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Abstract. Type-I X-ray bursts are frequently occurring thermonuclear run-
aways on the surface of an accreting neutron star. The different nuclear reactions
that empower the cataclysmic event play a key role in accurately comparing the-
oretical models and observations. We investigate the effect of the uncertainties
in the nuclear reactions using a ONEZONE model for a set of different composi-
tions and accretion rates that are within the range of the standard observed burst
sources. A combination of a full-reaction network and a semi-analytic model is
used to obtain the conditions at the time of X-ray burst ignition via simulating
the settling process of the accreted material. We then evaluate the sensitivity of
the X-ray burst model by varying the proton and alpha-induced reaction rates in
JINA REACLIBV2.2 within representative nuclear physics uncertainties.

1 Introduction

Neutron stars in a low mass X-ray binary accreting hydrogen-rich or helium-rich materials on
the surface can frequently produce thermonuclear runaways, known as Type-I X-ray bursts
(XRBs) [1] [2] [3]. Type-I X-ray burst occurs every few hours to days with a duration of
(10 - 100) s depending on the accretion rate and the accreted composition [4]. Data from
different X-ray observatory satellites (e.g. EXOSAT, RXTE, BeppoSAX, and Chandra) play
an important role in probing the binary system properties with model-observation comparison
[5]. Both observations and models show dependence on the accretion rate and composition
of the accreted materials [6].

Type-I X-ray bursts are powered by the triple-α process, the αp process, and the rapid
proton capture (rp) process [7] [8]. These nuclear processes include many reactions along
the proton-rich side of the nuclear chart. Most of the nuclear reactions are determined the-
oretically due to the absence of experimental data. To understand the phenomena we need
to constraints these nuclear reactions experimentally. Sensitivity studies play an important

∗e-mail: sulta1c@cmich.edu

EPJ Web of Conferences 260, 11040 (2022)

NIC-XVI
https://doi.org/10.1051/epjconf/202226011040

  © The Authors,  published  by EDP Sciences.  This  is  an  open  access  article  distributed  under  the  terms  of the Creative
Commons Attribution License 4.0 (http://creativecommons.org/licenses/by/4.0/). 



role to identify reactions whose reaction rate could be a significant source of uncertainty in
the output of the model calculation [4] [9] [10]. These previous studies investigated a lim-
ited set of specific models. However, in nature model parameters and the associated burst
phenomenology vary widely. Here we use the one-zone model (ONEZONE) [9] to deter-
mine the sensitivity of burst observables to nuclear reactions for a broad range of accreted
compositions and accretion rates.

2 Method

We study the sensitivity of the XRB model to nuclear reaction rates in two steps. First, we ob-
tain the conditions at burst ignition by combining a semi-analytic model (SETTLE code) [11]
with a single-zone reaction network code (NucNet Tools) [12]. Second, we use the one-zone
X-ray burst model ONEZONE [9] to follow the time-dependent explosive burning during the
burst. Reaction rates are varied in ONEZONE to study their impact on the model predictions.
We varied each reaction individually within representative nuclear physics uncertainties.

XRB light curves are dependent on the properties of the binary system along with the
nuclear reactions driving the phenomena [9]. Type-I X-ray burst calculations were done for
a parameter space based on the observed burst sources [6]. We study different astrophysical
conditions with different values of the mass accretion rate and accreted composition. We use
the SETTLE code to calculate the temperature and density profile of the surface layers of an
accreting neutron star. Figure 1 shows the trajectory obtained from the SETTLE code using
an initial accreted hydrogen mass fraction X = 0.9, metallicity Z = 0.02, where Z is the mass
fraction of metals (species heavier than helium), and 20% of the Eddington accretion rate
(ṁEdd). The base heating flux from the interior of the star is assumed to be 0.15 MeV/nucleon
[11]. The NucNet Tools were then used to obtain the nucleosynthesis along the trajectory of
the surface layers. This single-zone network contains isotopes up to xenon and the reaction
data from the JINA reaction database REACLIBV2.2 [13]. We adjust the initial hydrogen and
helium mass fraction and scale the solar composition for the metals. We use NucNet Tools to
follow the evolution of the nuclear composition of the material until the ignition point of an
XRB. Calculations are then continued with the ONEZONE model.

The ONEZONE model used for this study contains a network of 713 nuclei in the proton-
rich side of the nuclear chart from hydrogen to xenon. We varied a set of 1422 proton and
alpha-induced reactions in our one-zone model individually including their reverse rates from
JINA REACLIBV2.2 [13]. For each calculation, we either increased or decreased one reac-

0 20 40 60 80 100 120 140 160 180 200
610×

)-2Column depth (g cm

0.05

0.1

0.15

0.2

0.25

T
em

pe
ra

tu
re

 (
G

K
)

0 20 40 60 80 100 120 140 160 180 200
610×

)-2Column depth (g cm

100

200

300

400

500

600

700

310×

)
-3

D
en

si
ty

 (
g 

cm

Figure 1. Temperature and density profile of the surface layers for an accreting neutron star using the
SETTLE code [11]. See text for initial input. We started our ONEZONE calculation at the column
depth of 1.58 × 108gcm−2.
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tion rate by a factor of 100. The large variation factor was used to capture all the sensitive
reactions [9].

Figure 2. Nuclear composition of the accreted material at the surface (blue line) and at the depth when
we change from NucNet Tools to ONEZONE (orange line), after the settling process using the NucNet
Tools single-zone reaction network code [12].

3 Results

We present sensitivity results for two astrophysical conditions. Both have the same hydrogen
mass fraction X = 0.9 for the accreted material and a mass accretion rate of 0.2ṁEdd while
we used two metallicities Z = 0.02 and Z = 0.01. We refer to the baseline calculation as

Figure 3. The reactions with higher change in the lightcurve profile as determined through the Fs

parameter, for models using two different metallicities for the accreted material. For Z = 0.02 (left), the
list of reactions is dominated by the (p, γ) reactions while for Z = 0.01 (right) the list has higher-ranked
(α, p) reactions in comparison.
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the results obtained with unmodified reaction rates of the JINA REACLIBV2.2 library [13]
(black line in figure 3). We define the sensitivity parameter Fs in the following way,

Fs =| Lc − Lb | (1)

Here, Lb is the maximum value of the specific luminosity for the baseline calculation, and
Lc is the same value for the case with changed rates. We record the high-impact reactions in
table 1. Figure 3 shows the light curves for calculations with high-impact reactions with the
largest change from the baseline. For a metallicity of 0.02, this is mostly dominated by the
(p, γ) reactions while for 0.01 metallicity there are more high-ranked (α, p) reactions in com-
parison. In both cases, the highest change in the light curve is produced by the 15O(α, γ)19Ne
reaction rate.

Table 1. List of high-impact reactions with impact parameter Fs, for calculations with a hydrogen
fraction of 0.9 and 0.2 of Eddington accretion rate, and with two different metallicities (Z) of the

accreted material. Calculations, where the reaction rate was increased by a factor of 100, are labeled as
U, and those where the rate was decreased by the same factor are labeled as D.

Rank Reaction (for Z = 0.02) Fs[1017erg/g/s] Reaction(for Z = 0.01) Fs[1017 erg/g/s]
1 15O(α, γ)19Ne (D) 1.18 15O(α, γ)19Ne (D) 0.90
2 40Ca(p, γ)41Sc (U) 0.95 15O(α, γ)19Ne (U) 0.60
3 40Ca(p, γ)41Sc (D) 0.83 59Cu(p, γ)60Zn (D) 0.35
4 15O(α, γ)19Ne (U) 0.74 14O(α, p)17F (U) 0.26
5 59Cu(p, γ)60Zn (D) 0.53 63Ga(p, γ)64Ge (D) 0.20
6 14O(α, p)17F (U) 0.34 19Ne(p, γ)20Na (D) 0.18
7 44Ti(p, γ)45V (D) 0.29 38Ca(α, p)41Sc (U) 0.16
8 19Ne(p, γ)20Na (D) 0.28 44Ti(p, γ)45V (D) 0.14
9 63Ga(p, γ)64Ge (D) 0.27 65As(p, γ)66Se (D) 0.11
10 45Ti(p, γ)46V (D) 0.22 39Ca(α, p)42Sc (D) 0.10

4 Discussions

The different properties of a binary system with an accreting neutron star can lead to X-ray
bursts with significantly different characteristics. For metallicity Z = 0.02, the conditions
at the burst ignition were a hydrogen mass fraction X = 0.63, helium mass fraction Y =
0.29, temperature T = 0.26 GK, and pressure P = 5.05 × 1022ergcm−3. For metallicity Z =
0.01, ignition conditions were, hydrogen mass fraction X = 0.65, helium mass fraction Y
= 0.28, temperature T = 0.25 GK, and pressure P = 7.19 × 1022ergcm−3. Our results show
that depending on the different ignition conditions different nuclear processes have a stronger
influence on the burst light curve.

We have developed a sensitivity study that considers the condition of burst ignition for
a range of system parameters. Our preliminary results show the features of the accreted
material have a strong impact on the type of important reactions.
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