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Abstract

Type I X-ray bursts are rapidly brightening phenomena triggered by thermonuclear burning on the accreting layers
of a neutron star (NS). The light curves represent the physical properties of NSs and the nuclear reactions on the
proton-rich nuclei. The numerical treatments of the accreting NS and physics of the NS interior are not established,
which shows uncertainty in modeling for observed X-ray light curves. In this study, we investigate theoretical
X-ray burst models compared with burst light curves with GS 1826-24 observations. We focus on the impacts of
the NS mass and radius and base heating on the NS surface using the MESA code. We find a monotonic correlation
between the NS mass and the parameters of the light curve. The higher the mass, the longer the recurrence time and
the greater the peak luminosity. While the larger the radius, the longer the recurrence time, the peak luminosity
remains nearly constant. In the case of increasing base heating, both the recurrence time and peak luminosity
decrease. We also examine the above results with a different numerical code, HERES, based on general relativity
and consider the central NS. We find that the burst rate, energy, and strength are almost the same in two X-ray burst
codes by adjusting the base heat parameter in MESA (the relative errors <5%), while the duration and rise times are
significantly different between (the relative error is possibly ~50%). The peak luminosity and the e-folding
time change irregularly between two codes for different accretion rates.

Unified Astronomy Thesaurus concepts: X-ray bursts (1814); Neutron stars (1108); Nuclear abundances (1128);
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1. Introduction

Type 1 X-ray bursts are periodic eruptions caused by
unstable thermonuclear burning on the surface of neutron stars
(NSs) in low-mass X-ray binary systems (Joss 1977; Parikh
et al. 2013). The NS accreted matter from the companion star
overflowed through the Roche lobe and formed an envelope on
the surface of the NS. Under the action of gravity, the accreted
matter was continuously compressed and heated, thereby
increasing the temperature and density; when the energy
generation rate is greater than the cooling rate, thermonuclear
unstable combustion will occur, resulting in type I X-ray bursts
(Woosley & Taam 1976; Lewin et al. 1993; Bildsten 2000;
Galloway & Keek 2021). The accreted matter mainly provides
energy for type I X-ray bursts through the 3« reaction, CNO
cycle, rp-process, etc. (Wallace & Woosley 1981; Taam 1985;
Bildsten 1998; Galloway et al. 2008). Burning produces a
heavy accumulation of ash, and as new material continues to
pile on top of it, the accreted material undergoes gradual
compression until it reaches a condition for ignition, producing
another burst sequence.

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

Since the first discovery of the X-ray burst in 1975 (Belian
et al. 1976; Grindlay et al. 1976), more than 7000 events from
118° bursting sources have been observed so far (Gallo-
way 2020). By comparing with observations, theoretical
models can be calibrated, and the physical properties of NSs
can be constrained (Cromartie et al. 2020). One of the preferred
sources is GS 1826-24, because of its nearly uniform accretion
rate and regular burst behavior, which is called a “clock” or
“textbook” burst (Ubertini et al. 1999; Bildsten 2000). The
X-ray burst models require input parameters regarding the
accreted fuel composition (X, ¥, Z), mass accretion rate M),
base heating (Q,,), and mass (M) and radius (R) of the NS, as
well as nuclear reaction rates. Heger et al. (2007) studied the
effect of metallicity (Z) and mass accretion rate on the
theoretical light curves; by comparison with the light curve
of GS 1826-24, they estimated the initial metallicity and
accretion rate of GS 1826-24. Meisel (2018) investigated the
sensitivity of models to varied accretion rates, base heating,
metallicity, and the nuclear reaction rate 50(a, y)lgNe; with
model-observation comparisons, they constrained the shallow
heating in GS 1826-24 to be below 0.5 MeV u~'. The influence
of nuclear reaction rate uncertainties on NS properties has also
been studied from X-ray burst model-observation comparisons
(Meisel et al. 2019).

? https://personal.sron.nl/~jeanz/bursterlist.html
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The above X-ray burst simulations are based on KEPLER
(Heger et al. 2007) or MESA (Meisel 2018; Meisel et al. 2019),
which consider the NS envelope using inner boundary
conditions with a fixed NS mass and radius (1.4 M. and
11.2 km). The effects of the NS mass and radius on
thermonuclear flashes were investigated by Joss & Li (1980)
and Ayasli & Joss (1982) using the stellar evolution code
ASTRA. They adopted M =14 M, and R=6.57km as a
standard case and varied the mass to M = 0.705 M, as the low-
mass case and the radius to R =13.14km as the large-radius
case. The results show that the recurrence time, accumulated
mass, burst energy, burst strength, and peak luminosity have
obvious change. However, the results are not consistent with
the recent NS mass—radius constraint (Steiner et al. 2010;
Abbott et al. 2018).

Recently, Dohi et al. (2020, 2021, 2022) studied X-ray
bursts using a general relativistic stellar evolution code with
several NS equations of state (EOSs). They focused on the
microphysics inside NSs (e.g., the mass and radius with
different EOSs and the NS cooling process). By comparing
with the burst parameters of GS 1826-24, they constrained the
EOS and the NS mass and radius. Meanwhile, Johnston et al.
(2020) applied Markov Chain Monte Carlo (MCMC) methods
to 3840 KEPLER X-ray burst models and obtained system
parameter estimates for GS 1826-24. They estimated a
metallicity of Zcno = 0.01075993, hydrogen fraction of
Xo = 0.747092, mass M > 1.7 M., radius R = 11.37}3, etc.
So far, the NS mass and radius are unknown for burst sources,
but the mass and radius change the burst properties. It is
worthwhile for us to extract the information on the macroscopic
properties of NSs from the observation of X-ray bursts.

As X-ray burst simulations with a general relativistic stellar
evolution code solve the stellar evolution equations from the
center to the surface with the EOS, neutrino emission, crust
heating, and nuclear energy generation in accreting layers are
important for the comparison to X-ray burst observations (Dohi
et al. 2020, 2021, 2022). The MESA and KEPLER codes only
consider the accreting layers above the NS’s solid crust, where
the base heating parameter (@, is adopted at the inner
boundary to mimic the energy transfer from the NS interior.
However, the value of the base heating is not well constrained
by observation. Keek & Heger (2016) assumed Qp,=
0.1 MeV u~"'. The deep crust heating theory suggests that the
generated heat may be larger, up to Q, =2MeV u ™' (Haensel
& Zdunik 1990; Haensel 2003, 2008); although most of the
heating in the deep crust is conducted into the core and carried
off by neutrinos, a considerable amount of local heating will
occur, which may increase Qy. A yet-unknown shallow heating
may also increase Q) (Brown & Cumming 2009; Deibel et al.
2015; Lu et al. 2022). On the other hand, O, may be reduced by
the competing effect of neutrino cooling (Cumming &
Macbeth 2006); the Urca neutrino cooling process in the outer
crust may also complicate the estimation of Qy (Schatz et al.
2014). Thus, it is significant for us to study the effect of Oy, on
X-ray bursts; with model—-observation comparison, we may get
a constraint on its value.

In addition, in Newtonian codes such as MESA or KEPLER,
to accurately model bursts, it is important to account for the
general relativity (GR) effects when comparing models with
observations. The MESA code adopts the post-Newtonian
correction to include the effects of GR (Paxton et al. 2015;
Meisel 2018). The KEPLER code uses Newtonian gravity and
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Figure 1. Schematic picture of the NS structure. The computational domain of
several X-ray burst codes for the thermal evolution of accreting NSs is shown.
The label with the asterisk considers the effects of convection and nuclear
reaction networks, and the label with (s) treats the envelope as in the steady
state.

ignores the GR effects; thus, GR corrections are adopted in
X-ray burst simulations (Keek & Heger 2011; Johnston et al.
2018, 2020). In the present study, we adopt the MESA code to
simulate a sequence of X-ray bursts and compare the results
from a general relativistic stellar evolution code, HERES (Dohi
et al. 2021), focusing on the burst observables.

The structure of the paper is as follows. In Section 2, we
describe the post-Newtonian hydrodynamic MESA model and
the GR hydrostatic HERES model. In Section 3, we present the
results of computations wherein the effects of masses, radii,
and base heating upon the X-ray burst properties are taken into
account, and we compare the results from the MESA and
HERES codes (Dohi et al. 2021) in Section 4. Finally, we
summarize our results and briefly discuss their implications.

2. Model

There are several X-ray burst models that have different
features due to the nature of the burst code. In Figure 1, we show a
schematic of the NS structure and several corresponding burst
codes. In several stellar evolutionary models, the most used code
is the MESA code (Paxton et al. 2011, 2013, 2015, 2018), which
solves the (post-)Newtonian hydrodynamics within the accreted
regions. The formulation of MESA is quite similar to some codes
of KEPLER (Woosley et al. 2004) and SHIVA (Jos¢ &
Hernanz 1998; José et al. 2010). These codes can be accessible
even with the thermal evolution of relativistic compact objects by
using the “GR correction” (e.g., Keek & Heger 2011),'” but since
the boundary condition on the crust surface is inevitably
introduced as the “Q,” value, it is hard for them to probe the
NS physics. The approximate treatment of strong gravity in
NSs as above may not be valid except for the surface; therefore,
consistent treatment based on general relativistic formulation is
indispensable for a more exact calculation of burst light curves.

10 However, one of similar burst codes, AGILE (Liebendorfer et al. 2002;
Fisker 2005), is based on GR.
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The sophisticated public code that takes the above into
account is the dSTAR code (Brown 2015), originally developed
by Brown (2000). It simultaneously solves the Tolman—
Oppenheimer—Volkoff (TOV) and energy transport equations
without convection and reaction networks for X-ray bursts. It
covers the regions except for the NS core and can probe the
crust physics, such as crustal heating, shallow heating, Urca
cooling, and so on (Deibel et al. 2015, 2016, 2017; Meisel &
Deibel 2017). For the envelope, it treats it as in the steady state,
which can construct a relation between surface temperature and
crust temperature at the shallowest point (Brown et al. 2002).
Still, dSTAR leaves the boundary condition on the core surface,
which must be changed by the NS physics, such as the EOS
and v cooling effects.

To include more possible NS physics, we have recently
developed the code HERES'' (Dohi et al. 2020). HERES is
essentially the same as dSTAR in that both follow the quasi-
thermal evolution of accreting NSs, but the covered regions for
calculation are extended to the center of the NSs. Unlike the
other codes, no artificial boundary condition such as Q, is
required. Two other codes, NSCool (Colpi et al. 2001; Pa§e &
Reddy 2013)'* and PC18 (Potekhin & Chabrier 2018;'" see
also Potekhin & Chabrier 2021), are similar to HERES in
regard to the formulation but without a convection and reaction
network for X-ray bursts. Therefore, HERES is currently the
unique code that can probe the NS physics from X-ray burst
light curves. In this work, we adopt the two distinct codes of
MESA and HERES. Next, we briefly explain the properties of
each code.

2.1. Post-Newtonian Hydrodynamic Model with Large
Reaction Network (MESA)

We use an open-source stellar evolution code (MESA, version
9793; Paxton et al. 2015) to perform calculations on type I X-ray
bursts. The MESA EOS is based on the 2005 OPAL EOS tables
(Rogers & Nayfonov 2002); in addition, the SCVH tables
(Saumon et al. 1995) and HELM (Timmes & Swesty 2000) and
PC (Potekhin & Chabrier 2010) EOSs are employed for various
conditions (Paxton et al. 2011). It is worth mentioning that a new
Skye EOS for fully ionized matter was designed by Jermyn et al.
(2021) and has been tested in action in the MESA stellar evolution
code by computing white dwarf cooling curves. OPAL opacity
tables are used with the protosolar abundances from Asplund et al.
(2009). Following the approach described in Meisel (2018), we
model a series of NS envelopes by considering inner boundary
conditions for different NS masses and radii. The most pertinent
details are repeated here. The luminosity at the base of the
envelope is set to Ly,e = MQyp, wWhere Qp is the base heat, a
parameter adopted by many models to simulate the heat flow from
the NS’s crust into the envelope (Brown & Cumming 2009; Keek
& Heger 2017; Galloway & Keek 2021). The mass, radius, and
base luminosity can be changed by using the commands
relax_M_center, relax_R_center, and relax_L_center, respectively
(Paxton et al. 2011). The GR effects were accounted for using a
post-Newtonian modification to the local gravity (Paxton et al.
2011, 2015), where the MESA setting use_GR_factors = .true.

' The name derives from “One-Dimensional Hydrostatic Evolution of
RElativistic Stars.” Our code originally derives from Fujimoto et al. (1984).
12 Updated code for accreting NSs from the original one (Page 1989). The
envelope is treated in steady state.

13 Note that the effects of the magnetic field in NSs are considered, unlike
other codes.
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was chosen. The envelope thickness is approximately 0.01 km,
and the initial metal abundance uses the solar metal abundance
Z=0.01, 0.02 (Grevesse & Sauval 1998). We use the rp.net,
which contains 304 isotopes (see Lund Fisker et al. 2007), and the
nuclear reaction rates use the reaction rates from the REACLIB
V2.2 library (Cyburt et al. 2010). Adaptive time and spatial
resolution were employed according to the MESA controls
varcontrol_target = 1d-3 and mesh_delta_coeff = 1.0 (Paxton
et al. 2013). In order to achieve convergent solutions, some
models need slightly different settings. In Table 1 from the
Appendix, we provide our burst models, which describe the input
parameters and some of the outputs in more detail.

2.2. General Relativistic Hydrostatic Evolutional Model with
an Approximate Reaction Network (HERES)

As explained above, MESA has two issues with the
treatment of the NS gravity and artificial boundary condi-
tions introduced as Q. The definitions of @y, are different in
previous works; e.g., Oy, is defined by Keek & Heger (2016)
to mean the amount of heat generated by crustal heating at
the base of the envelope, and the typical value for Qp of
0.1 MeVu ' was adopted. Meisel (2018) defined Q;, to mean
not only the crust heating but also the shallow heating. To
mimic the shallow heating of unknown origin, @, = 0.1, 0.5,
and 1.0MeV u~! were adopted. Hereafter, we define the net
base heat as Q., which represents the energy exchange
between the interior NS and the accreting layer; its value
could be changed by the unknown shallow heating or the v
cooling processes inside NSs related to the EOS and
mass (see Table 2 in Dohi et al. 2021). In such a formulation,
it is principally impossible to treat the heat flux coming from
the interior of NSs, which drastically changes the overall
temperature through electron (and radiative) thermal con-
ductivity. Thus, we should validate the MESA burst models
in particular for the physical effects inside NSs.

As the most realistic burst model that covers entire NS
regions, we utilize some of the ones presented by Dohi et al.
(2021), who followed quasi-hydrostatic evolution by using
HERES. We take an approximate reaction network with 88
isotopes for mixed hydrogen and helium burning (APRX3 in
Dohi et al. 2020) and the same data of reaction rates as MESA.'*
In the energy transport equation, we implement the Schwarzs-
child convection. Note that convection is required for causing
the mixed hydrogen/helium burning, though it is somewhat
artificial due to a one-dimensional formulation. The initial
models for our X-ray burst calculation are set to be the steady-
state models (Liu & Dohi 2021) with gravitational compres-
sional heating (see Matsuo et al. 2018 for details).

Let us explain the model parameters in HERES. The
accretion rates and compositions of accreted matter are the
same as in Section 2.1. We utilize the nuclear EOS of Togashi,
which is based on the variational approach with the use of the
bare nuclear potentials for two-body interaction and phenom-
enological three-body interaction (Togashi et al. 2017). For the
heating source, the standard crustal heating rates of Haensel &
Zdunik (1990) are implemented. For the cooling source, we
consider the slow v cooling processes mainly composed of the
modified Urca process and bremsstrahlung. The occurrence of

14 Regarding **Ge(p, 7)**As and 3 As(p, 4)*®Se, Dohi et al. (2021) adopted the
data from Lam et al. (2016). In this paper, however, we remake the HERES
burst models with the reaction rates of Cyburt et al. (2016), which are
implemented in MESA.
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fast v cooling processes such as the nucleon direct Urca
process, i.e., neutrino emissions induced by (inverse) § decay,
could affect the burst light curves (Dohi et al. 2022), but for
any mass, it is prohibited with the Togashi EOS due to the quite
low symmetry energy (the slope parameter L is 30 MeV; Dohi
& Nakazato 2019).

3. The Impact of NS Mass, Radius, and Base Heating on
Type I X-Ray Bursts

We build a series of scenarios (models 1-12 in Table 1) with
variations in mass (models 1-4), radius (models 5-8), and base
heating (models 9-12), then type I X-ray bursts on the surface
layer of accreting NSs are simulated using MESA with the
above inputs.

The light curves of the X-ray bursts are usually characterized
by several parameters, e.g., the recurrence time Af, which
represents the time from one burst to the next. The burst
duration 7 is defined to be the time after the peak at a half value
of Lyeak. The rise time 4 is defined from transience to the
peak point. The e-folding time 7. is defined after the peak
point. The peak luminosity Lpe,y is taken from the light-curve
maximum. The burst energy E,, is obtained by integrating over
the light curve

E, — f Lyd. )

The burst strength « is defined by the ratio of the accretion
energy to the burst energy,
a = _ % MCZE’ )
l+z, B

where z, is the gravitational redshift.

In order to compare with observations, we stack a sequence
of bursts from each model and obtain the average light curve,
burst parameters, and 1o error for them. Since the wait time for
the next burst is usually shortened as the ash from the previous
burst is mixed with the new fuel, i.e., compositional inertia
(Taam 1980; Woosley et al. 2004), we remove the data of the
first four bursts and start processing from the fifth burst. The
convergence of MESA light curves is almost archived at ~five
bursts, which is fewer than the ~10 bursts in KEPLER without
nuclear preheating (see Figure Al in Johnston et al. 2020)."

3.1. Variations in NS Mass, Radius, and Base Heating and
X-Ray Burst Parameters

The X-ray bursts with various values of NS mass, radius, and
base heating are calculated. In the left panel of Figure 2, we
show the luminosity of the burst sequence with different NS
mass models. We calculate the averaged light curves by
aligning bursts in each sequence by their peak luminosities, and
the results are shown in the right panel. Similarly, the
luminosity of the burst sequence with different NS radius
models is shown in the left panel of Figure 3, and the averaged
light curves are shown in the right panel. We find that with the
increase of mass, Ly, increases, At increases, and decay time
decreases. However, as the radius is increased, Ar also
increases, Ly, Temains constant, and decay time increases.

5The HERES light curves are converged around 10-30 burst times, which is
more than those in MESA and KEPLER. This is because HERES adopts the
anisothermal structure as the initial model (Matsuo et al. 2018), which spends
the convergence time due to the existence of thermal flux.
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The results for different base heating cases are shown in
Figure 4; as Q. is increased, L.« decreases, At decreases, and
decay time decreases. In the following, we calculate burst
parameters such as At, Lyeak, @, Epursts frises 7> and 7, and one
can find the values in detail in Table 1. Meanwhile, the ignition
pressure Pj,, for each model is obtained to understand the
variation of parameters.

The parameter changes with variations in mass, radius, and
base heating are shown in Figure 5. For models 1—4 in Table 1
(left panel in Figure 5), as M increases, At, «, Lyeak> Ep, and
Pig, increase. For a fixed NS radius, M increases, and the
surface gravitational acceleration (gs) becomes larger, resulting
in an increase in ignition pressure(P;g,). One can also find the
ignition pressure from the bottom panel in Figure 5, which is
increased when the mass increases. According to the one-zone
model, the column density o is expressed in two ways
(Bildsten 1998; Dohi et al. 2022),

M x At
c=——

47TR2 = Pign /gy (3)

h _ GM 1 2GM
whnere 8 = ? — R

gravity acceleration g on the mass—radius plane in detail from
Figure 3 of Dohi et al. (2021). As a result, for the fixed
accretion rate and NS radius, with increasing mass, the
recurrence time is proportional to Pj,,/gs. The increase of
ignition pressure overtakes the increase of surface gravity
acceleration, which leads to the increase of Ar. The peak
luminosity can be scaled as the Eddington limit (Lewin et al.
1993),

—~1/2
) , and one can see the surface

Lpeak ~ Lgga = 47cGM [k o< M, 4

which is proportional to M but independent of R, where « is the
electron scattering opacity. Therefore, the peak luminosity is
increased when M increases.

Assuming that all accreted matter is processed in flashes, the
burst strength is the ratio of the average luminosity emitted in
the persistent X-ray emission (Lp) to that emitted in X-ray
bursts (Ly; Lewin et al. 1993),

o=t _ 5 05 100
Ly en

MM )
R/10 km

where e = GM/R is the gravitational energy release per gram,
and ey is the nuclear energy. According to Equation (5), for a
fixed NS radius, « increases as mass increases. Our results
from the MESA simulation are almost consistent with the above
simple one-zone model assumption.

The middle panel of Figure 5 shows that the Piz, and o of
the bursts are inversely proportional to the radius, and Ar and
E,, are proportional to the radius, while the peak luminosity
Lpeak Temains constant. As the radius increases, the gravita-
tional acceleration on the surface of the NS becomes smaller,
and the ignition pressure decrease At is longer due to the
increased NS surface area. The burst energy is larger due to the
longer e-folding time. The burst strength « is reduced due to
the lower surface gravitational potential, which also can be
easily understood from Equation (5). According to
Equation (4), as the peak luminosity does not depend on
radius, the peak luminosity is almost constant as radius
increases.
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R=112km,z=0.01,X/Y=2.41,Q.=0.1 MeV/u,M=1.945x10° Molyr
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Figure 2. Light curves with different mass models. Left: luminosity of the
burst sequence during 040 hr with different NS mass models, i.e., 1.3 (red),
1.5 (blue), 1.7 (green), and 1.8 (black) M. The horizontal dashed line in each
panel represents the average peak luminosity. Right: average light curves.

M=1.4 Mo,z=0.01,X/Y =2.41,Q. = 0.1 MeV/u,M = 1.945x10~2 Mo/yr
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Figure 3. Light curves with different radius models. Left: luminosity of the
burst sequence during 040 hr with different NS radius models; i.e., 11.2 (red),
12 (blue), 12.5 (green), and 13 (black) km. The horizontal dashed line in each
panel represents the mean peak luminosity. Right: average light curves.

The results for the parameter variation with base heating are
shown in the right panel of Figure 5. With the increase of Q,
the peak luminosity of the burst decreases continuously, and
the interval between bursts becomes smaller. This is because
the first hot CNO cycle, i.e., *C(p, 7)"*N(p, )"0 *N(p,
NPOBH NP, a)'?C, lasts longer with smaller Q.. The
timescale of the hot CNO cycle is almost determined by the
abundances of '*O and 'O, which could trigger new (a, p)
reaction paths, indirectly leading to proton-rich nucleosynth-
esis.'® If Q. is smaller (in the range of 0 MeV
ul< 0.<0.5MeV u*l), i.e., the interior NS is colder,
excessive protons turn into helium, which burns to '>C by
the 3« reaction at faster rates because it takes more time to
accumulate the seeds, 0 and ° O, leading to higher At. Then,

16 Atalow temperature of 7 < 4 x 10% K, 3 decays are dominant, but at high
tem;)eratures, the second hot CNO cycle, “40(a, p)”F(p, 'y)]gNe(,(ﬁ)'SF(p,
)0, occurs instead of 14O(ﬁ*). The resultant breakout reactions to ap- and
rp-processes are therefore '’O(c, 7)'°Ne and "*Ne(a, p)*'Na.
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Figure 4. Light curves with different Q.. Left: luminosity of the burst sequence
during 040 hr with different Q,, i.e., 0.1 (red), 0.2 (blue), 0.3 (green), and
0.4 (black) MeV u~". The horizontal dashed line in each panel represents the
mean peak luminosity. Right: average light curves.
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Figure 5. Values of At, «, Lpcaks Ep, and Py, with different M (left),
R (middle), and Q. (right). The dashed lines in the uppermost panels indicate
the recurrence time from observations. The numbers 1-12 in the uppermost
panels indicate the model number, which is shown in Table 1 from the
Appendix.

the e-folding time tends to be shorter because the protons that
are the critical fuel of the rp-process are more exhausted. As a
result, more energy is produced during the hot CNO cycle due
to its longer duration if Q. is smaller, leading to a higher peak
luminosity. We note that the Q. dependence of the hot CNO
cycle timescale is, in a sense, similar to the '>O(a, 7)'°Ne rate
dependence of that, which was studied by Fisker et al.
(2006, 2007).

3.2. Model-Observation Comparisons

The light curves with variations in NS mass, radius, and base
heating are compared with observations in Figure 6, where the
observed light curve of GS 1826-24 in 2007 is adopted. We
include the burst anisotropy &, in the distance, and dglb/ 2 s
calculated from Fpeax = Lpeak /4md?¢,. With use of the x>
method in Dohi et al. (2020), we can get the best-fit dg}/ 2 for
each model-observation comparison. From the left panels of
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Figure 6. Comparison of the calculated averaged burst light curves with 1o

error regions (M = 1.3, 1.5, 1.7, and 1.8 M.; R=11.2, 12, 12.5, and 13 km;

and Q. = 0.1, 0.2, 0.3, and 0.4 MeV u™") with the observed ones of GS 1826-

24 in 2007.

Figure 6, we can see that the peak luminosity increases as mass
increases, and the peak luminosity is too high to fit the
observation for M > 1.7 M. In the middle panels of Figure 6,
the peak luminosity is almost constant as the radius increases,
and the light curve can be well fitted with a radius in the range
of ~11.2-13 km. In the right panels of Figure 6, the peak
luminosity decreases as base heating increases, and the light
curve can be well fitted with the variation of base heating in the
range Q.= 0.1-0.4MeV u~'. Besides, we also compare the
recurrence time with observations in the uppermost panels of
Figure 5. The burst models of 1-10are consistent with the
observed values. The recurrence time is too short to interpret
observations for burst models 11 and 12 with Q.=0.3 and
0.4 MeV u~!. However, the source distance is uncertain, which
is crucial to determine the shape of the light curve. The input
parameters, such as metallicity and accretion rate, also affect
the burst light curve. It is better for us to use the MCMC
method (e.g., Johnston et al. 2020) to determine the system
parameters. In our calculation, models 9 and 10 are consistent
with the observation of GS 1826-24 in 2007 (whether the light
curve or the recurrence time).

4. Code Comparison

In order to validate the models for X-ray burst calculation
such as MESA, which solves the Newtonian hydrodynamics
with the accreted layers, we adopt the realistic code HERES,
which solves the whole NS as a comparison. In Table 2 from
the Appendix, we show our calculation models with the
HERES code. By using an adopted mass, radius, and accretion
rate under X/Y = 2.9 and Zcno = 0.02, we obtain several burst
parameters, such as burst strength «, burst duration 7,
recurrence time At, total burst energy Ep,., peak luminosity
Lpcax, and rise time #je.. The 1o errors are also presented for
each output parameter. The base heating inferred from the
1.4 M, NS with the Togashi EOS is Q. = 0.35 MeV u~" (Dohi
et al. 2021). The light curves calculated with the HERES code
are shown in Figure 7. It shows that the recurrence time
decreases as the accretion rate increases, with the peak
luminosity almost constant. Meanwhile, we adopt the same
mass, radius, metallicity, X/Y, base heating, and accretion rate
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Figure 7. Light curves under different M with use of the HERES code. Left:
luminosity of the burst sequence during 0-40 hr for several M. The horizontal
dashed line in each panel represents the mean peak luminosity. Right: average
light curves.
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Figure 8. Mean burst light curve calculated from the MESA code (red solid line

and model numbers 13-15 are marked in each panel) vs. the mean light curve

calculated from the HERES code (blue solid line), where Q. = 0.35 MeV u ™.

In the upper right panel, the dashed lines in different colors (black, yellow,
green, and purple) are the same as the red solid line but with different base
heating (0.1, 0.2, 0.3, and 0.4 MeV uh.

for the MESA X-ray burst calculations. The input parameters
and some of the output parameters are shown in Table 1 from
models 13-16 in the Appendix.

Figure 8 shows the comparison of the mean light curves
between the MESA and HERES calculations. The difference
between the two light curves is very small, with accretion rates
of M =25 x 1072 and 3.0 x 10~ M, yr~!. There are big
differences for peak luminosity and luminosity at the tail parts
of the light curve between two codes under accretion rates of
M =20 x 107 and 4.0 x 1072 M, yr—'. The main differ-
ence is due to the higher hydrostatic force, i.e., higher
compressional heating in HERES models (Matsuo et al.
2018), which leads to a higher peak luminosity than MESA.
Note that the contribution of compressional heating to total
luminosity (~10*®ergs™') is around 10%. In Figure 9, we
show the differences of the compressional heating luminosity
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Figure 9. Comparison of the compressional heating luminosity L, for the
MESA (red) and HERES (blue) codes.

L, between the MESA and HERES codes with four different
accretion rates. At a low accretion rate, M = 2.0x
10~ M, yr~!, the peak luminosity of L, obtained from the
HERES code is much higher than that in the MESA code. For
the rest of the accretion rates, the compressional heating
luminosities are almost the same between the two codes. The
difference due to reaction networks, i.e., nuclear burning
energy rates and compositions, appears in the tail parts, where
the luminosity is higher in MESA models regardless of M.

Next, we also calculate models 17-20 with different base
heating based on model 14 in the upper right panel of Figure 8.
It shows that the lower the base heating, the higher the peak
luminosity and the luminosity at the tail parts, which leads to a
big deviation from the case with Q. = 0.35 MeV u !,

Finally, we compared the predicted burst parameters (o, Ey,
At, Lyeaxs tise» and 7) of the two codes for a range of accretion
rates in Figure 10. In both codes, the burst strength «, total
burst energy Ey, and recurrence time Af are highly consistent.
The differences of the peak luminosity and the tail parts of the
light curve between the two codes are obvious (e.g., the
maximum relative errors of fje and Ly, are about ~50%).
Thus, for the first time, the consistency of the two codes is
identified by our comparison. The differences for the peak
luminosity at the low accretion rate are caused by the high
compressional heating luminosity as shown in Figure 9, while
the high luminosity at the tail parts regardless of accretion rate
is possibly caused by the nuclear reaction energy and
compositions. The comparison of the nuclear reaction networks
adopted in MESA (rp.net) and HERES (APRX3) is shown in
Table 3. It is worth noting that our input values and the values
of the burst parameters obtained from the MESA code, which
adopts a post-Newtonian modification for GR effects, are
unified to the local frame; in order to compare with the
observations that were detected by a distant observer, the
redshift of the parameters should be considered. In the
Appendix, we show the detailed formulae to transfer the local
frame quantities to the frame of a distant observer.

5. Conclusions

In this work, we present a set of simulations of X-ray bursts
with variations in NS mass, radius, and base heating using the
open-source code MESA. The light curves and burst parameters
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Figure 10. Comparison of the burst parameters (c, Ey, Af, Lycaks fises and 7c)
for the MESA and HERES codes for a range of accretion rates. Here “M” and
“H” are marked in the subscript of each parameter to indicate that the results
are obtained from MESA and HERES, respectively.

are obtained for each model. We find that the recurrence time,
burst strength, peak luminosity, and total burst energy are
increased as the mass increases. As the radius increases, the
recurrence time and total burst energy increase, the burst
strength decreases, and the peak luminosity remains constant.
The recurrence time, burst strength, peak luminosity, and total
burst energy decrease as base heating increases. The above
phenomena can be well explained with the use of the simple
one-zone model. One can see Section 3.1 for a detailed
explanation.

The codes, such as KEPLER and MESA, solve the Newtonian
hydrodynamics only within the accreted regions to simulate X-ray
bursts. As a result, it is hard to probe the NS physics. HERES
solves the TOV and energy transport equations; hence, it can
include all possible physics. To assess the validity of the boundary
condition on the crust and the GR correction for the Newtonian
hydrodynamics calculations, we made a comparison between
multizone burst models from the MESA and HERES codes for the
first time. The results show that the average light curves are highly
consistent under accretion rates of M = 2.5 x 10~° and
3.0 x 100°M_ yr~!, while under accretion rates of
M =20 x 107 and 4.0 x 10~ M, yr~', the peak luminosity
and cooling tail are obviously different between the two codes.
However, the burst strength, total burst energy, and recurrence
time are consistent between the two codes regardless of accretion
rate. It is worth noting that the light curves are inconsistent when
we choose other values of Q..

We demonstrate that the NS mass, radius, and base heating
have a nonnegligible effect on the X-ray burst simulation. The
validity of the boundary condition and GR correction for the
MESA code is verified by the code comparison between MESA
and HERES. The variation trend of the output parameters with
different NS mass, radius, base heating, and accretion rate can
help us to understand the properties of NSs via X-ray burst
observations.

The difference in the X-ray burst codes appears in not only
the light curves but also rp-process nucleosynthesis. In fact,
Parikh et al. (2008) showed the differences in the final products
among three burst models with postprocess calculation. A
similar comparison with the use of MESA and HERES may also
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give information on some model parameters and will be
presented in the near future.
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Appendix A
Correcting the Quantities from the Local Frame to the
Frame of a Distant Observer

To compare with observations, it is crucial to correct the GR
quantities from the local reference frame of the NS surface to
the frame of a distant observer, which we mark with the
superscript “co.” The timescale will be redshifted by

10 = (1 + zp)t, (AD

1
| _ 2GM .
Rc2

where 1 + z, =

Zhen et al.
The redshifted luminosity can be written as
L™ = % (A2)
(1 + zg)

Because the burst energy E;, is obtained by integrating over
the time (see Equation (1)), from Equations (A1) and (A2), the
redshifted burst energy is given by

EX = E (A3)
I+ z
Similarly, the redshifted mass accretion rate is given by
M> = M ) (A4)
1+ z,

The local burst strength from Equation (2) can be redshifted
by

a°=—2 (AS5)

1+ z

One can transfer the timescales (e.g., recurrence time At, rise
time f,¢, duration time 7, and e-folding time 7.), luminosities
(e.g., peak luminosity L), burst energy Ej,, mass accretion rate
M, and burst strength o from the local reference frame to an
observer frame with the above formulae.

Appendix B
X-Ray Burst Models and Nuclear Reaction Networks

For convenience, we show the physical quantities of burst
models for MESA and HERES codes in Table 1 and Table 2,
respectively. The nuclear reaction network of rp.net and
APRX3 is shown in Table 3.
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Table 1
Physical Quantities of Burst Models for the MESA Code

Model M R ZCNO Qe M «Q Eburst Lpeak At
Number M., km MeV u~! 10°° M, yr! MeV u~! 10% erg 103 erg s~ hr

1 1.3 11.2 0.01 0.1 1.945 56.70 & 2.42 5.21+0.19 1.34 £ 0.08 393 +£0.11
2 1.5 11.2 0.01 0.1 1.945 67.24 £2.49 527 £0.25 1.81 £0.22 4.00 £0.12
3 1.7 11.2 0.01 0.1 1.945 79.31 £ 6.39 5.79 +£0.35 2.73 £0.35 448 +0.18
4 1.8 11.2 0.01 0.1 1.945 8530+ 1.85 6.06 £ 0.30 3.37+0.31 4.73 £0.24
5 1.4 11.2 0.01 0.1 1.945 62.54 +2.99 523+0.18 1.65 £0.21 4.00 £ 0.11
6 1.4 12.0 0.01 0.1 1.945 56.30 £2.91 6.19 £0.23 1.54 £0.09 4.61 £ 047
7 1.4 12.5 0.01 0.1 1.945 52.76 £+ 2.47 6.67 +0.26 1.50 £ 0.08 4.87+£0.12
8 1.4 13.0 0.01 0.1 1.945 50.77 £3.70 7.30 £0.41 1.62 £0.33 5.34+£0.23
9 1.4 11.2 0.02 0.1 1.945 61.05 £+ 5.40 497 +£043 2.00£0.4 3.69 +0.24
10 14 11.2 0.02 0.2 1.945 59.57 £3.37 4.63 £0.19 1.64 £0.14 337+0.12
11 1.4 11.2 0.02 0.3 1.945 57.95 £+ 2.65 435+0.16 1.36 £+ 0.09 3.08 £ 0.09
12 1.4 11.2 0.02 0.4 1.945 55.12 £3.45 4.12 £ 0.19 0.98 £ 0.04 2.78 £0.10
13 1.4 11.601 0.02 0.35 2.0 52.51 +2.43 447 +£0.16 1.16 £ 0.05 2.90 £+ 0.08
14 1.4 11.601 0.02 0.35 2.5 5293 £391 4.33 £0.27 1.14 £0.13 226 £0.11
15 1.4 11.601 0.02 0.35 3.0 55.04 £+ 3.55 4.19 +£0.40 1.13 +£0.25 1.90 £+ 0.13
16 14 11.601 0.02 0.35 4.0 55.28 £2.37 4.04 £0.26 1.11 £0.13 1.38 £0.09
17 1.4 11.601 0.02 0.1 2.5 5792 £3.15 4.87 £0.22 1.36 £0.22 2.79 £0.08
18 14 11.601 0.02 0.2 2.5 55.99 + 1.67 4.57 £0.14 1.24 £0.07 2.53 £0.08
19 1.4 11.601 0.02 0.3 2.5 54.50 £ 3.80 436 +£0.25 1.17 £ 0.09 2.35+0.13
20 14 11.601 0.02 0.4 2.5 53.35+3.03 4.06 £+ 0.21 1.05 £ 0.04 2.14+£0.12
Model M R Zeno 0. M Lise T Te Pign
Number M., km MeVu! 10°° M, yr! s s S 10* dyn cm 2
1 1.3 11.2 0.01 0.1 1.945 6.08 +0.53 22.37 £2.57 40.34 +3.46 2.24 4+ 0.04
2 1.5 11.2 0.01 0.1 1.945 541 £0.81 15.26 £2.41 28.43 £3.39 2.69 £0.08
3 1.7 11.2 0.01 0.1 1.945 4.42 +0.81 10.97 + 1.81 1891 +£2.42 3.46 £ 0.13
4 1.8 11.2 0.01 0.1 1.945 4.55+0.33 8.93 +0.65 15.50 +0.99 3.93 +£0.10
5 1.4 11.2 0.01 0.1 1.945 5.62 £+ 0.69 16.84 £ 3.05 31.53 £4.03 2.51 +£0.08
6 14 12.0 0.01 0.1 1.945 6.32 £ 0.64 22.57 £3.59 42.55 £4.74 2.12 £ 0.06
7 1.4 12.5 0.01 0.1 1.945 6.09 £+ 0.53 2534 £3.93 47.07 £ 5.57 1.89 £+ 0.04
8 1.4 13.0 0.01 0.1 1.945 6.07 £ 0.84 25.88 £6.16 47.90 £+ 10.51 1.75 £ 0.05
9 1.4 11.2 0.02 0.1 1.945 5.27 £0.86 14.54 £3.57 2491 £5.35 2.30£0.11
10 1.4 11.2 0.02 0.2 1.945 544 £1.15 15.93 £2.57 28.73 £2.97 2.12 £ 0.06
11 1.4 11.2 0.02 0.3 1.945 5.68 +£0.74 17.65 +3.30 32.12 £ 3.69 1.98 + 0.04
12 1.4 11.2 0.02 0.4 1.945 6.61 £0.52 19.06 £ 4.55 36.82 £ 6.84 1.49 £0.03
13 1.4 11.601 0.02 0.35 2.0 6.16 + 0.63 17.61 £ 3.87 33.12 £ 5.54 1.75 £ 0.03
14 14 11.601 0.02 0.35 2.5 6.51 £0.59 17.83 £3.32 32.70 £ 5.44 1.84 £+ 0.06
15 1.4 11.601 0.02 0.35 3.0 6.33 + 0.63 18.96 £+ 4.38 35.73 £ 6.80 1.90 £+ 0.08
16 14 11.601 0.02 0.35 4.0 6.48 £+ 0.66 18.13 £4.13 3332+ 7.03 2.03 £0.10
17 1.4 11.601 0.02 0.1 2.5 6.44 £+ 0.70 19.16 +£ 3.7 36.04 £ 4.96 2.08 + 0.06
18 1.4 11.601 0.02 0.2 2.5 6.32 £0.59 18.82 £3.51 3495 +4.41 1.95 £0.05
19 1.4 11.601 0.02 0.3 25 6.42 £ 0.56 19.35 £4.13 3529 £ 6.41 1.88 £+ 0.06
20 1.4 11.601 0.02 0.4 2.5 6.40 £+ 0.53 16.95 £ 4.13 31.88 £ 6.50 1.77 £ 0.06

Note. Errors of output parameters indicate the 1o standard deviation.
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Table 2
Physical Quantities of Burst Models for the HERES Code

EOS M R ZCNO M o T At Ehurst Lpeak Lrise Te

M. km 10°° M, yr! S hr 10% erg 10 ergs™! S S
Togashi 14 11.601 0.02 2.0 57.28 £ 1.44 27.89 + 1.81 3.04 £0.07 4.28 £0.08 1.54 £0.10 5.15 £ 0.44 19.55 £2.07
Togashi 1.4 11.601 0.02 25 53.11 £ 1.77 39.14 £2.06 2.17 £0.06 4.12 £+ 0.09 1.06 £0.07 441 £0.50 29.19 £ 1.89
Togashi 1.4 11.601 0.02 3.0 5273 £2.11 4222 +£2.23 1.76 £0.05 4.05 £0.12 0.96 £ 0.08 4.09 £0.48 30.79 £ 1.94
Togashi 1.4 11.601 0.02 4.0 52.10 £ 1.08 46.39 +£1.22 1.27 £0.02 3.93 £0.08 0.85 £0.03 4.03 £0.31 34.00 £+ 1.87

Note. The base heat calculated from the luminosity value on the crust surface is Q;, = 0.35 MeV u~' (Dohi et al. 2021). The data are different from Dohi et al. (2021) in that the adopted reaction rates of 64Ge(p, ’y)ﬁsAs
and 65As(p, ’y)(’(’Se are from Cyburt et al. (2016) for the former and Lam et al. (2016) for latter.

0z dung €zoz “(ddy1) 011:0S6 “TYNINO[ TVOISAHOULSY dH],

‘e 19 uayz,
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Table 3
Nuclear Reaction Network of rp.net (304 Species) and APRX3 (88 Species)

rp.net APRX3 rp.net APRX3 rp.net APRX3 rp.net APRX3
Z=1-13 A Z=14-26 A Z=27-39 A Z=40-52 A
H 1-3 1 Si 24-30 24-25 Co 51-57 Zr 78-83 80, 84
He 3,4 4 P 26-31 Ni 52-56 54, 56, 60 Nb 81-85 88
Li 7 e S 27-34 28-30 Cu 54-63 o Mo 82-86 84
Be 7,8 Cl 30-35 Zn 55-66 60, 64 Tc 85-88 92
B 8, 11 Ar 31-38 33-34 Ga 59-67 Ru 86-91 88, 90, 92
C 9,11, 12 12 K 35-39 Ge 60-68 62-64, 68 Rh 89-93 96
N 12-15 Ca 3644 37-40 As 64-69 Pd 90-94 92, 94, 96, 98
(6] 13-18 14-16 Sc 39-45 Se 65-72 68, 72 Ag 94-98 97-98, 102
F 17-19 e Ti 40-47 42 Br 68-73 e Cd 95-99 102-106
Ne 18-21 18 v 43-49 Kr 69-74 72,76 In 98-104 99, 102-107, 109
Na 20-23 Cr 44-52 46 Rb 73-77 Sn 99-105 100-109, 112
Mg 21-25 21-22 Mn 47-53 Sr 74-78 76, 80 Sb 106 106-108
Al 22-27 Fe 48-56 48, 50 Y 77-82 Te 107 107-109

Note. Nuclear reaction grids from Lund Fisker et al. (2007) and Dohi et al. (2020), respectively.
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