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Abstract

Regular X-ray bursts are the most prevalent thermonuclear stellar explosions ob-
served in the Galaxy. They occur in accreting binary systems and provide important
constraints about the physics of the involved neutron star — a highly compact object.
The thermonuclear runaway is periodically triggered in the accreted shell in the
atmosphere of the neutron star and can be observed for a few minutes as an intense
increase of the luminosity. Observations have shown that, after thousands of X-ray
bursts, a rare superburst event may take place. Having a day-long duration, it
releases three orders of magnitude more energy. These superbursts are thought to
be triggered by unstable carbon-burning in the ashes of the previous X-ray bursts.
Nevertheless, they are not fully understood. Given that superbursts have a recur-
rence time of a few years, performing a self-consistent numerical simulation of the
gradual build-up of 2C up to the moment when it is ignited, is extremely expensive
in terms of computational resources. Therefore, most simulations of superbursts
start from artificial initial conditions, without simulating the thousands of Type I
X-ray bursts that lead to a superburst. As a consequence, simulations are not yet
capable of self-consistently reproducing the event of a superburst providing all its
observable features.

In this thesis, we present a one-dimensional model which is capable of simulating
thousands of Type I X-ray bursts in the surface layer of an accreting neutron star.
Our code couples general relativistic hydrodynamics with a detailed nuclear reaction
network to investigate the scenario of Type I X-ray bursts. Consequently, we are
able to make predictions for the evolution of the composition of the ashes of Type
I X-ray bursts. Various parameters influence the ignition of an X-ray burst and
the resulting layer of ashes. Therefore, we perform an ambitious parameter study;,
focussing mainly on accretion rates and crustal heating, to find fitting sets for a
superburst simulation. Investigating the change of these parameters, we find three
different burning regimes and, being one of them the most promisingly consistent
with observations, we provide useful constraints in the range of usable parameter
sets for self-consistent superburst simulations.
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Introduction

“A new type of time variation of cosmic X-ray
sources has been found from the Astronomical
Netherlands Satellite (ANS) observations of the
source 3U 1820-30 associated with the globular
cluster NGC 6624.”

— Grindlay et al.
[1]

Approximately forty years ago, the first X-ray bursts were discovered [1]. Even some
years earlier, another X-ray burst at Cen X-4 had been observed, but it was only
related to this type of events in 1976. Subsequently to the discovery of the first
(nowadays known as) Type I X-ray burst, Woosley & Taam (1976, [2]) associated
these events with a thermonuclear runaway predicted from Hansen and Van Horn
(1975, [3D.

Since then, over one hundred sources of Type I X-ray bursts have been identified!
and they are the most frequently observed thermonuclear explosion in the Milkyway
(see e.g. [4, 5, 6]). We discuss observations of Type I X-ray bursts in Section 1.1.
Generally speaking, observations provide important insights about the behaviour of
Type I X-ray burst and the sites where they occur, as discussed in Section 1.2.

In order to simulate a self-consistent superburst, the abundance of '2C in the ashes
is a crucial factor. Recent investigations identify the minimal required mass fraction
of 12C to be at least 10% [7]. Many variables and conditions play a role during the
ignition and the evolution of a Type I X-ray burst, some of them are the accretion
rate, the heat conduction, the reaction rates, the composition of the ashes, the den-
sity profile, the underlying neutron star, the accretion composition, the convection,
the temperature profile, and the crustal heating. Most of them are not yet fully
understood and many of the variables and conditions are closely linked to each other.
Some of the parameters, such as the accretion rate or the accretion composition,

https://personal.sron.nl/~jeanz/bursterlist.html provides a list of Galactic Type-I X-ray bursters.
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can be constrained by observations. Statistical simulations and experiments of the
rp-process isotopes can constrain reaction rates, but still a large fraction of those
reaction rates remain uncertain [8]. Therefore, we have to investigate a large pa-
rameter space.

In this thesis, we want to focus on the influence of the heat source at the bottom
of our computational domain and the accretion rate of the donor star to find fitting
parameter sets for simulating a self-consistent superburst. We do this for two differ-
ent compositions of accreted material: one with solar abundances (in Section 3.3)
and one for helium-rich composition (in Section 3.4). For both compositions, we
identify different burning regimes. One of our aims is to find the right parameter set
to produce a self-consistent superburst. Simulations of superbursts with accretion
of the required amount of carbon have shown that a superburst successfully ignites
due to a thermonuclear runaway in the carbon layer [9, 10]. Simplified superburst
simulations have further confirmed that at least 10% of the mass fraction of the
layer at the ignition depth is needed. Our study of Type I X-ray bursts allows us to
identify promising parameter sets for further superburst ignition studies. Due to high
computational need of the code, performing a self-consistent superburst ignition,
we develop a method for a speed-up of the shift-down of the simulated ashes but
keeping the conditions of the runs already obtained, see Section 3.6. Using this
method we can two times faster state if the simulation could lead to an ignition of
the carbon layer or if the conditions lead to stable carbon burning, which has been
found by [10].

Various groups are working on numerical simulations of Type I X-ray bursts. The
models that are used can be grouped into three main classes: the first predicts
the recurrence time, energetics, and determines the ignition conditions for given
accretion rate and fuel composition without following the time-dependent compo-
sitional structure of the atmosphere. This model has been used for comparisons
to observations at low accretion rates [11] and has originally been developed to
compare with the atmospheric expansion during a burst, suggested by measure-
ments of burst oscillations [12]. The second class are one-zone time-dependent
codes. They simulate some fraction of the nuclear reaction network and are used
to demonstrate the extent of the rp-process — the power source of mixed H/He
bursts [13]. Furthermore, they are used to probe the sensitivity of the light curves
to single reaction rates [14]. The state of the art for modelling X-ray bursts are
one-dimensional multi-zone hydrodynamics codes, which track the nuclear reaction
network, such as KEPLER [15, 16], or MESA [17]. These models have been used for
detailed comparisons to observations, e.g. [18, 19, 20].
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The model used for this thesis belongs to the last of the afore-mentioned class. It
is a numerical model similar to that of J. Fisker [21], who coupled the general
relativistic hydrodynamic code AGILE (see, i.e. [22, 23]) with the nuclear reaction
network provided by Thielemann and Hix [24]. In 2015, Fehlmann parallelized the
code using an hybrid approach using OpenMP/MPI [25]. Additionally, the number
of zones in the model was increased from 129 to 218 grid zones in order to also
include the region of superburst ignition in the domain. The model is explained
in detail in Chapter 2 of this thesis. In Chapter 3, we present our results of our
parameter study with varying accretion rate and crustal heating. We present the
results for two different accretion compositions, since X-ray burst observations have
provided different accretion compositions for sites of superbursts. One of the main
problems in simulating a superburst is to get the right amount of carbon into the
deep layer close to the crust of the neutron star, where it is thought to ignite. Our
aim is to identify the best parameter set, in terms of regular burst behaviour and
carbon production during bursts, for future simulations of superbursts, as discussed
in Section 3.6.






1.1 Observations of X-Ray Bursts and Superbursts

“Stars - In your multitudes - Scarce to be counted
Filling the darkness - With order and light...”

— Javert
Les Misérable

Due to the fact that Type I X-ray bursts are the most common thermonuclear explo-
sions in the Galaxy, they have been and are still tracked by an enormous number of
satellites?. Even on the ISS, MAXI® (Monitor of All-sky X-ray Image) was installed
and NICER* (Neutron star Interior Composition Explorer) is planned to be installed
there in 2017.

Usually, Type I X-ray burst sources are either named using letters of the satellites
which have observed them in combination with a number-code for the galactic
position or after the constellation and the order in that they were discovered [6]. As
an example, for one of the first detections the X-ray source 3U 1820-30 published
in the paper of Grindlay et al. (1976, [1]) was discovered by the satellite Uhuru
—filed in the 3" catalogue of it— and his coordinates in the sky are in right ascension
18 hours and 20 minutes in addition a declination of —30 degrees. The first Type I
X-ray burst was also observed from this source.

Since the seventies, about 107 Type I X-ray burst sources have been found and
observed. They show a broad range of variation in behaviour, such as recurrence
time, that gives the time from one burst to the next burst. The recurrence time can
vary from the common 2 to 4 hours (see e.g. [26, 27, 28, 29]), that is consistent
with the ignition model predictions, but can also be much shorter, in the range of
10 minutes or even shorter (shortest of 3.8 minutes, see [30]). Even some of the
sources turn silent for a time and those sources are called transient X-ray sources
[31]. Type I X-ray bursts show the same global burst behaviour as their luminosity
rises to its peak fast in a few seconds and then decays exponentially. The entire
event lasts from seconds to tens of minutes. Between bursts there is a persistent

! _ and for some sources (e.g.

luminosity — most sources Show Ly, ~ 1036~37erg s~
4U 1705-44, see [32, 33]), the persistent luminosity seems to be correlated to the
recurrence time. The light curve can look different not only from one source to
another, but also from the same source each burst can have their individual shape.

Fig. (1.1) shows bursts from three different sources. In the top box of Fig. 1.1 is one

2Some of the satellites are Vela(1969), Uhuru(1970), ANS(1974), EXOSAT(1983), RXTE(1995),

BeppoSAX(1996), Chandra(1999), Integral(2002), NuSTAR(2012) and far more.
®https://www.nasa.gov/mission_pages/station,/research/experiments/603.html
“https://www.nasa.gov/content/about-nicer
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Fig. 1.1.: These light curves show three different Type I X-ray bursts, observed at three
different sites, which are labelled at the panels right top. The x-axis shows the
time starting at the beginning of the burst. The y-axis shows the X-ray intensity,
the persisting level of X-ray intensity has been subtracted (dotted line). The top
panel shows a long Type I X-ray burst observed in 1998, the lower left shows a
short burst observed in 1999, and the lower right shows an intermediate duration
burst observed in 2000 [27].

Type I X-ray burst of one of the outstanding sources of Type I X-ray bursts sources.
It is the source GS 1826-24, which is also called the clocked burster or the textbook
burster (see e.g. [34, 35]). This burster is remarkable because it exhibits extremely
regular bursting behaviour over a long time period. The reason for this is believed
to be a very stable accretion flow [36]. Therefore, GS 1826-24 is the only source
which fits the thermonuclear flash model well [37].

Observations of Type I X-ray bursts and the found observable quantities, like recur-
rence time or burst duration, are important for comparing results from models and
calculations with the reality [38]. Some of those quantities are listed in Tab. (1.1)
with their range. Furthermore, they are also very important for understanding the
physics of the ocean/surface® of a neutron star better. Observations of Type I X-ray
bursts provide also a way of measuring neutron star’s mass-radius relation and the
distance to the source [28]. Over the last decade, a vast of observational data has

>Those are layers of the neutron star, explained in more detail in Sec. 1.2.3.
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Observable quantity |  Range of the quantity

Recurrence time ;.. 2 —4h
Burst duration tens to hundreds of seconds
Rise time ¢,;s¢ <1-—10s
Decay time % jecay hundreds of seconds
Burst maximum Lyeqr ~ 10%8erg s1
Persistent luminosity ~ 1036=3Terg 51
« parameter ~ 10 — 100

Tab. 1.1.: Observed quantities from X-ray bursters and their ranges.

been collected (see, e.g. [27]), one of them is the MINBAR® data base (short for: The
Multi- textbfInstrument Burst Archive) which will cover data from RXTE, BeppoSAX,
and INTEGRAL JEM-X and will contain over 5000 Type I X-ray bursts [39].

Apart from the recurrence time and the burst duration, also the above-mentioned
rise-time ¢,5., as seen from infinity, of an Type I X-ray burst, can be calculated from
the numerical simulations output and therefore compared to observational data. It
is defined as follows,

trise = UL=Lpeqr — tL=0.02-Lpear> (1.1)

where L. is the bust peak luminosity. The decay time ¢4, or also called e-folding
time, again seen from infinity, is an additional quantity which can be compared to
observations and is given by

tdecay = tin(Lpeqr/L)=1 = LL=Lyear- (1.2)

But one of the foremost important observable parameters is the so-called a-value,
which gives the energy release per gram and is defined by the ratio of the persistent
fluence, E,, to the burst fluence, Ej, and is given by

wo By _ [T Rdt  GM/R

~ (1.3)
b tt+At det Qnuc

where At is the recurrence time between two consecutive bursts, F), is the persis-
tent flux, and F}, is the burst flux. The last term relates the observations with the
interpretation of the model, where G is the gravitational constant (G = 6.673 -

®Geek-sidenote: The name MINBAR is inspired by the TV-show Babylon 5 where it is the name of
the homeplanet of an alien race, the minbari.
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Source [ fracﬁg:ztfl(])\ggj;igwn] Superburst | References
4U 0614+091 0.01 2 [46]
4U 1254-69 0.13 1 [47]
4U 1608-522 0.03 1 [48]
4U 1636-536 0.1 4 [49]
KS 1731-260 0.1 1 [50]
Swift J1734.5-3027 ? 1(?) [51]
4U 1735-44 0.25 1 [52]
XB 1745-248 (Terzan 5) ? 1 [53]
GX3+1 0.2 1 [54]
SAX J1747.0-2853 ? 1 [55]
GX17+2 0.8 4 [56]
4U 1820-303 (NGC 6624) 0.1 2 [57]
SAX J1828.5-1037 ? 1 [58]
Ser X-1 0.2 3 [59]

Tab. 1.2.: Observed superbursts with accretion rate and their reference. The question mark
means that the accretion rate has not been observed from this site or is not given
by literature and the question mark in brackets marks a possible superburst.

10=8 dyn cm? g=2), M and R are the gravitational mass and local radius of the
neutron star, respectively, and GM /R ~ 180 MeV nuc™!, Q.. is the nuclear energy
release, which is for hydrogen burning ~ 8.4 MeV nuc™!, and for helium burning
~ 1.7 MeV nuc~! [40, 41]. Since the nuclear energy is stored and released in a burst
— where it exceeds L,.,s — this nuclear aspect of a site is observable. Observations
provide us with values of & ~ 10 — 100 [36]. We get values for « in the range of
~ 70 — 130. Many sources show that « is correlated with v = F},/max(F}) and
anti-correlated with the burst duration, 7 = E},/max(F;), [42]. There are several
aspects which make the analysis of the observed data complicated as, e.g., possi-
bility of false assumptions about the burst-disk interplay [42, 43], anisotropic flux
[44], or reflection signal that evolves as the burst fades [45]. Therefore, comparing
observations with theory is not trivial.

Some of the sources show a special event, the superburst. Over all, 24 superbursts
have been detected in 14 X-ray sources, see Tab. (1.2). The first event called a “Super
Burst” was detected 1984 [60] in the source 4U 1728-33. Fig. (1.2) shows that a
“Super Burst” differs from normal Type I X-ray bursts, especially in the bolometric
burst fluence Ej, which is the integrated burst flux. A superburst differs from a
normal Type I X-ray burst in exceeding their duration several times — burst duration
of an X-ray burst is from seconds to minutes, whereas a superburst lasts from hours
to days [61]. Observations have shown that superbursts occur at the same source
as previous Type I X-ray bursts after thousands of normal bursts. In terms of peak
luminosity, they are not different from X-ray bursts, but their energy release is

Chapter 1 Introduction



with ~ 10?2 erg much higher than a normal Type I X-ray burst (typically 103 erg).
The light curve is characterised by a decay over several hours and after that the
envelope has to cool down first before a sequence of Type I X-ray bursts can reappear.
Therefore, no X-ray burst can be observed for weeks after a superburst [9].
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Fig. 1.2.: a) E, is the bolometric burst fluence, F,,,. is the bolometric peak burst flux,
which is the rate of the energy emission over the entire energy spectrum per
unit area. The dots show the observed bursts. The short Type I X-ray bursts are
all in the same area and show a linear relation between burst fluence and flux.
The “Super Burst” is special and differs from the rest of the observations. b) This
histogram shows the distribution of the bolometric burst flux, where a superburst
is outstanding, is plotted here with given criterias from [60]. Both figures are
taken from [60].
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1.2 Theory

1.2.1

“Abandon all hope, ye who enter here.”

— Dante Alighieri
Inferno

This section aims to explain what is thought to happen during an Type I X-ray burst,
a superburst, and at which astrophysical site those phenomena are happening.

Thus, we will first discuss some basics about nucleosynthesis in Section 1.2.1, then
we describe the evolution of stars in general in Section 1.2.2, then we focus on
neutron stars in Section 1.2.3, because they — bound in a binary stellar system
(discussed in Section 1.2.4) — are the sites for Type I X-ray bursts and superbursts. In
Section 1.2.5, we will discuss Type I X-ray bursts and what is theoretically happening
in the accreted shell of a neutron star. On average, after a few thousand Type I X-ray
bursts, a special burst a so-called superburst can be observed. Those superbursts are
discussed in Section 1.2.6.

Nucleosynthesis

The fast nucleosynthesis processes in a Type I X-ray burst are defined by an interplay
of several charged-particle reactions and 3" -decays at characteristic densities and
temperatures. This section gives an overview of the needed formalism to calculate
reaction rates. For further detail, see [62, 63, 64, 65, 66, 67].

For all reactions i(j, k)m, where i is the heavier target nucleus, j the lighter incoming
projectile, & the lighter outgoing particle (ejectile), and m the heavier residual
nucleus, we can write down the rate r;;, which is the number of reactions per
volume and per time, in this way:

1
—ninj (0v);

Ti; =

Here §;; is the Kronecker-Delta, which prevents the double counting of reactions
with identical particles ( = j). For the species i and j, n denotes the number density

1.2 Theory
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and (ov),; is called reactivity, and gives the thermonuclear reaction rate per particle
pair. It is given by:

= (i) (o)

The reactivity includes the integral over all the possible kinetic energies F of the

[NIES
Njw

/ o(E)Ee "t dE. (1.5)

e _B . .
Maxwell-Boltzmann distribution e~ %7, times the reaction cross section o. The cross

section is given by the number of reactions per target per time, divided by the flux

of incoming projectiles. Therefore, o has the dimension [cm?]. The cross section can

be written as M, where v is the relative velocity. If the participating nuclei obey
TLJ’U

Boltzmann statistics and the cross section is known (from experiments or theoretical

calculations), (ov),; can be determined easily.

Reaction rates can also be expressed in terms of the mean life times 7 of a particle i

against destruction by projectile j,

1
7i(1) = ———. (1.6)
J <O'U>Z»j n;
We can now write the change of the number-densities of the different particles
involved in the reaction. For the nuclei that are destroyed in the reaction, it has the

form: 3 3
i\ _ (9N
(&)p ( 8t)p - 1.7)
and for the nuclei that are produced in the reaction
ong\  (Onm\ -
((%),, = <8t )p = +T’Z], (18)

where the index p means that we assume constant density, because the reaction
timescale is much shorter than the dynamical timescale in which the density could
change. Now we use the abundances Y; to avoid the dependency on density fluctua-
tions. Y; can be written as Y; = %’, where X; is the mass fraction and A; is the mass
number. The connection between abundances and number densities is given by

where N4 stands for the Avogadro-constant, N4 = 6.02214 - 10**mol~!. We are
interested in the changes of the number density or the abundance over time. Using
the product rule for the total differential,

dn  On Y  Ondp
T oot T apar (1.10)
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we can write the temporal change of the number density

;= = = i—. 1.11
T <8t)p+(at)yi <8t)p+np (111

Rewritten for the change of the abundances in Eq. (1.9), we get

_ fLi B n; B
pNa  pNap

Y; (1.12)

If we insert Eq. (1.12) into the original differential Eq. (1.7), we get for the temporal
change of the abundances

1 Onl rij
- = — 1.13
= o (3 )p N’ (113

where r;; is the already known rate given in Eq. (1.4), which we insert together with
Eg. (1.9) into Eq. (1.13) to obtain
1

Y, = _1+5z'ijA (ov),; YiYj. (1.14)

This can be done for all the participating nuclei in the reaction. For the exam-
ple i(j, k)m, we will then get three more changes of abundances in addition to
Eq. (1.14), i.e.

. 1
Yi = 140y pNalowh; 1Y (1)
. 1
Y = T 5,,PNA <0'U>ij YiY; (1.16)
7]
. 1
Yo = 755.°Na (ov);; YiY; (1.17)
ij

where we can see that the nuclei ¢ and j get destroyed and the nuclei k¥ and m are
produced in this reaction.
For decays i — m the rate can be written as

i = NiAi, (1.18)

which gives us the number of reactions per time and per target nucleus i. The ); is
the decay-constant for the nucleus i. Additionally to decays, we can calculate the
change of the abundances for photodisintegration, electron-capture, etc. in a similar

1 on; T
- iy ___Ti (1.19
PN ( ot >p N )

way and get

Again, with the already known rate, we can insert Eq. (1.18) into Eq. (1.19) and
find
Y, = —\Y,. (1.20)

1.2 Theory
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In a similar way, we get the change of the abundance for the produced nuclei m in
the case of the decay
Y = \Yi. (1.21)

For normal decays, like 5-decays or a-decays, there is another characteristic quantity
which describes the decay. It is called the half-life 7 /5, and can be expressed in
relation to the decay-constant \; of the decay

In2

A\ = . (1.22)
T1/2,i

In an astrophysical plasma, multiple reactions occur at the same time, so for each
nucleus we can write down the change of the number densities over time

<8m) ZN”’J + ZN ST SR ; (1.23)

Ji k1

where N' is the number of the nucleus species 4, which is destroyed during the
reaction. The summation indices refer to the residual nuclei that are produced.
The first term describes all possible decays which produce or destroy the nucleus ¢,
the second term is the sum of all possible two-particle reactions, the third term
is the sum over all possible three-particle reactions, and so on for higher particle-
number reactions which are usually negligible. Three-particle reactions are actually a
sequence of two two-particle reactions with an intermediate reaction product which
is destroyed on extremely short timescales, and hence, can mathematically be written
like a three-particle reaction. The most important three-particle reaction is the triple-
« reaction [68]. Here, all the other three-particle reactions are insignificant, because
they are very improbable, even at very high densities.

Again, we can write Eq. (1.23) as the change of the abundances

Y; = ZN’)\ Y; +Z 1 +5 — L pNA (00) 1 Y Va(+ ). (1.24)

The only three-particle reaction which cannot be neglected is the already mentioned
triple-a process, which occurs during He-burning, as discussed in Section 1.2.2.
Under the conditions of He-burning, the triple-« process is the only possible reaction
to overcome the gap in the row of stable nuclei at A = 5 and A = 8. The first step
in the triple-a-process is *He +* He =% Be. ®Be is also unstable and will decay
on a timescale of about 2.6 x 107165 [62]. But with increasing temperatures and

densities,more and more ®Be nuclei are produced and a small abundance of them
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remains in a chemical equilibrium. Because of the equilibrium, the temporal change
of ®Be is equal to zero,

. 1
Yope = 5pNa (o, @) Y2 — AspeYape = 0, (1.25)

. . _ r .
where \sp. is the decay-rate of ®Be and this is equal to TgBi = —3B where I'sp, is the

width of the ground state. With Eq. (1.25) and the given circumscriptions of \sge,

we can write down the equilibrium abundance of ®Be,

Yape = pN4 (a, a) Y2 (1.26)

2F8Be

The next step in the triple-a process is the capture of another a-particle to the
existing ®Be, i.e. ®Be +% He —!? C. We can again write the temporal change of the
abundance of '2C, like we have done before for ®Be, with the exception that this
reaction is not in an equilibrium.

Yizc = pNya (a, ®Be) Y, Yage, (1.27)

where we can insert Eq. (1.26) to get

h

Yieg = p°N3 (a, a) (o, ®Be) Y2 (1.28)
2F8Be
1
= gpQNi (o, o, @) Y2 (1.29)

From Eq. (1.28) to Eq. (1.29), we treat the two step reaction like a three-particle
ng
PN 4
a-particles - here n? - influences the abundance change of '2C strongly. This is the

reaction. We can see in Eq. (1.29), if we insert

=Y}, that the number density of

reason why the triple-« process is so sensitive to the number density of a-particles.
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1.2.2 Stellar Evolution

Stars of different initial masses live through different burning stages due to diverse
central temperatures and will end up as different final objects. Therefore, the
evolution of stars are linked strongly to their initial masses. Those mass ranges
are shown in Tab. (1.3). 0.08M, is the limit for hydrogen ignition in an objects
and those below 0.08M never reach the central temperatures needed to ignite
H-burning in the core. Slightly more massive stars with up to 2M, are so called
low-mass stars. They undergo H-burning and a helium white dwarf is left over
because the conditions for helium burning is never reached. Intermediate-mass stars
run through hydrogen, helium and carbon burning stages in the core and release a
planetary nebula in their last stages of living. The remnant is then a CO white dwarf
or even a more massive ONe white dwarf. Objects over 11 M, are called massive
stars, they go through all the hydrostatic burning stages and will end their lives with
an explosive event, the core collapse supernova. The mass limit between massive stars
which end as neutron stars and those which end as black holes is not known exactly.
We note that the precise mass limits depend on the metallicity of the star. One aim in
astrophysics is to explain the solar abundances (see Fig. (1.4)) with different events,
which give matter back into the universe. The longest part of their lives, stars will

{r]ti[tl?l Masses Core Burning Stages Shell Burning Remnant

0

0.08-0.4 H - He white dwarfs

0.4-2 H, He H, He CO white dwarfs
CO withe dwarfs or

2-11 H, He, C H, He ONe white dwarfs

11-25 H, He, C, Ne, O, Si H, He, C, Ne, O | Neutron stars

> 25 H, He, C, Ne, O, Si H, He, C, Ne, O | Black hole

Tab. 1.3.: The initial masses, burning stages in core and shells of the stars, and their
remnants [64].

stay in hydrostatic burning stages. The fascinating end of a star just happens in a
wink compared with the rest of its lifetime.

Hydrostatic Burning Stages

As shown in Tab. (1.3), a star, depending on its initial mass, can undergo different
burning stages. These stages are named after the main nuclear fuel used in the
corresponding phase, as shown in the last column of Tab. (1.4). The thermonuclear
reactions of these nuclei release energy which counteracts the self-gravity of the star.
The series of these stages are in the following order:
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and get faster and faster because the nuclear reaction produces less and less energy
the more massive the fused nucleus becomes. For heavier isotopes it gets harder to
overcome the Coulomb barrier. The timescales of the different burning stages are
also shown in Tab. (1.4) in the fourth column. There, the first two rows correspond to
a 1M, star, while the last six present the burning stages of a more massive 20/, star.

Burning Pe T. T Lphoto L, Primary
stages [gecm™3]  [GK] [yr] [ergs/s]  [ergs/s] Reactions
Hydrogen 150 0.015 1x10' 3.9x10% - pp-chain
Helium  2.0x10° 0.15 4x10® 1.6x10% - Triple o
Hydrogen 5.6 0.040 1x107 2.7x10%® - CNO-cycle
Helium  9.4x10> 0.19 9.5x10° 5.3x10% < x10% Triple o
Carbon  2.7x10° 0.81 3.0x10% 4.3x10% 7.4x10% 12C+!2C — 2Ne+a
Neon 4.0x10% 1.7 0.4 4.4x10%®  1.2x10%  2Ne+vy — 190+«
Oxygen  6.0x10% 2.1 0.5 4.4x10%  7.4x10% 160410 — 28Si+q

Silicon  4.9x10" 3.7 0.01 4.4%x10%® 3.1x10% 28Gi4+7a — 9ONi

Tab. 1.4.: Stellar burning stages and their center conditions for a 1M, star from [69] and
for a 20M, star from [70]. This table is taken from [24].

The first burning stage is the hydrogen-burning stage. As soon as the conditions for
the H-burning in the centre are reached, the reaction ignites. Typical temperatures
for core H-burning are 0.008 — 0.055GK. Depending on the mass of the star and,
consequentially, on the temperature as well as on the metallicity, the H-burning
takes place in two different ways: the pp-chain or the CNO-cycle. In both cases, the
net reaction is 4p — *He + 2e* + 2u,. The pp-chain first builds up deuterium due
to the reaction 'H(p, e*v,)?H. The formed deuterium reacts with another proton,
2H(p, v)?He, and builds up *He releasing a photon. If two 3He are built, they can
undergo the reaction *He(*He, 2p)*He and finally produce *He. The CNO-cycle
converts also 'H into “He, but it needs the nuclei C, N and O as catalysts. They
undergo a sequence of (p, ) and (p, «) reactions with subsequent (-decays of
unstable isotopes.

It depends on the characteristics of a star, which path is preferred and produces the
most energy. For example, in the sun the main part of the energy is generated by
pp-chain reactions. Additionally to the condition of having enough of the CNO-nuclei
there is a critical mass limit above which the CNO-cycle is getting more important
for the energy generation. In Fig. (1.3), the two curves of the CNO-cycle and the pp-
chain are shown. The dot indicates the properties of the sun. The two curves show
which process, pp-chain or CNO-cycle, dominates the energy production depending
on the temperature. In Fig. (1.3), the y-axis is the logarithm of luminosity L relative
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Fig. 1.3.: The logarithm of the normalized luminosity, i.e. log,,(L/Lg), as a function of

temperature. The solid line represents the pp-chain, the dashed line indicates
the CNO-cycle. The black dot marks the properties of the sun, where most of the
energy is produced by the pp-chain reactions. This figure is taken from [71].

to the solar luminosity L. The x-axis shows the temperature. The comparison of
the two gradients of the curves shows that the CNO-cycle is much more temperature
sensitive than the pp-chain.

Helium-burning follows the hydrogen-burning stage in the life of a star. After the
H-burning, the reactions cannot follow-up with simple proton or neutron captures
because there is a gap in the row of stable nuclei at A = 5 and A = 8. Therefore,
there must be a reaction that overcomes this obstacle. This is the early mentioned
triple-« reaction [68]. The net reaction of the He-burning is 3*He —'2C. This can
be split up in two reactions: 2*He— ®Be and ®Be+*He—'2C. The triple-« reaction
rate is extremely sensitive to the number density of “He, which has been discussed
in detail in Section 1.2.1. Temperatures during core helium burning are in the range
of 0.1 — 0.4GK [64].

After the He fuel has been consumed, the carbon-burning stage ignites. The carbon-
burning takes place at temperatures of 0.6 — 1.0GK. During this stage '2C can be
burnt by two different reactions: one is 12C(!2C, ))?°Ne, which is the main reaction,
and the second one is '2C(*2C, p)?*Na, which is responsible for only a small fraction
of carbon depletion. These two reactions release free protons and a-particles, which
are important for further reactions and dominate the energy production. Those
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Fig. 1.4.: Solar abundances from [72] with silicon abundance normalized to 10%. This
figure is taken from [73]

following reactions are 23Na(p, a)?*’Ne, ?*Na(p, v)**Mg, and 2C(a, v)1¢0.

Before the needed temperature for oxygen fusion is reached, the thermal photon
bath reaches an energy level that makes photodisintegration of 2°Ne possible. During
core neon-burning, temperatures of 1.2 — 1.8GK occur. The main reaction during
neon-burning is 2°Ne(v, «)!%0. The a-particle that is freed by this reaction can be
captured by other °Ne and produces ?*Mg. This can be written as 2°Ne(a, v)*Mg.

The next burning stage is the oxygen-burning stage because the fusion of oxygen has
now the lowest Coulomb barrier. Its usual core temperature is between 1.5 — 2.7GK.
The three main reactions of oxygen-burning are: °0(1%0, p)3'P, 150(*60, a)?si,
and 190(%60, n)3!S(3*)3!P. The most abundant nuclei after the oxygen-burning are
285i and 32S.

The last possible hydrostatical burning stage is the silicon-burning stage. Tem-
peratures during core silicon-burning are in the range of 2.8 — 4.1GK. Similar to
neon-burning, silicon-burning also starts with the photodisintegration of its fuel
and releases protons, neutrons and «-particles which can be captured by the other
nuclei in the plasma. The reactions of two silicon nuclei, 2Si+28Si, or a silicon
nucleus with a sulphur nucleus, ?8Si+32S, are rather improbable because of the
high Coulomb barrier. But the high temperature allows the capture of protons
and a-particles, since they are energetic enough to overcome the Coulomb barrier.
Neutrons have no charge and therefore the Coulomb barrier is never an obstacle
for them. The following nucleosynthesis that transforms the existing nuclei to
nuclei of the iron peak (around A = 60) is quite complex. First, a so-called QSE
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(quasi-statistical equilibrium) occurs and builds up two main clusters of nuclei at
A =24 — 43 and A = 50 — 67, which will merge with rising temperatures. At
the end of the silicon-burning stage, the high temperatures allow all nuclei to be
in a large quasi-equilibrium group of strong and electromagnetic reactions from
protons, neutrons, a-particles up to the iron peak nuclei. This is called NSE (nuclear
statistical equlibrium).

During He-burning in the core and the shell, it is possible that the existing neutron
rich nuclei reacts with a-particles, releasing a single neutron, («, n). These free
neutrons can subsequently be captured by pre-existing nuclei up to iron and, over
a sequence of neutron capture and -decays, heavier nuclei are synthesised, up
to Pb and Bi. This is called the s-process and occurs under conditions with a low
photodisintegration level.

Explosive Burning

Even if most of the isotopes of Fig. (1.4) are produced in stars during the hydrostatic

burning stages, they are still bound in the gravitational potential well of the stars.

An event that releases the isotopes out into space is needed and for this task a huge
amount of energy is required, like an explosive event would release. The most
famous explosive event is a supernova that highlights the end of a massive star. The

last stage of such a star is the Si-burning stage, which produces nuclei of the Fe-peak.

These Fe-peak nuclei are the strongest bound elements - less or more massive nuclei
are bound more weakly. Therefore, all reactions involving Fe-peak elements are
endothermic meaning that, when the Si fuel is depleted, the iron core contracts
because it cannot sustain the self-gravitation of the star. This contraction turns
into a collapse until the matter of the core is so dense that the degenerate nucleon
pressure halts the collapse. The material from outer regions of the star still falls on
the compact core, which is called proto-neutron star, and bounces off. The formed
shock wave runs outwards through the overlying layers. It comes to a halt after a few
ms and is supposedly revived by neutrinos from the hot underlying proto-neutron
star. The shock wave then passes through the layers, heats them up, accelerates and
unbinds most of the material so it can escape into space. This event is known as a
core-collapse supernova (also called CCSN or Type II SN). When the shock wave
propagates through the layers it heats them up to several GK and causes further
nucleosynthesis [24]. Many of the reactions happening in this scenario are similar
to the corresponding reactions in the hydrostatical burning stages, but they occur at
higher temperatures and on shorter timescales. Hydrodynamic models and nuclear
reaction networks for CCSN are an active field of recent research and will not be
discussed in this thesis in more detail. But we address the reader to the following
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reviews on the topic [74, 75, 76].

A second type of supernova is the thermonuclear explosion of a white dwarf (or
Type I SN). The explosive C-burning of the white dwarf can happen in two ways. Both
ways include mass transfer from a companion in a binary system (see Section 1.2.4),
e.g. an AGB star. One possible scenario occurs when the white dwarf accretes
mass from a donor star and exceeds the maximum stable mass for white dwarfs,
the so-called Chandrasekhar-mass (approximately 1.4M). When approaching the
Chandrasekhar-mass, the star becomes unstable and collapses, heating up the CO
core and igniting carbon under degenerate conditions. The other way leading to
the thermonuclear explosion of a white dwarf is that it accretes a He-layer from a
companion star. This accreted layer undergoes a thermonuclear runaway, which
results in the explosion of the white dwarf. In both cases the triggered flame
front of the thermonuclear explosion disrupts the entire white dwarf and leaves a
composition of matter dominated by Fe-peak and intermediate nuclei.

Another event involving a white dwarf typically bound in a binary system is the so-
called nova. The white dwarf slowly accretes material from the hydrogen shell from
its companion star, and if the conditions for temperature and density of H-burning
are reached, the accreted hydrogen ignites in a layer on the surface of the white
dwarf. The conditions of the environment on the surface of the white dwarf lead to
explosive hydrogen burning via the hot CNO-cycle (HCNO). A nova releases about
1046 — 10*"ergs in 100 — 1000s and reaches temperatures of 0.2 — 0.3GK [24]. An
similar event, but happening on the surface of a neutron star, is a Type I X-ray burst,
see Section (1.2.4) for more details.

Explosive nucleosynthesis is similar to stable burning but happens in a smaller
timescale, under extremely high temperatures and high densities. The conditions of
explosive burning leads to new reaction paths. One possible process is the r-process
(rapid neutron capture), which is like the s-process (slow neutron capture) in the
hydrostatical nucleosynthesis, but the neutron capture happens faster, which leads
to heavy neutron-rich nuclei. The r-process occurs only in events with high neutron
concentrations and comes very close to the neutron dripline. The required large
neutron concentration for the r-process could occur in the innermost regions of
CCSN ejecta or in the decompression of neutron star matter [24].

In explosive hydrogen burning in an environment, with a significant fraction of
CNO-nuclei, the hot CNO cycles occur. The temperatures needed for these cycles
are over 0.1GK. Each hot CNO-cycle transforms four protons into an a-particle, the
hot CNO-nuclei act as catalysts and their total number, if no other reactions occur,
remains nearly constant. Disparate to the CNO-cycle, where all unstable nuclei
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undergo (-decay, in the hot CNO-cycle the produced unstable nuclei can undergo
additional reactions, such as (p, ) or (p, «). At “low” temperatures only isotopes of
mass numbers A < 20 are included. If the temperature rises over 0.4GK, «a-particle-
induced reactions are more likely to happen and through a breakout sequence the
production of heavier nuclei begins [64]. The hot CNO-cycle, and other proton and
a-particle consuming reactions are discussed in more detail in Section 1.2.5, because
they play an important role for Type I X-ray bursts.
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1.2.3 Neutron Stars

“... the phenomenon of a super-nova represents
the transition of an ordinary star into a body of
considerably smaller mass.”

— W. Baade and F. Zwicky
[77]

Neutron stars, amongst the directly observable objects, are the most compact ones.

As we have mentioned in Sec. (1.2.2), neutron stars are the remnants of supernovae:
the death of massive stars (8Mg < Mipitial < 25M). Already in 1934, Baade and
Zwicky proposed the idea of a neutron star as a remnant of a supernova, having a
very small radius and high density [78]. Another possible way of forming a neutron

star is through the accretion-induced collapse of a white dwarf in a binary system.

The event is also a supernova and depending on how much energy is released
during the event, the white dwarf either collapses to a neutron star or is completely
destroyed [79].

A typical neutron star has a radius of ~ 10— 15km and a mass of ~ 1.4M, but exotic
extremes up to 3.2M, are theoretically possible, but ruled out by observations (see
e.g. [80]). A neutron star is gravitationally very strongly bound. The gravity at the
surface is about 10!! times bigger than on the surface of the earth, and the neutron
star has a strong magnetic field on its surface of up to 10'2Gauss [81]. The material
of a neutron star consists primarily of neutrons because under the conditions found
in a neutron star, it is energetically favorable to combine protons and electrons to
form neutrons and neutrinos. Under the condition of not reaching higher masses, a
neutron star cannot further collapse because of the Pauli principle that states that
two fermionic particles - in this case the neutrons - cannot occupy the same place and
quantum state at the same time, i.e. the degeneracy prevents the further collapse.
Otherwise, it could build a quarkstar or a blackhole. The interior of a neutron star is
highly theoretical and not well known. Conditions such as in the core of a neutron
star are no where else in the universe observable and certainly not on earth. Due to
different constituent particles and theoretical phases, the interior of the neutron star
can be split into different parts (shown in Fig. (1.5); see e.g. [82, 83, 84]). Those
parts are the core, the crust, the ocean, the atmosphere and the photosphere. The
ocean and the atmosphere are also in some literature combined mentioned as the
envelope. The depth in Fig. (1.5) is given in meters and in terms of the column
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Fig. 1.5.: A sketch of the structure of a 1.4M¢, neutron star with a 10km radius. Shown are
the thickness of the different shells and the column density at their boundaries.

density, which is a common quantity in the studies of X-ray bursts. Inside a neutron
star with a radius R, the relativistic column density y, at a radius r is given as

R dr’
v = [ ol (1.30)

where p is the density and I" is defined as

2GM

r—1-222
Re? '’

(1.31)

with ¢ being the speed of light, G = 6.673 - 10~8 dyn cm? g2 is the gravitational
constant, and M is the mass of the neutron star.
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1.2.4 Binary Systems

Roughly every tenth known neutron star in our Galaxy is found in a X-ray binary
([85]). Observations have shown that more than half of the stars of our galaxy are
found in binary or multiple star systems (mentioned in e.g. [64, 86]). If the stars
are far enough away from each other, they hardly have any influence on each other.
But if they are members of a close binary system, they will considerably affect each
other’s evolution. In extreme cases of closeness, the two stars are so nearby that
they can share a common envelope. They are then called contact binaries. A binary
system has a Roche Lobe, which is an equipotential surface of the gravitational field
around both stars that touches at the Inner Lagrangian point where the effects of
gravity and rotation cancel each other (see Fig. (1.6)). If one star reaches the Inner
Lagrangian point, it will lead to mass exchange from the donor to the accretor of
the binary system. This can happen through two events: One is that the binary
system loses energy through gravitational waves and the stars get closer until one
reaches the Inner Lagrangian point, or one of the stars evolves and expands until its
envelope touches the Inner Lagrangian point.

Roche lobe [Inner Lagrangian point|

Fig. 1.6.: Sketch of a binary star system. Each star is surrounded by the Roche Lobe. The
dashed lines show the equatorial belt of the Roche Lobe.

This mass transfer can lead to explosive events, the most common ones are type
Ia supernovae’ and classical novae, where the mass is transferred onto a white
dwarf, or X-ray bursts where the mass is transferred onto a neutron star. The mass
that is exchanged consists mostly of H and/or He because the matter is from the
outer envelope of the binary companion, which is usually unburnt stellar material.
The overflowing matter does not fall directly onto the surface of the accretor, but
forms a accretion disk around it. If the angular momentum of the thin stream of
matter, which is transferred through the Inner Lagrangian point (see Fig. (1.6)) of
an accreting binary system, exceeds ~ r;c (where r; is the radius of the innermost

"Type Ia supernovae are different from the other two events since the explosion disrupts the white
dwarf and, in general, neither a neutron star nor a black hole is left behind, whereas the other two
events are repetitive and the accretor survives.
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stable orbit), and consequently it forms an accretion disk [87]. The matter of the
disk then may even burn [88], may fall onto the accretor, may go back to the donor
or may even leave the system completely through the second Lagrangian point [82].
A fraction of the matter of the accretion disk spirals inward and accumulates unburnt
or can burn steadily during the accretion on the accretor’s surface, where it builds
up a new shell of ashes. A binary star system, with a neutron star as an accretor
that emits most of its radiation in X-rays, is called an X-ray binary system and is
class-divided depending on the mass of the donor star. Usually, X-ray burst sources
have a short orbital period (between 0.2 and 15h [6]), because the involved stars

are close.

Chapter 1 Introduction



1.2.5 X-ray Bursts

X-ray Binaries

X-ray binaries are close binary star systems where the compact accretor is a neutron
star or a black hole. Those binary systems can be split into three different classes con-
cerning the mass of the donor of the system. These classes are shown in Tab. (1.5).
The donor can be, e.g., a main sequence star, a red giant, or a white dwarf. Most of
the known LMXBs are perpetual active X-ray sources [5]. The transient X-ray sources
give indication that the accretion rate from the disk onto the compact object is not
constant. Most LMXBs are discovered in stages of emitting a persistent luminosity in
the range of 0.001 — 0.1Lg4q (Lp4q is given in Eq. (1.38)). Only few Type I X-ray
bursts have been detected in quiescent phases [89].

Class of X-ray binary \ Mass of the donor star
high-mass X-ray binaries (HMXBs) > 5Mg

intermediate-mass X-ray binaries (IMXBs) | 5Mq > Myonor > 1 Mg
low-mass X-ray binaries (LMXBs) < 1M

Tab. 1.5.: Classes of X-ray binaries in dependence of the mass of the donor star.

X-ray Burst Classes

The X-ray burst itself is characterised by a sudden increase in the radiation intensity
compared to the normal level, see Fig. (1.1) for Type I X-ray bursts. All the X-ray
bursts are classified into two types, Type I X-ray bursts and Type II X-ray bursts. Type
I X-ray bursts are again sub-classified in short X-ray bursts and superbursts, as the
sketch shows in Fig. (1.7). All Type I X-ray bursts and, therefore, also all superbursts,
take place in LMXBs because they ignite at the same site.

The light curve of the two types of X-ray bursts is substantially different. The tail of
a Type I X-ray burst light curve, after a sudden increase, decays softly - in contrast to
the tail of the light curve of a Type II X-ray burst which decays more rapidly [27].
The duration of a Type II X-ray burst ranges from ~ 2s up to ~ 700s with intervals
between the bursts from only ~ 7s up to ~ 1h [6]. The reason for the unequal light
curves is that the two different types occur at different sites. It is believed that the
Type II bursts occur due to sudden changes in the accretion rate in a X-ray binary
system [27]. The smooth decay of the light curve of a Type I X-ray burst allows to
infer that the site must be on the surface of a neutron star. The decay indicates the
cooling of the material on the neutron star after a thermonuclear flash. The time
until the light curve reaches its maximum varies between 1s and 10s, while the decay
afterwards happens on a timescale of about 10s to 100s. Three different Type I X-ray
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Fig. 1.7.: The classification of X-ray bursts into Type I and Type II bursts with respect to
the site of the burst. Type I sub-classifies in short X-ray bursts and superbursts
depending on the duration of the burst and the thermonuclear processes taking
place.

burst light curves are shown in Fig. (1.1). The shape of the light curves gives a hint
to what is the primary fuel of the thermonuclear runaway. Fast rises in the burst
light curve are an indicator for mainly explosive He-burning, whereas slow rising
intensities and slow decays in light curve are characteristics indicating a fuel mixed
with H and He [27]. The energy release of a typical Type I X-ray burst is in the range
of 103 — 10%%erg (for comparison a nova releases 10*¢ — 10*"erg and a supernova
~ 10%erg [24]).

Type | X-ray Bursts

In this thesis, we will focus only on Type I X-ray bursts and superbursts. In an
accreting binary system with an accretion disk, where we observe Type I X-ray bursts,
the accretion rate has to be below the Eddington critical accretion rate, otherwise
the system does not survive long enough to be observed [90]. The Eddington critical
accretion rate depends on the composition of the accreted material and is defined as

4rGM
ckon

Mpaq = (1.32)

where G is the gravitational constant, M is the mass of the neutron star, ¢ is the

speed of light, 7 is the accretion efficiency given by n = %, and kg is the Thomson
opacity described as
st e\’ 1 2
== — > X, 1.33
"= 73 <mec2> My ZZ: A; ( )

where e is the electron charge, m, is the electron mass, and m,, is the mass unit. In
the sum over all nuclei of the accreted matter, Z; is the proton number, A; is the
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mass number, and X; is the mass fraction of the isotope i. This leads for a 1.4M;,
neutron star with accreting solar abundances (71% hydrogen, and 27% helium) to a
Eddington critical accretion rate of approximately:

Mpag ~ 2 x 10 8Meyr ! = 1.3 x 10'8g s71. (1.349)

If the donor star has lost the outer envelope during its life or is a white dwarf (e.g.
the case of an ultra-compact binary in [91]), the composition of the accreted matter
is hydrogen-deficient (as in [91]) and therefore the Eddington critical accretion rate
is shifted to higher values,

Mpag ~ 3 x 1078 Moyr ™' =1.9 x 10'8g s71. (1.35)

As already mentioned in Section (1.2.3), the gravity at the surface of the neutron
star is in the order of 10'* cm s~2. Therefore, in-falling matter sets a big amount
of gravitational energy free. This energy heats the in-falling matter itself and the
accretion disk, which results in fully ionization of the in-falling matter when it
reaches the neutron star. This heating of both explains the persistently observed
X-ray emission between the bursts [3]. Under the assumption that matter falls from
infinity, the total energy release from mass transfer is given by

L= (1 —/1— 2GM) M ~ %M, (1.36)

Rc? R

where M is the total mass transfer. The total persistent luminosity observed from X-
ray binaries consists (beside the luminosity from the mass transfer) additionally from
the disk luminosity. This disk luminosity can exceed > 10% of the total persistent
luminosity and depends on the geometry of the accretion flow. Therefore, the
persistent luminosity can not be taken as a precise indicator of the instantaneous
accretion rate [92].

For a Type I X-ray burst to occur, the material has to be transferred primarily
unburned, but fully ionized, onto the surface of the neutron star, where it is accreted
and undergoes gradual compression due to more matter being continuously piled
on top of it (as shown in Fig. (1.8a)). Under the prevailing conditions of the
atmosphere, in contrast to the nucleons, the electrons are degenerated and described
as a Fermi-Dirac gas while the nuclei on the other hand behave like a temperature
dependent ideal gas, but the partial pressure of the electrons is bigger compared to
the partial pressure of the nuclei, therefore the total pressure of the matter at ignition
depth behaves like a degenerated gas. By definition, a degenerated gas does not
respond to temperature changes by expansion or contraction, the degenerated gas
can only transport heat through radiation, conduction, or convection. The accreted
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Neutron Star Surface Neutron Star Surface

Atmosphere

Atmosphere
— XRB — XRB

Ocean Ocean

Outer Crust Outer Crust

Inner Crust Inner Crust

(a) (b)

Fig. 1.8.: On the left side in (a) it is shown by the big arrow how the accreted matter
reaches higher densities due to that more and more matter is accreted on top,
until it reaches the density regime of about 10°¢ cm—2 where the rp-process is
thought kick in and an X-ray burst appears. On the right side in (b) it is shown
how then the ashes of each X-ray burst is shifted into regimes of higher densities.
These figures are adapted from [86].

matter forms a thin shell in the lower atmosphere, until the critical mass M ijcal iS
reached. Then, close to the surface of the neutron star where the matter is dense and
degenerated, a thermonuclear runaway occurs due to the ignition of the nuclear fuel.
Because of the degeneracy at the beginning of the event, the material cannot expand
and heats up due to the energy generation through nuclear reactions. This thin-shell
thermal instability — first discussed by [3] and connected as the cause of observable
Type I X-ray bursts by [2] — causes a nuclear runaway if the nuclear energy release
rate becomes more sensitive to temperature changes than the corresponding cooling
rate [93, 94]

denuc > décool

dr — dT "’

(1.37)

where €., is the divergence of the heat flux and ¢, is the time rate of the nuclear
energy release. This leads to explosive hydrogen-, helium-burning, or burning of the
H/He mixture of the accreted shell on the neutron star, which in this case is called
a Type I X-ray burst. The ashes of the X-ray burst are moved down into the ocean,
as more matter piles up again through the accretion from the companion star (as
shown in Fig. (1.8b)).

As mentioned before, there is a maximum limit for accretion rates of matter,
Eq. (1.32). This limit for the accretion rate is assumed to be set by the so-called
Eddington limit [6]. Because if the luminosity exceeds the Eddington limit, it means
that the radiative force of the burst exceeds the gravitational force, and thus the
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atmosphere gets unstable to plasma outflow. The Eddington limit is a given limit for
the maximum luminosity, L g4q, given as

4reGMm,,
00 ’

Lggq = (1.38)
where oy is the Thomson scattering cross section and m,, is the proton mass. Fur-
thermore, the Eddington limit has the following relation

Lpdd = 3.2 x 10 <M> Lo, (1.39)
Me
where M is the mass of the neutron star, My is the solar mass, and L, is the
luminosity of the sun. According to Parikh et al. (2012) [6], with different total mass
accretion rate M, different burning-stages are allowed to burn stable or unstable.
For a mass accretion rate of < 2 x 107 1Myyr~! = 1.3 x 10'6g s~!, He-burning is
triggered by thermally unstable ignition of H-burning. The needed temperature for
stable hydrogen-burning between the bursts is not reached and therefore, when the
hydrogen ignites and triggers the helium-burning, a Type I X-ray burst occurs. If
the mass accretion rate is 2 x 107 10Moyr~! < M < (4.4 — 11.1) x 107 0Myyr—! =
(2.8 — 7) x 10'%g s~!, the temperature in the accreted shell is higher than in the
previous case. Therefore, hydrogen can burn stable to helium between the various
Type I X-ray bursts. The Type I X-ray burst occurs when the He ignites and is
characterised by a fast rise and a bright peak luminosity. The next regime of mass
accretion rate is M > (4.4 — 11.1) x 10~ '°Moyr—! where He ignites in a mixture
of H/He, because the accretion supplies more unburned hydrogen than can be
burnt steadily between the bursts. This last mass accretion regime leads to Type
I X-ray bursts of long duration. Although an X-ray burst is an immense explosive
event, it does not release enough energy, to throw the mass from the shell out of
the gravitational pull of the neutron star. This is due to the small hydrogen layer
(~ 10~'2M), hence the mass bounces back to the shell after the event. Therefore,
the neutron star shell does not lose material through this event and the ashes of
the explosive hydrogen-burning come back to the shell, where it sinks down to the
ocean of the neutron star. In an accreting system, the ocean consists more and
more out of the ashes produced by each Type I X-ray burst, and with time even
parts of the outer crust are infested with burnt material. If the neutron star is in
a long-lived binary system, the entire crust can be replaced with by the accreted
matter. If there is no heat source in the crust, the crust itself is the most sensitive
to the neutrino cooling. The non-isolated neutron star’s crust has a composition
set by the nuclear history of the accreted material and is not in a statistical nuclear
equilibrium [95, 96, 97, 98, 99]. The accreted matter induces nonequilibrium
reactions that release heat. An additional heating source can increase the amount of
carbon, which is produced during Type I X-ray bursts and is needed for superburst
ignition. Calculations of [100] indicate that this heating source has to be located
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in the ignition region of superbursts, because the heating source is independent of
the URCA process in the crust. Literature gives the range of this crustal heating @,
in the range of 0.1 — 1.5 MeV nuc™! [7, 101, 102]. Not only theory suggests this
additional crustal heating, observations of thermal relaxations of neutron stars hint
that this additional heating is needed to reproduce the cooling correctly [103].

Quiescent Burning

In between bursts, quiescent burning is happening because there is constantly matter
accreted that heats up, being shifted down into the atmosphere of the neutron star.
As this matter — mostly hydrogen, helium and metals — is pushed into the atmo-
sphere of the neutron star, it can undergo stable burning as soon as the conditions
are given. Depending on the accretion rate, this can destroy a certain amount of
the accreted isotopes. For an accretion rate of 1iq.. = 5 x 106 g s~! Fisker et al.
(2004) [104] shows that, where the ignition occurs, all the hydrogen has already
burnt stably into helium. For a higher accretion rate r,.. = 1 x 10!7 g s~!, which
corresponds to the accretion rate of the textbook burster GS 1826-24, Fisker et al.
(2005) [105] shows that quiescent hydrogen burning happens through the hot CNO-
cycle, which produces helium, which in this case is burned through triple-a-reactions.

The Triple-a Reaction, the ap-Process, and the rp-Process

A Type I X-ray burst is a thermonuclear shell flash occuring close beneath the surface
of the neutron star. As already mentioned, the Type I X-ray bursts are powered by
explosive H/He burning, more specifically by the triple-« reaction, the ap-process,
and the rp-process (see for rp-process, e.g.: [13, 16, 106, 107, 108, 109, 110]),
those three processes are shown in Fig. (1.10).

The rp-process, or hot explosive hydrogen burning, take place in a number of
astrophysical sites, the most prominent ones are Novas and X-ray bursts. But how
is the burst triggered? Prior to the ignition, the most important process is the
hot CNO cycle (see [112], the hot CNO cycle is shown in Fig. (1.9) as the dark
green arrow), whose net reaction is 4'H—*He+2#,, which consumes hydrogen and
produces helium. At the surface of the neutron star, the temperature is in a range of
0.1 — 0.2 GK. In that condition, proton capture is much faster than the 3-decays of
the long-lived oxygen-isotopes of the hot CNO cycle. Therefore, the cycle is rapidly
saturated and becomes temperature independent, but for a thermal runaway to
happen, the reactions have to become thermally sensitive. Therefore, the triple-a
reaction or the rp-process is essential. How exactly is the burst triggered depends
on the material composition at the ignition depth, which again depends on the
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hot CNO cycle
triple alpha

breakout |
breakout Il

Fig. 1.9.: Prior to ignition, the hot CNO cycle (dark green arrow) catalyses four H nuclei
in one “He. The triple-a (blue arrow) kicks in and initiates the ignition. Addi-
tionally, the hot CNO cycle two (light green arrow) is possible. At slightly higher
temperatures, the breakout reaction >O(«,y) is possible (orange arrow) and only
~ 50ms after breakout 1 the temperatures for breakout reaction two ®Ne(a,p)
(red arrow) is reached, which leads to the rp-process. The gray-shaded squares
are stable isotopes. This figure is adapted from talks given by H. Schatz.

accretion rate, the neutron star mass, and its radius [113]. The triple-a (the blue
arrow in Fig. (1.9)) ignites at about ~ 0.2GK and heats the matter. When it reaches
~ 0.3 GK, the breakout reaction '°0O(a,v) (the orange arrow in Fig. (1.9)) starts
and only ~ 50 ms later, at ~ 0.6 GK, '®Ne(«,p) (the red arrow in Fig. (1.9)) follows,
and the subsequent flow up to *°Ca is determined by the competition between the
ap-process and the rp-process. The ap-process is a series of alternating («, p) and
(p, v) reactions — for each proton capture there is an («, p) reaction releasing a
proton, therefore the net effect is pure helium burning. The rp-process is a sequence
of proton capture and 3" -decays. The ap-process is very temperature dependent
because of the strong Coulomb-barrier against the a-capture and can only reach
up to Sc. Whereas the rp-process is an interplay between fast proton captures and
BT -decays and the temperature influences the ratio of the proton-rich isotopes within
an isotone and thus which isotopes 37 -decays, but it can produce nuclei up to and
beyond the Fe-peak. The produced nuclei are proton-rich and highly unstable, close
to the proton dripline. As long as there is fuel for the rp-process, i.e. hydrogen, the
process runs, until the end-point at '97Te and '®Te (see insert in Fig. (1.10)), where
Sn-Sb-Te cycle can further produce a-particles via photodisintegration. During a
Type I X-ray burst high temperatures in the range of 1 — 2GK are reached on a short
timescale (1 — 10s) and therefore it enables those fast proton captures [13].
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Fig. 1.10.: This figure shows the reaction flow time integrated over a complete Type I X-ray
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burst. Therefore, it shows the full sequence of nuclear reactions powering it.

The three processes which fuses helium and hydrogen to heavier isotopes are

shown here. The inset shows the endpoint of the rp-process — the Sn-Sb-Te cycle.

This figure is taken from [111] and the calculations were made with a one zone
model couples self-consistently to a complete reaction network (see [13]).
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1.2.6 Superbursts

“There is one burst (we call it the “super burst”)
which is about 3 times more energetic than the
average burst from his source [4U 1728-33].”

— E. M. Basinska et al.
[60]

Superbursts are thought to be triggered by a carbon flash in the ocean of an accreting
neutron star [114]. One of the main goals of this thesis is to consistently perform
a simulation of thousands of X-ray bursts, in order to acummulate enough 2C at
the base of the ocean of the neutron star, so that a so-called superburst would be
triggered. Observations have shown that superbursts occur at the same site after
about thousands of normal Type I X-ray bursts, with a recurrence time of around a
year, which is vaguely estimated due to limited observable data [115]. Fig. (1.11)
shows the measurements of a superburst detected at the site KS 1731-260. Tab. (1.2)
shows all the observed superbursts. There are only few observed events, because it
is a rather newly discovered phenomenon and rare. The first superburst has been
detected by Cornelisse et al. (2000) [52] in 1996 at the site 4U 1735-444. Since
then, only a few more events have been found.
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Fig. 1.11.: Measurements of a superburst — which lasted around half a day — from the site
KS 1731-260. Taken from [50].
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The leading theory suggests that a superburst occurs due to explosive carbon-burning
[114], as discussed in Section 1.2.2, in deeper regions of the neutron star (see
Fig. (1.12)). Carbon is one of the ashes of explosive hydrogen- and helium-burning
from Type I X-ray bursts. Simulations of superbursts have confirmed the connection
between superbursts and unstable burning of carbon [9]. Fig. (1.2) shows that a
“Super Burst” differs from normal Type I X-ray bursts especially in the bolometric
burst fluence E,, which is the integrated burst flux. A superburst is roughly one
thousand times more energetic than a normal Type I X-ray burst (~ 103*~3%erg s71),
coming both from the same source, an accreting binary system (see Section 1.2.4).
Therefore, in the range of ~ 10*2ergs, and of longer duration [61] through longer
radiation transport, due to the ignition depth. As a consequence, the light curve is
characterized by a decay of several hours. After a superburst occurs, the envelope
has to cool down before the sequence of Type I X-ray bursts can re-appear [9]. As
long as the envelope is too hot, the newly accreted material undergoes stable burning
at the same rate it is accreted [50, 52, 114]. Those quenching times are predicted to
be as long as one week or even several weeks [116], while the recurrence times for
superbursts are of the order of several years because it takes long time to accumulate
enough carbon in the depth of the ignition.

The ignition of the carbon flash is thought to take place at the bottom of the ocean
at column depths around 0.1 — 5 x 10'?g cm~2 [116, 117]. Studies on an additional
heating source from the crust of the neutron star showed it has influence on the
recurrence time through the effects of the heating flux on the ignition depth [10].
The ignition depth is sensitive to crustal heating and neutrino cooling of the core

Neutron Star Surface

Neutron Star Surface

Atmosphere
—— XRB
Atmosphere

Ocean
* SB Ocean

Outer Crust

XRB

Superburst

Crust Processes:
Electron Capture
Pycnonuclear Fusion

Outer Crust

Inner Crust Inner Crust

(a) (b)

Fig. 1.12.: a) Due to prior Type I X-ray bursts, the ashes are accumulated at the bottom
of the ocean and form a layer where the ignition of thermonuclear carbon
flash is thought to happen. b) As the material is shifted to higher densities,
electron-capture and pycnonuclear fusions are releasing an additional heat flux.
Electron-captures can build very neutron rich nuclei. This figure is adapted from
[86].

Chapter 1 Introduction



because of the high temperature dependence of the carbon burning rate [118]. Due
to the depth of the superburst, it provides the opportunity to probe the properties of
the neutron star crust, such as thermal structure and conductivity [7, 119] or more
insight in the interface between the ocean and the crust [120, 121]. At that depth,
the surrounding material consists of the ashes of previous Type I X-ray bursts, where
the rp-process plays an important role, and those heavy proton rich nuclei provide
up to half of the observed energy through photodisintegration [122]. Therefore, it is
crucial to simulate the superburst not only with enough produced carbon from the
Type I X-ray bursts, but also with the resulting composition from the bursts.

1.2 Theory
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Code

“I almost wish I hadn’t gone down the
rabbit-hole - and yet- and yet- it’s rather curious,
you know, this sort of life!”

— Alice
Lewis Carroll

We present in this thesis the results using a one-dimensional code that is used for
simulating recurring thermonuclear Type I X-ray bursts in the surface layers of an
accreting neutron star and is capable of simulating superbursts. This code couples a

general relativistic hydrodynamics code from M. Liebendorfer, called AGILE (see e.g.
[22, 23]), with a nuclear reaction network from F.-K. Thielemann and W. R. Hix [24].

The code was initially programmed by J. Fisker 2006 [21] and has been updated
and optimized by S. Fehlmann in 2015 [25]. The AGILE code had to be modified
in this thesis to perform X-ray burst and superburst simulations, since AGILE was
formerly created for numerical supernova simulations. Originally, it included the
zones of the region where X-ray bursts are happening and the upper part of the
ocean, where the ashes of X-ray bursts are accumulated. Now it includes not only

these regions, but also the regions where a superburst is expected to be initiated.

This means that our computational domain reaches a column density roughly of the
order of ~ 10'3 g cm™2, so that the ignition depth of a superburst is included (see
Fig. (2.2) for an illustration of the regions which are included in our computational
domain — box in the figure). The reaction network and the hydrodynamics of the

on error on error

-

Fig. 2.1.: This figure shows the schematic view of the calculation method. The reaction
network and the hydrodynamics element are parallelized. This scheme is adapted
from [25].
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code are parallelized (see Fig. (2.1)) to reduce the calculation time. For doing this,
OpenMP as well as MPI was used. For each new time step (blue box at the bottom in
Fig. (2.1)) the solution is divided into four submatrices (orange boxes in Fig. (2.1)):
nuclear reactions, hydrodynamics, mixing, and advection.

We use the fast PARDISO solver [123] for the hydrodynamics and the nuclear reaction
network because the implicit scheme requires the inversion of the Jacobian matrix
which is connected to the independent variables of the system of equations. First,
the nuclear reaction network and the hydrodynamics are solved in parallel for each
timestep dt, this timestep will be on error divided in half and a new iteration with a
new timestep dt’ = dt/2 is started, until both solvers succeed. Then the convection
solver returns the convected isotopes, or on error, divides the timestep again by
a factor of two and another iteration begins with the new time step. The same
procedure is in place for the advection solver.

In the following, we will discuss the single parts shortly in a bit more detail (for full
details read the appendix of [21] or Section 2 of [25] and references therein).

S0 \ Column density
¢ [g cm™?]
& g
o
\
Depth -
[ml 0.1 10 100 1000 10°

Fig. 2.2.: This figure shows a schematic view of an accreting neutron star, the different
layers are in different shades of orange, the accretion is indicated with blue arrows.
The depth of Type I X-ray bursts and superbursts are drawn in blue spheres. The
range of our computational domain is presented as a blue box at the right corner.
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2.1 Nuclear Reaction Network

At each timestep, we solve the reaction Equation (1.24) introduced in Section 1.2.1
for every single isotope 7 of our network, which includes 304 isotopes (see Tab. (2.1)).
For up to three-particle reactions, this equation is given by

N

Y; = ZNU\ Y + Z pNA (o0) 3 YViYe+ > %p%\fﬁ (o) 1 YiYi Vi
Jiksl

(2.1)

We include three possible reactions: one particle reactions (which includes photodis-
integration, [3-decays, electron or positron capture, and neutrino induced reactions),
two particle reactions (proton- or a-capture), and three particle reactions (triple-a
process). The reaction rates are from the latest JINA REACLIB version v2.0 [124].

|Element | Z | A  [[Element| Z [ A |

n 0 1 Co 27 | 51-57
H 1 1-3 Ni 28 | 52-62
He 2 3-4 Cu 29 | 54-63
Li 3 7 7n 30 | 55-66
Be 4 7-8 Ga 31| 59-67
B 5 8,11 Ge 32 | 60-68
C 6 | 9-10, 12 As 33 | 64-69
N 7 12-15 Se 34 | 65-72
0] 8 13-18 Br 35| 68-73
F 9 17-19 Kr 36 | 69-74
Ne 10 18-21 Rb 37 | 73-77
Na 11 20-23 Sr 38 | 74-78
Mg 12 21-25 Y 39 | 77-82
Al 13 22-27 Zr 40 | 78-83
Si 14 24-30 Nb 41 | 81-85
P 15 26-31 Mo 42 | 82-86
S 16 27-34 Tc 43 | 85-88
Cl 17 30-35 Ru 44 | 86-91
Ar 18 31-38 Rh 45 | 89-93
K 19 35-39 Pd 46 | 90-94
Ca 20 36-44 Ag 47 | 94-98
Sc 21 39-45 Cd 48 | 95-99
Ti 22 40-47 In 49 | 98-104
\Y% 23 43-49 Sn 50 | 99-105
Cr 24 44-52 Sb 51 106
Mn 25 47-53 Te 52 107
Fe 26 48-56

Tab. 2.1.: This table lists the isotopes which are used for our calculations in this thesis. It is
the same network described in [21]. It ends with Te, because this element is the
endpoint of the rp-process which is described in Section 1.2.5.
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Solving Eq. (2.1) results in a change of the composition of the matter of each zone
and therefore, also changes the total binding energy. Neutrino emissions can also
change the energy. To include those changes, one has to correct the specific energy
in the following way:

€—>€— Z NaYy By + Z NaY;Eyi + €Bremsstrahlung (2.2)
k weak

where FE,; is the specific energy loss from neutrino emission due to the ith weak

interaction, epremssranlung 1S the fraction of energy loss via neutrino emission due to

neutrino bremsstrahlung, By is the binding energy of the isotope k and is defined as:

By, = (Nmy, + Zmy, —my,)cé, (2.3)

where N is the neutron number of isotope k and Z its proton number and my, is the
mass of the isotope k. Due to the parallelization scheme, the isotopes of a zone can
not interact with isotopes from a neighbouring zone. Note that the nuclear reaction
network solver is the slowest part of the code.

Hydrodynamics

The Einstein field equation(s) determine the macroscopic motion of matter in a
gravitationally dominated field and are given by,

Gu = 87T, 2.4

where G is the Einstein curvature tensor and 7 is the stress-energy tensor. To solve
the set of stress-tensors in spherical symmetry for an ideal fluid with radiation in
co-moving coordinates (given by [125]) we assume a spherically symmetric metric,
10r

2
1 2 20192 . 9 2 9.
Faa) da® + r*(dv* + sin“9dp*), (2.5)

where the radial coordinate is represented by a and attached to co-moving matter,

ds® = —a22dt? + (

r is the areal radius of the sphere enclosing a, and « is the proper time correction
(redshift) of the coordinate time lapse dt of an observer following the motion of the
matter attached to a as seen from infinity, I" is a factor which in the special relativistic
limit becomes the boost factor between the inertial system and the co-moving system,
and is given by,

= 1—|—u—22—2G—;n, (2.6)

c re

where u is the matter velocity as seen from a frame with constant radius and m
is the gravitational mass contained in a radius r. Note that I', in the static limit,
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relates to the volume correction of the Schwarzschild metric. Using the stress-energy
tensors and the given metric, Liebendorfer et al. (2001) derived a set of conservation
equation from the Einstein field equations for the dynamical motion, which must be
extended with the appropriate energy terms for nuclear and non-nuclear neutrino
emission as follows

0 1 0
25 (D) = %(47rr2au) 2.7)
0 0 0
87;— = —%(47rr2a(up +Tq)) — ng (2.8)
oS 0
i %(47rr2a(f‘p + ug/c?))

3p\ Gm | 8wGr? 2\ 2
—O‘l<1+€2+p?>m+ = (p(l—i—i) —%)—p] (2.9)
r 2 pc r pc c c p

oV dm or3 1

9a 3 9a D (2.10)
8’/77, T
a1tz 2.1
9 1q B e\da 1 0
ot (471'7“204/)2) - (1 + 62> 90 o2 5a (D), (2.12)

where D is a specific rest mass density, 7 is the specific total energy density, and S is
the specific momentum density, defined as followed:

P
D= 2.13
T (2.13)
B 2 1 5 Gm uq 9 9 Ug
S=u (1 + 2) +17-L, (2.15)
C pC

where p = pmatter + Prad 1S the pressure, e = ematter — B(X j)02 + eraq is the specific
internal energy, ¢ = L/(4nr?) is the energy flux, and V is the enclosed volume. In
the Newtonian limit where « — 1, I" — 1, and ¢ — oo, the Eq. (2.7-2.9) are reduced
to the Euler equations in the Lagrangian formulation and the Eq. (2.10-2.12) are
reduced to trivial identities.

We have now seven dependent variables from Eq. (2.7-2.12), one independent
variable ¢, and one adaptive grid equation (will be introduced below). Because
hydrodynamics are sensitive to efficient convective heat transport — which depends
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on the physical transport of the composition (which is held constant during one
hydrodynamics time step) — one has to consider three more equations:

ay, 9 2 2 0

5 = g (47r7“ pal’ (—47rr pD 34 (aYe )>) (2.16)
8/L_1 o 0 2 9 -1

e (47r7“ pozF( 472 pD Gd( 0 ))) (2.17)
Y. 0 (, 2, p_ 0

o Oa (47TT pol ( dmrpD) ad(QY2>>> 7 218

where Y, is the electron abundance, Y,: is the second momentum abundance (Y, =
> X;Z2/A;)), and p~! is the mean molecular weight (1~ = Y, + 3 X;/A)).

Those sets of equations Eq. (2.7-2.12) and Eq. (2.16-2.18) and the adaptive grid
equation have to be solved each time step using:

-1
oy = (Zg) Y, (2.19)

the Newton-Raphson method [126], where y is the array containing the hydrody-
namical variables.

Adaptive Grid

Using the adaptive grid from AGILE, one has to make some modifications of it, since
the simulation of Type I X-ray bursts has to handle both resolving a thin shell for
the helium runaway, which has typical masses of ~ 10~!5M,, and very thick shells
for studies of the ashes of the bursts, which have typical masses of ~ 107° M.
Therefore, the code used here has to have modified discretization of the Poisson
equation to handle zone variable differing over many orders of magnitude.

t+At
mif Rt — mitAt = ThrA (1 + ) dalFAt, (2.20)

t+At t—l—At

where m; is the total gravitational mass inside the gravitational radius 7;

ThFAr = \/ 1+ (ultA8)e2) 4 2Gm!iTAL it A2 (AL s the internal energy of a zone,

and dal,"" = film alta!

the variable is defined on the center-grid, while the others mean that the variable is

is the rest mass of a zone. Primed indices mean that

defined on the edge-grid. The adaptive grid (even compiled with double precision)
delivers numerical results with a maximum of 15 decimals of precision. This is
insufficient to solve the thin shells at the surface of the neutron star. The left side of
Eqg. (2.20) and the definition of dat+At cause problems because two large numbers
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are subtracted, giving a result which is several orders of magnitude smaller. To
readjust the adaptive grid, the following shift vectors are introduced:

mitAL =t 4 Api At (2.21)
Pt AL gt AptHAL (2.22)
dal™A" = dal + Adal M — AdalTH. (2.23)

For substitution of the shift vectors into Eq. (2.20), we get then:

(miyy —mb) + (AmiR — AmiT2h) =Ty (1 + ‘;) (dal + Adalff — Adal™2).
(2.24)
With this change, the precision, which was lost before, is restored and the grid can
handle large variable ranges.
To handle both, simulations of thousands of X-ray bursts and a possible superburst
ignition, one needs to choose the grid location carefully. Furthermore, to make
the new generalized adaptive grid capable of shock capturing, one has to use a
logarithmic mass zone distribution. For this, we introduce N; = Aa; which is the
AL gtAt

mass of the zone 4, and n; = q; is the mass which is advected into zone
during the time step Ai. N; and n; are both having the units of mass per zone. Let
X; = k' be a logarithmic series with k being a constant. We define NZ» = N;/X; and
f; = n;/X;. The desired resolution, for generalizing the grid equation and making it

independent of variables, looks like:

N;

scale

rid Nscale fzj - fijfl
RI™ = |1+ Z <wj ; : (2.25)
J

where the sum is over all other independent variables, w; gives a weight factor to

determine the significance of the variable. Both Ny, and F’_ are scales for the

scale

independent variables, and fij is the value of the variable j itself at the grid point i.

In a next step, we normalize RY"'? (— R?"'?) and link it to the old resolution:

. (N X
Ry = (1 — sloth) R + sioth ™eCi i), (2.26)
i
where sloth is a variable that determines how the resolutions are mixed. Using
the code for X-ray burst simulations, we choose sloth = exp (—dt/0.1), where 0.1
is a chosen parameter and dt is the time step. For large time steps, the desired

resolution will determine how the grid moves, and in the case of small time steps it
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will maintain the current grid spacing. Finally the adaptive grid equation becomes

(NiRi - NiflRifl) + (R — fi—1Ri—1) =0, (2.27)

where the first and big parenthesis contain constant large terms, while the second,
small parenthesis determines how the grid points need to be moved. In case that the
terms in the first parenthesis cancel each other out, the grid points will not move
because the current resolution is already the desired resolution. In its present form,
the grid equation will keep a logarithmic profile of the mass zones and therefore
advect newly accreted mass towards the centre of the neutron star.

Equation of State

For the equation of state, we adopted the EoS code from K. Nomoto. Type I X-ray
bursts occur in the atmosphere of an accreting neutron star. As already mentioned
before, the accreted atoms are assumed to be fully ionized and the composition of
the matter sets Y. The contribution of the electrons to the pressure and the internal
energy is calculated under the assumption of a relativistic degenerated gas. The
contribution of the baryons is described as an ideal gas. The mean free path for
photons is relatively short and therefore, one can assume that they are in a local
thermodynamical equilibrium. Hence, their contribution to the pressure is given
by P, = a,.qT*/3. All those contributions are taken into account by K. Nomoto’s
code.

Heat Transport

The total heat transport is a combination of the radiative/conductive heat transport,
¢~, and the convective heat transport, q.

q =gy + gc. (2.28)

The heat transport over convection is much more efficient than over radiation or
conduction in the density regime of X-ray bursts. If we consider a bubble of matter
and want to determine if this bubble stays stable against convection or not, one has
to look at the Schwarzschild-Ledoux criteria, which also holds relativistically, due to
the fact, that it is a local criteria [127]. The Schwarzschild-Ledoux criteria is given

by
dlnT dlnT Xz (dlnx
< — § 2 2.2
(dlnP>* - (dlnP>bubble veivoxe, 3 XT (dlnP)*’ (229)

where the index x accounts for a derivative in the stellar profile and y is given by

Oln P
Xz = (alnw) . (2.30)
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During a X-ray burst, the temperature rises fast and violates Eq. (2.29). Therefore,
the steep gradient of temperature produces convective bubbles. These bubbles of
matter rise with a characteristic mixing length, A, until they stop their rise, get
dissolved, and release their heat to the circumjacent material. This heat transport
smooths the temperature gradient until convection no longer occurs. The convective
heat flux can be estimated by the formula given by [128]

) , (2.31)
bubble

where ¢, is the specific heat capacity and v is the averaged velocity of rising (or

1 T T
dc = 5 ;D@pAF <d a

2 dr*_%

descending) bubbles, which can be obtained by using the following relation

1Gm 1 /dT dT
02 = —— A2 ( - — ) 2.32
8 7"2 QT Cl’/‘ * dT‘ bubble ’ ( )
with 51
np
=— . 2.33
Q <aln T)p’ye’yg“ul ( )

Heat transport via radiation or conduction is less efficient than via convection, but
those not only appear due to the steep temperature gradient of a X-ray burst. In
the region where an X-ray burst takes place, the mean free path of photons and
electrons is small and thus many collisions occur. Heat transport follows Fourier’s
law and Fick’s law since both electrons and photons are in a local thermodynamical
equilibrium. For a spherical symmetric system, the heat transport equation is given
by [125]

b (100Y 10 (03 (100Y7) o (107) 0 0
e’ (Faa +p/<cacat ¢ \Taa N 3 pr \T'0a Ta@a(aT)’

(2.34)
where ¢, is the heat flux by radiation and conduction, « is the opacity, and (pr) ™! =1
is the length of the mean free path. Using % = 47r£2p we get

(4mr?p)? 1 0 72 dargae T' | 4 O
— =———T°—(aT). 2.35
bt r?  pKk acot N (4mr2p)? 3 prk  adr (o) ( )

Because the mean free path of the photons is only ~ 10~!c¢m, which is much shorter
than the distance a photon can roam in a time specified by the rise time of a burst,
one can neglect the time-dependent term

Aaygac T3 . 0

R e A (2.36)

4y =
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. . . e e 87, _ 1" . . .
Using again the definition for 3. = Tz, We get for the radiative/conductive heat

flux

_ 16marqqc zgrg 0

51— (aT). (2.37)

g~y =

Boundary Conditions

In order to solve all the equations of the hydrodynamics part of the code, one
has to set some boundary values, for both, the outer boundary conditions and the
inner boundary conditions. Some boundary conditions have to be fixed, such as the
gravitational mass and the radius of the underlying neutron star, are given as hard
inner boundary conditions. In general, it can be stated that if a variable has a ghost
zone, von Neumann boundary conditions are used, but if a variable has no ghost
zone, Dirichlet boundary conditions are used instead. For each time step, we accrete
matter at the surface of our model and therefore, the same amount advect into the
innermost ghost zone in order to keep the total mass of the model constant. This
means:

Adalf A = MAt = Adal™, (2.38)

where the indice ng stays for the outermost surface zone and the indice 1 marks the
innermost ghost zone.

Due to the existence of a ghost zone, we use of von Neumann boundary conditions to
constrain the lapse function, the temperature, and the density at the inner boundary.
The luminosity from the layers beyond our zones enters our calculations as an inner

Land

boundary luminosity, also called crustal heating, @}, given in units of MeV nuc™
results from electron captures and pycnonuclear energy generation as mentioned in
Section 1.2.5.

At the surface are the outer boundary conditions for the lapse function and the
redshift set to match the Schwarzschild solution (as in [23]). The pressure at the
outer boundary is given by Dirichlet boundary conditions. The temperature and
density at the surface are determined by radiative zero boundary condition or also a
so-called grey photosphere. The Tolman-Oppenheimer-Volkoff equation describes
— under the assumption of hydrostatic equilibrium — the structure of a spherically

symmetric body [129], given by

op —Gmp <1+p%> (1+%)
o r (1 2) !

(2.39)

rc2

where m is the gravitational mass and p is the density of the rest mass. One can
simplify this equation by assuming that the energy density of the pressure is very
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low compared to the rest mass density and therefore, we get for the simplified

TOV-equation
OP e
[y ey (240
r )
The temperature of the neutron star is described by [130]
d —3anWe¢
(Te ) = , (2.41)
dt 16macT3r2,/1 — QTGCQn

where e is the redshift correction factor, L., is the photon luminosity, and a is the
radiation constant. For the thin photosphere, one can assume that the gravitational
field stays constant and therefore, one can divide e® out because it is constant. We

then get:
T — L
or _ Srply (2.42)
O 16racT?r2,/1 — 21%”
Combining the two simplified equations (2.40) and (2.42) we get
P 1 T3
87 _ 167Gacm (2.43)

0T 3xL,,/1—2p
We can now integrate Eq. (2.43) from the zero boundary condition (P = 0 and
T = 0) assuming that the opacity remains constant in the photosphere and that the
release of nuclear energy is zero, thus the luminosity will be constant.

PS’U/I‘ TSUT
/ i IP — / f 4rGacm (2.44)
0 0 3kL, 2Gm
and thus
477Gacstwf 2 45
surf — B 2G| (2.45)
3L~y /1 s

The surface pressure is a hard outer boundary and therefore the equation above can

be discretized as
47rGacmnq

Py = (2.46)
2Gmnq
Tngc?

3"€nq v,nq—1

where we have to use L. ,q—1 because L, ,, is not defined and consequently
L,y = Lyng—1. With the assumption of radiative zero condition, one can not
reach peak luminosities at the Eddington limit, which could be reached, but violates
the assumption itself.
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Mixing

The convective mixing, which is a multi-dimensional phenomenon and therefore not
occuring in one dimensional simulations, has to be included in an effective way to
account for composition mixing in the surface layers of a neutron star. Heat transport
via convection is already calculated during a hydrodynamics timestep. The convective
mixing of the composition is here approximated using Bohm-Vitense’s stellar adap-
tion of Prandtl’s mixing length theory [131], including the Schwarzschild-Ledoux
(Eq. (2.29)) instability criteria as in [127]. The convective mixing is described by

X, 9o

0
2 2 .
5 % <47r1" pal’ <47r1" pD 9 (aXQ)) , (2.47)

which is a relativistic version of the Lagrangian time dependent diffusion equation
[132], where D is the diffusion constant, defined as D = vA/3. In the surface zones
of an accreting neutron star, the turnover timescale 7 ~ A /v is much shorter than the
nuclear timescale and, thus, convective mixing plays a major role in these zones.

Advection

After the hydrodynamical calculation, where the adaptive grid properly handles the
advection of all variables based on motion of a, the grid variable, one has to apply a
corresponding advection for the composition before one time step is finished. After
all, the ignition of a X-ray burst and, even more, the ignition of a superburst depends
strongly on the composition in the region of the ignition depth. Our model uses a
conservative second order formulation for calculating the flux of the isotopes at the
edges of the zones based on an upwind total variation dimishing scheme, which is
based on a Van Leer limiter.
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Numerical Simulations

“To boldly go where no man has gone before.”

— Gene Roddenberry
Star Trek

In this section we present the results of our X-ray burst study. First, we will present
in Section 3.1 our choice of boundary conditions and how the initialization is done.
Then in Section 3.2, we will present an enlarged network and how we chose the
included isotopes.

We work in this thesis with a large number of grid zones, exactly 218!, which include
not only the column density range of the ignition of X-ray bursts (y = 103g cm~2),
but also the theoretically estimated column density of the ignition of a superburst
(y = 10! — 10'2g cm~2) to see if the produced '2C survives until it reaches those
densities and if we can produce the needed amount of carbon (as already mentioned
in Section 1.2.6 the mass fraction of '2C should be bigger than 0.1).

We provide in this section a large parameter space study, varying the accretion rate,
and the crustal heating for two different compositions of accreted matter. We choose
the range for the accretion rate such that it covers the values around 0.1Mpgg4q. The
range of the crustal heating was chosen to cover theoretically expected values. We
choose to vary the composition because some of the detected superbursts are ob-
served in ultra compact X-ray binaries (e.g. 4U 0614+91 [133] or 4U 1820-30 [57]).
Ultra compact X-ray binaries are characterised by a very low orbital period, where
the donor is a compact object with no hydrogen envelope. Thus one has to consider
the change of the composition of the accreted matter towards hydrogen-poor and
helium-rich, to study superburst ignition in those binary systems. For both composi-
tions we found three different burning regimes in the parameter space, which are
discussed in Section 3.3 for solar abundances and in Section 3.4 for helium-rich
abundances.

In Section 3.6 we will present a concept to speed up the calculations of one parame-
ter set, to accelerate the possible ignition of a superburst.

We will show in the last section of this chapter a short comparison with observa-
tions.

n the thesis of J.Fisker [21] the calculations were made with 129 grid zones and also in most
calculations of S.Fehlmann’s thesis [25].
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3.1

Initial Model

Our computational domain consists of 5.2 - 10%° g within a thickness of 8.5 - 103 cm.
As a fixed inner boundary condition, we consider an underlying neutron star with
a mass of 1.41M, and a radius of 1.12 - 10° cm. The surface pressure as an outer
boundary condition is chosen to be 5 - 10'® erg cm~3. For the mixing length we
choose 1 cm. We constantly accrete matter at the surface with accretion rates
between 0.1 — 1.5 - 10!7 g s~! as observed from infinity, which corresponds to an
Eddington accretion rate of ~ 0.01 —0.12M gqq. If we compare our range of accretion
rates with those from observations of superbursting sources in Tab. (1.2) we cover
nearly half of them. The local accretion rate, M/?

acce’

and the one seen from infinity,

M22., are connected to each other by the redshift
Meee = (1+2) Mg, 3.1
where (1 + z) is the redshift and defined by
(I42) = —t (3.2)
“= 1 _ 2GM’ ’
Rc?

Here, M is the mass of the neutron star added to the mass of our computational
domain, and likewise is R the combined radius of the neutron star with the domain.
Another fixed inner boundary condition is the heat source coming from the crust, Qp.
This heat source is thought to come from pycnonuclear reactions, neutrino cooling,
and heat transport from the crust. It enters our calculations as a crust luminosity,
seen from infinity, L.,,s:, which is linked to the crustal heating as

Lerust = 28 My, (3.3)

My

where ), is the crustal heating in units of MeV per accreted nucleon, and m,, is the
atomic mass unit. Due to the enhancement of the number of grid zones and, more
important, the enhancement of the mass contained in our computational domain,
we have to shift the crustal heating used with the smaller amount of grid zones. This
shift has to be done in the following way

Q)P = Qi + AQy, (3.4)

where Q32 denotes for the crustal heating we use in the simulations presented in
this thesis (later it will only be called @), QX ?F stands for the crustal heating which
was used in former works with previous versions of this code (see results in [25]),
and AQy is the shift of the crustal heating. This is essential in the beginning of this
work to compare results with those presented in [25]. Comparisons in [25] have
shown, that AQ)y is in the range of ~ —0.5 MeV/nuc.

3.1 Initial Model
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Furthermore, we can choose the composition of the accreted matter. Fujimoto et al.
[134] observed a strong dependence of the burst behaviour on the abundance of hot
CNO-elements. For the first part of our simulations, we consider solar abundances
from Anders & Grevesse [135]. The reason for this is, that most X-ray bursting
neutron stars accrete matter from an unevolved star [136]. The second part is
done with a helium-rich composition, since the companion star in high compact
X-ray binaries has lost parts of his hydrogen shell during the evolution of the binary
system.

Starting our simulations, the initial composition in our domain is artificially set to
only >*Fe (see top box in Fig. (3.1)). Instead of accreting at the beginning onto this
iron-atmosphere for each run, the composition is shifted towards the inner boundary
(as shown in the lower part of Fig. (3.1)), but not so far that it influences the region
where a superburst ignites. This shift shortens the runtime because, we do not have
to wait until the accreted matter reaches the depth of the first X-ray burst, but start
with the first X-ray burst ignition in reasonable time. This also makes sure that the
simulation of the X-ray bursts are independent of the initial conditions.

In the beginning of our work we were able to simulate ~ 8 bursts a day. Now we
are capable of simulating ~ 30 — 40 bursts a day. This number is dependent on the
recurrence time of the bursts and can therefore vary. Furthermore, the simulation-
times are also dependent on the accretion composition. We find, that with solar
abundance we can simulate a factor % longer simulation-times than with helium-rich
abundances.

Computational Domain

Surface Boundary Inner Boundary

Computational Domain —_—

Accretion
#
Surface Boundary + * Inner Boundary
XRB ignition SB ignition

Fig. 3.1.: The initial progenitor file consists artificially only of 4Fe. The code initially shifts
the initial composition out of our computational domain and replaces it with the
accreted composition until it reaches a depth, where only the ashes of Type I
X-ray bursts (XRBs) are present. The two arrows show the region of the roughly
estimated depth of the ignition of X-ray bursts and superbursts (SBs).
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3.2 Enlarged Network

We provided an enlarged network for comparison of the full network and the slightly
smaller one already used by J.Fisker in his thesis in 2006 [21]. The original 304-
isotopes network includes all the nuclei which are produced in the main processes
during and between bursts, such as the hot CNO-cycle nuclei, the ap-process, and
the rp-process. Furthermore, it contains the fuels which drive those processes (see
the orange boxes in Fig. (3.48)). We enlarged the network to include (1) all the
nuclei down to the valley of instability and (2) up until they become either p-decay
unstable or a-decay unstable. The reason for (1) was to include also the nuclei,
which are produced through 3*-decay of the heavy proton-rich rp-process nuclei
close to the proton drip-line. The reason for (2) was to include the nuclei, which are
favourable p-decay or a-decay unstable, to check if they could be produced during
a burst and then would liberate an a-particle or a proton. The result was a larger
network, which consists of 561 isotopes (see Tab. (3.1), where all the used isotopes
are listed).

To compare the impact of using two different networks, the recurrence time, the peak
luminosity, the minimal luminosity, and the burst duration are taken into account for
two different accretion rates (once with 0.1M g4, and once 0.025M 44). The reason
for this choice is that those quantities depend either strongly on the conditions at

Network Comparison

50

40

30

Number of Protons

OLarge Network with 561 Isotopes
mReduced Network with 304 Isotopes

] 10 20 60 70 80

30 40 50
Number of Neutrons

Fig. 3.2.: A comparison in nuclear chart form of the network with 561 isotopes (orange
boxes plus the white boxes) and the network with 304 isotopes (orange boxes).
Taken from [25].
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the ignition depth, such as heat transport and thus temperature, or can indicate how
much hydrogen and helium is burned during a burst or during the quiescent phase.
The results of the comparison between those two different networks in case of both
accretion rates show no larger deviation than a few percent [25], and therefore, we
can safely rely on the smaller network. For a self-consistent superburst simulation,
the larger network could be important. Since half of the energy released during
this extreme event is thought to be provided from a photodisintegration runaway of
heavy nuclei made during prior rp-process burning of hydrogen and helium [122].
Though, the main reason for taking the smaller network is, that the reaction network
is the slowest part of this code and, therefore, a larger network would be the decisive
factor, considerably slowing down the simulations. In the following, our results are
based on simulations with the smaller network.

| Element | Z | A | Element [ Z | A |

n 0 1 Co 27 | 50-59
H 1 1-3 Ni 28 50-62
He 2 34 Cu 29 55-65
Li 3 7 n 30 55-70
Be 4 7-9 Ga 31| 60-71
B 5 18,10,11 Ge 32 60-74
C 6 9-13 As 33 64-75
N 7 12-15 Se 34 65-80
O 8 13-18 Br 35 70-81
F 9 17-19 Kr 36 69-84
Ne 10 17-22 Rb 37 74-85
Na 11 20-23 Sr 38 73-88
Mg | 12| 2026 Y 39| 77-89
Al 13 22-27 7r 40 78-92
Si 14 22-30 Nb 41 81-93
P 15 26-31 Mo 42 82-97
S 16 27-34 Te 43 85-97
Cl 17 31-35 Ru 44 | 86-102
Ar 18 31-38 Rh 45 | 89-103
K 19 35-39 Pd 46 | 90-108
Ca 20 35-44 Ag 47 | 94-109
Sc 21 40-45 Cd 48 | 95-112
Ti 22 39-49 In 49 | 98-113
\Y% 23 43-51 Sn 50 | 99-120
Cr 24 43-54 Sb 51 | 104-121
Mn 25 46-55 Te 52 | 104-126
Fe 26 46-58

Tab. 3.1.: This table lists all the isotopes of the enlarged — 561 isotopes — network.
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3.3 Three Burning Regimes with Solar Abundances as
Accretion Composition

In this section, we discuss the results of our simulations with solar abundances. In
Tab. (3.2) we show how the mass fractions for hydrogen, helium, and the metals
are distributed. We varied the accretion rate in the range of 0.1 — 1.5 - 10!7g s!
(i.e. ~ 0.008 — 0.12Mp4q) in steps of 0.1 - 10'7g s~!, and the crustal heating Q; in
the range of 0.1 — 1.5 MeV nuc™!, in steps of 0.1 MeV nuc~!. This range of crustal
heating is taken from literature [7, 101, 102]. In total, we cover the parameter space
with 225 individual simulations for @, and M,.. as shown in Fig. (3.3), where each

dot represents one set of chosen parameters.

Model | X(H) | X("He) | X(2)
solar abundances ‘ 0.706 ‘ 0.275 ‘ 0.019

Tab. 3.2.: The hydrogen and helium mass fractions, and the remaining mass fraction of all
metals, that we included in our solar abundances simulations.

We want to make a parameter space exploration finding possible parameter sets
which could be used for self-consistent superburst simulations. We find three differ-
ent burning regimes in the results of our numerical simulations. Fig. 3.3 shows these
three burning regimes: red dots correspond to runs leading to stable burning, the
turquoise dots indicate irregular bursts, and the violet dots regular burst behaviour.
Only simulations that show at least two bursts were classified into the regular and
the irregular burst regime. If results show none or one burst, we classify them
as belonging to the stable burning regime. We simulate at least ~ 10° seconds
simulation time to be sure that no burst was found in our results. In the next three
subsections, we will discuss these three regimes in more detail.

We can see that smaller accretion rates (M. < 0.7- 10'7g s71) lead to stable burning.
With intermediate accretion rates (0.8 —1.0-10'7g s~!) and high values for Q, (> 1.1
MeV nuc~!) we find irregular burst behaviour and with intermediate and low Q,
values (< 1.1 MeV nuc™!), or large accretion rates (M. > 1.1-107g s~1), we find
regular burst behaviour. The additional crustal heating source at the base of our
computational domain seems to influence the burning regimes only in the upper
middle part of the parameter space. There it seems that with higher @,, the irregular
burst regime spreads into higher accretion rates. The accretion rate around 0.7-10'"g
s~! seems to be a transition region between regular bursts and stable burning. We
want to point out that this accretion rate leads to only one burst at the beginning of
our calculations and is thus categorized as stable burning. The simulated light curve
of the irregular burst regime undergo a phase of Type I X-ray bursts before they end

up in stable burning.

3.3 Three Burning Regimes with Solar Abundances as Accretion Composition 59



60

1.6

e 6 6 ¢ ¢ ¢ ¢ ¢ o o o o o o o

14 e 6 ¢ ¢ 6 ¢ ¢ o & o o o °o o o -
® 6 6 ¢ 6 ¢ ¢ o ¢ oo o oo o o o

1.2 e 6 ¢ ¢ 6 ¢ o o o o o o o o o -
e 6 6 ¢ ¢ ¢ ¢ o ¢ o o o o o o

Tl-O e 6 6 ¢ 6 ¢ o o & o o o o o o -
g ® 6 ¢ ¢ 6 ¢ ¢ o6 ¢ o o o o o o

%08 e 6 6 ¢ ¢ ¢ ¢ ¢ ¢ ¢ o o °o °o o
% e 6 6 ¢ ¢ ¢ ¢ ¢ ¢ o o o o o o

S 06 e 6 6 6 ¢ ¢ ¢ o & ¢ o o °o o o
® 6 ¢ ¢ ¢ ¢ ¢ o6 ¢ o o o o o o

04 e 6 6 ¢ ¢ ¢ ¢ ¢ ¢ ¢ o o °o °o o
® 6 6 ¢ ¢ ¢ ¢ ¢ ¢ o o °o o o o

0.2 e 6 ¢ ¢ 6 ¢ ¢ o ¢ ¢ o o °o o o -
® ¢ ¢ ¢ 6 ¢ ¢ o6 ¢ o o o o o o

O’00.0 02 0.4 0.6 0.8 1.0 1.2 T4 1.6

Accretion rate [10'7g s7']
@ stable burning ® irregular bursts ® regular bursts

Fig. 3.3.: This plot shows the parameter space of our study with solar accretion composition,

where @y, is plotted against the accretion rate. It shows the three different burning
regimes found in our work. The red dots are the parameter sets which lead to
stable burning, the turquoise dots represent irregular bursts, and the violet ones
regular burst behaviour. Note that for an accretion rate of 0.7 - 1017g s~! (for all
shown values of (0;) and for an accretion rate of 0.4-10'7g s~! and Q; of 0.8 MeV
nuc™!, a single burst occurs at the beginning of the run, but then shows stable
burning. Those points were still categorized as stable burning.
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3.3.1

Stable Burning Regime

For all numerical simulations with accretion rate conditions with 0.7 - 10'7g s~!

(~ 0.05 Mpyy) and less, we get a regime of stable burning. Fig. (3.4) shows an
example light curve of this burning regime.

0.8

0.6

04

Luminosity [1 036erg/s]

0.2

0 L L L
60000 65000 70000 75000 80000
Time [s]

Fig. 3.4.: This is an example light curve from the simulation with M,.. = 0.2-10'7g s~*
and Q, = 1.2 MeV nuc—'.

Stable burning is assumed from the non-appearance of bursts at high accretion
rates. The limit for that is ~ 0.3 Mpga [26, 42]. At those high accretion rates,
the thermonuclear runaway is not triggered and hydrogen and helium are burned
constantly in a steady state. Due to the stable burning, a large amount of carbon
is produced and builds a carbon-rich layer underneath the burning region. Since
a thermonuclear runaway of carbon fusion is thought to power a superburst and
thus, carbon production of over 0.1 mass fraction is needed. This could be a possible
scenario of producing enough carbon for ignition of a superburst.

In our simulations, stable burning also occurs, but in a regime with lower accretion
rates (see red dots in Fig. (3.3)). The region for stable burning with high accretion
rates is not in our parameter space, since we simulated only up to an accretion rate
of ~ 0.12Mpq4q4. Keek & Heger 2015 [137] found a new steady state regime of stable
burning at low accretion rates with 7 = 0.021 g (~ 0.26 - 107 g s71) and crustal
heating Q;, = 0.75 MeV u~!, using the KEPLER code. This parameter set also lies in
our parameter space in the regime of stable burning.

Fig. (3.5) shows the mass fractions for 'H (red line), *He (green line), '2C (blue
line), O (bright turquoise line), >0 (orange line), and 0 (black line) dependent
on the column density for two different parameter sets. In the left plot, we show the
results from the simulation with the parameters M,.. = 0.7-10'7g s~' and Q, = 0.8
MeV nuc™!, and in the right plot the results from the simulation with the parameters
Maee = 0.2-107g s71 and Q, = 1.2 MeV nuc~! are presented. We see that in both

3.3 Three Burning Regimes with Solar Abundances as Accretion Composition
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Fig. 3.5.: The mass fractions of hydrogen (red line), *He (green line), '2C (blue line), *O
(bright turquoise line), !0 (orange line), ‘60O (black line), and the minimal mass
fraction of 0.1 (pink dashed line) which is needed for the successful ignition of a
superburst.
a) shows the results from the simulation with an accretion rate of 0.7 - 10*7g s~1
and a crustal heating of 0.8 MeV nuc™—!.
b) shows the results for the run with an accretion rate of 0.2 - 10'7g s~! and a
crustal heating of 1.2 MeV nuc~'.

cases, all hydrogen and all helium are consumed and a large amount of carbon is
produced. This is the steady state burning of both hydrogen and helium because the
stable burning of hydrogen heats up the sinking material and helium is burned in a
stable way before it reaches the ignition conditions for a thermonuclear runaway. At
these densities and temperatures, stable hydrogen burning happens through the hot
CNO-cycle. The bottleneck reactions (meaning the slowest) of the hot CNO-cycle are
the 3+-decays of the unstable oxygen isotopes, *O and '°0, due to their consider-
able large half-lifes (77 »(**0) = 70.62 s and T} /o(*°0) = 122.24 5). Therefore, the
combined mass fraction of the hot CNO-cycle particles is shifted to those isotopes
during the hot CNO, which enters then the beta-limited equilibrium cycle. The
produced a-particles from the hot CNO are converted into '2C over the triple-alpha
reaction. As long as hydrogen is not yet depleted, carbon isotopes capture quickly
two protons to form '*O. Those two processes, the triple-alpha reaction and the hot
CNO-cycle, feed each other with new isotopes. This leads to an increase of 'O and
150, as we can see in the middle of Fig. (3.5a), but not so intense in Fig. (3.5b).

To gain more insight in the differences between those two simulations, we take a
closer look at the temperature profile and the burn rate in Fig. (3.6). The burn rate

Chapter 3 Numerical Simulations



is linked to the energy release F,,. due to nuclear burning of a zone in the following
way as

Enuc

Thurn = A2 AL’ 3.5)

where Am is the mass of the zone, ¢ is the speed of light, and At is the time step.

Therefore, the burn rate gives an indication of how active a zone is in terms of
nuclear energy production. In Fig. (3.6a), we see that the burn rate (black line)
has one peak, which implies that the triple-alpha reaction indeed feeds the hot
CNO-cycle in the same zone. Thus, in this case, we have mixed hydrogen- and
helium-burning in a stable way. With higher temperatures (red line), the produced
12C can capture an a-particle and produce the stable isotope 1502, Due to the higher
temperature profile this is more probable in the case of Fig. (3.5a) than in case of
Fig. (3.5b). In Fig. (3.6b), the stable hydrogen-burning produces a huge amount
of helium (first peak in the burn rate), which sinks in regions with higher column
density, where it is heated by the hydrogen-burning and undergoes stable burning
(second peak in the burn rate), where it produces nearly purely carbon ashes, with a
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Fig. 3.6.: These two plots show the burn rate and the temperature of the regions where
stable burning occurs.
a) shows the results from the simulation with an accretion rate of 0.7 - 10*7g s—*
and a crustal heating of 0.8 MeV nuc—!.
b) shows the results for the run with an accretion rate of 0.2 - 10'7g s~! and a
crustal heating of 1.2 MeV nuc~'.

2The reaction rate of 2C(c, )90 is one of the most important, yet uncertain reaction rates,
because its cross section is small and, at the energies needed for astrophysical use, not measurable and
complicated to calculate, because of interferences of resonances.
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Fig. 3.7.: The composition of three different regions of the results from the simulation with
Qp = 1.2MeV nuc~! and M. = 0.2- 107 g s, The red line, region one, is one
of the outermost zones in our domain. Region two, the blue line, is the zone with
the highest burn rate at a column density of 4.9 - 107 g cm~2 (log(y) ~ 7.7). The
violet line, region three, represents one of the zones below the stable burning,
where a maximum of 2C is reached at a column density of 8.4 - 108 g cm™—2
(log(y) ~ 8.9).

small amount of 60.

In Fig. (3.7) we consider the entire composition of three different regions: Region 1
(red line) is one of our outermost zones and illustrates the initial composition of
the accreted matter. Region 2 (blue line) is the zone with the highest burn rate at
a column density of 4.9 - 10" g cm~2 (log(y) ~ 7.7). Region 3 (violet line) is one of
the zones below the burning regimes, where '2C already reached its maximum at a
column density of 8.4 - 108 g cm~2 (log(y) ~ 8.9).

Besides the above mentioned changes in the mass fraction of hydrogen, helium,
carbon and various oxygen isotopes, it can be seen in Fig. (3.7), that also other
changes of the composition happen, mainly in the region 20 < A < 30, and around
the iron peak. All isotopes with mass numbers between 20 and 30 have been
destroyed during stable hydrogen-burning. One possibility is that they underwent
a series of (p, v) and 3+ decays up to heavier isotopes around the iron-peak. The
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absence of 1°0 and %0 in the region where hydrogen burns (see Fig. (3.5b)) confirms
this assumption.

We now want to find out whether the change of the accretion rate or the change of
the crustal heating has a stronger influence on the profile of the burn rate. If we

! while keeping the accretion rate fixed,

vary the @, values from 0.1 — 1.5 MeV nuc™
the burn rate shows hardly any changes (see Fig. (3.8a)). However, if we change the
accretion rate for a fixed ), value, we see a huge difference in the burn rate, which
is shown in Fig. (3.8¢). We see that only for accretion rates of 0.1 and 0.2 - 10'7g s~
we find two strictly separated regions for stable burning of hydrogen and helium
that enables the production of a huge amount of '2C. In contrast, at higher accretion
rates, those two burning regions merge to one region, where mixed hydrogen- and
helium burning occurs and carbon production becomes less efficient. In Fig. (3.8d),
we see that with increasing accretion rate, also the temperature profile changes and

goes towards higher values.

3.3 Three Burning Regimes with Solar Abundances as Accretion Composition

65



66

00— [QMeVruc ] s
— 01 Qs [MeV nuc™']
- — 0.2 71 — 01 |
10°° E
‘ 0.3 - 02
0.5
0.6 6l 0.3 |
1077 0.7 0.5
0.9 . 0.6
1.0 <l 1
= 108 : = 0.9
%) 1.1 <]
2, 5 — 1.0
e 1.4 T4l 4
g 3 — 1.1
- L 1.5 Q '
5 107 & — 14
o = 3 |
1.5
10710} 1
2 4
—11
1074 b E 1 .
10*12 I I I | I n 0 I I ! I I !
6.0 65 70 75 80 85 90 95 60 65 7.0 75 80 85 90 95
log Column Density [g cm~2] log Column Density [g cm~2]
(a) (b)
10— T o7gs | s
— 0.1 Maee [107 g 871
105 02 an — 0.1 ]
0.3 02
0.4
05 6l — 0.3 |
1077 0.6 — 04
0.7 . — 0.5
<l |
a0 1 E 0.6
g o4
c g
g 107° 9 £
F3
10710 4
2
—11
10 3 E 1
10*12 I I I I I ! 0 I I ! I I !
60 65 70 75 80 85 9.0 9.5 60 65 7.0 75 80 85 90 95
log Column Density [g cm~2] log Column Density [g cm~2]
(<) (d)

Fig. 3.8.: Figures a) and b) show the burn rate and the temperature for runs with fixed
accretion rate of 0.4 - 10*7g s~1, but with different crustal heat of 0.1 — 1.5 MeV
nuc—!, see legend for color code.

Figures c¢) and d) show the burn rate and the temperature for runs with fixed
crustal heating of 1.2 MeV nuc~?, but with different accretion rates of 0.1 — 0.7 -
10*7g s71, see legend for color code.

a) and c) show the burn rate and the logarithm of the column density. We see that
the accretion rate has a bigger influence on the burn rate than the crustal heat.
b) and d) show the temperature and the logarithm of the column density. We see
that the accretion rate has a bigger influence on the temperature than the crustal
heat.
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3.3.2 lIrregular Bursts Regime

In our numerical simulations with accretion rate conditions between 0.8 - 107 g s~1

and 1.0 - 10'7 g s~! and high Q, values, in the range of 1.1 MeV nuc—! until 1.5 MeV
nuc~!, we find an irregular burst regime (see turquoise dots in Fig. (3.3)). This
means that the results from the simulations show first burst behaviour in an irregular
fashion and then “fall” into a stable burning phase without any further bursts.

For convenience, we label our simulations as follows:

xyyQ zza, (3.6)

where = denotes the composition of the accreted material, e.g. s corresponds to
solar abundances, yy(@Q denotes the values for @, e.g. 11Q represents @, = 1.1
MeV nuc™!, zza denotes the values for the accretion rate, e.g. 08a represents
Myee =0.8-10'7 g s~

In Fig. (3.9), we show two examples of light curves of this regime. Both of these plots
are obtained from simulations with the same accretion rate, namely M,.. = 0.9-10'7g
s~1. We show the light curve of a simulation with crustal heating of 1.2 MeV nuc™*
in Fig. (3.9a), while the crustal heating is 1.4 MeV nuc~! in Fig. (3.9b). We can see
that for the same accretion rate, but with higher Q,-values, the number of bursts gets
smaller and the sequence of bursts shorter. In the two tables, Tab. (3.3) and (3.4),
some properties of the irregular burst regime are listed. The first column in both table
contains the identification name of the simulation, which describes the accretion
rate and the crustal heat. The case of Q, = 1.1 MeV nuc~! and M, = 0.8 - 1017 g
s~! is an exception from the behaviour of the values in dependency on the chosen
parameter set. In the following section, we describe the general behaviour of all

other simulations.

The averaged values of observational properties in Tab. (3.3) have been calculated
with the KEPLER analyser (written by N. Lampe, private communications with
L. Keek). This table shows that with increasing @, values, the number of bursts Ny«
(second column) decreases, since ), influences the ignition depth in a decreasing
fashion, as shown in [25]. With increasing accretion rate, more fuel for bursts
is provided in shorter time and thus the number of bursts increases. The peak
luminosity in the third column (L), averaged over the burst number3, shows
an decrease for increasing accretion rate, while the crustal heating does not seem
to make a difference. The recurrence time in the fourth column (¢,.. in hours),
decreases also with increasing accretion rate. The recurrence time is determined

3In cases of more than 100 bursts, the average is over the first 100 bursts
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Fig. 3.9.: The simulated light curve from two runs, both with accretion rate of 0.9-107g s 1.
a) corresponds to a crustal heating value of 1.2 MeV nuc~'.
b) corresponds to a crustal heating value of 1.4 MeV nuc—!.

by the time the system needs to accumulate enough fuel in the ignition region, this
time is also called ¢, and is given by

2
AR Yignition

5 3.7
Macc ( )

uel =
where R is the radius of the ignition zone and ¥;gnition is the column density of the
ignition zone. Thus, increasing the accretion rate leads to a faster refill of the fuel,
and the burst can occur earlier. The given ¢, is defined here as the time it takes
for the luminosity to rise from 10% up to 90% of the peak luminosity. The burst
time increases with increasing accretion rate. The interplay of trends in burst time,
recurrence time, and peak luminosity influences the a-parameter — see Eq. (1.3) —in
a decreasing manner (last column).
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run H Nbu'rst ‘ Lpeak [el‘g S_l] ‘ trec [h] ‘ trise [s] ‘ tdecay [s] ‘ a-value
s11Q08a 27 1.17 - 1038 4.49 2.16 74.0 132.1
s12Q08a 35 1.16 - 1038 4.47 2.23 72.6 132.4
$12Q09a 80 1.01-10%8 3.60 2.65 78.9 124.1
s12Q10a | 133 8.46 - 1037 3.01 3.63 88.2 111.7
s13Q08a 30 1.15-10%8 4.47 2.25 71.4 138.9
s13Q09%a 62 1.05- 1038 3.88 2.47 78.2 126.8
s13Q10a || 121 8.63 - 1037 3.06 3.51 88.3 111.6
s14Q08a 25 1.17-10%8 4.47 2.19 69.9 138.0
s14Q09a || 55 1.02-10%8 3.80 2.67 81.0 122.8
s14Q10a 94 8.74 - 1037 3.09 3.37 86.4 114.1
s15Q08a 25 1.15- 1038 4.46 2.31 71.2 137.4
s15Q09a 48 9.94 - 1037 3.75 2.81 79.7 123.6
s15Q10a 85 8.52 - 1037 3.03 3.37 88.7 111.0

Tab. 3.3.: The values in this table are averaged over all bursts. If a simulation shows more
than 100 bursts, it is averaged over the first 100 bursts. The first column gives the
simulation conditions. The first character, s, denotes accreted solar abundance,
the next three digits represent the @, values, e.g. 11Q means @, = 1.1 MeV
nuc~ 1, the last three digits represent the accretion rate, e.g 08a means 0.8 - 107

1

gs .
L utescent Lstable Yignition Ystableburnin,
run frrans [h] [grg s711 | [ergs™'] [1()7gg em 2] | [107 g cmfzg]
s11Q08a 123.7 | 3.73-10% | 6.22-10% 5.3374 5.3408
s12Q08a 158.7 | 3.68-10% | 5.79-10% 5.7636 5.3406
$12Q09a 289.6 | 4.13-10% | 6.70 - 10%° 5.7637 5.3401
s12Q10a 409.0 | 4.31-10% | 7.58 - 10% 5.3375 5.3404
s13Q08a 136.3 | 3.72-10% | 6.21-10% 5.7636 5.3404
s13Q09a 241.1 | 4.01-10% | 6.87-10% 5.7637 5.3402
s13Q10a 378.7 | 4.97-10% | 7.58 -10% 5.7638 5.3399
s14Q08a 114.0 | 3.50-10% | 6.30-10% 5.7636 5.3407
s14Q09a 209.8 | 4.06-10% | 6.62-10% 5.7637 5.3402
s14Q10a 201.8 | 4.59-10% | 7.43.10% 5.7639 5.3403
s15Q08a 113.7 | 3.50-10% | 5.76 - 10%° 5.7636 5.3407
$15Q09a 181.0 | 4.41-10% | 6.60 - 103° 5.7637 5.3406
s15Q10a 258.7 | 4.60-10% | 7.55-10%° 5.7638 5.3406

Tab. 3.4.: Values of the transition from the bursting phase to stable burning. After the last
burst, all runs show a “trying” ignition of a further burst which fails. We take
this failed ignition as the time of transition #;.,,s between bursts and show it
in the second column. The next two columns show the quiescent luminosity
between two bursts and the luminosity of the stable burning after the transition.
The second column, ¥;gnition, gives the ignition depth of one of the last bursts,
the third column, Ysiupieburning, gives the column density of the stable burning,

where the burn rate is the highest.
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Fig. 3.10.: These four figures show the burn rate over one burst (left column) and the
temperature over one burst (right column). Here the simulation of Q, = 1.2 MeV
nuc~! and M. = 0.9-10'7g s~! are shown. L. is chosen to be at t = 0 s.
a) shows the results of the fifth burst. b) shows the results of the last burst.
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Tab. (3.4) shows transition values from the change of the bursting phase to the stable
burning phase. The second column shows the time t;;.4,,s, which marks the time of
the transition from bursts to stable burning. This time is taken after the last burst,
when a next burst seems to start, but fails to ignite. This transition time increases
with increasing accretion rate and decreases with increasing crustal heating. The
next two columns give the quiescent luminosity (Lyyiescent) between bursts and the
luminosity of the stable burning phase (L q.). There, we see an increase from
quiescent luminosity to the luminosity of the stable burning phase. The quiescent
luminosity and the luminosity of stable burning are influenced by the accretion
rate and increase with increasing accretion rate. In the last two column, we show
the column density of the most active regions. The ignition depth of one of last
the bursts is given by y;gnition. The column density of stable burning after the last
burst is given by ysabicburning. If We compare early bursts with the last burst, we
see that the last burst ignites at lower column density, at higher density (5th burst:
2.83-10%g cm™3, last burst: 3.09 - 10°¢ cm~?) and at higher temperatures (5th burst:
3.2 - 108 K, last burst: 3.4 - 10® K). This leads to more and more ineffective bursts,
where the state of the matter behaving as a degenerate gas gets shorter. After the
last burst, conditions for a thermonuclear runaway are not given anymore and stable
burning occur. Additionally, when the ignition depth is shifted more and more into
higher layers of the neutron star, the convection contributes a bigger part, since [25]
showed that those layers are affected by convection. Fig. (3.10) shows in the two
top plots, the time evolution of the burn rate (top left) and the temperature (top
right) over the fifth burst of the simulation with crustal heating of 1.2 MeV nuc™!
and an accretion rate of 0.9 - 1017 g s, The two bottom plots show the same values
for the last burst from the same simulation. If we compare the top with the bottom
plots, we can see that the last burst does not induce nuclear reactions in the same
extent as the fifth burst. The burn rate in the top plot stays longer at high values in
the region above and below the burst. The layers above the ignition zone are not as
long heated in the bottom plot than in the top plot. This shows, that the last burst is
already less effective and a next burst can not ignite.
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Fig. 3.11.: These two plots show the mass fractions of hydrogen (red line), *He (green
line), 12C (blue line), 1*O (bright turquoise line), >0 (orange line), 50 (black
line) and the minimal mass fraction of 0.1 (pink dashed line), which would be
needed for the successful ignition of a superburst.

a) shows the results from the simulation with an accretion rate of 0.9 - 10'7g s~!
and a crustal heating of 1.2 MeV nuc~'.

b) shows the results for the run with an accretion rate of 0.9 - 10'"g s~! and a

crustal heating of 1.4 MeV nuc~'.

In Fig. (3.11), we take a closer look at the mass fraction of hydrogen (red line),
helium (green line), carbon (blue line), and three different isotopes of oxygen (bright
turquoise, orange, and black line) dependent on the column density. Both plots show
the results from simulations with accretion rate 0.9 - 10!7g s~!, the left one with
crustal heating of 1.2 MeV nuc~! and the right one with 1.4 MeV nuc~!. We see that
in both cases, a rather large amount of '?C and '°0 is produced. Hydrogen burns
over the hot CNO-cycle, mixed with helium burning via the triple-alpha-reaction,
which results in the increased mass fraction of '*O and '°0. In hydrogen depleted
regions below the stable burning zone '°0 is produced, and, a bit deeper, '2C.

In the composition plot in Fig. (3.12), we see the overall composition distribution of
three regions of the simulation with Q; = 1.2 MeV nuc~! and M., = 0.9-10'7 g s
The red line shows the composition of one of our outermost layers, which consists
mostly out of the accreted matter. The blue line denotes the region with the highest
burn rate, and therefore, the most active zone in terms of nuclear energy production.
The violet line represents a region below the main active region and consists purely
of ashes from the stable burning. Two main differences to the composition of the
ashes from the pure stable burning (compared to Fig. (3.7)) are the regions of
20 < A <30 and 40 < A < 55. The first mass-region is here present (while it is
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Fig. 3.12.: The composition of three different regions of the results from the simulation
with Q, = 1.2 MeV nuc™! and M,., = 0.9-10'7 g s~!. The red line, region
one, is one of the outermost zones in our domain. Region two, the blue line,
is the zone with the highest burn rate at a column density of 5.34 - 107 g cm
(log(y) = 7.7). The violet line, region three, represents one of the zones below
the stable burning, where a maximum of '2C is reached at a column density of
1.8-10 g ecm~2 (log(y) ~ 9.3).

missing in Fig. (3.7)) and the isotopes of the second mass-region are more abundant
than before in the stable burning regime. Therefore, during the stable hydrogen-
and helium-burning, the proton- and a-captures on the lighter nuclei are stronger
present, and lead to a more balanced distribution of the mass fraction. Nuclei with
A Z 65 can not be produced, as they would need explosive burning.

The burn rate and the temperature profile present no large change if we increase
the accretion rate or the crustal heating (see Fig. (3.13), where in the left plot the
burn rate and in the right plot the temperature profile is shown). Compared to the
temperature profile of the stable burning regime in Fig. (3.8), we find slightly higher

A

values for the temperature in the irregular bursting regime.
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Fig. 3.13.: The burn rate and the temperature for runs with fixed crustal heating of 1.2
MeV nuc~!, but with different accretion rates of 0.8 - 10'7g s~! (black line),
of 0.9 -10'7g s~1 (violet line), and of 1.0 - 10'7g s~! (blue line). The red line
additionally presents the results for the simulation with 1.4 MeV nuc—! and an
accretion rate of 0.9 - 1017g s~ 1.

a) The burn rate as a function of the logarithm of the column density. The
increase of the accretion rate or of crustal heating has no significant influence
on the burn rate.

b) The temperature profile of the different simulations.
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3.3.3 Regular Burst Regime

For our numerical simulations with accretion rate conditions between 0.8 - 107 g s—*
and 1.5-10'7 g s~! and for all @, values, except the ones described in Section 3.3.2,
we find a regular burst regime (see violet dots in Fig. (3.3)). This means that over
long time the results from the simulations show a regular burst behaviour.

Here we show the results of five numerical simulations (all results can be found in
the Appendix A.1.1). We choose one parameter set with high @, value (= 1.5 MeV
nuc 1) and large M,.. (= 1.5-10'7g s~1), one set with intermediate Q; value (= 0.6
MeV nuc~!) and intermediate M,.. (= 1.0 - 10'7g s~1), and three parameter sets
with low M. (= 0.8-107g s 1) for three different Q;-values (0.1, 0.4, and 0.8 MeV
nuc™ ).

In Fig. (3.14), we present the light curve of these simulations over a short period of
time (~ 14 hours). The simulations with low accretion rate (green, light turquoise,
and violet lines in the figure) show higher peak luminosities (~ 1.2 - 1038 erg s™1)
and long recurrence times (~ 4.5 h), whereas simulations with higher accretion rate
(red and orange lines) show lower peak luminosities (~ 7 — 9 - 1037 erg s~!) and
shorter recurrence times (~ 1.5 — 3 h). The recurrence time of Type I X-ray bursts is
very sensitive to ignition conditions. Lower accretion rates lead to lower ignition
depths [25, 138], and therefore, the bursts ignite at lower temperatures and lower
densities. At these lower accretion rates, a helium dominated burst occurs, whereas
at high accretion rate, a mixed hydrogen/helium burst takes place [139].

In Tab. (3.5), we show the observable burst parameters given as the values from our
simulations averaged over the number of bursts. In the second column, N, is the
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Fig. 3.14.: This figure shows the light curves of five simulations over a time of roughly 13.9
hours. The colour affiliation to the parameter sets are given in the legend above
the plot. As before, we use the nomenclature described in Eq. (3.6).
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run H Nburst ‘ Lpeak: [erg Sil] ‘ t'rec [h] ‘ trise [S] ‘ tduration [S] ‘ a'Value

s15Q15a 83 6.97 - 1037 1.56 5.45 126.80 74.9
s06Q10a || 2807 8.92 - 1037 3.09 3.62 97.24 100
s08Q08a | 2331 1.18-10%8 4.52 2.18 73.53 136.1
s04Q08a | 1180 1.24 - 1038 4.70 1.74 74.74 131.1
s01Q08a || 61 1.25-10%8 4.72 1.70 74.68 130.4

Tab. 3.5.: The values in this table are averaged over all bursts, if a simulation shows more

than 100 bursts, it is averaged over the first 100 bursts. The first column specifies
the simulation conditions.

number of bursts, the third column L., gives the maximum in the luminosity of
the simulations, the fourth column ¢,.. gives the recurrence time, the fifth column
trise gives the rise times, the sixth column ¢;,,.4ti0n gives the burst time, and the last
column gives the a-values. In Sec. 3.7 we will compare our results to observations.

Fig. (3.15) shows a comparison of one single burst from each simulation of our
five chosen parameter sets. The time is shifted, so that the steep rise of the bursts
occur simultaneously. This point is also marked as time equals zero. This figure
shows the differences in the behaviour of one single burst between the simulations.
The high-accretion-rate-bursts rise not so steeply and to an overall lower maximum
luminosity, which is reached later, and decay more shallowly (red and orange line),
than the luminosities of the other simulations. The simulations with low accretion

s15Q15a

s06Q10a s08Q08a

s04Q08a s01Q08a

Luminosity [1 O3Serg/s]

Time [s]

Fig. 3.15.: The light curves of one representative burst for each of our five parameter sets.
The times have been shifted such that the steep rise of the curves lay on top of
each other.
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rate show a steep rise to a high peak luminosity and decay faster (violet, light
turquoise, and green line). For all simulations with low accretion rate, the crustal
heating has no strong impact on the results and the lines lay nearly on top of each
other. It has to be noted, that here we show one specific example of a burst for each
of our parameters. The bursts of one simulation can vary, but the general behaviour
is represented by these examples.

Fig. (3.16) shows the dependency of the accretion rate and the crustal heating on
the peak luminosity and the recurrence time. We show here average values of the
represented quantities. The two top plots show the change of the peak luminosity
(in units of 10?® erg s~!) in dependence on the crustal heating (top left) and on the
accretion rate (top right). The two bottom plots show the change of the recurrence
time (in units of hours) in dependence on the crustal heating (bottom left) and on
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Fig. 3.16.: a) The top left plot shows the peak luminosity in dependence on the crustal
heating. The accretion rate is fixed at 0.8 - 1017g s~1.
b) The top right plot shows the peak luminosity in dependence on the accretion
rate. The crustal heating is fixed at 1.5 MeV nuc—!.
¢) The bottom left plot shows the recurrence time in dependence on the crustal
heating. The accretion rate is fixed at 0.8 - 1017g s~1.
d) The bottom right plot shows the recurrence time in dependence on the
accretion rate. The crustal heating is fixed at 1.5 MeV nuc~'.
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the accretion rate (bottom right). The left plots correspond to simulations with a
fixed accretion rate of 0.8 - 10'7g s~!. The right plots correspond to simulations with
a fixed crustal heating of 1.5 MeV nuc~!. In both cases (the top and the bottom
plots), we choose the same range for the y-axis (displaying either peak luminosity or
recurrence time) to compare them easily. All four plots show a decreasing behaviour.
However, the accretion rate has a much bigger influence on the peak luminosity
and on the recurrence time than the crustal heating. Since the change in recurrence
times hints that the ignition depth of the burst has been shifted to other conditions.
We see in the same fashion a decrease of the luminosity. This indicates that not
the entire fraction of hydrogen and helium is depleted in the burst region for high
accretion rates, as it is the case for low accretion rates, where a helium dominated
burst occurs [25, 139].

The two plots in Fig. (3.17) are obtained at the time in between two bursts. Therefore,
the previous burst does not influence these two distributions of the light isotopes
over the column density. These light isotopes are important for hydrogen- and
helium-burning during stable burning. In the left plot, we show the results from the
simulation with a high accretion rate of 1.5 - 10'7g s=! and @, of 1.5 MeV nuc~!; in
the right plot the results from the simulation with a low accretion rate of 0.8 - 10'7g

0.8 r b 0.8 r

0.6 0.6
~ ~

04 04

0.2 r 02t

0 S ‘ 0
6 6.5 7 7.5 8 8.5 9 9.5 6 6.5 7 7.5 8 8.5 9 9.5
Log Column Density [g/cm2] Log Column Density [g/cmz]

(a) (b)

Fig. 3.17.: The mass fractions of hydrogen (red line), “He (green line), '2C (blue line), 'O
(bright turquoise line), *O (orange line), 190 (black line) and the minimal mass
fraction of 0.1 (pink dashed line), which would be needed for the successful
ignition of a superburst.

a) shows the results from the simulation with an accretion rate of 1.5 - 10'7g s—!
and a crustal heating of 1.5 MeV nuc™!.

b) shows the results for the run with an accretion rate of 0.8 - 10'7g s~! and a
crustal heating of 0.1 MeV nuc~*.
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s~ and @, of 0.1 MeV nuc~!. Between two bursts, quiescent stable burning via
the CNO-cycle and the triple-a reaction occurs. We can see that with low accretion
rate, stable burning leads to more helium, which leads to a helium dominated
burst with high peak luminosity and long recurrence time. Whereas, we can see
for high accretion rate, less helium is produced in between bursts and a mixed
hydrogen/helium burst occurs with lower peak luminosity and shorter recurrence
time.

In Fig. (3.18), we show the burn rate and the temperature for different column
densities. The left plot shows the results for the case with an accretion rate of
1.5-10'7g s~! and a crustal heating of 1.5 MeV nuc™~!, the right plot shows the results
for the case with an accretion rate of 0.8 - 10!7g s~! and a crustal heating of 0.1 MeV
nuc~!. In Fig. (3.18a), we find that the temperature profile is steeper and rises to
larger values than in the cases of stable burning in the irregular burst and in the
stable burning regimes. The temperature profile in the right plot is similar to the ones
in the irregular burst regime in Fig. (3.13b), but steeper than the ones of the stable
burning regime in Fig. (3.8d). The burn rate in both cases show a valley besides the
peak at lower column density. The small plateau in low column densities indicates
hydrogen-burning via the hot CNO-cycle, whereas the peak indicates additional
carbon production via triple-alpha reactions. Compared to the other two regimes,
the burn rate has its peak at slightly higher column densities, but the peak itself is
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Fig. 3.18.: The burn rate and the temperature of the regions where stable burning occurs.
a) shows the results from the simulation with an accretion rate of 1.5 - 10'7g s~!
and a crustal heating of 1.5 MeV nuc—!.

b) shows the results for the run with an accretion rate of 0.8 - 10'"g s~! and a
crustal heating of 0.1 MeV nuc~'.
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smaller than the peaks in Fig. (3.13a). Both peaks in Fig. (3.18) decay faster than
the peaks in the other burning regimes. While the hot CNO-cycle is temperature
independent, the triple-« reaction is strongly dependent on temperature. Therefore,
in the left plot, the triple-« reaction is reducing the helium production stronger than
in the right plot.

In the composition plot in Fig. (3.19), we see the overall composition distribution
of three regions of the simulation with the conditions @, = 0.1 MeV nuc™!, and
My = 0.8-10'7 g s~1. Note, that if we compare this figure with Fig. (3.7) or
Fig. (3.12), we have to take into account that the x-axis (the mass number) includes
here also larger values than before. In Fig. (3.19), the red line shows the composition
of one of the outermost zones and represents the accreted composition. The blue
line shows the composition of the region, where quiescent burning has a maximal

burn rate, and consists out of newly accreted material and ashes from the previous

10° . . . .

— region 1
region 2
region 3

1071 1

1072 1

1073 H

10 1

1076 H

10-7 L

100

A

Fig. 3.19.: The composition of three different regions obtained from the simulation with
Qp = 0.1 MeV nuc ! and M,.. = 0.8-10'7 g s~. The red line, region one, is
one of the outermost zones in our domain. Region two, the blue line, is the zone
with the highest burn rate between two bursts at a column density of 6.72 - 107
g cm~2 (log(y) ~ 7.8). This region consists out of a mixture of newly accreted
matter and traces of the ashes of the last burst. The violet line, region three,
represents one of the zones below the stable burning, where the composition
consists purely out of ashes of the previous bursts. This is at a column density of
1.06 - 10° g em~2 (log(y) ~ 9.0).
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thermonuclear runaway. The violet line represents a deeper zone, which consists
purely out of the composition of the ashes of the previous bursts. Region two consist
out of some heavy isotopes, with peaks around A ~ 65, and A ~ 40, and lighter
isotopes around oxygen, helium, and hydrogen. In the deepest region, all of the
helium and hydrogen is depleted due to the reactions of the bursts. Isotopes up
to a mass number of A ~ 80 have been produced, which are the products of the
rp-process.

Fig. (3.20a) shows the burn rate (left plot) and the temperature (right plot) evo-
lution over one burst. During a burst, the burn rate rises fast to high values and
reaches out to lower and higher column densities. Due to the rise in the nuclear
reaction activity, the temperature rises, which enables the ap and the rp-process.
The temperature reaches values of ~ 9.3 - 10® K at densities of 3 — 4 - 10° g cm™3
at the peak luminosity (¢ = 0 in these plots). At those conditions matter does not
behave like a degenerate gas anymore and the reaction flow of the processes slows
down. The hydrogen in the ignition region is completely depleted (Fig. (3.20b),
left plot) whereas some fraction of helium (right plot) remains in the ignition zone,
while it is immediately depleted in the zones below. Fig. (3.20) shows a burst of
a simulation with low accretion rate and low crustal heating. Therefore, the burst
ignition is helium dominated. This can also be seen in the middle plot of Fig. (3.21),
where the helium mass fraction is higher than the hydrogen mass fraction. The
three plots in Fig. (3.21) show the mass fractions as obtained from a simulation
with the following conditions: Q, = 0.1 MeV nuc~! and M,. = 0.8 - 107 g s~
Fig. (3.21b) shows the mass fraction of the composition in the ignition zone. This
zone is chosen because it shows the highest burn rate at the peak luminosity. We
choose to take a look at the time between t; — 25 s and ¢y + 145 s because for this
parameter set, bursts have an average length of ~ 75 s, with a short rise time of
only 1.7 s. The red line represents the mass fraction of hydrogen (H), the green line
the mass fraction of helium (*He), the dark blue line the mass fraction of carbon
(*2Q), black the mass fraction of oxygen (}°0), and the light turquoise line the mass
fraction of silicon (*®Si). We choose t = 0 s as the time where the luminosity reaches
its peak. Fig.(3.21a) shows the mass fraction in the zone above the ignition zone,
whereas Fig. (3.21c) shows the mass fraction of the zone below the ignition zone.

We see here in Fig. (3.21), that all hydrogen is depleted in all three zones. Fur-
thermore, helium remains with a mass fraction of ~ 0.1. Carbon is only produced
until shortly below 0.1, which is the needed mass fraction to ignite a superburst in
deeper zones after thousands of bursts providing layers of ashes. Combined, the
zones produce the mass fractions that were previously shown in Fig. (3.17b). So
this simulation prooves to be a candidate for a self-consistent superburst ignition.
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Fig. 3.20.: Here, the results from the simulation s01Q08a are shown. L, is chosen to be
att = 0 s. The figures in a) show the burn rate over one burst (left) and the
temperature over one burst (right). The figures in b) show the mass fraction of
H and He.
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a) Shows the mass fraction from the zone above the ignition zone. b) Shows
the evolution of the mass fraction of the zone, where the most nuclear energy
is released at time ¢t = 0, when the luminosity reaches its peak. This happens
at a column density of 5.77 - 107 g cm~2 (log(y) = 7.76). ¢) Shows the mass
fraction from the zone below the ignition zone. The red line represents the mass
fraction of hydrogen, the green line the mass fraction of helium, the dark blue
line the mass fraction of carbon, black is the mass fraction of oxygen, and the
light turquoise line the mass fraction of silicon.
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3.3.4 Discussion of the Three Burning Regimes with Solar
Abundances as Accretion Composition

We find for the burst behaviour in the irregular regime that with increasing accretion
rate, the number of bursts increases, as well as the burst time, the transition time,
and the luminosity of the stable burning and the quiescent burning between bursts.
In contrast, the recurrence time, the a-parameter, and the peak luminosity decreases.
With increasing crustal heat, the number of bursts decreases, as well as the transition
time, whereas the peak luminosity remains more or less unchanged. At the range of
Qp values, where we find irregular burst behaviour, we find a shift of the ignition
depth towards smaller values over time. Due to this shift, the ignition region rises
upwards, where the conditions for a thermonuclear runaway are in the end not
given anymore, and therefore, stable burning occurs.
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Fig. 3.22.: A comparison of the composition of two representative simulations for each
burning regime (definition of the parameter set conditions of each simulation is
given in the box below the figure). The solid lines represent the regular bursting

regime, the dashed lines the irregular burst regime, and the dot-dashed lines the
stable burning regime.
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In the regular burst regime we see a major influence of the accretion rate on the peak
luminosity and the recurrence time, which both decrease with increasing accretion
rate. The rise time and the burst time tend to increase for increasing accretion rate,
whereas the a-parameter decreases with increasing accretion rate. Increasing crustal
heat leads to increasing a-parameters and rise times, but to decreasing burst times
and peak luminosities. This is due to the rfact that with low accretion rates, we
have more helium in the ignition zone and the burst ignitions are helium dominated.
With high accretion rates, the helium fraction in the ignition zone is reduced and we
find a mixed hydrogen/helium ignition.

For the three different burning regimes, we find differences in the stable and qui-
escent burning region, and therefore, differences in the composition of the ashes
in a layer with column density of ~ 1-10° g cm~2. The composition of the ashes
is presented in Fig. (3.22), where the solid lines represent two cases with regular
burst behaviour, the dashed lines cases with stable burning behaviour, and the dot-
dashed lines cases with irregular burst behaviour. All regions consisting of ashes are
completely hydrogen depleted. We find that the mass fractions in the stable burning
regime and the regular burst regime are shifted: in the stable burning regime the
light isotopes dominate and only some heavier isotopes around the iron-peak appear.
In contrast, in the regular burst regime, heavier isotopes up to A ~ 80 are found and
lighter isotopes are less present.

In Fig. (3.23), we combine our results from the burning regimes with the amount of
carbon found in the ashes of the different burning regimes. This is crucial for finding
parameter sets which could be used for simulating a self-consistent ignition of a
superburst. In the stable burning regime, higher accretion rates result in a steeper
temperature profile and therefore mixed, stable H/He-burning. The temperature
gradient enables a-capture on the produced '2C, leading to less carbon than in
cases with lower accretion rates, where an immense part of the produced carbon
survives because the hydrogen and helium burning regimes are slightly parted. In
the irregular burst regime, we find stable burning of hydrogen and in the layer
consisting of ashes just below, helium burns stably to carbon. In some cases, e.g.
$12Q09a, there is nearly as much 0 production as 2C production. In Fig. (3.23),
we merge the results of the found carbon mass fraction in the layers consisting of
ashes into our parameter space, which gives us the burning behaviour. The four
shades of grey indicate the mass fraction of carbon. Going from a bright shade of
grey to the darker shade means: Xz > 0.1, Xi2 > 0.5, Xz > 0.7, Xi2 > 0.9,
whereas white means Xi2 < 0.1. We observe a small band of parameter sets, which
show both, regular bursts (violet dots), and have layers of ashes, which consists of
more than 10% carbon (in the grey area), and are therefore candidates for superburst
simulations.
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Fig. 3.23.: This plot shows the three different burning regimes found in our simulations. The

red dots are the parameter set runs which lead to stable burning, the turquoise
dots represent irregular bursts, and the violet ones regular burst behaviour. The
mass fraction of '2C is shown by the different shades of grey. From bright to
dark: Xizg > 0.1, Xizg > 0.5, Xiz¢ > 0.7, Xi2¢ > 0.9 and white is Xi2¢ < 0.1.
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3.4 Three Burning Regimes with Helium-Rich
Abundances as Accretion Composition

In this section, we discuss the results of our numerical simulations with a helium rich
accretion composition. Our interest for such helium-rich environments originates
from two superbursts observations in ultra-compact X-ray binaries, cf. Tab. (1.2).
Those two sites are 4U 0614+91 (see [46]) and 4U 1820-30 (see [57]). In such
binaries, Roche-lobe overflow can only originate from an evolved star without a
hydrogen envelope.

Model | X(H) | X(*He) | X(2)
helium-rich | 0.471 | 0.510 | 0.019

Tab. 3.6.: The helium and hydrogen mass fractions, and the remaining mass fraction of all
the metals, which were included in our helium-rich simulations.

We also want to make for helium-rich accretion composition a parameter space
exploration, finding possible parameter sets, which could be used for self-consistent
superburst simulations. Our simulations reveal three different burning regimes,
which we show in Fig. (3.24): red dots represent stable burning, turquoise dots
irregular bursts, and violet dots regular burst behaviour. We simulate at least ~ 106
seconds simulation time to be sure, that no burst was found in our results. In the
next three subsections, we discuss these three regimes in more detail.

We can see that from smaller until intermediate accretion rates (Mye. = 0.1 — 1.1 -
10'7g s71), we find for all Q) values stable burning. With higher accretion rates and
higher base heating (Q; > 0.6 MeV nuc™!), we find irregular burst behaviour and
with high accretion rates (M. > 1.2 - 10'7g s~1) and low Q, values (Q; < 0.6 MeV
nuc~!), we find regular burst behaviour. The additional heat source at the base of
our computational domain seems to influence the burning regimes only in the upper
right part of Fig. (3.24): with a higher @), value, the region of the irregular burst
regime spreads towards higher accretion rates. In the irregular burst regime, a phase
of Type I X-ray bursts is followed by stable burning.

Note that the nomenclature in this section still follows the convention described in
Eq. (3.6), but now the x, which represents the composition of the accreted matter, is
now he, since we accrete helium-rich matter.
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Fig. 3.24.: The three different burning regimes found in our study with helium-rich accretion

composition, where the crustal heating @), is plotted versus the accretion rate.
The red dots represent the parameter set runs, which lead to stable burning,
the turquoise dots denote irregular bursts, and the violet ones regular burst
behaviour.
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3.4.1

Stable Burning Regime

In our simulations with helium-rich accretion composition, the upper limit for the
stable burning regime of simulations with helium-rich accretion composition is found
at an accretion rate of 1.1 - 107g s~! (see red dots in Fig. (3.24)). Fig. (3.25) shows
an example light curve of this burning regime.
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Fig. 3.25.: This is an example light curve from the simulation with Myee = 0.2 10'7g s 1,
and Q, = 1.2 MeV nuc—".

In Fig. (3.26), we show the results from the simulations with an accretion rate of
1.1-10'7g s~! and a @, value of 0.9 MeV nuc~! (left plot), and from the simulations
with an accretion rate of 0.3-10'7g s~! and a crustal heating of 0.9 MeV nuc~! (right
plot). Fig. (3.26) shows the mass fractions for 'H (red line), *He (green line), '2C
(blue line), O (light turquoise line), 10 (orange line), and '°0 (black line) in
dependence on the column density. In both cases, hydrogen is burning under stable
conditions. We see that with high accretion rate, Fig. (3.26a), “He is burning stably
in the lower part of the stable hydrogen burning region and produces 'O and °0.
In even deeper layers, where no hydrogen is available anymore, '°0 and 2C are
produced during hydrogen burning and build a layer of mainly carbon and oxygen.
In contrast, if the accretion is low (Fig. 3.26b), the stable hydrogen burning builds
up a rather thick layer of helium (as compared to Fig. (3.26a)), which burns at the
lower part of the layer and builds a nearly pure '2C layer.

Fig. (3.27) shows the burn rate and the temperature as a function of the column
density. We show results for the same parameter sets as in Fig. (3.26). Fig. (3.27a)
shows a plateau in the burn rate with a peak before it drops at higher column density.
The plateau originates from stable hydrogen burning and the peak arises due to the
higher activity of the zone where, additionally, “He burns to '2C. This feeds the hot
CNO cycle, which produces more “He, which then burns to '2C, and so on, until one
fuel is depleted, in this case hydrogen. In Fig. (3.27b), at low accretion rate, we
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Fig. 3.26.: The mass fractions of hydrogen (red line), “He (green line), '2C (blue line), 'O
(light turquoise line), °O (orange line), 90 (black line), and the minimal mass
fraction of 0.1 (pink dashed line), which would be needed for the successful
ignition of a superburst.

a) Shows the results from the simulation with an accretion rate of 1.1 -10'7g s~!
and a crustal heating of 0.9 MeV nuc™!.

b) Shows the results for the run with an accretion rate of 0.3 - 10'7g s~! and a
crustal heating of 0.9 MeV nuc~*.
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Fig. 3.27.: The burn rate and the temperature of the regions where stable burning occurs.
a) Shows the results from the simulation with an accretion rate of 1.1-10'7g s~!
and a crustal heating of 0.9 MeV nuc™—!.

b) Shows the results for the run with an accretion rate of 0.3 -10'7g s~! and a
crustal heating of 0.9 MeV nuc~'.
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only see a small peak at the end of the plateau. This is in agreement with the small
increase in the mass fraction of 1“0 and 'O in the zone at log(y) ~ 7.5 g cm™2,
as seen in Fig. (3.26b), which corresponds to the triple-a-reaction feeding the hot
CNO-cycle. Therefore, a thick layer of hydrogen burning ashes is produced. Helium

burns stable in a deeper layer (at log(y) ~ 8 g cm~2) and produces carbon.

Fig. (3.28) shows the composition of three regions of the simulation with Q, = 0.9
MeV nuc—! and M. = 0.3-10'7 g s~1. The y-axis indicates the mass fraction and
the x-axis denotes the mass number of the isotopes in the composition. The red line
shows the composition of the outermost zone, which consists purely out of accreted
matter. The blue line shows the composition of the zone with the highest burn rate
at a column density of ~ 4.6 - 10" g cm™2 (log(y) ~ 7.7). There we see that most
of the mass fraction of hydrogen is already shifted to helium and, additionally, *O
and '50. The violet line represents the zone at a column density of ~ 8.4 -10% g
cm~2 (log(y) ~ 8.9). In this zone, there is no hydrogen and only some helium is
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Fig. 3.28.: The composition of three different regions of the results from the simulation
with Q, = 0.9 MeV nuc~! and M,.. = 0.3-10'7 g s~!. The red line, region
one, is one of the outermost zones in our domain. Region two, the blue line,
is the zone with the highest burn rate at a column density of 4.6 - 107 g cm™2
(log(y) ~ 7.7). The violet line, region three, represents one of the zones below
the stable burning, where a maximum of '2C is reached, at a column density of
8.4-10% g cm~2 (log(y) ~ 8.9).
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visible, since helium is burned in a layer underneath, as seen in Fig. (3.29a). Carbon
dominates the composition with some isotopes at A ~ 20.

In Fig. (3.29), we investigate the influence of the accretion rate on the burn rate. In
contrast, @, has merely any influence on the burn rate (as shown in the Fig. (3.8))
and is thus not shown. Similar to the results for stable burning with solar abundances
in the accreted matter in Fig. (3.8), we see here in the left plot Fig. (3.29a), that
with low accretion rates (0.1— ~ 0.4 - 10!7g s71), two separated peaks in the burn
rate appear. This separation of the burning hydrogen and helium region leads to the
production of a large amount of carbon. A certain amount of helium survives the
hydrogen burning and burns stably in a lower layer into carbon, without feeding the
hot CNO, which would only lead to a single peak. In contrast, at higher accretion
rates, we see a peak at the end of the plateau of the burn rate, where the triple-«
process fuels the hot CNO with additional '2C. This leads to hydrogen depletion and
a layer of helium accumulates below the hydrogen burning layer. This layer burns in
a stable way to carbon, but does not produce as much carbon as the case with two
separated burning regions.
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Fig. 3.29.: The burn rate and the temperature for runs with fixed crustal heating of 0.9 MeV
nuc~!, but with different accretion rates from 0.1 - 1017g s~! (red line) until
1.1-10'7g s~ ! (pink line).

a) Shows the burn rate as a function of the logarithmic column density. The
increase of the accretion rate results in a higher burn rates at higher column
densities.

b) Shows the temperature profile of the different simulations.
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3.4.2 Irregular Bursts Regime

For our numerical simulations with accretion rates of 1.2 - 1017g s < M. <
1.5-10'"g s~! and crustal heating in the range of 0.7 MeV nuc™! < Q, < 1.5

MeV nuc~!, with exception of the simulations with crustal heating of 0.7 MeV nuc~!

with accretion rates of 1.4 — 1.5 - 1017g s1

, we get irregular burst behaviour. This
means, that first we get for a certain time ¢;,4,,s bursts and afterwards we get stable
burning, while the bursts do not reappear. Those are the cases marked with turquoise

dots in Fig. (3.24).

In Tab. (3.7), we listed the simulation name in the first column, the number of bursts
before stable burning occurs in the second column Ny,,.¢;, in the third column the
averaged peak luminosity over the first hundred bursts, the fourth column shows
the recurrence times of the bursts, the next two columns show the rise time and
the burst time, and the last column shows the a-parameter of the bursting phase.
We see that increasing accretion rate leads to increasing ¢,;s., increasing t gy ation»
and increasing number of bursts before the burning falls into stable burning, since
more fuel for bursts is provided in a shorter time. Increasing accretion rate leads
further to decreasing peak luminosities and decreasing ¢,... The interplay of trends
in burst time, recurrence time, and peak luminosity influences the a-parameter in a
decreasing manner. Furthermore, we find that with increasing crustal heating, the

run H Nburst ‘ Lpealc [erg Sil] ‘ trec [h] ‘ trise [S] ‘ tduration [S] ‘ a-value
he07Q12a || 180 2.40 - 10%8 3.24 1.04 42.21 132.2
he07Q13a | 260 2.29 .1038 2.89 1.11 43.68 123.3
he09Q12a 74 2.38 - 108 3.22 1.10 41.49 134.0
he09Q13a | 121 2.23.10%8 2.86 1.20 43.42 124.1
he09Q14a | 184 2.13-10%8 2.59 1.26 45.16 116.1
he09Q15a | 240 2.02-10%8 2.36 1.32 46.90 109.5
hel1Q12a 52 2.37-10%8 3.22 1.14 41.85 133.3
hel1Q13a 81 2.22.10%8 2.85 1.24 42.99 126.1
hel1Q14a | 143 2.08 - 1038 2.56 1.33 45.03 117.3
hel1Q15a | 273 1.97-10%8 2.34 1.41 46.54 111.3
hel3Q12a 45 2.35- 1038 3.23 1.12 41.40 136.5
hel13Q13a 63 2.18 - 108 2.86 1.35 43.36 126.6
hel3Q14a 83 2.05 - 1038 2.56 1.43 44.80 119.3
hel13Q15a 96 1.94-1038 2.32 1.38 46.85 109.4
hel5Q12a 38 2.36 - 108 3.23 1.20 41.80 134.2
hel5Q13a 54 2.21-10%8 2.85 1.29 43.21 125.5
he15Q14a 68 2.08 - 10%8 2.56 1.37 44.90 117.9
hel5Q15a 81 1.95 - 1038 2.33 1.44 46.32 112.6

Tab. 3.7.: The values in this table are averaged over all bursts. If a simulation shows more
than 100 bursts, the average is taken over the first 100 bursts. The first column
shows the simulation conditions.
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number of bursts decreases, since ), influences the ignition depth in a decreasing
fashion, as shown in [25].

In the next table (Tab. (3.8)), we show the values for the transition between bursts
and stable burning. The table lists from left to right, the simulation identification,
the transition time, the quiescent luminosity, and the luminosity in the stable phase
Lstapie- In the next two columns, we show the ignition column density yignition Of
the burst phase and the column density of the stable burning yapicburning, Which
is the column density of the zone where the burn rate is the highest. We find that
with increasing crustal heating the ¢;..,s decreases, while the quiescent luminosity
and the luminosity during stable burning remain more or less unchanged. With
increasing accretion rate, the transition time increases, as well as the quiescent
luminosity and the luminosity of the stable burning system. The region where the
burn rate peaks is neither largely influenced by the crustal heating nor the accretion
rate. Nevertheless, if we compare early bursts with the last burst, we see that the last

burst ignites at lower column density, at lower density (5th burst: 3.11 - 10°g cm™3,

Lquiescent Lstable Yignition Ystableburning
run tirans [h] [ergs~'] | [ergs™!] | [10" gem2] | [107 g cm™2]
he07Q12a 572.5 | 3.50-10% | 6.49-10%° 4.2380 4.9459
he07Q13a 684.7 | 3.58-10% | 7.01-10% 4.5766 5.3409
he09Q12a 238.0 | 3.37-10% | 6.51-10% 4.5766 4.9456
he09Q13a 206.9 | 3.59-10% | 7.04-10% 4.9423 4.9456
he09Q14a 371.3 | 3.96-10% | 7.63-10% 4.5770 4.9457
he09Q15a 410.6 4.23-10% | 8.13-10% 4.5771 4.9456
hel1Q12a 167.4 | 3.55-10% | 6.53-10%° 4.9423 4.9457
hel1Q13a 230.9 3.66 - 10% | 7.14 - 10%° 4.9423 4.9456
hel1Q14a 261.2 | 3.98-10% | 7.73-10% 4.5766 4.9456
he11Q15a 530.5 | 4.69-10%° | 8.62-10%° 4.2386 4.9458
he13Q12a 144.9 | 3.66-10% | 6.55-10% 4.9422 4.9461
he13Q13a 179.8 | 3.72-10% | 7.18-10% 4.9423 4.9461
hel3Q14a 212.6 | 3.88-10% | 7.75-10% 4.9426 4.9460
he13Q15a 2229 | 4.11-10% | 8.08-10% 4.9427 4.9460
hel5Q12a 122.3 | 3.47-10% | 6.60 - 10%° 4.5766 4.9455
hel5Q13a 153.8 | 3.82-10%° | 7.21-10% 4.5768 4.9457
he15Q14a 174.2 | 4.18-10% | 7.77-10%° 4.5769 4.9456
hel5Q15a 189.1 | 4.42-10% | 8.24-10% 4.5769 4.9580

Tab. 3.8.: In this table, values for the change of the bursting phase to the stable burning
phase are shown. The second column, t;4,s, Shows the time of the transition
from bursts to stable burning. As all the runs show after the last burst a “trying”
ignition of a further burst, which fails, we took this failed ignition as the time of
transition. The next two columns show the quiescent luminosity between two
bursts and the luminosity of the stable burning after the transition. The last two
columns show the the ignition depth of one of the last bursts, y;gnition, and the
column density of the stable burning, ystabicburning, Where the burn rate is the
highest.
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Fig. 3.30.: The light curve of the last two bursts and the failed burst, which initiate the
stable burning phase of the irregular burst regime. This light curve is from the
simulation with the condition for accretion rate of 1.5 - 10'“g s~! and crustal
heat of 1.1 MeV nuc™!

last burst: 3.00 - 10°¢ cm~—3) and at lower temperatures (5th burst: 3.2 - 108 K, last
burst: 3.00- 108 K). This leads to more and more ineffective bursts, where the state of
the matter behaving as a degenerate gas gets shorter. After the last burst, conditions
for a thermonuclear runaway are not given anymore and stable burning occur.
Additionally, when the ignition depth is shifted more and more into higher layers of
the neutron star, the convection contributes a bigger part, since [25] showed that
those layers are affected by convection.

Fig. (3.30) shows the transition from bursts to stable burning for the simulation
with crustal heat of 1.1 MeV nuc~! and accretion rate of 1.5 - 10!7g s, Already the
bursts before do not show typical burst behaviour. The shape of the light curve does
not show the typical fast rise and slow decay. The third burst visible in Fig. (3.30) is
the “failed” burst, where the light curve shows the start of a rise, but the light curve
does not reach the high luminosities of a full burst and soon decreases again to a
stable value.

Fig. (3.31) shows in the two top plots the time evolution of the burn rate (top
left) and the temperature (top right) over the fifth burst of the simulation with
crustal heating of 1.1 MeV nuc—! and an accretion rate of 1.3 - 10!” g s~!. The two
bottom plots show the same values for the last burst from the same simulation. If
we compare the top with the bottom plots, we can see that the last burst does not
influence as much the layers underneath as the fifth burst. Additionally, those layers
underneath the burst region already show more nuclear reaction activity than the
same layers in the plot of the fifth burst. This shows that the last burst is already less
effective, since fuel for the burst is burning stably and a next burst can not ignite.
Both temperature plots are similar, with the exception that for the last burst, the
lowest layers are heated due to crustal heating.
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Fig. 3.31.: The results from the simulation he11Q13a are shown. L, is chosen to be at
t = 0 s. These four figures show the burn rate over one burst (left figures) and
the temperature over one burst (right figures).

a) Shows the results of the fifth burst. b) Shows the results of the last burst.
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Fig. 3.32.: The mass fractions of hydrogen (red line), “He (green line), '2C (blue line), '*O
(light turquoise line), °O (orange line), 190 (black line), and the minimal mass
fraction of 0.1 (pink dashed line), which would be needed for the successful
ignition of a superburst.

a) Shows the results from the simulation with an accretion rate of 1.5 - 10'7g s~
and a crustal heating of 1.1 MeV nuc~'.
b) Shows the results for the run with an accretion rate of 1.3 - 10'7g s~! and a

crustal heating of 1.1 MeV nuc~'.

1

In Fig. (3.32), we show the mass fraction of 'H (red line), “He (green line), 2C
(blue line), O (light turquoise line), 10 (orange line), and '°0 (black line) in
dependence of the column density for high accretion rate in the left plot and for
slightly lower in the right. For both plots, a crustal heating of 1.1 MeV nuc~!
The main difference between these two plots is in the stronger production of 10
in the case with higher accretion rate in Fig. (3.32a). Both show an increase of hot
CNO nuclei at the lower part of the hydrogen burning region of the accreted layer,
which consists mainly out of helium and hydrogen. Also the profiles of the burn
rates of these two situations look similar, as seen in Fig. (3.33), but for the higher
accretion rate (Fig. (3.32a)) the burn rate drops at a smaller column density. The
temperature profiles also show only small differences. Notably, the peak in the burn
rate corresponds to a slightly higher temperature in the case of higher accretion rate,
Fig. (3.33a), as compared to the situation with smaller accretion rate, Fig. (3.33b).
Notably, at lower temperatures (Fig. (3.33b)), the region corresponding to the peak
in the burn rate produces twice as much oxygen (black line in Fig. (3.32b)) than in
the situation with higher temperatures (black line in Fig. (3.32a)).

Fig. (3.34) shows three regions of the simulation with the conditions @, = 1.1 MeV
nuc! and M, = 1.3 - 107 g s~1. The red line represents one of the outermost
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Fig. 3.33.: The burn rate and the temperature of the regions, where stable burning occurs.
a) Shows the results from the simulation with an accretion rate of 1.5-10"g s~ !
and a crustal heating of 1.1 MeV nuc~!.

b) Shows the results for the run with an accretion rate of 1.3 -10'7g s~! and a
crustal heating of 1.1 MeV nuc™!.

zones, which consists mainly out of accreted matter. The blue line shows the mass
fractions of the composition of the zone with the highest burn rate at a column
density of 4.9 - 107 g cm~2 (log(y) ~ 7.7). Furthermore, the violet line represents
the composition of a zone underneath the stable burning region at a column density
of 1.8 - 10° g em~2 (log(y) ~ 9.3). In region 2 (blue line), we find mainly helium,
oxygen isotopes (140 and '°0), and some heavier isotopes. In contrast, in the region
of the ashes (violet line), '2C and '°0 dominate the composition of less abundant
heavier isotopes. Those heavier isotopes could be a remainder of the bursting phase
of this simulation. However, since the time difference between the transition and the
time at which this composition was taken is ~ 700 hours, this is highly improbable.
Thus, the composition should consist of ashes, but due to advection mixing of the
composition, one cannot exclude that still some isotopes from the bursting phase
exist in this layer. Since heavier isotopes are also present in the burning region,
one can conclude that they are produced during the stable burning and undergo
reactions in the not so active zones below region 2.
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The composition of three different regions of the results from the simulation
with Q, = 1.1 MeV nuc™! and M,., = 1.3-10'7 g s~!. The red line, region
one, is one of the outermost zones in our domain. Region two, the blue line,
is the zone with the highest burn rate at a column density of 4.9 - 107 g cm~?
(log(y) = 7.7). The violet line, region three, represents one of the zones below
the stable burning, where a maximum of 2C is reached at a column density of
1.8-10° g cm~2 (log(y) ~ 9.3).
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3.4.3 Regular Burst Regime

For our numerical simulations with accretion rates of 1.2 - 10'7g s7! < Myee <
1.5-10'7g s~! and crustal heating in the range of 0.1 MeV nuc™! < Q, < 0.7 MeV
nuc~!, with exception of the simulations with crustal heating of 0.7 MeV nuc~! and
accretion rates of 1.2 — 1.3-10'7g s—!, we find regular burst behaviour. This is only a
small area in our parameter space. The regular bursting conditions are represented
by the violet dots in Fig. (3.24).

We show here the results of five numerical simulations (all results can be found in
the Appendix A.1.2). We choose two parameter sets with low ), value (= 0.1 MeV
nuc— ') and accretion rates at the border of our regime (= 1.2 and 1.5 - 10'7 g s™1),
one set with intermediate Q; value (= 0.3 MeV nuc™') and intermediate accretion
rate (= 1.3 - 107 g s~1), and two sets with higher @, value (= 0.5 MeV nuc—') and
accretion rates at the border of our regime (= 1.2 and 1.5 - 107 g s71).

In Fig. (3.35), we show the light curves of our five example simulations of this
regime. This figure shows the luminosity in units of 103® erg s~! as a function of
time covering ~ 13.9 hours. We see that simulations with higher accretion rate show
lower peak luminosities (~ 2 - 103%erg s~!) and shorter recurrence times (~ 2.4 h)
and are represented by the orange and the green line, respectively. In contrast, low
accretion rates (red and violet line), i.e. low in terms of our range of this regime,
show higher peak luminosities (~ 2.4 - 103%erg s~') and longer recurrence times
(~ 3.2 h). This behaviour reflects the results of [25, 138], since higher accretion
rates shift the ignition depth of the burst to higher column densities, and therefore,
the burst ignites at higher temperatures and higher densities. This leads to weaker
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Fig. 3.35.: The light curves of five representative simulations over a time of roughly 13.9
hours. The colour affiliation to the parameter sets are given in the legend above
the plot. We use the nomenclature stated in Eq. (3.6).
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Fig. 3.36.: This figure shows the light curves of one example burst of our five chosen
simulations. The times have been shifted so that the steep rise of the curves lay
on each other.

bursts with shorter recurrence times.

Fig. (3.36) shows one burst from each of the previous five simulations. The colour-
code is the same as in Fig. (3.35). We can see that the bursts show the typical fast
rise to the peak luminosity, which increases with decreasing accretion rate (compare,
e.g. violet, blue, and green line for increasing accretion rate). The bursts also show a
longer decay with a peculiar small second peak, which appears at higher luminosities
for larger accretion rates. It should be noted that we show here one specific example
of a burst for each of our parameters. The bursts of one simulation can vary, but the
general behaviour is represented by these examples.

In Tab. (3.9), we show the values averaged over 100 bursts of these five simulations.
This table lists from left to right, the simulation name, the number of bursts, the
peak luminosity, the recurrence time, the rise time, the burst duration, and the «-
parameter. We see differences in the recurrence time in dependence on the accretion
rate. The burst length (t4,retion) Shows decreasing behaviour with increasing crustal
heat, but increasing tendency with increasing accretion rate. The a-parameter de-
creases with increasing crustal heat as well as with increasing accretion rate.
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run H Nburst ‘ Lpeak‘ [el”g 571] ‘ Lrec [h] ‘ trise [S] ‘ tduration [S] ‘ a-value
he01Q12a | 427 2.42 - 10%8 3.2 0.93 43.45 121.2
he01Q15a | 654 2.05 - 1038 2.43 1.26 48.60 101.5
he03Q13a | 373 2.25-10%8 2.83 1.04 45.06 111.7
he05Q12a | 271 2.47-10%8 3.28 0.94 41.99 131.7
he05Q15a | 479 2.02-10% 2.36 1.31 47.85 103.7

Tab. 3.9.: The values in this table are averaged over all bursts. If a simulation shows more
than 100 bursts, it is averaged over the first 100 bursts. The first column states

the simulation conditions.

Fig. (3.37) shows the dependency of our simulations on the crustal heating and on
the accretion rate. The top left and bottom left plot show the dependency of the peak
luminosity (top) and the recurrence time on the crustal heat (bottom). We kept the
value for the accretion rate fixed at 1.3 - 10!7g s—!. We find that the crustal heating
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Fig. 3.37.: a) Shows the peak luminosity in dependence on the crustal heating. The accre-
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tion rate is fixed at 1.3 - 1017g s 1.

b) Shows the peak luminosity in dependence on the accretion rate. The crustal
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c) Shows the recurrence time in dependence on the crustal heating. The accre-

tion rate is fixed at 1.3 - 10'7g s,

d) Shows the recurrence time in dependence on the accretion rate. The crustal
heating is fixed at 0.5 MeV nuc™".
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only has a minor influence on the recurrence time. In the right top and bottom plot,
we show the peak luminosity (top) and the recurrence time (bottom) on dependency
on the accretion rate. For those two plots, we fixed the crustal heating at a value
of 0.5 MeV nuc—!. We see that the accretion rate has a large influence on the peak
luminosity and on the recurrence time: both decrease with increasing accretion
rate. As already mentioned in Sec. 3.3, the change in recurrence times hints that the
ignition depth of the burst has been shifted to other conditions. High accretion rates
lead to lower recurrence times, which was also shown in [25]. We see in the same
fashion a decrease of the luminosity. This indicates that not the entire fraction of
fuel is depleted in the burst region for high accretion rates, as it is the case for low
accretion rates, where a helium dominated burst occurs [25, 139].

In the following, we take a closer look at what is happening in the layers, where
the bursts ignite and leave ashes, and in between bursts, when quiescent burning
occurs. We do this to see if the accretion rate has any influence on the prevailing
composition, as it was noted in [25]. In Fig. (3.38), we show the mass fraction as a
function of the column density. The plots reveal the mass fractions of 'H (red line),
“He (green line), '2C (blue line), '*O (light turquoise line), 10 (orange line), and
160 (black line). The left plot (Fig. (3.38a)) shows the results of a simulation with

H—— H——
4, 4
1'5'8 o 1I5Ie -
C C
14 14
15 159
0.8 19 . 0.8 1
X=0.1 v X=0.1 e
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~ ~
04
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A i
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6 6.5 7 7.5 8 8.5 9 9.5 6 6.5 7 7.5 8 8.5 9 9.5
Log Column Density [g/cm2] Log Column Density [g/cmz]
(a) (b)

Fig. 3.38.: The mass fractions of hydrogen (red line), “He (green line), '2C (blue line), 'O
(light turquoise line), °O (orange line), 90 (black line), and the minimal mass
fraction of 0.1 (pink dashed line), which would be needed for the successful
ignition of a superburst.

a) Shows the results from the simulation with an accretion rate of 1.2 - 107g s~ !
and a crustal heating of 0.5 MeV nuc—!.

b) Shows the results for the run with an accretion rate of 1.5 - 10'7g s~! and a
crustal heating of 0.1 MeV nuc~*.
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an accretion rate of 1.2 - 10'7g s~! and a crustal heating of 0.5 MeV nuc~!, whereas
the right plot (Fig. (3.38b)) shows the results of a simulation with an accretion rate
of 1.5-10'"g s~! and a crustal heating of 0.1 MeV nuc~!. The layers of the range
of log(y) ~ 7 — 8 g cm~2 are mostly influenced by stable burning in the quiescent
phase between bursts, whereas deeper layers consist mainly of ashes from previous
bursts. Even if they look similar, a change in the ignition depth can have influences
in the burst behaviour. The main difference is the amount of produced carbon. In
Fig. (3.39a), we have a large amount of carbon in the ashes layers of the burst. This
is favourable for superburst simulations, since the mass fraction of carbon exceeds
10%. The small peak in the carbon mass fraction comes from stable helium burning
in this region. But this region is heated during a burst and the prevailing carbon is
destroyed.

As we can see in Fig. (3.39), in this region of column density, the burn rate rises to
high values and then decreases back to negligible values in deeper zones. This is
between two bursts. We can hardly find a second peak, thus, there is only a thin
shell of helium-rich matter below the mixed hydrogen and helium burning region.
Therefore, the stable burning between bursts cannot produce much carbon.

In Fig. (3.40), we show the composition of three regions of the simulation with
crustal heating of Q, = 0.5 MeV nuc~! and with an accretion rate of M. =
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Fig. 3.39.: The burn rate and the temperature of the regions where stable burning occurs.
a) Shows the results from the simulation with an accretion rate of 1.2 - 107g s—1
and a crustal heating of 0.5 MeV nuc—!.

b) Shows the results for the run with an accretion rate of 1.5 - 10'7g s~! and a
crustal heating of 0.1 MeV nuc~'.
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Fig. 3.40.: The composition of three different regions from the simulation with @, = 0.5
MeV nuc~! and M,.. = 1.2-10'7 g s—1. The red line, region one, is one of the
outermost zones in our domain. Region two, the blue line, is the zone with the
highest burn rate at a column density of 4.6 - 107 g cm~2 (log(y) ~ 7.7). The
violet line, region three, represents one of the zones below the stable burning,
where a maximum of '2C is reached at a column density of 1.8 - 10° g cm~2

(log(y) ~ 9.3).

1.2-10'7 g s71. The red line represents the composition of the outermost zone, and
therefore, shows the composition of the accreted matter. The blue line represents
the composition of the most active zone (in terms of burn rate) during the quiescent
burning. This region is at a column density of 4.6 - 107 g cm~2 (log(y) ~ 7.7).
The violet line represents a zone beneath the quiescent burning and thus, a region
which is not influenced by stable burning at a column density of 1.8 - 10° g cm—?
(log(y) =~ 9.3). This violet line represents the ashes of the previous bursts, which
sank into deeper layers. If we compare the composition of these three regions in our
computational domain, we see that the most active zone of the quiescent burning
(region 2, blue line) is dominated by heavier isotopes and lighter elements. Most
of the heavier isotopes 20 < A < 70 are produced during the bursts, whereas most
of the light elements are either newly accreted or produced during stable burning.
Here, hydrogen is absent since all of it is consumed in the quiescent burning. In the
region of the ashes of Type I X-ray bursts (region 3), helium is absent, since it is
completely destroyed during a burst in the layers underneath the ignition of a burst.
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Fig. (3.41a) shows the burn rate (left plot) and the temperature (right plot) evolution
over one burst. During a burst, the burn rate rises fast to high values and reaches
out to lower and higher column densities. Due to the rise in the nuclear reaction
activity, the temperature rises enabling the ap and the rp-process. The temperature
reaches values of ~ 1.0-10% K at densities of 3 —4-10° g cm~3 at the peak luminosity
(t = 0 in these plots). At these conditions, matter does not behave like a degenerate
gas anymore and the reaction flow of the processes slows down. The hydrogen in
the ignition region is completely depleted (Fig. (3.41b), left plot), whereas some
fraction of helium (right plot) remains in the ignition zone, while in the zones below
is immediately depleted. Fig. (3.41) shows a burst of a simulation with an accretion

rate of 1.2 - 10!7 g s~! and crustal heating of 0.5 MeV nuc™'.

Fig. (3.42) shows the change of the mass fraction during a burst. The considered
mass fractions are hydrogen (H, red line), helium (*He, green line), carbon (*2C,
blue line), oxygen (160, black line), and silicon (?2Si, orange line). The three plots
of Fig. (3.42) are the results of the simulation with the conditions @, = 0.5 MeV
nuc! and M,. = 1.2-10*7 g s!. Fig. (3.42b) shows the mass fractions of the
above mentioned isotopes of the ignition zone. This zone is chosen because at
the time of the peak luminosity this zone shows the highest burn rate at a column
density of 5.34 - 10" g cm~2 (logy = 7.73). We show the same range of time as in
Fig. (3.21), i.e. from ¢y, — 25 s to ty + 145 s, where ¢, marks the time of the peak
luminosity. Fig. (3.42a) shows the mass fractions of the zone above the burst zone
and Fig. (3.42c) the results from the zone beneath the burst. In Fig. (3.42a), all
hydrogen is depleted during the burst, ~ 4 seconds after the peak luminosity, and
therefore, later than in the ignition zone, where hydrogen is already depleted in less
than one second after reaching the peak luminosity. In the zone above the ignition
zone, nearly a third of the mass fraction of helium survives the burst. Carbon and
silicon are produced during the burst. In the ignition zone (Fig. (3.42b)), little
hydrogen is available, which is fast consumed when the burst starts. Also, a huge
amount of helium is consumed, but some mass fraction survives the burst. In this
zone, carbon and silicon are produced. In the zone below the ignition zone, in
Fig. (3.42c), only a small amount of hydrogen is present, which is then consumed.
Helium has not been destroyed previously through quiescent burning. Shortly
before reaching the peak luminosity, 190 is produced in the zone below the ignition,
but within 3 seconds is destroyed again through a-capture. After the burst, ?8Si
represents nearly a third of the composition in the zone below the ignition.
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Fig. 3.41.: The results from the simulation he05Q12a are shown. L, is chosen to be
att = 0 s. The figures in a) show the burn rate over one burst (left) and the
temperature over one burst (right). The figures in b) show the mass fraction of
H and He.
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Fig. 3.42.: This figure shows in a) the evolution of mass fraction from the zone above the
ignition zone. b) Shows the mass fraction of the zone, where the most nuclear
energy is set free at time ¢ = 0 when the luminosity reaches its peak. This
happens at a column density of 5.34 - 107 g cm~2 (logy = 7.73). ¢) Shows the
mass fraction from the zone below the ignition zone. The red line represents the
mass fraction of hydrogen, the green line the mass fraction of helium, the blue
line the mass fraction of carbon, black shows the mass fraction of oxygen, and
the orange line the mass fraction of silicon.
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3.4.4 Discussion of the Three Burning Regimes with Helium-Rich
Abundances as Accretion Composition

We find for the burst behaviour in the irregular burst regime that with increasing
crustal heat, the number of bursts decreases before stable burning occurs. Thus,
the transition time decreases as well. With increasing accretion rate, we see an
increase of the rise time, the burst time, the number of bursts, as well as an increase
in the transition time and the luminosities of the quiescent and the stable burning.
Furthermore, we see a decrease in the recurrence time, the peak luminosity, and the
a-parameter. At the range of ), values, where we find irregular burst behaviour, we
find a shift of the ignition depth towards smaller values over time. Due to this shift,
the ignition region rises upwards where the conditions for a thermonuclear runaway
are in the end not given anymore, and therefore, stable burning occurs. Since Type I
X-ray bursts are very sensitive to changes of the ignition conditions, a small shift is
in this region of (),-values enough to cease bursts.

In the regular burst regime, we find a similar dependence of the accretion rate on
the peak luminosity, the recurrence time, and the burst time. Increasing crustal heat
leads to a decreasing burst time and a-parameter, since increasing crustal heating
shifts the ignition conditions to lower column densities.

For the three different burning regimes, we find differences in the stable and qui-
escent burning region, and therefore, differences in the composition of the ashes
in a layer with column density of ~ 1-10? g cm~2. The composition of the ashes
is presented in Fig. (3.22), where the solid line stands for two examples showing
regular burst behaviour, the dashed line for examples of stable burning behaviour,
and the dot-dashed line for examples of irregular burst behaviour. All ashes regions
are completely hydrogen depleted and only in the case of stable burning with low
accretion rate do we still find a significant amount of helium. We observe a change
of the mass fraction, which dominates at the light isotopes in the stable burning and
irregular burst regime. Only some heavier isotopes around the iron peak contribute
in these regimes. In contrast, heavier isotopes up to A < 80 dominate in the regular
burst regime, where lighter isotopes are less present.

In Fig. (3.44), we combine our results from the burning regimes with the amount
of carbon found in the ashes of the different burning regimes. This is crucial for
finding parameter sets which could be used for self-consistent superburst simulations.
In the regular bursting regime, we find that with higher accretion rate and lower
crustal heating, the production of carbon decreases drastically. Therefore, we only
find for simulation conditions close to the irregular and the stable burning regime
mass fractions of carbon slightly above 0.1. This would just fulfil the condition
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Fig. 3.43.: A comparison of the compositions of two representative simulations for each
burning regime (definition of the parameter set conditions of each simulation is
given in the box below the figure). The solid lines represent the regular bursting
regime, the dashed lines the irregular burst regime, and the dot-dashed lines the
stable burning regime.

of producing enough carbon for triggering a superburst. Furthermore, for stable
burning, we find a huge area in which the carbon production is very effective. This
results in the area of darkest grey in Fig. (3.44). This high mass fraction of carbon
originates from two separate burning regions of helium and hydrogen, which enables
the helium to build a nearly pure carbon layer via the triple-« reaction. In contrast,
in regions of stable burning with higher accretion rates, those two burning regions
merge and mixed hydrogen-helium-burning leads to ashes with mass fractions of
carbon between 0.5 and 0.9 (the second brightest and second darkest shade of grey
in Fig. (3.44)). In the irregular burning regime, we find intermediate mass fractions
of carbon.
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Fig. 3.44.: The three different burning regimes found in our simulations. The red dots
represent the parameters of runs which lead to stable burning, the turquoise dots
indicate irregular bursts behaviour and the violet ones regular burst behaviour.
The different shades of grey correspond to the mass fraction of '2C. From bright
to dark: Xiz > 0.1, Xz > 0.5, X2 > 0.7, Xi2c > 0.9, and white means
X2 < 0.1.
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3.5 Comparison of the Simulations with Solar
Abundances Accretion Composition with the
Simulations with Helium-Rich Accretion
Composition

In this section, we compare the results of the simulations with solar abundances
accretion composition from Section 3.3 to our findings with helium-rich accretion
composition discussed in Section 3.4.

For both accretion compositions, we find three different regimes of burning behaviour.
For low accretion rates, we find stable burning in all of our simulations. At the
border to regular burst behaviour, we find a regime which shows irregular burst
behaviour, i.e., first a series of bursts and eventually stable burning. Apart from that,
we find regular burst behaviour at high accretion rates.

The exact location of the burning regimes in the parameter space depends on

the composition of the accreted matter. Stable burning in the case of helium-rich

1

accretion composition occurs for accretion rates up to 1.1 - 10'7 g s~!, whereas in

the case of accreting matter with solar abundances, a change of the burst behaviour

1. The irregular burst regime

in the helium-rich situation appears above a crustal heating of ~ 0.7 MeV nuc™!,

already takes place slightly above ~ 0.7 - 1017 g s~

while solar abundances lead to irregular burst behaviour for crustal heating above
~ 1.1 MeV nuc~'. Notably, for solar abundances composition, only regular burst
behaviour is observed if the accretion rate is larger than 1.0 - 10’7 g s~!. Based on
our simulations, we cannot conclude whether such an upper bound for irregular
burst regime as a function of accretion rate exists in the helium-rich situation as well

1

because our parameter space ends with accretion rates of 1.5 - 1017 g s~! where we

still observe irregular burst behaviour.

The influence of the accretion rate and crustal heating on the observable properties of
the irregular burst regime can be seen in Tabs. (3.3) & (3.4) for solar abundances and
in Tabs. (3.7) & (3.8) for helium-rich abundances. Notably, the general dependences
of these observable properties on the parameters crustal heating and accretion rate is
similar for both types of abundances. A detailed comparison is not meaningful since
the irregular burst regimes of the two situations cover different regions in parameter
space and do not share the same initial conditions for a single simulation point.
Nonetheless, we observe that the peak luminosities in the helium-rich situation
are in general higher. Furthermore, the recurrence time, the rise time, and the
burst time for simulations with helium-rich abundances are shorter, though the
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a-parameters are in the same range. Another interesting observation is that the
bursts in the helium-rich situation ignite closer to the surface (i.e. smaller y;gnition)
and also the eventual stable burning occurs in higher layers than we observe it in
the solar-abundances simulations. In contrast, we find that the luminosities of the
stable phase and in between bursts are of the same order of magnitudes.

The mass fraction of the produced carbon varies, but the trend is similar, as we
can see if we compare Fig. (3.23) with Fig. (3.44). In the stable burning regime at
low accretion rates, we find ash layers of nearly pure carbon. In the helium-rich
simulations, the region in the parameter space for getting ashes of nearly pure carbon

1 whereas

is bigger and includes simulations with accretion rates up to 0.4 - 10'7 g s~
only some parameter sets with solar abundances lead to such a large amount of
carbon. In the irregular burst regime (for both types of abundance compositions),
the carbon production is still high, since the bursts in this area cease and eventually

stable burning occurs.

For self-consistent superburst simulations, the mass fraction of carbon in the ashes
of Type I X-ray burst is the crucial factor. In the regular burst regime (for both type
of accretion composition), the carbon production rarely exceeds the needed 10%
for superburst ignition. Whereat simulations with solar abundances as accretion
composition reveal more combinations of parameter sets resulting in more than 10%
carbon in the ashes of the Type I X-ray bursts.

If we compare the composition of the ashes in the stable burning regime of both
accretion composition conditions in Fig. (3.45), we find differences mainly concern-
ing the heavier isotopes. This is due to the rp-process, which produces the heavier
elements, which strongly depends on the number density of available hydrogen in
the ignition region of the X-ray burst. In the case of helium-rich accretion compo-
sition, there is less hydrogen, and therefore, the rp-process is not as effective as if
we accrete more hydrogen abundant matter. The ashes have been investigated at
the same column density of 8.42 - 10° g cm~2 (log(y) ~ 8.93) for all four cases in
Fig. (3.45). The orange lines show the results of a simulations with 0.4 MeV nuc—!
and the turquoise lines show the results of a simulations with 0.6 MeV nuc~!. All

0'7 g s~1. The solid lines are the

four cases correspond to an accretion rate of 1.2 - 1
results from simulations with solar abundances and the dashed lines are the results

from simulations with helium-rich accreted matter.

The regular burst regime observed in simulations with helium-rich accretion com-
position is small compared to that found for the solar abundance composition.
Nevertheless, some overlap in parameters exists, i.e. we find regular burst behaviour
for the same set of conditions (accretion rate and crustal heating) for both types of
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Fig. 3.45.: The composition of the ashes taken at a column density of 8.42 - 108 g cm—2

(log(y) ~ 8.93). The solid lines are the results from simulations with solar abun-
dances in the accreted matter, the dashed lines are the results from simulations
with helium-rich accreted matter.

abundance compositions. In Fig. (3.46), we compare results from some of those sim-
ulations with the same conditions, but different accretion composition. Green and
red lines represent the examples with helium-rich accretion composition, blue and
black lines those with solar abundance accretion composition. In the two top plots,
we fix the crustal heating at 0.1 MeV nuc—! (blue and red line) and at 0.5 MeV nuc™*
(green and black line), and vary the accretion rate. For helium-rich accretion compo-
sition, there is no burst behaviour for accretion rates below 1.2-10'" g s~!. Therefore,
only results from higher accretion rates are shown. In the two bottom plots, we
fixed the accretion rate at 1.2 - 10'7 g s~! (red and blue line) and at 1.5 - 10'7 g s—*
(green and black line), and vary the crustal heating. For helium-rich cases there is no
regular burst behaviour for crustal heating above ~ 0.7 MeV nuc~!. In Fig. (3.46a)
and (3.46c¢), i.e. on the left side, we show the a-parameter. In Fig. (3.46b) and
(3.46d), i.e. on the right side, we show the burst time. We find that both the burst
time and «-parameter depend more on the accretion rate than on the crustal heating.
Notably, the overall behaviour is independent on the accretion composition.

3.5 Comparison of the Simulations with Solar Abundances Accretion Composition with the Simulations with
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Even though the found peak luminosities in the helium-rich cases are higher than in

solar cases®

, we find also shorter recurrence times®, shorter rise times, and shorter
burst times (see Fig. (3.46) the two plots on the right side). The interplay of those
variables lead to higher a-parameters shown in Fig. (3.46) on the left side. For all
four cases shown in Fig. (3.46a), we can see that with increasing accretion rate, the
a-parameter is decreasing. In Fig. (3.46b), we see that with increasing accretion rate,
the burst time rises. The bursts in helium-rich simulations are much shorter than in

the case of solar abundances simulations, which coincides with observations.
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Fig. 3.46.: The crustal heating in a) and b) is fixed, whereas the accretion rate in ¢) and d)
is fixed. Both values are given in the legends above the plots.
a) Shows the a-parameter in dependence on the accretion rate.
b) Shows the burst time in dependence on the crustal heating.
¢) Shows the a-parameter in dependence on the accretion rate.
d) Shows the burst time in dependence on the crustal heating.

*Compare Fig. (3.37a) and Fig. (3.37b) with Fig. (3.16a) and Fig. (3.16b)
®For simulations with solar abundant accretion matter, we find roughly 2 — 5 h, whereas for
helium-rich simulations we get 2 — 3 h.
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3.6 Outlook for Superburst Simulations

“Make it so.”

— Jean-Luc Picard
Star Trek

In Sections 3.3 and 3.4, we found 22 parameter sets in total where the simulations
show regular burst behaviour and the produced amount of carbon in the ashes of
the bursts exhibit more than 10% carbon mass fraction. These simulations and the
produced amount of carbon are listed in Tab. (3.10).

One of the aims of this thesis was to self-consistently simulate a superburst. Due
to the high computational needs of the code, we developed a method to speed up
the process, but keeping the conditions of the runs already obtained. For these
fast simulations, we decided to make a cut-off of the highest zones and accrete the
composition of the ashes of the simulated X-ray bursts directly into a deeper layer
of the computational domain. For these runs, we took one of the most promising
simulations, which has provided enough carbon (X (!2C) > 0.1) and nevertheless,
show regular bursts over a long period of time. Therefore, we decided to take the
run s08Q08a as a template for this job. As we know, X-ray bursts heat the underlying
layers during a burst and they cool down again between bursts as the heat is
transported outwards. Therefore, we chose a layer for the cut, which is not heated
during an X-ray burst. Sufficiently deep lying layers are never heated [140]. Another
condition was that there is no (or negligible) nuclear reaction activity. Therefore, we
explored the burn rate of the zones, see Eq. (3.5), to select a reasonable cut region.

simulation X(120) simulation X(120)
name aty ~1.2-10° name aty ~ 1.2-10°
he04Q12a 0.101 s06Q09a 0.118
he05Q12a 0.103 s07Q08a 0.136
he06Q12a 0.100 s07Q09a 0.116
s01Q08a 0.138 s08Q08a 0.132
s01Q09a 0.105 s080Q09a 0.118
s02Q08a 0.137 s09Q08a 0.131
s020Q09a 0.119 s09Q09a 0.123
s03Q08a 0.143 s10Q08a 0.139
s03Q09a 0.105° s10Q09a 0.122
s05Q08a 0.138 s11Q09a 0.124
s06Q08a 0.137 s11Q10a 0.1017

Tab. 3.10.: This table lists all the possible superburst simulations and the corresponding
mass fraction of 12C at a column density of 1.2 - 10° g cm~2 (log(y) ~ 9.09).
6 is taken at a column density of 2.1 - 10° g cm~2, and 7 is taken at a column
density of 7.2 - 10% g cm~2.
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Nevertheless, we did not want to take too many zones away, so that we still can see
the impact of a possible explosive carbon ignition. For the case of s08Q08a, we chose
a cut-off at zone 101 and kept the deepest 100 zones of our computational domain.
Zone 100 has a column density of 1.8 -10? g cm~2 (log(y) ~ 9.26). Fig. (3.47) shows
in the left plot, the burn rate in dependence on the column densities over the time of
one burst. The right plot shows the corresponding temperatures over the time of one
burst. Time ¢ = 0 s lies at the time when the burst reaches its peak luminosity. As we
can see in the right plot of Fig. (3.47), zone 100 just lies under the through the X-ray
burst heated region. In the left plot of Fig. (3.47), we see that the significant burn
rate does not reach regions with column densities of ~ 10° g cm~2 and consider
that zone 100 lies in regions where the burn rate is insignificantly small. We took
the same accretion rate as in the normal run, but changed the composition in a
way such that the domain accretes the composition of the overlaying zone. In the
case of the cut-off at zone 100, we accreted the composition of zone 101. The mass
fraction of zone 101 is shown in Fig. (3.48). Here, we can see that no isotope lighter
than carbon has a significant mass fraction in the new accretion composition. The
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Fig. 3.47.: Time ¢t = 0 s lies where the maximum luminosity of a burst is reached. The
left plot shows the burnrate throughout the entire computational domain over
one burst, whereas the right plot shows the corresponding temperatures in our
domain over one burst.
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Fig. 3.48.: The composition of the ashes of X-ray bursts in the zone 101 are shown here.
This is the new composition of the accreted matter for the cut-off simulation of
s08Q08a.

largest mass fraction is, beside carbon (~ 13%), in isotopes such as silicon (~ 28%)
and nickel (~ 17%), with smaller mass fraction, but still significant in this plot
are isotopes around A ~ 30 and A ~ 60. The heavier isotopes were built through
reactions of the rp-process. Additionally, we have to adjust the surface pressure
Py, which is in our code an outerboundary condition. Likewise, the calculation of
the column density from Eq. (1.30) has to be adjusted in this way:

R dr
y("”) = / p(’l”)? + Yboundary> (3.8)
R—r

where Ypoundary is the column density of the zone 101. With these adaptations we
speed up the runs by a factor of two. In Fig. (3.49), we compare the reached column
density of carbon of the three different runs. In this figure, the black line represents
the start of the simulations with the cut at zone 100. The blue line shows which

column densities the mass fraction has reached in the normal run without the cut.

This simulation has been done in parallel to the applied cut simulation. The red
line shows the carbon mass fraction distribution of the cut-off simulation. We see
that in one month wallclock-time, the full simulation of sO8Q08a simulated from

3.6 Outlook for Superburst Simulations
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Fig. 3.49.: This figure shows the mass fraction of '2C' in dependency on the column density.
The black line shows the start situation of the cut-off simulation. The blue
line shows the simulation results of s08Q08a with no cut-off for comparison of
how much faster the cut-off simulation (red line) runs. In parenthesis are the
simulation times given.

the beginning of roughly one year to one and a half years, whereas the cut-off
simulation reached simulation-times of over two years. Even with this speed up of
the simulation, we could not simulate a superburst until the date of handing in this

work.
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3.7 Comparison with Observations

As already mentioned in the introduction (Section 1.1), observations provide con-
straints for certain quantities, see Tab. (1.1). For comparison, we listed in Tab. (3.11)
the ranges for the same quantities obtained from our simulations. The left column
of this table contains the observable quantity, the second column shows the range
of our results of those quantities obtained from simulations with solar abundant
accretion matter, whereas the next column lists the values obtained from simulations
with helium-rich accreted matter, and the last shows the range of observed values.
The range of our calculated values lies reasonably well in the range of the observed
quantities. Only for the a-parameter generally we do find too large values, even
though some of them lie in the observed range.

Tab. (3.12) shows some results from our simulations, where the first column iden-
tifies the simulation conditions and the other columns give some of the quantities
from Tab. (3.11), averaged over the number of bursts (second column). If there are
more than 100 bursts in a single simulation, the average is taken over the first one
hundred bursts. The values for all our simulations can be found in the Appendix
A.1.1 for solar abundances and in A.1.2 for helium-rich accretion composition.

Observable Range with Range with Range of
quantity solar abundances helium-rich abundances observations
trec ~16—-4.7h ~23—-33h 2 —4h
tauration ~T70—140s ~ 40 —-50s tens to hundreds sec
trise ~2—Ts ~1—-15s <1-10s
tdecay ~65—130s ~40—-50s hundreds of seconds
Lyeak ~0.7—-1.25-10%ergs™! | ~2—-25-10%ergs~! ~ 10%%erg s~!
Lpers ~1-3-10%ergs! ~2-10%ergs~! ~ 1036=37erg 571
o ~ 70 — 140 ~ 100 — 140 ~ 10 — 100

Tab. 3.11.: Observed quantities from typical X-ray bursts and the respective ranges as
obtained from our simulations.

run ‘ Nburst ‘ Lpeak [erg Sil] ‘ trec [h] ‘ trise [S] ‘ tduration[s] ‘ a-value
s06Q10a | 2807 8.92 - 1037 3.1 3.62 97.24 99.98
s01Q08a 61 1.25-10%8 4.7 1.70 74.68 130.44
s08Q08a | 3172 1.18-10% 4.5 2.18 73.53 136.08
s15Q15a 83 6.97 - 1037 1.6 5.45 126.80 74.92
he04Q12a | 232 2.47-10%8 3.3 0.91 41.58 134.28
he07Q15a | 251 2.06 - 1038 2.4 1.23 46.68 108.20

Tab. 3.12.: Some of the mentioned values in Tab. (3.11) for some of our simulations. All
values are averaged over the number of bursts. If there are more than one
hundred bursts, the average of the first 100 bursts is shown.
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We now want to compare the results from our simulations directly to observation
data from [141]2. In order to compare the luminosities properly, we have to calculate
the flux as given in [20],

Ly

Fo= %"
Ard?&,(1 + 2)

3.9

where F), is the observed flux, L, is our simulated luminosity, d is the distance in cm,
&, takes into account the possible anisotropy of the burst flux, and (1 + z) denotes
the redshift. We decided to compare some of our results with observation of the
textbook burster GS 1826-24°. In Fig. (3.50), we show the data for GS 1826-24 given
in [141] for three different phases of constant recurrence time (indicated in the
legend of the figure as At). The blue line shows the light curve corresponding to the
shortest recurrence time (¢,.. = 3.530 h), the red line corresponds to a intermediate
recurrence time (¢,... = 4.177 h), and the green line to the longest recurrence time
(trec = 5.14 h). For comparison, we show data from one of our simulations (grey
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Fig. 3.50.: We compare the observational data from [141] with results of our simulations.
The conditions of our simulations are shown in the legend in the upper right
corner of the figure. The grey line corresponds to a simulation with an accretion
rate of 1.0 - 10'7g s~! and a crustal heating of 0.1 MeV nuc™!. For &, we choose
a factor of 2/3. The chosen burst of the simulation in this figure is one which is
close to the averaged value of its simulation.

8The data from the observations can be found here: https://burst.sci. monash.edu/reference [141]
° After consultation with D. Galloway at an ISSI meeting in Bern.
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line). Since the accretion rate of this source does not vary much over short time-
scales, it remains within the range of 5 — 13% mgqq [27, 142], and therefore, it is an
appropriate X-ray burst source for comparison. We take the values for the distance
from [141] and the references therein, additionally, we choose for &, a value of 2/3,
and show the comparison of the flux in Fig. (3.50). In particular, we have used an

!'and a low crustal heating value of 0.1 MeV nuc™'.

accretion rate of 1.0 - 107 g s~
Since the observations find an a-parameter of ~ 34 — 39, our simulated values are
too high (« ~ 81 — 111 with an average of 94.90). We can see in Fig. (3.50) that our
simulated burst rises slightly faster and decays steeper than it is seen in the observed
behaviour. The peak luminosity, however, is in the same order of magnitude. We

obtain slightly shorter recurrence times(¢,.. = 3.005 h) than in the observations.

Two out of the four Type I X-ray burst sources described in [141] accrete helium-rich
matter. Even though the mass fraction of our helium-rich simulations fit better to the
source SAX J1808.4-3658, we compare our results to the data of 4U 1820-30 instead,
see Fig. (3.51). The reason for this is that the accretion rate range corresponding
to the observation of SAX J1808.4-3658 leads to stable burning, i.e. no bursts,
in our simulations with helium-rich accretion composition. 4U 1820-30 accretes
almost pure helium (= 90%), which is more than we use in our simulation (51%, cf.
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Fig. 3.51.: In this figure, we compare our simulation with helium-rich accretion composition,
and high accretion rate (black line), with a simulation with solar abundances
accretion condition, but otherwise the same parameters (grey dashed line) with
given observational data (green and red lines).
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Section 3.4). Furthermore, the accretion rate of 0.114 7 pgq ~ 1.9 - 1017 g s~! given
in [141] is slightly larger than the largest value we used in simulations, i.e. 1.5 - 107
g s~1. Nonetheless, as we can see in Fig. (3.51), we get the right trend in the flux,
increasing the helium mass fraction. In Fig. (3.51) we show in red and green lines
the observed data, in black we show results from one simulation with the highest
accretion rate of our parameter space with helium-rich accretion composition. For
comparison, we also show results from simulations with the same accretion rate and
crustal heating, but solar abundances as accretion composition (grey dashed line).
We clearly see that the black line is a much better prediction of the observations, i.e.
the black line is much closer to the coloured lines than the grey dashed line.

Altogether, we can say that our simulations show the right behaviour and trends as
observational data provide, but comparing the results one to one with observational
examples show that our calculated light curves are slightly different. This could be
due to the fact that we do not cover with our simulations the exact given accretion
rates predicted from observations, and additionally the observed data does not make
a statement about the possible crustal heating and the composition of the accreted
matter is only given in terms of the mass fraction of hydrogen and of the CNO-cycle
nuclei. Furthermore, we have as an inner boundary condition a neutron star with a
radius of 11.2 km under our computational domain'® and this is smaller than the
given radii in [141]. For further comparisons with this set of observable data, we
would need to adapt the given conditions from [141] and vary only the conditions,
which are not provided by observations.

°0ur computational domain has the thickness of 8.5 - 10° cm.
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Summary of this Work

“I think nature’s imagination is so much greater
than man’s, she’s never going to let us relax.”

— Richard P. Feynman

In this work we put together a set of tools that allow us to simulate several thousands
of X-ray bursts within a reasonable amount of time (~ few months). This landmark
opens the path to simulate consistently the emergence of a superburst; a task which
until now was considered too computationally demanding. To do that, we built a
scheme based on the works of J. Fisker [21] and S. Fehlmann [25], via extending
the computational domain to include the superburst ignition depth — provided by
theoretical suggestions and X-ray burst models [10, 114].

X-ray bursts, and consequently superbursts, depend very sensitively on many physical
variables (accretion rate, composition, properties of the underlying neutron star,
etc. ...). This leads to a huge parameter space, where not all combinations are suitable
for triggering a superburst. Due to the computationally demanding calculation
that is to simulate consistently a superburst, we performed a detailed parameter
study over two relevant quantities: accretion rate (0.1 — 1.5 - 10'7 g s™!) and
crustal heating (0.1 — 1.5 MeV nuc™!). In fact, we duplicated this study to include
also the effect of varying the composition of the accreted matter, using for that
purpose solar composition and helium-rich composition. This leads to a total of
450 simulations of X-ray bursts, which in overall adds up to the order of more
than a century in computational time. Since X-ray burst sources cover a large
range of accretion rates, we chose a range that included observations of X-ray
bursts and observations of superbursts. The crustal heating is needed for explaining
observations of thermal relaxation of neutron stars [103, 143]. The location of this
heating source is suggested to be in the region of the ignition of a superburst or
below. We used a range for the crustal heating covering the theoretically suggested
values [101, 102, 116]. As said above, this is done in this work for two different
compositions of accreted matter. Once with solar abundances, in the other case
with a helium-rich composition. The choice of solar abundances is done due to
the fact, that most X-ray bursts and hence, most superbursts have been observed
in low-mass X-ray binaries with an unevolved donor star. We also chose a helium-
rich composition, since some superbursts have been observed in a ultra-compact
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binary with a donor star, which lost its hydrogen envelope and helium-rich matter is
accreted on the neutron star [57, 133].

As a result of this study, we found three different regimes: stable burning, where
stable burning of hydrogen and helium occurs; irregular bursts, where we simulate
a sequence of bursts, which change over to stable burning; and regular burst,
which show a long sequence of bursts and are the target group to be the possible
precursors to a superburst. For both accretion compositions, we found burning
regimes, which are influenced by the choice of the accretion rate and the crustal
heating. Varying those two parameters has influence on observable properties,
summarized in Tab. (4.1). Those tendencies are for the two burst regimes, since
stable burning does not provide us with observable burst properties.

Since one of our goals is to find suitable parameter sets, which could lead to a
superburst ignition, we are focused on the the needed amount of carbon in the ashes
of the bursts. Theory and other numerical calculations predict that the needed mass
fraction is at least 10% [7]. We find for simulations with solar abundances and an
accretion rate below 0.7 - 107 g s~! a production of huge amounts of carbon, due
to stable burning of hydrogen and helium. Decreasing accretion rate leads to an
increase of carbon production. This is due to the separation of the hydrogen and

Observable Increasing Increasing
quantity crustal heating | accretion rate
Solar Abundances
Recurrence time t,¢. - decrease
Burst time ¢ ,,rqtion - increase
Rise time ¢,;s¢ increase increase
Decay time tecqy - increase
Peak luminosity Lycqr decrease decrease
Persistent luminosity Ly, increase -
a-parameter increase decrease
Helium-rich Abundances
Recurrence time ;.. - decrease
Burst time ¢ g,ration decrease increase
Rise time t,;¢e increase increase
Decay time tgccqy increase increase
Peak luminosity Lpeqx decrease decrease
Persistent luminosity Ly, increase decrease
«-parameter increase decrease

Tab. 4.1.: A short summary of the influence of the accretion rate and the crustal heating on
the observable quantities for both accretion compositions. — means that there
is no significant influence seen. Tendencies written in italics only show a slight
tendency.
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helium stable burning region. In extreme cases of low accretion rate, the ashes of
stable burning consist out of > 90% carbon. For helium-rich accretion composition,
we obtain stable burning for a broader range of accretion rates, and therefore more
cases with large production of carbon. This is caused by hydrogen depletion at
lower column densities, since less hydrogen is in the accretion composition. A stable
burning regime with production of a huge amount of carbon has also been seen from
[137].

After all, for selecting a possible superburst parameter set, we need a set that
resembles regular burst behaviour. This combined with the condition for X (12C), we
obtain 22 matching parameter sets (three helium-rich cases, 19 solar abundances
cases). After this work, the path to consistently simulate a superburst seems more
reachable. The effort done here to constrain the parameter space can be of interest
for the community and help to unveil the mysterious of this exciting scenario.

Simulations of a self-consisting ignition of a superburst have high computational costs
and would still take several months of wallclock-time, even on highly parallelized
machines. Due to this fact, we have not been able to present a self-consistently
igniting superburst in this work. The required time is mainly needed for a shift-down
of the produced carbon into higher column densities until it reaches the ignition
depth of a superburst. Therefore, we developed a method for speeding up the
shift-down of the produced carbon of X-ray burst simulations, cutting-off the zones
of X-ray burst ignitions. Those zones are the most active zones in terms of nuclear
reactions, and omitting them reduces the wallclock-time of the simulations. With
this method, we were able to speed up the simulations by a factor two. Since we
accrete the composition of the ashes of the previously simulated X-ray bursts, we are
capable of keeping the conditions of the run already obtained. Nevertheless these
simulations are still running, and not finished by the time of handing in this work.

Finally, we compared our results with observational data [141] and find that we lie
in the general range of given observational properties, with the exception of slightly
too high a-parameters. If we compare single bursts with solar accretion composition,
they deviate slightly from the observed properties, mainly in faster rise and faster
decay times. Nevertheless, we were able to reach the range of peak luminosities
and were in a close range to the observed recurrence times. The comparison of
helium-rich accretion composition show closer rise times to observations, but longer
decay times. This is due to the fact that our helium and hydrogen mass fractions
differ from the suggested ones of the observational data. Further investigation in
fitting to these given data is needed, varying our input conditions.
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Future Work

“There are only two days in the year that
nothing can be done. One is called Yesterday and
the other is called Tomorrow. Today is the right
day to Love, Believe, Do and mostly Live.”

— Tenzin Gyatso, the 14" Dalai Lama

In this work, we investigate the variation of the accretion rate and the crustal heating
for two different composition of accreted matter. A more realistic comparison to
observations could be achieved by adapting the accretion composition for the given
observational data in [141]. Furthermore, we should also change the radius and the
mass of the underlying neutron star to fit the suggested values of observations.

Additionally, we show that during quiescent state of an X-ray binary at low accretion
rates, stable burning of hydrogen and helium produces a large amount of carbon.
Since nature shows no X-ray burst source with a completely constant accretion rate,
the influence of a time-varying accretion rate is crucial. If the ashes of stable burning
sinks in the ocean before the accretion rate increases, a superburst ignition during the
active bursting phase might occur. Therefore, a study of the effect of varying the ac-
cretion rate might provide relevant information about the emergence of a superburst.

Furthermore, our method, that speeds-up the down-shift of the ashes of X-ray bursts,
could be used to determine the ignition depth of a possible superburst in our sim-
ulations. The theoretical range of the column depth of a superburst ignition lies
in 10'* — 10'?2 g cm~2 [10, 116, 117]. With the information of a specific ignition
depth in our simulations, we could constrain the possible parameter set to be further
investigated and estimate a wallclock-time for those simulations. Also we may
identify stable carbon burning in those depths much faster. Stable carbon burning
is suggested in [10] to appear for high @),-values in dependency on the accretion rate.
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Mass and reaction rate sensitivity studies have been performed and have shown a
big influence for certain masses and reaction rates on the light curve and the ashes
of an X-ray burst [117, 144, 145]. Our code could be used in future works for such
studies. Furthermore, one has to stay up-to-date with the latest reaction rate library,
as those works show that certain reactions have a large influence on the outcome of
X-ray burst simulations.
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Appendix

A.1 Tables of Results

As a reminder, we label our simulations as follows

where = denotes the composition of the accreted material (s corresponds to solar
abundances, he corresponds to helium-rich abundances), yy@ denotes the values
for @y, e.g. 11Q represents @, = 1.1 MeV nuc™!, zza denotes the values for the
accretion rate, e.g. 08a represents M,.. = 0.8 - 10’7 g s~ .

In the following tables are the results from our simulations listed. The tables list
from left to right, the simulation names (italics written run names are from the
irregular burst regime, the others are from the regular burst regime), the number of
bursts, the peak luminosity, the recurrence time, the rise time, the burst length, and

the a-parameter.

ryyQ zza,

A.1.1 Solar Abundance Accretion Composition

run | Nourst | Lpear [erg s™'] | trec [S] | trise [S] | tduration [S] | a-value
s01Q08a | 61 1.25-10%8 16983.54 | 1.70 74.68 130.44
s01Q09a | 54 1.03-10% 13793.74 | 2.77 86.37 115.38
s01Q10a | 126 8.37 - 1037 10818.29 | 3.53 103.33 94.90
s01Q1la | 153 7.54 - 10%7 8797.72 3.80 113.37 85.56
s01Q12a | 53 7.33.10%7 7331.21 5.69 111.89 79.47
s01Q13a | 79 7.24-10%7 6878.92 4.81 115.13 77.37
s01Ql4a | 78 7.30 - 10%7 6357.51 5.00 126.44 76.05
s01Q15a | 67 7.47-10%7 5877.13 5.86 136.98 70.46
s02Q08a | 73 1.25-10%8 17007.64 | 1.69 75.14 130.39
s02Q09a | 39 1.07 - 1038 14134.60 | 2.28 85.17 123.01
s02Q10a | 135 8.33-10%7 10669.42 | 3.54 103.53 94.53
s02Q11la | 110 7.46 - 1037 8741.01 3.82 112.31 85.80
s02Q12a | 83 7.35-10%7 7377.48 5.75 111.56 79.63

Continued on the next page
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Tab. A.1 - continued from previous page

run | Npurst | Lpear [€18 571 | trec [s] | trise [8] | tduration [S] | a-value
s02Q13a | 94 7.25 - 1037 6958.05 4.84 119.63 76.64
s02Q14a | 85 7.27-10%7 6362.15 4.96 126.62 76.31
s02Q15a | 56 7.44 -10%7 5846.84 5.84 133.35 71.06
s03Q08a | 68 1.23-10% 16872.30 | 1.81 75.02 131.27
s03Q0%a | 81 9.93 . 1037 13511.90 | 2.83 91.18 113.85
s03Q10a | 152 8.49 - 1037 10893.31 | 3.66 103.55 95.94
s03Q11a | 189 7.37-10%7 8658.10 3.80 111.92 85.76
s03Q12a | 114 7.33-10%7 7313.80 5.76 111.23 79.93
s03Q13a | 90 7.27-10%7 6925.20 4.92 120.90 76.21
s03Q14a | 82 7.24 - 10%7 6328.38 4.97 126.20 76.16
s03Q15a | 77 7.41 - 1037 5831.67 5.81 134.57 71.33
s04Q08a | 1180 1.24-10%8 16930.06 | 1.74 74.74 131.11
s04Q09a | 2234 1.03-10% 13837.75 | 2.68 89.13 117.10
s04Q10a | 276 9.02 - 1037 11297.69 | 3.46 97.06 100.72
s04Q11a | 178 7.30 - 1037 8588.06 3.80 112.08 85.30
s04Q12a | 484 7.31-10% 7248.83 5.70 109.72 81.15
s04Q13a | 85 7.23-10%7 6885.87 | 4.91 119.20 75.93
s04Q14a | 94 7.19 - 1037 6287.84 4.99 122.88 76.92
s04Q15a | 38 7.40 - 10%7 5825.82 5.78 134.62 71.47
s05Q08a | 57 1.20 - 1038 16598.66 | 2.04 75.27 131.84
s05Q09a | 176 8.90 - 1037 12694.37 | 3.59 97.22 104.12
s05Q10a | 142 9.02 - 1037 11240.36 | 3.59 97.55 100.11
s05Q11a | 106 7.18-10%7 8509.45 4.10 110.50 86.67
s05Q12a | 164 7.25 - 1037 7217.26 5.45 108.06 82.59
s05Q13a | 163 7.21-10%7 6853.49 5.09 119.28 76.18
s05Q14a | 95 7.18 - 1037 6281.54 5.00 124.71 76.28
s05Q15a | 106 7.29-10%7 5773.21 5.64 133.26 72.66
s06Q08a | 82 1.20 - 1038 16577.50 | 1.99 75.45 131.58
s06Q09a | 56 1.12-10%8 14606.43 | 2.07 77.89 130.97
s06Q10a | 2807 8.92 - 1037 11108.27 | 3.62 97.24 99.98
s06Q11a | 211 7.15-10%7 8483.30 4.04 112.51 85.92
s06Q12a | 125 7.16 - 10%7 7205.44 5.15 104.96 84.83
s06Q13a | 66 7.18-10%7 6806.54 5.12 114.85 77.29
s06Q14a | 84 7.14 -10%7 6242.44 5.03 122.86 76.60
s06Q15a | 75 7.30 - 1037 5772.55 5.63 133.35 72.54
s07Q08a | 106 1.18-10%8 16467.30 | 2.18 75.34 130.60
s07Q0%9a | 77 1.09 - 1038 14396.34 | 2.32 78.47 131.04
s07Q10a | 140 8.72-10%7 10897.93 | 3.67 100.06 99.28

Continued on the next page
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Tab. A.1 - continued from previous page

run | Npurst | Lpear [e1g57] | trec [s] | trise [8] | tauration [s] | a-value
s07Q11a | 165 7.08 - 1037 8394.14 4.29 110.50 86.86
s07Q12a | 153 7.10 - 10%7 7226.30 4.80 104.80 85.79
s07Q13a | 89 7.20 - 1037 6736.96 5.32 120.57 75.92
s07Q14a | 73 7.12-10%7 6248.17 5.00 123.77 76.61
s07Q15a | 63 7.30 - 10%7 5756.65 5.65 132.81 72.21
s08Q08a | 3172 1.18-10%8 16286.31 | 2.18 73.53 136.08
s08Q0%a | 135 1.09 - 1038 14378.64 | 2.24 78.17 130.40
s08Q10a | 205 8.49 - 1037 10743.40 | 3.71 102.19 99.16
s08Q1la | 328 7.05 - 1037 8333.75 4.49 110.87 86.50
s08Q12a | 219 7.08 - 10%7 7257.29 4.51 105.24 86.49
s08Q13a | 95 7.12-10%7 6696.75 5.43 114.52 77.12
s08Q14a | 49 7.14 - 10%7 6255.45 5.05 121.78 77.14
s08Q15a 7 7.33.10%7 7007.11 6.47 130.80 86.20
s09Q08a | 93 1.17-10%8 16124.50 | 2.17 75.10 131.61
s09Q09a | 115 1.07 - 1038 14311.92 | 2.29 79.48 129.88
s09Q10a | 145 8.21 - 1037 10549.77 | 3.67 101.80 100.19
s09Q11a | 131 7.01-10%7 8234.93 4.66 109.43 86.86
s09Q12a | 96 7.02 - 1037 7206.69 4.63 103.96 86.18
s09Q13a | 83 7.12-10%7 6687.01 5.42 115.47 76.65
s09Q14a | 62 7.08 - 1037 6241.69 5.00 123.17 76.71
s09Q15a | 64 7.25-10%7 5735.94 5.55 132.48 72.68
s10Q08a | 44 1.17-10%8 16144.51 | 2.28 74.73 135.10
s10Q09a | 71 1.07-10%8 14255.87 | 2.30 77.50 130.07
s10Q10a | 143 8.00 - 1037 10351.92 | 3.86 99.66 102.55
s10Q11a | 102 6.96 - 1037 8058.89 4.95 104.84 88.63
s10Q12a | 82 7.04-10%7 7206.98 4.58 104.57 86.25
s10Q13a | 87 7.09 - 10%7 6626.14 5.52 115.27 76.81
s10Q14a | 88 6.98 - 1037 6158.28 5.12 119.96 77.16
s10Q15a | 83 7.17-10%7 5692.04 5.48 131.19 73.12
s11Q08a | 27 1.17-10% 16192.26 | 2.16 76.21 132.10
s11Q0%9a | 82 1.01-10% 13699.43 | 2.72 80.43 126.87
s11Q10a | 112 8.10 - 1037 10472.91 | 3.70 97.56 104.57
s11Q1lla | 130 7.02-10%7 8280.29 4.71 106.49 91.08
s11Q12a | 116 6.97 - 1037 7120.06 4.50 103.86 85.46
s11Q13a | 67 7.11-10%7 6698.30 5.44 116.01 76.73
s11Ql4a | 95 6.94 - 1037 6114.95 5.21 119.08 77.13
s11Q15a | 40 7.29 - 10%7 5768.20 5.62 134.08 72.56
s12Q08a | 35 1.16 - 1038 16090.07 | 2.23 74.79 132.40

Continued on the next page
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Tab. A.1 - continued from previous page

run | Npurst | Lpcak [erg s™'1 | trec [5] | trise [s] | tduration [8] | a-value
s12Q09a | 76 1.02-10% 13676.94 | 2.65 81.55 124.11
s12Q10a | 133 8.46 - 1037 10825.18 |  3.63 91.88 111.74
s12Q11a | 281 7.02-10%7 8279.72 4.52 105.98 92.00
s12Q12a | 240 6.89 - 1037 7130.64 4.59 103.81 87.02
s12Q13a | 71 7.09 - 1037 6627.41 5.52 114.20 77.16
s12Q14a | 89 6.94 - 1037 6085.81 5.28 117.85 77.16
s12Q15a | 50 7.25-10%7 5732.25 5.59 131.91 72.49
s13Q08a | 30 1.15-10% 16091.91 | 2.25 73.68 138.86
s13Q09a | 62 1.05-10% 13954.59 | 2.47 80.70 126.79
s13Q10a | 121 8.63 - 1037 10999.52 | 3.51 91.83 111.57
s13Q11a | 565 6.95 - 1037 8030.61 5.12 104.66 89.86
s13Q12a | 632 6.86 - 1037 7082.10 4.64 103.49 86.54
s13Q13a | 86 7.03-10%7 6507.32 5.62 112.36 77.54
s13Q14a | 82 6.95 - 1037 6117.09 5.26 120.68 76.40
s13Q15a | 52 7.22 1037 5724.95 5.50 132.00 73.11
s14Q08a | 25 1.17-10%8 16085.12 | 2.19 72.07 137.96
s14Q09a | 55 1.02-10% 13673.55 | 2.67 83.72 122.75
s14Q10a | 94 8.74 - 1037 11121.86 | 3.37 89.80 114.09
s14Q1la | 555 6.92 - 1037 8193.98 4.53 104.53 93.91
s14Q12a | 170 6.84 - 1037 7063.03 4.89 105.47 85.91
s14Q13a | 198 6.93 - 1037 6436.44 5.57 109.71 79.76
s14Q14a | 75 6.96 - 1037 6118.17 5.23 118.41 77.19
s14Q15a | 67 7.10 - 1037 5657.59 5.46 128.40 73.91
s15Q08a | 25 1.15-10% 16050.42 | 2.31 73.58 137.38
s15Q09a | 48 9.94 - 1037 13498.01 | 2.81 82.53 123.61
s15Q10a | 85 8.52 - 1037 10892.41 | 3.37 92.11 111.01
s15Q1lla | 75 6.93 - 1037 8071.00 4.94 104.84 90.39
s15Q12a | 195 6.80 - 1037 7048.90 4.79 105.36 86.49
s15Q13a | 73 7.04 - 1037 6521.28 5.62 112.75 77.24
s15Q14a | 73 6.93 - 1037 6090.71 5.31 118.19 77.11
s15Q15a | 83 6.97 - 1037 5611.78 5.45 126.80 74.92

Tab. A.1.: Results from Solar Abundance Accretion Composition, italics written run names
are from the irregular burning regime.
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A.1.2 Helium-rich Accretion Composition

run | Nourst | Lpear [erg s™'] | trec [s] | trise [s] | tauration [] | a-value
he01Q12a | 427 2.42.10%8 11609.19 | 0.93 43.45 121.25
he01Q13a | 518 2.26 - 1038 10337.82 | 1.09 45.67 109.97
he01Q14a | 567 2.14 -10%8 9479.50 1.23 47.60 104.18
he01Q15a | 654 2.05 - 1038 8736.23 1.26 48.60 101.46
he02Q12a | 402 2.42-10%8 11622.57 | 0.93 42.73 125.47
he02Q13a | 434 2.26 - 1038 10251.03 | 1.06 45.51 110.00
he02Q14a | 577 2.15-10% 9415.26 1.23 47.16 105.45
he02Q15a | 659 2.03-10%8 8682.05 1.32 48.57 101.26
he03Q12a | 314 2.46 - 1038 11812.83 | 0.93 41.84 132.52
he03Q13a | 373 2.27-10%8 10173.34 | 1.04 45.06 111.69
he03Q14a | 366 2.15- 1038 9342.00 1.20 46.64 106.50
he03Q15a | 522 2.03-10%8 8630.42 1.31 48.33 102.11
he04Q12a | 232 2.47-10%8 11844.00 | 0.91 41.58 134.28
he04Q13a | 305 2.30-10%8 10350.48 | 1.05 43.32 121.95
he04Q14a | 483 2.13-10% 9273.11 1.20 46.57 107.47
he04Q15a | 383 2.02 - 1038 8581.07 1.34 48.20 102.56
he05Q12a | 271 2.47-10%8 11808.75 | 0.94 41.99 131.67
he05Q13a | 275 2.33.10%8 10465.39 | 1.04 43.34 124.15
he05Q14a | 450 2.16 - 1038 9273.39 1.14 45.61 111.40
he05Q15a | 479 2.02-10%8 8512.27 1.31 47.85 103.73
he06Q12a | 266 2.42-10% 11734.76 | 1.04 42.01 131.90
he06Q13a | 271 2.31-10%8 10459.68 | 1.08 43.35 124.21
he06Q14a | 317 2.19-10%8 9342.31 1.13 45.15 114.43
he06Q15a | 401 2.04 - 1038 8476.43 1.26 47.14 106.01
he07Q12a | 180 2.40 - 1038 11650.59 | 1.04 42.21 132.21
he07Q13a | 260 2.29 - 1038 10418.61 | 1.11 43.68 123.34
he07Q14a | 290 2.17-10%8 9366.83 1.17 45.33 114.44
he07Q15a | 251 2.06 - 1038 8502.18 1.23 46.68 108.20
he08Q12a | 98 2.37-10%8 11577.82 | 1.10 41.61 134.72
he08Q13a | 167 2.26 - 1038 10360.01 | 1.17 43.41 124.19
he08Q14a | 240 2.14 -10%8 9350.68 1.23 45.37 115.69
he08Q15a | 302 2.04 -10%8 8506.84 1.28 46.47 109.74
he09Q12a | 74 2.38-10% 11590.63 | 1.10 41.49 133.99
he09Q13a | 121 2.23.10%8 10290.51 | 1.20 43.42 124.09
he09Ql14a | 184 2.13-10%8 9310.75 1.26 45.16 116.09
he09Q15a | 240 2.02-10%8 8489.92 1.32 46.90 109.47
hel0Q12a | 62 2.38.10%8 11593.75 | 1.11 41.73 133.45

Continued on the next page
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Tab. A.2 — continued from previous page

run | Nburst | Lpcak [erg s™'1 | trec [5] | trise [S] | tduration [8] | a-value
hel10Q13a | 95 2.22-10%8 10264.17 | 1.23 43.05 125.46
hel10Qi4a | 163 2.11-10% 9276.28 1.28 45.24 115.94
hel0Q15a | 204 2.00 - 1038 8468.31 1.34 46.69 110.31
hellQl2a | 52 2.37-10%8 11602.94 | 1.14 41.85 133.34
hel1Ql3a | 81 2.22-10%8 10270.85 | 1.24 42.99 126.10
hel1Ql4a | 143 2.08-10% 9226.45 1.33 45.03 117.30
hel1Ql5a | 273 1.97-10%8 8432.95 1.41 46.54 111.34
hel2Qil2a | 47 2.38.10% 11605.07 | 1.12 42.04 132.55
hel2Q13a | 72 2.13-10% 10259.84 | 1.49 43.15 126.56
hel2Ql4a | 86 2.08 - 1038 9241.60 1.34 44.89 118.04
hel2Qi15a | 169 1.97-10%8 8396.82 1.34 46.88 109.85
hel3Qi12a | 45 2.35-10% 11612.21 | 1.19 41.40 136.52
hel3Q13a | 63 2.18 - 1038 10280.59 | 1.35 43.36 126.59
hel3Ql4a | 83 2.05 - 1038 9226.33 1.43 44.80 119.27
hel13Ql5a | 96 1.94-10%8 8360.02 1.38 46.85 109.44
hel4Q12a | 40 2.38 - 1038 11608.69 | 1.13 41.62 133.63
hel4Q13a | 56 2.23-10% 10289.27 | 1.25 43.45 124.52
hel4Ql4a | 76 2.07-10% 9220.65 1.37 44.82 118.28
hel4Q15a | 175 1.94-10%8 8422.51 1.46 45.80 116.55
hel5Q12a | 38 2.36-10%8 11612.12 | 1.20 41.80 134.21
hel5Q13a | 54 2.21-10% 10270.05 | 1.28 43.21 125.52
hel5Q14a | 68 2.08-10% 9226.59 1.37 44.90 117.93
hel5Q15a | 81 1.95 - 1038 8392.88 1.44 46.32 112.57

Tab. A.2.: Results from Helium-rich Accretion Composition, italics written run names are
from the irregular burning regime.
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These light curves show three different Type I X-ray bursts, observed
at three different sites, which are labelled at the panels right top. The
x-axis shows the time starting at the beginning of the burst. The y-axis
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a) FEp is the bolometric burst fluence, F),,, is the bolometric peak
burst flux, which is the rate of the energy emission over the entire
energy spectrum per unit area. The dots show the observed bursts. The
short Type I X-ray bursts are all in the same area and show a linear
relation between burst fluence and flux. The “Super Burst” is special
and differs from the rest of the observations. b) This histogram shows
the distribution of the bolometric burst flux, where a superburst is
outstanding, is plotted here with given criterias from [60]. Both figures
are taken from [60]. . . . . . . . ...

The logarithm of the normalized luminosity, i.e. log;,(L/Lg), as a
function of temperature. The solid line represents the pp-chain, the
dashed line indicates the CNO-cycle. The black dot marks the properties
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reactions. This figure is taken from [71]. . . . . . . ... .. ... ...
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Shown are the thickness of the different shells and the column density
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On the left side in (a) it is shown by the big arrow how the accreted
matter reaches higher densities due to that more and more matter is
accreted on top, until it reaches the density regime of about 10°g cm—3
where the rp-process is thought kick in and an X-ray burst appears. On
the right side in (b) it is shown how then the ashes of each X-ray burst
is shifted into regimes of higher densities. These figures are adapted

from [86]. . . . . . . e

Prior to ignition, the hot CNO cycle (dark green arrow) catalyses four
H nuclei in one “He. The triple-a (blue arrow) kicks in and initiates
the ignition. Additionally, the hot CNO cycle two (light green arrow)
is possible. At slightly higher temperatures, the breakout reaction
150(a,7) is possible (orange arrow) and only ~ 50ms after breakout 1
the temperatures for breakout reaction two '®*Ne(q,p) (red arrow) is
reached, which leads to the rp-process. The gray-shaded squares are
stable isotopes. This figure is adapted from talks given by H. Schatz.

This figure shows the reaction flow time integrated over a complete
Type I X-ray burst. Therefore, it shows the full sequence of nuclear
reactions powering it. The three processes which fuses helium and
hydrogen to heavier isotopes are shown here. The inset shows the
endpoint of the rp-process — the Sn-Sb-Te cycle. This figure is taken
from [111] and the calculations were made with a one zone model
couples self-consistently to a complete reaction network (see [13]). . .

Measurements of a superburst — which lasted around half a day — from
the site KS 1731-260. Taken from [50]. . . . . . . . . . . . . ... ...

a) Due to prior Type I X-ray bursts, the ashes are accumulated at the bot-
tom of the ocean and form a layer where the ignition of thermonuclear
carbon flash is thought to happen. b) As the material is shifted to higher
densities, electron-capture and pycnonuclear fusions are releasing an
additional heat flux. Electron-captures can build very neutron rich
nuclei. This figure is adapted from [86]. . . . . .. ... ... .....

This figure shows the schematic view of the calculation method. The
reaction network and the hydrodynamics element are parallelized. This
scheme is adapted from [25]. . . . ... ... ... ... . ... ..

This figure shows a schematic view of an accreting neutron star, the dif-
ferent layers are in different shades of orange, the accretion is indicated
with blue arrows. The depth of Type I X-ray bursts and superbursts
are drawn in blue spheres. The range of our computational domain is
presented as a blue box at the rightcorner. . . . . ... ... ......
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The initial progenitor file consists artificially only of *Fe. The code
initially shifts the initial composition out of our computational domain
and replaces it with the accreted composition until it reaches a depth,
where only the ashes of Type I X-ray bursts (XRBs) are present. The two
arrows show the region of the roughly estimated depth of the ignition
of X-ray bursts and superbursts (SBs). . . ... .............

A comparison in nuclear chart form of the network with 561 isotopes
(orange boxes plus the white boxes) and the network with 304 isotopes
(orange boxes). Taken from [25]. . . . . . ... ... ... .......

This plot shows the parameter space of our study with solar accretion
composition, where (), is plotted against the accretion rate. It shows
the three different burning regimes found in our work. The red dots
are the parameter sets which lead to stable burning, the turquoise dots
represent irregular bursts, and the violet ones regular burst behaviour.
Note that for an accretion rate of 0.7 - 10'7g s~! (for all shown values
of @) and for an accretion rate of 0.4 - 10'7g s~! and Q, of 0.8 MeV
nuc~!, a single burst occurs at the beginning of the run, but then shows
stable burning. Those points were still categorized as stable burning. .

This is an example light curve from the simulation with Myee = 0.2 -
10gstand Qy=12MeVnuc™t. . .. .................

The mass fractions of hydrogen (red line), “He (green line), 1?C (blue
line), 14O (bright turquoise line), >0 (orange line), %0 (black line),
and the minimal mass fraction of 0.1 (pink dashed line) which is needed
for the successful ignition of a superburst. a) shows the results from the
simulation with an accretion rate of 0.7-10'7g s~! and a crustal heating
of 0.8 MeV nuc!. b) shows the results for the run with an accretion

rate of 0.2 - 10!7g s~! and a crustal heating of 1.2 MeV nuc™!. ... ..

These two plots show the burn rate and the temperature of the regions
where stable burning occurs. a) shows the results from the simulation
with an accretion rate of 0.7 - 10'7g s~! and a crustal heating of 0.8
MeV nuc—!. b) shows the results for the run with an accretion rate of
0.2-10'"g s~! and a crustal heating of 1.2 MeVnuc™t. . ... .. ...

The composition of three different regions of the results from the simu-
lation with Q = 1.2 MeV nuc~! and M, = 0.2-10'7 g s~. The red
line, region one, is one of the outermost zones in our domain. Region
two, the blue line, is the zone with the highest burn rate at a column
density of 4.9 - 107 g cm™2 (log(y) =~ 7.7). The violet line, region three,
represents one of the zones below the stable burning, where a maximum
of 12C is reached at a column density of 8.4 - 108 g cm~2 (log(y) ~ 8.9).

List of Figures

60

64

163



164

3.8

3.9

3.10

3.11

3.12

Figures a) and b) show the burn rate and the temperature for runs with
fixed accretion rate of 0.4 - 10'7g s~!, but with different crustal heat of
0.1 — 1.5 MeV nuc™!, see legend for color code. Figures c¢) and d) show
the burn rate and the temperature for runs with fixed crustal heating
of 1.2 MeV nuc~!, but with different accretion rates of 0.1 — 0.7 - 10'7g
s~!, see legend for color code. a) and ¢) show the burn rate and the
logarithm of the column density. We see that the accretion rate has a
bigger influence on the burn rate than the crustal heat. b) and d) show
the temperature and the logarithm of the column density. We see that
the accretion rate has a bigger influence on the temperature than the
crustalheat. . . . . . . . . ... e

The simulated light curve from two runs, both with accretion rate of
0.9 -10'7g s71. a) corresponds to a crustal heating value of 1.2 MeV

nuc~!. b) corresponds to a crustal heating value of 1.4 MeV nuc™".

These four figures show the burn rate over one burst (left column) and
the temperature over one burst (right column). Here the simulation
of @, = 1.2 MeV nuc™! and Mye. = 0.9 - 10'7g s~! are shown. Lyea is
chosen to be at t = 0 s. a) shows the results of the fifth burst. b) shows
the results of the lastburst. . . . . ... ... ... ...........

These two plots show the mass fractions of hydrogen (red line), *He
(green line), 12C (blue line), *O (bright turquoise line), >0 (orange
line), '°0 (black line) and the minimal mass fraction of 0.1 (pink
dashed line), which would be needed for the successful ignition of a
superburst. a) shows the results from the simulation with an accretion
rate of 0.9 - 10'7g s~! and a crustal heating of 1.2 MeV nuc~!. b) shows
the results for the run with an accretion rate of 0.9 - 10!7g s~! and a

crustal heatingof 1.4 MeVnuc™'. . . .. ... ... ...........

The composition of three different regions of the results from the simu-
lation with Q; = 1.2 MeV nuc~! and M,.. = 0.9 - 107 g s—!. The red
line, region one, is one of the outermost zones in our domain. Region
two, the blue line, is the zone with the highest burn rate at a column
density of 5.34 - 107 g cm~2 (log(y) ~ 7.7). The violet line, region
three, represents one of the zones below the stable burning, where a
maximum of '2C is reached at a column density of 1.8 - 10° g cm~2

og(y) = 9.3). « v v v o e
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The burn rate and the temperature for runs with fixed crustal heating
of 1.2 MeV nuc~!, but with different accretion rates of 0.8 - 10!7g s—!
(black line), of 0.9 - 10'7g s—! (violet line), and of 1.0 - 10'7g s~! (blue
line). The red line additionally presents the results for the simulation
with 1.4 MeV nuc—! and an accretion rate of 0.9-10'7g s~!. a) The burn
rate as a function of the logarithm of the column density. The increase
of the accretion rate or of crustal heating has no significant influence

on the burn rate. b) The temperature profile of the different simulations. 74

This figure shows the light curves of five simulations over a time of
roughly 13.9 hours. The colour affiliation to the parameter sets are
given in the legend above the plot. As before, we use the nomenclature
described in Eq. (3.6). . . . . . . . ..

The light curves of one representative burst for each of our five param-
eter sets. The times have been shifted such that the steep rise of the
curves lay on top of eachother. . . . . ... ... ... .. .......

a) The top left plot shows the peak luminosity in dependence on the
crustal heating. The accretion rate is fixed at 0.8 - 10'7g s~!. b) The top
right plot shows the peak luminosity in dependence on the accretion
rate. The crustal heating is fixed at 1.5 MeV nuc~'. ¢) The bottom left
plot shows the recurrence time in dependence on the crustal heating.
The accretion rate is fixed at 0.8 - 10'7g s~!. d) The bottom right plot
shows the recurrence time in dependence on the accretion rate. The
crustal heating is fixed at .5 MeVnuc™'. . . . ... ... ........

The mass fractions of hydrogen (red line), *He (green line), 12C (blue
line), O (bright turquoise line), 10 (orange line), '°0 (black line)
and the minimal mass fraction of 0.1 (pink dashed line), which would
be needed for the successful ignition of a superburst. a) shows the

L and

results from the simulation with an accretion rate of 1.5 - 10'7g s~
a crustal heating of 1.5 MeV nuc~!. b) shows the results for the run

with an accretion rate of 0.8 - 10'7g s~! and a crustal heating of 0.1 MeV

The burn rate and the temperature of the regions where stable burning
occurs. a) shows the results from the simulation with an accretion rate
of 1.5-10'"g s~! and a crustal heating of 1.5 MeV nuc~'. b) shows the
results for the run with an accretion rate of 0.8 - 10'7g s~! and a crustal
heatingof 0.1 MeVnuc™t. . . . . .. ... .. ... .. ... .. ...
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The composition of three different regions obtained from the simulation
with Q, = 0.1 MeV nuc~! and M,.. = 0.8-10'7 g s~!. The red line,
region one, is one of the outermost zones in our domain. Region two,
the blue line, is the zone with the highest burn rate between two bursts
at a column density of 6.72 - 10" g cm~?2 (log(y) ~ 7.8). This region
consists out of a mixture of newly accreted matter and traces of the
ashes of the last burst. The violet line, region three, represents one of
the zones below the stable burning, where the composition consists
purely out of ashes of the previous bursts. This is at a column density
of 1.06-10° gem=2 (log(y) ~ 9.0). . . . . o v i i

Here, the results from the simulation s01Q08a are shown. L., is
chosen to be at ¢t = 0 s. The figures in a) show the burn rate over one
burst (left) and the temperature over one burst (right). The figures in
b) show the mass fractionof Hand He. . . . . . ... ... .......

a) Shows the mass fraction from the zone above the ignition zone.
b) Shows the evolution of the mass fraction of the zone, where the
most nuclear energy is released at time ¢t = 0, when the luminosity
reaches its peak. This happens at a column density of 5.77 - 107 g cm ™2
(log(y) = 7.76). c) Shows the mass fraction from the zone below the
ignition zone. The red line represents the mass fraction of hydrogen,
the green line the mass fraction of helium, the dark blue line the mass
fraction of carbon, black is the mass fraction of oxygen, and the light

turquoise line the mass fraction of silicon. . . . . ... ... ... ...

A comparison of the composition of two representative simulations
for each burning regime (definition of the parameter set conditions of
each simulation is given in the box below the figure). The solid lines
represent the regular bursting regime, the dashed lines the irregular
burst regime, and the dot-dashed lines the stable burning regime. . . .

This plot shows the three different burning regimes found in our simu-
lations. The red dots are the parameter set runs which lead to stable
burning, the turquoise dots represent irregular bursts, and the violet
ones regular burst behaviour. The mass fraction of 2C is shown by the
different shades of grey. From bright to dark: Xi2 > 0.1, Xi2¢x > 0.5,
Xiz > 0.7, Xi2 > 0.9 and white is Xi2o < 0.1. . . . .. ... ...

The three different burning regimes found in our study with helium-rich
accretion composition, where the crustal heating @), is plotted versus
the accretion rate. The red dots represent the parameter set runs, which
lead to stable burning, the turquoise dots denote irregular bursts, and
the violet ones regular burst behaviour. . . . . ... ... ... .....

This is an example light curve from the simulation with Mpee = 0.2
1017gs L and Qy=12MeVnuct. . .. .. .. L
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The mass fractions of hydrogen (red line), “He (green line), 2C (blue
line), “O (light turquoise line), >0 (orange line), '°0 (black line),
and the minimal mass fraction of 0.1 (pink dashed line), which would
be needed for the successful ignition of a superburst. a) Shows the
results from the simulation with an accretion rate of 1.1 - 10'7g s~! and
a crustal heating of 0.9 MeV nuc~!. b) Shows the results for the run
with an accretion rate of 0.3 - 10'7g s~! and a crustal heating of 0.9 MeV
nuc . L
The burn rate and the temperature of the regions where stable burning
occurs. a) Shows the results from the simulation with an accretion rate
of 1.1-10'"g s~! and a crustal heating of 0.9 MeV nuc~!. b) Shows the
results for the run with an accretion rate of 0.3 - 10'7g s~! and a crustal
heating of 0.9 MeVnuc™t. . . .. ... ... ... ... ... ... ..
The composition of three different regions of the results from the simu-
lation with Q; = 0.9 MeV nuc~! and M, = 0.3-10'7 g s~. The red
line, region one, is one of the outermost zones in our domain. Region
two, the blue line, is the zone with the highest burn rate at a column
density of 4.6 - 107 g cm~2 (log(y) ~ 7.7). The violet line, region three,
represents one of the zones below the stable burning, where a maximum

of 12C is reached, at a column density of 8.4 - 10® g cm~2 (log(y) ~ 8.9).

The burn rate and the temperature for runs with fixed crustal heating
of 0.9 MeV nuc—!, but with different accretion rates from 0.1 - 10!7g
s! (red line) until 1.1 - 10'7g s~! (pink line). a) Shows the burn rate
as a function of the logarithmic column density. The increase of the
accretion rate results in a higher burn rates at higher column densities.
b) Shows the temperature profile of the different simulations. . . . . .
The light curve of the last two bursts and the failed burst, which initiate
the stable burning phase of the irregular burst regime. This light curve
is from the simulation with the condition for accretion rate of 1.5-10'"g
s7! and crustal heatof 1.1 MeVnuc™ . ... ..............
The results from the simulation he11Q13a are shown. Ly, is chosen
to be at t = 0 s. These four figures show the burn rate over one burst

(left figures) and the temperature over one burst (right figures). a)

93

Shows the results of the fifth burst. b) Shows the results of the last burst. 98

The mass fractions of hydrogen (red line), ‘He (green line), ?C (blue
line), '“O (light turquoise line), >0 (orange line), '°0 (black line),
and the minimal mass fraction of 0.1 (pink dashed line), which would
be needed for the successful ignition of a superburst. a) Shows the
results from the simulation with an accretion rate of 1.5 - 10'7g s~! and
a crustal heating of 1.1 MeV nuc™!. b) Shows the results for the run
with an accretion rate of 1.3-10'7g s~! and a crustal heating of 1.1 MeV
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The burn rate and the temperature of the regions, where stable burning
occurs. a) Shows the results from the simulation with an accretion rate
of 1.5-10'"g s~! and a crustal heating of 1.1 MeV nuc~'. b) Shows the
results for the run with an accretion rate of 1.3 - 10!7g s~! and a crustal
heatingof 1.1 MeVnuc™t. . .. ... ... .. .. ... ... ... ...
The composition of three different regions of the results from the simu-
lation with Q; = 1.1 MeV nuc~! and M,.. = 1.3 -10'7 g s~!. The red
line, region one, is one of the outermost zones in our domain. Region
two, the blue line, is the zone with the highest burn rate at a column
density of 4.9 - 107 g cm~2 (log(y) ~ 7.7). The violet line, region three,
represents one of the zones below the stable burning, where a maximum
of 12C is reached at a column density of 1.8 - 10 g cm~2 (log(y) ~ 9.3).

The light curves of five representative simulations over a time of roughly
13.9 hours. The colour affiliation to the parameter sets are given in the
legend above the plot. We use the nomenclature stated in Eq. (3.6). . .

This figure shows the light curves of one example burst of our five
chosen simulations. The times have been shifted so that the steep rise
of the curves layoneachother. . . ... ... ... ...........

a) Shows the peak luminosity in dependence on the crustal heating. The
accretion rate is fixed at 1.3 - 10'7g s~1. b) Shows the peak luminosity
in dependence on the accretion rate. The crustal heating is fixed at
0.5 MeV nuc~!. ¢) Shows the recurrence time in dependence on the
crustal heating. The accretion rate is fixed at 1.3 - 10'7g s~!. d) Shows
the recurrence time in dependence on the accretion rate. The crustal
heating is fixed at 0.5 MeVnuc™t. . . . .. ... .. ... ........

The mass fractions of hydrogen (red line), “He (green line), 1?C (blue
line), '*O (light turquoise line), 'O (orange line), '°0 (black line),
and the minimal mass fraction of 0.1 (pink dashed line), which would
be needed for the successful ignition of a superburst. a) Shows the
results from the simulation with an accretion rate of 1.2 - 10'7g s~! and

1

a crustal heating of 0.5 MeV nuc™". b) Shows the results for the run

with an accretion rate of 1.5-10'7g s~! and a crustal heating of 0.1 MeV

The burn rate and the temperature of the regions where stable burning
occurs. a) Shows the results from the simulation with an accretion rate
of 1.2-10'"g s~! and a crustal heating of 0.5 MeV nuc~'. b) Shows the
results for the run with an accretion rate of 1.5 - 10!7g s~! and a crustal
heatingof 0.1 MeVnuc™t. . .. ... ... .. ... .. ... ... ...
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The composition of three different regions from the simulation with
Qp = 0.5 MeV nuc ! and M, = 1.2-10'7 g s~1. The red line, region
one, is one of the outermost zones in our domain. Region two, the
blue line, is the zone with the highest burn rate at a column density of
4.6-10" g em~2 (log(y) ~ 7.7). The violet line, region three, represents
one of the zones below the stable burning, where a maximum of '2C is
reached at a column density of 1.8 - 10° g cm™2 (log(y) ~ 9.3). . . . . .

The results from the simulation he05Q12a are shown. L, is chosen
to be at t = 0 s. The figures in a) show the burn rate over one burst
(left) and the temperature over one burst (right). The figures in b) show
the mass fractionof Hand He. . . . . .. ... ... ... ........

This figure shows in a) the evolution of mass fraction from the zone
above the ignition zone. b) Shows the mass fraction of the zone, where
the most nuclear energy is set free at time ¢ = 0 when the luminosity
reaches its peak. This happens at a column density of 5.34 - 10” g cm—2
(logy = 7.73). c) Shows the mass fraction from the zone below the
ignition zone. The red line represents the mass fraction of hydrogen, the
green line the mass fraction of helium, the blue line the mass fraction
of carbon, black shows the mass fraction of oxygen, and the orange line

the mass fraction of silicon. . . . . . . . . . . . ... ... ...

A comparison of the compositions of two representative simulations
for each burning regime (definition of the parameter set conditions of
each simulation is given in the box below the figure). The solid lines
represent the regular bursting regime, the dashed lines the irregular
burst regime, and the dot-dashed lines the stable burning regime. . . .

The three different burning regimes found in our simulations. The red
dots represent the parameters of runs which lead to stable burning, the
turquoise dots indicate irregular bursts behaviour and the violet ones
regular burst behaviour. The different shades of grey correspond to
the mass fraction of '>C. From bright to dark: Xiz» > 0.1, Xi2x > 0.5,
Xz > 0.7, X2 > 0.9, and white means X2 < 0.1. . . . . ... ...

The composition of the ashes taken at a column density of 8.42 - 108 g
cm~2 (log(y) ~ 8.93). The solid lines are the results from simulations
with solar abundances in the accreted matter, the dashed lines are the
results from simulations with helium-rich accreted matter. . . . .. . .

The crustal heating in a) and b) is fixed, whereas the accretion rate
in ¢) and d) is fixed. Both values are given in the legends above the
plots. a) Shows the a-parameter in dependence on the accretion rate.
b) Shows the burst time in dependence on the crustal heating. ¢) Shows
the a-parameter in dependence on the accretion rate. d) Shows the
burst time in dependence on the crustal heating. . . ... ... .. ..
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Time ¢ = 0 s lies where the maximum luminosity of a burst is reached.
The left plot shows the burnrate throughout the entire computational
domain over one burst, whereas the right plot shows the corresponding
temperatures in our domain over one burst. . . . . . ... ... ...
The composition of the ashes of X-ray bursts in the zone 101 are shown
here. This is the new composition of the accreted matter for the cut-off
simulation of sO8Q08a. . . . . . . . . . . . ... ...
This figure shows the mass fraction of 12C in dependency on the column
density. The black line shows the start situation of the cut-off simulation.
The blue line shows the simulation results of s08Q08a with no cut-off
for comparison of how much faster the cut-off simulation (red line)
runs. In parenthesis are the simulation times given. . . . . . . ... ..
We compare the observational data from [141] with results of our
simulations. The conditions of our simulations are shown in the legend
in the upper right corner of the figure. The grey line corresponds to a
simulation with an accretion rate of 1.0-10'7g s~! and a crustal heating
of 0.1 MeV nuc~!. For & we choose a factor of 2/3. The chosen burst of
the simulation in this figure is one which is close to the averaged value
of its simulation. . . ... ... ... ... . oo oo oL
In this figure, we compare our simulation with helium-rich accretion
composition, and high accretion rate (black line), with a simulation
with solar abundances accretion condition, but otherwise the same
parameters (grey dashed line) with given observational data (green
andred lines).. . . . . . . . e e e
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