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Abstract Using the Modules for Experiments in Stellar Astrophysics (MESA) code, we investigate Type I
X-ray bursts (XRBs) produced by neutron stars (NSs) accreting pure helium, which are called interme-
diate XRBs in observations. We simulate 21 models for intermediate XRBs with various mass-accretion
rates (Ṁ ) from 2.5 × 10−8 to 5 × 10−10M⊙ yr−1. Compared with normal XRBs, in which the NS ac-
cretes matter with solar metallicity, intermediate XRBs have higher luminosity and longer recurrence time,
which are essentially consistent with observations. We findthat the recurrence time of intermediate XRBs
is proportional toṀ−2.0.
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1 INTRODUCTION

Since the first X-ray bursts (XRBs) were found in a for-
merly known X-ray source, 4U 1820-30, which were ob-
served byAstronomische Nederlandse Satelliet in 1975
(e.g., Bloemendal et al. 1973; Grindlay et al. 1976), thou-
sands of bursts (Meisel et al. 2018) have been observed.
These XRBs are divided into two types, type I and type II
(Hoffman et al. 1978). The former is associated with unsta-
ble nuclear burning on the surfaces of neutron stars (NSs)
(e.g., Hanawa et al. 1983; Fujimoto et al. 1987; Koike et al.
1999), while the latter is produced by accretion instability
(Parikh et al. 2013). Furthermore, the luminosity of type II
XRBs is greater than or equal to104L⊙ (Li et al. 2010).
In this work, we focus on type I XRBs.

Known X-ray binaries include the accreting NSs in our
Galaxy and the Magellanic Clouds, most of which are tran-
sients (Li et al. 2010). Low-mass X-ray binaries (LMXBs)
are a type of X-ray binary. Due to a loss of orbital angu-
lar momentum, mass transfer can occur (Xu et al. 2012).
Usually, XRBs are detected in NS LMXBs. There are ap-
proximately 200 LMXBs currently known in the Galaxy
and the Magellanic Clouds (Liu et al. 2007). Up to now,
approximately 111 of them have been observed to pro-
duce XRBs (Zand et al. 2018). In these binaries, more than
70% of the NSs’ companions are normal stars. This mean-
s that the materials accreted by NSs are hydrogen rich.
However, approximately 30 of the NS LMXBs may have
white dwarfs (WDs) as donors, which are called ultracom-

pact X-ray binaries or their candidates (e.g., Zand et al.
2007; Nelemans et al. 2010; Lü et al. 2017). Ten such cases
have been detected in the chemical compositions of WDs,
five of which are classified as helium rich (van Haaften
et al. 2012). In these systems, XRBs are observed. In the
Australia Telescope National Facility database, there are
approximately 160 pulsars and WD systems, and approxi-
mately 120 systems are composed of pulsars and He WDs
(Manchester et al. 2005). Some of them may evolve into ul-
tracompact X-ray binaries, which can produce XRBs that
are caused by the release of energy from nuclear reactions.

The chemical composition of He WDs is mainly he-
lium. Therefore, some XRBs are triggered by helium. In
fact, based on the duration, luminosity and recurrence time
in the observations, XRBs can be divided into three type-
s: normal, intermediate and super XRBs (e.g., Galloway
et al. 2017). They are powered by hydrogen enrichmen-
t, and helium and carbon ignition. To date, normal XRBs
have been observed more than 7000 times, but interme-
diate and super XRBs have only been identified approxi-
mately 70 and 26 times, respectively (Stevens et al. 2014;
Galloway et al. 2017). Therefore, most theoretical investi-
gations of XRBs simulate normal XRBs (e.g., Hanawa et
al. 1983; Fujimoto et al. 1987; Koike et al. 1999; Woosley
et al. 2004). Additionally, super XRBs have been exam-
ined in some studies (e.g., Cumming et al. 2001; Brown et
al. 2004; Keek et al. 2016).

However, intermediate bursts have seldom been the-
oretically investigated regarding the relationship between
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recurrence time and mass accretion. Keek et al. (2009) per-
formed detailed calculations of intermediate XRBs in or-
der to determine the critical accretion rate for stable heli-
um burning. Zamfir et al. (2014) focused on NSs accret-
ing pure helium and considered how the critical accre-
tion rate for thermonuclear burning stabilizes. Therefore,
in their calculations, the mass-accretion rate is very high
around,ṀEdd, whereṀEdd ∼ 1.7×10−8M⊙ yr−1 is the
Eddington accretion rate of an NS. In this work, we study
XRBs produced by an NS accreting pure helium, discuss
the differences between them and those produced by an NS
accreting hydrogen-rich materials, and find the interval of
XRBs as a function of the mass-accretion rate.

In Section 2, we present our assumptions and describe
some details of the modeling algorithm. In Section 3, we
discuss the main results. In Section 4, the main conclusions
are given.

2 MODEL

The Modules for Experiments in Stellar Astrophysics
(MESA) code is an open source stellar evolution code that
solves the equations of stellar structure and evolution in a
completely coupled way (Paxton et al. 2011, 2013, 2015,
2018). It can be employed to study many phenomena of
stellar astrophysics, including XRBs. MESA does not sim-
ulate the core of an NS, but gives a model of the enve-
lope for a 1.4M⊙ NS and offers standard test cases for
the models of normal (NS accreting hydrogen-rich mate-
rials), intermediate (pure helium) and super (pure carbon)
XRBs. We apply the MESA release 10108 for the models
of intermediate XRBs. To simulate thermonuclear instabil-
ity, MESA sets up a model for a 1.4M⊙ NS. However, it
does not simulate the core of the NS but considers only
the bottom of the envelope. For this envelope, the temper-
ature and density range from2.6× 107 to 3.5× 108K and
1.1× 10−4 to 1.5× 108 g cm−3, respectively. When ther-
monuclear runaway occurs, the maximum temperature and
density can reach as high as1.6 × 109K and109 g cm−3,
respectively. To describe this envelope, MESA divides it
into approximately 1300 levels. We have also divided the
envelope into 500 and 2000 levels and obtained the same
results.

Based on Zamfir et al. (2014), the critical mass-
accretion rate for stable thermonuclear burning of inter-
mediate XRBs is approximately2ṀEdd. In the present
paper, we investigate the XRBs. Therefore, we choose a
mass accretion rate of less than2ṀEdd and calculate 21
models in which the mass-accretion rates change from
2.5 × 10−8 to 5 × 10−10M⊙yr

−1. We employ the ac-
creted compositionX(4He) = 1 and apply the nucle-

ar networkapprox21−plus−co56.net. We implement the
Ledoux criterionαLMT to express convection. The choices
of parameters regarding mixing length theory (αLMT) and
semi-convection parameter (αSEM) are 1.6 and 1.0, respec-
tively.

3 RESULTS

3.1 Comparison with Normal XRBs

For a comparison, we also simulate normal XRBs in which
the chemical compositions of materials accreted by an NS
are similar to the solar composition. In observations, the
duration of normal XRBs is approximately between 10 and
100 s, while it is approximately between several minutes
and several hours for intermediate XRBs. The recurrence
time for the former is approximately several hours to sev-
eral days, but it is approximately several weeks or months
for the latter. The luminosities of normal XRBs are approx-
imately between102 and105L⊙, but intermediate XRBs
are usually approximately 10 times more luminous.

Figure 1 shows the light curve of normal and in-
termediate XRBs with a certain mass-accretion rate of
2.0 × 10−9M⊙ yr−1. The results simulated in the present
paper are within the scope of observations. Compared with
normal XRBs, in our simulation, the luminosities of the
intermediate XRBs are higher, and the duration and re-
currence times are longer. The main reason is as follows:
Helium burning requires higher temperature and pressure
than does hydrogen burning. Therefore, an NS must ac-
crete more mass for intermediate XRBs.

The nuclear physics processes are very complex for
XRBs (e.g., Woosley et al. 1976; Fisker et al. 2008;
Woosley et al. 2004). Any XRB may involve charged par-
ticle reactions that can create isotopes with masses of up
to A = 100. The relevant types of reaction sequences in
XRBs includerp− andαp− processes (e.g., Wallace et al.
1981; Schatz et al. 2006). In this work, we do not discuss
the nuclear reactions in particular but give only two domi-
nant nuclear reactions, which mainly power the luminosity.
Figure 2 indicates that the energy of normal XRBs is pro-
duced mainly by hydrogen and neon burning, and that of
intermediate XRBs comes from helium and neon burning.

3.2 Intermediate XRBs

Based on the theory and observations, the duration, recur-
rence time and luminosity of XRBs are strongly related
to the mass-accretion rate. The model of stellar evolution
is based on massive star core collapse; most of the mate-
rial falls on the NS and forms an accretion disk to cause
the change in mass accretion (Li et al. 2003). For nor-



Y.-C. Ma et al.: A Study of Type I X-ray Bursts for an NS Accreting Pure Helium 49–3

(a)

(b)

Fig. 1 The light curve of XRBs for models withṀ = 2.0 ×

10−9 M⊙ yr−1. Panels (a) and (b) are for models of normal and
intermediate XRBs, respectively.

mal XRBs, analyzing 24 normal bursts from GS 1826-24
as observed by theRossi X-Ray Timing Explorer and as-
suming that the mass-accretion rateṀ is linearly propor-
tional to the observed X-ray luminosity, Galloway et al.
(2004) found that the recurrence time equals approximate-
ly Ṁ−1.05±0.02. However, Keek et al. (2010) ascertained
that the recurrence time of EXO 0748–676 is a bimodal
distribution.

Recently, according to whether the recurrence time s-
ince the previous burst was shorter or longer than 45 min-
utes, Keek et al. (2017) divided the recurrence times into
two types: short and long recurrence times. They asserted
that the former is produced by unburned hydrogen during
a long recurrence-time burst with mixing down to the igni-
tion depth by convection for several minutes. Very recently,
Wang et al. (2017) stated that normal XRBs may be gov-
erned by a self-organized criticality process.

Compared to more than 7000 normal XRBs observed,
approximately only 70 intermediate XRBs have been de-
tected. Therefore, we do not know whether the recurrence
time of intermediate XRBs is also a bimodal distribution.

(c)

(d)

Fig. 2 Similar to Fig. 1, but for luminosity powered by differ-
ent nuclear reactions.LH, LHe andLNe represent the luminosity
released by hydrogen, helium and neon burning, respectively.

In this work, we discuss the relationship between the mass-
accretion rate and the recurrence time. In addition, we give
the relations between mass-accretion rate and critical mass.

Figure 3 displays the luminosities of sever-
al intermediate XRBs with mass-accretion rates
of 2.5 × 10−8M⊙ yr−1, 5 × 10−9M⊙ yr−1 and
5× 10−10M⊙ yr−1. The lower the mass-accretion rate is,
the higher the luminosity is, but the longer the recurrence
is. These trends are consistent with observations.

In this research, we simulate 21 models for interme-
diate XRBs with various mass-accretion rates from2.5 ×

10−8 to 5 × 10−10,M⊙ yr−1. Figure 4 gives the mass-
accretion rates and recurrence times in 21 models. The
correlation coefficient equals 0.99. Generally, the results
are consistent with a coefficient of approximately 1. Using
the least-squares method, we fit the function between the
mass-accretion rates and recurrence times (∆trec) by

∆trec = 102(
Ṁ

10−10M⊙ yr−1
)−2.0 d. (1)

The above relation for the intermediate XRBs is differen-
t from the relation of∆trec ∼ Ṁ−1.05±0.02 proposed by
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Fig. 3 The light curve of intermediate XRBs with mass-accretion
rates of2.5× 10−8, 5× 10−9 and5× 10−10M⊙ yr−1.

Galloway et al. (2004) for normal XRBs. In LMXBs, the
mass-accretion rates can be estimated by the X-ray lumi-
nosity byṀ = LX/(ηc

2), whereLX andc are the X-ray
luminosity and speed of light, respectively. The parame-
ter η ∼ 0.1 is the efficiency of converting the accreted
mass into X-ray photons. In addition,∆trec can be ob-
tained by observing the interval of two contiguous XRBs.
In principle, we can check the relation of Equation (1).
Unfortunately, only 70 intermediate XRBs have been i-
dentified, and most of the observed intermediate XRBs oc-
curred after normal XRBs. Although intermediate XRBs
have been observed from 4U 0614+091, SLX 1735–269,
4U 1820–30 and 4U 1850–086, their recurrence time was
not observed (Serino et al. 2016). Kuulkers et al. (2010)
suggested that the recurrence time of 4U 0641+091 is 155 d
at a mass-accretion rate of10−10M⊙ yr−1, which is con-
sistent with Equation (1). Therefore, we need more obser-
vations to check Equation (1).

4 CONCLUSIONS

In this work, we investigate intermediate XRBs, in which
NSs accrete pure helium. Compared with normal XRBs
powered by thermonuclear runaway of the CNO cycle
and neon burning, the intermediate XRBs are triggered by
the triple-alpha process and neon burning. The luminos-
ity of the intermediate XRBs is higher than that of nor-
mal XRBs with the same mass-accretion rate. Similarly,
the duration and recurrence times of the former are longer
than those of the latter. We find that a relation between
the mass-accretion rates and recurrence times can be given
by ∆trec = 102( Ṁ

10−10M⊙yr−1 )
−2.0d. However, we need

more observations to verify this conclusion.

Fig. 4 The fitting function of the mass-accretion rates and the
recurrence times of intermediate XRBs.Solid squares represent
the 21 models simulated in this work.
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