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Constraining Neutron-Star Matter with Microscopic and Macroscopic Collisions
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Interpreting high-energy, astrophysical phenomena, such as supernova explosions or neutron-star
collisions, requires a robust understanding of matter at supranuclear densities. However, our knowl-
edge about dense matter explored in the cores of neutron stars remains limited. Fortunately, dense
matter is not only probed in astrophysical observations, but also in terrestrial heavy-ion collision
experiments. In this work, we use Bayesian inference to combine data from astrophysical multi-
messenger observations of neutron stars and from heavy-ion collisions of gold nuclei at relativistic
energies with microscopic nuclear theory calculations to improve our understanding of dense mat-
ter. We find that the inclusion of heavy-ion collision data indicates an increase in the pressure in
dense matter relative to previous analyses, shifting neutron-star radii towards larger values, consis-
tent with recent NICER observations. Our findings show that constraints from heavy-ion collision
experiments show a remarkable consistency with multi-messenger observations and provide com-
plementary information on nuclear matter at intermediate densities. This work combines nuclear
theory, nuclear experiment, and astrophysical observations, and shows how joint analyses can shed
light on the properties of neutron-rich supranuclear matter over the density range probed in neutron

stars.

The nuclear equation of state (EOS) describes dense
matter probed in terrestrial experiments with atomic nu-
clei as well as in astrophysical observations of neutron
stars. The nuclear EOS is governed by Quantum Chro-
modynamics (QCD), the theory of strong interactions,
but direct calculations of dense matter in neutron stars
based on QCD are presently not feasible. Hence, the
nuclear EOS has to be determined through approximate
theoretical calculations or from experimental or observa-
tional data. As a result, at densities well above nuclear
saturation density, ng,s = 0.16 fm > corresponding to a
mass density of 2.7 - 10'%g/cm®, where experimental and
theoretical information is less robust, the nuclear EOS is
still highly uncertain and many open questions remain,
such as if a possible phase transition to exotic phases of
matter exists in nature [IJ.

At densities below 1-2ng,;, the EOS and its theoret-
ical uncertainty can be obtained from microscopic cal-
culations based on chiral effective field theory (EFT) of
QCD [2H7]. To probe dense matter beyond these densi-
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ties, additional approaches, based on experimental and
observational data, are necessary. A very promising tool
is the multi-messenger astrophysics analysis of neutron
stars and their collisions, which provides access to dense
neutron-rich matter currently not accessible in terrestrial
experiments. In recent years, the advent of gravitational-
wave (GW) astronomy [8] and new electromagnetic (EM)
observations of neutron stars [9HII], including NASA’s
Neutron Star Interior Composition Explorer (NICER)
mission [10, [I1], led to novel constraints on the EOS [12-
23]. However, these observations mainly probe the EOS
at densities 2 2ng,; and still carry considerable uncer-
tainties, reflected in the ranges for predictions of neutron-
star radii. More precise or new complementary informa-
tion are required to reduce the uncertainties further.

The gap between our current knowledge of the EOS
stemming from nuclear theory and experiment at low
densities and astrophysical observations of neutron stars
at higher densities can be bridged by heavy-ion colli-
sion (HIC) experiments. These experiments, performed
with heavy-ion beam energies of up to 2 GeV /nucleon,
presently probe the nuclear EOS mainly in a density
range between 1-2ng,; [24426], representing a new source
of information [27].

In this work, we perform a global analysis of the nu-
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clear EOS including information from nuclear theory
(see Fig.[1]A), astrophysical observations of neutron stars
(see Fig. [1B), and results from HIC experiments that
were performed at the Schwerionensynchrotron 18 (SIS-
18) accelerator located at the GSI Helmholtz Centre for
Heavy Ion Research [25, 26] (see Fig. [IIC). We analyse
the EOS and neutron-star properties by extending our
Bayesian multi-messenger astrophysics framework [19] to
include information from the Four-Pi (FOPI) [25] and the
Asymmetric-Matter EOS (ASY-EOS) experimental cam-
paigns [26]. The combination of these experiments pro-
vides new constraints for neutron-rich matter between
~ 1-2ng,;. We additionally include the EOS constraint
from Danielewicz et al. [24] for symmetric nuclear matter
obtained from HIC experiments at the Bevalac acceler-
ator at Lawrence Berkeley National Laboratory (LBL)
and the Alternating Gradient Synchrotron (AGS) at
Brookhaven National Laboratory (BNL). In all experi-
ments, gold nuclei were collided. The information from
this series of HIC experiments allows us to further con-
strain the EOS in a density range where theoretical cal-
culations become less reliable.

Nuclear theory input.— Our analysis starts with a set
of 15,000 EOSs that are constrained by nuclear theory
calculations at low densities. In particular, we employ
calculations using local chiral EFT interactions [4, [28].
Chiral EFT is an effective theory of QCD that describes
strong interactions in terms of nucleon and pion degrees
of freedom using a systematic momentum expansion of
nuclear forces [29, [30]. In particular, the EFT expan-
sion enables estimates of theoretical uncertainties [6, B1].
Based on local chiral two- and three-nucleon interactions,
we use quantum Monte Carlo methods, which are among
the most precise many-body methods to solve the nu-
clear many-body problem [32]. The breakdown scale of
the chiral EFT expansion was estimated to be ~ 500-
600 MeV /c, where c is the speed of light [6]. Therefore,
we constrain our EOS set using chiral EFT input only up
to 1.5ngat (corresponding to Fermi momenta of the order
of 400 MeV/c) but a variation within 1-2ng,¢ shows no
substantial impact on our final results for neutron-star
radii [33], see also Tab. The 15,000 EOSs are sampled
such that they span the theoretical uncertainty range of
the chiral EFT calculation.

We extend each EOS above 1.5ng,; using an extrap-
olation in the speed of sound (¢;) in neutron-star mat-
ter [34]. This extrapolation is only constrained by causal-
ity (¢s < ¢) and stability of neutron-star matter (cs > 0).
In addition, we require all EOSs in the prior to support
neutron stars with masses of at least 1.9M,, which is well
below the lower limit from the combined observations of
heavy pulsars [35H37]. These general assumptions lead to
a broad uncertainty for the EOS at higher densities (see
Fig.[1]A), as well as for neutron-star masses and radii (see
Fig. [2]A). The EOS prior is then used to analyse astro-
physical observations and HIC experiments.

Multi-messenger astrophysics information.— The astro-
physical data are incorporated using a Bayesian multi-

messenger framework [I9] B8], which analyses each EOS
with respect to its agreement with a variety of obser-
vational data. We start with the mass measurements
of the massive neutron stars PSR J0348+4042 [35] and
PSR J1614-2230 [36] — to obtain a lower bound on
the maximum mass — and the constraint on the max-
imum mass of neutron stars derived from the binary
neutron-star collision GW170817 [39, 40] in which a
black hole was formed after the coalescence — to ob-
tain an upper bound on the maximum mass. Infor-
mation obtained from X-ray pulse-profile modeling of
PSR J0030+4-0451 and PSR J0740+6620 using data from
NICER and the X-ray Multi-Mirror Mission (XMM-
Newton) [I0] 22] [41] are incorporated. Moreover, we use
Bayesian inference techniques to analyse GW information
from the two neutron-star mergers GW170817 [§] and
GW190425 [42], observed by Advanced LIGO [43] and
Advanced Virgo [44], by matching the observed GW data
with theoretical GW models that depend on neutron-star
properties. For our analysis, we use a GW model [45] that
is an improved version of the main waveform model em-
ployed by the LIGO/Virgo Collaboration for the study of
GW170817 [46] and GW190425 [42]. Similarly to the GW
analysis, we also include information from the kilonova
AT2017gfo [9] associated with the GW signal. Kilonovae
originate from the radioactive decay of heavy atomic nu-
clei created in nucleosynthesis processes during and after
the merger of neutron stars, and are visible in the optical,
infrared, and ultraviolet spectra. The EM observations
are analysed with full radiative transfer simulations [47]
to extract information from the observed light curve and
spectra [48].

The above astrophysical information leads to impor-
tant constraints on the neutron-star EOS, as shown in
Fig. |I[B The constraints are strongest above 1.5mgat,
where the extrapolation in the speed of sound is used for
the EOSs. The high-density astrophysical constraints af-
fect mostly the high-mass region in the mass-radius plane
and exclude the stiffest EOSs that lead to the largest
radii, see Fig. 2IB.

Data from HIC experiments.— To further constrain the
EOS, we implement data from HIC experiments. The
FOPI [25] and ASY-EOS [20] experiments performed at
GSI provide information respectively on the symmetric
nuclear matter EOS, i.e., matter with the same amount
of protons and neutrons, and on the symmetry energy,
which describes the energy cost of changing protons into
neutrons in nuclear matter. For both experiments, 17 Au
nuclei were collided at relativistic energies (0.4 to 1.5
GeV /nucleon), forming an expanding fireball in the col-
lision region. This expansion is dictated by the achieved
compression and therefore depends on the EOS of hot
and dense matter. Due to the initial neutron-to-proton
asymmetry of the Au-Au system, the expansion of the
emitted nucleons is sensitive to the nuclear symmetry
energy. Constraints on the symmetry energy (from ASY-
EOS) can be translated into a constraint on the pressure
of neutron-star matter as a function of the baryon den-
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FIG. 1. Evolution of the pressure as a function of baryon number density for the EOS prior (A, gray), when including only data
from multi-messenger neutron-star observations (B, green), when including only HIC data (C, orange), and when combining
both (D, blue). The shading corresponds to the 95% and 68% credible intervals (lightest to darkest). The impact of the HIC
experimental constraint (HIC Data, purple lines at 95% and 68%) on the EOS is shown in panel C. In panels (B) through (D),
we show the 95% prior bound for comparison (gray dashed lines). We also show posterior distributions for the pressure at
1.5nsat and 2.5n¢,¢ at different stages of our analysis (E, F), where the combined Astro+HIC region is light-blue shaded.

sity when empirical information on symmetric nuclear
matter from experiments (FOPI) with atomic nuclei is
used. In addition to the GSI experiments, we include
constraints on the pressure of symmetric nuclear matter
at larger densities from experiments at LBL and BNL by
Danielewicz et al. [24] in which '°7 Au nuclei were collided
at energies up to 10 GeV /nucleon. These are sensitive to
higher densities, 2-4.5ng,¢, but we only include their con-
straints up to 3ns,y where the sensitivity of the ASY-EOS
experiment ends.

In Fig. [[IC, we show the combined HIC experimental
constraints (labelled HIC Data) at 68% and 95% credi-
bility as well as the resulting posterior distribution for
the neutron-star EOS. Whereas the FOPI experiment
delivers an EOS constraint for symmetric nuclear mat-
ter at densities between 1-3ng,, the ASY-EOS experi-
ment probes the symmetry energy roughly between 1-
2ngat. The HIC pressure-density constraint includes var-
ious sources of uncertainties. First, it includes systematic
and statistical uncertainties of the experiments and the
analysis of its data [25], 26]. We have explicitly checked
the robustness of our results when varying the details of
the analysis and employed models, and generally found

that our results do not significantly depend on individual
model choices; see Tabs. 2S5l Second, when extract-
ing the HIC constraint on neutron-star matter, we vary
nuclear matter properties, such as the incompressibility
parameter and the symmetry energy at mg,, according
to the measurements from FOPI and ASY-EOS. We have
explicitly checked that increasing these uncertainties in
agreement with theoretical estimates [7] only leads to mi-
nor changes of our final results, see Tab. [S5]

To enforce the ASY-EOS constraints only at densities
where the experiment is sensitive, we use the sensitivity
curve for neutrons and charged particles [26] as a prior
for the probed density range. We have checked the vari-
ation of our results for alternative choices of the sensi-
tivity curve [26] and found that this has no significant
impact on our final results (see Tab. [S3)). We find that
the HIC constraints prefer stiffer EOSs, i.e., EOSs that
have higher pressures at densities up to 2ng¢, see Fig.[T[C.

We note that results of the ASY-EOS experiment,
in their sub-saturation density extension, are compati-
ble with recent experimental findings from isobaric ana-
log states supplemented with additional constraints from
neutron-skin data [49], HICs using isospin-diffusion ob-
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FIG. 2. We show the 95% and 68% credible ranges for the neutron-star radius across various masses (up to the 95% upper
bound on the maximum allowed mass) for the prior (A, gray), when including only multi-messenger constraints (B, green),
when including only HIC experiment data (C, orange), and for the joint constraint (D, blue). We show the prior 95% contour
in panels (B)-(D) for comparison. Posterior distributions for the radii of 1.4My and 2Mg stars are given at different stages of
our analysis (E, F), where the combined Astro+HIC region is light-blue shaded.

servables measured in mid-peripheral collisions of Sn iso-
topes [50], and other nuclear structure information [51}
[52]. More recently, the Srrit campaign at RIKEN has
identified spectral yield ratios of charged pions in colli-
sions of various tin isotopes near threshold as sensitive
probes of the slope of the symmetry energy near and be-
yond nuclear saturation density [563]. The obtained value
is compatible with the ASY-EOS result but currently of-
fers no additional strong constraint due to its large un-

certainty [53} [54].

Combining information from micro- and macroscopic
collisions.— The final EOS constraints are obtained
through the combination of both the HIC informa-
tion and astrophysical multi-messenger observations, see
Fig. [D. While the multi-messenger data rules out the
most extreme EOS behavior, the HIC data favors larger
pressures around 1-1.5ng,¢, where the experimental sen-
sitivity is highest. This is similar to the effect of re-
cent NICER observations on the EOS [22] 23]. The con-
straints from HIC experiments is thus in excellent agree-
ment with the constraints from astrophysical observa-
tions, cf. Fig. [[E. At low densities, HIC results have a
clear impact on the total posterior for the EOS, while the
EOS at higher densities (2 2ng,;) is mostly determined

by astrophysical observations. At these densities, HIC
results deviate only mildly from the prior, see Fig. [IF.
This is also reflected in the radii of neutron stars shown
in Fig. 2E and Fig. 2F. Because astrophysical observa-
tions mainly probe neutron stars with M 2 1.4Mg), for
which the probed densities are higher, HIC information
influences the radii of these neutron stars to a smaller
degree. The radius of low-mass stars with M ~ 1.0Mg,
on the other hand, is also constrained by HIC informa-
tion. Our final result for a typical 1.4 solar mass neutron
star is 12.01f8:§gkm at 68% uncertainty (12.01f8:;§km
at 95% uncertainty), see Tab. m Comparing this value
to the result without any HIC information, 11.93%530km
at 68% confidence, highlights the benefit of combining
these various sources of information in a statistically ro-
bust framework.

To summarize, the interdisciplinary analysis of EOS
constraints from HIC experiments and multi-messenger
astrophysics shows remarkable agreement between the
two, and provides important information to constrain the
nuclear EOS at supra-saturation densities. Going for-
ward, it is important that both statistic and systematic
sources of uncertainty for HIC experiments are further
improved. For example, the impact of choosing differ-



Prior  Astro only HIC only Astro + HIC
Pisn.,, | 5591797 5847558 6.06755,  6.257350

Ria |11.96%175 11.93%075 12.067)75 12.01757

TABLE I. Comparison of the pressure in MeV fm ™2 at 1.5ngat
and the radius in km of a 1.4Mg neutron star (median with
the 95% credible interval) when including only astrophysical
constraints, only HIC experimental data, and for the combi-
nation of both.

ent Quantum Molecular Dynamics (QMD) models when
analyzing HIC experiments needs to be further investi-
gated (see Fig. [S3), and advancing HIC experiments to
probe higher densities, above 2-3ng,t, will be key. Com-
bining the latter with a reduction of experimental un-
certainties, data from HICs has great potential to pro-
vide complimentary EOS information, bridging nuclear
theory and astrophysical observations. In the next few
years, the ASY-EOS-II [55] and Compressed Baryonic
Matter (CBM) Experiments [56] at the upcoming Fa-
cility for Antiproton and Ion Research (FAIR) at GSI
will provide a unique opportunity to study nuclear mat-
ter at densities probed in the core of neutron stars and
their mergers, and might detect new phases of QCD mat-
ter at high densities. Together with experiments at the
Rare Isotope Beam Facility (RIBF) at RIKEN in Japan
and the Nuclotron-based Ion Collider fAcility (NICA) in
Russia, the robust combination of experimental HIC con-
straints and astrophysical observations has the potential
to revolutionise our understanding of the EOS.
Acknowledgments.— We thank Dan Cozma, Christoph
Hartnack, Philippe Landry, Paolo Russotto, Yongjia
Wang, and LIGO’s extreme matter group for valuable
comments and useful discussions. This work was sup-
ported by the Deutsche Forschungsgemeinschaft (DFG,
German Research Foundation) — Project-ID 279384907
— SFB 1245 (SH, AS); the research program of the
Netherlands Organization for Scientific Research (NWO)
(PTHP, CVDB); by the U.S. Department of Energy, Of-
fice of Science, Office of Nuclear Physics, under contract

No. DE-AC52-06NA25396, by the Laboratory Directed
Research and Development program of Los Alamos Na-
tional Laboratory under project numbers 20190617PRD1
and 20190021DR, and by the U.S. Department of En-
ergy, Office of Science, Office of Advanced Scientific Com-
puting Research, Scientific Discovery through Advanced
Computing (SciDAC) program (IT); and by the Max
Planck Society (TD). MB acknowledges support from
the Swedish Research Council (Reg. no. 2020-03330)
and MWC by the National Science Foundation with
grant number PHY-2010970. ALF and WT acknowledge
the support of the French-German Collaboration Agree-
ment between IN2P3 - DSM/CEA and GSI. KA acknowl-
edges the support from the Bundesministerium fir Bil-
dung und Forschung (BMBF, German Federal Ministry
of Education and Research) — Project-ID 05P19VTFC1
and Helmholtz Graduate School for Hadron and Ion
Research (HGS-HIRe). Computations were performed
on the national supercomputer Hawk at the High Per-
formance Computing Center Stuttgart (HLRS) under
the grant number 44189 and on SuperMUC-NG at
Leibniz Supercomputing Centre Munich under project
number pn29ba. In addition, computational resources
have also been provided by the Los Alamos National
Laboratory Institutional Computing Program, which
is supported by the U.S. Department of Energy Na-
tional Nuclear Security Administration under Contract
No. 89233218CNA000001, and by the National Energy
Research Scientific Computing Center (NERSC), which
is supported by the U.S. Department of Energy, Office of
Science, under contract No. DE-AC02-05CH11231. This
research has made use of data, software and /or web tools
obtained from the Gravitational Wave Open Science Cen-
ter (https://www.gw-openscience.org), a service of LIGO
Laboratory, the LIGO Scientific Collaboration and the
Virgo Collaboration. LIGO is funded by the U.S. Na-
tional Science Foundation. Virgo is funded by the French
Centre National de Recherche Scientifique (CNRS), the
Italian Istituto Nazionale della Fisica Nucleare (INFN)
and the Dutch Nikhef, with contributions by Polish and
Hungarian institutes.

[1] E. Annala, T. Gorda, A. Kurkela, J. Nattil4,
and A. Vuorinen, Nature Phys. 16, 907 (2020),
arXiv:1903.09121 [astro-ph.HE|.

[2] K. Hebeler, J. M. Lattimer, C. J. Pethick,
and A. Schwenk, Astrophys. J. 773, 11 (2013),

arXiv:1303.4662 |astro-ph.SR/.

[3] I. Tews, T. Kriiger, K. Hebeler, and A. Schwenk, Phys.
Rev. Lett. 110, 032504 (2013)}[arXiv:1206.0025 [nucl-th].

[4] J. E. Lynn, I. Tews, J. Carlson, S. Gandolfi, A. Gezerlis,
K. E. Schmidt, and A. Schwenk, Phys. Rev. Lett. 116,
062501 (2016), arXiv:1509.03470 |nucl-th|.

[5] C. Drischler, K. Hebeler, and A. Schwenk, Phys. Rev.
Lett. 122, 042501 (2019), [arXiv:1710.08220 [nucl-th|.

[6] C. Drischler, R. J. Furnstahl, J. A. Melendez, and D. R.
Phillips, Phys. Rev. Lett. 125 (2020), 2004.07232.

[7] S. Huth, C. Wellenhofer, and A. Schwenk, Phys. Rev. C
103 (2021), 10.1103 /physrevc.103.025803, [2009.08885!

[8] B. P. Abbott et al. (Virgo, LIGO Scientific), Phys. Rev.
Lett. 119, 161101 (2017), larXiv:1710.05832 [gr-qc].

[9] B. P. Abbott et al. (Virgo, Fermi-GBM, INTE-
GRAL, LIGO Scientific), Astrophys. J. 848, L13 (2017),
arXiv:1710.05834 [astro-ph.HE].

[10] M. C. Miller et al., Astrophys. J. Lett. 887, L24 (2019),
arXiv:1912.05705 [astro-ph.HE].

[11] T. E. Riley et al., Astrophys. J. Lett. 887, L21 (2019),
arXiv:1912.05702 |astro-ph.HE|.

[12] A. Bauswein, O. Just, H.-T. Janka, and N. Stergioulas,
Astrophys. J. 850, L34 (2017), [arXiv:1710.06843 |astro-
ph.HE].

[13] E. Annala, T. Gorda, A. Kurkela, and A. Vuorinen,


http://dx.doi.org/ 10.1038/s41567-020-0914-9
http://arxiv.org/abs/1903.09121
http://dx.doi.org/10.1088/0004-637X/773/1/11
http://arxiv.org/abs/1303.4662
http://dx.doi.org/10.1103/PhysRevLett.110.032504
http://dx.doi.org/10.1103/PhysRevLett.110.032504
http://arxiv.org/abs/1206.0025
http://dx.doi.org/ 10.1103/PhysRevLett.116.062501
http://dx.doi.org/ 10.1103/PhysRevLett.116.062501
http://arxiv.org/abs/1509.03470
http://dx.doi.org/10.1103/PhysRevLett.122.042501
http://dx.doi.org/10.1103/PhysRevLett.122.042501
http://arxiv.org/abs/1710.08220
http://arxiv.org/abs/2004.07232
http://dx.doi.org/10.1103/physrevc.103.025803
http://dx.doi.org/10.1103/physrevc.103.025803
http://arxiv.org/abs/2009.08885
http://dx.doi.org/10.1103/PhysRevLett.119.161101
http://dx.doi.org/10.1103/PhysRevLett.119.161101
http://arxiv.org/abs/1710.05832
http://dx.doi.org/10.3847/2041-8213/aa920c
http://arxiv.org/abs/1710.05834
http://dx.doi.org/10.3847/2041-8213/ab50c5
http://arxiv.org/abs/1912.05705
http://dx.doi.org/10.3847/2041-8213/ab481c
http://arxiv.org/abs/1912.05702
http://dx.doi.org/10.3847/2041-8213/aa9994
http://arxiv.org/abs/1710.06843
http://arxiv.org/abs/1710.06843

Phys. Rev. Lett. 120, 172703 (2018), larXiv:1711.02644
[astro-ph.HE].

[14] E. R. Most, L. R. Weih, L. Rezzolla, and
J. Schaffner-Bielich, Phys. Rev. Lett. 120, 261103 (2018),
arXiv:1803.00549 [gr-qc].

[15] B. P. Abbott et al. (Virgo, LIGO Scientific), Phys. Rev.
Lett. 121, 161101 (2018), larXiv:1805.11581 [gr-qc].

[16] D. Radice and L. Dai, Eur. Phys. J. A55, 50 (2019),
arXiv:1810.12917 |astro-ph.HE|.

[17] C. D. Capano, I. Tews, S. M. Brown, B. Margalit,
S. De, S. Kumar, D. A. Brown, B. Krishnan, and
S. Reddy, Nature Astron. (2019), 10.1038/s41550-020-
1014-6, arXiv:1908.10352 [astro-ph.HE|.

[18] B. P. Abbott et al. (LIGO Scientific, Virgo), Class.
Quant. Grav. 37, 045006 (2020), |arXiv:1908.01012 [gr-
qcl.

[19] T. Dietrich, M. W. Coughlin, P. T. H. Pang, M. Bulla,
J. Heinzel, L. Issa, I. Tews, and S. Antier, Science 370,
1450 (2020), arXiv:2002.11355 [astro-ph.HE].

[20] B. Biswas, P. Char, R. Nandi, and S. Bose, Phys. Rev.
D 103, 103015 (2021), arXiv:2008.01582 |astro-ph.HE|.

[21] I. Legred, K. Chatziioannou, R. Essick, S. Han, and
P. Landry, (2021), |arXiv:2106.05313 [astro-ph.HE].

[22] M. C. Miller et al., (2021), |arXiv:2105.06979 [astro-
ph.HE].

[23] G. Raaijmakers, S. K. Greif, K. Hebeler, T. Hinderer,
S. Nissanke, A. Schwenk, T. E. Riley, A. L. Watts, J. M.
Lattimer, and W. C. G. Ho, (2021), [arXiv:2105.06981
[astro-ph.HE].

[24] P. Danielewicz, R. Lacey, and W. G. Lynch, [Science
298, 1592 (2002), nucl-th/0208016.

[25] A. Le Fevre, Y. Leifels, W. Reisdorf, J. Aichelin,
and C. Hartnack, Nucl. Phys. A 945, 112 (2016),
arXiv:1501.05246 [nucl-ex|.

[26] P. Russotto et al., [Phys. Rev. C 94, 034608 (2016),
arXiv:1608.04332 [nucl-ex]|.

[27] M. B. Tsang, W. G. Lynch, P. Danielewicz, and C. Y.
Tsang, Phys. Lett. B 795, 533 (2019), arXiv:1906.02180
[nucl-ex].

[28] I. Tews, J. Carlson, S. Gandolfi, and S. Reddy, |Astro-
phys. J. 860, 149 (2018)} larXiv:1801.01923 [nucl-th|.

[29] E. Epelbaum, H.-W. Hammer, and U.-G. Meissner, Rev.
Mod. Phys. 81, 1773 (2009)}, |arXiv:0811.1338 [nucl-th].

[30] R. Machleidt and D. R. Entem, Phys. Rept. 503, 1
(2011), larXiv:1105.2919 |nucl-th|.

[31] E. Epelbaum, H. Krebs, and U.-G. Meifner, Eur. Phys.
J. A 51, 53 (2015), arXiv:1412.0142 [nucl-th|.

[32] J. Carlson, S. Gandolfi, F. Pederiva, S. C. Pieper,
R. Schiavilla, K. E. Schmidt, and R. B. Wiringa, [Rev.
Mod. Phys. 87, 1067 (2015)} arXiv:1412.3081 [nucl-th.

[33] R. Essick, I. Tews, P. Landry, S. Reddy, and D. E.
Holz, Phys. Rev. C 102, 055803 (2020), |arXiv:2004.07744
[astro-ph.HE].

[34] 1. Tews, J. Margueron, and S. Reddy, [Phys. Rev. C98,
045804 (2018)), |arXiv:1804.02783 [nucl-thl|.

[35] J. Antoniadis, P. C. Freire, N. Wex, T. M. Tauris, R. S.
Lynch, et al., Science 340, 6131 (2013)} jarXiv:1304.6875
[astro-ph.HE].

[36] Z. Arzoumanian et al. (NANOGrav), Astrophys. J.
Suppl. 235, 37 (2018), arXiv:1801.01837 |astro-ph.HE|.

[37] E. Fonseca et al., |Astrophys. J. Lett. 915, L12 (2021),
arXiv:2104.00880 |astro-ph.HE|.

[38] P. T. H. Pang, I. Tews, M. W. Coughlin, M. Bulla, C. Van
Den Broeck, and T. Dietrich, (2021), arXiv:2105.08688

|astro-ph.HE|.

[39] B. Margalit and B. D. Metzger, |Astrophys. J. 850, 1.19
(2017)} |arXiv:1710.05938 [astro-ph.HE].

[40] L. Rezzolla, E. R. Most, and L. R. Weih, |Astrophys. J.
852, 125 (2018), larXiv:1711.00314 [astro-ph.HE]|.

[41] T. E. Riley et al., (2021), |arXiv:2105.06980 [astro-
ph.HE].

[42] B. Abbott et al. (LIGO Scientific, Virgo), |Astrophys. J.
Lett. 892, 1.3 (2020), arXiv:2001.01761 [astro-ph.HE|.

[43] J. Aasi et al. (LIGO Scientific), Class. Quant. Grav. 32,
074001 (2015)} arXiv:1411.4547 |gr-qc|.

[44] F. Acernese et al. (VIRGO), Class. Quant. Grav. 32,
024001 (2015), arXiv:1408.3978 |gr-qc|.

[45] T. Dietrich, A. Samajdar, S. Khan, N. K. Johnson-
McDaniel, R. Dudi, and W. Tichy, Phys. Rev. D 100,
044003 (2019)}, arXiv:1905.06011 |gr-qc]L.

[46] B. P. Abbott et al. (LIGO Scientific, Virgo), Phys. Rev.
X 9, 011001 (2019), arXiv:1805.11579 [gr-qc|.

[47] M. Bulla, Mon. Not. Roy. Astron. Soc. 489, 5037 (2019),
arXiv:1906.04205 |astro-ph.HE|.

[48] M. Coughlin, T. Dietrich, K. Kawaguchi, S. Smartt,
C. Stubbs, and M. Ujevic, Astrophys. J. 849, 12 (2017),
arXiv:1708.07714 |astro-ph.HE|.

[49] P. Danielewicz and J. Lee, Nuclear Physics A 922, 1-70
(2014), 1307.4130.

[50] M. B. Tsang, Y. Zhang, P. Danielewicz, M. Famiano,
Z. Li, W. G. Lynch, and A. W. Steiner, Phys. Rev.
Lett. 102, 122701 (2009).

[61] Z. Zhang and L.-W. Chen, Phys. Lett. B 726, 234 (2013),
arXiv:1302.5327 [nucl-th].

[52] B. A. Brown, Phys. Rev. Lett. 111, 232502 (2013),
1308.3664.

[53] J. Estee et al. (STRIT), Phys. Rev. Lett. 126, 162701
(2021), |arXiv:2103.06861 [nucl-ex].

[64] G.-C. Yong, “Symmetry energy extracted from the Srrit
pion data in Sn+Sn systems,” (2021), [arXiv:2104.12098
[nucl-th].

[55] P. Russotto, A. Le Févre, J. Lukasik, K. Boretzky, M. D.
Cozma, E. De Filippo, 1. Gaspari¢, Y. Leifels, I. Li-
htar, S. Pirrone, G. Politi, and W. Trautmann, (2021),
arXiv:2105.09233 [nucl-ex].

[56] T. Ablyazimov et al. (CBM), Eur. Phys. J. A 53, 60
(2017), larXiv:1607.01487 |nucl-ex].

[67] T. Dietrich, M. Coughlin, P. T. H. Pang, M. Bulla,
J. Heinzel, L. Issa, I. Tews, and S. Antier, ‘Multi-
messenger constraints on the neutron-star equation of
state and the Hubble constant — Data and Codes,”
(2020).

[58] M. Vallisneri, J. Kanner, R. Williams, A. Weinstein, and
B. Stephens, [J. Phys. Conf. Ser. 610, 012021 (2015),
arXiv:1410.4839 [gr-qc].

[59] A. Gezerlis, I. Tews, E. Epelbaum, S. Gandolfi,
K. Hebeler, A. Nogga, and A. Schwenk, Phys. Rev. Lett.
111, 032501 (2013), [arXiv:1303.6243 [nucl-th].

[60] A. Gezerlis, I. Tews, E. Epelbaum, M. Freunek, S. Gan-
dolfi, K. Hebeler, A. Nogga, and A. Schwenk, Phys. Rev.
C 90, 054323 (2014), |arXiv:1406.0454 |nucl-th].

[61] I. Tews, S. Gandolfi, A. Gezerlis, and A. Schwenk, Phys.
Rev. C 93, 024305 (2016), [arXiv:1507.05561 [nucl-th].

[62] C. Drischler, J. A. Melendez, R. J. Furnstahl, and
D. R. Phillips, Phys. Rev. C 102, 054315 (2020),
arXiv:2004.07805 [nucl-th|.

[63] S. Greif, G. Raaijmakers, K. Hebeler, A. Schwenk, and
A. L. Watts, Mon. Not. Roy. Astron. Soc. 485, 5363


http://dx.doi.org/10.1103/PhysRevLett.120.172703
http://arxiv.org/abs/1711.02644
http://arxiv.org/abs/1711.02644
http://dx.doi.org/10.1103/PhysRevLett.120.261103
http://arxiv.org/abs/1803.00549
http://dx.doi.org/10.1103/PhysRevLett.121.161101
http://dx.doi.org/10.1103/PhysRevLett.121.161101
http://arxiv.org/abs/1805.11581
http://dx.doi.org/10.1140/epja/i2019-12716-4
http://arxiv.org/abs/1810.12917
http://dx.doi.org/10.1038/s41550-020-1014-6
http://dx.doi.org/10.1038/s41550-020-1014-6
http://arxiv.org/abs/1908.10352
http://dx.doi.org/10.1088/1361-6382/ab5f7c
http://dx.doi.org/10.1088/1361-6382/ab5f7c
http://arxiv.org/abs/1908.01012
http://arxiv.org/abs/1908.01012
http://dx.doi.org/ 10.1126/science.abb4317
http://dx.doi.org/ 10.1126/science.abb4317
http://arxiv.org/abs/2002.11355
http://dx.doi.org/ 10.1103/PhysRevD.103.103015
http://dx.doi.org/ 10.1103/PhysRevD.103.103015
http://arxiv.org/abs/2008.01582
http://arxiv.org/abs/2106.05313
http://arxiv.org/abs/2105.06979
http://arxiv.org/abs/2105.06979
http://arxiv.org/abs/2105.06981
http://arxiv.org/abs/2105.06981
http://dx.doi.org/10.1126/science.1078070
http://dx.doi.org/10.1126/science.1078070
http://arxiv.org/abs/nucl-th/0208016
http://dx.doi.org/ 10.1016/j.nuclphysa.2015.09.015
http://arxiv.org/abs/1501.05246
http://dx.doi.org/10.1103/PhysRevC.94.034608
http://arxiv.org/abs/1608.04332
http://dx.doi.org/10.1016/j.physletb.2019.06.059
http://arxiv.org/abs/1906.02180
http://arxiv.org/abs/1906.02180
http://dx.doi.org/10.3847/1538-4357/aac267
http://dx.doi.org/10.3847/1538-4357/aac267
http://arxiv.org/abs/1801.01923
http://dx.doi.org/10.1103/RevModPhys.81.1773
http://dx.doi.org/10.1103/RevModPhys.81.1773
http://arxiv.org/abs/0811.1338
http://dx.doi.org/10.1016/j.physrep.2011.02.001
http://dx.doi.org/10.1016/j.physrep.2011.02.001
http://arxiv.org/abs/1105.2919
http://dx.doi.org/10.1140/epja/i2015-15053-8
http://dx.doi.org/10.1140/epja/i2015-15053-8
http://arxiv.org/abs/1412.0142
http://dx.doi.org/ 10.1103/RevModPhys.87.1067
http://dx.doi.org/ 10.1103/RevModPhys.87.1067
http://arxiv.org/abs/1412.3081
http://dx.doi.org/ 10.1103/PhysRevC.102.055803
http://arxiv.org/abs/2004.07744
http://arxiv.org/abs/2004.07744
http://dx.doi.org/10.1103/PhysRevC.98.045804
http://dx.doi.org/10.1103/PhysRevC.98.045804
http://arxiv.org/abs/1804.02783
http://dx.doi.org/10.1126/science.1233232
http://arxiv.org/abs/1304.6875
http://arxiv.org/abs/1304.6875
http://dx.doi.org/10.3847/1538-4365/aab5b0
http://dx.doi.org/10.3847/1538-4365/aab5b0
http://arxiv.org/abs/1801.01837
http://dx.doi.org/10.3847/2041-8213/ac03b8
http://arxiv.org/abs/2104.00880
http://arxiv.org/abs/2105.08688
http://arxiv.org/abs/2105.08688
http://dx.doi.org/10.3847/2041-8213/aa991c
http://dx.doi.org/10.3847/2041-8213/aa991c
http://arxiv.org/abs/1710.05938
http://dx.doi.org/10.3847/2041-8213/aaa401
http://dx.doi.org/10.3847/2041-8213/aaa401
http://arxiv.org/abs/1711.00314
http://arxiv.org/abs/2105.06980
http://arxiv.org/abs/2105.06980
http://dx.doi.org/10.3847/2041-8213/ab75f5
http://dx.doi.org/10.3847/2041-8213/ab75f5
http://arxiv.org/abs/2001.01761
http://dx.doi.org/10.1088/0264-9381/32/7/074001
http://dx.doi.org/10.1088/0264-9381/32/7/074001
http://arxiv.org/abs/1411.4547
http://dx.doi.org/10.1088/0264-9381/32/2/024001
http://dx.doi.org/10.1088/0264-9381/32/2/024001
http://arxiv.org/abs/1408.3978
http://dx.doi.org/ 10.1103/PhysRevD.100.044003
http://dx.doi.org/ 10.1103/PhysRevD.100.044003
http://arxiv.org/abs/1905.06011
http://dx.doi.org/10.1103/PhysRevX.9.011001
http://dx.doi.org/10.1103/PhysRevX.9.011001
http://arxiv.org/abs/1805.11579
http://dx.doi.org/10.1093/mnras/stz2495
http://arxiv.org/abs/1906.04205
http://dx.doi.org/ 10.3847/1538-4357/aa9114
http://arxiv.org/abs/1708.07714
http://dx.doi.org/10.1016/j.nuclphysa.2013.11.005
http://dx.doi.org/10.1016/j.nuclphysa.2013.11.005
http://arxiv.org/abs/1307.4130
http://dx.doi.org/ 10.1103/PhysRevLett.102.122701
http://dx.doi.org/ 10.1103/PhysRevLett.102.122701
http://dx.doi.org/10.1016/j.physletb.2013.08.002
http://arxiv.org/abs/1302.5327
http://dx.doi.org/10.1103/PhysRevLett.111.232502
http://arxiv.org/abs/1308.3664
http://dx.doi.org/10.1103/PhysRevLett.126.162701
http://dx.doi.org/10.1103/PhysRevLett.126.162701
http://arxiv.org/abs/2103.06861
http://arxiv.org/abs/2104.12098
http://arxiv.org/abs/2104.12098
http://arxiv.org/abs/2105.09233
http://dx.doi.org/10.1140/epja/i2017-12248-y
http://dx.doi.org/10.1140/epja/i2017-12248-y
http://arxiv.org/abs/1607.01487
http://dx.doi.org/10.5281/zenodo.4114141
http://dx.doi.org/10.5281/zenodo.4114141
http://dx.doi.org/10.5281/zenodo.4114141
http://dx.doi.org/ 10.1088/1742-6596/610/1/012021
http://arxiv.org/abs/1410.4839
http://dx.doi.org/ 10.1103/PhysRevLett.111.032501
http://dx.doi.org/ 10.1103/PhysRevLett.111.032501
http://arxiv.org/abs/1303.6243
http://dx.doi.org/10.1103/PhysRevC.90.054323
http://dx.doi.org/10.1103/PhysRevC.90.054323
http://arxiv.org/abs/1406.0454
http://dx.doi.org/10.1103/PhysRevC.93.024305
http://dx.doi.org/10.1103/PhysRevC.93.024305
http://arxiv.org/abs/1507.05561
http://dx.doi.org/10.1103/PhysRevC.102.054315
http://arxiv.org/abs/2004.07805
http://dx.doi.org/ 10.1093/mnras/stz654

(2019), larXiv:1812.08188 [astro-ph.HE|.

[64] I.  Tews, [Phys. Rev. C 95, 015803
arXiv:1607.06998 [nucl-th]|.

[65] M. Leonhardt, M. Pospiech, B. Schallmo, J. Braun,
C. Drischler, K. Hebeler, and A. Schwenk, Phys. Rev.
Lett. 125, 142502 (2020), 11907.05814.

[66] I. Tews, P. T. H. Pang, T. Dietrich, M. W. Coughlin,
S. Antier, M. Bulla, J. Heinzel, and L. Issa, Astrophys.
J. Lett. 908, L1 (2021)} [arXiv:2007.06057 |astro-ph.HE|.

[67] L. Struder et al.,|Astron. Astrophys. 365, L18 (2001).

[68] M. J. L. Turner et al., Astron. Astrophys. 365, L27
(2001), [arXiv:astro-ph/0011498.

[69] R. J. E. Smith, G. Ashton, A. Vajpeyi, and C. Tal-
bot, Mon. Not. Roy. Astron. Soc. 498, 4492 (2020)),
arXiv:1909.11873 [gr-qc].

[70] J. Veitch et al., Phys. Rev. D 91, 042003 (2015),
arXiv:1409.7215 [gr-qc].

[71] M. W. Coughlin, T. Dietrich, Z. Doctor, D. Kasen,
S. Coughlin, A. Jerkstrand, G. Leloudas, O. McBrien,
B. D. Metzger, R. O’Shaughnessy, and S. J. Smartt,
Mon. Not. Roy. Astron. Soc. 480, 3871 (2018),
arXiv:1805.09371.

[72] M. W. Coughlin, T. Dietrich, B. Margalit, and B. D.
Metzger, Mon. Not. Roy. Astron. Soc. 489, 191 (2019),
arXiv:1812.04803.

[73] T. Dietrich and M. Ujevic, |Class. Quant. Grav. 34,
105014 (2017), larXiv:1612.03665 [gr-qc].

[74] C. Fuchs and H. H. Wolter, Eur. Phys. J. A 30, 5 (2006),
arXiv:nucl-th/0511070.

[75] Y. Zhang, N. Wang, Q.-F. Li, L. Ou, J.-L. Tian, M. Liu,
K. Zhao, X.-Z. Wu, and Z.-X. Li, Front. Phys. (Beijing)
15, 54301 (2020), jarXiv:2005.12877 [nucl-th].

[76] A. Andronic, J. Lukasik, W. Reisdorf, and W. Traut-
mann, Eur. Phys. J. A 30, 31 (2006), larXiv:nucl-
ex,/0608015.

[77] W. Reisdorf et al. (FOPI), Nucl. Phys. A 876, 1 (2012),
arXiv:1112.3180 [nucl-ex].

[78] C. Hartnack, R. K. Puri, J. Aichelin, J. Konopka, S. A.
Bass, H. Stoecker, and W. Greiner, Eur. Phys. J. A 1,
151 (1998), larXiv:nucl-th /9811015.

[79] Y. Wang, C. Guo, Q. Li, A. Le Févre, Y. Leifels,
and W. Trautmann, Phys. Lett. B 778, 207 (2018),
arXiv:1804.04293 |nucl-th|.

[80] A. Le Fevre, Y. Leifels, C. Hartnack, and J. Aichelin,
Phys. Rev. C 98, 034901 (2018), arXiv:1611.07500 [nucl-
th].

[81] C. T. Sturm et al. (KAOS), Phys. Rev. Lett. 86, 39
(2001)} jarXiv:nucl-ex/0011001.

[82] C. Fuchs, A. Faessler, S. El-Basaouny, K. M. Shekhter,
E. Zabrodin, and Y. M. Zheng, |J. Phys. G 28, 1615
(2002), |arXiv:nucl-th /0103036,

[83] D. Adhikari, H. Albataineh, D. Androic, K. Aniol, D. S.
Armstrong, T. Averett, C. Ayerbe Gayoso, S. Barcus,
V. Bellini, R. S. Beminiwattha, et al. (PREX), Phys.
Rev. Lett. 126, 172502 (2021)) |arXiv:2102.10767 [nucl-
ex|.

[84] B. T. Reed, F. J. Fattoyev, C. J. Horowitz, and
J. Piekarewicz, [Phys. Rev. Lett. 126, 172503 (2021),
arXiv:2101.03193 [nucl-th|.

[85] R. Essick, I. Tews, P. Landry, and A. Schwenk, (2021),
arXiv:2102.10074 [nucl-th].

[86] B. Biswas, (2021), arXiv:2105.02886 |astro-ph.HE|.

[87] B.-A. Li, Phys. Rev. Lett. 88, 192701 (2002), larXiv:nucl-
th/0205002.

(2017),

[88] P. Russotto, P. Wu, M. Zoric, M. Chartier, Y. Leifels,
R. Lemmon, Q. Li, J. Lukasik, A. Pagano, P. Pawlowski,
and et al., Phys. Lett. B 697, 471-476 (2011),1101.2361.

[89] T. Blaich et al. (LAND), Nucl. Instrum. Meth. A 314,
136 (1992).

[90] M. D. Cozma, Eur. Phys. J. A 54, 40 (2018),
arXiv:1706.01300 [nucl-th].

[91] A. Gezerlis and J. Carlson, Phys. Rev. C 81, 025803
(2010), [0911.3907.

[92] I. Tews, J. M. Lattimer, A. Ohnishi, and E. E. Kolomeit-
sev, Astrophys. J. 848, 105 (2017), 1611.07133.

[93] K. Hebeler, S. K. Bogner, R. J. Furnstahl, A. Nogga,
and A. Schwenk, Phys. Rev. C 83, 031301(R) (2011),
1012.3381.

[94] C. Drischler, K. Hebeler, and A. Schwenk, Phys. Rev. C
93, 054314 (2016), 1510.06728

Data  Availability and Code Availability.— The
datasets generated and/or analysed during the current
study are available from the corresponding author
on reasonable request and will be made available on

Zenodo when published. All employed GW models

are implemented in the publicly available software

LALSUITE at https://git.ligo.org/lscsoft. The

BILBY and PARALLEL BILBY softwares are avail-

able at https://git.ligo.org/lscsoft/bilby and

https://git.ligo.org/lscsoft/parallel_bilby, re-
spectively. The GWEMLIGHTCURVE software is available
at https://gwemlightcurves.github.io/. The exact
code versions of BILBY, PARALLEL BILBY, LALSUITE,
and GWEMLIGHTCURVE that we have employed for this
work are also available at [57]. The GW data strain that
we have analysed in this work was obtained from the

Gravitational Wave Open Science Center (GWOSC)[5§]

at https://www.gw-openscience.org and the NICER

data are taken from doi:10.5281/zenodo.3473466,
doi:10.5281/zenodo.4670689, and
doi:10.5281/zenodo.4697625.


http://dx.doi.org/ 10.1093/mnras/stz654
http://arxiv.org/abs/1812.08188
http://dx.doi.org/10.1103/PhysRevC.95.015803
http://arxiv.org/abs/1607.06998
http://dx.doi.org/ 10.1103/PhysRevLett.125.142502
http://dx.doi.org/ 10.1103/PhysRevLett.125.142502
http://arxiv.org/abs/1907.05814
http://dx.doi.org/10.3847/2041-8213/abdaae
http://dx.doi.org/10.3847/2041-8213/abdaae
http://arxiv.org/abs/2007.06057
http://dx.doi.org/10.1051/0004-6361:20000066
http://dx.doi.org/ 10.1051/0004-6361:20000087
http://dx.doi.org/ 10.1051/0004-6361:20000087
http://arxiv.org/abs/astro-ph/0011498
http://dx.doi.org/10.1093/mnras/staa2483
http://arxiv.org/abs/1909.11873
http://dx.doi.org/10.1103/PhysRevD.91.042003
http://arxiv.org/abs/1409.7215
http://dx.doi.org/10.1093/mnras/sty2174
http://arxiv.org/abs/1805.09371
http://dx.doi.org/10.1093/mnrasl/slz133
http://arxiv.org/abs/1812.04803
http://dx.doi.org/10.1088/1361-6382/aa6bb0
http://dx.doi.org/10.1088/1361-6382/aa6bb0
http://arxiv.org/abs/1612.03665
http://dx.doi.org/10.1140/epja/i2005-10313-x
http://arxiv.org/abs/nucl-th/0511070
http://dx.doi.org/10.1007/s11467-020-0961-9
http://dx.doi.org/10.1007/s11467-020-0961-9
http://arxiv.org/abs/2005.12877
http://dx.doi.org/10.1140/epja/i2006-10101-2
http://arxiv.org/abs/nucl-ex/0608015
http://arxiv.org/abs/nucl-ex/0608015
http://dx.doi.org/10.1016/j.nuclphysa.2011.12.006
http://arxiv.org/abs/1112.3180
http://dx.doi.org/ 10.1007/s100500050045
http://dx.doi.org/ 10.1007/s100500050045
http://arxiv.org/abs/nucl-th/9811015
http://dx.doi.org/ 10.1016/j.physletb.2018.01.035
http://arxiv.org/abs/1804.04293
http://dx.doi.org/10.1103/PhysRevC.98.034901
http://arxiv.org/abs/1611.07500
http://arxiv.org/abs/1611.07500
http://dx.doi.org/ 10.1103/PhysRevLett.86.39
http://dx.doi.org/ 10.1103/PhysRevLett.86.39
http://arxiv.org/abs/nucl-ex/0011001
http://dx.doi.org/ 10.1088/0954-3899/28/7/313
http://dx.doi.org/ 10.1088/0954-3899/28/7/313
http://arxiv.org/abs/nucl-th/0103036
http://dx.doi.org/10.1103/PhysRevLett.126.172502
http://dx.doi.org/10.1103/PhysRevLett.126.172502
http://arxiv.org/abs/2102.10767
http://arxiv.org/abs/2102.10767
http://dx.doi.org/10.1103/PhysRevLett.126.172503
http://arxiv.org/abs/2101.03193
http://arxiv.org/abs/2102.10074
http://arxiv.org/abs/2105.02886
http://dx.doi.org/10.1103/PhysRevLett.88.192701
http://arxiv.org/abs/nucl-th/0205002
http://arxiv.org/abs/nucl-th/0205002
http://dx.doi.org/ 10.1016/j.physletb.2011.02.033
http://arxiv.org/abs/1101.2361
http://dx.doi.org/ 10.1016/0168-9002(92)90507-Z
http://dx.doi.org/ 10.1016/0168-9002(92)90507-Z
http://dx.doi.org/10.1140/epja/i2018-12470-1
http://arxiv.org/abs/1706.01300
http://dx.doi.org/10.1103/PhysRevC.81.025803
http://dx.doi.org/10.1103/PhysRevC.81.025803
http://arxiv.org/abs/0911.3907
http://dx.doi.org/10.3847/1538-4357/aa8db9
http://arxiv.org/abs/1611.07133
http://dx.doi.org/ 10.1103/PhysRevC.83.031301
http://arxiv.org/abs/1012.3381
http://dx.doi.org/10.1103/PhysRevC.93.054314
http://dx.doi.org/10.1103/PhysRevC.93.054314
http://arxiv.org/abs/1510.06728
https://git.ligo.org/lscsoft
https://git.ligo.org/lscsoft/bilby
https://git.ligo.org/lscsoft/parallel_bilby
https://gwemlightcurves.github.io/
https://www.gw-openscience.org

S1

Supplemental Material for
“Constraining Neutron-Star Matter with Microscopic and Macroscopic Collisions”

Sabrina Huth, Peter T. H. Pang, Ingo Tews, Tim Dietrich, Arnaud Le Févre, Achim Schwenk, Wolfgang Trautmann,
Kshitij Agarwal, Mattia Bulla, Michael W. Coughlin, Chris Van Den Broeck

Nuclear equations of state from chiral effective field theory

The EOS set used in this work is constrained at low densities by microscopic calculations of neutron matter using
interactions from chiral EFT. In these microscopic calculations, the Schrédinger equation for the many-body system
is solved numerically. This requires a nuclear Hamiltonian and a method to solve the Schrédinger equation with
controlled approximations.

To obtain the Hamiltonian describing the dense matter EOS studied in this work, we use chiral EFT. Chiral EFT
is a low-energy effective theory of QCD, and describes strong interactions in terms of nucleon and pion degrees of
freedom instead of quarks and gluons [29, [30]. To construct the interactions, the most general Lagrangian in terms
of nucleons and pions, consistent with all symmetries of QCD, is expanded in powers of momenta. Using a power
counting scheme, the individual contributions are arranged according to their importance. By going to higher orders,
the description of interactions becomes more precise, but the individual contributions become more involved. The
chiral EFT Lagrangian explicitly includes pion-exchange interactions among nucleons while all high-energy details
that are not explicitly resolved are expanded in terms of general contact interactions. These are accompanied by
low-energy couplings, which are fit to experimental data.

Chiral EFT interactions have several benefits over phenomenological interaction models: they naturally include
many-body forces consistent with two-nucleon interactions, they can be systematically improved, and they enable
theoretical uncertainty estimates [0} [BI]. The latter can be extracted from order-by-order calculations and are im-
portant when analyzing astrophysical observations where interactions are extrapolated to conditions that currently
cannot be recreated in experiments.

In this work, we constrain our EOSs with theoretical calculations at zero temperature employing local chiral EFT
interactions [4, E9HE1]. We use Quantum Monte Carlo methods [32], in particular the auxiliary-field diffusion Monte
Carlo method, which are among the most precise many-body methods to solve the nuclear many-body problem. The
results of these calculations provide constraints on the EOS up to densities of around 2ng,; [28].

The region of applicability of the chiral EFT expansion is determined by the so-called breakdown scale, which
is estimated to be of the order of 500-600 MeV /c [62]. Hence, the chiral EFT expansion breaks down at densities
2 2ngat, indicated by increasing uncertainty estimates between 1-2ng,:. At these densities, high-energy physics that
is encoded in short-range contact interactions needs to be explicitly taken into account. Therefore, chiral EFT cannot
be used to constrain the EOS at higher densities as probed in the cores of neutron stars. To extend the EOS to these
densities, we use a general extrapolation scheme in terms of the speed of sound [34], see also Greif et al. [63]

To construct the neutron-star EOS set, we first extend our chiral EFT calculation to p-equilibrium and add a
crust [64]. We use microscopic input up to 1.5ng,¢ to constrain the EOS but a variation within 1-2ng,; shows no
substantial impact on our final results for neutron-star radii [33], see Tab. Above this density, we sample a set of
six randomly distributed points in the speed of sound plane at baryon densities between 1.5n4,¢ and 12ng,¢, enforcing
0 < ¢s < ¢ at each point. A variation of the number of sampled points between 5-10 does not impact our findings.
We then connect these points by line segments, reconstruct the EOS, and solve the Tolman-Oppenheimer-Volkoff
equations to extract neutron-star properties. Additionally, for each EOS we construct a partner EOS that includes
a segment with vanishing speed of sound to explicitly simulate strong first-order phase transitions. We sample the
onset density and width of this segment randomly.

Our EOS set includes 15,000 different EOS samples where the prior on the radii of neutron stars is naturally
determined by the EOS expansion scheme. We have explicitly checked the differences among a prior uniform in the
radius of a typical 1.4Mg neutron star and the “natural” prior and found only minor changes once astrophysical and
HIC data are included, see Tab.

Recently, first results for the EOS of symmetric nuclear matter between 3-10ng,; from functional Renormalization
Group (fRG) calculations that are based on QCD became available [65]. This offers a very promising future tool to
constrain dense neutron-star matter when calculations for asymmetric matter will become available.
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Natural prior on Rj .4 Uniform prior on Rj 4
Chiral EFT up to 1.5ngat | Chiral EFT up to 1ngat |Chiral EFT up to 1.5nsat | Chiral EFT up to 1msat
P/R HIC only Astro+HIC | HIC only Astro+HIC| HIC only Astro+HIC | HIC only Astro+HIC

1.0nsae | 2.057542 2117525 | 1957558 1957959 | 2.05702% 218708 | 1.98T045  2.007042
1.5nsae | 6.06738%  6.257390 | 10.7772%30  9.12%55¢ | 6127375 6.57755S | 9.117#%8  g.5gtes2
2.0Ma¢ [19.47733:63 19 0711527 1 33 0217620 962172185 |17 0471681 19 9372561 193.841100,12 93 45+21-97

2.5Msat |47.78T1596  45.4379541 |68.311 (44T 54.33755-52 138.39795-38  47.0375230 48.347 15487 47.89737-10
LOMg | 11.89%07%  11.88%05% | 12.687141 12407055 | 11707535 11967975 | 12.27735%  12.25% )97
14Me | 12.06%115 12,0157 | 12,9675, 12.567107 | 11.81155  12.08%0 67 | 12.327355  12.33F125
L6Mg | 121117735 12.037598 | 13.0503 05 12570187 | 11.81755 55 12107155 | 12.2073%2 1230133
2.0Mg | 1219715 11,9113 | 13.217358  12.33719 | 12.377582  11.977159 | 12.92759) 11.947}55

TABLE S1. Comparison of the 95% credible interval for the pressure [MeV fm™3] and radius [km] of neutron stars when
including only HIC experiments or the combined HIC and astrophysics results for chiral EFT constraints up to 1.5nsat and up
to 1nsat, and for using a natural and uniform prior on R; 4. The natural prior tends to predict higher pressures in the density
range of interest for neutron stars, leading to larger neutron-star radii. We find that differences for pressures and neutron-star
radii are small between both prior choices when Astro+HIC data constraints are employed. Applying constraints from chiral
EFT only up to 1nsat allows for a broader and stiffer EOS prior at higher densities since information up to 1.5ns,¢ is discarded.
As a consequence, the EOSs including HIC only and to a lesser extent the combination of HIC and observational constraints
become stiffer leading to an increase of neutron-star radii. This effect is larger when using a natural instead of a uniform prior
in radius. Nevertheless, the impact for the natural prior is only around 5%.

Multi-messenger analysis of astrophysical data

To constrain the set of EOSs derived from chiral EFT with astrophysical data, we use a multi-step procedure in
which results from individual steps are used as prior for the next part of the analysis [I9], see Fig. First, we
incorporate constraints on the maximum mass of neutron stars. For this, we implement the mass measurements of
the heavy radio pulsars PSR J0348-+4042 [35] and PSR J1614-2230 [36]. We do not include the mass measurement of
PSR J074046620 [37] since we make use of the NICER and XMM mass-radius information of PSR J0740+6620 [22] [41]
at a later stage. The combination of these observations [19] [66] of high-mass neutron stars provides a lower bound
on the maximum mass of neutron stars. In contrast, an upper bound of the maximum mass is obtained from
the observation of the merger remnant of the neutron-star merger GW170817 [40]. Among other arguments, the
observation of a bright, red kilonova component and the observation of a short gamma-ray burst 2 seconds after the
merger of the two neutron stars indicate that the remnant experienced a delayed (O(100ms)) collapse to a black
hole, so that an upper limit on the maximum mass can be derived. The combined estimate of the maximum mass,
22170190/ at 68% uncertainty, already provides important information about the internal structure of neutron stars

-0.13
and disfavors both too stiff and too soft EOSs, i.e., EOSs with too large and too small pressures, respectively.

In the next step, we incorporate NICER’s mass and radius measurement of PSR J0030+0451 [10] and
PSR J0740+6620 [22,[41]. NICER, located on board of the International Space Station, is a NASA telescope measuring
the X-ray pulse profile of pulsars. By correlation of the observed profile and brightness with theoretical predictions,
it is possible to extract information on the configuration, e.g., on the location and properties of hot spots on the
neutron-star surface, the rotation rate of the star, as well as its compactness, which determines the light bending
around the pulsar. This information enables constraints on the pulsar’s mass and radius. In addition to NICER, the
XMM-Newton telescope [67), [68] has been used for the analysis of PSR J0740+6620 [22] to improve the total flux
measurement. For PSR J0740+6620, we average over the results obtained by Miller et al. [22] and Riley et al. [41],
while for PSR J0030+0451 we only use results of Miller et al. [10].

Next, we analyse the GW signal emitted from the binary neutron-star merger GW170817 [§], as well as its observed
kilonova AT2017gfo [9]. Finally, we also incorporate the second confirmed GW signal from a binary neutron-star
merger GW190425 [42]. To test the robustness of the GW analysis, we have explored a number of different GW
models and found only a minimal impact on the final EOS constraint [I9]. Results shown in the main text are
obtained using the PARALLEL BILBY software [69] and the waveform model IMRPhenomPv2_NRTidalv2 [45] for cross-
correlation with the observed data [8]. IMRPhenomPv2_NRTidalv2 is an updated model of the waveform model used
in previous analyses by the LIGO/Virgo Collaboration [42 46] and, hence, allows for a more accurate measurement
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Prior construction

(A) Chiral effective field theory: (B) Maximum Mass Constraints: (C) NICER:
EOS derived with the chiral EFT result PSR J0348+4032/PSR J1614-2230 and PSR J0030+0451 and PSR J0740+6620
and Mpax > 1.9Mg GW170817/AT2017gfo remnant
classification
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FIG. S1. In each panel (except for panel A), EOSs within (outside of) 95% credible interval are shown as blue (gray) lines.
Lower panels indicate the probability distribution function (PDF) for the radius of a 1.4Mg neutron star, with the 95%
confidence range indicated by dashed lines, in panels (B)-(F) the prior from panel (A) is shown in grey. (A) The EOS prior
set constrained by chiral EFT calculations up to 1.5ns.¢ and Mmax > 1.9Mg. (B) The EOS set restricted by incorporating
information from mass measurements of PSR J0348+4032, PSR J1614-2230, and the maximum-mass constraints obtained
from GW170817/AT2017gfo. The 95% confidence interval of the maximum mass posterior probability distribution is shown
by the purple band. (C) The EOS set further restricted by the NICER mass-radius measurement of PSR J0030+0451 (purple
contours at 68% and 95% confidence) and PSR J0740+46620 (orange contours at 68% and 95% confidence). Note that the
latter shows the average of the results obtained by Miller et al. [22] and Riley et al. [4I] (D) Further restrictions on the EOS
set from a reanalysis of the GW170817 using Bayesian inference. Contours at 68% and 95% confidence show the mass-radius
measurements of the primary (red) and secondary (orange) neutron stars. (E) We use the chirp mass, mass ratio, and the
EOSs as Bayesian prior for our analysis of AT2017gfo. (F) Further restrictions by analysing GW190425. Again, contours at
68% and 95% confidence show the mass-radius measurements of the primary (red) and secondary (orange) neutron stars. (G)
The radius constraint at each step of this analysis with 95% confidence ranges.
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of tidal effects. The likelihood function for the GW analysis Lgw is given by [70]

Law X exp <—2/df|d(f?g_(;)(f)|2> , (1)

where d( ), iL( f), and S,,(f) are the observed data, waveform template, and the power spectral density of the noise,
respectively. To ensure full coverage of the binary neutron stars’ inspiral signal, we have analysed the data up to
2048Hz. To avoid the low frequency noise-wall in the detectors, a low frequency bound of 20Hz is employed.

Similarly, we use Bayesian inference to analyse the observed kilonova AT2017gfo. The likelihood function for the
light curve analysis Ly is given by [T1]

) 1 m] o mj,est 2
Lrnm X e , 2
ij [
where mf’eSt are the estimated or theoretically predicted apparent magnitudes for a given filter (a passband for a

particular wavelength interval) j at observation time t; with n; data points for filter j. Moreover, m? and o? are

the observed apparent magnitude and its corresponding statistical uncertainties, respectively. For this analysis, the
probability distribution of a chi-squared distribution with degree of freedom of 1, x3, is taken as the likelihood
measurement. In order to reduce the systematic error of the kilonova modelling below the statistical error, an
additional uncertainty of 1 mag is added to the measurement error. To analyse AT2017gfo, we employ the radiative
transfer code possis [47] to produce grids of light curves for multidimensional kilonova models with the following
free parameters: the dynamical ejecta mass, the disk wind ejecta mass, the opening angle of the lanthanide-rich
dynamical-ejecta component, and the viewing angle. To enable inference, we combine the grid with a framework
combining Gaussian-Process-Regression and Singular Value Decomposition [72] to compute generic light curves for
these parameters. To connect the ejecta parameters, which determine the exact properties of the light curve, with the
binary neutron-star system parameters, we assume that the total ejecta mass is a sum of two components: dynamical
ejecta, released during the merger process through torque and shocks, and disk-wind ejecta. Both components, the
dynamical ejecta [72] and the disk-wind ejecta [19], are correlated to source parameters of the binary neutron-star
system based on numerical relativity simulations [19} [72] [73].

Constraining the symmetric nuclear matter EOS at high density with heavy-ion collisions

Over the last two decades, major experimental efforts have been devoted to measuring the nuclear EOS with HIC
experiments performed at relativistic incident energies [24} [74] [75]. These collisions of atomic nuclei form a hot, dense
fireball of hadronic matter in the overlapping region, which expands in time and reaches the surrounding detectors as
baryons and mesons. The phase-space distribution of particles flowing from the fireball during the expansion phase
is strongly dictated by the compression achieved in the colliding region and is, therefore, sensitive to the EOS of the
hot and dense nuclear matter created in the collision. The so-called elliptic flow (vq) of emerging particles is the main
observable, which has been used to experimentally constrain symmetric nuclear matter at supranuclear densities with
HICs. It is described by the second moment of the Fourier expansion of the distribution of azimuthal angle ® of the
emitted particles with respect to that of the reaction plane ®rp,

da(y7pt)

—% =C(1 + 2v1(y, pt) cos(® — Prp)

3)
+ 2va(y, pt) cos 2(® — Prp) + ...),

E+p-
E—-p-

where all expansion coefficients v,, are functions of longitudinal rapidity y = % In ) , with p, being the momentum

N

along the beam axis and E the total energy, and of transverse momentum p; = /p2 + pZ of the particle, with p, and

-

py denoting the momentum components perpendicular to the beam axis.

In the experiment, the orientation of the reaction plane is event-wise reconstructed from the azimuthal distribution
of particles recorded in the forward and backward hemispheres, and the Fourier coefficients are corrected for the finite
resolution of this procedure [76]. The coincident particle and fragment emissions are also used for the reconstruction
of the impact parameter of each reaction event [26]. A positive elliptic flow vy indicates a preferred emission in the
reaction plane whereas a negative flow indicates an emission out of the reaction plane.
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It has been shown that the elliptic flow vy of protons emitted at rapidities intermediate between projectile and target
rapidity (mid-rapidity) in HICs at incident energies of several hundred MeV /nucleon offers the strongest sensitivity
to the nuclear EOS [24] 25| [77], as evident from calculations made with various transport models. This dependence
on the nuclear EOS is predicted by QMD [25] [77H79] and Boltzmann-Uehling-Uhlenbeck [24] models. The origin of
the phenomenon has been investigated in detail by Le Féevre et al. [80] As shown by Danielewicz et al. [24], at higher
beam energies between 1 and 10 GeV /nucleon, the sensitivity of the directed flow vy to the stiffness of the EOS of
symmetric nuclear matter becomes comparable to that of vo. Overall, from HICs performed at incident beam energies
of a few hundred MeV /nucleon up to around 10 GeV /nucleon, the flow data indicate an EOS for symmetric nuclear
matter with an incompressibility K below 260 MeV. Using FOPI data on the elliptic flow in gold-gold collisions
between 400 MeV and 1.5 GeV /nucleon, thanks to the broad acceptance of the detector, an enhanced precision in the
determination of the EOS could be achieved. Including the full rapidity and transverse momentum dependence of
the elliptic flow of protons and heavier isotopes [25] in the analysis with the Isospin-QMD (IQMD) transport model,
the incompressibility was determined as K = 190 £+ 30 MeV. This result was confirmed by interpreting the same
data with three Skyrme energy-density functionals introduced into the ultrarelativistic QMD (UrQMD) transport
model [79], leading to K = 220 + 40 MeV. The interval of confidence used in the present study, K = 200 & 25 MeV,
reflects both predictions. The densities probed were estimated to range between 1-3ng,; by analyzing the densities
effective in building the elliptic flow in IQMD simulations [25]. Note that the constraints deduced from the analysis
of elliptic flow are compatible with earlier findings of the Kaon Spectrometer (KaoS) Collaboration obtained from
comparisons of QMD predictions with experimental K+ meson production yields from gold-gold and carbon-carbon
collisions performed at GSI between 0.6 and 1.5 GeV /nucleon [81] [82].

The ASY-EOS experiment to measure the symmetry energy

Nuclear experiments can help to constrain the EOS of neutron matter, see, for example, the PREX experiment
measuring the neutron-skin thickness in lead nuclei [83H86]. It has been suggested by Bao-An Li [87] that flows of
particles in HICs can be used to constrain the EOS of neutron matter via the symmetry energy at supra-saturation
density. However, nuclear matter that can be studied in laboratory experiments using HICs is not very neutron-
rich. Therefore, the effect of the symmetry energy on vs remains small, close to or below the uncertainties of the
main contribution of the symmetric nuclear matter EOS. To enhance observable effects related to the symmetry
energy, the use of the elliptic flow ratio of particles with large isospin difference, ideally the ratio for neutrons over
protons vy” = v3 /vy, was proposed [88]. This method has been adopted for the ASY-EOS experiment performed
at GSI in Darmstadt, studying collisions of gold nuclei of 400 MeV /nucleon incident energy and gold targets. The
description of the experiment and the analysis with the UrQMD transport model are given in detail in Russotto et
al. [26] ASY-EOS benefited from the Large-Area Neutron Detector (LAND) [89] permitting the detection of neutrons
and charged particles within the same acceptance. LAND was placed to cover mid-rapidity emissions over a large
p¢ interval. Its isotopic resolution in this experiment was not sufficient to uniquely identify protons. Elliptic flow
ratios as a function of p; were, therefore, determined for neutrons with respect to all charged particles within the
LAND acceptance. We note that for the selected collisions (central up to semi-central) and angular region, the yield
of charged particles consists of light isotopes, mainly protons (around 50%) according to FOPI data for the same
reaction. Confronted with UrQMD transport model predictions (and confirmed with other models, IQMD [78] and
Tiibingen QMD (TiQMD) [90]), the resulting flow ratio enabled deducing a constraint for the symmetry energy,
which is so far the most precise for supra-saturation densities obtained from HICs. The results are detailed in the
following section. As indicated by QMD model predictions, densities probed by the elliptic flow ratio in the ASY-EOS
experiment extend up to about 2ngat.

Implementation of nuclear equation-of-state constraints from heavy-ion collisions

For analysing the experimental elliptic flow data, an EOS functional needs to be fed into the QMD simulations for
both symmetric and asymmetric nuclear matter. This is given by the parameterisation for the energy per particle

E E ,
Z(n,é) ~ Z(n,O) + S(n)é*, (4)

with the baryon density n = n, + n, and the isospin asymmetry § = (n, —np)/n = 1 — 2z, where n, and n,, are the
neutron and proton densities, respectively, and « = n,/n is the proton fraction. E/A(n,0) is the energy of symmetric
nuclear matter, £/A(n,1) corresponds to pure neutron matter, and S(n) is the symmetry energy defined here as the
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SNM form used here Taylor expansion

P/R HIC only Astro+HIC| HIC only Astro+HIC
1.0ngae | 2.057542 2117039 | 1957053 2.017051
L5nsa| 6.06758% 625755 | 5.61730;  5.87157%%
2.0Msa0 | 19.47733-63 190717527 [ 18.8079283 18.72+56,57
2.5Ngar | 4778755 00 45.4371911 [47.58T77 89 45.667 7555
1.0Mg | 11.89%579  11.887057 | 1177082 11.7970-59
1.4Mg | 12.06%71%  12.01%978 | 11.98%118 11.971077
1.6Mg | 12111733 12.0370:28 | 12.05%1:32  12.007022
2.0Mg | 12197175 11917137 [ 12137173 11921773

TABLE S2. Comparison of the 95% credible interval for the pressure [MeV fm ™3] and radius [km| of neutron stars when
including only HIC experiments and for combined HIC and astrophysics results for two parameterisations of symmetric nuclear
matter. In particular, we compare the functional form from FOPI used in this work, see Eq. , with a general Taylor
expansion for symmetric nuclear matter with the same values for the saturation point and the incompressibility but including
the third-order parameter Q = —150 + 250 MeV at 1o using a Gaussian distribution. We find that our results are robust with
respect to a variation of this parameterisation and the impact of this choice is at the 5% level for pressures and 1% level for

radii.

difference between the two. For the analysis of the FOPI experiment, the first term in Eq. has been parameterised

with
E 3/ n\?? an B n \”
- ,0 = - E + + 9 5
A (n ) 5 (nsat> E 2ngat v+1 (nsat> ( )

with the saturation density ng,;, the Fermi energy Ep, and where the parameters «, 3, and v are fixed by the
incompressibility K, the binding energy B of symmetric nuclear matter at ng,, and the condition that the pressure
of symmetric nuclear matter is zero at saturation density:

K48 2
—_9ol— 5 4+ 7
“ <9(71)+5 F)’
6 v+1 K 4 %2e
(K4 2Bp) 2" = 5 6
7 ( 5F>9’7(71) 77 9(E + B) (6)

We have explicitly checked the robustness of this parameterisation, see Tab. [52]
In the ASY-EOS analysis, the S(n) term of Eq. has been parameterised as

2/3 Vasy
n n
) B () )

sat sat

S0 B

At saturation density, the kinetic part has been set to Eyin o = 12MeV and Epot,0 = So — Ekin,0- The parameter vasy
was extracted from fits to experimental data of the p, dependence of the elliptic flow ratio of neutrons over charged
particles around mid-rapidity. In particular, this results in yasy = 0.68 £0.19 for Sp = 31 MeV and 7.y = 0.72£0.19
for Sy = 34 MeV, see Fig.[S2]for a comparison with microscopic neutron matter calculations. Here, we interpolate vasy
assuming a linear function with Sy, where the uncertainty is chosen to be 0.19 independent of S;. We have studied
the behavior of 7,5y, as a function of Sy for two different QMD models (see Fig. and confirmed that the linear
interpolation in the Sy range is suitable.
The pressure constraint is given by the density derivative of the energy per particle of Eq. ,

2 0E/A(n, §)
n - a8
on
and depends on n, §, nsa, B, K, and Sy. We enforce this constraint only at densities where the experiment is
sensitive. The density region of the HIC constraint is set by the sensitivity of the neutrons-over-charged-particles
flow ratio determined for the ASY-EOS experiment [20], see also the previous section and a comparison to other
implementations in Tab [S3] This sensitivity curve covers the density range from 0.5ng up to 3ngg and peaks

between ng,t and ~ 2ng,¢, where the experiment is most sensitive.

P(n,0) = (8)



S7

25 T T T T I T T T T I T T T T I T T T
r Hebeler et al., ApJ (2013)

L Tews et al., PRL (2013)

- Lynn et al., PRL (2016)
Drischler et al., PRL (2019)
SRRLLE Drischler et al., GP-B (2020)
< Gezerlis, Carlson, PRC (2010)
|- === Unitary gas (£ = 0.376)
—— ASY-EOS + FOPI

Do
S
T

—_
ot

Energy p. Neutron E/N [MeV]
o

ot

0.05 0.1 0.15 0.2
Number density n [fm ™

FIG. S2. Energy per particle E/N of neutron matter as a function of density n for various many-body calculations using chiral
EFT interactions from Hebeler et al. [2], Tews et al. [3], Lynn et al. (used here) [4], Drischler et al. PRL [5] and GP-B [d],
and low-density quantum Monte Carlo results from Gezerlis and Carlson [91]. Overall, the results from these calculations are
in good agreement with each other. We also show the energy per particle of a unitary Fermi gas of neutrons, which has been
proposed as a lower bound for the energy of neutron matter [92]. Finally, we compare the theoretical results with the constraint
from the ASY-EOS and FOPI experiments (red), which is used as a constraint for neutron matter in the main work.
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FIG. S3. We show the exponent ~,sy of the density dependence of the potential part of the symmetry energy, see Eq. @7 as
deduced from the analysis of ASY-EOS experimental data using the UrQMD model used in this work [26] (red points) and new
simulations from the IQMD model (blue points). The red line indicates the mean value for vasy along the linear interpolation
for the chosen range of Sy. Overall, the models are in good agreement with each other and the results suggest that a linear
interpolation is reasonable.

Neutron-star matter is composed of neutrons, protons, electrons, and muons in S-equilibrium. In order to apply
the ASY-EOS constraint to neutron stars, we need to determine the proton fraction accordingly, see Tab. [S4] for
the impact of different choices for the proton fraction. For simplicity, we neglect muons because they only have a
small impact on the neutron-star EOS in the considered density range. Then, the density of electrons is equal to the
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n/ch sensitivity n/p sensitivity Window 1-27at

P/R HIC only Astro+HIC| HIC only Astro+HIC| HIC only Astro+HIC
LO0ngat| 2.05%0:32 2117029 | 2.1000:495  2.13702 | 2.2370%  2.2870%
150 | 6.067557  6.257550 | 6.23759%  6.34735% | 6.767515  6.937530
2.0Msa0 | 19.47733:63 19.07115-27 119.62753-3¢ 19.2074%71% |21.4173%50 20.59735%8°

2.5Msat [47.78T 5596 454371041 147.617593% 45.62719-81 |54.71755-27 48.60739-37

1.0Mg | 11.89%5:79  11.88T057 | 11.92F978  11.9170:5% | 12.0970 55  12.0670 25
L4Mg | 12.0677°1%  12.017078 | 12.097113 12.027078 | 12.26705 12.177073
1L.6Mg | 121117733 12.037098 | 12.13F130  12.057098 | 12.33% 152 12.19703%
2.0Mg | 12197178 11.917131 | 12.207188  11.917735 | 12427198 12.067735

TABLE S3. Comparison of the 95% credible interval for the pressure [MeV fm ™3] and radius [km| of neutron stars when
including only HIC experiments and for combined HIC and astrophysics results for different sensitivity curves. In particular,
we compare our standard results using the neutron over charged particles (n/ch) sensitivity curve [26] with the neutron over
proton (n/p) sensitivity from Russotto et al [26], which peaks at 1.5ng,¢. We find that our results are robust and differences for
both sensitivity curves are small. Additionally, we compare the results to calculations where the ASY-EOS data is implemented
using a uniform prior in density between 1-2ng.t (labelled Window). For the latter choice, we generally find larger pressures
and larger neutron-star radii because the n/ch and n/p sensitivy curves decrease rapidly after their maxima at 1 and 1.5nsat,
lowering the impact of the ASY-EOS constraint at higher densities. However, differences for radii and pressures remain small

once Astro+HIC data is included.

TASY-EOS 0<z<0.1

P/R HIC only Astro+HIC| HIC only Astro+HIC
1.0nsas | 2.0570492 2117055 | 2.057532  2.10%0 35
1.5nsas| 6.067555  6.257550 | 6.02755)  6.23758]
2.0nar | 19.47733:63 19.07115-27119.32733-95 19.0071574
250t |47. 7872505 45.4311911 [48.007 7557 45.48735-9¢
1.0Mg | 11.89%0:72  11.887057 | 11.8810:72  11.871022
14Mg | 12.067715  12.017073 | 12.05711F  12.007077
1.6Mg | 12.1177133 12.03709% | 12.10713%  12.0370:2%
2.0Mp | 12,1917 11.91%737 | 12187170 11.90%1%3

TABLE S4. Comparison of the 95% credible interval for the pressure [MeV fm™3] and radius [km]| of neutron stars when
including only HIC experiments and for combined HIC and astrophysics results for two choices for the proton fraction in (-
equilibrium. For the main results, we compute the proton fraction for the HIC constraints using the EOS functional introduced
by the ASY-EOS analysis (zasy-ros). We compare this with a more conservative choice that constrains the proton fraction to

be within the range 0 < x < 0.1 but find only small changes.

proton density due to local charge neutrality, and the proton fraction x at a given baryon density n is fixed by the
[B-equilibrium condition,

pn(n, ) = up(n,x) + pre(ne = zn), 9)

where fi, ;.o is the chemical potential of the respective particle species. We calculate the neutron and proton chemical
potentials consistently with Egs. —@. Electrons are modeled as an ultrarelativistic degenerate Fermi gas with
pressure P, = E,/(3V), energy density E./V = he(312n,)*/3/(472), and chemical potential pi, = hc(3n%ne)"/3.

The final pressure constraint is obtained using Er = 37 MeV and by varying the parameters ng,, B, K, and Sy
within specific ranges. For the parameters describing symmetric nuclear matter, we use the values consistent with the
FOPI analysis given by ng, = 0.16fm™>, B = 16 MeV, and a Gaussian distribution for K with K = 200 £ 25 MeV
at lo. Regarding Sy, we apply a uniform prior in the range from 31 — 34 MeV. We further use results for the
pressure of symmetric nuclear matter deduced by Danielewicz et al. [24] and disregard all parameter sets, which lead
to a pressure that is not consistent with their constraint in the overlapping density range where ASY-EOS remains
sensitive, between 2-3ng,, see Fig. [S4 We note that the value of K has very little influence on the observables
measured by ASY-EOS to extract the symmetry energy [90]. We have explicitly checked the robustness of our results
when using larger uncertainty ranges for all nuclear matter parameters in agreement with theoretical predictions [7]
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FIG. S4. The pressure band from the FOPI experiment [25] at the 1o level (red) for the incompressibility is consistent with the
chiral EFT constraint from Drischler et al. [5, 65] at N*LO (light blue) and N*LO (dark blue). The experimental uncertainty
band is smaller than the theoretical one because the empirical saturation point used for extracting the experimental results
has smaller uncertainties compared to theoretical estimates from chiral EFT. Between 2-3ng,:, we additionally constrain the
FOPI results with the constraint from Danielewicz et al. [24] (green), which has no statistical interpretation. This excludes
the highest values for the incompressibility K from the FOPI distribution and also influences symmetric matter at smaller
densities, which depends on the range of K. However, both constraints are in very good agreement with each other and the
impact of the additional Danielewicz et al. constraint is small in our analysis.

HIC parameters Enlarged variations
P/R HIC only Astro+HIC| HIC only Astro+HIC
1.0nsae | 2057542 211702 | 2.057932  2.091047
L5nsat | 6.06755% 625755 | 6.000550  6.18755%
2.0m5at | 194773352 19.07115 27 119.34133-87 18.981 %57
2.5Meat [47.78T75:96 454311042 147.36 751 0% 45.49130-0°
1.0Mg | 11.89%00% 11.887037 | 11.87705%  11.861023
L4Mg | 12.06171%  12.017378 | 12.057132  12.0075 75
1.6Mg | 12.11F13%  12.03709% | 12.107135  12.0370:92
2.0Mq | 12197775 11.914137 [ 121781700 1191713

TABLE S5. Comparison of the 95% credible interval for the pressure [MeV fm™%] and radius [km| of neutron stars when using
ranges for nuclear matter properties as published for the ASY-EOS experiment [25] [26] and when inflating the uncertainties
according to theoretical calculations. We present results when including only information from HIC experiments and for the
combined HIC and astrophysics information. In particular, we extend the range for the symmetry energy at saturation density to
So = 30—35MeV by extrapolating vasy linearly. We use Gaussian distributions for nsa¢, B, and K describing symmetric nuclear
matter and vary these parameters within their empirical ranges (at 10): nsat = 0.164 £ 0.007 fm73, B =15.86 + 0.57 MeV [5]
and K = 215 + 40 MeV from microscopic calculations [5], 03, [94], which is in good agreement with the FOPI results.

and found their influence on our final result to be negligible, see Tab. S5l In particular, we have used a larger range
for Sy between 30 — 35 MeV and the following Gaussian distributions for ng,;, B and K: ng,y = 0.164 4+ 0.007 fm_3,
B =15.86 = 0.57 MeV, and K = 215 4+ 40 MeV at 1o level.
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Combination of the astronomical and heavy-ion collision constraints

In order to combine the experimental and observational EOS constraints, we use Bayesian inference. The EOS
posterior is given by

p(MMA|EOS)p(EOS)
(HIC|EOS)p(EOS|MMA)
= »CHIC (EOS)PMMA (EOS),

p(EOS|MMA, HIC) x p(HIC|EOS)
X
p

(10)

where MMA denotes multi-messenger astrophysics, Luic(EOS) is the likelihood of the HIC measurements for a given
EOS, and Pyma (EOS) is the posterior probability distribution on the EOS based on the multi-messenger observations,
which acts as prior for this analysis. From the HIC experiments we obtain a posterior of the pressure at a given density,
p(P|n,HIC). By combining this with the distribution of probed densities from the neutrons-over-charged particles
sensitivity curve [26], p(n|HIC), the joint posterior p(n, P|[HIC) = p(P|n, HIC)p(n|HIC) is obtained. Therefore, the
relative faithfulness of the experimental results at various densities is accounted for. The likelihood Lyic(EOS) is
given by

Liic(EOS) = / dn dP p(HIC|n, P)p(n, P|EOS)
x / dn dP p(n, P[HIC)p(n, P|EOS)
. / dn dP p(n, PHIC)3(P — P(n, EOS))
= / dn P(n, P = P(n; EOS)[HIC),

where we used that the pressure is a function of density for a given EOS.
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