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Abstract

We investigate the impacts of the neutrino cooling mechanism inside the neutron star (NS) core on the light curves
of type I X-ray bursts and X-ray superbursts. From several observations of NS thermal evolution, physical
processes of fast neutrino cooling, such as the direct Urca (DU) process, are indicated. They significantly decrease
the surface temperature of NSs, though the cooling effect could be suppressed by nucleon superfluidity. In the
present study, focusing on the DU process and nucleon superfluidity, we investigate the effects of NS cooling on
the X-ray bursts using a general-relativistic stellar-evolution code. We find that the DU process leads to a longer
recurrence time and higher peak luminosity, which could be obstructed by the neutrons’ superfluidity. We also
apply our burst models to the comparison with Clocked burster GS 1826—24, and to the recurrence time of a
superburst triggered by carbon ignition. These effects are significant within a certain range of binary parameters

and the uncertainty of the NS equation of state.

Unified Astronomy Thesaurus concepts: X-ray bursts (1814); Neutron stars (1108); Neutron star cores (1107);

Low-mass x-ray binary stars (939)

1. Introduction

Thermonuclear explosions triggered by hydrogen or helium
(H/He) burning at the mass accreted layer on the neutron star
(NS) have been observed as type I X-ray bursts. The type I X-ray
burst is initiated from the triple-« reaction, occurring around
T=02GK. At low accretion rates of M < 107° M, yr~!
(Fujimoto et al. 1981), most of the hydrogen is consumed and
transformed to helium. Thus, pure-helium burning occurs and
results in the rapid increase to near Eddington luminosity. Since
there are few protons in this case, the next reaction after the 3«
reaction is not proton capture but « capture of carbons. Due to a
series of (o, =) reactions, even—even nuclei up to SONi are
synthesized, and finally the burst phase is terminated.

At moderate accretion rates of M > 10~ M, yr~!, which
we consider in this paper, on the other hand, the hot carbon—
nitrogen—oxygen (CNO) cycle occurs after the 3« reaction. The
rapid temperature increase by the nuclear burning results in
the linear increase of the luminosity. When the temperature
exceeds 0.5 GK, the breakthrough of the hot CNO cycle occurs
and the luminosity reaches the maximum, typically
10* ergs~'. Additionally, nucleosynthesis by the ap and rp
processes begin, where proton-rich heavy nuclei up to A ~ 106
(Schatz et al. 2001) are synthesized. Then, the luminosity
decreases exponentially with £~ 100s and finally the burst
phase is terminated.

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.

The physics of X-ray bursts is complicated as they involve
not only the nuclear burning but also high dense matter of NSs
and X-ray binary parameters. Modeling of observed burst light
curves, therefore, is subject to probing of the underlying
properties of NS equations of state (EOSs), the accretion rate,
and the composition of accreting matter. In addition, the
uncertainty of nuclear reaction rates especially for ap and rp
processes affects the modeling of burst light curves (Hu et al.
2021; Lam et al. 2022a, 2022b; Meisel et al. 2022). The
dependence of the above physical parameters on X-ray burst
light curves has been investigated by many theoretical works
(Woosley et al. 2004; Heger et al. 2007; Cyburt et al. 2016;
Meisel 2018; Meisel et al. 2019; Johnston et al. 2020; Lam
et al. 2022b).

Currently, 115 X-ray bursters have been observed (see, e.g.,
Galloway et al. 2020). Although there are various light-curve
profiles, some bursters show the almost same pattern. They are
called Clocked bursters and can provide a standard case to
constrain the theoretical model. In particular, bursts from GS
1826—24 are the most commonly used as such references.
Based on numerical models covering a wide range of burst
parameters, Johnston et al. (2020) constrain burst models by
the observations of GS 1826—24, e.g., Zeno = 0.01%7003, and
M_g = 1.5-3.0, where Zcyo is the initial metallicity and M_g is
the accretion rate normalized by 10~° M, yr '

Previous theoretical modelings of X-ray bursters, however,
have mostly focused on the accreted layers, ignoring detailed
physics inside the NS. For such models, the effects of the NS
cooling and heating are imposed on Q,, the energy change
though the crust surface, as the boundary condition. Although
we can easily investigate parameter dependence of the heating
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strength with Q,, realistic physics in the NS core are not fully
considered. To overcome this, we have employed the original
general-relativistic (GR) evolutionary code (see Fujimoto et al.
1984; Dohi et al. 2020). Based on X-ray burst models with
realistic EOSs, we have shown that the neutrino emission from
the NS significantly affects the light curves (Dohi et al. 2021):
the recurrence time (A7) and peak luminosity (Lpeax)-

In our previous study (Dohi et al. 2021), in order to focus on
the EOS and NS mass dependence on the light curve, we took
into account only the slow cooling scenario, i.e., the effects of
the fast cooling and the nucleon superfluidity are ignored.
However, recent NS thermal evolution observations in particular
Cassiopeia A (Page et al. 2011; Shternin et al. 2011), indicate a
minimal cooling scenario (Gusakov et al. 2004; Page et al.
2004), where we must consider the combination of slow neutrino
cooling processes, and the pair breaking and formation (PBF)
process due to nucleon superfluid state. In addition, some cold
NS observations require even faster cooling by, e.g., the nucleon
direct Urca (DU) process (e.g., see Section 1 in Dohi et al. 2022).

On the other hand, the cooling effects on the burst behavior
have been also widely discussed in the context of superbursts,
which is a longer duration burst (1000 s) than a mixed H/He
burst (10-100 s; in’t Zand et al. 2003; Serino et al. 2017;
Iwakiri et al. 2021). A superburst is thought to be a
thermonuclear runaway initially caused by carbon unstable
burning (Cumming et al. 2006). Generally, since the depth of
the ignition of carbons is deeper than that of the H/He ignition,
a superburst should be affected by the neutrino losses at the
relatively deeper layer inside NSs compared with usual X-ray
bursts (Brown 2004; Cumming et al. 2006; Gupta et al. 2007;
Deibel et al. 2016). In particular, the impacts of neutrino
cooling on the recurrence time of the superburst strongly
depend on the thermal neutrino losses (e.g., Gupta et al. 2007
for nucleon—pair bremsstrahlung and the crust PBF process).
Thus, the DU process may also affect the depth of carbon
ignition and the observed recurrence time of the superburst,
although no previous studies examine the effect of the DU
process. Not only the neutrino cooling effects but also the
reaction rate uncertainties of carbon burning on the superburst
behavior have been discussed (e.g., Cooper et al. 2009).

In this study, we investigate the impacts of neutrino cooling
on X-ray bursts and a superburst within our multizone models
with the entirety of NSs considered (Dohi et al. 2020). In
particular, we discuss the impacts of the DU process and
nucleon superfluidity on both the mixed H/He bursts and on
the carbon ignition.

This paper is organized as follows. In Section 2, we describe
our numerical methods with an emphasis on the neutrino
cooling processes and the initial models for X-ray burst
calculations. In Section 3, we show the effect of neutrino
cooling on the light curves of type I X-ray bursts, focusing on
GS 1826—24. In Section 4, we discuss the impacts of NS
cooling on the carbon ignition, which results in the X-ray
superburst, considering the uncertainty of the reaction rate. We
finally give concluding remarks in Section 5.

2. Numerical Setup
2.1. Input Physics

To calculate burst light curves, we use the numerical code
developed in our previous work (Dohi et al. 2020). Our
formulation is based on the one-dimensional GR hydrostatic
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equilibrium condition with an 88 nuclei approximated reaction
network for mixed H/He burning. In this study we especially
adopt the EOS proposed by Lattimer & Swesty (1991) with the
incompressibility of K =220MeV (hereafter 1.S220).

With the LS220 EOS, the DU process works for the NS
models with Mys 2 1.35 M, (e.g., Dohi et al. 2019), and the
expected maximum mass exceeds the 2 M. observations
(Demorest et al. 2010; Antoniadis et al. 2013; Cromartie et al.
2020). To examine the effect of the DU process, we focus only
on the NS model with Mys=2.0M, (Rnys=11.3km). We
note that the stellar model considered in this study agrees with
the theoretical constraints obtained from best-fit models of
GS 1826—24 (Johnston et al. 2020), i.e., Mns =, 1.7 M, and
Rns =113+ 1.3km, (but see also Zamfir et al. 2012 as a
counterexample). For the heating mechanism inside NSs, the
effective process is the crustal heating, which is the energy
release due to the nonequilibrium nuclear reactions of accreted
matter such as the electron capture, neutron emission, and
pycnonuclear reactions. For their reaction rates, we simply
adopt the conventional energy generation rates proposed by
Haensel & Zdunik (2008).

Regarding the neutrino cooling processes, we consider the
DU process as a fast cooling process, together with the minimal
cooling processes. Once the DU process works, the internal
temperature of the NS drastically decreases. On the other hand,
when the DU process is forbidden, the dominant cooling
processes are modified Urca, bremsstrahlung, and the PBF
process of nucleon superfluidity (Yakovlev et al. 2001). For
isolated NSs, the PBF process significantly decreases their
surface temperature within #= 10" yr (Page et al. 2004), but
this process does not affect the temperature observation of old
accreting NSs. The PBF process works only when the
temperature of the layer declines through the critical temper-
ature T,,. This situation hardly occurs in the accreting NSs, and
such an additional cooling process is not so effective (Potekhin
et al. 2019).

Focusing on the DU process, the neutron *P, superfluidity is
known to decrease the neutrino emissivity in low-temperature
regions (Takatsuka 1972). Therefore, we adopt three kinds of
neutron P, superfluid models, which have different density
dependences in T, i.e., TTav, TToa (Takatsuka & Tamagaki
2004; Ho et al. 2015), AO (Amundsen & @stgaard 1985), and
AO3 for which we multiply the density in the AO model by a
factor of 3. That is, the maximum critical temperature in AO3 is
the same as in AO, but the “peak” densities at the maximum
critical temperature are different from each other. We show
their superfluid models in Figure 1. In all regions above the
saturation density, AO and AO3 are the models with the
highest critical temperature, while TTav is the model with the
lowest critical temperature among four neutron >P, models
considered in this study. Meanwhile, for lSo-state neutrons’ /
protons’ superfluidity, we simply fix them as the Chen—Clark—
Davé-Khodel (CCDK) model (Chen et al. 1993; Ho et al.
2015), where the maximum critical temperature is 7.~ 6 X
10°K at p=0.56p, for neutrons and 1.1p, for protons,
respectively, where po=2.57 x 10" gcm ™ is the saturation
density for the LS220 EOS. It is well known that the 'S,-state
neutrons’ superfluidity does not contribute to the surface
luminosity at all for 7 > 10% yr (e.g., Page et al. 2009). For the
protons’ superfluidity, whose effect is generally weaker than
the neutron P, superfluidity as we show later, the DU process
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Figure 1. Critical temperature with different neutron *P, superfluid models is
shown as a function of normalized baryon density with py = 2.57 x 10'* gem ™3,

which is the nuclear saturation density for the LS220 EOS. We also draw dotted
lines at the threshold density of the direct Urca (DU) process and the central
density of 2.0 M., stars.

could be suppressed. In Table 1 we summarize the names of the
models and the effects taken into account in this study.

2.2. Initial Thermal Profiles of Accreting NSs

To prepare an initial thermal profile, we calculate thermal
evolution of accreting NSs without nuclear burning, adopting the
same procedure as in Liu et al. (2021a), but we also consider the
homogeneous compressional heating, not only the nonhomoge-
neous one as explained by Matsuo et al. (2018). The resultant
temperature structure in the steady state is considered as the
initial thermal profile for calculating the burst light curves. We
show such a temperature structure in the steady state for various
models in Figure 2, where we assume that M_ o =2.0.
Comparing to Figure 1, one can recognize that the steady-state
NS maintains a higher temperature, as the critical temperature or
the peak density are higher for superfluid models. That is, the
neutron >P, model with a higher critical temperature corresponds
to relatively lower neutrino emissivity. This situation is under-
stood as follows, i.e., once the temperature decreases and reaches
the critical temperature, the DU process, which is a fast cooling
process, is effectively blocked by the pair production due to the
neutrons’ superfluidity, while the PBF process as an effect of
superfluidity is less effective than the DU process.

3. Results for Type I X-Ray Bursts

In this section, first we discuss the overall of the model
dependence of the X-ray burst light curves. We also discuss the
relation between the recurrence time and ignition pressure.
Then, we compare our results to the concrete observational
data in GS 1826—24, where we show the dependence of the
accretion rate.

3.1. Model Dependence of the Light Curves

We calculate X-ray burst light curves by turning on the
nuclear burning, which is triggered by mixed H/He burning,
adopting the steady-state temperature profile as the initial
model for X-ray burst calculation. To eliminate the initial
model dependence of burst behavior, i.e., compositional
inertia (Woosley et al. 2004), we discard several dozens of
burst profiles within <2 x 10°s for all burst models. Then,

Dohi et al.
Table 1
Correspondence between the Names of Models and Effects Taken into Account
Model Direct Urca 1SO(n/p) 3Py(n)
Normal v
CCDK v v
CCDK+TTav v v TTav
CCDK+TToa v v TToa
CCDK+AO v v AO
CCDK+A03 v v AO(pg x 3)
No DU
8.4 T
8.2 i
8 ]
Core
< 7.8 a
iy - |
o 7.6 M_y=20 B
2 Normal ——
CCDK+TTav 1
7.2 [CCDK+TToa ]
CCDK+AO ———
7 | CCDK+AQ3 : 1
No DU —— 1
68 | 1 | 1 | 1 |

20 22 24 26 28 30 32 34 36
logyg P [dyn - cm"2]

Figure 2. Redshifted temperature structure in steady state with M_¢ = 2.0.
Normal (red) indicates the model without any superfluidity and CCDK
(magenta) without only neutron >P, superfluidity. We note that the result with
Normal almost overlaps with that of CCDK. Other models with all kinds of
superfluidity are as follows: TTav (yellow), TToa (green), and AO (blue) for
neutron >P, superfluid models, respectively. We draw two vertical lines at the
envelope—crust and crust—core boundaries, whose densities, respectively,
correspond to 10° g cm™> and the saturation density po. In addition, we also
show the result without the direct Urca labeled by No DU for reference.

for the analysis of burst profiles, we select at least 15
successive burst profiles.

In Figure 3, we show the superfluid model dependence in
long-term light curves, where the first bursts in the selected
successive burst profiles for various models are aligned as
t=10. One observes that the interval between bursts, i.e., the
recurrence time At, becomes shorter, as the critical temperature
or the peak density in neutron P, superfluidity becomes
higher. We note that this result is significantly different from
the models without the DU process (No DU). We also find that
the behavior of CCDK+TTav, CCDK, and Normal are similar.
The recurrence time of other models with strong neutron *P,
superfluidity (TToa, AO, and AO3) are a little shorter (see
Table 2).

Next, to see the model dependence of the peak luminosity,
the averaged burst light curves are shown in Figure 4, where
the left and right panels correspond to the results with
M_o = 2.0 and 2.5, respectively. From this figure, we can
classify the models considered in this study into three families,
i.e., (i) the lower luminosity (No DU), (ii) the higher luminosity
(Normal, CCDK, and CCDK+TTav), and (iii) the moderate
luminosity (CCDK+TToa, CCDK+AO, and CCDK+AO3). Since
Normal is quite similar to CCDK with respect to the recurrence
time and peak luminosity, we see that the 'S, superfluidity
makes little impact on the burst behavior. We additionally see
that CCDK+TTav (TTav is a weak neutron °P, superfluid
model) is also similar to (but a little smaller than) Normal in
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Figure 3. The bolometric luminosity in units of 10°® erg s ™! for the burst sequence occurred during 40 hr for various superfluid models. The meaning of the symbol is
the same as in Figure 2. For AO (purple) and AO3 (green), we show their light curves in the same panel. Here, we adopt M_o = 2.0.

Table 2
Averaged Recurrence Time and Ignition Pressure with M_og = 2.0 for Various
Models
Model At Pign
(hr) (dyncm™ )
Normal 3.90 4.60 x 10*
CCDK 3.90 4.60 x 10%
CCDK+TTav 3.89 4.59 x 10%
CCDK+TToa 3.83 453 x 10%
CCDK+20 3.81 4.50 x 10%
CCDK+A03 3.76 443 x 10%
No DU 3.54 4.18 x 10*

the burst peak luminosity, while the peak luminosity with
CCDK+TToa is similar to that with the CCDK+A0O model, and
those are lower than that with the Normal model. Further-
more, if the appearance density of superfluidity is higher, the
recurrence time and peak luminosity become a little shorter as
we compare with AO and AO3. Thus, we find that the neutron
P, superfluidity lowers the recurrence time and peak
luminosity through the suppression of the DU process,
although the range of reduction strongly depends on the
neutron >P, superfluidity model.

3.2. Empirical Relation between At and the Ignition Pressure

For considering the burst behavior, it is important that the
neutrino cooling process inside the NS decreases the temperature

near the typical ignition pressure Pig, ~ 1072} dyn cm ™2 (Dohi
et al. 2021).® This tendency can be seen even in the case with
the DU process, as shown in Figure 5, but the temperature
around the ignition pressure is changed in order of <0.2,
depending on the superfluid models. As a result, the position
where the temperature becomes ~ 0.2 GK slightly shifts to the
inner part. Due to the DU process, Pjg, is increased and
indirectly enhances the burst behavior (or the peak luminosity),
because the column density o is estimated with the surface
gravity g, via o= Pi,/g, according to the shell-flash
model (Fujimoto et al. 1981). We note that the difference in
the burst behavior in our models comes from only the
difference in Pjg,, because the NS mass and radius are fixed
in this study.

In Table 2, we list the values of ignition pressure at the time
just after the ignitions of hydrogen and helium. As we see, the
ignition pressure is maximally changed in order of <0.04.
According to the shell-flush model and assuming the constant
accretion rate, the column density o is expressed in two
ways (see also Gupta et al. 2007):

_ (10 Mo yr YM_ N
47TRNS

ign/gs7 (1)

8 We note that the typical pressure for the H/He ignition corresponds to the

position, where the temperature becomes ~ 0.2 GK (log;o(7/[K]) ~ 8.3).
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M_g = 2.0 (left) and 2.5 (right). Dashed curves denote the averaged light curves while solid bands include the 1o errors in numerous bursts.
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Figure 5. Redshifted temperature structure without and with the direct Urca
(DU) process. The dotted curves denote those just before the H/He ignition and
the solid curves denote just after the H/He ignition, respectively, where we
adopt M_¢ = 2.0.

where g, is the surface gravity expressed as

_ GMys 1
Ris

@)

S

 2GMys) ?
RNSC2 .

In this equation, c is the speed of light and G is the gravitational
constant. With the NS model considered in this study,
gs=3.01 x 10" cms ™2 Thus, if the NS mass, radius, and
accretion rate are fixed, At should be proportional to Pjg,. In
fact, one can see that P, /At does not depend on the
models considered in this study, i.e., Pign/At: 1.2 x 10*
(dyn cm 2 /hr), using the values listed in Table 2. That is, one
can discuss the recurrence time of an X-ray burst via
Equation (1) even with the effect of superfluidity.

3.3. Dependence on the Accretion Rate and Implication for GS
182624

In order to see the dependence of the burst behavior on the
accretion rate, in Figure 6, we show the recurrence time At and
peak luminosity Ly as a function of accretion rate. From the
top panel of this figure, one can observe that Ar with the DU

4 f
GS1826-24(2007)
3.5 P RN R 4
= 37 1
<
3 25 Normal .
CCDK
CCDK+TTav
2 | CCDK+TToa |
CCDK+AO
CCDK+AQO3
No DU ——
15 | | | | |
2 2.5 3 3.5 4
Mg
1.6 ‘ T
Normal CCDK+AO ———
CCDK ——— CCDK+AO3
CCDK+TTav No DU ——
1.5 CCDK+TToa 1
&
S
~

1.1 J : ‘ ‘ |

M.g
Figure 6. Recurrence time (top) and peak luminosity in units of 10* erg s~
(bottom) are shown as a function of accretion rate normalized by
107° M, yr~'. The dotted line indicates the data of GS 1826—24 observed

in 2007, assuming the typical value of d \/E , = 6.1 kpe (Galloway et al. 2017),
where d is the distance and &, is the anisotropy of burst flux.

1
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process is significantly different from that without the DU
process, where the deviation becomes at most ~0.5 hr. As we
have already discussed with M_g = 2.0, if the effect of the
superfluidity is taken into account, At becomes slightly lower.
On the other hand, the peak luminosity seems to strongly
depend on the effect of the superfluidity, compared with the
dependence in At.

Now, we compare these results to the data of GS 1826—24
observed in 2007. In Figure 6 we plot the observational data
with the dotted lines. Unfortunately the mass accretion rate in
GS 1826—24 is still uncertain, but one can distinguish the models
if the mass accretion rate will be constrained somehow. For
example, if M_og =~ 2.0, one can say that the DU process is
unfavorable for explaining the observed Ar of GS 1826—24, at
least within the models we considered in this study. From this
comparison, we find that the DU process seems to be unfavorable
for explaining the observed Ar of GS 1826—24, at least within the
models we considered in this study. We also compare the peak
luminosities with the obsetvation of GS 1826—24 in 2007. For the
observed peak luminosity, we take it from observed peak flux
in 2007 (foeq = (276 + 0.092) x 107 erg cm™* s7') and

the typical observational value of d \/5—,] = 6.1 kpc, where d is the
distance and &, is the burst anisotropy (Galloway et al. 2017). In
this case, the models with the DU process cannot explain the peak
luminosity observed in GS 1826—24, which is the same result as
the constraints from At. Although the theoretical results highly
depend on the distance and other input parameters (e.g., Johnston
et al. 2020), we could thus extract the information of the neutrino
cooling processes including nucleon superfluidity through the
burst observations through systematical examinations.
Light-curve fitting with the observations of Clocked bursters
is also a good tool to constrain the NS core properties from
X-ray burst observations but this is very hard at present (e.g.,
Dohi et al. 2021). The most uncertain parameter is the accretion
rate, which is in principle difficult to be measured by
observations. The uncertainties of reaction rate above all for
the ap and rp processes also hasten the difficulty of constraints
from burst observations, while At and Ly 35 focused on in this
study are not sensitive to heavy-element nucleosynthesis. As
experiments to measure the reaction rates of unstable
p —nuclei are developed, the light-curve fitting becomes a
more useful tool to constrain the NS properties and accretion
rate. Then, the light-curve fitting to probe the structure and
temperature of the NS core will be presented elsewhere.

4. The Ignition and Recurrence Time for Superbursts

In this section, we investigate the effect of the DU process on
the depth of carbon ignition and the recurrence time of
superbursts based on Equation (1). Here we consider the
following situation: Usual X-ray bursts with mixed H/He
burning continuously occur as in the previous section. Then,
carbons produced by 3a reaction are gradually accumulated
inside NSs. If the mass fraction of carbons inside NSs reaches
that required for its ignition, unstable carbon burning occurs
and finally triggers superbursts. This scenario has been
theoretically confirmed by Keek et al. (2012). For the
temperature structure inside the NS just before the carbon
ignition, we choose that before the H/He ignition (z ~ 10° s),
which is the same as the temperature structure denoted with the
dotted lines in Figure 5. We note that the temperature profile
itself is not so changed regardless of the mass fraction of
carbons unless the nuclear burning works. We choose a high
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Figure 7. Temperature structure just before the H/He ignition with (red) and
without (black) the direct Urca (DU) process. Solid curves indicate M_o = 8
while dotted curves M_og = 4. We ignore the effect of any kind of superfluidity.
We also plot three kinds of carbon ignition curves with the carbon mass
fraction X('°C) =0.2: CF88 (Caughlan & Fowler 1988), T18 (Tumino
et al. 2018), and TK21 (Taniguchi & Kimura 2021).

accretion rate of M_oy = 4 and 8, because the carbon burning
should occur in hot NS layers ~ 0.6 GK. We simply consider
two extreme cases without and with the DU process, where any
kind of superfluidity is neglected. Burst models are made in the
same procedure as mentioned in Section 2.

The nonresonant experimental rate is often used as the
standard reaction rate of '°C + '*C (Caughlan & Fowler 1988,
hereafter CF88), while, above the threshold energy of
2C +'2C, many molecular resonances are experimentally
predicted from the indirect measurement of an a-inelastic cross
section (Kawabata et al. 2013). The effect of resonances tends
to enhance the reaction rates from theoretical models (e.g.,
Cooper et al. 2009 for resonance assumed at Er = 1.5 MeV).
Actually, recent measurements of cross sections with use of the
Trojan Horse method showed some resonances in low energies,
which increases the reaction rate of '*C + '°C by > 25 times
at T = 0.5 GK compared with CF88 (Tumino et al. 2018,
hereafter T18). The impact of the new reaction rate on
astrophysical phenomena has been investigated, such as the
type la supernovae (Mori et al. 2019) and evolution of massive
stars (Chieffi et al. 2021). Furthermore, the latest reaction rate
has been recently developed based on a full microscopic
nuclear model to describe low-energy resonances by handling
the channel coupling and the rotation of nuclei without any
adjustable parameter (Taniguchi & Kimura 2021, hereafter
TK21). We adopt the three kinds of reaction rates of '*C + '*C,
i.e., CF88, T18, and TK21, in this study.

To obtain the ignition curve for the reaction of 2c 4 12C, we
employ the shell-flush model (Fujimoto et al. 1981; Koike et al.
1999, 2004) with the Helmholtz EOS (Timmes & Swesty
2000). For the compositions, we assume the carbon-iron
plasma with the carbon mass fraction of X(**C) = 0.2, which is
the typical mass fraction to fit the observed superburst light
curves with hydrogen accretion (Cumming 2003; Cumming
et al. 2006; but see also Cumming & Bildsten 2001).

In Figure 7, we show the temperature structure just before
the H/He ignition, together with the carbon ignition curves.
With this figure, one can determine the ignition pressure Pc as
the intersection between the thermal structure and the carbon
ignition curves. The obtained values of Pc and the recurrence
time of the superburst At are shown in Table 3, where At is
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Table 3
Ignition Pressure of Carbon Burning Pc and the Recurrence Time of
Superburst A,

M_o Model Rate Pc Aty
(dynem™?) (yr)
8 Normal CF88 3.49 x 10** 1.17 x 1072
T18 1.06 x 10%* 357 x 1073
TK21 479 x 10** 1.60 x 1072
8 No DU CF88 9.74 x 10? 3.26 x 1073
T18 4.87 x 105 1.63 x 1073
TK21 1.04 x 10** 348 x 1073
4 No DU CF88 6.88 x 10%° 4.61
T18 1.71 x 10% 0.115
TK21 9.31 x 10*® 6.24

Note. Note that the model with M_g = 4 and the DU process does not cross the
ignition curves as seen in Figure 7 irrespective of the reaction rates of
7c + .

estimated from Equation (1) together with Pc. Focusing on the
superburst with M_o = 8, we can find that the DU process
makes Pc (and also Afg,) larger by a factor of ~2. This is
qualitatively consistent with the previous work of Cooper &
Narayan (2006; see Figure 11 and 12 in their paper). For the
case with M_o = 4, since the DU process indirectly decreases
the temperature for weaker crustal heating than in M_o = 8,
there is no cross point between the thermal structure and ignition
curves with any type of reaction rate. This predicts that the
carbon burning does not occur for this model (and X(’C)=02).
Hence, if the DU process occurs in superbursters, the accretion
rate as the heat source inside NSs is preferred to be high because
of the necessity of a regime hot enough to cause the carbon
burning.

Next, we focus on the uncertainties of reaction rates of
2C 4+ 12C. As we see in Table 3, Aty between CF88 and TK21
are not so changed even though the energy dependence of
astrophysical S factor is highly different between them (see
Figure 2 in Taniguchi & Kimura 2021). Meanwhile, T18 is
around two times higher than the others because the
astrophysical S factor of T18 is roughly higher than the others
by an order of magnitude. Hence, the uncertainties of reaction
rates are similar with those of the DU process for M_g = 8.

We should note that our estimation of Afy, for M_g = 8 is 3
orders of magnitude smaller than the observations of superb-
ursts such as the 4U 1820—30 (Afy, =5-10yr in Cumming
2003). This is due to the difference of ignition column density
Pc/gs (Cumming et al. 2006). For M_g = 4 without the DU
process, CF88 and TK21 mostly match with the observations
of 4U 182030, but for T18, At is lower by 1-2 orders of
magnitude. Considering also the necessity of the hot regime
implying high M_o, although the uncertainties of crustal
heating are crucial (e.g., Shchechilin et al. 2021, 2022), T18
seems to be unpreferred.

Many previous studies of thermal evolution of accreting NSs
consider the shallow heating that is necessary for explaining
some hot accreting NSs (Brown & Cumming 2009; Deibel
et al. 2015; Waterhouse et al. 2016; Ootes et al. 2016, 2018),
though their physical mechanism has been still unknown and
some candidates have been investigated (e.g., Fattoyev et al.
2018; Liu et al. 2021b for neutrino heating scenario due to
charged pion decay). We turn off the shallow heating in this
study, but depending on its depth and strength, such a heating
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could have a significant impact on the carbon ignition depth. In
fact, Meisel (2022) investigates this and tries to constrain the
properties of shallow heating from recurrence time in some
superburst observations (see Figure 4 in his paper). Probing the
origin of the shallow heat source as well as the nature of dense
matter in NSs is therefore valuable and left for our future work.

After submitting the first manuscript, we became aware of
similar work of Meisel (2022) in terms of constraints on energy
sources in accreting NSs from the inferred depth of carbon
ignition in X-ray superbursts. He also adopts T18 and TK21 as
two of '?C + '°C reaction rates as we do, and his results are in
good agreement with ours. He also examines the uncertainties
of neutrino Urca cooling in the crust (Schatz et al. 2014), which
does not impact the carbon ignition depth of the superburst,
unless the densities where the heating and cooling sources
greatly work are close to each other. We do not consider the
neutrino Urca cooling in the crust, but this seems not to be a
problem at least in moderate accretion rates considered here
because the neutrino cooling above all for the DU process is
clearly dominant for the core temperature, while the crustal
heating (and possibly shallow heating) is dominant for the crust
temperature.

5. Concluding Remarks

We investigate the neutrino cooling effect on the burst light
curves with emphasis on the DU process and nucleon
superfluidity. We show that the DU process makes the
recurrence time At longer and the peak luminosity Ly, higher,
but this is suppressed by neutrons’ superfluidity if the critical
temperature is relatively high. In our burst models, both of
them are changed by maximally < 20%. In comparison with
the observations of GS 1826—24, we present the possibility of
probing the occurrence of the DU process and the strength of
neutron superfluidity.

We also discuss the recurrence time of superbursts estimated
with the ignition pressure of carbon burning, considering the
DU process and various reaction rates of '*C + '*C. We show
that if the DU process occurs, it takes much time to cause the
carbon burning or possibly carbon is not ignited. Hence, the
observational recurrence time of superbursts could quantita-
tively probe the neutrino cooling process compared with usual
X-ray bursts triggered by mixed H/He burnin% We also show
that the recent experimental reaction rate of 2C+'2C (T18)
makes Ar lower by 1-2 orders of magnitude and becomes
inconsistent with the observation in 4U 1820—30. For a
conventional reaction rate (CF88) and the latest theoretical one
(TK21), we find that these differences appear to be small in
ignition curves.

Specifying the neutrino cooling processes including nucleon
superfluidity from burst observations is still difficult because
there are many susceptible input parameters. Hence, we might
need to search other possible observations. One of the
candidates is the gravitational wave with the gravity mode
(g-mode), which could be trapped in radiative layers in NSs.
Even if the cooling (and heating) processes inside NSs are not
reflected on the observed luminosity, since they highly change
the temperature structure, we could specify the cooling and
heating processes through the signature of g-mode frequency.
In fact, such studies have been done in isolated NS
cooling (Kriiger et al. 2015; Sotani & Dohi 2022). We leave
an investigation of g-mode frequency in accreting NSs for a
future study.
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Recently, a very long duration of bursts compared with the
superburst discovered in MAXI J0556—332 has been proposed
to be triggered by heavier elements than '>C (hyperburst, Page
et al. 2022). They suggest that the hyperburst is triggered by
unstable burning of neutron-rich isotopes of oxygen or neon
around the high density of p~ 10" gecm™. Thus, the heating
and cooling processes inside NSs including the DU process
should effectively work and finally change the ignition
conditions of triggers for the hyperburst. As with the superburst
discussed in this paper, the observations of future very long
duration bursts would be useful for specifying heating and
cooling processes, were the scenario of the hyperburst correct.
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Appendix
On the Cooling Effect on Burst Parameter o

As with the recurrence time At and peak luminosity Lpeqk,
the burst parameter o, which is the ratio of the accretion energy
in a cycle of burst to the total burst energy Ep.., iS also
powerful for constraining burst models. It can be calculated by

(10 Mo yrYM_oc? 2L, (Al)

+ g burst

g

o =

where z, is the gravitational redshift (Galloway et al. 2017). In
Figure 8 we show the neutrino cooling effect on Ey, and « as
a function of the accretion rate. If the cooling efficiency is
higher, Epy is higher because the core temperature is lower
and thus more accrete fuel is necessary for the ignition.
Meanwhile, the « value is almost the same regardless of
neutrino cooling models. This is because the tendencies of the
cooling effect on Ey,. and Af are almost the same. Thus, we
cannot extract the information of neutrino cooling from «. This
feature is consistent with our previous work (Dohi et al. 2021),
in which « has a positive correlation with surface gravity with
high accuracy and therefore is more powerful for constraining
NS structure than other output values such as At and L.
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Figure 8. Same as Figure 6, but for total burst energy (left) and burst parameter « (right).
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