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Is There a “hyperon puzzle” Problem in Neutron Star Study?

LI Ang

(Department of Astronomy, Xiamen University, Xiamen 361005, Fujian, China)

Abstract: Neutron star physics has wrestled with the longstanding challenge of the hyperon puzzle, attempting to
reconcile lowered theoretical predictions of maximum masses due to hyperons with astrophysical observations based
on the measured masses of the heaviest pulsars. In this study, we conduct a comprehensive statistical analysis of
equations of state (EoS) for neutron stars with hyperons, including both laboratory data and astrophysical observa-
tions. Results from the statistical analysis reveal the important role of the correlations between the scalar and vector
channels of hyperon-nucleon interactions deduced from available A -separation-energy data of single A hypernuclei.
The analysis preliminarily quantifies uncertainties in hyperon star properties due to the uncertain hyperon-nucleon
interaction in dense matter, and the maximum mass of hyperon star is found to reach ~2.2 M,, , challenging the exist-
ence of the hyperon puzzle. As part of a broader initiative connecting nuclear physics and astronomy to quantitat-
ively determine neutron star EoS, the study provides valuable insights into the hyperon puzzle and its implications
for our understanding of neutron star interiors. Moreover, the investigation addresses the lack of precise knowledge
regarding hyperonic interactions, emphasizing the need for additional hypernuclear data through a combined effort

involving theory, experiments, and observations.
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0 Introduction

“What is the nature of neutron stars and dense nuclear
matter?” is one of the important questions in the field of
nuclear astrophysicst! 2], Establishing a theoretical model
capable of accurately explaining nuclear matter data across
diverse scenarios, spanning both laboratory experiments
and astronomical observations of neutron stars, is an ardu-
ous undertaking. In this paper of QCS2023 Special Issue,
we tackle a specific challenge in the quest to determine
nuclear force and neutron star properties through multimes-
senger astronomy: “Is there a hyperon puzzle problem in
neutron star study?”.

In neutron stars, nuclear matter exists in beta equilibri-
um, ranging from very low density to several times the sat-
uration density (p ~0.16 fm™) and is extremely neutron-
rich® %], Numerous model calculations in the literature
suggest a central density as high as (2~10)p, for the max-
imum mass, with the possibility of strangeness-driven
phase transitions occurring in the innermost regions of
neutron stars(!]. Hyperons (Y), such as A hyperons from
the lightest baryon octet J* = (1/2)*, may appear in high-
density neutron-star cores via weak interaction process
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p+e — A+v,, replacing highly energetic neutrons when
the A chemical potential fulfills the condition
Ha =M, =, + 1, . Other higher-mass hyperon species (X
and = hyperons) may also appear. While hyperons are un-
stable under terrestrial conditions, they remain stable in
dense stellar matter, forming an inner hyperon core and an
outer nucleon shell in the core of a massive neutron star.

Efforts to decipher the composition of neutron stars,
including hyperons, have been ongoing since the sugges-
tion of their possible presence by Gameronl’]. However, the
parameters of the hyperonic interaction remain insuffi-
ciently constrained, and there are still many theoretical and
experimental ambiguities regarding baryon interactions in
the strangeness sector. One interesting possibility is that the
formation of hyperons inside neutron stars might lead to a
significant softening of the equation of state (EoS) of a
neutron-star core, with respect to the npeu case, and lower
the theoretical maximum mass below the observed pulsar
masses, causing the well-known hyperon puzzle
problem[879].

Despite accumulated laboratory data on hypernuclei,
surpassing 40 A -hypernuclei, a few AA -hypernuclei, and
Z -hypernuclei, challenges persist in understanding the hy-

Foundation item: National SKA Program of China (2020SKA0120300); National Natural Science Foundation of China (12273028)

Biography: LI Ang(1981-), female, Nanyang, Henan Province, Ph.D./Professor, working on neutron star; E-mail: liang@xmu.edu.cn


https://doi.org/10.11804/NuclPhysRev.41.QCS2023.09
https://cstr.cn/32260.14.NuclPhysRev.41.QCS2023.09
mailto:liang@xmu.edu.cn
http://www.npr.ac.cn
http://www.npr.ac.cn
http://www.npr.ac.cn
http://www.npr.ac.cn
http://www.npr.ac.cn
http://www.npr.ac.cn
http://www.npr.ac.cn
http://www.npr.ac.cn
http://www.npr.ac.cn
http://www.npr.ac.cn
http://www.npr.ac.cn
http://www.npr.ac.cn
http://www.npr.ac.cn
http://www.npr.ac.cn

3 1

LI Ang: Is There a “hyperon puzzle” Problem in Neutron Star Study? © 835

pernuclear force. Previous studiesl”] have utilized both
single and double hypernuclei data to investigate the ef-
fects of hyperon interactions on the global properties of
neutron star matter. In particular, it was found that, to be
consistent with the result given by "NAGARA event", the
YY interaction should be weakly attractive and the maxim-
um mass of neutron stars including hyperons was found to
be around 1.75 M, when taking TM1 parameter set1] ag
nucleon parameﬁization®. Still, moving beyond these
model calculations requires exploring the potential integra-
tion of neutron star multimessenger observations with hy-
pernuclei experiments to gain deeper insights into the hy-
pernuclear force: Is it possible to combine neutron star
multi-messenger observations with hypernuclei  experi-
ments to understand better the hypernuclear force? How to
combine them? What new information can we learn?

The paper is organized as follows: Section 1 briefly in-
troduces the employed model and the Bayesian analysis
method, including the used neutron star observations and
the R,,-R,, relation from hypernuclei data. We present
our results and a discussion in Section 2 and summarize our
paper in Section 3.

1 Model and analysis method

The hyperonic interaction parameters in terms of an
exchange of mesons, are hyperon-meson coupling con-
stants. We denote these constants as R,y = g.y/g&uww (m =
o,W,0,0 )®. Assuming SU(6) symmetry for the w - A -hyp-
eron coupling (R,, =2/3), the o -A-hyperon coupling
can be derived by extrapolating the experimental binding
energy of single-A hypernuclei to A™**=0: R,, ~0.61,
corresponding to U,(py) = —30 MeV (2], Nevertheless, it is
still uncertain to determine the fit to hypernuclear data. The
broken SU(3) flavor symmetry seems inevitable to account
for the different attractive/repulsive nature of hyperon po-
tentials['3] and to meet mass measurements of heavy
pulsars[14]. In our analysis, we relax the symmetry argu-
ment, treating R,, and R,, as free parameters between 0
and 1. By doing so, we have reasonably considered a posit-
ive and smaller hyperon coupling compared to nucleons!!?.

Recently, a linear correlation between R,, and R,
was found by fitting calculated A separation energies to
experimental values of eleven known A hypernuclei with
A>1200 je R, =1228R,,—0.097. We incorporate
this empirical relation (NUCL.) into our study, utilizing the
statistical error of R,, in Rong et al %], For details on the
empirical relation and choices of statistical error, refer to
Sun et al.l'7].

In our study, we confront the phenomenological hyp-
eronic interaction to the recently observed neutron star
properties (like mass M, radius R and tidal deformability
A), performing Bayesian inference for the hyperon-meson
couplings from the robust LIGO/Virgo tidal measurement
of the GW 170817 binary neutron star merger[lg] as well as
two NICER mass-radius measurements of pulsars (PSR
J0030+0451197201 and PSR J0740+66202122]). For a
comprehensive understanding of how we incorporate mass,
radius, and tidal deformability data, see Ref. [17]. With pri-
ors and likelihood established, we sample from the posteri-
or distribution using the python-based bilby and pymul-
tinest packages. Our aim is to explore constraints on A
hyperon coupling constants based on current neutron star
measurements and discuss parameter spaces for hyperon
star properties. As highlighted by Huang et al?3l, this
methodology offers the advantage of potentially discussing
matter composition or nuclear properties once the infer-
ence is completed.

Given the limited experimental information on X and
Z hypernuclei, we set the vector-X,= hyperon couplings
based on SU(6) symmetry. Scalar-coupling values for 2, =
hyperons (R,> =0.443, R,z =0.302 )[24] reproduce reas-
onable single-particle mean-field potentials in symmetric
nuclear matter at the saturation density po: Us(poy) =
+34MeV 3] and  Us(pp) = —14 MeV 220 For the
isospin-vector scalar channel, we adopt Rs;» =R, and
R, =R,.[27-28]

2 Results and discussion

We conduct a statistical analysis involving 17 stiff
EoSs, namely NL3 wp [2°], LHSBY, RMF201831], NL3[132],
Hybrid®3, T™M2U1%1 NLSV1B4) P13 $271ve6l30),
HCB7 DD-Lz1B%), DD-ME2B?), DD2M0), pPKDDI),
OMEG*! DD-PC1*] FRVWI*HL PC-PK1*4. These
EoSs are chosen based on their capability to support a pure
neutron star with a mass of >2.3 M, with varying stiff-
ness. This selection ensures flexibility for potential EoS
softening with the inclusion of hyperons, aiming to explain
the masses observed in the heaviest pulsars, approximately
~2M,, found in binaries with white dwarfs[* 8] The
considered relativistic mean-field (RMF) effective interac-
tions encompass both finite-range and zero-range (contact
interactions). The employed linear R,,-R,, relations are
demonstrated to be consistent with both finite-range and
zero-range models (see Appendix in Sun et al.[”]). These
interactions can reproduce the nuclear properties such as
nuclear saturation and nuclear symmetry energy given by

(DWe mention here that extending the scalar field, for example, with a o -cut potential, could increase this maximum mass value. For detailed discus-

sions, see Zhang et alM],

(@Strange mesons can be further incor'porated[9], for example, to account for YV interaction when considerable double hypernuclei data become avail-

able.
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finite-nuclei and heavy-ion experiments. Additionally, the Table2  Most probable intervals of various hyperon star

effective interactions account for medium dependence, in-
corporating higher-order many-body effects by either in-
cluding non-linear meson self-interaction terms or assum-
ing an explicit density dependence for the meson-nucleon
couplings.

We specifically focus on the NL3 wp EoS, one of the
stiffest ones in the literature, to explore quantitative aspects
of hyperon stars in light of statistical results obtained with
NL3 wp . This analysis offers insights into the uncertainties
associated with hypernuclear matter and hyperon star prop-
erties, given the uncertain hyperon-nucleon interaction in
dense matter. Table 1 presents the most probable values
and 68% credible boundaries of the scalar and vector
coupling ratios (R,, and R,, ), constrained by both astro-
physical and laboratory data. Fig. 1 visually compares the
results of R,, and R,, from astrophysical and laboratory
data. Additionally, Table 2 compiles various hyperon star
properties derived under the most probable hyperonic inter-
action from the joint +NICER+GW170817+NUCL analys-
is. Figs. 2 and 3 depict the mass versus radius & density re-
lations and the composition of hyperon stars, respectively,
in comparison with corresponding neutron star results.

Table I Most probable intervals of R,4 and R,a (68% cred-
ible intervals) for a representative effective interaction
(NL3 wp ) constrained by multimessenger neutron star
data with or without constraints from laboratory data.

properties for a representative effective interaction
(NL3 wp), to the 68% confidence level, constrained
jointly by the +NICER+GW170817+NUCL analysis.
The corresponding results of neutron stars (without
hyperons) are also shown. Mp,y is the maximum mass
and pc/po is the corresponding central density scaled
by the saturation density. R, is the radius of 2.0M,
stars. Rj4 and A4 are the radius and tidal deformabil-
ity of 1.4 M,, stars, respectively. Taken from Sun etall'],

Muax /Mo pelpo Roo/km  Rj4/km Ara

w.0. Y 2756 4.676 14.070 13.772 941.852

H 0.085 0.046 0.096 0.000 0.000
with ¥ 2.176*0.983 4.846+0946 13.968+0.9% 13.769*0.0% 940.165+09%

Prior +NICER +GW170817 +NICER +GW170817 +NUCL

0.448 0.157
Rop U(O,l) O~420t0>294 0‘712:)4215

Roa UO,1) 07772038 0.778*0121

+0.45 +0.16
04274359 0.7156:57

NL3wp

1 +NLCER+GW170817
+NLCER+GW170817
+NUCL
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Fig. 1 (color online) Comparison of the posterior distribu-
tions of R,4 and R,, with (in red) and without (in
blue) the empirical hypernuclei constraint. The laborat-
ory Rya-R,a relation, deduced from the measured A
separation energy in single 4 hypernuclei, is also indic-
ated with two black lines. The contours are the 68%
credible regions for the parameters using the NL3 wp
EoS. Taken from Sun ez al.['7].
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Fig.2 (color online) The most probable mass versus radius
& density relations of hyperon stars from the joint ana-
lysis (at 68% credible level) of the multimessenger neu-
tron star observations from LIGO/Virgo and NICER, in
combination with the study of hypernuclei, compared
to those of neutrons stars. Taken from Sun er a.l'7].

10°

107!

pip

1072

1073

Plpo

Fig. 3 (color online) Particle fractions of beta-stable hyper-
nuclear matter as a function of the baryon density
(scaled by the nuclear saturation density p, ), with the
most probable hyperonic interaction from the joint
+NICER+GW170817+NUCL analysis (at 68% cred-
ible level) for the representative NL3 wp model. Taken
from Sun et al.l'7].

An observation from Table 1 is that the hypernuclei
constraint tends to favor larger values of R,, and R,
while disfavoring smaller values for both couplings. The
strong underlying R,,-R,, correlation imposed by the
data of single A hypernuclei ensures a large enough scalar
hyperon coupling to match the large vector hyperon coup-
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ling. The incorporation of astrophysical observational data
only slightly adjusts this correlation (indicated with two
black lines in Fig. 1) towards smaller values of R, .

Despite the dependence on uncertain hyperonic inter-
action, generic features emerge, indicating that the intro-
duction of hyperons softens the EoS. This softening occurs
as the Fermi pressure of neutrons and protons is relieved
near the top of their Fermi seas by allowing them to hyper-
onize to unoccupied low-momentum states, resulting in
lower pressure. Consequently, neutron stars containing
hyperons are more compact, with the maximum mass re-
duced by approximately 20% (e.g., from 2.7 to ~2.2 M, in
the NL3wp case). The stellar radius is smaller above
~0.5M, and increases with stellar mass. One important
thing to notice is that, according to the NL3 wp EoS, at the
68% credible level, the maximum mass of a hyperon star is
My = 217655 M, , with the peak value around
~2.26 M, given the current determination of hyperonic in-
teraction. This result is attributed to the strong correlation
between the scalar and vector channels of YN interactions,
ensuring sufficient vector repulsion and a prediction of
hyperon stars with a sufficiently high maximum mass
without encountering the hyperon puzzle problem. Quantit-
ative differences among the adopted 17 models can be
found in Sun et al.l'7].

Nevertheless, as seen in Fig. 3 illustrating the particle
composition, the imprecise knowledge of hyperonic inter-
action significantly influences the predicted hyperonic com-
position within the cores of neutron stars. Currently, it re-
mains uncertain whether the lightest A of the baryon octet
or the heavier, negatively-charged =~ appears first. Addi-
tionally, the threshold density for A hyperons spans a wide
range of ~(1.4~3.8) p, . In the chosen strength of hyperonic
interaction, three hyperon species (A, =-, Z°) are
present, while 2 hyperons are absent due to their repulsive
interaction in the dense medium. Eventually, a more com-
prehensive dataset of hypernuclear information is essential
for gaining a deeper understanding of hyperon interaction.
This necessitates a combined effort involving theory, ex-
periments, and observations to further unravel the complex-
ities associated with hyperonic composition in neutron-star
cores.

3 Summary and outlook

In this study, we tackle a longstanding challenge in
neutron star physics, specifically the hyperon puzzle. By in-
corporating insight from hypernuclei calculations and ad-
opting a more general treatment of hyperon couplings than
currently present in the literature, we find indications that
the hyperon puzzle may not exist. We believe that the

methodology employed and the results obtained could hold
significant implications for future research. This work rep-
resents a recent endeavor to quantitatively determine neut-
ron star EoS by establishing a consistent connection
between nuclear physics and astronomy. Previously, we
provided a consistent description of a nucleon and many-
body nucleonic system derived from a quark potential, tak-
ing into account heavy pulsar measurements, GW170817,
and NICER observations of neutron stars™>
sions of this study could involve incorporating an effective
Lagrangian with meson fields that mediate strong interac-
tions between quarks in a quark mean-field modell®?]. Ad-
ditionally, there is potential for expansion to include the
low-lying excitation spectrum of A hypernucleil>?].

It is important to note that, in this exploration, we sim-
plify the procedure by focusing only on the preferred coup-
ling constants of A hyperons, while maintaining fixed val-
ues for the X and & hyperon couplings. Comprehensive
studies on 2 and & hyperon couplings should await sub-
stantial progress in understanding X, & hypernuclei, as
well as double hypernuclei, in the future.

. Future exten-
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