M Made available through Montana State University’s Scholar\Works

MONTANA

STATE UNIVERSITY
LIBRARY

Thermal Evolution of Hyperon-Mixed Neutron
Stars with Updated Equation of State

Katherine Bruce; Sachiko Tsuruta; Andrew C.

Liebmann; Marcus Teter; Madeline Kelly; Ken'’ichi
Nomoto

Accessibility Disclaimer:

For a more accessible version of this document, please submit an accessibility request form through
the Montana State University Library website.



P@ Prog. Theor. Exp. Phys. 2026 053E02 (13 pages)
DOI: 10.1093/ptep/ptag065

Thermal Evolution of Hyperon-Mixed Neutron
Stars with Updated Equation of State

Katherine Bruce !, Sachiko Tsuruta*?, Andrew C. Liebmann?, Marcus Teter'?3,
Madeline Kelly!, and Ken’ichi Nomoto?

1Departmenr of Physics, Montana State University, 1325 S 6th Ave, Bozeman, MT 59717, USA

2Kavli Institute for the Physics and Mathematics of the Universe (WPI), The University of Tokyo, 5-1-5

Kashiwanoha, Kashiwa, Chiba 277-8583, Japan
3RTX, 16510 E. Hughes Dr., Aurora, CO 80011, USA

Received November 13, 2025; Revised March 23, 2026; Accepted March 24, 2026; Published April 15, 2026

The presence of hyperons in neutron stars allows the star to cool via the hyperon direct Urca
process, which can release energy from the star faster than the standard modified Urca pro-
cess. Previous cooling calculations verified that hyperons can exist in the core of neutron
stars and facilitate direct Urca cooling. In the current article, we first update the observa-
tional data on the thermal evolution of neutron stars. Then, adopting the latest realistic
equation of state for hyperon-mixed neutron stars, the cooling of these stars is calculated,
and the results are compared with the most recently updated observational data. The re-
sults confirm that the hyperon scenario can explain the thermal evolution of all observed
stars, including the faster cooling of some of these stars if their fast cooling is substantially
suppressed due to the presence of hyperon superfluidity in moderately massive stars.

Subject Index E11,E32

1. Introduction

The first neutron star (NS) cooling calculations [1] showed that NSs can be visible as X-ray
sources for about a million years. After a supernova explosion, a newly formed NS first cools
via various neutrino emission mechanisms before the surface photon radiation takes over. The
launch of the Einstein Observatory gave the first hope of detecting thermal radiation directly
from the surface of NSs. However, the temperatures obtained by the Einstein were only the up-
per limits. ROSAT offered the first confirmed detections (not just upper limits) for such surface
thermal radiation from at least three cooling NSs: PSR B0656+14, PSR J0633+4+1746 (Geminga),
and PSR B1055-52 [2].

More recently, the prospect for measuring the surface temperature of isolated NSs, as well
as obtaining better upper limits, has increased tremendously, thanks to the abundant superior
X-ray data from Chandra, XMM-Newton, XRISM, etc., as well as the data in the lower energy
bands from optical-UV telescopes such as the Hubble Space Telescope (HST). Consequently,
the number of possible surface temperature detections for isolated NSs has increased tremen-
dously. These developments have proven to offer serious “turning points” for the detectability
of thermal radiation directly from the surface of NSs, because we can now seriously compare
the observed temperatures with NS cooling theories; see, e.g. Ref. [3].

*katherinebruce@montana.edu

© The Author(s) 2026. Published by Oxford University Press on behalf of the Physical Society of Japan. This is an Open Access article distributed under the
terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and
reproduction in any medium, provided the original work is properly cited.

920z Bunr Z uo Jasn uewszog - Asionlun 8jels euejuoly Aq 885598/Z03€50/G/9Z0z/a101Me/da)d/woo dnoowuapesey;:sdjy woiy papeojumod


http://orcid.org/0000-0001-7097-3615
mailto:katherinebruce@montana.edu
https://creativecommons.org/licenses/by/4.0/
https://academic.oup.com/ptep/article/2026/5/053E02/8654588
https://creativecommons.org/licenses/by/4.0
mailto:katherinebruce@montana.edu

PTEP 2026, 053E02 K. Bruce et al.

NS temperature observations are very important because they can probe various physical
properties of NSs. For example, they can examine the composition and the quantum state (e.g.
superfluidity, superconductivity, etc.) of some of the constituent particles, which are hard to
examine directly (see, e.g. Ref. [4]).

Many NSs cool by the standard neutrino cooling process, such as the modified Urca process
and the bremsstrahlung process; see, e.g. Ref. [1]. However, some cooler NSs cool faster, and
they require a faster direct Urca process, which is modified by, e.g. the superfluidity of the
constituent particles [5]. There are various such direct Urca processes (see Section 2.2). The
direct Urca process with hyperons is one of these possibilities. The direct Urca cooling for stars
with a hyperon-mixed core was examined in our recent paper [3]. The current paper further
examines the hyperon direct Urca cooling, which is a continuation of the earlier paper [3].
There are three major motivations for carrying out the current studies as a follow-up.

(i) In our recent paper [3], where the hyperon direct Urca was used, we adopted the TNI6U
equation of state (EOS) model, where the maximum mass of the star getsup to 1.8M . However,
since then Ref. [6] showed that the maximum mass of an NS gets up to near 2M . One major
motivation of the current paper is to improve our model by adopting a new EOS, TNI8U, whose
maximum mass is 2.1M .

(ii) Another motivation of the current paper is that the new model TNI8U adopted not only
produces the required higher stellar mass stars, but also it is more physically relevant because
the new EOS TNI8U adopts a more universal approach, where the many-body force extends
to all constituent particles, including hyperons. In the TNI6U model adopted in Ref. [3], the
many-body force applies only to nucleons.

(iii) The third motivation of this paper is the significant improvement on the observation data
themselves. So far, the observation data adopted in all published papers have not been uniformly
organized and not been up to date. In our current effort, for the first time, to our knowledge, a
considerable amount of time has been spent, with special care, to examine all currently up-to-
date observation data on isolated NSs, and the results are presented in Table A1, and they are
compared with the recently published earlier data (see Sections 3, 4, and 5).

After the introduction in Section 1, we present in Section 2 the thermal evolution model
adopted, and Section 3 introduces the updated observational data. Section 4 presents the results,
which are compared with the up-to-date observation data. The discussion follows in Section 5,
and the conclusion is given in Section 6.

2. Thermal evolution model

In the first detailed calculations for the NS model in Ref. [1], the isothermal approximation was
applied, where a set of basic stellar structure-evolution equations is divided into the first two
equations for the stellar structure and the last two for the stellar evolution and energy trans-
port. Soon after the first NS was discovered, the first numerical basic general relativistic stellar
structure-evolution code was constructed, where the whole set of stellar structure-evolution
equations is solved simultaneously without making the isothermal approximation; see, e.g.
Ref. [5]. We refer to this code, for convenience, as “the exact neutron star evolution code.”
Since then, over the years, this code has been refined and improved continuously. Consult with
the abundant already published general and review papers, listed, e.g. in Refs. [7,8], and [5],
for the details.

2/13

920z Bunr Z uo Jasn uewszog - Asionlun 8jels euejuoly Aq 885598/Z03€50/G/9Z0z/a101Me/da)d/woo dnoowuapesey;:sdjy woiy papeojumod


https://academic.oup.com/ptep/article/2026/5/053E02/8654588

PTEP 2026, 053E02 K. Bruce et al.

In our current calculations, we adopt the latest version of our exact NS structure-evolution
code, which consists of the first two relativistic Tolman-Oppenheimer-Volkoff structure equa-
tions, and the relativistic version of the last two, for the stellar evolution and the energy trans-
port. The structure equations are integrated considering the radiative and conductive opacity,
neutrino luminosity, photon luminosity, etc., at each time-step in the evolutionary sequence.

In order to solve our exact evolutionary code for studying the nature of NS thermal evolution,
several ingredients, such as the physical input, are required. In the following subsections, we
summarize the basic physics involved. In our NS thermal evolution code, we currently utilize
the most up-to-date version.

21. EOS

Among the important input physics, the outstanding one is the EOS, P = P(X, p, T), where X
is the composition, p is the energy density including both kinetic and potential energy, and T
is temperature. This equation depends heavily on the strong force among constituent particles.

A “soft” EOS includes a strong attractive nuclear force between particles, creating a lower
mass and denser star, whereas a “stiff” EOS includes stronger repulsive forces, leading to higher-
mass stars with a lower central density.

Earlier, the inclusion of hyperons in NS cores led to EOS that were too soft to produce stars
comparable to observations. That problem was solved, e.g. in the new EOS created by the Takat-
suka group, TNI6U and TNI8U [9], and in the current article, these EOS are used. These EOS
adopt the many-body force approach. In the latest TNISU adopted in the current article, the
Universal many-body approach is used. In our earlier EOS TNI6U used in Ref. [3], the two-
body nuclear force was applied only among nucleons. However, in the new TNI8U, the many-
body force is applied to all constituent particles, including both hyperons and nucleons, not
just nucleons. The adoption of the earlier TNI6U EOS led to a maximum stellar mass of 1.8M
which is lower than the mass of a newly observed NS with 1.97M [6]. With the new TNISU
EOS adopted in the current paper, the maximum mass reaches 2.1M . In this new EOS TNI8U,
the strong many-body force acts universally among all constituent particles, including hyper-
ons, not just among nucleons [9]. This additional repulsive force makes the EOS stiff enough
to produce stars massive enough to include the new upper mass limit.

In Fig. 1, the pressure vs. energy density relation is shown for both the TNI6U and TNISU
models. We see that both curves are approximately similar until about the nuclear density, but,
as expected, TNI8U gets somewhat stiffer and higher beyond that density. The difference gets
larger as the density increases. That results in the stellar mass reaching the required maximum
mass for TNISU.

The properties of stars generated with our two EOS, TNI6U and TNI8U, are shown in Table 1.

Comparing these two cases for the same effective masses M, of, e.g. 1.4M and 1.6M , we
clearly see that TNI8U has a larger radius R, lower central density p;,,, and lower pressure P°. The
stellar radius is 11.778-11.364 km for TNISU and 11.162-10.350 km for TNI6U. These values
are already expected from the earlier works [1], because both of these EOS are more or less of
a typical medium range.

2.2. Neutrino emission
In general, during the earlier hot stages, NSs cool by neutrino emissions, but then at an age of
about 10°~° years, when the star becomes cooler, the luminosity of photons emitted from the

3/13

920z Bunr Z uo Jasn uewszog - Asionlun 8jels euejuoly Aq 885598/Z03€50/G/9Z0z/a101Me/da)d/woo dnoowuapesey;:sdjy woiy papeojumod


https://academic.oup.com/ptep/article/2026/5/053E02/8654588

PTEP 2026, 053E02

K. Bruce et al.

38

37

36

35

Log Pressure (dynlcmz)

34

33

32

TNI6U ———
TNIBU ———

14

14.5

15

Log Energy Density (l:rgsa’cma)

155

16

Fig. 1. Log energy density versus log pressure for TNI6U (black) and TNI8U (red). For energy densities
below 10 ergs/cm?, the EOS are the same.

Table 1. Properties of EOS models TNI6U and TNI8U. Notes: R [km], R, [km], M, [M ], p, [g/cm?],
¢ [g/cm?], and P° [dyne/cm?] are stellar radius, effective radius, proper (baryonic) mass, central baryon
matter density, central energy density, and pressure, respectively.

EOS R R, M, log(pS,) log( ©) log(P%)
TNISU 11.778 14.171 1.4 14.936 14.924 34.981
11.750 14.342 1.5 14.962 14.964 35.045
11.706 14.504 1.6 14.987 14.984 35.110
11.665 14.672 1.7 15.013 15.014 35.174
11.611 14.833 1.8 15.040 15.048 35.237
11.536 14.983 1.9 15.034 15.074 35.303
11.461 15.135 2.0 15.094 15.094 35.368
11.364 15.277 2.1 15.123 15.124 35.436
TNI6U 11.162 13.675 1.4 15.018 15.060 35.155
10.911 13.904 1.6 15.093 15.140 35.338
10.867 13.937 1.63 15.106 15.159 35.367
10.800 13.976 1.67 15.123 15.180 34.409
10.676 14.019 1.73 15.152 15.214 35476
10.633 14.034 1.75 15.162 15.226 35.500
10.610 14.041 1.76 15.167 15.230 35.512
10.350 14.101 1.85 15.290 15.451 35.782

stellar surface begins to dominate. The neutrino luminosity is much stronger than any other
emission process at high temperatures, explaining its dominance in the earlier stages of cooling.
Both processes depend on temperature, so as the star cools, the efficiency of neutrino cooling
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Fig. 2. Density dependence of critical temperature for various superfluid models, taken from Ref. [3].
ND: Nijmegen-D; F-G: Funabashi-Gifu.

24. Opacity

In the central core of an NS, the conductivity of the constituent particles (protons, neutrons,
hyperons, etc.) is so high that the stellar core is essentially isothermal. The surrounding crust
just outside the core consists of highly neutron-rich heavy nuclei, free neutrons, and electrons
with high conductivity. However, in the crust closer to the surface, free neutrons disappear, and
the heavy nuclei are less contaminated by neutrons. In this area, both radiative and conductive
opacity can operate, depending on the temperature [1,3].

2.5. Composition
The composition of the matter in the NS cores is predominantly neutrons with a small fraction
of protons, electrons, and muons if the density is moderate (0.6-1)x 10" g cm~3. For higher
densities, hyperon contamination, pion condensation, kaon condensation, and the quark de-
confined phase may appear in the inner central core, while NS matter will remain in the outer-
most region of the core.

The central core is surrounded by the inner and outer crusts. The inner crust consists of free
neutrons, electrons, and neutron-rich heavy nuclei, while the outer crust consists of heavy
nuclei and electrons. Right after the supernova explosion, light elements, such as hydrogen
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and helium, may fall onto the surface, and then the atmosphere and crust may be contami-
nated with some amount of these light elements (see, e.g. Ref. [13]). In that case, due to higher
conductivity with these light elements, the surface temperature becomes higher for a given in-
ternal temperature, which is determined by neutrino cooling in the earlier stages of thermal
evolution. Then the cooling curves (the surface temperature versus age relation) will be higher
than without these light elements during the neutrino cooling era, but the trend is reversed
in the later photon cooling era. The light element contamination is expected for younger stars,
but these light elements are expected to go through nuclear burning to heavier elements in time
(see, e.g. Ref. [14]). Therefore, it is expected that this will not be the case for older stars.

The equilibrium composition of NS atmospheres is one of heavy elements peaking at the or-
dinary terrestrial stable iron (Fe) (e.g. Refs. [1,7]). However, the fallback light elements, such
as H and He, may remain in the atmospheres of younger stars, which will seriously affect the
estimation of the surface temperature from the observed data. This is because whereas the con-
tinuum spectrum with the Fe atmosphere mimics a blackbody, the spectrum is very different
from a blackbody for the atmosphere with light elements such as H. The net effect is that the
same observational data will result in lower surface temperatures for hydrogen atmospheres
than for a blackbody (e.g. Ref. [15]).

Further details of the basic physics involved in the NS composition problem are found, e.g.
in Refs. [1,7].

3. Observation
Since the first detection of a NS by ROSAT, many isolated NSs have been discovered by subse-
quent advanced X-ray missions (see, e.g. Ref. [3] for the details).

Most recently, we reexamined all the currently existing data of observed isolated NSs. Table A1
in the Appendix presents the results, as NS age versus luminosity, with the reference adopted
also listed.

The table compares the data on the sources given in the 2009 hyperon paper [3] (the 5th and
the 6th columns) with the data on the sources in the current 2026 paper (the 2nd to the 4th
columns).

Beyond the updated age of 3C 58, PSR 1706 has had a significant revision in its luminos-
ity that has resulted in a lower total luminosity as well as a smaller range of errors. There
are some minor revisions to Vela’s age and luminosity. It is established that Cas A and PSR
B2334 have had lower limits on their luminosities, and there is a minor update on the age of
PSR B0656. It is important to compare the current curves of the Vela-like sources, 3C 58, PSR
1706, and PSR 2334, in addition to Vela itself, with their earlier results in the 2009 paper in
Ref. [3].

Additionally, there are 14 new sources that are included in the 2026 data, which were not in
the 2009 data. They include another Vela-like object: Vela Jr. There are also two sources that
were in the 2009 paper, PSR J1509 and PSR J0154, which are now classified as high magnetic
pulsars, and hence they are not included in Fig. 3.

4. Results

The thermal evolution of hyperon-mixed NSs was calculated for stars with various mass values,
and the results are shown in Fig. 3, which are compared with the most recent observational data
reported in Table Al.
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Fig. 3. Thermal evolution of NSs. RPP represents rotation-powered pulsars, whereas CCO refers to the
central compact objects. The vertical bar is the detection, whereas the downward arrow is the upper limit.
See Table A1 for the data.

For the stars with masses in the lower range of 1.4 through 1.8M , the density of the core is
lower than the transition density above which hyperons appear. Therefore, they are composed
of only neutron matter, and they go through the standard cooling.

The bottom three curves are for heavier, denser stars with masses of 1.9, 2.0, and 2.1M . Their
core density exceeds the threshold density where the and hyperons appear, and hence it
consists of these hyperons, and the central core emits neutrinos with the fast hyperon direct
Urca process, and hence these stars cool more quickly. However, depending on their density,
this fast cooling can be suppressed if the constituent particles are in a superfluid state, which
depends on density, as shown in Fig. 2, where the density dependence of the superfluid critical
temperature T, is shown. The suppression goes roughly exponentially as T /T, when tempera-
ture T gets less than T,. So when T is below T, the fast cooling is suppressed. The heaviest star
with M = 2.1M is the fastest by far, because the core density is high enough so that the stellar
temperature T is high enough compared with T,, which decreases sharply at higher densities
(see Fig. 2). Therefore, the suppression does not take place, and the star cools very fast. On the
other hand, the intermediate-mass stars with M = 1.9M and 2.0M are less dense, and T gets
below T, and hence their core is in the superfluid state. For this density range, significant su-
perfluid suppression is therefore effective and hence fast cooling is significantly reduced (see
Fig. 3).

We note that many stars (e.g. RX J0002, PSR J0538, PSR B0656) are consistent with the stan-
dard cooling, but some others (e.g. Vela, PSR J0852, PSR B1706, PSR J1746) require the faster
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nonstandard cooling with some degree of suppression. A few detection points (e.g. 1E1207) are
above the standard cooling curves shown in Fig. 3. The curves shown in Fig. 3 are obtained for
stars with cooling without heating. With additional heating, the star cools more slowly (see Ref.
[3]). Also, whereas our models consist of standard stellar crusts with heavy elements, if the stel-
lar crusts are contaminated by light elements such as hydrogen, the star cools more slowly and
hence appears hotter (see Section 2.5 and Ref. [ 14]). Our models are consistent with observation
when in these stars, these additional factors are in operation.

5. Discussion

Only a few of the stars reported here, e.g. Crab, Cas A, and 3C 58, are generally considered to
be historical objects. The age of the rest of the stars has been estimated mostly by the usual
spin-down rate method or sometimes by the expansion rate of the leftover supernova remnant
(see Ref. [3]).

Before 2013, 3C58 was thought to be SN 1181, a historical object about ~850 years old [16].
However, SNR Pa 30, recently discovered, which is not a historical object, appears to be a better
candidate for 3C58 [17]. Given that 3C58 is now unlikely to be associated with a historical event,
the spin-down age (logjp ¢t = 3.792) and optical and radio expansion ages are now the most
consistent age estimate for 3C58. However, that uncertainty will not change the conclusion
reached in the current paper. The differences between the historical age and the spin-down age
are somewhat different for Crab and Cas A, but the difference is very small, and that also does
not change the conclusion of the current paper.

Well-established lower limits have been found for 3C58, CXOU J0852, and PSR B2334 [18],
and we can say that these stars are a class of NS with Vela as the prototype. These “Vela-
like” objects are middle-aged, at the 1000-10 000 years level, and they are cool for their age,
with logygL < 32.4 ergs s~1. In order to explain their cooling, a heavier stellar mass, with 1.9-
2.0M , is needed. With higher masses, more hyperons appear in the core, which cools the star
faster, whereas with smaller masses, fewer hyperons appear and the star cools more slowly.
However, this mass window is relatively small. There are others that likely fit into this class,
but their measured luminosities are too large or lack a lower limit to be considered at this
time.

6. Conclusion

We carried out cooling calculations for hyperon-mixed NSs using the exact thermal evolution
code, adopting a new realistic EOS involving the Universal many-body approach. The results
are compared with updated observational data. The conclusion is that many less massive stars
cool with the standard neutrino process, whereas some other more massive stars require a faster
nonstandard neutrino process, such as the hyperon direct Urca process, which is to be reduced
significantly by the superfluid suppression.
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