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Abstract

Neutron stars (NSs) are compact objects with a typical mass of 1.4 Mg and a radius of
about 12 km. A central density of NSs reaches several times the nuclear saturation density.
Neutron stars consist of a thin, low-density outer crust of about several hundred meters and
a thick, high-density inner core. Since the core is affected by highly uncertain nuclear forces
due to the ultra-high density environment, the equation of state (EOS) for the dense matter
describing the inner structure is still unknown. Furthermore, there is no reliable experiment to
probe the high-density and relatively low-temperature regions of NSs. To constrain the EOS
that describes the properties of dense matter, model comparisons with observations of NSs have
been widely done for a long year.

With the recent progress of X-ray astronomy, observed temperature and luminosities of NSs
have been used for constraining the EOS with theoretical models of their thermal evolution.
Isolated NSs born from supernova explosions cool down by mainly neutrino emissions. Since
the neutrinos are produced by fundamental processes inside the NS, their emissivity highly
depends on the EOS. Most temperature observations of isolated NSs can be explained by a
minimal cooling scenario, which includes slow cooling processes and nucleon superfluid effects.
However, some NSs are too cold to be explained. To reproduce them, some enhanced cooling
processes, such as the nucleon direct Urca (DU) process and a pion condensation, are necessary.
The threshold of such fast cooling processes is determined by the compositions inside NSs, and
therefore temperature observations enable us to constrain the EOS, including the strength of
nucleon superfluidity.

Neutron stars often form binary systems with other stellar objects. When the companion
star is a light star with less than the mass of the Sun, accretion from the companion star to
the NS always occurs through the accretion disk, resulting in gravitational energy release and
heating process in the crust due to a transformation of accreted matter into heavier nuclei in
some exothermal reactions. Such accreting NSs have periods of outburst phase alternating with
quiescent phases, where the surface temperatures are T' < 0.1 keV and T 2 keV, respectively.
As with the isolated NSs, some accreting NSs in the quiescent phase are observationally cold
enough to require fast cooling processes.

During the outburst phase, rapidly brightening events called Type-I X-ray burst have often
been observed. This is thought to be triggered by unstable nuclear burning of hydrogen and
helium onto the surface of accreting NSs. After igniting the light elements, the rapid-proton
capture (rp) process finally occurs in bursting NSs. Thus, X-ray bursts are powerful sites for
the synthesis of proton-rich (p-nuclei) heavy elements. Among 115 X-ray bursts observed so
far, GS 182624 is an exceptionally regular burster where the shape of the light curves during
a series of outbursts is constant. Therefore, GS 1826—24 is a useful observation for constraining
burst models. In fact, several studies have done numerical modelings for GS 182624, which can
probe uncertainties of several parameters related to the NS exterior, such as the mass accretion
rate and composition of accreted material. However, no previous studies have examined the
influence of the physics inside NSs, such as the EOSs and neutrino cooling effects in the core.

In this study, we focus on the effects of EOS uncertainties on the various thermal evolution

of NSs. We take several EOSs with different properties and perform numerical simulations of



the thermal evolution of NSs covering entire stars. In the cooling of isolated and accreting NSs,
we mainly focus on the recently-constructed Togashi EOS in a variational method. A special
feature of the Togashi EOS is that it has small symmetry energy of nuclear matter and prohibits
the DU process even with the maximum mass. To introduce another fast cooling process, we
consider a pion Urca process operating due to the pion condensation. We find that a new model
incorporating the pion condensed with the Togashi EOS (Togashi+) generally reproduces the
various observational constraints on NS mass and radius. In contrast, other pion condensed
EOSs with high symmetry energy do not reproduce the 2 Mg-mass observations. This is due
to the difference of the symmetry energies; Compared with other large symmetry energy EOSs,
the Togashi EOS does not become in the high-density regions comparable to the central density.

Using the constructed EOS, we performed cooling calculations for isolated and accreting NSs,
focusing on the Togashi EOS. The original Togashi EOS cannot explain the cold observations
because the DU process is prohibited, while Togashi+7 cannot explain almost all observations
due to the strong pion Urca process. Furthermore, when the strong neutron superfluid effect is
considered, the pion Urca process is highly suppressed, and most cooling observations can be
explained. Thus, we find that the low symmetry energy EOSs such as the Togashi EOS become
consistent with NS mass, radius, and temperature observations with pion condensation and
strong neutron superfluidity. For large symmetry energy EOSs, most cooling observations can
be reproduced by the DU process even without the pion condensation because the DU process
easily occurs even with low mass NSs.

Finally, we performed X-ray burst calculations with the different symmetry energy or differ-
ent radius EOSs, using an approximate nuclear reaction network including 88 nuclei. We find
that the recurrence time and peak luminosity tend to be higher for the larger-radius EOSs. This
is due to the difference of the strength of surface gravity on NSs. On the other hand, the recur-
rence time and peak luminosity are larger for heavier NSs due to the difference of the strength
of neutrino cooling, including the absence or presence of the DU process. Therefore, it can be
interpreted that the effects of surface gravity and the neutrino cooling are conflicted with the
NS mass relationship of the recurrence time and peak luminosity. We compare our models with
the observed burst light curve of GS 1826-24. As a result, large-radius EOSs tend to be rejected
because the peak luminosity is so high that a photospheric radius expansion could occur.

In contrast to the recurrence time and peak luminosity, a burst parameter «, which indicates
the efficiency of accretion energy against the burst energy, strongly correlates to the surface
gravity, not neutrino cooling effects. Thus, « is a powerful observed property for probing the EOS
than others. If the « value is higher, heavier p-nuclei should be produced by the nucleosynthesis.
We also examine the EOS dependence of final products of nucleosynthesis during X-ray burst.
We find that heavier p-nuclei than %4Ge, which is a strong waiting point for the rp process, tends

to be synthesized for smaller-radius EOSs.
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Chapter 1

Introduction

In this chapter, we firstly review the current states of understanding the equation of states
of neutron stars from theoretical, experimental, and observational points of view. To probe the
dense matter equation of state in neutron stars, comparing theoretical models of their thermal
evolution with the observed temperature and luminosity is a powerful tool. We also review
the modern theories of neutron star cooling and Type-I X-ray burst. Finally, we explain our

motivation in this thesis.

1.1 Neutron Stars

1.1.1 Neutron Star Structure

Neutron Stars (NSs) are very dense and directly observable stellar objects in the universe.
The typical mass and radius of NSs are Mg = 1.4 Mg and Rns =~ 12 km, respectively, the latter
of which is less than 6 x 10% times as many as the radius of the Sun (R = 696340 km). Hence, the
averaged density of NSs should be more than 10'? times as many as that of the Sun. Actually, the
central density of NSs reaches around several times of pyuc, where ppue = (2 — 3) x 1014 g ecm ™3
is the nuclear saturation density, while that of the Sun is 156 g cm ™3 [18]. In such an extremely
high-density environment, particle interactions in NS matter are governed by nuclear force. The
particle interactions in the dense matter are used to construct the nuclear equation of states
(EOSs), which are specific relations among thermodynamic quantities such as the pressure—
density relation. We need the EOS based on theories, experiments, and observations to elucidate
the behavior of dense matter in NS.

However, there is no unique theoretical prediction for the EOS for two reasons: One is that
it is mathematically hard to describe the multiple-particle interactions in dense matter. The
functions of the EOS are initially derived from the underlying microphysical theory of the strong
interactions, quantum chromodynamics (QCD). Unfortunately, the first-principle calculation in
QCD, the so-called lattice Monte Carlo QCD simulation, does not work in high-density regions
due to the famous “sign problem”. Another attempt based on the QCD to probe the dense
matter is perturbative QCD calculation (e.g., Ref. [19]), but this method is reliable only for
p 2 50 ppuc [20] because quark-quark interactions become more robust with increasing the

point-to-point distance, corresponding to decreasing the density. In the end, the perturbative
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Fig. 1.1: Pressure—density (top) and mass-radius relation (bottom) for cold NSs [1] (courtesy:
Prof. Teruaki Enoto and Prof. Nobutoshi Yasutake). The color of curves indicates the EOS
corresponding to the left-bottom corner: APR [2], BL [3], CMF [4], DD2_FRG3f [5], SKa [6],
SLY9 [6], SLY230a [6], QHC18 [7], and QHC19 A-D [8]. In both panels, red and green regions
indicate the observational constraints of PSR J00304+-0451 from Ref. [9] and Ref. [10], respec-
tively. Observational constrains from PSR J1614—2230, PSR J0740+6620, and GW 170817 are
taken from Ref. [11], Ref. [12], and Refs. [13, 14], respectively. The recent experimental con-
straints from neutron skin thickness of 2*Pb are based on Ref. [15] (for the updated experiment,
PREX-II and relating to the controversy, see Refs. [16, 17].)
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Fig. 1.2: Mass and radius distribution of observed NSs as of 2021 [1] (courtesy: Prof. Teruaki
Enoto and Prof. Nobutoshi Yasutake). The system with the NS is as follows: X-ray bursters in
low-mass X-ray binaries (brown) [24], NS-NS binaries (red), high-mass X-ray binaries (HMXB)
(blue) in the left panel, and NS-WD binaries (purple) in the right panel [25].

method is broken in the relatively low-density regions of NSs. To avoid the difficult problem
of QCD, many phenomenological approaches relative to the lattice QCD calculations have been
developed and used for the construction of the EOS (for a review, see Ref. [21]).

The other is that high-density (p 2 pnuc) and (relatively) low-temperature (7" < 1 MeV)
regions are very hard to be probed through experiments in Earth-based laboratories, although
investigations of heavy-ion collisions with large hadron accreralators could be helpful to know
the properties of dense and hot nuclear matter (e.g., Ref. [22]). Even with the latest experi-
ment to measure the stiffness of the neutron matter, the investigated density is at most 1.5pp¢
(SPiRIT [23]). Thus, understanding the EOSs of ultra-dense cold matter solely relies on astro-
physical observations of NSs.

The uncertainties of EOSs are reflected in the various observations of NSs. The clearest ob-
servable quantities of NSs are the mass and radius, which are directly connected to the pressure—
density relation according to general relativity through the Tolman-Oppenheimer-Volkov (TOV)
equations as we introduce in Section 2. Fig. 1.1 shows the direct mapping between the pressure-
density and mass-radius relations for several EOSs. This unique mapping implies that the
observations of NS mass and radius can constrain the properties of dense matter, including the
possibilities of exotic matter such as hyperons, deconfined quarks, and kaon condensation. The
most crucial observations for the constraints on EOSs are the discovery of massive pulsars whose
masses are Mng = 2Mg [11, 26, 27]. If the exotic states are considered, the EOS becomes soft.
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Fig. 1.3: Schematic picture of NS structure [29] (courtesy: Prof. Tsuneo Noda).

Finally, the maximum mass may be highly reduced, though whether to satisfy the constraints of
2 Mg, observations depend on physical models of particle interactions (for a review, see Ref. [7]).
This problem is called the hyperon puzzle, regarded as the minimum condition to be satisfied for
the construction of exotic-matter EOSs (see Ref. [28]). Fig. 1.2 shows the population of NSs,
and there have already been many reliable NS mass data. Compared with the measurements of
NS radius as shown in Fig. 1.1, the most direct measurements of NS masses have comprehen-
sively high observational accuracy. Hence, accurate radius measurements will become important
in the future and must provide more rigid constraints on pressure-density relations. Several ob-
servations to measure the NS radius have already been performed and now succeed in testing
the EOSs. We refer to Section 2.2 for the details.

The standard picture of the interior of NSs has been established. We show a schematic
picture of the NS structure in Fig. 1.3, where the NS is roughly composed of a thick and massive
liquid core (about 0.99 Mys and 0.9 Rns) and thin and light solid crust (about 0.01 Mys and
0.1 Rns) covered by a thin atmosphere (with ocean). Let us classify the NS structure by dividing

it into three layers:

010 g cm~3)

e Atomosphere and Ocean (p <1
The atmosphere is a plasma of nuclei and free electrons. Low-density regions (p <
10 g cm~3) correspond to the atmosphere, which contains light elements such as H and He
since the heavier elements should sink to the deeper layers on a concise time scale. In such
a regime near the NS surface, the plasma can be partially ionized, which means that nu-

clei and non-relativistic electrons can be non-ideal gases. The degree of ionization depends
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on the low-density EOSs, including temperature, density, and composition information.
With increasing density, ions are entirely ionized, and electrons behave as degenerated rel-
ativistic ideal gases. Since the free electrons make the compressible negative background,
the moving ions can be in any state of gas, liquid, or solid, i.e., Coulomb plasma. This
region is sometimes called Ocean. The ocean generally extends to a maximum density of
p ~ 109 g cm™3 where ions are hard to survive due to a neutralization, as we explain in

the next paragraph (for a review, see Ref. [30]).

e Crust (1019 g em™3 < p < (0.3 — 0.5) pyuc)

The crust is further divided into outer and inner crusts. The outer crust extends from
the bottom of the atmosphere to the neutron drip density (pgrip ~ 4.31 X 10" g em™3),
where neutrons begin to drip from nuclei. For p < pqrip, matter consists of relativistic
degenerated electrons and ions. In low-density regions close to the atmosphere, the
decay (n — p+ e~ + 1) is basically active. However, if the density becomes higher,
since the Fermi energy of electrons becomes larger enough to exceed the difference of rest
mass energy between neutrons and protons of 1.3 MeV, the 5 decay is blocked. Instead,
the inverse-8 decay (p + e~ — n + v,) begins to operate. Thus, the nuclei become more
neutron-rich, creating free neutrons (neutralization). For p > pqyip corresponding to the
inner crust, matter consists of electrons, neutron-rich nuclei, and free superfluid neutrons
with the singlet state. If the density gets close to the crust-core interface, whose density
highly depends on the EOS, all nuclei begin to melt, and free particles of electrons, protons,
and neutrons appear. It is also suggested that nuclei with non-spherical shapes, i.e., nuclear
pasta structure, may appear in such density regions corresponding to the bottom of the
crust [31, 32, 33, 34].

e Core (p 2z (03 - 05) pnuc)

The core is also subdivided into the outer and inner cores. In such a high-density matter,
the symmetry energy of the nuclear matter becomes larger and allows the blocked £ decay
to occur again. Thus, the outer core is composed of not only neutrons but also protons,
electrons, and muons, the last two of which appear due to charge neutrality. Here, we
call such a matter with neutrons, protons, electrons, and muons, the standard nuclear
matter. In the inner core of the NS, it is the most mysterious and interesting part of
NSs; the EOSs are poorly known due to experimental and theoretical difficulties. The
central density reaches typically p. ~ 10 g cm™3, depending on the EOS. In such an
ultra-high density region, various exotic particles beyond standard nuclear matter could
appear because the Fermi energies of each particle become very high enough to make the
energetically favorable conditions for exotic particles. Thus, exotic matter such as the
hyperons, deconfined quarks, and meson (7, K) condensations may exist in the inner core.
Furthermore, we should mention that various states of superfluidity and superconductiv-
ity might appear due to the low-temperature environment, such as the triplet neutron
superfluidity, singlet proton superconductivity, singlet hyperon superfluidity, and quark

color-superconductivity [35].

As I introduced above, measurements of NS mass and radius are useful for probing the
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complicated NS structure, but the extracted information is the only pressure-density relation.
In other words, we cannot pin down the states of matter inside NSs, including exotic ones. On
the other hand, the observed temperature and/or luminosity give clues to clarify the complicated
NS structure because particle reactions inside NSs, which affect the temperature and luminosity,
are peculiar to each state of matter. Hence, X-ray observations during thermal evolution of NSs

could give more substantial constraints, including the composition.

1.1.2 Cooling of Isolated Neutron Stars

A neutron star is born just after supernova explosion of a massive progenitor with a mass
less than around 20M. After that, it is believed that the hot NS cools down due to losses
of neutrinos and photons. For the age of ¢+ < 10° yrs after the formation of NSs, the cooling
behavior is dominated by the losses of neutrinos because of the discussions of their long mean
free path as below (based on Ref. [36]).

Here, we consider the charged and neural current weak interactions in Weinberg-Salam-
Glashow (WSG) theory, and cold NSs with less than around 10° K. For the charged-current
interaction, the important interaction for neutrino energy loss is the electron scattering, whose

cross section is

v ) v 1.1
0511 keV ) Ep O (L.1)

E *E
oe ~ 1.06 x 1074 < . > “ cm?®
where F, is the neutrino energy and Er is the Fermi energy of electrons. Then, the mean free

path of electron-type neutrinos is calculated to be

1 we \ 2 701 MeV
A=~ 15 % 10° ('OPB > (0 - eV) km (1.2)

where n, and pp denote electron number density and baryon density, respectively. For the
neural-current interactions, on the other hand, elastic scattering between lepton-neutrinos and
neutrons is valid and could reduce A, effectively. The cross section for the elastic scattering off

neutrons is

E 2
~440x 1079 [ ——2 2 1.3
on 8 (0.511 kev ) ™ (13)

The corresponding mean free path of neutrinos is calculated to be

2
~ 3.0 x 10270 (0‘1 Mev) km | (1.4)

A, =
" OnpNp PB E,

where n,, denotes neutron number density. Considering that neutrinos continuously encounter
neutrons and electrons, the averaged mean free path should be considered in not simple arith-
metic average but geometric one, just like the case of the averaged energy loss due to multiple

inelastic collisions between particles. Thus, the effective mean free path for neutrinos inside cold
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NSs is estimated to be

6 /0.1 M 5/2
Aot =~ VAN, = 2 x 10° km (pnuc> (H/) . (1.5)

PB E,

Note that neutrino energy can be regarded as the thermal energy kT for T < 1 MeV (e.g.,
Ref. [37]). With decreasing the temperature of T' < 0.1 MeV, therefore, such a cold NS becomes
transparent to neutrinos, i.e., Aeg > Rns. Thus, once neutrinos are produced inside NSs, they
escape from the stars freely.

Many kinds of neutrino emissions processes are thought to occur in NSs. In modern cooling
theory, they are classified into two categories, i.e., minimal (slow) and fast cooling scenarios. All
neutrino cooling processes always operate under the former scenario, while they are not always
open in the latter. We introduce the detailed mechanisms of neutrino emissions processes,
including nucleon superfluidity.

1.1.3 Minimal Cooling Scenario

In the neutrino cooling era, the thermal energy of NSs is lost from the crust and core due to

neutrino emissions. In the crust, we consider the following neutrino cooling processes:
e Cooling Processes in the Crust
— Electron-ion bremsstrahlung [38, 39]:

e+ (A Z) e+ (A Z)+v+r, (1.6)

where (A, Z) stands for an atomic nucleus with an atomic number Z and mass number

A.

— Electron synchrotron [40]:
B _
e—et+v+ru, (1.7)

where the symbol B indicates that this process works in the presence of the magnetic
field.

— Electron-positron pair creation [41]:

etet v+, (1.8)
— Photo-neutrino process [42, 41]:

e+y—>et+v+rv, (1.9)

where v stands for a plasmon or photon.

— Plasmon decay process [41]:

Yo U+D. (1.10)
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— Neutrons-neutrons bremsstrahlung

n+n—-n+n+v+o. (1.11)
— Pair and Breaking Formation (PBF) process with singlet neutrons

n+n— [nn|+v+0, (1.12)

where [nn] denotes the cooper pair of neutrons with a singlet state and behaves like
a boson. This process operates for T < T, where Ti, is the superfluid transition

temperature, which is explained later.

For the reactions of (1.6)—(1.11), the dominant cooling processes in cold NSs without
the magnetic field are the electron-nucleus and neutron-neutron bremsstrahlung in the
crust [43]. Although the electron-positron pair creation, photo-neutrino process, and plas-
mon decay process also contribute to cooling curves as the temperature increases around
T > 10° K [44], the interior temperature of observed most NSs is estimated to be T' < 109 K
according to the simple isothermal models of T ~ 20 T} [45], with the use of their observed
surface temperature T, ~ 106 K. Thus, the only electron-nucleus and neutron-neutron
bremsstrahlung are the most important in the crust. However, they are much weaker than

cooling processes occurring in the core, which we introduce below.

The emissivitity of electron-nucleus bremsstrahlung is expressed [46]

N = 8.6 x 109 <pB> ZY,TSL erg s~ em™ (1.13)
Pnuc

where Y, is the electron fraction, and Ty is the temperature in units of 10° K. L ~ 1 is

a dimensionless function that depends on the phases in the crust [39]. The emissivitity of

neutron-neutron bremsstrahlung is calculated [47]

m\* [ p 1/3

et = 7.3 x 10" (") <B> V13T erg s71 em ™3, (1.14)
mn pnuc

where Y,, is the neutron fraction. m, and m] denote the static and effective neutron

masses and depends on the EOS, especially important for the effects of three-body forces.

Since neutrons degenerate and the internal temperature is quite lower than the Fermi
temperature (T ~ 10! K), nucleon could be in superfluid and superconductive states
according to the BCS theory [49]; In such cold environment, if the temperature is lower
than the superfluid transition temperature T,, nucleons could make the (Cooper) pair
because the system is more energetically favorable than the unpaired states. Fig. 1.4 shows
density dependence of phase shifts for nucleon-nucleon scattering. As we see, the nucleons
with singlet (1Sg) states appear in low-density regions due to the attractive force which
corresponds to the nucleon pairing. In fact, neutrons 'Sy channels are known to appear in
the inner crust while protons 'Sy channels are known to appear in the core. Meanwhile,

neutron triplet (*P3) state is expected to appear in high-density regions > pyuc. When the
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Fig. 1.4: Neutron Matter energy for the partial wave contribution per a nucleon in the normal
state v.s. neutron Fermi number density (middle axis) or normalzied density by the saturaion
density [48] (taken from Ref. [29], courtesy: Prof. Tsuneo Noda).
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neutrons in the crust transit into a 'Sy superfluid state due to the neutrino cooling, the
release of the latent heat, called the PBF process, occurs as seen in the reaction of (1.12).

The emissivity of the PBF process of neutrons 'Sy channels is given in Ref. [50].

mn Pnuc

* 1/3 T
€ "So _ 1.0 x 1022 <mn> <PB> Ynl/SRPBF,s <;> T97 erg s~ em ™3, (1.15)

where Rppr s is the control function of the singlet-state nucleons which indicates the
efficiency of the PBF process as a function of T/T¢,. Left panel of Fig. 1.5 shows the
temperature dependence of Rppr. As we see, the PBF processes take a maximum value

at T' ~ 0.5T¢; and mimimum value of zero for T' < 0.2 T,.

e Cooling Processes in the Core

— Nucleon-nucleon bremsstrahlung
b+t = b+b +v+7, (1.16)

where b and o’ denote baryons (n,p, A, 3, =, Q), respectively. In the core, since the
free protons are created due to the nuclear symmetry energy, neutron-protons and
protons-protons bremsstrahlung also work in addition to neutron-neutron bremsstrahlung

as shown in the reaction of (1.11), whose emissivity is the same as Eq. (1.14). The
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emissivities of neutron-protons and protons-protons bremsstrahlung are written as
follows [47]

m*\2 /N 2 P 1/3
P = 3.1x10% (") <p> <B> VBT erg s™h em ™, (1.17)

mp myp Pnuc
m*\ 4 o8 1/3

PP = 1.7x10Y <p> <> Y378 erg st em™3, (1.18)
my Pnuc

where Y), is the proton fraction. my, and m;, denote the static and effective proton

masses. It should be emphasized that both processes always occur.

Modified Urca processes

n+b — p+b+li+7,
p+b+l — n+b+l+v, (1.19)

where [ is the lepton (e, ). It should be noted that the modified Urca process does
not basically work in the crust where the symmetry energy is low enough not to create
free protons. The emissivities of modified Urca processes with neutron and proton

branches are calculated, respectively [47]:

*\ 3 * 1/3
¢* = 5.81x 10 <m“> (mp> </’B> (}@1/3+Y/}/3>
Mn, myp Pnuc

2
(1.76 —0.63 <pnuc> ) T8 erg s™t em™3, (1.20)
PB

m* m* 3 p 1/3
e = 581 x 10! (”) <”> <B> (Y;/3 +Y,}/3)
mp myp Pnuc

y. \ /3 0 2
1— =5 > 1.76 — 0.63 < ““C> T8 ere s~ em™2.  (1.21
[ (4 ( e ) ) 75 erg (121

The modified Urca process always operates for the neutron branch while it occurs for

X

X

the proton branch only if ¥}, > 1/65 because of the momentum conversation. Focusing
on the coefficients of neutrino emissivities, the modified Urca process is stronger by
1-2 orders of magnitude than the bremsstrahlung processes in the core. Thus, the
modified Urca (core) and bremsstrahlung processes (core+crust) are dominant for

the thermal evolution of NSs under the slow cooling scenario.

PBF process with singlet protons and triplet neutrons
b+b— [bb]+v+ v, (1.22)

In the core regions, neutrons and protons are expected to become the superfluid state
with 3Py channel and the superconductive state with 'Sy channel, respectively, as

we see in Fig. 1.4. Hence, their PBF processes should occur if T' < T, and their
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emissivities are given in [50, 51] (see also Ref. [52])
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v ’ My Pnuc " ’ T v ‘
* 1/3 T
P 'S0 _ 96 % 1022 "\ (B yi3R e T 1.24
el X m ) Lo p " Beers | 7 ) To s (1.24)

where Rppr s and Rppr, denote control functions of the singlet and triple states nu-
cleons, respectively, whose temperature dependences are shown in Fig. 1.5. Focusing
on the coefficients of the emissivities, the PBF process is comparable with the modi-
fied Urca process and bremsstrahlung. Hence, the effects of nucleon superfluidity on

cooling curves are very large, depending on the density dependence of T¢..

Fig. 1.6 shows the age and surface temperature of isolated NSs observed so far (we call
them cooling observations). We can probe the NS physics, such as the EOS, by comparing
the models with cooling observations. A scenario that includes the only conventional slow
cooling processes (modified Urca process and bremsstrahlung) and PBF processes due to the
nucleon superfluidity is often called minimal cooling scenario, where any fast cooling process
is absent [51, 53]. The minimal cooling scenario can explain most isolated NSs observations
by changing model parameters. Thus, the minimal cooling scenario is widely regarded as the

standard cooling model.
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1.1.4 Fast Cooling Processes

The minimal cooling scenario has been a successful cooling theory. However, some observed
NSs are too cold to be clearly explained by the minimal cooling scenario. For example, focusing
on cooling observations of isolated NSs as shown in Fig. 1.6, Vela, PSR J0205+6449 in supernova
remnant 3C58 and RX J0007.0+7302 are known to be too cold for their young ages. Other com-
pact objects, such as G127.140.5, G084.2+0.8, G074.0—8.5, G065.3+5.79, and G043.3—0.210
are extraordinary cold from X-ray observations, although they have not been identified yet (see
also Figure 11 in Ref. [44]). To reproduce such cold cooling observations, fast cooling processes

are necessary.

The most powerful candidate for fast cooling processes is the nucleon direct Urca (DU)
process, as we explain below. Furthermore, if we consider some states of exotic matter in NSs,
other rapid cooling processes beyond the DU process may occur, such as exotic cooling processes
with hyperons, deconfined quarks, and meson condensations [54]. In this thesis, we introduce
the nucleon DU and pion Urca processes due to pion condensation, which do not implicitly

contain s quarks, unlike other exotic cooling processes.

e Nucleon direct Urca (DU) process

n — p+l+v,
p+l — n+l+uv. (1.25)

This process is the neutrino emission due to the just 8 decay and inverse 5 decay. The

neutrino emissivity of the DU process is obtained [55]:

% * 2/3
m m ng 1/3 3 -
e]l,DU =4.00 x 10%" (m::) <mz> (no) T96 E Y, / Onpi ergem ? 57!, (1.26)

l=e,u

where ©,,, is the step function satisfying

1A ko — eyl > [k
Onpt = O(ky, —kp — ki) = (1.27)
0 otherwise |

where k; is the Fermi wave number of ¢ particles. Compared with the standard cooling
processes including the modified Urca , bremsstrahlung, and the PBF processes, the DU
process is stronger by around seven orders of magnitude around a typical NS temperature
of Ty ~ 0.3 [56]. Once the DU process is open, it decreases the temperature in the
core rapidly as we see in Fig. 1.6. However, the DU process is forbidden to occur if the
momentum among reactant particles is not conserved in conventional NS matter. Namely,
the DU process does not occur unless the momemtum conversation k, —k, = k; is satisfied.
From the triangle condition of |k,| < |k, + k;|, charge neutrality Y, = Y, +Y), and baryon

number conversation Y, + Y, = 1, one can obtain the threshold proton fraction YpeDU and

19



Yy DU for the DU process via electrons and muons, respectively [55]:

1/9 if Y,=0
Y, > y;)eDU — 0 0.1477 if Y,=Y, (1.28)
3y -1
{1 + (1 + xé/?’) } otherwise |,
0.1477 if YV, =Y

Y, > YU = (1.29)

{1 +(1 +x,1/3)3}1 Y, >0

where . =Y./ (Yc +Y,) and z, =Y,/ (Y +Y},). The important condition is Eq. (1.28)
because below Y, < YpeDU7 the only slow cooling processes operates. It is also important
that the DU (and slow) cooling processes are suppressed by copper pairing due to the
nucleon superfluidity, and their emissivities decrease in proportional to T'/T¢, for T 2
0.2 Ty and to exp(—Te/T) for T < 0.2 Ti,. We note that the specific capacity of NSs
is also suppressed similarity as shown in the right panel of Fig. 1.5 (based on Ref. [57]),
which indirectly ehnahces the cooling effects of the DU process because the cooling rate is

higher by not only the neutrino cooling but also the reduction of the specific capacity.

e Pion Urca Process

T +n — n+l" +y,
n+l- — 7 +n+uy,
n(p) — n)+1+m,
np)+1 — n®)+u , (1.30)

where 1 denotes a quasi-nucleon appearing due to the pion condensation, p and p’ denote
momentum of 7 particles. Here, we take the pion condensation modeled by Ref. [58] where
two phases of pure charged pion (7€) condensation and neutral-charged pions (7%-7¢)

condensation are included.

The possibility of pion condensation in the dense matter and NS core has been discussed for
decades (for review, see Refs. [60, 61]). In this idea, the pion condensation is induced by the
coherent ground states with the same quantum number, spin, and isospin, i.e., Alternating-
Layer-Spin (ALS) structure [62]. If the pion condensation occurs, charged pions appear
and may contribute to the pion Urca process (first two reactions in (1.30)). It is also
considered that the momentum of quasi-particles becomes large enough to cause the DU
process by pion condensation (last two reactions in (1.30)). The emissivities of the pion
Urca process are shown in Fig. 1.7. As we see, they are roughly ¢, ~ 102°T¢ erg cm™3 571,
which is much higher than slow cooling processes. Furthermore, the pion Urca process
occurs at a relatively low density pg ~ 4.3 x 10" g cm™3 for § = 0.5. This implies that
even low-mass NSs cool rapidly, although the critical mass naturally depends on the EOS.
In some EOSs with low symmetry energy, since the DU process is prohibited, the pion

Urca process could be a candidate to explain cold NSs.
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Fig. 1.7: Baryon-density dependence of neutrino emissivities of pion Urca process for the Landau
Migdal parameter ¢’ = 0.5 and 0.6, which indicates the strength of pion condensation. perit
stand for the critical density between normal and pure 7w¢ states, while pians between pure 7¢
and mixed 707 states [59] (courtesy: Dr. Yasuhide Matsuo).

1.2 Accreting Neutron Stars

1.2.1 Low-Mass X-ray binaries

Most NSs observed so far form binary systems in which the main sequence or evolved star
accompanies them. Because of the strong gravity, matter falls onto the NS from the companion
star through the accretion disk. The binary with NS is classified into two types, i.e., high-
mass X-ray binary (HMXB) and low-mass X-ray binary (LMXB). HMXBs are young systems
with the age of ¢ < 10 Myr and strong magnetic field B ~ 102~ G. The companion star is
typically heavier than about 10 My, and steller wind works as the accretion mechanism. The
NS in HMXBs emits the pulse associated with its spin, which is non-thermal emissions. On
the other hand, LMXBs are an ancient system with ¢ > 1 Gyr, and B < 10'2 G, which is the
value of typical pulsars. The companion star’s mass is less than 1 Mg, which is thought to
be evidence to be stripped by the NS, resulting in the mass loss for long years. The accretion

mechanism is a Roche-lobe overflow, which forms the accretion disk around the NS, as shown in
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Fig. 1.8: Schematic picture of LMXB (taken from Ref. [63], courtesy: Dr. Yasuhide Matsuo).

Fig. 1.8. Currently, more than 200 LMXBs have been observed as X-ray sources [64]. The X-ray
spectrum emitted from the accretion disk and NS surface has been observed in LMXBs. Since
the X-ray radiation emitted at the NS surface is the thermal emission, we could also extract the

information about interior NSs from the observations of LMXBs.

1.2.2 X-ray Outburst and the Quiescent States

According to X-ray observations, the luminosity is periodically changed in the range from
minutes to hundreds of days. We show a typical light curve of LMXBs in Fig. 1.9. In LMXBs,
there are two kinds of epochs, i.e., short outbursts and long quiescent phases. In the outburst
phase, the X-ray luminosity of NSs varies in a wide range of Ly ~ 102738 erg s7!. The original
energy source is gravitational energy release. The observed luminosity can be explained by
thermal emissions emitted not at the NS surface but from the accretion disk. Thus, the X-ray

luminosity is regarded as the accreting luminosity

N G Mns Y
RNS\/I — 2GMys/c?Rys

Lx (1.31)
Thus, the accretion rate in the outburst phase can be obtained as the observational amount,
assuming the NS mass Myg and radius Rys.

In the quiescent phase, on the other hand, mass accretion from the companion star is reduced
considerably, and gravitational energy is not released. Then, only thermal emissions at the NS
surface are observed, and the quiescent luminosity is the observational quantity. The primary
energy source in the quiescent state is the heating in the NS crust, which is the energy released

due to the transformation of accreted matter into heavier nuclei in some exothermal reactions.
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Fig. 1.9: The observations of accreting NS, 4U 1850-086 in more than 10 years [65] (courtesy:
Prof. Wataru Iwakiri). The persistent fluxes observed in X-ray satellites RXTE/ASM (plus) and
Monitor of All-sky X-ray Image, MAXI/GSC (cross) are plotted. The circle shows the period
when the source was viewed by a Wide X-ray monitor loaded onto High-Energy Transient
Explore-2 (HETE-2). The triangles and squares show the time of Type-I X-ray bursts with
short and long durations, respectively. Note that the X-ray bursts considered in our studies fall
within the former case.

These reactions heat the NS crust, reflected in observable thermal emission in quiescent phases.
Therefore, such a crustal heating process is essential for the thermal evolution of NSs, but its

heating rate has large uncertainties in theory (e.g., Refs. [69, 70]).

Theoretically, the quiescent luminosity is calculated with the condition of the thermal lumi-
nosity in steady-state without compressional heating, where the crustal heating is balanced with
the neutrino and photon cooling for old NSs; In the neutrino cooling era, since the neutrino (and
photon) luminosities highly depend on the temperature of NSs, the crustal heating is negligible
because it is independent of temperature. However, if NSs become old and the temperature
decreases, the crustal heating contributes to the observed luminosity according to the accretion
rate, and finally, the time derivative of the temperature becomes zero as follows

dI'  Lep, — Ly, — L,

D U St 1.32
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Fig. 1.10: Redshifted quiescent luminosity versus averaged mass-accretion rate for different
neutron star masses (marked by color) and surface compositions (marked by line style) [66]
(courtesy: Prof. Helei Liu). The errorbars and arrows show the observations of 35 Soft X-ray
transients listed in the right margin, whose data are taken from Ref. [67]. Qs denotes the
unphysical shallow heating rate artificially used to explain some hot Soft X-ray transients such
as RX J0812.4-3114 [68], which we introduce in Section 5.

where L., is the crustal heating luminosity, L, is the neutrino luminosity, L is the photon
luminosity, and Cy is the capacity of NSs. Note that this is a non-relativistic energy conversation.
We also note that initial states to move into the quiescent phase are not important though we
consider the very hot NSs as the initial era as the above. Therefore, we can obtain thermal

luminosity comparable with observations as
L,=Lc—L,(>0), (1.33)

Fig. 1.10 shows the observational quiescent luminosities and time-averaged accretion rate in
the outburst phase. In cooling models shown in this figure, the DU process operates with
Mns = 1.4, and 2.1 M and hence the quiescent luminosities become low compared with those
of Mng = 0.75 Mg. In particular, to explain the data of 1H 1905+00 and SAX 1808.4—3658,
a stronger rapid cooling process than the meson Urca process is required, although previous
cooling models have not considered the corresponding EOSs with meson condensation [53].
Hence, as with the isolated NSs, observations of accreting NSs can also probe the interior of NSs

by comparing with models as in the case of cold isolated NSs.
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Fig. 1.11: Nuclear reaction flow during X-ray bursts with unstable mixed H/He burning. Black
lines indicate the flow of X-ray burst nucleosynthesis baed on the typical model [75]. Blue lines
are proton drip lines obtained from Jina Reaclib ver 2 [76] (Taken from Ref. [63], courtesy: Dr.
Yasuhide Matsuo).

1.2.3 Type-1 X-ray Bursts

X-ray bursts are rapidly brightening phenomena observed in LMXBs. Since the first discov-
ery of X-ray burst in 4U 1820-30 in 1975 [71], 115 X-ray bursters have been observed so far [72].
There are two categories of X-ray burst from the point of energy generation; Type-I and Type-I1
X-ray bursts. Type-II X-ray burst is thought to be caused by the release of gravitational energy,
and the corresponding X-ray bursters are the only MXB 1730-335 [73] and GRO J1744-28 [74]
so far. Hence, we focus on the Type-I X-ray burst in this thesis.

In the outburst phase, NSs actively accrete from their companions, and the NS temperature
continues to increase because the matter is accumulated on the surface. If the temperature is
higher than around T' = 0.2 GK, roughly corresponding to the temperature of helium ignition,
unstable nuclear burning is triggered by hydrogen and helium burning. Such a thermonuclear
explosion leads to Type-I X-ray burst. The type-I X-ray burst begins from the ignition of helium,
i.e., triple-a reaction of a(aa,)'2C. The reaction flow after triple-ar reaction is summarized in
Fig. 1.11. The typical burst light curve is shown in Fig. 1.12. For the behavior of burst light
curves associated with nucleosynthesis, we explain below.

After carbon synthesis, the next nucleosynthesis is the hot-CNO cycle, which is the loop
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Fig. 1.12: A typical light curve during X-ray burst: Redshifted luminosity against time sequence.

reactions through the fuels of carbon, neon, and oxygen. The flow is shown in Fig. 1.13. During
the hot-CNO cycle, since the half-life of O (1 minute) is much shorter than that of 3N
(10 minutes), the temperature rapidly increases and the luminosity linearly increases. When
the temperature exceeds T ~ 0.5 GK, the breakout from the hot CNO-cycle occurs, and the
luminosity reaches the maximum value, typically L ~ 10%® erg s~!. After the breakout of the

hot CNO-cycle, the luminosity decreases exponentially until ¢ ~ 100 s.
Nucleosynthesis just after the breakout from the hot CNO cycle is initiated by mainly a ap

process, which is a series of («a,p) reactions and (p, ) reactions. Due to the small or negative
proton capture ()-value, (p,) reaction rates are usually larger than (a,p) ones. Thus, nucle-
osynthesis proceeds via both («, p) and (p,y) reactions. However, («, p) reactions are suppressed
as the charge of target nuclei becomes large because of the Coulomb barrier, whose potential is
proportional to the products of charges of each nucleus. Thus the ap-process can synthesize the

heavy nuclei with the charge Z < 20.

For the synthesis of nuclei with Z 2 20, the dominant nucleosynthesis is a rapid proton
capture (rp) process, which is a series of proton capture reactions and § decays. For the same
reason as the ap-process, (p, ) reactions are much faster than  decays. Thus, nucleosynthesis
must wait for the relatively slow § decay. Especially an even-even nucleus with a small Q-value
and long life is often called a waiting point. However, the total lifetime of a waiting point
nucleus may be significantly reduced by sequential two-proton capture reactions (2p,~y) [77,
78], depending on the nuclear masses of nuclei [79]. If the temperature increases enough, the
nucleosynthesis proceeds towards the nuclei having the mass number A ~ 107 by the rp process
with sequential two-proton capture reactions. The rp process is thought to end with the SnSbTe

cycle [80]. Then, the burst phase is regarded to be terminated.

As there has been no clear observational evidence of compositions in nuclear ashes, light
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curves are almost the only observational probe for X-ray bursts. The physical mechanism of
X-ray bursts has been investigated in many works (e.g., Refs. [56, 81, 82]) with the use of
numerical simulations. They found some input parameters are of importance in describing the
burst models: the mass accretion rate (M), the initial metallicity (Zcno) in the accreted matter,
the hydrogen to helium ratio (X/Y'), the reaction rates of the light nuclei, and the rp-process
path. On the other hand, properties of burst light curve are characterized by a set of observable
parameters: the recurrence time (At) between burst events, the peak luminosity (Lpecak), the
burst duration from the peak (7), and the o parameter, which is the ratio of the persistent flux
to the burst flux. For most burst observations, the burst behavior is not periodic mainly due
to the difference in the accretion rate for each epoch and the observable parameters such as At
and Lpeax vary irregularly.

Remarkably, a few bursters show the almost same pattern of light curves in a burst sequence.
They are often called Clocked bursters or textbook burster. In particular, X-ray bursts from GS
182624, whose first X-ray burst was observed in 1989 by the Ginga satellite [84], are the most
commonly used as such references. Fig. 1.14 shows the burst light curves of GS 182624 for

three epochs. As we see, the shape of the light curve for each epoch seems almost constant.
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Fig. 1.14: Averaged burst light curves of GS 1826—24 for three epoch based on the observational
data of Ref. [83]. Averaged recurrence time for each epoch is also shown.

We also note that the recurrence time At is almost unchanged. Hence, observations of Clocked
bursters help test the validity of theoretical models [85]. In fact, the constraints on several
physical parameters especially for NS exterior have been performed using light curves of a
Clocked burster GS 182624 [56, 85, 86, 87, 88, 89].

However, there is no previous work to examine the effects of NS physics on X-ray bursts,
such as the EOS uncertainties and neutrino cooling effects. These come from the Newtonian
formalisms of previous work to exclude the regions inside NSs. This brings up the following
two issues: One is the treatment of NS self-gravity, based on non-relativistic hydrodynamic
formulation. Although sophisticated correction of general relativity has been considered [90],
burst models based on a relativistic formulation are primarily desired for more exact calculation
of light curves.

The other one is to give the boundary condition on the crust surface. In other words, they
necessarily treat the boundary luminosity or temperature, which is artificially given without
fully considering the microphysics inside NSs, e.g., the crustal heating, the neutrino emission,
and the EOS uncertainties. The heating and neutrino cooling of the NS, which affect the burst
light curves via the change in the surface temperature, are essential for X-ray burst modeling
[91, 81, 92]. To include the energy exchange between the interior NS and the accreting layer,
previous studies have adopted a heating factor (Jp on the crust in the energy equation, which was
treated as an adjustment parameter. Hence, this parameter should be essentially determined by

solving the thermal evolution of the NS.
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Related to the NS heating and cooling, the EOS also plays an important role in X-ray-burst
modeling because the surface gravity affects the amount of fuel [93]. We also emphasize that the
heating and cooling rates inside NSs crucially depend on EOSs, such as the presence or absence
of the DU process. Therefore, observations of X-ray bursts, particularly Clocked bursters, may
give a constraint on the EOS. Similar to the treatment of @y, the general-relativistic effect should

be included by solving X-ray-burst calculations over whole NS regions.

1.3 Purpose

There are still large uncertainties in nuclear EOSs apart from recent observational develop-
ments, especially for NS mass and radius. However, since the X-ray thermal emissions from the
NS surface indirectly reflect the information inside NSs, the observed temperature and luminos-
ity of NSs can extract the NS physics such as the EOS through modeling the various thermal
evolution of NSs.

At first, focusing on the observations of cold isolated/accreting NSs necessary for rapid cool-
ing processes, we examine the uncertainties of EOS on the cooling history of NSs. In particular,
we shall consider the pion condensation in both EOSs and neutrino cooling processes, while
previous work did not consider the softening effects on EOSs due to meson condensation. Next,
we investigate the EOS dependence in connection with burst light curves and their characterized
parameters, such as At and Lpeax. To probe physics inside NSs, we compare our models with
the Clocked burster GS 1826-24. Finally, we also examine the EOS dependence on final products
after proton-rich nucleosynthesis.

This thesis is organized as follows. Section 2 presents our adopted EOSs without and with
pion condensation and their comparison with various observations. Section 3 shows the basic
formulae and numerical method for thermal evolution of NSs. Section 4 presents the EOS
dependence of cooling curves of isolated NSs. Section 5 presents the EOS dependence of quiescent
luminosities of accreting NSs. In Section 6, which is the main part of this thesis, presents EOS
dependence and neutrino cooling effects in close relation to burst light curves and focuses on

the modeling GS 182624 and proton-rich nucleosynthesis. Section 7 is devoted to a conclusion.

29






Chapter 2
Equation of States

In this chapter, we present some EOS models with different properties of nuclear matter,
including the effects of pion condensation. We discuss the differences of the symmetry energy
on the softening effects on EOSs due to the pion condensation, which is crucially important for
the consistency with the observations of high-mass NSs 2 2 M. We also compare them with

various observational constraints and evaluate the consistency for each EOS.

2.1 EOS Models

The simplest description of the compositions inside NSs is that the core contains only neu-
trons, protons, electrons, and muons. As such a standard nuclear-matter EOS, we adopt four
kinds of finite-temperature EOSs: Togashi [94], 1.S220 [95], TM1 [96, 97, 98], and TMT1e [99, 100].
The LS220 EOS is constructed based on Skyrme interaction with the incompressibility of 220
MeV. The TM1 EOS is based on the relativistic mean-field theory with several meson couplings.
They have been used in many astrophysical simulations for long years, while the Togashi and
TMle EOSs have been recently constructed. The Togashi EOS is based on the bare nuclear
force for two-body interaction and phenomenological three-body interaction in the variational
approach. The TM1le EOS is based on the extended relativistic mean-field theory updated from
the TM1 EOS, where the w—p coupling term is newly added to the nucleonic Lagrangian density,
which significantly affects the softness of EOSs.

The information of NS EOS such as the pressure and energy density comes from the energy
per nucleon w(pg,Y,), where pp is the baryon density and Y}, is the proton fraction, which can
be expanded around the saturation density ppyc:

K

w(PBaYp) = wp + 73 (PB - Pnuc)2 + -4 Esym + —

B — +--- | (1=2Y,)%,2.1
1802, 3 e (p Pnuc) ( p) (2.1)

where wg, Ko, Egym, and L are, respectively, energy per nucleon, incompressibility, symmetry en-
ergy, and its slope at ppuc. The term inside the square bracket of Eq. (2.2) is a density-dependent
symmetry energy So(p) = Esym + Bpﬁ (pB — Pnuc) + - - -, which indicates the efficiency to cre-
ate protons in the NS core. In the vicinity of the saturation density, the properties of nuclear
matter are mostly characterized by the five parameters, i.e., pyuc, wo, Ko, Esym, and L, which
are tabulated in Table 2.1. Recent terrestrial experiments suggest 220 MeV < Ky < 260 MeV,
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Table 2.1: Physical quantities at the nuclear saturation density for adopted EOSs

EOS  puuc 10" gem ™3] wy MeV] Ko [MeV] Egm [MeV] L [MeV]
Togashi 2.66 —-16.0 245 30.0 35.0
TM1 2.41 —~16.3 281 36.9 111
TMle 2.41 —16.3 281 31.4 40.0
L.S220 2.57 ~16.0 220 28.6 73.8
36.5 | ‘ ‘ ‘ ‘ ‘ —
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c 36|
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. 355 ¢
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Fig. 2.1: Pressure-Density relation with adopted EOSs: Togashi(red), LS220(yellow),
TM1le(green), and TM1(blue). Solid curves indicate EOS without pion condensation while
Dashed curves with pion condensation modeled by Ref. [58] (labeled as “EOS+7").

So < 36 MeV, and L < 80 MeV [101, 102]. Therefore, the Togashi and L5220 EOSs are con-
sistent with the experimental values among adopted EOSs. For low-density regions around the
crust surface (p < 10'Y g cm™3), since the results of nuclear-matter EOSs are inappropriate for
such low-density matter, we connect the nuclear EOSs to the BPS EOS in Ref. [103] adding

thermal components of ideal gases. For the density regions of accreted layers, we apply the
Helmholtz EOS in Ref. [104].

Recent studies indicate the possibilities of exotic states inside NSs, such as hyperons, decon-
fined quarks, and meson condensation (for a review, see Ref. [105]). In the present study, we
consider a pion condensation, which is known to appear in lower-density regions compared with
other exotic states. For the pion condensation model, we adopt Ref. [58] based on SU(2) chiral
symmetry approach. This model incorporates the attractive force by isobar A(1232) excitations
and the repulsive force by nucleon-nucleon short-range correlations. Since their interactions
conflict with each other, the competitive relationship of nuclear force arises. Then, if the to-
tal nuclear interaction becomes attractive, the pion condensation could occur. The apparent

density is characterized by Landau-Migdal parameter §’, which means the strength of nucleon-
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nucleon (gl ), nucleon-isobar(gly A ), and isobar-isobar (g, o) interactions, assuming universality
as § = gyn = Ina = Ian- We adopt ¢’ = 0.5 in our models. Charged pion (7€) condensation
phase appears at pp ~ 1.6ppuc. In much higher density regions, 7¢ condensation phase transits
into a combined phase of neutral and charged pions (7°-7¢) condensation at pg ~ 3.9pnuc [106]
(see Table 5 in Ref. [107]). Although the short-range correlation in nuclei is highly uncer-
tain, some experiments have indicated that the pion condensation begins at (1.9 & 0.3)pyye or
(1.8—2.4) pnyc [108, 109]. These experimental results agree with the theoretical prediction of
Ref. [58]. If the pion condensation occurs, the EOS becomes significantly soft. The quantitative
effect depends on the stiffness of properties with the standard-nuclear matter without pion con-
densation phases. Focusing on this point, we investigate how the stiffness of standard-nuclear

EOS changes the pressure-density and mass-radius relations with pion condensation.

By adding the energy density and pressure in the normal nuclear matter to their negative
gain because of pion condensation, we construct the EOS in the pion-condensation matter. The
numerical value of gains is adopted in Ref. [107]. First, we show the pressure-density relations of
EOSs in Fig. 2.1. As we see, the Togashi is soft for p ~ pp,c and stiff for p > ppyue. This trend is
in contrast to TM1, TMle, and LS220. Considering the pion condensation, the softening effect
appears at a lower density with the Togashi than with other EOSs. Meanwhile, the Togashi
does not become softer for pg 2 4pnuc than other EOSs. The difference in density dependence
of EOSs comes from the symmetry energy, especially for the slope parameter L. As we see in
Table 2.1, the Togashi EOS has the smallest value of L, while the TM1 has the largest value. If
the L is lower, the density gradient of symmetry pressure inside NSs is lower, and this correctly

corresponds to the pressure-density relation in Fig. 2.1.

Next, we consider the mass-radius relation, which is obtained by solving Tolman-Oppenheimer-
Volkoff(TOV) equations follows [118, 119] :

oM, tr

el 4r2p (2.2)
P 4nr3P
0P GMyp (14 %) (1+ %)
o T e iLEm 2
cer

where My, is the gravitational mass and p is the energy density. We present the results for each
EOS in Fig. 2.2. Numerical values of maximum mass and radius are listed in Table 2.2. If the
pion condensation is included, the maximum mass and radius are reduced in any EOS. We can
see that their density dependence is different among EOSs; Stiff EOSs for pg > pnuc do not
feel the softening effect due to pion condensation so much. Hence, the maximum mass with the
Togashi is not significantly reduced due to the pion condensation, while highly reduced with
other EOSs. On the other hand, the Togashi is soft around pp ~ ppue and the radius is highly
reduced even with light stars. These trends are opposite to stiff EOSs such as the TM1. The
TMle and LS220 have roughly intermediate properties between Togashi and TM1, although
the softening effect in LS220 can be seen compared with others. Thus, if the symmetry energy
roughly corresponding to the value of L is lower, although the radius becomes smaller even
with low-mass NSs, the maximum mass is less affectable by the pion condensation. Considering

the observations of massive NSs with ~ 2 Mg, low-symmetry-energy EOSs such as the Togashi
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Fig. 2.2: Mass-radius relation with adopted EOSs. The green band shows the highest-mass
measurement of 2.1470 85 M, of PSR J0740-6620 [27]. Many blue dots indicate the results from
the observation of GW170817 [110]. Grey cycles indicate the limits of allowed 1o (thick) and
20 (thin) regions of pulsar J00304-0451 discovered by NICER observation [10, 111]. Thick(1lo)
and thin(20) magenta regions show the allowed ones from observational constraints of pho-
tospheric radius expansion in six low-mass X-ray binaries (LMXBs) [112]. The black point
shows the upper-limit mass and radius implied from the kHz QPO observations in LMXBs 4U
0614409 [113]. Two hatched regions labeled with purple and cyan indicate the excluded ones
derived from the thermal radiation of the isolated NS RX J1856.5—3754 [114, 115] and thermal
pulses from a radio millisecond pulsar PSR J0437-4715 (30 regions in Ref. [116]), respectively.
For the latter constraint, we combine it with the observed mass of Myg = 1.44 + 0.07 Mg
reported by Ref. [117]. “x” denotes the mass with the baryon mass Mp = 1.375 Mg which is
the upper limit from observation of PSR J0737—3039(B). The dashed black line shows its lower
limit of observational mass Myg = 1.248 M. If the observational mass is higher than the mass
denoted as “x”, the EOS is rejected.
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Table 2.2: Maximum mass M.« and radius with different masses for each EOS.

EOS Mmax (]\/[O) RNS(IOAIQ) (km) RNS(14AIO) (km) RNS(18A{®) (km) RNS(MmaX) (km)
Togashi 2.21 11.49 11.57 11.41 10.18
Togashi+m 2.09 10.94 10.97 10.79 9.60
L.S220 2.04 12.80 12.68 12.14 10.64
LS220+~= 1.79 12.46 12.07 - 9.88
TMle 2.13 13.15 13.27 13.16 12.40
TMle+m 1.88 12.92 12.85 12.40 11.99
T™M1 2.18 14.45 14.30 13.93 12.35
TM1+4+m 1.97 14.44 14.12 13.40 12.51

might be observationally favored, as we explain later. On the other hand, if the symmetry

energy is higher, the maximum mass is highly reduced enough not to reach 2 M.

2.2 Various Observational Constraints

To test our constructed EOSs in detail, we compare our EOSs with various observational
constraints, which we explain below. The final results for testing EOSs are summarised in
Table 2.3.

2.2.1 Maximum mass constraint from a heaviest object of PSR J0740+6620

Recent observations of some massive pulsars exclude many soft EOSs which cannot support
2Mg. In particular, if exotic states are included, the EOS tends to become soft significantly
and may fail to reproduce 2M, stars (hyperon puzzle, but see also Ref. [120]). Hence, hyperon
puzzle is the most crucial condition for testing exotic-matter EOSs. Currently, the heaviest NS
observed so far is a pulsar PSR J07404+6620. The Shapiro-delay based mass measurement shows
M = 2.14f8:(1)8M@ [27]. For standard nuclear-matter EOSs, the only 1.5220 EOS cannot slightly
reach the lower maximum mass of 2.05 Mg, while others can reproduce the observations of
maximum mass. In adopted EOSs, the LS220+7, TMle+w, and TM1+7 are inconsistent with
the observation, while the Togashi+7 is consistent. As the above, the main reason is the dif-
ference in stiffness of standard-nuclear-matter EOS in high-density regions. Hence, considering
the low-symmetry-energy EOS with pion condensation has a high possibility to reproduce 2 M,

stars.

2.2.2 Constraint from GW170817

The first discovery of gravitational wave emitted from NS-NS merger, GW170817, gives
the constraint on the radius. The key to extracting the information of interior NS from the
analysis of gravitational-wave data is how the NSs are deformed by the tidal force, which is
estimated to be Aj4 < 800 [13] or A4 < 580 [110] where Aj 4 is the tidal deformability with
1.4 Mg stars. The data of mass-radius constraints are adopted from Ref. [110], which results in
Rns < 13.6 km with 1.4M, stars. Hence, many EOSs with high symmetry energy, such as the
TM1, are rejected.
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2.2.3 Constraint from recent N/ICER observation of PSR J0030+0451

Recently, the X-ray timing observation of a millisecond pulsar PSR J00304-0451 by Neutron
Star Interior Composition Explorer (NICER) enables us to constrain the EOS, in particular,
the compactness M/R [10]. The detailed analysis considering the correlation between mass
and radius has been done by Ref. [111], which results in Myg = 1.44 + 0.1450 Mg and Rns =
13.02 &+ 1.150 km, where o is the standard derivation. The constraints in 1o and 20 regions are
adopted in this study. In our EOSs, all EOSs except Togashi+m can pass through the allowed
1o regions. Considering the 20 regions, Togashi+7m becomes a consistent model. This means
that the current observation by NICER cannot reject all adopted EOSs, and we have waited for

future observations by NICER for more constraints on EOS.

2.2.4 Constraint from the observations of photospheric radius expansion

The observational fluxes of burst and quiescent phases in LMXBs enable us to probe the
mass and radius. In particular, the observations of photospheric radius expansion (PRE) give
their constraints due to their high brightness, which is equal to the Eddington luminosity (>
1038 erg s71). In this work, we adopt the analysis of six LMXBs of Ref. [112], which results in
a preferred radius of around 11-12 km. Therefore, the Togashi and LS220+7 EOSs are in good
agreement with the allowed 1o regions. Furthermore, Togashi+m, LS220, and TMle+7 can
pass through the allowed 20 regions. We note that, however, the constraining regions of PRE
observations might be changed due to some uncertain factors, such as the distance, compositions

of the atmosphere, and the position of the photosphere (for review, see Ref. [24]).

2.2.5 Constraint with the analysis from PSR J0437—-4715

The observed X-ray pulsations with XMM-Newton from the closest millisecond pulsar PSR
J0437—4715 can probe the EOS [116]. The constraint in 3¢ regions is adopted in this study.
Moreover, we combine this constraint with its latest measured mass, which is measured in a
radio timing method in the Parkes Pulsar Timing Array (Myg = 1.44+0.07 M) [117]. Finally,
the radius with this corresponding mass region is constrained as Rng > 10.9 km. All our models,

including the smallest-radius model of the Togashi+7, match with the above constraints!.

2.2.6 Constraint from kHz QPO in LMXB 4U 0614+09

In several LMXBs, quasi-periodic brightness oscillations (QPOs) have been observed. If
the frequency is highly comparable to the orbital frequency of NS, the upper mass and radius
could be determined simultaneously. So far, the highest frequency of the QPOs observed is
1.33 kHz in 4U 0614409 [113]. Such a kHz QPO observation gives following loose constraints:
Mns < 1.65 Mg and Rns < 14.7 km without NS spin. Our EOSs are all consistent. If another
kHz QPO with a higher frequency than 4U 0614409 is observed in the future, the NS radius is
preferred to be small with light stars.

!Note that, however, the observational constraints of thermal pulses from PSR J0437—4715 in 20 regions
exclude the Togashi and in 1o areas the TMle as well, in regardless of the effect of pion condensation.
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Table 2.3: Summary of the results to test our EOSs with use of observational constraints present
in subsections 2.2.1-2.2.8.

2.2.1 2.2.2 2.2.3 224 2251226 2.2.7 2.2.8

EOS (Mmax = 2.05M¢) lo | 20 | 1o | 20 | (30)
Togashi v v VIV vY v vV | Mns $2.1Mg v
Togashi+m v v X | vV | x|V v v v v
LS220 X v VIV x| x v v v v
LS220+ X v vV IV V| x v v v v
TMle v v vV I V| X X v v Mns S 1.7Mg v
TMle+n X v Vv x|V v v v v
TM1 v X V| vV x| x v v | Mys £1.3Mg v
TM1+7 X X V| v x| x v v | Mns S 1.4Mg v

2.2.7 Possible constraint from thermal radiation of RX J1856.5—-3754

Seven isolated NSs are known to emit thermal X-ray radiation. In such a group called
magnificent seven, the only object where the distance is measured is RX J1856.5—3754. Its
blackbody radius R is obtained, and therefore we could constrain on NS mass and radius [114].
We use the best fitting value Ry, = 16.8 km of the spectrum with blackbody emissions [115].
The constraint of Rng < R excludes the possibility of high-mass NSs in TM1, TM1+x, TMle
and Togashi. However, the constraint always allows the low-mass NSs to exist with all EOSs,
although the distance is uncertain. Hence, compared with other constraints, it is hard to probe
high-density EOS from kHz QPO observations.

2.2.8 Possible constraint from the masses of PSR J0737—3039(B)

PSR J0737—3039 is the NS in the double pulsar system, which may probe the EOS in
high-density regions. The pulsar B, a lower-mass object in the system, is a light star with
Mys = 1.24940.001 My . Such a light star is generally hard to be born by a type-II supernova,
triggered by a collapse of the Fe core of a massive progenitor. As one of the scenarios to produce
light NSs, an electron-capture supernova of a ONeMg core is suggested and confirmed from
recent observation [121]. Setting the critical density of ONeMg core as 4.5 x 10° g cm™3, the
baryon mass of ONeMg core just before its collapse is estimated to be 1.375 Mg. Then, the
baryonic mass of formed NS is given as Mp < 1.375 Mg [122]. We show the gravitational
mass corresponding to Mp = 1.375 Mg for each EOS in Fig. 2.2. We also show the measured
mass of Mg = 1.249 4+ 0.001 My, which should be higher than the gravitational mass with
Mp = 1.375 M. We confirm that this condition is satisfied for all EOSs.

Some previous studies consider the lower bounds of My derived from how the matter in the
ONeMg core is ejected (e.g., Ref. [123]). If there is no mass loss of the parent ONeMg core,
Mg 2 1.366 Mg [122]. By comparing it with the baryonic mass with Myg = 1.249 £ 0.001 M,
we can test the EOS. As a result, all our EOSs are consistent with the constraints without mass
loss. If we consider the mass loss, the estimated baryonic mass should be reduced, and the
consistency is also changed. For example, one-dimensional core-collapse supernova simulation of
ONeMg core shows the result of Mp = 1.360+0.002 Mg, with a mass lose of ~ 0.015 M, [124]. In
that case, none of our adopted EOSs with Mys = 1.24940.001 M, passes through this allowed
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region. Hence, this constraint has large uncertainties with the mass loss of the progenitor, but

the baryonic-mass constraints from an electron-capture supernova can probe the NS EOS.
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Chapter 3

Basic Formulations

3.1 Basic Equations

We assume that the hydrostatic equilibrium is achieved in the isolated/accreting NSs, in-
cluding the case of the X-ray burst system, covering from the central NS core to the surface.
In addition to the TOV equations Egs. (2.2) and (2.3), the basic equations for the thermal

evolution of neutron stars are written as follows [125, 126]:

O(L,e2¢/¢

(aiw) = €2¢/62 (En + Eg — EV) s (31)
olnT )
P = min(Viad, Vad) » (3.2)
OMy _ p (| _26GMy\'"? (33
oM, — po c2r ’ '

0  G(My +4mr3P/c?) | 2GMy, -1 (3.4

oM, 4mrip c2r ’ '

where My, and M, are the gravitational mass and the rest mass, respectively, enclosed in the
radius r; p and pg denote the energy density and the rest-mass density, respectively; ¢ is the
gravitational potential in the unit mass; P is the pressure and T is the temperature in the
local frame; e, represents the rate of energy loss via neutrino emission; €, and e, are the
energy generation and the gravitational energy release rates, respectively. For isolated NSs,
they are always zero, and then we can see that the luminosity monotonically decreases due
to neutrino losses from Eq. (3.1). Viuq and V,q are the radiative and adiabatic gradients,
respectively. As we can see in Eq. (3.2), we assume the instant mixing of elements, which occurs
for Viaqa < Vaq. The only radiative gradient is valid in most cases of thermal evolution of NSs,
but if the temperature in accreted layers rapidly increases such as the Type-1 X-ray burst, the

adiabatic gradient becomes also important.

In the accreted layer, we utilize the Eulerian coordinate of the mass fraction ¢ = M, /M (t)
where M(t) is the total mass each time. For stellar evolution calculations, the variable ¢ is
more useful than M (r), because the computational time becomes much shorter [127]. The

gravitational energy release rate €4, depending on on time, is divided into two terms, i.e., the
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mass of the i-th elements, respectively. The latter term €} indicates the compressional heating
including X-ray bursters (e.g., Ref. [128]). Note that since the accreting NSs in quiescent phase

are not compressed by the accretion, then sg is set to be zero [59].

In addition to TOV equations and Egs. (3.1)—(3.4), the EOS and the opacity are essential

relations to close the hydrostatic equation system:

k=kr(P,T,Y;), (3.8)

where Y; is the number fraction of i-th particle. The EOSs have already been introduced in the
previous section. The opacity x includes the components of radiation and conductive opacities,
which mainly include the contributions from electrons, muons, and neutrons [129, 130, 131] (see

also Ref. [132] for concretes expressions of lepton thermal conductivities.).

For the NS surface, we assume the radiative zero boundary condition, which can be expressed
as follows [91]:

4 R4 Rc?
AmeGM 4aT* 1+ 555 < 2GM> 12

p _ GMM(t)(1—q) <1 B 2GM)—1/2 | (3.9

— 3.10)
dlogk 2 (
K 3P 4 — 13§ Rc

These boundary conditions show that we view the computational luminosity at the outermost
mesh point as the closest thing to the total luminosity L. Surface (Effective) temperature Ty is

obtained from the Stefan-Boltzmann law:

2
L(r = Rxs) = 7 x 10% erg s7* <1‘(})%1\1§n> Tfﬁ, (3.11)
where Ty ¢ is the surface temperature in units of 10% K, which is the typical temperature for the
surface of isolated NSs. As the outer-mesh points to be sufficiently close to the photospheric
area, we set the outer-mesh mass Moyter = 1071 Myg. We confirm the integrated luminosity
inside the radius does not vary around Mouter =~ 10717 Myg. With the above conditions, we
solve these hydrostatic equations from the NS center to the surface by the Henyey-type numerical
scheme of an implicit-midpoint method with an adaptive grid in ¢ and ¢. To numerically solve
the above set of TOV equations (Egs. (2.2) and (2.3)) and Eqgs. (3.1)—(3.4), we adopt thermal

evolution code of spherically symmetric NSs [91].
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3.2 Treatment of Nuclear Reaction Network

For the calculation of X-ray bursts, we implement the nuclear reaction network to calculate

the nuclear-burning energy. The nuclear generation energy rate is calculated from

dy; o
en = 9.6845 x 10'7 ) - (BE); erg g L™t (3.12)

where (BE); and Y; denote the binding energy and mass fraction of i-th nuclei respectively. The

time derivative of Y; can be obtained by solving the rate equation as

dy; - Ny < N; 2y
@~ 2NN L e o g e (19)
J Js Ik,

where Xijk indicates thermally averaged reaction rate in maximally three-body reactions. For the
nuclear reaction rates, we mostly adopt the JINA Reaclib (ver 2.0) [76]. With varying nuclear
composition by nuclear burning, we calculate the density and temperature in the hydrostatic
stellar structure each time step. To follow the nuclear burning process, we solve the nuclear
reaction network consistent with stellar structure. By continuing this procedure each time, we
obtain the time evolution of bolometric luminosity of accreting neutron stars.

For the reaction network, we adopt an approximate network with 88 nuclei [133], which is
based on the calculations of the nucleosynthesis by full reaction networks with ~ 1000 nuclei [134,
135], covering all relevant reactions in the proton-rich area up to Bi. We show our approximate
network in Fig. 3.1. We confirm that the approximate network is 150 times faster than the
large reaction networks with 897 nuclei [63]. Furthermore, we also confirm that the approximate
network reproduces the energy generation rate and hydrogen mass fraction as the ash after the
X-ray burst nucleosynthesis with an extensive reaction network with 897 nuclei within 40% errors
[133]. Thus, our approximation reaction network is useful in terms of the saving of numerical

computation as well as the sufficient reproducibility of the full nuclear reaction network.
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Fig. 3.1: Approximation reaction network with 88 nuclei. Each color of boxes denote the nuclei
synthesized from pp chain and 3« (green), hot (bi-)CNO reactions (blue), ap process (yellow),
rp process (red) including SnSbTe cycle (magenta).
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Chapter 4

Isolated NS Cooling with Pion

Condensation

In this chapter, we discuss the EOS uncertainties on cooling curves of isolated NSs. Most
cooling observations can be explained by a minimal cooling scenario, but fast cooling processes
are required for some cold NSs. This could become problematic if the symmetry energy in the
NS core is quite low enough to prohibit the Direct Urca process. Focusing on this point, we in-
vestigate whether low-symmetry-energy EOSs can reproduce cooling observations by considering

the pion condensation process. The discussions in this chapter are based on Ref. [136].

4.1 EOS Dependence of the nucleon Direct Urca Process

Before introducing some physical setups, we discuss the possibility of causing the nucleon DU
process because it is the most important problem for cold cooling observations. The threshold
of proton fraction Y;fDU in the DU process via electrons is given in Eq. (1.28), and therefore,
whether the DU process occurs or not depends on the EOS. To see the onset density of the DU
process, we show the density dependence of Y), in Fig. 4.1. The high-symmetry-energy EOS,
such as the TM1, has high Y}, values even with relatively low-density regions. This implies that
the DU process occurs even with low-mass stars. In low-symmetry energy EOS, V), is low even
with high-density regions. This implies that the DU process occurs with only high mass stars
or does not occur. In the case of the Togashi, the DU process is forbidden in NSs. That is
why another fast cooling process is required for cold NS observations [137]. In adopted EOSs
without pion condensation, the threshold mass is given as follows: Mpy = 1.35M, for the L.S220,
Mpy = 2.06Mg for the TM1le, Mpy = 0.77Mg, for the TM1, and Mpy > Mmpax = 2.21Mg, for
the Togashi. Hence, the higher- Mpy value certainly corresponds to the lower symmetry energy,
simply L. Mpy could be changed because of the softening EOS due to pion condensation, but

the effect is negligible in our models.

For the EOS of neutron star matter, Y, is related to the symmetry energy S. When the
symmetry energy is defined as the energy difference between the pure neutron matter and the

symmetric nuclear matter as in Eq. (2.2), the 8 equilibrium condition which we assume in our
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Fig. 4.1: Y), distribution as a function of the density with adopted EOSs with standard-nuclear
matter. The dashed curve indicates the threshold for the DU process.

EOSs can be expressed as

1/3

Wn — Mp = 45 (1 — 2Y}2) = Ue = FLC (37T2nnucu}/p) / s (41)
where i, pip, pte are chemical potentials of neutrons, protons, and electrons, respectively, & is
the Dirac constant, and u = pp/pnuc = nB/Nnuc is the baryon (number) density normalized by
the saturation one. Using the condition for the DU process in Eq. (1.28), we get the condition
to cause the DU process for the symmetry energy [138]:

1/3
S > 5PV ~50.7 (“"““3) MeV. (4.2)
0.155 fm

Here, we neglect muons in Eq. (4.2), but even if muons are also considered, SPVY is slightly lower
by a factor of a few MeV [137]. We show the symmetry energies as a function of the baryon
number density for each EOS in Fig. 4.2, as well as the threshold condition of the DU process
for the LS220 EOS with muons. We confirm that Y}, is smaller for the EOS with lower symmetry
energy, provided that the baryon number density is the same. At high densities, the Togashi
EOS has the lowest symmetry energy while the Shen EOS has the highest. This is consistent
with the fact that the symmetry energy slope parameter, L, is small for the Togashi EOS enough
to prohibit the DU process even with the maximum mass of 2.21 M but is large for the Shen
EOS, which allows the DU process to occur in low-mass NSs. While the value of L is defined at

the saturation density, it can be used as an indicator of symmetry energy at high densities.

44



0.10.2 04 06 0.8 1 1.2
ng = Nyl [fm'3]

Fig. 4.2: Symmetry energies of adopted four EOSs [137]. We adopt the nuclear saturation
number density nnue = 0.155 fm™3 and the threshold of the DU process corresponding to the
dashed black curves for the LS220 EOS. The symmetry energies at the central baryon number
density are plotted for 1.1, 1.4, 1.7, and 2.0 My models with the LS220 EOS, and 1.1, 1.4, 1.8,
and 2.1 Mg models with the other EOSs.

4.2 Inputs for Cooling Models

As the slow cooling processes, we consider the neutrino emission of modified Urca, bremsstrahlung
of nucleon-nucleon and electron-ion, electron-positron pair creation, photo-neutrino process, and
plasmon decay processes as shown in Section 1. In these processes, the modified Urca process
and bremsstrahlung are dominant for the slow cooling scenario. These emissivities are approx-

3571 where Ty is the local temperature in units of 10° K. For

imately 101972178 erg cm™
any slow cooling model, these processes are valid since they are always open. In fast cooling
processes, we consider the nucleon DU process for all EOS. The emissivity is given as approx-

3 71 which is much higher than that of slow cooling processes. The

imately 10277, 96 erg cm-
EOS dependence of the threshold mass of the DU process has already been discussed in the last
subsection. Then, low-symmetry-energy EOSs come up against observational difficulties due to
the lack of the DU process. This implies a necessity for another fast cooling process relevant to
an exotic state beyond npey in the NS matter. In this work, we consider the pion Urca process
arising due to the pion condensation modeled by Ref. [58]. The neutrino emissivity is around
1057 erg cm™3 s71 as shown in Fig. 1.7. Although the concrete coefficient of the emissivity is
different between 7¢ and 7°-7¢ phase, this pion Urca process is much stronger than slow cooling

processes.

Nucleon superfluidity is also important for NS cooling curves since the temperature (<
1 MeV) may become lower than the superfluid transition temperature Tc;. As the effect of

superfluidity on cooling curves, we consider two physical processes (for review, see Ref. [139]):
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Fig. 4.3: Density Dependence of superfluid transition temperature adopted in this study. The
horizontal axis indicates Fermiwave number of neutrons with solid curves, while of protons with
dashed curves.

One is the suppression of neutrino emission, specific heat, and thermal conductivity. The other
one is the PBF processes. The efficiency of these effects depends on the density dependence of T,
but there are still unknown due to the uncertainties of nuclear interactions. In a lot of nucleon
superfluid models (e.g., Ref. [140]), we choose following superfluid models: CLS [141, 142] and
CCDK [143] for neutrons and protons 'Sy channels, respectively. For the neutron superfluidity
in the 3P, channel, the DU process and the pion Urca process are greatly suppressed (e.g.,
Ref. [144]). So, we choose weak and strong pairing models: EEHO [145] and TTav [146],
respectively. We show the density dependence of superfluid transition temperature T¢, in Fig. 4.3.
Compared with EEHO, TTav has a higher superfluid effect in higher-density regions. Hence,
pairing effects on cooling curves with high-mass NSs are higher with TTav than EEHO.

NS surface composition is one of the important factors for describing cooling curves (for
review, see Ref. [30]). If there are more light elements on the NS surface, the surface temperature
is generally higher at the neutrino cooling stage. Meanwhile, this trend becomes the opposite
at the photon cooling stage. In this work, we consider two extreme cases: pure Ni surface and
pure He surface with My, /Mns = 107, where M,y is the envelope mass and physically up to
~ 1077 times of NS gravitational mass Mg [147].

As temperature observations of isolated NSs, we adopt the data points of 1-19 in Fig. 1.6,
whose central compact objects are confirmed to NSs. The data include the observations of PSR
J0205+6449 in supernova remnant 3C58 and RX J0007.0+7302 in CTA 1, which are beyond
minimal cooling scenario [51]. Hence, these observations are strong evidence for fast cooling
processes such as the DU process and pion Urca process. Currently, the only uppers limits of
the surface temperature are known for them, so the temperature observations still include large

uncertainties. Nevertheless, X-ray observations of NS temperature have recently proceeded
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rapidly as a representative of NICER (e.g., inhomogeneous surface temperature distributions
for PSR J07404-6620 [9, 10]). Thus, if the X-ray observations make progress in the future, we
might specify which kind of fast cooling process occurs with the use of the accurately measured

temperature data.

4.3 Results

First, we show the simple cooling curves with neither the pion condensation nor nucleon
superfluid effects in the upper panel of Fig. 4.4. The cooling curves with the Togashi do not
show fast cooling even with 2.1M, stars because of low symmetry energy enough to prohibit the
DU process. Isolated NSs with the TM1 cause the fast cooling with M > 1.0M because of the
high symmetry energy. These two extreme cases cannot explain most cooling observations (see
also Ref. [137]). For the TM1e, the DU process occurs with M = 2.06M, but it does not occur
with M = 1.7TMg. The cooling observations between two kinds of cooling curves seem to be
on the masses of (1.7-2.06) Mg, but considering that the DU process is very sensitive to the
mass (e.g., see Fig. 9 in Ref. [148]), reproducing such observations without nucleon superfluidity
seems to be difficult, with both heavy and light envelope models.

Considering the pion condensation, the cooling curves of all models, shown in the bottom
panel of Fig. 4.4, become inconsistent with high-temperature observations due to the strong
pion Urca process. Even with the low-mass stars, the pion Urca process is valid since the pion
condensation appears with the relatively low density pp = 1.6ppyc, where the mass is very small
(< 1Mg). For the Togashi+m, the fast cooling process can lower the surface temperature, whose
behavior cannot be seen in the original Togashi, but the pion Urca process is too strong to
explain most stars with high-temperature regions.

Next, we show the cooling curves with nucleon superfluidity in Fig. 4.5 and Fig. 4.6. In both
the DU process and pion Urca process, the parameter of special importance is the strength of
the neutron superfluid model in the 3P, channel, which significantly contributes to the cooling
suppression in theory [149]. In all cooling curves with fast cooling processes, if the neutron
superfluid model in the 3P, channel is stronger, the cooling curves move to higher-temperature
regions due to higher cooling suppression. In this work, since we focus on the possibility of pion
condensation in NSs, we discuss the cooling curves mainly with the pion condensation.

For the TM1, the DU process occurs with Mng > 1.0M as we can see the cooling curves
in the top-right panel of Fig. 4.4. For the TM1+47, the pion Urca process occurs, but it seems
to be hidden by the stronger DU process as we see the bottom-right panel of Fig. 4.4. Hence,
the additional fast cooling process in the exotic matter is required for the high-symmetry-energy
EOS. Rather, the pion condensation is not preferred for the high-symmetry-energy EOS because
such a model is sensitive to the maximum mass due to the softening effect.

For the TMle, the fast cooling process derived from the DU process occurs with Myg >
2.06 M. For the TM1le+m, the pion Urca process also occurs, but it could be hidden by the
stronger DU process with Myg > 2.06M5. However, with the masses Mng < 2.06M), the pion
Urca process is dominant for cooling curves. Considering the nucleon superfluidity, the pion
Urca process becomes milder. The EEHO model of neutron superfluidity in the 3P, channel

can be well fitted with cooling observations, but the TTav cannot explain cold NSs because the
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Fig. 4.4: Time evolution of redshifted-surface temperature of isolated NSs, cooling curves, with-
out nucleon superfluidity. Upper panel: pion condensation is not included. The adopted EOSs
are as follows: Togashi(left), TM1le(middle), and TM1(right). The pion condensation is con-
sidered in lower panel. Solid curves indicates with the He envelope (Meny/Mng = 10_7) while
dotted curves with the Ni envelope. The chosen mass is different from colors of cooling curves.
The data of cooling observations (1-18 in left-top panel) are taken from Ref. [148].
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Fig. 4.5: Same as Fig. 4.4, but considering the effect of nucleon superfluidity: CLS, CCDK, and
EEHO for neutrons 'Sy, protons 'Sy, and neutrons 2P channels, respectively.
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Fig. 4.6: Same as Fig. 4.5, but with the TTav for neutrons 3P, channel.
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Fig. 4.7: Time evolution of temperature structure (pp-7 plane) inside isolated NSs for three
models: Togashi, Togashi+n without superfluidity, and Togashi+m with specific kinds of super-
fluidity. The number labeled in this figure denotes the age in units of years. We note that initial
models are assumed to be isothermal with low temperature 7'~ 1087 K, which is still valid for
t 2 1yr (e.g., Ref. [137]).

cooling suppression is too strong. Hence, mild superfluid models in the 3P, channel seem to be

better for cooling observations.

For the Togashi+m, the pion Urca process is dominant for cooling curves with any masses.
First, we show the evolution of internal temperature in Fig. 4.7. Compared with the Togashi,
the core temperature is rapidly cooled due to pion Urca process in the Togashi+m. However, one
can see that the nucleon superfluidity greatly suppresses the pion Urca process and keeps the
temperature warm. Hence, mild cooling compatible with cooling observations could be realized

according to neutron superfluid models.

Next, we explain cooling curves with the Togashi+m and superfluidity. With the EEHO for
neutrons 3P, superfluidity, the cooling suppression is too weak to explain some warm stars. But
with the TTav, the cooling observations can be reproduced. Hence, by considering the strong
neutrons 3P, superfluidity within the high-density regions, such a model with low symmetry
energy is consistent with cooling observations. Since the low-symmetry-energy EOS is not
softened so much in high-density regions pg > pnuc, such a cooling model with pion condensation
could be one of the candidates to solve the problem of 2M; and cold cooling observations.

As above, if the EOS is different, the efficiency of cooling suppression by nucleon superfluidity
is also different. Our results show that the standard-nuclear EOSs with lower symmetry energy
need stronger neutron 2P, superfluidity for cooling observations, not only to reproduce 2Mc

observations as shown in Fig. 2.2. Therefore, the low-symmetry-energy EOS where the DU
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process is close could be modified for solving both problems of 2 M, and cold cooling observations
simultaneously by considering the pion condensation and strong neutron superfluidity in the 3P,

channel.

4.4 Concluding Remarks

We studied thermal evolution of isolated NS with constructed EOSs with pion condensation,
focusing on the softness of standard-nuclear EOS. As a result, the Togashi+ is in good agree-
ment with the 2Mg observations and cold cooling observations. The former is based on the
softness of EOS with the standard-nuclear matter, which can be associated with the symmetry
energy. In high-density regions with pg > puuc, the EOS with lower symmetry energy does
not become softer so much by the pion condensation, and this enables such an EOS to support
2Mg. The latter is connected with fast cooling processes and the neutron superfluidity in the
3P, channel. The low-symmetry-energy EOS prohibiting the DU process, such as the Togashi,
requires another fast cooling process. Then, we considered the pion Urca process as one of the
candidates for them. As a result, most cooling observations could be reproduced with the strong
neutrons superfluidity in the 3P, channel. As one of such consistent cooling models, Togashi+,
associated with the TTav neutron 3P, superfluid model, was present in this thesis.

According to the recent experiment of the Gamow-Teller Giant Resonance in neutron-rich
double magic nucleus 32Sn resulted in the following constraint of g, = 0.68 £ 0.07 [150]. The
value of gy, is larger than our value of §' = 0.5. However, the universality is shown to be
against another experiment of the quenching on the Gamow-Teller transitions [151]. Making the
universality milder, we finally obtain g’ = 0.5-0.6 [152], which is lower than g/, =~ 0.68. Thus,
our choice of §’ = 0.5 would be justified from the nuclear experiment, although it still remains
uncertain.

The uncertainties of §’ affect cooling curves; if §’ is greater, the pion condensation occurs
with higher-density regions. The threshold mass of the pion Urca process becomes higher, and
therefore only heavier NS cools rapidly (see Ref. [153] for the comparison between §’ = 0.5
and 0.6). Hence, it is worth making other EOSs with different §’ and checking them with
temperature observations. Nevertheless, unless the pion condensation is prohibited with any
mass due to being larger §’, the cooling scenario of low-symmetry-energy EOSs would not be

changed, considering the suppression of neutrino emissivities by strong neutron superfluidity.
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Chapter 5

Quiescent Luminosities of Accreting

NSs with Pion Condensation

In this chapter, we discuss the EOS uncertainties on quiescent luminosities of accreting
NSs. As with temperature observations of isolated NSs, several accreting NSs are cold enough
to require any fast cooling process. We investigate the consistency with the observations of
quiescent luminosities for several EOSs including the pion condensation. Furthermore, we also
compare our models with the extraordinarily hot soft X-ray transient RX J0812.4—3114. The

discussions in this chapter are based on Ref. [154].

5.1 Inputs for Heating-Cooling Models

The setup of NS EOS, nucleon superfluid models, neutrino cooling processes, and surface
compositions are entirely the same as those in Section 4.1. The only difference from the previous
Section is that an NS is often accreting from its companion in a system of a low-mass X-ray
binary. Thus, in addition to the cooling processes, since accreting NS has a heat source due to the
accretion from its companion, one should consider the heating processes caused by the accretion,
such as the gravitational energy release (compressional heating) caused by the compression of
the matter falling on the NS crust surface, and heating process occurring in the crust. However,
in the steady-state accreting NSs, the former is appropriate not to work [59]. Hence, we should
consider the only deep crustal healing process, which is the non-equilibrium nuclear reactions
such as the electron capture, neutron emission, and pycnonuclear reactions. The deep crustal

heating has the following form [155]:
Q; = 6.03 x Mq;10* erg s71, (5.1)

where ¢; is the effective heat per nucleon on the i-th reaction surface. For each reaction rate,
we adopt Ref. [156] as the heating rate where the initial compositions of the nuclear burning
ashes are fixed to be *Fe (for detail, see table A.3 reference therein). The total released energy

is around 1.4 MeV per one accreted nucleon in this model.
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5.2 Results

5.2.1 EOS dependence of Quiescent Luminosities

One important tool of analysis is the quiescent luminosity(Li’yo) vs. time-averaged mass
accretion rate ((M)) diagram, in which currently, a few (~ 35) observed accreting NSs are
located [67], which We take as the data of quiescent luminosities. Using the specified EOSs
constructed in Section 2 except LS220+m EOS for which the maximum mass is less than 2.0M
and TM1+7 EOS as the TM1 EOS operates DU process at any mass and we don’t need to include
other fast cooling processes such as pion condensation, the thermal evolution of accreting NSs

are calculated.

Fig. 5.1 shows the redshifted quiescent luminosities of NSs in SXRTs as a function of time-
averaged mass accretion rate. For LS220 EOS, since the DU threshold operate at Mpy ~
1.35Mg, the theoretical curves lie in low-luminosity regions in the panel with M > 1.4Mg
that the observations can’t be explained well. We need to include the effect of superfluidity to
suppress the fast cooling due to the DU process. We see that Togashi EOS cannot explain the
whole range of the estimated values of Ly and (M) simultaneously. Because the DU process is
forbidden for Togashi EOS, the quiescent luminosities are high with a fixed mass accretion rate.
It is necessary to include other fast cooling in the core of Togashi EOS. For Togashi+m EOS,
as the pion DU threshold is 0.3Mg, the NSs cool fast that the curves with M > 1.0My are
located in the lower panel in order to explain the observations well, we need include the effect of
superfluidity. The case of TM1 EOS is similar to Togashi+7 EOS, as the DU process operates
at 0.77Mg), the NSs cool too fast that the curves can’t explain the observations even with 1.0M
NS. While for TM1e EOS, the DU process operates at Mpy = 2.06M, we also need to include
other fast cooling as pion condensation to fit the observations as seen in the middle of the bottom
panel of Fig. 5.1. For TMle+n EOS, as the pion DU threshold is 0.66 M), the results cannot
explain the observations with high luminosities, which indicates that the superfluidity is also

needed for TM1le+7m EOS to suppress the fast cooling due to pion condensation.

In Fig. 5.2, we examine the effects of superfluidity on the L3° — M curves. The superfluidity
models of CLS for neutron 1Sy, CCDK for proton 1Sy, EEHO for neutron 3P are adopted, and
the critical temperature of the models can be found in Fig. 4.3. Here the thermal evolution
of accreting NSs using the same model as in Fig. 5.1 but with the effect of superfluidity. As
the quiescent luminosities with Togashi and TM1le EOSs have already been high in Fig. 5.1,
we don’t include these two EOSs in Fig. 5.2. We note that the observations could potentially
be explained regarding the effect of superfluidity. However, the impact of superfluidity adopted
in the figure seems a little weak for LS220 and Togashi+m EOS; as one can see from Fig. 5.2,
for LS220 EOS, the location of the curves with M > 1.7Mg change a little compared with
that in Fig. 5.1, while for Togashi+m EOS, only the curves with 1.0Ms change significantly to
fit the high luminosities observations, for M > 1.4My, the curves are not changed compared
with that in Fig. 5.1. Due to this problem, Fig. 5.3 shows the curves with a stronger neutron
3P, model with the TTav. As can be seen in Fig. 4.2, TTav has a wider superfluid effect in
high-density regions than the EEHO model, as a result, the former would have a stronger effect

than the latter, and the curves in Fig. 5.3 are enhanced compared with Fig. 5.2. For L.S220 and
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Fig. 5.1: Quiescent luminosities of SXRT's as functions of time-average mass accretion rates,
without nucleon superfluidity. Different panels indicate the models with different EOSs. The
solid curves indicate the pure He envelope (AM/M = 10~7), while the dashed curves indicate
the pure Ni envelope. Different masses are marked by color. The error bars in each panel are
taken from Table 2 of Ref. [67].
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Togashi+m EOSs, most of the observations can be fitted well except the coldest one, but the
suppression of 3P, model is too strong for TM1 and TMle+m EOSs, the quiescent luminosity
is too high for a fixed accretion rate.

In the models described above, large changes in the quiescent luminosities come from adopt-
ing different EOSs, which determine the fast cooling process and superfluidity models. In
Fig. 5.4, we show the temperature as a function of density for Togashi EOS in three cases
as an example. Without nucleon superfluidity, the thermal structure of the models with the
Togashi EOS (1.4M¢) shows that the DU process doesn’t operate in the NS core. Since this
case corresponds to the slow cooling, the heating curves with Togashi EOS cannot explain the
whole range of the observations in Fig. 5.1. While for Togashi+7 EOS in the middle panel,
the pion DU process works in the NS, and the core temperature drops rapidly at the first 0-
100 years, resulting in a low temperature at a steady state. As a result, the LJ° — M curves
with Togashi+m EOS locate too low to fit the observations. The right panel of Fig. 5.4 shows
the effect of superfluidity on the thermal structure of accreting NS with Togashi+7 EOS; the
neutrons superfluidity suppresses the rapid cooling compared with the middle panel so that the
observations can be explained well with Togashi+# EOS in Fig. 5.3.

From Figs. 5.1, 5.2 and 5.3, we conclude that for LS220 and TM1 EOSs, which have low DU
threshold, one can fit the observations well with those EOSs by considering proper superfluidity
models besides different envelope composition and a range of masses. While for the EOSs such
as Togashi and TMle, for which the DU threshold is too high or forbidden, we can include the
other fast cooling process such as pion condensation in the core of NS to operate the fast cooling
process, the models with Togashi4+7 and TM1le+7m EOSs can also explain the observations well

by choosing proper superfluid models.

5.2.2 Thermal luminosity of RX J0812.4-3114 with minimal cooling

The quiescent luminosity of Be/X-ray pulsar (BeXRP) RX J0812.4-3114 has been estimated
as Lg® ~ (0.6 — 3) x 1033 erg s71, and its time-average mass accretion rate is estimated as
(M) ~ (4 —15) x 10~'2 Mg, yr~! [68]. It has been shown that the thermal luminosity of RX
J0812.4-3114 is too high to be explained by the standard deep crustal heating model. There are
two possible explanations: RX J0812.4-3114 may contain a low-mass NS with minimum cooling,
or the system may be young enough that the NS is still hot from supernova explosion [68]. We
verify the former assumption based on our work. In the minimal cooling scenario, the fast
cooling from any DU process will not be included. So we turn off the DU process for LS220
and TM1 EOSs, and the pion DU process for Togashi+m and TM1le+m EOSs. For the effect of
superfluidity, we choose the same model as used in Fig. 5.2: CLS for neutron 'Sy, CCDK for
proton 'Sy and EEHO for neutron 3P;. The results can be found in Fig. 5.5; it is shown that
the minimal cooling with small mass NS (< 1Mg) can probably fit the lower limit of the high
thermal luminosity of RX J0812.4-3114, no matter for LS220, TM1, TMle+n or Togashi+mr
EOSs. Our results qualitatively agree with Ref. [68], while the quantitative differences may be
caused by the different microphysics input. The upper limit luminosity of RX J0812.4-3114
can’t be fitted by the standard deep crustal heating model, which indicates that the NS in
RX J0812.4-3114 is too hot. One possible way to explain the upper limit luminosity of RX
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Fig. 5.2: Quiescent luminosities of SXRT's as functions of time-average mass accretion rates,
but considering the effect of nucleon superfluidity. The superfluidity models are as follows: CLS
for neutron 'Sy, CCDK for proton 1Sy, EEHO for neutron 3P, the critical temperature for the
models are shown in Fig. 4.3.
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J0812.4-3114 is to consider that it is still hot from a supernova explosion as the previous work
mentioned [68]. Another possible way is that there are other heating mechanisms in addition to
standard deep crustal heating in RX J0812.4-3114. We need further observations to understand
more about the physics in RX J0812.4-3114.

5.3 Concluding Remarks

Motivated by the cooling of NS is slow with Togashi EOS, the DU threshold is high for TM1e
EOSs, and the recent availability of more stringent restrictions on the EOSs of NS provided
by GW170817. We have computed the quiescent luminosities of accreting NSs in this work
with different EOSs (LS220, TM1, TM1e, Togashi, Togashi+m, and TM1le+m) by using stellar
evolutionary calculations. As the DU threshold is low for LS220 (Mpy ~ 1.35Mg) and TM1
(Mpy =~ 0.77Mg) EOSs, we can simulate the quiescent luminosity with those two EOSs to
fit the observations well by considering the effect of superfluidity besides the different surface
composition and different masses. However, for Togashi and TM1le EOSs, their DU threshold
is forbidden or too high; as a result, the steady luminosity is too high with these two EOSs
compared with LS220 and TM1 EOSs. To fit the observations well, we include pion condensation
with them, named Togashi+m and TM1e+m, respectively. As the pion DU threshold is 0.3M, for
Togashi+m EOS and 0.66M, for TM1le+m EOS, the simulations of quiescent luminosities with
those two EOSs are low, and we can improve them also by choosing a proper superfluid model.
Besides, the thermal luminosity of RX J0812.4-3114 has been compared with our theoretical
model under minimal cooling; we find that the thermal luminosity of RX J0812.4-3114 can
be explained with low mass NS (< 1Mg) under minimal cooling, which qualitatively agrees
with those in Ref. [68]. However, to explain the upper limit of the high thermal luminosity of
RX J0812.4-3114, another heating mechanism besides standard deep crustal heating should be
considered. For example, the effect of unstable nuclear burning may make the NS warm [133,
157, 88], there are few works on the effect of an X-ray burst on the quiescent luminosity of
accreting NSs. Another possible mechanism is related to a magnetic field, as RX J0812.4-3114
is a BeXRP which usually includes a highly magnetized NS. The high magnetic field may affect
the accretion and heating process compared with low-mass X-ray binaries and may make the
NS warm [158, 159, 126]. It is also possible that the NS in RX J0812.4-3114 is still hot from a

supernova explosion as the previous work proposed [68].
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Chapter 6

Type-1 X-ray Burst with NS
Microphysics

In this chapter, we discuss the effects of NS physics on Type-I X-ray bursts. There are few
theoretical studies to consider the physics of NSs in X-ray bursts, though the importance of
NS microphysics has been widely recognized under simple burst models. We present the full
consistent burst models where whole NS regions are covered. Using them, we discuss the EOS
and mass dependences on burst light curves and their characterized burst parameters. We also
investigate the consistency with the Clocked burster GS 1826-24 and final products after X-ray

burst nucleosynthesis. Most of the discussions in this chapter are based on Ref. [160].

6.1 Input Physics

We adopt the Togashi, LS220, TM1e, and TM1 without pion condensation present in Section
2. The uncertainty of radius deduced from EOS affects the amount of fuel in outburst [93],
and the strength of the heating and cooling which occur in the NS crust and core. As the
heating process inside NS, we consider compressional and crustal heating processes modeled
by Ref. [155] as introduced in Section 5. There are some developed versions of crustal heating
models (e.g., Ref. [161]), but according to Ref. [156], the heating rate of Ref. [155] is shown
to be quite a reasonable estimate. For the cooling process inside NS, the neutrino emission
occurring inside NS through weak interactions should be considered. As we introduce in Section
3, there are many kinds of neutrino emission processes, including nucleon superfluid effect on
thermal evolution of NSs (for reviews, see Refs. [43, 139]), but for simplicity, we adopt the
slow neutrino cooling processes including the modified Urca process and bremsstrahlung (but
we consider the direct Urca (DU) process in Sec 6.3.4.). For LS220 and TM1 EOSs, since their
values of nucleonic symmetry energy are high enough to cause the DU process, as we see in
Figs. 4.1 and 4.2, such a fast cooling process occurs with relatively low-mass stars (e.g., Refs.
[148, 137]). Moreover, the recent experiment to measure the neutron skin thickness of 2%Pb,
the updated lead Radius EXperiment (PREX-2), resulted in the symmetry-energy value of the
slope parameter L = (106 4 37) MeV [16], which is quite large against other experiments and
observations [162], the DU process may work even for low-mass stars with Myg ~ Mg [163]. In

this work, however, to focus on the difference of the radius as the EOS dependence, we do not
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incorporate it except Sec 6.3.4.

6.2 Initial Models for Burst Calculation

6.2.1 Preburst evolution without nuclear burning
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7)(107 : :
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Fig. 6.1: The redshifted temperature for a 1.7 Mg NS with the Togashi EOS with the mass
accretion of M_g = 2.5. The time snapshots from 0 yr to 10° yr are plotted, where the initial

state satisfies the isothermal condition. The effect of nuclear heating is ignored. Dotted lines

indicate the pressure P ~ 7 x 10?6 dyn cm™2 on the crust surface and P ~ 8 x 1032 dyn cm ™2,

which corresponds to the nuclear saturation density (= 2.66 x 10'* g cm™3). We note that the
compressional heating works unlike Section 5.

To develop the initial conditions for the X-ray-burst simulations, we first calculate the ther-
mal evolution of accreting NSs without nuclear burning from the isothermal state. The method
for calculations is mostly the same as Section 5, but we also consider the gravitational energy
release, that is, non-homologous and homologous compressional heating corresponding to Egs.
(3.5) and (3.6), respectively, because the bursting NSs are in the outburst state. In Fig. 6.1,
we show the time evolution of the redshifted temperature without nuclear burning from 0 yr at
the beginning of the calculation to 10° yr at the end of the pre-evolution. We adopt the mass
accretion rate of M,g = 2.5 for 1.7 M, stars with the Togashi EOS, where M,g is the accretion

rate normalized by 1079 Mg yr—!.

The initial state at ¢ = 0 yr is constructed to satisfy the
isothermal condition.

We cover the entire region from the core to the accreted layers in the numerical calculation.
Although some previous thermal evolution models of accreting NSs fix the temperature in the
core (e.g., [164]), we do not keep it fixed. Due to the neutrino emission from the crust and core of
the NS, the temperature decreases with time. However, the temperature structure settles in the

steady-state at t ~ 10° yr because the effect of crustal heating accompanying the mass accretion
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Fig. 6.2: The surface gravity acceleration g5 on the mass-radius plane, based on the (one-zone)
shell-flash model [93]. The symbols indicate the values of our multizone X-ray-burst calculations.

in the crust regions becomes significant. Note that we find that the temperature structure bends
around P ~ 10%7 dyn cm™2, which appears to be due to the switching of EOSs around the crust
surface. We use such a quiescent NS model with the gravitational energy release as the initial

model for X-ray-burst calculation.

6.2.2 The surface gravity and the ignition condition

We consider the physical conditions for the ignition of nuclear burning in the accreting layers
on the surface of an NS. The gravitational acceleration at the NS surface g5 is useful to measure
the strength of the surface gravity. The balance between g, and the pressure due to the mass
accretion determines the ignition condition. We focus on g5 and Py, (the pressure at the time
of nuclear ignition) as critical quantities for the burst light curves.

We can derive a relationship between gs and P, based on a simplified one-zone burst
condition, called the shell-flashed model, adopted in our previous studies [165, 135]. This model
approximately reproduces the structure of accretion layers during the flash, where the position
of the NS shell is much lower than the pressure scale height due to the strong gravity [166, 93].
The ignition pressure remains constant during the flash and is derived from the hydrostatic

equation,

(6.1)

G Mys 2G Mys \ ~/?
Pign = 0gs0, Ggs = 1- )
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Fig. 6.3: The redshifted temperature structure in the steady state with Mys =
1.1,1.4,1.7, and, 2.0 Mg, assuming the Togashi EOS and M_¢ = 2.5. Same as Fig. 6.1 for
dotted lines.

where o is the column depth. The effect of general relativity is considered in gs; G is the
gravitational constant, and c is the speed of light. In this one-zone framework, we assume all
fuel in the shell is consumed in one burst event. Thus, using the energy generation density of

nuclear burning (Qnuc), the burst energy Egz is expressed as
By = 47 R&g0Quuc (1 + z,) . (6.2)

A lower R¥gq (1 + z,) o with a compact NS causes a lower E}* when we consider only the effect
of surface gravity ignoring other processes, e.g., the neutrino cooling.

We show the values of o for several Ryg and Mg in Fig. 6.2. As expected from the monotonic
feature of the NS mass-radius relations (Fig. 2.2), gs shows monotonically varies on the Rns—
Mnys plane. As we see Eq. (6.1) with a constant pressure condition, a more compact NS shows
a higher g5 and lower o. Therefore, a more compact NS has less nuclear fuel (a smaller value of
o). This means the duration of nuclear burning becomes longer for more compact NSs, i.e., a
higher luminosity in the tail but a lower luminosity near the peak. We expect, moreover, that
a lower o takes more time than the accumulated matter from a companion to be ignited. The
influence of gs on multizone X-ray-burst models has already been discussed based on Eq. (6.1)
[133], assuming the constant ignition pressure. In this work, however, we will show that such
a previous discussion with only g5 and o is insufficient to explain the multizone X-ray-burst
models due to the neutrino cooling effect. That is, we will expect that not only gs but also Pigy,

affect the multi-zone X-ray-burst models.

6.2.3 The effect of neutrino cooling

The temperature structure in steady-state (with compressional heating) should depend on
the NS mass or radius because the neutrino emissivity depends on the density. We present the
mass dependence of the temperature structure in steady-state in Fig. 6.3. As we see, if the mass

is heavier, the temperature in steady-state is much lower because the neutrino cooling is more
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Table 6.1: Calculated Values of Qp., [MeV u™!]

Mys  Togashi LS220 TMle TM1
1.1Mg 0.70 0.71 0.71  0.73
1.4Mg 0.64 0.67 0.68  0.68
1.7Mg 0.61 0.62 0.65  0.66
2.0Mg 0.54 0.57 0.59  0.62

enhanced owning to the higher central density. By transporting the cooled heat from the core to
the outside regions, we see that not only the inside but also the outer regions are cooled, which
lowers the temperature around the ignition pressure P, ~ 10?2723 dyn cm 2.

This implies the possibility that neutrino cooling processes affect the burst light curve. Sev-
eral studies show this by using @y, (e.g., Refs. [87, 89]). Although their formulation, which covers
only the accreted layer, has no choice but to give a physically groundless @, as the boundary
condition, our formulation enables us to calculate @, without such an artificial parameter. Qp
includes only the crustal heating energy, not the energy lost from neutrino cooling. So, we define

the net base heat, including the loss of neutrinos, as Qp4,, which is expressed as

Qv = (1.66 x 1073 MeV u™!) Lerust , (6.3)
M _q
where Lcpust is the luminosity on the NS crust in cgs units. b + v means that the base heat
includes not only crustal heating but also neutrino cooling unlike @);. In Table 6.1, we show the
values of Qpy,.

As seen in Table 6.1, the Qp4,, value with higher-mass stars is lower due to lower temper-
ature, which is caused by the neutrino cooling effect. Thus, @} certainly depends on the mass
(and radius). In the case of the crustal heating model by Ref. [155] and the slow neutrino
cooling scenario assumed in this work, Qp,, is estimated to be around 0.5-0.7 MeV u™'. Qpy,
also depends on the EOS, but compared with the mass dependency, the change of Qp1, or
temperature structure due to the EOS is negligible within the slow neutrino cooling scenario.

In Fig. 6.4, we show the correlation of @y, and the surface gravitational acceleration gs 14.
They show anticorrelation for every EOS, where the effects of Qp+,, mainly neutrino cooling,
becomes significant for higher Mys. The impacts depend on the relative value of Qy, and gs 14.
Stiff EOS (e.g., TM1), which has a larger NS radius, shows much large @}, compared with
gs,14, while the softer EOS shows an opposite trend. Although the effect of gravity is dominated,
we cannot ignore the effect of neutrino cooling. We discuss this in detail using our X-ray-burst

models in the next session.

6.3 Results

First, we calculate the thermal evolution of X-ray bursters from the initial conditions (de-
scribed in Section 6.2), where energy generation by crustal heating balances the energy loss by
neutrino cooling. At the early period of the outburst sequence, the energy generation tends to
be higher than the burst events in the later phase due to the residual of the initial compositions

in the accreted layer. This mechanism is known as “compositional inertia” [167, 56], which pre-
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Fig. 6.4: The Qp+, (the solid lines for the left axis) and the surface gravitational acceleration
gs,14 (the dashed lines for the right axis) against Mys.

vents a change in compositions in the accreted layer, converged at the early stage of the burst
calculation. Therefore, we discard several decades of the burst with ¢ < 2 x 10° s for all burst
calculations. We select at least 15 successive bursts for the following analysis in all subsequent

burst events.

6.3.1 The Impacts of Mys and EOS on X-Ray Bursts

In Fig. 6.5, we show the calculated light curves of the X-ray-burst models. The burst events
of Mns = 1.7TM), M_g = 2.5, and Zcno = 0.01 with four different models are plotted. The time
interval of each model is proportional to the NS radius, depending on the EOS. The NS radius
becomes smaller in the following order: Togashi, L5220, TMle, and TM1 (Fig. 2.2), due to the
softness of EOSs. The bursts with Togashi (soft EOS) show the smallest interval, while TM1
(stiff EOS) has the longest time interval. As the interval becomes larger, the peak luminosity
also appears larger.

In Fig. 6.6, we compare the profiles of a typical burst light curve for different EOS burst
models, with Nnyg = 1.7 and Mcno = 0.01. Fig. 6.6a shows cases of M_g = 2.5. We find
that the peak luminosity becomes higher for the larger NS radii, which is different from the
relationship between the period and NS mass. In particular, burst models with the TM1 EOS
(Mxs = 2.0Mg) have a significantly high peak luminosity. For the cases with a lower mass
accretion (M_g = 2.0) in Fig. 6.6b, the change in the peak luminosity appears to follow the
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Fig. 6.5: The luminosity of the burst sequence from 0-40 hr for several NS EOSs. We adopt
Mns =1.TMg, M_g = 2.5, and Zcno = 0.01.
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Fig. 6.6: The light curves of the burst phase with Mng = 1.7Mg for several EOSs. Assuming

Zceno = 0.01, we adopt (a) M_g = 2.0 and (b) M_g = 2.5. We omitted the case of TM1 with
M_g = 2.0, which reaches the PRE.

same trend. The peak luminosity reaches at 2 x 1038 erg s—!

, near the Eddington luminosity,
so that the TM1 case occurs in the photospheric radius expansion (PRE). On the other hand,
the tail structure of the light curves, mainly determined by nuclear burning in the rp process,
appears to be independent of the EOS with M_g = 2.0 and 2.5. Other timescales (i.e., the rising
phase, transient to burst phase, and decay time) are also independent of the EOS.

We make a similar comparison in Fig. 6.7 and 6.8 focusing on the difference in Myg. The
profiles of the burst sequences for the Mcno = 0.01 and M_g = 2.5 models are shown in Fig. 6.7.
We find that the intervals change due to the mass of the NS. As Mpyg increases, the time interval
becomes larger (Fig. 6.7). The peak luminosity becomes higher (Fig. 6.8a), though their changes
are smaller than the variation caused by the EOS (Fig. 6.8a). We should note that the Myg and
EOS are not determined independently, as shown in Fig. 2.2. However, a soft EOS has a compact
NS (a smaller radius for the same Myg), while a stiff EOS shows a less compact one (a larger
radius for the same Myg). Based on the compactness of NSs, the trends in mass dependence
and EOS dependence are opposite. The time interval is higher with the larger-radius EOS (or
the higher mass at the same radius) in Fig. 6.5 and 6.7, while it is lower with a higher mass.
For the peak luminosity, a similar difference is seen.

To resolve the discrepancy between the mass and EOS dependence, the effect of neutrino
emission via the NS mass may be a key issue. As we discussed in Section 6.2.3 and implied

from the initial temperature structure (Fig. 6.3), neutrino emission inside the NS, which lowers
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Fig. 6.8: The light curves of the burst phase with the Togashi EOS for several Mys. Assuming
Zceno = 0.01, we adopt (a) M_g = 2.0 and (b) M_g = 2.5.

the temperature itself, is involved with light curves in the latter case of mass dependence.
Under the current assumption of the same neutrino processes in any EOS, we recognize that the
difference in light curves between both tendencies is caused by the neutrino emission inside the
NS. The effect of neutrino cooling may change the dependence of the burst parameters on the
mass and EOS (Fig. 6.3). This is seen in Fig. 6.8, where the mass dependence of light curves
is nonmonotonic and complicated when we change M_g. While the peak luminosity becomes
higher with higher mass for M_g = 2.5, conversely, the peak luminosity is lower for M_g = 2.0.
The inversion of the trend is not seen in 6.6, which compares the EOS dependence between
M_g = 2.0 and M_g = 2.5. Tt can be caused by neutrino cooling on the light curves, the impact
of which can be larger than others.

The light curves of X-ray bursts are characterized by few parameters such as the recurrence
time At, the peak luminosity Lpeak, and the burst strength of nuclear burning o [83]. The « is

defined by the ratio of the accretion energy to the burst energy, i.e.,

2g o o AL

=9 Ml 4
e (6.4)

o
where z, is the gravitational redshift and Ej, is the total burst energy. To calculate Ej, we
set the minimum value for the luminosity in the numerical integration. We calculate Ej for
L > 0.25L5cc, where L,c is the accretion luminosity. In our calculations, L,e. is small enough

to calculate Ej without the loss of generality. This is because the peak luminosities in the present
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The horizontal solid line corresponds to the observed value of GS 1826-24 [83]. Models with
L > Leqq are omitted, where the hydrostatic equilibrium is invalid.
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Fig. 6.10: Same as Fig. 6.9, but for the peak luminosity Lpcax

study are ~ 10%%erg s~!, which is much higher than La.. ~ 103°erg s~!. The dependence of the
integration range on Ej, may change with high M near the Eddington accretion rate ~ 10~8Muyr
(Ref. [168] for millihertz QPO from H/He mixed nuclear burning).

Figs. 6.9, 6.10, 6.11 and 6.12 show At, a, Lpeak, and Elyyst, respectively, for several Myg’s.
As the NS mass is uniquely determined by the EOS with fixed burst parameters, we find a
relationship between Mpyg and the EOS. With few exceptions that depend on the EOS, the
burst parameters (i.e., At, Lpeak, @, and Epygt) show a monotonic correlation with the NS
mass. For the dependence on the NS mass, the behavior of At and L.k is hard to see because
at least two different physical processes are involved with their change. However, a becomes
larger with a higher mass. This relationship of « is consistent with an EOS dependence in that

the value is higher with more compact NSs.

In Fig. 6.9, we compare the calculated At with the value of the X-ray binary of GS 1826-24
[83]. The burst models of Myg = 2.0Ms, Zcno = 0.01, and M_g = 2.0 with the Togashi and
LS220 EOSs are consistent with observed values. Observational burst parameters (i.e., At, Lpeak,
and o) may be useful to constrain the EOS. Considering the uncertainty due to Myg, a provides

the strictest restriction on the information of interior NS in many parameters related to the X-
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Fig. 6.12: Same as Fig. 6.9, but for the total burst energy Fiust

ray burst, though the properties of burst light curves are still sensitive to other parameters,
especially to M_g and Zcno [169).

6.3.2 The Effects of g, and @), on the X-Ray-burst Models

We discuss physical reasons for the mass dependence of burst light curves. Assuming that the
NS mass tends to have an anticorrelation with the NS radius in especially high-mass regions,
though there are several exceptions, Fj should be higher in high-mass models owning to the
strong surface gravity. However, the mass dependence (shown in Fig. 6.12) does not match this
tendency and therefore is affected by another effect. It is presumed to be the effect of neutrino
emission to decrease the temperature, as shown in the initial burst models in Fig. 6.3. This
effect is characterized by the effective base heat Q1. as seen in Fig. 6.4.

The Qpy, effect can be seen in the mass dependence of the temperature structure and
hydrogen mass fraction in Fig. 6.19. These figures show that the ignition pressure is higher with
high-mass models. This cannot be explained by the g5 effect but by the Qpy, effect, which plays
a role to lower the overall temperature in higher-mass regions (Table 6.1). The pressure at peak
temperature can judge whether g5 or Qp1, effect is stronger, depending on the burst model.

For the mass dependence of the burst models, the effect of g; and Q.+, can be seen simul-

taneously. In Fig. 6.14, the M_g = 2.5 and Zono = 0.01 case, both EOS models (Togashi
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and TMle) have fewer burst events or higher At with higher-mass regions. For these burst
models, therefore, the Qp, effect is larger than the g, effect. In Fig. 6.14, the M_g = 3.0 and
Zono = 0.02 case; however, the number of burst sequences with the Togashi EOS is decreased
with higher-mass regions, and At is higher, which is opposite to the case in the TM1le EOS.
This implies that in the M_g = 3.0 and Zcno = 0.02 case, the Qb+, effect is larger than the g
effect with the Togashi EOS while it is lower with the TM1e EOS. Thus, by changing M_g and
Zcno, mass dependence of At could be changed qualitatively.

For the overall mass dependence of At, let us look at Fig. 6.9. With the Togashi EOS, for
example, At has a positive correlation with mass, which means that the Qpy, effect is stronger
than the g, effect. For other EOSs, however, that tendency does not always remain, such as with
the TM1e EOS case with M_g = 3.0 and Zcno = 0.02. Assuming that the quantitatively same
Qp1y effect works with any EOS-like setting in this work, the g, effect appears more easily with
the softer or higher-symmetry-energy EOS in high-density regions, such as the TM1 and TMle
EOSs. This is because the gs effect is higher with a larger-radius EOS, as shown in Fig. 6.2.

In summary, the effect of the surface gravity is lower in higher-mass models, which makes At
longer because more fuel needs to be ignited. Meanwhile, the Qp, effect is higher, leading to
shorter At. This is the reason why the effects of g5 and Qp4,, (Fig. 6.4) show opposite dependence
on At. This might be useful in specifying not only the NS structure but also the heating or
cooling processes inside NSs via the Qp, effect in the future, though elucidating this is hard in
that burst light curves are sensitive to other input parameters such as M_g and ZcNo.-

For Lpeak, the tendency of the EOS and mass is similar to that of At. Because Lpeax is
highly related to how much hydrogen is burnt, a large amount of hydrogen is not burnt, as seen
in Fig. 6.19. This dramatically affects the efficiency of the first nuclear burning in X-ray bursts,
the triple-a reaction. Because the parameter dependence of the amount of fuel is unclear within
the multizone framework, the reliance on the EOS and mass of Ljeax is more unclear than that
of At.

Despite the complicated mass dependence of At, a has a positive correlation with mass and
an anticorrelation with the radius. Because At and Ey, ¢ are higher with a larger-radius EOS, it
is hard to reveal the reason, but due to the Qp4, effect, the neutrino flux increases in higher-mass
regions, and this makes the persistent flux Fje; higher. This is because, in the persistent term,
the crustal heating and neutrino cooling processes dominate the thermal evolution of accreting
NSs. Their strength is not that different from nuclear burning. Moreover, as Fpe; depends on
29/ (1+ z4), where z4 is the gravitational redshift, as shown in Eq. (6.4), the gravitational effect
seems to be important for the mass dependence of a. These are two reasons for the positive

correlation between o and mass.

6.3.3 Application to the Clocked Burster GS 1826—24

To examine the validity of the burst models, we compare the theoretical burst light curves
and observations. For such an observation, we take the observed light curve of a clocked burster
event with GS 182624 in 2007, whose burst number was ten times. We show the EOS (Togashi,
TMle) and mass (Mys = 1.4,2.0 Mg) dependence on the burst light curve in Fig. 6.15 with
M_g = 2.5 and Zcno = 0.01. If we change the EOS from Togashi to TM1e, the peak luminosity
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Fig. 6.15: Comparison of the calculated averaged burst light curves with observed ones of
GS 1826-24 in 2007, assuming M_g = 2.5, Zcno = 0.01: (a) Togashi with Myg = 1.4 Mg, (b)
Togashi with 2.0 Mg, (c) TM1le with Mys = 1.4 Mg, and (d) TM1le with Mys = 2.0 M. We
set t = 0 s at the peak time of the light curves and plot within the 1o regions of many burst
light curves. The distance including burst anisotropy d, the time after the peak tp, and the

minimum x? value Xv,min are shown in each panel.
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Mns =1.7 Mg , M_g = 2.5 and Zcno = 0.01, focusing on the constraint on EOSs.

becomes higher due to the gs effect. If the mass is changed from Mys = 1.4 Mg to 2.0 Mg,
however, the qualitative change is different for the EOS; the peak luminosity is lower for the
Togashi EOS while higher for the TM1le EOS. This is explained by the gs and @y, effects. In
Fig. 6.15, the Togashi EOS with Mng = 1.4 Mg, seems to be favored, which is plausible compared
with other models. In our burst models, the larger-radius EOS has a higher luminosity or causes
PRE, such as the TM1 EOS. However, it is known that all bursts of GS 1826-24 in 2007 did
not show PRE [83]. Finally, for a large-radius EOS such as TM1, the peak luminosity is too
high to explain the observations due to a larger g, effect. We show the comparison between
theoretical and observational X-ray flux in Fig. 6.16, which shows that the TM1 EOS with
1.7 Mg NSs is clearly inconsistent with the shape of observed light curves, provided that we fix
M_g = 2.5 and Zcno = 0.01. Thus, observations of clocked bursters can possibly constrain the
NS EOS. Things similar to the EOS dependence can apply to the mass dependence. In Fig. 6.15,
high-mass models seem to be inconsistent with the observations because the peak luminosity is
lower than the observed light curves due to the larger Q4. effect. Thus, the mass of clocked
bursters might be constrained by the observations. Although burst models are very sensitive to
the accretion rate and composition of the companion star, the g; and Qp4, effects cannot be
ignored for consistent burst modeling of bursters.

In this work, we could not find consistent models with both At and the shape of the burst
light curve of GS 1826-24 in 2007 simultaneously. For example, we show the well-fitted burst
model: Togashi EOS, Mns = 1.4 Mg, M_g = 2.5 and Zcno = 0.01. This burst model shows
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Fig. 6.18: Same as Fig. 6.15, but the best fit model of M = 1.58 Mg (left) and a model of
M = 2.0 Mg whose overall shape is inconsistent with observations. We fix M_g = 2.0 and
Zcno = 0.01.
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a shorter recurrence time At = 2.44 + 0.10 h compared with the observed one of ~ 3.53 h.
Thus, it is not easy to find consistent burst models with GS 1826—24 in 2007, but such a burst
model can be created by changing the mass and EOS. Focusing on Mg = 1.58 My and 2.0 Mg
with the L5220 EOS, we examine the model consistency with GS 1826-24 in 2007 in detail.
We show the best-fit and not good models of the recurrence time and the shape of the burst
light curve in Figs. 6.17 and 6.18, respectively. We can recognize that the burst model for the
LS220 EOS and Myg = 1.58 M), M_g = 2.0, and Zcno = 0.01 is consistent with both A ¢ and
light-curve observations of GS 1826—24 in 2007 . Then, the effective base heat is calculated to
be Qpi, = 0.67 MeV u™! (Qp = 0.35 MeV u~!), which is consistent with the recent studies of
burst modeling of @, < 0.5 MeV u~! [87, 89].

If the radius is large, such as in the TM1 EOS, the peak luminosity tends to be too high
to explain the shape of burst light curves of GS 1826-24 due to the g;! effect. PRE occurs
in several models, which are inconsistent with GS 1826-24 in 2007. Hence, a large-radius EOS
does not seem to be preferred from the observations of GS 1826—24, which is consistent with
other observational constraints. Although the EOS and mass dependences of burst light curves
are complicated due to the competition between the gs and Qpy, effects, as shown above, if
more information on the companion is available in the future, observational bursters can play a

significant role in constraining the NS EOS and mass.

6.3.4 The Impact of Direct Urca Process on X-ray Bursts

As we see above, the neutrino cooling inside NS cores affects the burst behaviors by increasing
the ignition pressure. However, we assume the slow cooling scenario, that is, the DU (DU)
process is artificially turned off, though the large symmetry energy EOSs such as the LS220 and
TM1 easily cause such a fast cooling process as shown in Figs. 4.1 and 4.2. Intuitively, if the
DU process occurs and cools accreting NSs, it should take more time for unstable mixed H/He

nuclear burning, i.e., A t should be higher. In this subsection, we implement the DU process
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for the LS220 with the 2 Mg NSs and calculate the X-ray burst light curves in the same way
as the above. In this work, we neglect the effects of nucleon superfluidity, which must suppress
the DU process. We show the temperature structure just before and after the ignition of light
elements in the left panel of Fig. 6.19. We can see that the DU process certainly makes ignition
pressure Py, higher by orders of 0.05 or ~10%.

According to the one-zone model, we can express the column density o in two ways [170]:
0 = Pign/gs ~ MAt/ (47R%s) - (6.5)

The second ~ means that the total fuels for ignition can be roughly expressed as the total
amounts accumulated due to the accretion during a period, At. Eq. (6.5) shows that At should
be proportional to Py in the same order, are the NS mass, radius, and accretion rate the same.
Thus, At should increase by around 10% by the DU process. The right panel in Fig. 6.19 shows
the difference of At between the slow and fast neutrino cooling models. As expected, we confirm
that the DU process enhances At by around 10% (4 0.2-0.4 h). Assuming M_g = 2, the DU
process is likely to occur, but whether to cause the DU process is completely model dependence
as a representative of the accretion rate. However, we can present the method to probe the
occurrence of the fast cooling process from the observations of Clocked bursters.

We also mention the case of very high At such as the superburst, whose burst duration is
1000 times as long as that of the usual Type-I X-ray burst because the superburst is thought
to be triggered by carbon ignition necessary for at least high temperature unlike the typical
bursts triggered by hydrogen or helium [92]. Then, since the carbon ignition occurs at deeper
NS layers than the helium one according to Eq. (6.5), the heating and cooling inside NSs highly
affect the temperature at the deep position. From the observed At of superbursters such as
the 4U 1820-30 [171], we could extract the information on the occurrence of the fast cooling
processes compared with the usual X-ray bursts. Such investigation with the numerical modeling

of superbursts is left in the future.

6.3.5 Final Products during X-ray Burst Nucleosynthesis

We discuss the EOS dependence of final products during X-ray burst nucleosynthesis. In
Fig 6.11, we show that the value of « is larger for more compact NSs. This implies that heavier
nuclei should be produced in soft compact EOSs. To check this, we show the EOS dependence of
final products in Fig. 6.20. As we see, nuclei heavier than 54Ge are produced with smaller-radius
EOSs, while light nuclei are produced with larger-radius EOSs. Hence, this is consistent with
the EOS dependence of «. Intuitively, since a larger-radius EOS has higher Lc.x where the first
waiting point nucleus ®°Ni is actively synthesized, then the energy necessary for the proceeding
of the reaction path does not remain. Finally, the rp process stagnates, and nucleosynthesis is
terminated. Conversely, small-radius NSs can keep the energy for the proceed around *°Ni. The
EOS dependence of heavier produces than 88Ru is complicated, but qualitatively they tend to
be more produced with the smaller-radius EOS.

Fig. 6.21 shows the mass relationship with the final products with the Togashi EOS. We can

recognize that heavy nuclei than %4Ge are synthesized in higher-mass NSs. Thus, as we expect
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Fig. 6.20: EOS dependence of averaged final products during the nucleosynthesis in X-ray burst
with 1.7 My, stars. We fix M_g = 4 and Zcno = 0.015. Since light elements of H, He, O and
150 initially exists, the only elements with A > 16 is shown.

from the behavior of the a parameter in Fig 6.11, heavier rp-process elements are synthesized
in more compact NSs. We also note that this trend should be universal in mixed hydrogen
and helium burning considered in this thesis due to the monotonic relation between a and
surface gravity. Thus, if the line emissions from the rp-process element are detected by X-ray
observations, we may constrain the EOSs from the observed flux. Actually, Ref. [172] suggests
that an enigmatic hump-like structure around 30 keV observed in an accreting NS Aql X-1
comes from the recombination (free-bound) radiation of heavy elements with Z ~ 50 in the
atmosphere, which is an evidence of rp process. Although how such heavy elements are carried
from the synthesized layer to the atmosphere is the crucial problem for the validity of this
scenario, such X-ray observations in the hard state will help us to probe the uncertainties of rp

process and indirectly other physical ingredients such as the EOS.

6.4 Summary and conclusions

In this study, we investigated theoretical models of X-ray bursts using a 1D general-relativistic
evolution code with detailed microphysics. We performed a set of X-ray-bursts models, the light
curves of which are compared with observations. We found the microphysics of NSs (i.e., the
EOS and cooling and heating) significantly affected the theoretical prediction of the X-ray light

curves. The results are summarized as follows.
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Fig. 6.21: Same as Fig. 6.20, but for the mass relationship for the Togashi EOS.

e The burst parameters characterizing the X-ray-burst light curves depend on the micro-
physics of the NS interior (Fig. 6.9-6.12). The recurrence time (At) and the peak luminos-
ity (Lpeak) have a positive correlation with the radius of the NS. The « has a monotonic
correlation with the surface gravity. However, the uncertainty of the EOS affects the NS

mass and radius relation and can significantly impact the burst parameters.

e The NS cooling may vary the burst light curves (i.e., burst parameters) even in the slow
cooling scenario. If the mass is higher, At and Lpc.x are higher owing to the neutrino
cooling. As the temperature in the accreted layer is reduced by NS cooling, the required
ignition pressure becomes higher. Furthermore, if the DU process works, the At becomes

longer by ~10% due to the increase of the ignition pressure.

e Even considering NS cooling, a shows a strong correlation to the surface gravity (Fig. 6.11).
Thus, the a may be the primary parameter to constrain the NS mass and radius among
burst parameters. As expected from the monotonic relation between « and surface gravity,

final products during X-ray burst nucleosynthesis become heavier in softer NSs.

e We constrained the mass and EOS of the NS GS 1826-24 by comparing observations of
X-ray-burst events in 2017. Generally, the models with a stiffer EOS, resulting in a larger

NS radius, are ruled out.

We showed that the microphysics of the NS, such as the EOS and neutrino cooling, is

important for theoretical X-ray-burst models. On the other hand, many previous works, even
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based on multizone X-ray burst models, treat (), as an artificial parameter instead of considering
the neutrino cooling effect. In this study, the effective base heat @y, varies with the mass and
affects the burst light curves and parameters. Thus, our study implies that the base heat should
not be treated as an artificial parameter for more realistic burst models.

As an observational reference, we took the clocked burster events of GS 1826-24 in 2007.
We compared our burst models with the observed light curves. As a result, we attempted to
constrain the NS EOS and the mass of GS 1826-24. The X-ray binary parameters (e.g., the
accretion rate and chemical composition of accreted matter) may change our constraints on
the EOS and the NS mass. However, we can develop a deeper understanding if we have more
information on the accreted matter and accretion rate.

We assume the slow cooling scenario for the neutrino energy loss, which affects Q.. How-
ever, this assumption may be insufficient in modern cooling theory. One of the most important
physics to describe the neutrino emissivity is the superfluidity of nucleons. Once the temper-
ature in the NS layers drops below the critical temperature, the nuclear matter transits to a
superfluid state, and it proceeds via the following two mechanisms of neutrino emissivity: nu-
cleon superfluidity suppresses conventional neutrino emissions and opens an additional cooling
channel, which we call the pair breaking formation process. The efficiency of these effects de-
pends on the superfluid models. Various states of the superfluid phase can appear in a single NS
simultaneously (Ref. [35]). Pulsar glitches correspond to the neutron singlet pairing superfluid-
ity, which occurs in the crust of the NS, and the observation of Cassiopeia A may require the
triplet pairing of neutrons in the core [173, 174]. Hence, X-ray-burst calculations with neutrino
cooling, including the effect of nucleon superfluidity, would be necessary to make more realistic
burst models.

Also, the fast neutrino cooling process is required by some observations of cold NSs. The fast
cooling process could occur under some specific conditions. Its emissivity is much larger than
that of slow cooling processes, and it affects the thermal evolution of the NS, including X-ray
bursts. The fast cooling process that likely occurs in NSs is the nucleon DU process, whose
cooling effects on burst behavior we examine in this work. Except for the DU process, other
fast cooling processes with exotic states of matter could also occur (e.g., [54]). Even within the
slow cooling processes, the burst light curves and parameters are affected in this paper. Hence,
compared with slow cooling processes, fast cooling processes could significantly change the Qp4,
value and finally affect the burst light curves and parameters.

Modifying the heating processes as well as the cooling processes inside the NSs is important
to describe the burst light curve. One important heating process is crustal heating. Despite
some recent work to investigate the heating rate [175, 161, 69, 70], the amount of heat released
from the total crustal heating processes has significant uncertainties (typically 1-2 MeV u~™1!).
Moreover, the efficiency in the heat transport from the source to the NS surface of accreted
layers depends on the NS model. These uncertainties in the heating process affect burst light
curves. Such detail of the heating and cooling effects on the X-ray burst is left for our future

work.
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Chapter 7
Summary and Outlook

In this thesis, we examined the uncertainties of EOSs on various thermal evolution of NSs.
To perform their calculation, we utilized a general relativistic evolutionary code. We also im-
plemented the approximated reaction network with 88 nuclei for mixed H/He burning for the
X-ray burst simulation.

First, we employed four EOSs with different symmetry energy and considered the pion
condensation for each EOS. Pion condensation tends to make EOSs soft, and we found that
if the symmetry energy is lower, the EOS becomes soft in only high-density regions near the
central density. This prevents the maximum mass from significantly decreasing, although the
radius becomes small for most masses. Hence, low-symmetry-energy EOSs such as the Togashi
EOS could reproduce the observations of 2 Mg NSs even with pion condensation. Conversely,
it is hard for large-symmetry-energy EOSs with the pion condensation to reproduce them. As a
consequence of comparison with various observations, we found that the Togashi EOS with pion
condensation (Togashi+) can meet most observational constraints on NS mass and radius.

Second, we discussed the EOS uncertainties on the cooling curves of isolated NSs. If the
symmetry energy is very low enough to prohibit the DU process, such as the Togashi EOS, the
DU process is prohibited with any masses, and a rapid cooling process through exotic matter
should be required for explaining cold observations (Vela, 3C58, RX J0007.0). We focus on
this critical problem peculiar to low symmetry energy EOSs. As a result, we found that the
Togashi-+ can reproduce most of the cooling observations with strong neutron 3Ps superfluidity
(TTav). On the other hand, we also found that large-symmetry-energy EOSs do not require
any exotic cooling process such as the pion condensation because the DU process occurs for
low-mass NSs.

Third, we discussed the EOS uncertainties on the quiescent luminosities of accreting NSs,
similar to the case of isolated NS cooling. In particular, 1H 1905-+00 and SAX J1808.4-3658 are
cold enough to require a strong cooling process. As a result, we found that the Togashi+m EOS
can reproduce the most quiescent-luminosity data by considering the strong *Ps neutron super-
fluidity. Thus, we showed that the pion condensation is one of the scenarios in low-symmetry-
energy EOSs for massive and cold isolated/accreting NS observations. For the observations of
hot accreting NSs RX J0812.4-3114, another heating mechanism should be considered regardless
of the EOSs.

In this thesis, we considered a pion condensation as an exotic matter to cause the rapid
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cooling process. However, the pion condensation scenario is not a unique one to solve the
problem of low-symmetry-energy EOSs. Hyperon mixing is also another candidate because
hyperon DU processes occur and may cool NSs rapidly. In particular, A-hyperon DU processes
(e.g., A — p+e+1.) does work because of weak AA pairing gap [176, 177] (but see also Ref. [178]
for a recent similar experiment). For another example, the kaon condensation could be another
good candidate because the kaon-Urca process occurs just like the pion-Urca process and may
also cool NSs rapidly. Recently, such exotic-matter EOSs with strangeness have been well
constructed and can support 2M, stars caused by three-body force (e.g., Ref. [179] for hyperon-
mixed matter, and Ref. [180] for kaon-condensation matter). We are going to investigate cooling
behavior in such EOSs with strangeness. We hope that further cooling observations are beneficial

in exploring the NS matter.

Fourth, we examined the EOS dependence of X-ray burst light curves. We showed that
larger-radius (large-symmetry-energy) EOSs have higher recurrence time At and peak luminosity
Lpeax. This property can be explained by the surface gravity of NSs. We found the complexity
of the mass relationship with burst behavior; if the strength of surface gravity is higher, At
and Lpeax become lower. Since the surface gravity has positively correlated with the central
density of NSs, neutrino luminosity becomes higher in higher-mass NSs. Then, if the strength
of neutrino cooling is higher, At and L. become higher in spite of being higher mass or
surface gravity. Furthermore, we confirmed that the DU process makes At higher by ~ 10% in
current studies. We also found the monotonic relation of o with the EOS, not neutrino cooling
properties. Thus, « is the most powerful observational property to constrain EOSs. For the
X-ray burst nucleosynthesis, if the NS radius is smaller, heavier p-rich elements are synthesized

by the rp process as expected from the monotonic relation between a and the surface gravity.

We applied our models to the Clocked burster GS 1826-24. We found that larger-radius EOS
such as the TM1 could be rejected due to high Leai or causing photospheric radius expansion.
We also suggested that whether the rapid cooling process occurs or not could be judged by
the observations of GS 1826—24. Although many model parameters make the exact constraints
on EOSs very difficult at present, future X-ray observations above all for accretion rate and

compositions of accreted matter will help us probe the EOSs from Clocked burster.

The X-ray burst triggered by the unstable mixed H/He burning we considered in this thesis
can be easily applied to the constraints on burst models because of the Clocked bursters and
rp-process nucleosynthesis. However, other types of X-ray bursts could also become important.
For instance, pure He burst triggered by unstable He burning has often been observed (e.g.,
Ref. [181]). Moreover, superburst triggered by unstable carbon burning has been found in a
few LMXBs [171, 65, 182]. In a recent study, “hyperburst’ triggered by unstable burning of
heavier elements than '2C has been reported to possibly occur in MAXI J0556-332 [183]. Since
these bursts with a long burst duration are caused by the deeper NS layer compared with the
mixed H/He bursts, the heating and cooling processes inside NSs should effectively work and
change the ignition conditions (e.g., Refs. [92, 90]). Probing NS EOSs through their long-burst

observations is therefore valuable.

We studied thermal evolution of NSs within spherically symmetric one-dimensional formula-

tions, but multi-dimensional effects such as the NS spin, magnetic-field decays, and convection
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are indispensable for describing the temperature of NSs more precisely. For example, rotational
effects deform the NS asymmetrically, which gives rise to a difference in the distribution of sur-
face temperature (e.g., Ref. [184]). In fact, such an inhomogeneity of surface temperature has
been found in the pulsar PSR J0030+0451 as the southern hot spots [9, 10]. In LMXBs, it is
natural to consider the rapid NS rotations because the companion star transports the angular
momentum to the NSs through the accretion (e.g., Ref. [185]). In Type-I X-ray bursts, the NS
rotation (and unstable convection) can significantly affect the dynamics of laterally propagating
flames [186]. Besides, the magnetic-field effects on the thermal evolution have been widely dis-
cussed as well [187, 188, 189] (for a review, see Ref. [190]). We also plan to do multi-dimensional
calculations of the thermal evolution of NSs based on the work in this thesis.

Throughout this thesis, we tried to constrain the NS EOSs from observations of temperature
and luminosity. In particular, we found that cooling observations of isolated/accreting NSs con-
strain EOSs in terms of the presence or absence of fast cooling processes such as the DU process
and pion condensation, while X-ray burst observations in terms of the softness and temperature
of NSs. Since the NS mass and radius observations can only constrain the pressure-density re-
lation of EOSs, temperature and luminosity observations are beneficial for probing heating and
cooling mechanisms, ultimately clarifying what particles there are inside NSs. In that sense, our
studies provide new tools to constrain the EOS as a function of density, temperature, and mass
fraction of particles. As X-ray astronomy makes progress, our finding tools will become more

valuable.
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