei could indirectly influence the single ratios. To reduce
the sensitivity to such effects, we construct the double ratio,
[Y(π−)/Y(π+)]132+124/[Y(π−)/Y(π+)]108+112. Since all reactions
have the same total charge, the double ratio largely removes the
Coulomb effects and any multiplicative normalization problem
with the ∆ and pion (π+ or π−) sub-threshold production cross
sections. The theoretical predictions for the double ratio are
plotted as rectangular boxes in the right panel of Fig. 4 with
borders corresponding to the soft and the stiff symmetry ener-
gies. The red horizontal bar represents the experimental value.
The best agreement with the double ratio data is provided by
the χBUU [50] and TuQMD. Although both models include
threshold effects on ∆ resonance production, they predict oppo-
site trends in the dependence of the single charged pion ratio on
the symmetry energy, pointing to the need for a better modeling
of the reactions. It is interesting that the sensitivity of SMASH
to the symmetry energy is very weak. Since Coulomb force has
not been implemented in SMASH, this suggests the possibility
that pion production may reflect a subtle interplay of dynamics
influenced by the Coulomb and symmetry energies.

5. Summary and Outlook

In summary, using the SπRIT Time Projection Chamber, we
have measured charged pion multiplicities and their ratios for
three Sn+Sn systems to < 4% in multiplicity and ≈ 2% in ra-
tio measurements. With radioactive beams, we are able to ex-
tend the N/Z range between two Sn+Sn reactions by a factor of
two compared to previous studies. By choosing systems with
widely different N/Z composition, but with similar Coulomb
effects, we obtain the asymmetry dependence of single and dou-
ble ratios. The precision reached in the data would allow a con-
straint on the symmetry energy if the factors contributing to the
variation among the transport models were brought under con-
trol.

Going beyond pion multiplicities and their ratios, calcula-
tions show that while low energy pions are affected by Coulomb
and other dynamical effects, high energy pion spectra ratios

show promise to allow constraining the density dependence of
the symmetry energy as well as the momentum dependence of
the isovector mean field potentials. We also have abundance of
data for Z = 1 and 2 particles. These light charged particles
will be used to construct observables such as stopping, trans-
verse and elliptical flows, to extract constraints of the isoscalar
parameters in the transport models. In particular, t/3He spectral
ratios may provide some information on the symmetry poten-
tials [27].

The results from the seven transport codes underscore the im-
portance of understanding the current uncertainties in the pre-
diction of pion observables related to the symmetry energy. The
TMEP has developed benchmark calculations in a box to verify
the technical implementation of pion production mechanisms
and other aspects of a transport code. Future transport calcu-
lations should follow similar rigorous evaluations before com-
parison to data. Most codes adjusted their inputs to optimally
reproduce the Au+Au data [29] which suffers from high exper-
imental pion momentum thresholds. Availability of the accu-
rately measured Sn+Sn momentum spectra should allow bet-
ter adjustment of some of the input parameters to the transport
codes.

As long as the disagreement among the predictions of trans-
port models for pion multiplicities and ratios is large, conclu-
sions about the symmetry energy from the present comparison
between calculations and data is precluded. This likely ex-
plains the contradictory conclusions reached in previous pion
production studies [35, 34, 36]. While it is beyond the scope of
this letter to elucidate the origin of these discrepancies, we can
comment on their possible causes. Based on the box compar-
ison studies, for the seven codes that participate in the present
work, the treatment of the collision term, the Pauli principle,
the pion production mechanism, and the choice of the nucle-
onic isoscalar potentials appear to be under control. However,
the mean-fields for pion and ∆ are inadequately constrained
and can strongly influence the energy available for subthreshold
pion production. They are also relevant to the EoS and thermal
transport properties of neutron stars at ρ ∼ 2ρ0 [17, 20, 21], be-
yond their relevance to the interpretation of pion production in
the present experiment.

Previous experience of constraining the symmetric matter
EoS also illustrates how such properties of dense matter can
be probed with an appropriately chosen set of experimental ob-
servables [10]. Calculations predict how the momentum de-
pendencies of the nucleonic mean fields can be constrained by
comparing neutron and proton energy spectra [23, 27, 67]. We
will need additional data that can be combined with the present
data to obtain independent constraints on the local and non-
local isovector mean field potentials at supra-saturation densi-
ties and on the production of pions and deltas in matter in the
vicinity of twice saturation density.

Measurements of pion spectra and pion production at dif-
ferent incident energies can test assumptions regarding the π
and ∆ mean field potentials and study the ∆ production thresh-
old effects, and their impact on the pion production mechanism
[28, 30]. Sensitivity studies following [46, 47, 68, 69, 70] may
identify other areas where further improvements in the descrip-
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tion of pion production in transport models are required.

6. Acknowledgements

The authors would like to thank the operation staff of
the RIBF for producing high intensity 238U and 124Xe pri-
mary beams in order to produce the 132Sn, 124Sn, 108Sn
and 112Sn secondary beams necessary for this study. This
work was supported by the U.S. Department of Energy,
USA under Grant Nos. DE- SC0014530, DE-NA0002923,
DE-FG02-93ER40773, DOE DE-FG02-93ER40773, DE-
SC0019209, DE-SC0015266, DE-AC02-05CH11231, US Na-
tional Science Foundation, United States Grant No. PHY-
1565546, the Robert A. Welch Foundation, United States
(A-1266 and A-1358), the Japan Society for the Pro-
motion of Science (JSPS) Grant-in-Aid for Scientific Re-
search (KAKENHI) grant Nos. JP24105004, JP18H05404,
JP17K05432 and JP19K14709, the National Research Foun-
dation of Korea under grant Nos. 2016K1A3A7A09005578,
2018R1A5A1025563, 2013M7A1A1075764 the Polish Na-
tional Science Center (NCN), Poland, under contract Nos.
UMO-2013/09/B/ST2/04064, UMO-2013/-10/M/ST2/00624,
the Deutsche Forschungsgemeinschaft (DFG, German Re-
search Foundation) under Germany’s Excellence Strategy –
EXC-2094 – 390783311 (ORIGINS), SFB1245, the BMBF
via Project No. 05P15RDFN1, EXC-2094-390783311, Na-
tional Natural Science Foundation of China under Grants Nos.
11375094, 11079025, 11847315, 11875125, 11505, 11947410,
11922514, Croatian Science Foundation under projects Nos.
1257 and 7194. The computing resources for data analysis are
provided by the HOKUSAI-GreatWave system at RIKEN, the
Institute for Cyber-Enabled Research (ICER) at Michigan State
University, and the EMBER cluster at the NSCL.

References

[1] B.P. Abbott, R. Abbott, T.D. Abbott, F. Acernese, K. Ackley, C. Adams, T.
Adams, P. Addesso, R.X. Adhikari, V.B. Adya, et al., Phys. Rev. Lett. 119
(2017) 161101.

[2] B.P. Abbott, R. Abbott, T.D. Abbott, F. Acernese, K. Ackley, C. Adams, T.
Adams, P. Addesso, R.X. Adhikari, V.B. Adya, et al., Phys. Rev. Lett. 121
(2018) 161101.

[3] B.P. Abbott, R. Abbott, T.D. Abbott, F. Acernese, K. Ackley, C. Adams,
T. Adams, P. Addesso, R.X. Adhikari, V.B. Adya, et al., Astrophys. J. 875
(2019) 160.

[4] L. Piro, E. Troja, B. Zhang, G. Ryan, H. van Eerten, R. Ricci, M.H.
Wieringa, A. Tiengo, N.R. Butler, S.B. Cenko, et al., Monthly Notices of
the Royal Astronomical Society 483 (2019) 1912.

[5] D. Radice, A. Perego, F. Zappa, and S. Bernuzzi, Astrophys. J. Lett. 852
(2018) L29.

[6] B.-Jun Cai, F.J. Fattoyev, B.-A Li, and W.G. Newton Phys. Rev. C 92
(2015) 015802.

[7] C.J. Horowitz, et al., J. Phys. G 41 (2014) 093001.
[8] M.B. Tsang, W.G. Lynch, and P. Danielewicz, C.Y. Tsang, Phys. Lett. B

795 (2019) 533.
[9] A.W. Steiner, J.M. Lattimer, and E.F. Brown, Astrophys. J. Lett. 765 (2013)

L5.
[10] P. Danielewicz, R. Lacey, and W.G. Lynch, Science 298 (2002) 1592.
[11] W.G. Lynch, M.B. Tsang, Y. Zhang, P. Danielewicz, M. Famiano, Z. Li,

A.W. Steiner, Prog. Part. Nucl. Phys. 62 (2009) 427.
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