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Abstract

Type I X-ray bursts are rapid-brightening transient phenomena on the surfaces of accreting neutron stars (NSs).
Some X-ray bursts, called clocked bursters, exhibit regular behavior with similar light-curve profiles in their burst
sequences. The periodic nature of clocked bursters has the advantage of constraining X-ray binary parameters and
physics inside the NS. In the present study, we compute numerical models, based on different equations of state
and NS masses, which are compared with the observations of a recently identified clocked burster, 1RXS
J180408.9—-342058. We find that the relation between the accretion rate and the recurrence time is highly sensitive
to the NS mass and radius. We determine, in particular, that IRXS J180408.9—342058 appears to possess a mass
less than 1.7M, and favors a stiffer nuclear equation of state (with an NS radius 212.7 km). Consequently, the
observations of this new clocked burster may provide additional constraints for probing the structure of NSs.

Unified Astronomy Thesaurus concepts: X-ray bursts (1814); Neutron stars (1108); Low-mass x-ray binary

stars (939)

1. Introduction

Type I X-ray bursts are rapidly evolving transient events
observed from X-ray binaries, which are triggered by explosive
thermonuclear burning on the accreting surface of a neutron
star (NS). Observationally, 115 X-ray bursters have been
identified (Galloway et al. 2020), and most of them show an
irregular pattern in X-ray light curves. Some exceptional cases
show that the recurrence time of a series of X-ray bursts is quite
regular in a few sources, which are called clocked bursters. The
most representative clocked burster is GS 1826—24 (see, e.g.,
Galloway et al. 2017 and references therein), which was first
discovered in 1989 by the Ginga satellite (Tanaka 1989). Due
to the regular properties of the light curves (e.g., the almost
constant recurrence time At, peak luminosity, and burst
duration), clocked bursters are helpful in probing the various
physical properties of low-mass X-ray binaries (LMXBs) and
in modeling X-ray bursts (e.g., Heger et al. 2007a; Meisel 2018;
Johnston et al. 2020, for GS 1826—24). The observational light
curves of GS 1826—24 also have been used for constraining
relevant nuclear physics properties, such as the nuclear reaction
rates involved in unstable proton-rich nuclei (Meisel et al.
2019; Hu et al. 2021; Lam et al. 2022a, 2022b) and the
equation of state (EOS) and cooling of the central NS (Dohi
et al. 2021, 2022).

Recent observations indicate that another X-ray burster,
1RXS J180408.9—342058 (hereafter, RX J1804), would show
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the properties of a clocked burster. RX J1804 is an LMXB
system found by the ROSAT satellite in 1990 (Voges et al.
1999), whose first X-ray burst event was detected by
INTEGRAL in 2012 (Chenevez et al. 2012). In Wijnands
et al. (2017) and Fiocchi et al. (2019), two epochs of X-ray
bursts are observationally identified in hard and transitional
X-ray states. As a distinctive feature, the observed recurrence
time for each epoch is almost constant in each series of bursts,
which may imply that RX J1804 may be a clocked burster.

In this work, we investigate the physical properties of NSs,
e.g., the EoS, by modeling the newly observed clocked burster
RX J1804. We use a general-relativistic stellar evolution code
(the HERES code, described in Zhen et al. 2023) covering the
whole NS regions. Such a numerical code enables us to
investigate the NS physics, e.g., the EOS and neutrino cooling
processes. For NS EOSs, there are many experimental and
observational constraints (e.g., Sotani et al. 2022), but they still
have large uncertainties. Our approach can constrain the NS
EOS from astronomical observations through X-ray bursts.

The present paper is organized as follows. In Section 2, we
summarize the observational properties of RX J1804 and the
methods for our X-ray burst models. In Section 3, we present
the results, compared with RX J1804 burst observations, and
show the EOS and NS mass constraints. Section 4 is devoted to
conclusions.

2. Methods
2.1. Observations of the Clocked Burster RX J1804

We present the method to constrain burst models from RX
J1804 burst observatiops. First, we make. numerical burst
models with various M_g, in particular M_¢—At relations,
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where M_y is the normalized accretion rate in units of
107° M., yrfl. Then we can obtain M_g,m and M_9,2nd from
each At, respectively. For the observational At and M_g of RX
J1804, we take the results of Fiocchi et al. (2019), which
analyzed the quasi-simultaneous INTEGRAL, SWIFT, and
NuSTAR observational data over a very broad energy band of
0.8-200 keV. Namely, assuming the presence of the clocked
X-ray bursters, the averaged At for each epoch is calculated as®

Aty = 2.20 & 0.04 hr, (1)
Atypg = 1.07 £ 0.03 hr, 2)

which determine M_g 1 and M_g 5,9 for various burst models,
respectively.

The other observation of RX J1804 is the unabsorbed
persistent flux, which is given as follows (from Table 2 in
Fiocchi et al. 2019):

Jrerise = (45 £ 13) x 1070 ergem 257, 3)
fi)er,ZHd = (585 £ 13) x 1010 erg cm—2 s—L 4)

for the first and second epochs, respectively. Since the
persistent flux is directly proportional to the accretion rate,
we can deduce the observational ratio of accretion rates
between different epochs as’

—22d 12 405. 5)

Thus, we can judge the consistency of the model from
M—9,2nd/M—9,lst Values.

A useful parameter to indicate the M_o—/At relations is the 7
parameter, which is the power-law gradient being typically ~1,
as (e.g., Lampe et al. 2016)

Atocfl = kM, (6)
where k is a constant. In fact, many burst observations show
that the M_o—At relation matches with the power-law relation-
ship with high accuracy. If n = 1, there exists the critical mass
of fuel for ignition My = M yAt, but actually 1= 1 from
most observations, such as GS 1826—24 (n=1.05=+0.02;
Galloway et al. 2004) and MXB 1730—-335 (n=0.95 £ 0.03;
Bagnoli et al. 2013). These facts imply that the amount of fuel
for ignition varies with the accretion.

The n dependence of the model parameter has been
investigated in detail by Lampe et al. (2016) with a 1D
implicit hydrodynamics code with a large reaction network
with up to 1300 nuclei, KEPLER (Woosley et al. 2004).
Assuming the mass and radius of Mys=14M, and
Rns = 11.2 km, respectively, they calculated burst models with
various Zcno- They finally concluded that 7 varies from 1.1 to
1.24, but is weakly sensitive to Zcno. However, their burst
models seem to be incompatible with the recent burst
observations of RX J1804; from the empirical relation of

8 we average the values of the peak time (Tpeq) for each burst, which are

listed in Table 3 of Fiocchi et al. (2019).

® Note that the best-fit column density obtained from spectral fitting is the
same between two phases (Fiocchi et al. 2019), so the ratio of accretion rate
ratios can be simply obtained as the ratio between Equations (3) and (4).

Dohi et al.
Equation (6), one can get
A/.Lg’znd = ( At ) ! ~ (2.05)1/7 @)
M_g 14 Atyng

which results in 1 2 1.35 for the case of Fiocchi et al. (2019).
That is why we need to explore model parameters beyond
Lampe et al. (2016) in order to explain the RX J1804
observations. As candidates, we pay attention to the NS mass
and EOS, whose uncertainties highly affect Az, due to the
simultaneous change of surface gravitational and neutrino
cooling effects (Dohi et al. 2021).

2.2. Multizone X-Ray Burst Models

To calculate X-ray burst models, we employ a multi-zone
general-relativistic stellar evolution code, the HERES code,
originally developed by Fujimoto et al. (1984); recent updates
and a comparison to the MESA code are shown in Zhen et al.
(2023). We follow the quasi-hydrostatic thermal evolution of
bursting NSs through successive bursts with the nuclear
burning of the approximated (88 nuclei) reaction network for
mixed hydrogen and helium burning (Dohi et al. 2020). The
HERES code consistently includes the central NS with the
X-ray burst region, which allows us to investigate the
dependency of the EOS on X-ray burst light curves (see, e.g.,
Dohi et al. 2021, 2022).

For the data of reaction rates, we mostly adopt the JINA
Reaclib database'® version 2.0 (Cyburt et al. 2010), except for
the **Ge(p, 7)*°As and *As(p, 7)°®Se rates (Lam et al. 2016),
which have significant impacts on light curves. Since we
mostly focus on the impacts of the EOS on the recurrence time
At as a representative burst output parameter, we adopt the
above reaction set and do not change in the present study.
Details of the numerical procedure of systematic X-ray burst
calculations are the same as in Dohi et al. (2021). We describe
the input parameters of our burst models.

As the NS microphysics, we employ three EOSs, i.e.,
Togashi (Togashi et al. 2017), LS220 (Lattimer &
Swesty 1991), and TMle (Shen et al. 2020), among which
the radius is significantly different (see Figure 1 in Dohi et al.
2021); there still remain uncertainties in the NS radius, which is
Rys ~ 11-14km with 1.4 M. The treatment of heating and
cooling processes inside NSs is the same as in Dohi et al.
(2021), in which the conventional crustal heating process and
the slow r-cooling process, mainl?/ composed of the modified
Urca process and Bremsstrahlung,'' are implemented. The fast
cooling processes, such as the direct Urca process, could occur
and have impacts on the X-ray bursts in heavy NSs (and EOSs
with large symmetry energy; Dohi et al. 2022), but for
simplicity we ignore this effect in the present study.

The observed light curves of RX J1804 show that these
X-ray bursts are triggered by mixed H/He burning (Wijnands
et al. 2017; Fiocchi et al. 2019), implying M_g > 1 due to the
stability conditions of nuclear burning (Fujimoto et al. 1981;
Bildsten 1998). We accordingly choose M_g = 2-9. Another
crucial input parameter is the composition of accreted matter, in
particular for the metallicity Zcno. As RX J1804 locates in the

10 https://reaclib.jinaweb.org

The enhanced cooling by nucleon superfluidity can be ignored, since the
core temperature is much lower than the transition temperature (Dohi et al.
2022).
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Figure 1. EOS dependence of averaged light curves during 20 hr with 1.4M, NSs and Zcno = 0.015. The horizontal axis indicates the time where a time at the peak

point is set to be zero, and the vertical axis indicates the bolometric luminosity in units of 10*® erg s~

bottom), and M_g = 6 (bottom).

global cluster in the Galactic bulge (Voges et al. 1999), which
implies relatively higher metalhclty, we choose Zcno =0.01,
0.015, and 0.02, including "*O and 'O at a ratio of 7 to 13. For
the mass fraction of light elements, we fix to the solar
abundance ratio, X/Y =2.9.

3. Results

Figure 1 shows X-ray burst light curves with various mass
accretion rates and different EOSs. As shown by Dohi et al.
(2021), a large-radius (stiff) EOS has a high Az and high peak
luminosity for all mass accretion rates. This is because of the
lower surface gravity, which requires a greater amount of fuel
for the ignition. Although the At significantly depends on the
mass accretion rates, where higher M_q shows a shorter Az, we
clearly find the above EOS dependence.

The averaged Af values with different EOSs and M_q are
presented in Figure 2. We can see that a stiffer EOS generally
results in a higher At, except for the case of the lowest
M_o = 2. Interestingly, in these low-M models, the depend-
ence on the stiffness of the EOS becomes reversed. This
phenomenon occurs due to the proximity of the peak
luminosity to the Eddington luminosity at low M. Conse-
quently, the compressional heating luminosity caused by the
gravitational release of NSs becomes more influential, and the
effect of surface gravity becomes relatively more significant
(see also Zhen et al. 2023).

By applying the fitting formula given by Equation (6) to the
At—M g relations, as shown in Figure 2, we obtain the

' Mo=3 (top), M_o = 4 (second top), M_o = 5 (second
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Figure 2. EOS dependence of averaged Ar with 1o errors. The solid curves

indicate 1.4 M. NSs, while the dotted curves indicate 2 M. NSs. The

metallicity Zcno is chosen to be 0.01 (left), 0.015 (middle), and 0.02 (right).
The observational At of RX J1804 for the first and second epochs are plotted.

corresponding 7 values shown in Figure 3. We note that the n
and k values lie within less than 10% error for all parameter
regions of Zcno, the EOS, and the NS mass. We find that stiffer
EOSs tend to have higher n values, due to their lower At
values. Additionally, lower-mass models exhibit higher 7
values. Remarkably, 7 strongly reflects the stiffness of the
EOS, unlike the At value, which is also influenced by v-
cooling effects. Therefore, 7 could be a powerful indicator for
constraining the NS structure.

In the previous works (Lampe et al. 2016), the i values lie in
the range of 1.1-1.24, assuming Mys=14M. and
Rns=11.2km, but we find that the original finding range
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Figure 3. 7 values as a function of NS masses. We also show the range
obtained from previous works (Lampe et al. 2016) and the lower limit of RX
J1804 implied from Equation (7).

can be extended if the mass and radius are changed. The closest
models to Lampe et al. (2016) for model parameters are those
with Mys = 1.4 M, and the Togashi EOS (Rys = 11.6 km). In
such NSs, n values with Zcno =0.015 and 0.02 are slightly
higher than the range expected previously, though those with
Zcno = 0.01 are consistent. However, since the influence of
EOS uncertainties on 7 is large, as in Figure 3, the difference in
radius between 11.2 and 11.6 km may not be small. Moreover,
we can confirm that the metallicity dependence on 7 is not so
large as found in Lampe et al. (2016). Thus, these facts imply
that our burst models are qualitatively consistent with Lampe
et al. (2016).

Except for Az, the other observational factor for RX J1804 is
the ratio of persistent flux between both epochs, i.e., the
accretion rate ratio. To clarify the connection between 7 and the
accretion rate ratio, we show a schematic picture in Figure 4.
First, we can find the crosspoints (M_g s and M_g 5,4) between
theoretical curves and RX J1804 observations for the first and
second epochs, respectively. Then, since 7> 1 and M_¢ > 1
for RX J1804, n should be higher if the difference between
crosspoints for the first and second epochs, i.e.,
M 9304/M 915 — 1, becomes smaller. Thus, the accretion rate
should have a negative correlation with 7.

Thus, we finally obtain the accretion rate ratio as shown in
Figure 5.'% If the NS is more compact, the accretion rate ratio
tends to be higher, as we explain above. By comparing the
observational constraint for RX J1804, i.e., Equation (5), one
can see that RX J1804 should be light, with at least
Mns < 1.7 M. This result may be peculiar in LMXBs because
typical accreting NSs always get their mass from the
companion over a long timescale (~Gyr) and finally tend to
become heavy. In fact, most observations show that accreting
NSs in LMXBs are heavy (Ozel & Freire 2016; Alsing et al.
2018; see also Romani et al. 2022). Our results thus imply that
RX J1804, born just after the supernova explosion, might be a
very light NS. However, this may be against the standard
supernova explosion theory (Suwa et al. 2018; but see also
Doroshenko et al. 2022 for recent observations). Thus, our
study brings up the issue of how such low-mass NSs are born.

Regarding the EOS dependence, the small-radius models
tend to have lower M g,q/M o1q — 1. In the case of
Mns=1.4M,, only the Togashi EOS is inconsistent with
RX J1804 observations, regardless of the metallicity. This

12 Our calculation fixes the /global accretion rate, which means that the local
accretion rate per unit area ywres varies with the EOS and mass. However, since
the accretion rate ratio is the Same as both the global and the local accretion
rate, our conclusion holds.
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Figure 5. The same as Figure 2, but for the accretion rate ratio between the first
and second epochs. The observational constraint for RX J1804, Equation (5), is
also plotted.

implies a larger radius with 1.4 M. NSs than 12.7 km,
corresponding to that with the LS220 EOS. A similar constraint
can be obtained for 1.1 M, NSs, but it becomes laxer compared
with 1.4 M, NSs. Thus, we suggest that the observational
accretion rate ratio is a new and powerful tool to constrain the
NS structure.

4. Conclusions

We performed numerical calculations to model a newly
discovered clocked burster RX J1804 for the first time. From
the observed recurrence time and persistent flux in two epochs,
we found that RX J1804 could become a powerful site to
constrain EOSs, even without light-curve modeling. Specifi-
cally, small-radius EOSs such as the Togashi are disfavored.
This trend is against that of the clocked burster GS 1826—24,
where large-radius EOSs (Rys 2 14 km) are disfavored due to
the photospheric radius expansion (Dohi et al. 2021; but see
also Johnston et al. 2020). Thus, the combination of GS 1826
—24 and RX J1804 gives tight constraints on EOSs, i.e.,
Rns ~ 13 km in the case of 1.4 M, NSs.

In our burst models, we considered the standard energy
sources inside accreting NSs, but additional sources may
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change our results. The one of the sources is a shallow heating
process inferred from observations (e.g., Deibel et al. 2015),
though the physical origin is unknown. For the RX J1804
burster, some studies indicate the existence of a shallow
heating source with ~0.9 MeV per accreted nucleon during the
outburst state (Parikh et al. 2017, 2018)."® The increase of the
deep crustal heating rate by ~0.9MeV u™' could highly
decrease At, depending on the model parameters (Meisel 2018).
This may reduce the slope in the M_o—At plane, i.e., 7, leading
to a higher accretion rate ratio. The present constraints on EOSs
are therefore minimal ones, which must be more rigid in the
presence of shallow heating.

Not only the heating but also the cooling processes may be
open, such as the strong neutrino Urca cycle in the inner
crust (Schatz et al. 2014) and the direct Urca process in the
core. A wider investigation of the present model parameters
regarding the energy sources is therefore needed and left for
our future work. Nevertheless, we emphasize that energy
sources in the crust must be there in all accreting NSs, and the
differences of Ar among mass/radius might not be so large.
Furthermore, the direct Urca process (or more exotic v-cooling
processes) is unlikely to occur, according to our conclusion that
stiffer NSs, i.e., with a lower central density, are favored in RX
J1804. In these senses, even if the additional energy sources are
considered, our conclusion should qualitatively hold.

In this work, we only compared At and the accretion rate
ratio, but the shapes of light curves are needless to say
important to constrain the model parameters above all for
reaction rates, whose uncertainties are reflected in the tail
parts (e.g., Meisel et al. 2019). The burst duration, the time
from the peak luminosity to the half of peak one, is found to be
about 30—40s for RX J1804 (Fiocchi et al. 2019), which is
similar to (or a little shorter than) GS 1826—24. This must
imply high metallicitly, according to Heger et al. (2007a) and
Lampe et al. (2016)."* Moreover, such a long tail of the light
curve may suggest that the rapid proton capture process is very
active to synthesize very heavy proton-rich nuclei with the
mass number ~100 (Schatz et al. 2001). Thus, since the
accretion rate is quite high, in particular for the first epoch, a
millihertz quasiperiodic oscillation, which is triggered by
marginal stable nuclear burning (Heger et al. 2007b; Keek
et al. 2014; Liu et al. 2023), could occur in RX J1804, and
actually has been detected by XMM-Newton observations (Tse
et al. 2021). Thus, the burst light curves of RX J1804 have
many interesting features and must provide much helpful
information on nuclear astrophysics. Future work is expected to
analyze the burst profiles of RX J1804, to produce observa-
tional light curves comparable with our burst models. We will
present the constraints on various model parameters by fitting
the light curves of RX J1804 elsewhere.
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