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1 Introduction

In astrophysics, most of the time, pictures are taken from celestial objects that evolve
over millions or billions of years, for example, the luminosity of our Sun does not change
for 10 billion years. But there are also phenomena in our Universe that evolve on much
shorter timescales and these objects are called transients.

In some circumstances, these transients emit gamma-rays that are high-energy photons
of energies larger than 100 keV and wavelengths of 107'? m. They can be produced in
several physical processes such as radioactive decay that occurs in the nucleus of an atom
when one element changes to another. Some nuclei are left in an excited state by these
changes and de-excite to their ground state by emitting photons of characteristic energies.
For the production of radioactive nuclei, extreme physical conditions are required. They
can be found in powerful phenomena such as the explosion of massive stars at the end of
their stellar evolution, called supernovae or the ejection of accreted matter in a binary
system of white dwarfs, called novae. At very high temperatures, radioactive nuclei are
synthesized that release energy in form of photons. Gamma-rays can also be produced
through the acceleration of charged particles in magnetic fields. This causes the particles
to emit photons in the gamma-ray energy range. Another production mechanism is due
to the collision of heavy particles with energies MeV to TeV. When cosmic rays strike
protons or atomic nuclei, neutral pions are produced that are unstable and decay into
two photons [1].

Another source of high-energy photons are gamma-ray bursts (GRB) whose origin
is unknown, in general. However, the spectra of these phenomena can be measured.
The duration distribution of GRBs is bimodal, which means that there could be two
possible mechanisms for the production of GRBs. The emission of gamma-rays from these
phenomena can provide information about their 'motors’.

In addition to the measured spectrum, the time variability of scientific objects can
provide information about their event duration. In order to do research studies with not
only a single object, but with a population of similar objects, they first must be found in
the data.

These data of time variable astrophysical sources can be received from the International
Gamma Ray Astrophysics Laboratory (INTEGRAL). Its goal is the spectroscopy of
photons in the energy range 15 keV to 10 MeV and also the imaging and positioning of
energetic phenomena described above [2|. The spectrometer SPI on board the spacecraft
is surrounded by an omni-directional veto system, the anticoincidence shield that detects
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photons with energies above 75 keV. Therefore, it is suitable for finding, describing, and
analyzing populations of gamma-ray emitting sources.

The ACS data archive contains count rate data from 15 years now. This means that a
retrospective search can be made, for example, for nova outbursts, because gamma-rays
from novae arrive earlier at the detectors than optical light. Furthermore, undiscovered
GRBs can be found in the ACS light curve. For this, the ACS data must be analyzed
coherently to find out if the instrument measures the same types of events over the
mission.

The following thesis will give an understanding of the analysis of gamma-ray data
from the INTEGRAL spacecraft and its astrophysical importance. Chapter [2| presents
production mechanisms of gamma-rays (section and their interaction with matter
(section . Examples for astrophysical transient gamma-ray sources are given in chapter
The INTEGRAL spacecraft has two spectrometers, IBIS and SPI, whereas the latter
and its surrounding anticoincidence shield are described in more detail in chapter 4.
Chapter 5 demonstrates the extraction of information from the given data from the
anticoincidence shield, for what the median filter is used as a background model (section
5.2.1). Additionally, an example for an observed gamma-ray burst with data from the
anticoincidence shield is given (section 5.2.2) and Bayesian blocks are presented for a
model independent analysis (section 5.2.3). Finally, the application of the upper method
is shown in chapter 6 and at the end, a conclusion completes the thesis (chapter 7).



2 Gamma-ray production and interaction
of gamma-rays with matter

The observation and detection of gamma-rays with INTEGRAL provides useful informa-
tion about the most energetic phenomena in our Universe. In the following, explanations
of gamma-ray production mechanisms and their interactions with matter are provided.

2.1 Gamma-ray production

High-energy photons can be produced in several processes such as radioactive decay,
matter-antimatter annihilation or particle acceleration.

2.1.1 Radioactive decay

Radioactive decay is a spontaneous change of an atomic nucleus in form of a release of
energy and matter from the nucleus. When there are more protons or neutrons in the
nucleus, it becomes unstable, because the binding energy is not strong enough to hold
the nucleons together and the nucleus decays by emitting particles. A decayed nucleus
may be left in an excited state, which often de-excites by the emission of gamma-rays [3].
The decaying nucleus is called parent nucleus and the resulting nucleus is called daughter
nucleus. In some cases, the daughter nucleus is unstable itself and decays again to a
stable isotope by emitting more radiation.

The a-particle is composed of two protons and two neutrons and is the stable nucleus
of “He. In a decay, the a-decay (figure , the parent nucleus ejects an a-particle with a
following decrease in the atomic number Z by 2 and the mass number A by 4. The energy
released in this process appears in form of kinetic energy of the *He nucleus and the
daughter nucleus. As a consequence of momentum conservation, both the a-particle and
the daughter nucleus must have equal but opposite momenta and thus have well-defined
energies after the decay. The a-particle receives most of the kinetic energy, because of its
smaller mass [4].
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a - particle = §He

Figure 2.1: The a-decay. The parent nucleus X decays in a daughter nucleus X’ with a decrease
in the mass number A by 4 and the atomic number Z by 2 and an a-particle. Adapted from [5].

Another possibility for radioactive decay is the S-decay, where there are the 37- and
B~ -decay that follow an excess of either protons or neutrons inside a nucleus (figure .
In a 87-decay a proton is converted into a neutron by emitting a positron and an electron
neutrino in the process p — n + e + v.. In a B -decay a neutron transforms into a
proton, an electron and an electron antineutrino through n — p + e~ 4+ .. The positrons
or electrons that are produced in a -decay can annihilate with their anti-particles, if
present, and convert their rest mass into photons of the energy 511 keV [6]. This matter-
antimatter annihilation will be discussed in section Mechanisms that produce
BT -unstable nuclei are explained in section @ The BT-decay is only possible inside a
nucleus, because the mass of a free neutron is larger than the mass of a proton. In this
process, electric charge and lepton number are conserved. In case of the conversion from
a neutrally-charged neutron to a positively charged proton, a negatively charged particle,
an electron, must be produced, too. Alternative to, and competing with the §-decay, a
proton can capture an orbital electron from the atom, if a more stable nucleus results and
convert into a neutron and electron neutrino: p + e~ — n + v,. This is called electron
capture.

All three mechanisms change the proton number Z or the neutron number N, but the
mass number A stays the same [4].
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) )
B-particle = et B-particle = e~
(a) The Bt-decay. A proton of the parent (b) The B~ -decay. A neutron of the parent
nucleus X converts into a neutron by emitting nucleus X converts into a proton by emitting
a positron and an electron neutrino. an electron and an electron antineutrino.

Figure 2.2: The B%*-decay (left) and the 8~ -decay (right) followed by an excess of either
protons or neutrons inside a nucleus. Adapted from [5].

The process, which often occurs after a- or 5-decays is the v-decay. As shown in figure
[2.3, an excited nucleus with higher energy de-excites to a nucleus with lower energy by
emitting a high-energy photon [4].

v - particle

Figure 2.3: The gamma-decay. The excited nucleus X* de-excites to a nucleus X with lower
energy by emitting a gamma-ray with discrete energy. Adapted from [5].

2.1.2 Matter-antimatter annihilation

In particle physics, every subatomic particle has an antiparticle. In case of the electron it
is the positron, which has the same spin (S = %) and the same mass, but the opposite
charge. These two leptons can interact in two different ways: they can either annihilate
directly and form two photons, each with an energy of 511 keV or they can form a
bound quantum state, called positronium, which decays, depending on the spin state,

after a certain timespan. There are two states of positronium: ortho-positronium with
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parallel spins of electron and positron, and para-positronium with antiparallel spins. The
para-positronium has a mean lifetime of 125 ps in vacuum and decays into 2 photons,
each with an energy of 511 keV. The mean lifetime of the ortho-positronium is 142 ns
and it annihilates through 3 photons, each with an energy of at most 511 keV, building a
rising spectrum, with a sharp cutoff at 511 keV [7].

2.1.3 Acceleration of particles

Gammarrays can also be produced through particle acceleration to nearly the speed of
light, e.g. in shock waves of novae [6]. These particles are also recognized as cosmic rays,
entering the solar system from outside. In the interstellar medium, they can interact with
gas and produce secondary particles such as neutral pions 7V, for example. Pions are
unstable and decay into gamma-ray photons of energy larger than 100 MeV /c? within a
lifetime of 8.4 x 107!7 s via the electromagnetic force [8].

2.2 Interaction of gamma-rays with matter

There are three main mechanisms for gamma-rays to interact with matter: the Photoelec-
tric effect, the Compton effect and pair production. For gamma-rays to be measured in a
detector, these processes must be understood. In each of the processes, the energy of the
photon is transformed into a measurable electric signal. Depending on the energy of the
incident photon and the detector material, one of the processes dominates. [9].

2.2.1 Photoelectric effect

Before 1905, light was thought to be an electromagnetic wave. But then, Albert Einstein
presented the idea of light being a particle, a discrete bundle of energy. Nowadays,
light is treated like electromagnetic waves and also like particles. These particles, later
called photons, are able to eject bound electrons from atoms. This effect is called the
photoelectric effect and is illustrated in figure Albert Einstein won the Nobel prize in
1921 for this effect.

The energy of a photon is given through the equation E = hv, where h = 6.626 x 10734Js
is the Planck constant and v is the frequency of the photon [10]. The latter is related
to the wavelength of the photon by v = {, where ¢ = 299.792 km/s is the speed of light
[11]. When a photon interacts with an atom of the absorbing material, it transfers energy
to one of its orbital electrons by being absorbed completely and sets this electron free
[12|. This happens only if the energy of the photon is higher than the binding energy
Ep of the electron. The minimum energy needed for setting an electron free is the work
function of the material that is in the range of a few eV [12]. The resulting kinetic energy
E¥ of the photon after the interaction is Fx = hv — Ep [9].
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ncident photoelectrons
photons

A _ _ i

Figure 2.4: The photoelectric effect: the release of photoelectrons as a consequence of interac-
tions of photons with an absorbing material. From [12].

2.2.2 Compton effect

In the early 1920s the Compton effect gave clear evidence for photons also having particle
character. Arthur H. Compton described this effect as the increase of the wavelength
of X-rays that are scattered by electrons in a carbon target. In general, this can be
considered as inelastic scattering of photons by charged particles, which leads to a decrease
of the photon energy, and thus to a larger wavelength of the scattered photons.

Figure 2.5 demonstrates the incident high-energy X-ray or gamma-ray that interacts
with electrons of the target’s atoms and transfers part of its energy to the electron. The
electron is released from the outer shell of the atom and the scattered photon changes
its direction. Because energy and momentum are conserved, the shift of the photon
wavelength is determined by A\ = —(1 — cosf). Here, m, = 511 keV /c? is the electron
mass and 6 the scattering angle of the photon [13].

Recoil
electror/

Incident Target
photon electron

Z. Scattered
/] photon

Figure 2.5: The Compton effect: inelastic scattering of a photon by a charged particle. From
[13].

In astrophysics, the inverse Compton scattering is very important. Lower-energy
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photons are scattered by higher-energy relativistic electrons and so energy is transferred
to the photon. This mechanism produces high-energy gamma-rays and can take place e.g.
in the interaction of a Nova ejecta with a red giant wind [14] [6]. These astrophysical
binary systems will be discussed in more detail in section

2.2.3 Pair production

Pair production is a process, where a photon interacts with the Coulomb field of an atomic
nucleus, for example, and produces an electron-positron pair. The schematic outline of
this process is presented in figure 2.6

Positron
Photon

ANVANARAY . © . AL
LW A W W

Ele&r:m\A

Figure 2.6: Pair production: the interaction of a photon with the Coulomb field of an atomic
nucleus to produce an electron-positron pair. From [15].

The energy of the photon must be above a threshold of 2m.c? = 1.022 MeV to produce
the two leptons. The presence of the nucleus is needed to conserve momentum [9]. The
probability for this mechanism increases with increasing atomic number and increasing
photon energy. Alternatively, the photon may also interact with the Coulomb field of an
atomic electron (or free electron). In this case, the threshold energy for pair production

is 4mec2.



3 Astrophysical transient sources

Transients are cosmic objects that occur on timescales of milliseconds to years. This is
in contrast to the evolution of objects like galaxies or stars over millions to billions of
years. Transient events can be very different and can be observed both in our own Solar
System and outside, in our own galaxy or outside the galaxy [16]. Examples of such
astrophysical transients, which can be observed also in gamma-rays, are neutron stars,
novae and supernovae, black holes and active galactic nuclei, solar flares and gamma-ray
bursts (GRBs) [2]. In this thesis, the focus is set on short gamma-ray transients, which
could be measurable with the anticoincidence shield (ACS) of the spectrometer SPI
aboard INTEGRAL (see section 4.2), i.e. up to a timescale of several hours. Therefore,
in the following sections, novae (less than several hours), solar flares (up to minutes), and
gamma-ray bursts (milliseconds to hours) are explained in detail.

3.1 Novae

The nova phenomenon can be explained as the ejection of nuclearly ignited material that
has been accreted onto the surface of a white dwarf (WD). It is a star whose bolometric
luminosity suddenly increases by a factor larger than 10* and then returns within a few
months or years to its previous faint state [17]. In stellar evolution, stars with initial
masses smaller that 8 Mg - 10 Mg end in compact objects with masses of typically ~0.6
Mg to a maximum of ~1.4 Mg which is the limiting Chandrasekhar mass. WDs are
composed either of pure Helium (He), Carbon and Oxygen (CO) or Oxygen and Neon
(ONe). If a single star evolves into a WD, i.e. without a companion, it will cool down as
a consequence of unavailable nuclear energy until it is no longer seen. On the other hand,
WDs in a binary system can either be totally disrupted in a type Ia supernova, or only
their surfaces may ignite, which is called nova. In the latter case, there are two possible
scenarios, depending on the companion star, which are explained below [6].

The first system is called a cataclysmic variable star which is a WD and a main sequence
star as a companion that transfers hydrogen-rich matter onto the surface of the WD
(figure ) The two stars have a distance of a few 1019 cm and an orbital period of hours
to days. When enough matter is accreted on top of the WD, hydrogen burning sets in and
a nova explosion occurs without a disruption of the WD because the outburst only affects
the outer layers. The outburst happens as follows: hydrogen-rich matter is accreted from
the secondary on top of the WD and forms a gas layer. The gravity of the star compresses
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the bottom of this layer and increases the pressure, so the material can not expand
and becomes electron degenerate. This is a consequence of the Pauli exclusion principle
that prevents two electrons to have the same quantum numbers [18]. In these extreme
conditions, nuclear fusion can set in, and increase the temperature at the bottom of the
accreted layer to a value of ~7 x 107 K which is the Fermi temperature. A thermonuclear
runaway is created. The material can expand and because of the very rapid increase of
the temperature, material of 107° - 107* M, are ejected at large velocities of hundreds
and thousands of km per second. After a few 104 to 10° years, a nova phenomenon can
happen again as a consequence of repeated accretion of hydrogen-rich matter [17] [6].

The second scenario for a nova is a symbiotic binary with a red giant companion. An
artist’s impression of this type of nova is shown in figure B.Ip. The accreted matter comes
from the red giant’s stellar wind. The stars have a distance of 10'3 - 10 cm and the
orbital period is in the range of a few 100 days. Because these novae are recurrent novae,
frequent explosions with periods less than 100 years can be observed [6].

(a) Cataclysmic variable star with a WD (b) Symbiotic binary with a WD and a red
and a main sequence star as a companion. giant as a companion. From [20].
From [19].

Figure 3.1: Artist’s impressions of a cataclysmic variable star (left) and a symbiotic binary
(right).

For both types of novae, during the hydrogen thermonuclear runaway, radioactive nuclei
are synthesized that are S-unstable or experience electron capture and thus may emit
photons with particular energies. The positrons emitted in a S7-decay then annihilate
with electrons and produce a photon with 511 keV and a continuum below this energy.
Two main mechanisms produce 31-unstable nuclei: the proton-proton (PP) chain which
is important during the main accretion phase and the carbon-nitrogen-oxygen (CNO)
cycle that produces energy for the thermonuclear runaway. The net effect of the PP chain
is the fusion of four protons into one helium nucleus, two positrons, two neutrinos and
gamma-radiation. One possible branch of the PP chain is the production of “Be through
the fusion of *He and *He. The isotope "Be decays with a characteristic lifetime of 77
days by electron capture to "Li. This excited state of “Li then de-excites to its ground
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state by emitting photons with energies of 478 keV. This decay is expected predominantly
for novae with the chemical composition of carbon and oxygen.

The CNO cycle begins with a reaction of a proton and a 2C nucleus. This produces 3N
and a gamma-ray. The unstable 3N 57 decays to '3C that captures a proton and converts
to "N by emitting a photon. "N then captures another proton and becomes O via the
emission of a gamma-ray. O converts to °N via the S+-decay and finally, 1°N captures
a proton and produces >C and a helium nucleus. The ?C nucleus acts as a catalyst and
is ready to re-enter the chain again [21]. The resulting CNO nuclei are transformed to 14O
and "F that emit positrons through proton captures. The three radioactive nuclei 14O,
150 and !"F have very short lifetimes of 102 s (140), 176 s (}°0) and 93 s (1"F). These
lifetimes are shorter than the time of the increase of the nova envelope transparency, so
the photons that are released in the de-excitation of the radioactive nuclei can not escape.

There are two more major nuclear reaction cycles that produce radioactive nuclei: the
NeNa cycle and the MgAl cycle. The first one synthesizes 22Na that disintegrates to an
excited state of 22Ne that de-excites to its ground state by emitting energy of 1275 keV.
The second one synthesizes 26 Al with a following decay to 26Mg and a line emission at 1809
keV. The production of ?Na and 26Al is favored in ONe novae. The novae composed of
CO and ONe show line emission at 511 keV that comes from electron-positron annihilation
and also a continuum below this energy from the ortho-positronium decay. Those make
the spectrum from 20 - 30 keV up to 511 keV, depending on the chemical composition of
the nova envelope because of photoelectric absorption [6].

In gamma-ray astronomy, the light curve of a gamma-ray source is a useful method for
the identification of this source. It shows the evolution of the photon emission in time.
The following figure [3.2 shows the light curves of the 511 keV line for different CO and
ONe novae models at a distance of d = 1 kpc:

e e e A e

0.01 * CO (0.8Mg— —, 1.15Mg—— ——)]
ONe (1.15My—, 1.25M,,...) k|

“ 511 keV line

0.001 ;

0.0001

F(phot/cm?/s)

time (days)

Figure 3.2: The 511 keV line light curves for CO and ONe novae with masses of 0.8 My, and
1.15 Mg for CO and 1.15 Mg and 1.25 Mg, for ONe at a distance of 1 kpc. From [6].
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The high gamma-ray emission at the beginning of the nova comes from the decay of
the two very short-lived radioactive nuclei 3N and ®F with lifetimes of 862 s and 158
min that emit positrons for the 511 keV annihilation line and the spectrum below this
energy. The lower photon flux after ~1 day relates to the decay of 22Na, in case of a ONe
novae, and continues for about one week, because then the transparency of the envelope
increases so rapidly that the long-lived ?2Na positrons with a lifetime of 3.75 years can
escape into space without interacting with an electron. The short gamma-ray flash until
0.1 days is several magnitudes higher than expected for the above radioactive nuclei, so
this means that a nova could be observed in gamma-rays earlier than in the optical band.
Simulations show that the high photon flux from annihilation could possibly be observed
for ~ 1 day and the lower photon flux for about one to two weeks, in case of ONe novae.

Also important are the light curves of the continuum below 511 keV of CO and ONe
novae, presented in figures and b, because the SPI Anticoincidence Shield can measure
photons above 75 keV. Here again, simulations show a short flash that could be observed
for 0.1 days.

T T T ]
T T T ]
0.01 M=0.8, 1.15 My~ CO novae | 0.01 LY =\ M=1.15, 1.25 Mo— ONe novae]
E (20-250) keV (=) ] o 20-250) keV (=) ]
(250-600) keV (..) 1] ézso—sozn) ;ev((..) ]
511 keV line (- -) 511 keV line (- —) |
0.001 E_ —E 0.001 L
§ E
g o
3 g0 3
WL = 2 1o
N - il
10-8 3 e 1075 RN =
10-¢ 10-¢ L 1 1
o 0.5 1 1.5 2 0 0.5 1 1.5 2
time (days) time (days)
(a) Light curves of CO novae with (b) Light curves of ONe novae with
masses of 0.8M ¢ and 1.15M . The masses of 1.15 Mg and 1.25 M. The
more massive novae have the higher more massive novae have the higher
photon fluxes. photon fluxes.

Figure 3.3: Light curves of the continuum below 511 keV for CO novae (left) and ONe novae
(right). The dashed line represents the 511 keV line for comparison. From [6].

3.2 Solar flares

The Sun lies in the centre of our solar system and influences not only the region inside
the orbit of the outermost planet Neptune but also regions beyond this planet. The
radius of the Sun is 696000 km and it consists mainly of hydrogen and helium [22]. Every

12
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second, energy of about 4 x 1026 J is emitted from the surface of the Sun into space. This
energy is produced in the core, where hydrogen is fused to helium in nuclear reactions.
This process is possible due to high pressure and high temperatures of 15 MK. One of
the two main mechanisms for the production of 3*-unstable nuclei is the PP chain. It
produces most of the energy of the Sun, and only 1 % is produced by the CNO cycle
(section . The produced energy in the core region is then transported to the radiation
zone, afterwards to the convection zone and finally to the photosphere. The latter is the
visible surface of the Sun that is a few kilometres thick. From here, the Sun appears as a
black-body with a temperature of 5700 K, for which it is classified as a G star [22]. Above
the photosphere there are the chromosphere and the corona, the outer atmosphere of the
Sun that can be seen by naked eye during a solar eclipse when the moon covers the Sun
[23].

Sunspots are also part of the solar surface. They appear as dark, i.e. colder, regions
of about 10000 km size. A picture of sunspots taken by the Solar and Heliospheric
Observatory (SOHO) during a solar activity maximum in 2001 can be seen in figure

P001/09/28 11:12

Figure 3.4: Sunspots on the surface of the Sun as visible phenomenon of the solar magnetic
field during a maximum of solar activity in 2001, observed by the ESA & NASA Solar and
Heliospheric Observatory SOHO. From [23].

Sunspots are created from the solar magnetic field and from a strong shear flow in
the radiation zone and the convection zone. This shear flow causes different rotational
periods of the surface of the Sun. The rotational period at the equator is 26 days and the
one at the poles is 38 days. The magnetic field on top of the radiation zone is coiled and
the strong shear flow intensifies it until it rises to the chromosphere and corona, where
it can be seen as area of a concentrated magnetic field. There, the release of magnetic
energy leads to particle acceleration that can be observed as solar flares that produce
high-energy photons in the X-ray and gamma-ray band. The variation of solar activity
(figure can be observed in an eleven-year cycle (figure 5.2). At the end of a cycle, the
number and size of sunspots reaches its maximum and the polarity of the Sun’s magnetic
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field changes to the opposite. The spots last for typically a few weeks and originate at
higher latitudes at the beginning of a cycle and then move to the equator [23].

(a) The magnetic field structure of (b) The magnetic field structure of
the corona, the outer atmosphere of the corona in a more active phase of

the Sun, in a quiet time of solar ac- solar activity in October 2012.
tivity in October 2010.

Figure 3.5: The magnetic field structure of the corona at a minimum of solar activity in

October 2010 (left) and a maximum in October 2012 (right), observed by the Solar Dynamics
Observatory SDO. From [24].

The accelerated particles in solar flares interact with the Sun’s atmosphere and produce
line emission e.g. at 4.4 MeV from the 2C de-excitation and 6.1 MeV from the 60O
de-excitation. These nuclei are produced in the CNO cycle that is explained in section
3.1

As an example, the observed October 28, 2003 solar flare can be seen in figure 3.6l The
ACS of SPI (see section 4.2) was very sensitive in this configuration for the detection of
gamma-rays from the Sun because of its large effective area [25].

x102

t0 = 11h00:00 (UT,
8000 «D

6000

4000 [

count rate (s'l)

2000

o Lol bbb b b b b b b b b
2100 0 100 200 300 400 500 60O 700 SO0 900 1000 1100 1200

time (s)

Figure 3.6: Total counts rate of the BGO ACS of the October 28, 2003 solar flare. A strong

increase in the counting rate started at 11h02, followed by an intense phase with several narrow
peaks and finally a decay phase sets in. From [25].
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3.3 Gamma-ray bursts

The count rate of the SPI ACS in figure [3.6]shows a strong increase at around 11h02.
The most intense phase is accompanied by several narrow peaks, followed by a smoother
decay phase [25].

3.3 Gamma-ray bursts

Gamma-ray bursts (GRBs) are short violent flashes of gamma-rays that come from any
direction in the sky and last for tens of milliseconds to thousands of seconds. The origin
of these phenomena can either be the merging of compact objects like neutron stars
or black holes or the core-collapse of supermassive stars (8 Mg - 130 Mg) [26]. Every
GRB is followed by an afterglow, a long lasting emission of lower energy photons in the
optical and X-ray band than can be observed hours to weeks after the explosion. Some
gamma-rays interact with the external medium and radiation at longer wavelengths is
produced. Differences in the afterglow can come from different total energies and different
compositions of the ambient medium.

Binary neutron star mergers (figure [3.7a) are a progenitor for short GRBs. Another
scenario is a neutron star-black hole merger, but this has not been confirmed yet. Those
two compact objects merge because of the loss of orbital energy and angular momentum.
A large amount of gravitational energy is released (~10%* erg/s) and also a small fraction
of energy is liberated as particle jets in opposite directions that generate the GRB [27].
An illustration of the jets is shown in figure B.7p.

The central engine of long and short GRBs is an accretion disk onto a black hole that
can be formed differently in both binary mergers, neutron star-neutron star and neutron
star-black hole. After the initial contact of two neutron stars, an object is formed within
a few orbital periods that is quasi-axissymmetric and surrounded by a disk of material
with a radius of tens of km and a density of ~ 10! - 10'2 g/cm3. The mass of the
disk ranges from 0.03 Mg to 0.3 Mg for a system that has an initial mass of ~ 3 Mg.
The initial mass has an effect on the merging process. If the mass is below ~ 2.6 Mg, a
hypermassive neutron star, a neutron star supported by differential rotation, is formed.
This star collapses to a black hole and a remaining disk of ~ 0.05 My is formed through
the transport of angular momentum to the matter surrounding the black hole. The second
possible scenario is for initial masses above ~ 2.6 M. In this case and also if the mass
ratio of the two neutron stars is below ~ 0.8, the central neutron star collapses into a
black hole in less than 1 ms and leaves a very small disk, because it takes most of the
mass with it. The disk of ~ 0.01 Mg can then lead to a short GRB.

The formation of an accretion disk in a neutron star-black hole merger is less clear. The
initial mass ratio ¢ = Myeutronstar/Mbiackhote 18 very important for the different evolution
of the merging process. In case of q < 0.1, the neutron star falls into the black hole
without being disrupted and no disk is formed. For an initial mass ratio of q = 0.24, 1/4
of the neutron star mass is transported outside the innermost stable circular orbit, which
is in general relativity the orbit, where mass stably orbits a massive object and so, half of
the mass is released, while ~ 0.15 Mg remains bound. This matter builds a dense and
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hot disk that leads to a short GRB and after more than a second, a part of this matter
(~ 0.05 Mg) falls back toward the black hole after being ejected to eccentric orbits.

The duration of short GRBs lasts from 0.01 s to 1 s. This is the time for efficient
accretion of hot and dense matter onto the black hole [28].

(a) Two neutron stars orbiting around each (b) Relativistic particle jets after the merging
other as a progenitor for short GRBs. Orbital process, producing a short GRB.

energy is released in form of gravitational waves

that causes the neutron stars to move closer and

finally merge.

Figure 3.7: Illustrations of a binary system of two neutron stars before and after the merging
process. From [27].

Long GRBs originate from the core-collapse of very massive stars to a black hole.
They are also called ’collapsars’ and can be observed in a gamma-ray emission from
1 s to 1000 s. Long GRBs release an enormous amount of energy (~0.001 Mgc?) in
a region less than 100 km within seconds to minutes. This energy source leads to an
acceleration of an ultra-relativistic outflow that can then be observed as prompt gamma-
ray emission and a posterior afterglow (figure [28]. Some long GRBs are thought to
be supernovae, stars with initial masses above 8 - 10M¢, at the end of their stellar life.
All stages of nucleosynthesis are completed, and no more binding energy can be produced.
The stellar cores then become unstable, because the electrons that stabilize the core by
electron pressure reach higher energies and can then be captured by nuclei. Afterwards, a
gravitational collapse occurs within a second. The infalling matter reaches the core that
leads to densities of ~ 10 g/cm3. A shock is formed above the arising proto-neutron
star. Neutrinos are produced from inverse S-decays and electron captures and heat the
inner regions while some of the neutrinos can escape and cool the material. An instability
sets in and a destruction of spherical symmetry results. Turbulences cause inwards and
outwards gas flows [29].
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Figure 3.8: An illustration of a core-collapse of a massive star with the following relativistic
jets along the star’s rotation axis. From [30].

The lifetime of the accretion disk determines the duration of the GRBs. In case of
short GRBs, the lifetime of the disk is expected to be a fraction of a second, whereas in
long GRBs the matter from the collapsing star feeds the disk for a much longer time [28].

Figure [3.9| shows the T90 duration distribution of short (0.01 s to 1 s) and long (1 s to
1000 s) GRBs. The duration parameter T90 describes the time interval that begins with
the detection of 5 % of the total measured counts of a burst and ends with the detection
of 95 % of the measured counts [31].
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Figure 3.9: The T90 duration distribution of short and long GRBs, calculated with data from
the Burst and Transient Source Experiment (BATSE) on board the Compton Gamma-Ray
Observatory. From [31].

It is a bimodal distribution with a minimum around 2 s which means that GRBs can
be classified in two sub-populations. Observations confirmed that the energy of short
GRB photons is, on average, higher than the energy of long GRB photons [28].
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4 The INTEGRAL spacecraft

The International Gamma-Ray Astrophysics Laboratory (INTEGRAL) is an ESA ob-
servatory within ESA’s "Horizon 2000" programme and is supported by Russia and
NASA. The idea for this scientific mission came from several international high energy
astrophysicists and was presented to ESA in 1989. Four years later, in 1993, ESA approved
the development, launching and a two year scientific mission that is extended every two
years since then. In 2029, INTEGRAL is planned to re-enter into the Earth’s atmosphere
[29]. The INTEGRAL Science Working Team consists of Principal Investigators who lead
the INTEGRAL Science Data Centre and payload complement, Mission Scientists and
representatives of the participating international institutes from nearly all 14 ESA member
states, USA, Russia, Czech Republic and Poland. During workshops in the development
phase of the spacecraft in 1993, 1996, 1998 and 2000 the design of the mission operations
and development of the data centre and payload was largely provided by the scientific
community [2].

4.1 The INTEGRAL mission

INTEGRAL was launched from Baikonour in Kazakhstan on October 17, 2002 carried
by a PROTON rocket from the Russian Space Agency. It was brought into a highly
eccentric orbit with an apogee height of 154000 km and a perigee height of 9000 km.
The duration of one revolution around the Earth is 72 hours with an inclination of 52.2
degrees. Scientific observations can be made for ~90 % of the time of one revolution,
while INTEGRAL is outside the Van Allen radiation belts, which are zones of energetic
charged particles like electrons and protons, mostly of solar winds that are captured by
the Earth’s magnetic field [30]. The detection of gamma-rays of different astrophysical
mechanisms is possible in the energy domain 15 keV to 10 MeV [2].

The spacecraft, shown in figure .1, has two main instruments, the spectrometer on
INTEGRAL (SPI) with a field of view of 16° x 16° and the imager on board the satellite
(IBIS) with a field of view of 9° x 9° and an energy range of 15 keV to 10 MeV [31]. SPI
will be explained in more detail in section Furthermore, two monitor instruments
complement INTEGRAL, the coded mask X-ray telescope joint european X-ray monitor
(JEM-X) in the energy range of soft and hard X-rays (3 keV - 35 keV) and the optical
monitor camera (OMC) for exposing the observed sky regions in the energy range 500
nm - 600 nm [2] [32].
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Figure 4.1: The INTEGRAL spacecraft with its two main instruments SPI and IBIS and its
two monitor instruments JEM-X and OMC. The dimensions of the satellite are (5 x 2.8 x 3.2)
m. From [2].

The goal of INTEGRAL is the physical study of the most energetic phenomena in our
Universe that can be investigated by their gamma-ray emission. The instruments SPI
and IBIS on INTEGRAL allow spectroscopy over a large energy range and also imaging
and positioning of the gamma-ray sources within a large field of view can be provided
by the instruments of INTEGRAL. Point sources can be distinguished from extended
regions to identify the celestial gamma-ray sources. The line profiles and continuum of
gamma-ray emission give information about the chemical composition and the inner and
outer processes of different scientific objects, such as novae, for example. [2].

4.1.1 SPI

SPI enables high-resolution gamma-ray spectroscopy in the energy range of 20 keV to 8
MeV with an energy resolution of 2.5 keV at 1.3 MeV [32]. In this domain, gamma-rays
of scientific objects such as GRBs, nova and supernova explosions, neutron stars or active
galactic nuclei can be detected and investigated. SPI’s field of view is 16° x 16° with
an angular resolution of 2.5°. In an area of 508 cm?, 19 Germanium (Ge) detectors are
arranged in a hexagonal array. This is the gamma-ray camera, the core of the instrument.
An active cryogenic system continuously cools the detectors as they have to work at low
temperatures of 85 K - 90 K. For imaging, there is a coded mask of tungsten blocks with
a thickness of 3 cm above the Ge detectors to separate and locate celestial gamma-ray
sources [32].

Cosmic ray interactions with the Ge detectors and the material around them cause
a background that must be reduced to get a better sensitivity of the telescope. This
can be reached with an active anticoincidence shield (ACS) consisting of BGO (bismuth
germanate) crystals. In section [4.2]the ACS is described more precisely [32]. The following
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figure presents the structure of SPI with the tungsten mask, the ACS, the plastic
scintillator anticoincidence subassembly (PSAC) and the Ge camera.

Figure 4.2: The SPI instrument with the tungsten mask for blocking parts of the field of view
for separating and locating gamma-ray sources, the PSAC below it for reducing the background
at 511 keV, the ACS consisting of BGO crystals for generating veto signals from charged particles
and the 19 Ge detector camera. From [29)].

The SPI mask (figure with a weight about 140 kg is mounted 1.71 m above the
Ge camera and consists of 127 hexagonal pixels. Gamma radiation can pass 64 of these
pixels and the remaining 63 pixels are opaque to the photon flux within the energy range
of SPI. The pattern of the coded mask has 120° symmetry and is arranged in a 720 mm
diameter circle [32].

Figure 4.3: The SPI coded mask of tungsten blocks with 64 transparent pixels and 63 opaque
pixels for imaging. From [32].

Furthermore, the background at 511 keV can be reduced by adding a plastic scintillator
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anticoincidence subassembly (PSAC) below the tungsten mask (figure [.4). Because of
a gap of 70 cm between the mask and the ACS, some particles do not reach the BGO
ACS. This background of prompt interactions in the mask due to these particles can be
reduced this way.

Figure 4.4: The plastic scintillator anticoincidence subassembly (PSAC) below the tungsten
mask for reducing the background at 511 keV. From [32].

Figure [4.5| shows the camera of SPI that consists of 19 Ge detectors with a hexagonal
shape. Each detector has a side length of 3.2 cm, a height of 69.42 mm, an external
diameter of 60.65 mm, a distance of 56.04 mm from one flat side to the other and a
distance of 6 cm from its center to the center of the neighbouring detector. The hexagonal
shape minimizes the volume of the Ge detectors and the volume of the surrounding
anticoincidence shield. The detectors are damaged by cosmic ray interactions but they
can be restored by going through an annealing phase. There, the crystals are heated up
to 105 °C, so that their structure can be re-arranged and to get a full recovering of the
energy resolution. During the annealing phase, the data received from the ACS can not
be used for scientific analysis. At the end, the detectors are switched on again before
being cooled down to temperatures of 85 K by the cryostat, so consequently the received
data must be treated carefully and are not easy to analyze [33].

Figure 4.5: The 19 Ge detectors of hexagonal shape as the gamma-ray camera of SPI. From
[34].

The cryostat has a mass of 80 kg and consists of four mechanical Stirling cycle coolers
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that are located on an external radiator. The Ge crystals have to be cooled to optimally
85 K for reducing the effect of radiation damage and getting higher timespans between
successive annealings. A beryllium structure (Cold Box) at 210 K contains the detection
plane, because the Ge crystals must be thermally insulated very well.

An onboard analysis of the data is made by the Data Processing Electronics (DPE)
before it is sent to Earth. It receives all data from the Digital Front End Electronics
(DFEE). Here, event building, classification and counting takes place and also veto signals
are processed. The event timing of the system is 102.4 us. The dead time that is the time
after each event where SPI is not able to detect another event is monitored, too [32].

About every 30 minutes, INTEGRAL is reorientated with steps of 2.1 degrees. This
"dithering’ strategy is used to follow a certain pattern to get images from different pointing
angles to ensure unique coding information, and avoid degenerate pointing aspect angles if
multiple sources are in the field of view. In this way, gamma-ray sources can be separated
from the background [32] [29].

4.1.2 Other instruments aboard INTEGRAL

Besides the spectrometer SPI, a second gamma-ray instrument is mounted on INTEGRAL
- IBIS, presented in figure It works in the energy range 15 keV to 10 MeV and has a
spectral resolution of 8 keV at 100 keV. Its fully coded field of view is 9° x 9° with an

angular resolution of 12’ [2].
i

i
Uy .'.ll.llinlihf‘

Figure 4.6: The IBIS coded mask. From [34].

The monitor JEM-X in the (3 - 35) keV X-ray band and the monitor OMC in the
optical band at (500 - 600) nm are two more systems onboard the satellite and can be
seen in figures and b. JEM-X has a spectral resolution of 2.0 keV at 22 keV, a field
of view of 4.8° with an angular resolution of 3’. The field of view of OMC is 5° x 5° and
has an angular resolution of 25" [2].
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Chapter 4 The INTEGRAL spacecraft

(a) The monitor instrument JEM-X. (b) The monitor instrument OMC.

Figure 4.7: The two monitor instruments JEM-X in the (3 - 35) keV X-ray band (left) and
OMC in the (500 - 600) nm wavelength band (right). From [34].

4.2 The SPI Anticoincidence Shield

The large hexagonal anticoincidence shield (ACS) in figure is an important part of SPI.
This detector system encloses the entire instrument and consists of 91 BGO crystals with
a total mass of 512 kg. Every crystal has a volume of ~790 cm? [32]. The Ge detectors
are shielded by the ACS to reduce background radiation. The BGO crystals produce veto
signals from charged particles that interact with SPI.

Figure 4.8: The large hexagonal anticoincidence shield as a veto system, consisting of 91 BGO
crystals for reducing the background from prompt cosmic ray interactions with the Ge camera.
From [32].

The BGO crystals are arranged in 4 subunits. The upper collimator ring (UCR) with a
thickness of the crystals of 16 mm, the lower collimator ring (LCR) (figure [4.9h) and the
side shield assembly (SSA) build the upper veto shield (UVS). Each of the systems has
36 crystals in a hexagonal array around the cylindrical axis of SPI. The lower veto shield
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(LVS) has 36 crystals, too, that build a hexagonal shell but with a thickness of 50 mm
[32]. Figure shows the bottom section of the ACS.

The ACS has a time resolution of 50 ms, and measures photons above 75 keV. The
effective area of the ACS provides an quasi-omnidirectional field of view, and thus does
not have an angular resolution, because the direction of the incident gamma-rays can
only be measured coarsely [35].

(a) The lower collimator ring (LCR) of the
ACS.

Figure 4.9: The lower collimator ring (LCR) (left) and the bottom section of the ACS veto
system (right). From [34].

For not getting lost of a single BGO crystal of the ACS in case of a failure, each of them
(with one exception) is viewed by two photomultipliers (PMTs) where one views different
BGO crystals, in most cases neighbouring ones. These PMTs measure the scintillation
light [29].

The anode signals always of two PMTs are summed of one of the 91 front-end electronic
boxes (FEEs). Due to this method an uncertainty in the energy-threshold of the order of
100 keV of an individual FEE emerges, so that the threshold is unsharp. By considering
the deadtime of SPI and the background reduction, the energy-threshold has a value of
75 keV [32].

4.2.1 Functionality of a Scintillator

The scintillator used in the ACS is BGO. It has a high density of 7.13 g/cm3, so the short
gamma-ray wavelenghts are not short enough to pass the crystal without colliding with
electrons of the atoms to produce scintillation light [36]. Also, BGO is not self-absorbent
for scintillation light and thus very efficient for gamma-ray absorption [37].

A scintillator is a material used to determine the energy and intensity of ionizing
radiation that is radiation with high enough energy to release electrons from molecules
or atoms through Compton scattering (section 2.2.2) [36]. During the transition of
high-energy photons or charged particles through the scintillator, its molecules are excited
and the electrons of the atoms are raised to an excited state with higher energy than the
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ground state. After some time, the atom returns to a lower energy state by emitting a
photon. This photon has a characteristic energy with a peak at 480 nm in case of BGO
[37].

The light is then multiplied by a PMT to get a stronger signal. The setup of a PMT
is given in figure A PMT is an electron tube with many parallel electrodes called
dynodes, a photocathode at the beginning and an anode at the end. The incident photons
from the scintillator strike electrons from the photocathode layer which are then focused by
a focusing electrode and accelerated towards the first dynode. There, these photoelectrons
strike more electrons, called secondary electrons. The dynodes produce an enormous
amplification of each single incident photon up to 10%. The anode at the end collects the
electrons and a signal current can be measured [38] [39].
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Figure 4.10: The setup of a photomultiplier for amplifying the signal of each incident light
photon that passes a scintillator that is coupled on the left side. From [40].

4.2.2 The Anticoincidence Shield as sky monitor

The main task of the ACS is to generate a veto signal from charged particles and gamma-
rays that come from outside the field of view. In this case, the Ge camera is turned off for
725 ns, so that in total only signals from inside the field of view are detected. However, the
wealth of vetoed signals can be used to investigate prompt and short-duration emission
from very energetic gamma-ray sources outside the field of view [29] [31] [32].

The geometrical area of the ACS is 3000 cm? to 8000 cm? for which the detection of
gamma-ray bursts, for example, is possible [35]. However, the positional information is
only coarse. For this reason, SPI ACS has been added to the 3rd interplanetary network
(IPN) where burst locations can be determined down to the arcmin range [32]. The IPN
collects data of several spacecrafts that can detect GRBs or other gamma-ray sources.
The arrival time of the same burst is registered by different satellites and spacecrafts
and in the following, the direction of the incoming gamma-rays can be found precisely
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through triangulation methods, demonstrated in figure f.11. When three spacecrafts S1,
S2, S3 detect the same burst, a line between two detectors D12 can be drawn that build
an angle © with the burst direction. Then the burst arrives at S2 a timespan 0T earlier
than S1. The angle can be calculated through cos(©) = ¢dT' /D12, where c is the speed of
light. The solution of this equation is a ring or an annulus [41].

[THE *TRIANGULATION" METHGD|

Figure 4.11: The triangulation method from the IPN for locating the direction of the incoming
gamma-rays from a celestial source. From [41].

The expected values of observed GRBs per year with the ACS are ~ 50 bursts for
50 ms integration time and ~ 280 bursts for 1 s integration time. This was calculated
with data from BATSE and PVO. For this measurement, the following assumptions were
taken: the ACS background rate is between ~ 80000 counts/s and ~ 160000 counts/s,
the detectable energy flux above 80 keV is 2 - 2.8 x 107% erg/cm?s for a time binning of
50 ms and 5 x 1077 erg/cm?s for a time binning of 1 s [31].
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5 Data analysis of gamma-ray light curves

The following chapter describes the variability in time, location and spectrum of the ACS
count rate. For extracting information from these data, the background produced from
interactions of charged particles with spacecraft material is explained. As a background
model, the median filter of length 300 time bins is used and for model independent analysis
Bayesian blocks are presented.

5.1 Data from the Anticoincidence Shield

The original data of the ACS are photons that interact with its BGO crystals and produce
veto signals for the Ge detectors. The DFEE processes all received photon events from
the ACS and the Ge camera and gives them to the DPE for an onboard analysis before
sending them to Earth. This is explained in section 4.1.1. The ACS data vary in three
categories: they vary in time, in location and in spectrum.

The variability of cosmic rays occurs on two timescales. When INTEGRAL enters the
inner and outer radiation belt every 72 hours, charged particles like electrons and protons
interact with the spacecraft and increase the photon flux due to radioactive decays within
the instrumental material. This influences also the spectrum during orbital times outside
the radiation belts, depending on the different life times of the material’s atoms [29].
The passage through the radiation belts can be observed every three days in the ACS
count rate in figure During this time the instrument is switched off, so it can not be
damaged by the high charged particle flux.

acs rate: 2004-11-29T08:02:20.800
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Figure 5.1: The count rate detected by the ACS on November 29, 2004 UTC 08:02:20.800.
The passage through the radiation belts can be observed every 72 hours.
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The second time scale is the annual one. The eleven-year cycle of solar activity,
explained in section 3.2, has a great impact on the data from the ACS. The varying
magnetic fields during the eleven-year cycle influence the production of solar flares that
have their maximum at the maximum of solar activity. They irradiate the spacecraft with
charged particles and neutrons, partly several times per day [29]. The maximum of the
ACS rate, as seen in figure is in November, 2009. At this time, the number of solar
flares reaches its minimum and the magnetic field of the Sun is weak. This leads to a
small shielding of the Earth from cosmic rays, so that the ACS count rate increases. It is
anti-correlated to the solar cycle.
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Figure 5.2: The evolution of the ACS count rate over the mission. The IJD time scale is in
days with the beginning at IJD 1000 which is September 26, 2002 UTC 23:59:59.000.

There is also a local variability in the observed ACS count rate. The large effective
area of the ACS, explained in section 4.2.2, can detect gamma-rays from all directions.
The number of detected bursts and other gamma-ray sources depends on the one hand
on the arrival angle of the gamma-ray flux. On the other hand, the spacecraft itself and
also other spacecrafts can shield the photons. Also the Earth can shield gamma-rays if it
lies in-between INTEGRAL and a celestial gamma-ray source [31].

For example, during the detection of the October 28, 2003 solar flare, Monte Carlo
simulations show the configuration of INTEGRAL (figure to the corresponding solar
flare [42].

30



5.1 Data from the Anticoincidence Shield

= _ October 28, 2003 solar flare

Solar
photons |

Figure 5.3: The configuration of INTEGRAL during the October 28, 2003 solar flare. The
blue lines represent the solar photons and the red lines demonstrate secondary particles that are

produced in the spacecraft material. From [42].

The third component is the spectral variability. Characteristic gamma-ray lines can
originate from celestial sources and also from the spacecraft itself. They have a well-
defined intensity and can be measured with the Ge detectors. Figure and b show
spectral lines near the annihilation line at 511 keV and near the 26Al line.
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(a) The spectrum near the annihilation line of (b) The spectrum near the %Al line.

electrons and positrons at 511 keV.

Figure 5.4: The spectrum near the annihilation line of electrons and positrons at 511 keV and
near the 26Al line. The black lines demonstrate background from the SPI instrument, the red
dashed lines are individual components and the red line represents the total spectral model.

From [29].

The strong lines in figure with peak energies at 1764 keV and 1777 keV come from
electron captures of the element 2%°Bi and the line at 1779 keV comes from a S~ -decay of

28 Al. The spectral lines of Ga, As and Al in figure are secondaries that originate from
electron captures on %Ge, %8Ga and ¢"Ga. The background, produced by the spacecraft

itself is constant in time, independent of its orientation in space [29].
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For later analysis of data from the ACS, the Gaussian distribution is important. For a
random variable X with mean x¢ and variance o2, the Gaussian distribution is a statistic
distribution with the probability density function (PDF)

2
fx(@)=A-e 3t (5.1)
where A is the amplitude of the Gaussian function. The PDF describes the relative
likelihood for a random variable X to be measured as a value x. The mean xg, or the
expected mean value, is the point, where the PDF has its maximum, i.e. the centroid of
the distribution function. The variance o? gives the dispersion of X around the mean
value xq, and o describes the standard deviation of the mean value [43]|. Applied on the
ACS rate, this means that the measured counts per second fluctuate around a mean that
varies between 80000 counts/s and 180000 counts/s.
Figure [5.5|shows the Gaussian PDF of four different values of the standard deviation o
= 0.4, 1.0, 2.2 and 0.7 and mean values of xg = 0 and -2.
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Figure 5.5: The Gaussian probability distribution function of four different standard deviation
values 0 = 0.4, 1.0, 2.2 and 0.7 around two mean values xo = 0 and -2. Adapted from [44].

In case of a mean value of xg = 0 and a variance of 02 = 1 the distribution is called
standard normal distribution.

The probability that a random variable X is measured in a certain interval is given by
calculating the integral of the PDF [43]. The probability for a variable X being in an
interval [xg - no, xg + no| withn = 1, 2, 3,... is

o (z—=0)?
/ A-e 22 dr = 0.68268 = 68.27% (5.2)

To—0
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xo+20
_(z=ag)?
A-e 22 dx = 0.95452 = 95.45% (5.3)
ro—20
xo+30
_ (ac—:co)2
A-e” 22 dx = 0.9973 = 99.73%. (5.4)
ro—30

The three-sigma rule says that there is a possibility of 99.73 % for a given event to
be measured inside the region of normally distributed variables at a distance from the
expected value (the mean value) to three times the standard deviation o [45].

The probability for an event being measured in an interval of £+ 50 is 99,9999 % |[46].
This threshold is important, because the probability for a measured count > 50 being
statistical noise is very low.

The ACS is a counting experiment with the assumption that the measured count rate
is Poisson distributed. The Poisson distribution has the following form:

A"
fn,A\)=e"- ) (5.5)
The parameter n = 0, 1, 2, 3, ... describes the number of events in a certain time

interval and A is the average number of events that is expected for each interval. The
events must be random and independent of each other [47]. The parameter A describes
both the mean and the variance of the distribution, where the latter is the dispersion of a
random variable X.

The following figure shows the Poisson distribution for different values of A.
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Figure 5.6: The Poisson distribution with different values of A equal to 1, 4 and 10. Adapted
from [44].

The shape of the Poisson distribution changes with different values of A. For small
values the distribution has a tail that extends to the right to larger values. For higher
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values, the distribution is more spread and looks symmetric [48]. For very large values
of A (A — o0) the Poisson distribution approximates the Gaussian function [47]. The
expected statistical fluctuations of a measurement of n counts are estimated as \/n. This
is sometimes called a statistical error of the measurement; properly speaking, it is the
uncertainty of the measured value under statistical fluctuations, if the true value would
be n counts.

5.2 Extracting information

The data that we use in this thesis are counts recorded by the ACS system. They are used
to veto signals seen in the Ge detectors, because the ACS triggers mostly on cosmic ray
interactions, which are 'background’ for the Ge detectors when trying to measure cosmic
photon events. As a consequence of this, the data are a superposition of signal photons
(’signal’) from celestial gamma-ray sources and background photons ('noise’) from either
cosmic gamma-rays or interactions of charged particles with instruments of the spacecraft
[33]. As an example, figure E presents the ACS rate obtained from January 1, 2011
UTC 00:00:00.000. The detected counts can either be signal or noise, whereas the origin
of noise is explained below.

acs rate: 2011-01-04T00:00:00.0
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Figure 5.7: The measured count rate of the ACS on January 1, 2011 UTC 00:00:00.000. The
x-axis shows the time in hours and the y-axis shows the count rate per 50 ms time bins.

Three components contribute to the background: the continuum background, the 511
keV background and the background from gamma-ray lines. The continuum background
comes from outside the spacecraft, from the cosmic diffuse gamma-ray flux that hits the
instrument and passes the BGO ACS because of leakage. The 511 keV background can
originate, for example, from unstable nuclei in the materials of the ACS, the Ge detectors
or the cryostat that are produced through interactions of charged cosmic ray particles
with the atoms of the instrumental materials. The ST-unstable nuclei decay and produce
positrons that annihilate with electrons and produce photons of 511 keV.
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5.2 Extracting information

The third background influence is from gamma-ray lines. For example, germanium and
bismuth of the BGO crystals can decay, producing characteristic lines, for example, at 872
keV and 1107 keV in case of germanium and 1764 keV in case of bismuth. When charged
high-energy particles interact with nuclei of the instrumental material, they can generate
radiation processes that produce secondary particles, protons and neutrons, and also
excited nuclei that de-excite to their ground state by emitting photons, causing delayed
background emission lines. Prompt emission comes from bremsstrahlung, from secondary
particles, and electromagnetic nuclear transitions from higher nuclear energy levels to the
ground state [33] [29].

For the analysis of the ACS count rate, different data sets can be used. The size of a
single time bin in the ACS rate is 50 ms. Consequently, 1 s contains 20 bins, 8 s contain
160 bins and one minute is made of 1200 bins. If the purpose now is to search for events
with a longer duration than 50 ms, e.g. long GRBs, the time and the counts can be
rebinned to simplify the analysis of longer data sets. This means that for a bin factor of
20, for example, always 20 entries in both time and count rate array are summed and
normalised to the bin factor itself. At the end of the rebinning, the initial array is reduced
to a new array with less entries.

The following figures and b show 20 hours of the ACS rate from January, 1 2004
UTC 00:00:00.000. Before the rebinning process to a one second time binning, the time
array contains 1440000 bins which is 20 hours. After the rebinning, the new time array
contains 72000 bins.

RS Fates 2004-01-01T00:00:00.0 acs rate: 2004-01-01T00:00:00.0
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(a) The measured count rate detected by the ACS (b) The rebinned count rate detected by the ACS
on January 1, 2004 UTC 00:00:00.000. on January 1, 2004 UTC 00:00:00.000 binned to

a one second time binning.

Figure 5.8: The measured count rate detected by the ACS on January 1, 2004 UTC 00:00:00.000
before (left) and after (right) the rebinning of time and counts to a one second time binning.
The normalisation of the total counts is then the bin factor itself and the initial time array is
reduced from 1440000 bins to 72000 bins.

Due to the specific illustration of the rebinned data in figure p.8b, less peaks can be
seen. They demonstrate events with a duration of 1 s. The following plot .9 gives a
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comparison of the obtained data (black) and the rebinned data (red). Marked in blue is
the maximum value of the measured count rate.
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Figure 5.9: The count rate (black) compared to the rebinned count rate to a one second time
binning (red) and the maximum value (blue) obtained from the ACS on January 1, 2004 UTC
00:00:00.000.

Examples for the rebinning of time and counts to an 8 second time binning is given in
figure Shown is the ACS rate on November 29, 2004 UTC 08:02:20.800. This figure
is also presented in section | to demonstrate the 72 hour orbital time of INTEGRAL.
The rebinning of these data to an 8 second time binning is given in figure [5.10b.
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(a) The measured count rate of the ACS on Novem- (b) The rebinned count rate to an 8 second time
ber 29, 2004 UTC 08:02:20.800. binning of the ACS on November 29, 2004 UTC
08:02:20.800.

Figure 5.10: The measured count rate of the ACS on November 29, 2004 UTC 08:02:20.800
before (left) and after (right) the rebinning of time and counts to an 8 second time binning. The
normalisation of the total counts (right) is the bin factor itself.

The two figures [5.10p and b can also be shown in one figure (figure 5.11)) for comparing
the data with the rebinned data.
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counts [ph](black), rebinned counts [ph](red)
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Figure 5.11: The measured count rate (black) on November 29, 2004 UTC 08:02:20.800
compared to the rebinned count rate to an 8 second time binning (red) and the maximum value

(blue).

A one minute time binning can also be made. For example, this is applied to the
measured count rate of the ACS on January 1, 2006 UTC 00:00:00.000 (figure [5.12)). The
measured data and the rebinned data are pictured in figure p.13! The strong increase of
the measured count rate in the range of ~ 3 x 10° to 5 x 10° counts every 72 hours in
figure [5.12a represents the entering of INTEGRAL in the Van Allen radiation belt.

acs rate: 2006-01-01T00:00:00.0

5x10°F =
ax10% 3
S 3x10% 3
2 E
5 E
3 2x10°F 3
1x10% 3

0 el 4 "

0 200 400 600 800 1000

time [h]

1200

(a) The measured count rate detected by the ACS
on January 1, 2006 UTC 00:00:00.000.
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(b) The rebinned count rate to a one minute time
binning detected by the ACS on January 1, 2006
UTC 00:00:00.000.

Figure 5.12: The measured count rate detected by the ACS on January 1, 2006 UTC
00:00:00.000 before (left) and after (right) the rebinning of time and counts to a one minute
time binning. The normalisation of the total counts (right) is the bin factor itself.
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Figure 5.13: The measured count rate (black) on January 1, 2006 UTC 00:00:00.000 compared
to the rebinned count rate to a one minute time binning (red) and the maximum value (blue).

For extracting information from the given data, robust algorithms must be applied to
distinguish between an 'uninteresting’ background and possible additional photon counts
from celestial gamma-ray sources. The robustness is the strength of a statistical model or
procedure. This means that even if the conditions are not exactly met, correct results
may be provided from the model [49]. A robust algorithm must make use of the statistical
fluctuations and the modeling of the signal, to derive the results that are most probably
supported by the measurement. A most-advanced such method is the Bayesian approach
discussed below. A possibility for empirically modeling the background is by using a
median filter, which will be explained in the next section

5.2.1 The median filter as a background model

A good background model is one that extracts information best without losing the
sensitivity for the detection of celestial gamma-ray sources. As already discussed in
section [5.2, the measured ACS counts are dominated by veto signals from cosmic ray
interactions with the BGO scintillators, and internal gamma-ray emission from lines
and continuum, that may also trigger the ACS. We chose to split our data into an
'uninteresting’ part that varies on longer timescales, and an ’interesting’ part that varies
on shorter time scales. The former may arise from orbital cosmic ray exposure variations,
and we might call this 'background’. The latter may arise from gamma-ray bursts or other
cosmic explosions or transients, and we may call this ’signal’. The background has to be
determined in an unbiased way from the data itself, because predictions of cosmic-ray
interactions with the ACS are not possible, and no universal background model for the
ACS rate is available. It is now important to subtract the background from the data to
get the signals from short-duration transient phenomena like novae, gamma-ray bursts or
solar flares. By considering the count statistics to be Poisson-like, a viable method to
estimate the background contribution in a given light curve is by applying a median filter.
For a given length (duration) of such a filter, transient events of this time scale or shorter
can be identified.
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5.2 Extracting information

Consider a sequence of numbers, e.g. measured counts per unit time, data =
[2,3,1,3,2,50,3]. Now, by sorting the numbers numerically from the smallest to the
largest, the new array appears as [1,2,2,3,3,3,50]. The median, in general, is the central
value, which is 3 in this case. For an odd number of array entries, the median is the mean
value of the two central entries. Additionally, the median can also be taken from a fixed
number of entries, which would be the length of the filter, m. For example, in case of
a median filter m = 3, the first two numbers and the first number that is repeated are
sorted which leads to [2,2,3] with a median value of 2. At the boundaries of a sequence
of numbers, there are no entries, so the first and last value are repeated for obtaining
enough entries to fill a certain median filter. The second step is the numerically sorting of
[2,3,1], where the resulting median value is 2. The next three entries are [3,1,3] with the
following median of 3. This process goes through all array numbers until the last three
entries [50,3,3]. The last median value then is 3. At the end, the initial array transforms
to [2,2,3,2,3,3,3]. In this data set, the peak number (50) is removed.

The two figures [5.14h and b demonstrate a median filter of length 300 time bins, which
is equal to 15 seconds, as a background model applied on the ACS data of January 3,
2003 UTC 02:02:20.800.
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(a) The measured count rate of the ACS. (b) The measured count rate of the ACS minus

the median filter as background model.

Figure 5.14: The measured count rate of the ACS on January 3, 2003 UTC 02:02:20.800. The
left figure shows the obtained data from the ACS and the right figure shows the new data after
subtracting the background from the data. The background model is a median filter of length
300 time bins, which is equal to 15 seconds.

In the same way to the case of the smallest bin size, the median filter can now be
applied to also the rebinned data set. Similarly, the residuals of the rebinned counts are
shown in figure As expected from subtracting a background model, the residual
counts scatter around 0, with positive excesses due to possible celestial signals.
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Figure 5.15: The rebinned data to a one second time binning minus the background as a median
filter of length 300 time bins, obtained from the ACS on January 1, 2004 UTC 00:00:00.000.

For the rebinning to an 8 second time binning of the data in figure and a one
minute time binning of the data in figure [5.12b, the applied median filter is illustrated in
figure [5.16a and b.
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dian filter of length 300 time bins, obtained 300 time bins, obtained from the ACS on January 1,
from the ACS on November 29, 2004 UTC 2006 UTC 00:00:00.000.
08:02:20.8000.

Figure 5.16: The rebinned data to an 8 second time binning (left) and to a one minute time
binning (right) minus the background as a median filter of length 300 time bins, obtained from
the ACS on November 29, 2004 UTC 08:02:20.8000 and January 1, 2006 UTC 00:00:00.000.

The residuals of the rebinned counts are also scattered around 0 after subtracting the
background and have several positive values that can come from celestial gamma-ray
sources.

The subtraction of the background from the data provides the residuals, which can be
analyzed in further steps. These residuals are then analysed for consistency and extra
components. This is done by normalising the residual counts, R = D - M, to the expected
statistical fluctuations of the data, estimated as v/D, and counting the individual entries
for a distribution function. This is visualised in a histogram, which is a type of bar plot
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that counts the number of events that fall into a given interval. The bin size is chosen as
0.125. The x-axis in the histograms is calculated through (Dycpinned - M)/v/Drebinned-

For example, a histogram of the residuals of the measured and analyzed count rate of
January 3, 2003 UTC 02:02:20.800 is shown in figure (.17
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Figure 5.17: The histogram of the normalised residuals, obtained from the ACS on January 3,
2003 UTC 02:02:20.800. The median filter has a length of 300 time bins, and the bin size is 50
ms.

For a high number of events in each interval, this histogram can be superimposed with
a Gaussian function (figure that is explained in section The superposition shows
the distribution of the measured counts, where the background is presented by values
inside the curve, and the significant part of the data is outside the curve.
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Figure 5.18: The logarithmic histogram of the residuals with a superimposed Gaussian function.

The superimposed Gaussian function has a standard deviation of ¢ = 1.2 instead
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of 0 = 1. This means that the initial assumption of Poisson distributed data and its
statistical error in form of the square-root of the data, as explained above, is not correct.
The statistical errors are too small for the data of the ACS, so they must be multiplied
by a factor 1.2.

The Gaussian function describes the distribution of the negative values very well, which
means that the median filter is a good background model. We adopt the Gaussian to
represent our 'uninteresting’ background signal and its fluctuations; hence the part not
included in the Gaussian distribution constitutes the ’interesting’ part of the data. We
chose to only report particularly-large deviations from the Gaussian, i.e. several times its
intrinsic width measured by o. Significant values that are those with standard deviation
larger than 50, for example in figure can be marked in the ACS count rate with the
subtracted background in figure [5.19!
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Figure 5.19: The measured count rate of the ACS on January 3, 2003 UTC 02:02:20.800 with

a bin size of 50 ms. Significant counts are marked in blue.

The residuals of the rebinned counts to a one second time binning of January 1, 2004
UTC 00:00:00.00 in figure can also be plotted in a logarithmic histogram (figure
5.20h) and the signals above 50 are then marked in figure [5.20b.
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Figure 5.20: The measured count rate of the ACS on January 1, 2004 UTC 00:00:00.000. The
data are rebinned to a one second time binning and a median filter of length 300 time bins is
used. The left figure shows the logarithmic histogram of the residuals and a Gaussian function.
The right figure shows significant counts, marked in blue.

The marked event at UTC 05:51:07.000 could be a short spike with a maximum count
of 4294 photons [50]. Short spikes, that could be GRBs, have a typical duration of 50 ms
to 100 ms and the rate of short spikes observed in the ACS count rate is about 30 spikes
per day [35].

The same procedure can be made for the rebinned data to an 8 second time binning of

November 29, 2004 UTC 08:02:20.800 in figure [5.16a.

acs rate: 2004-11-29T708:02:20.800

10000.0 acs rate: 2004-11-29T08:02:20.800
T T T
L) . i
,é 1000.0 B T 5x107 i
S = L i
g 5
2 3
= 100.0 B £
5) r'n " 1
£ € 0 7
g 3
Qo o
£ 100 3
<]
o0 E F ]
=) ‘ © -5x10° a
L 1 1 1 ]
0 100 200 300 400 500 600 0 50 100 150 200
(data—model)/sqrt(data) rebinned time [h]
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a superimposed Gaussian function. binning.

Figure 5.21: The count rate of the ACS on November 29, 2004 UTC 08:02:20.800. The data
are rebinned to an 8 second time binning and a median filter of length 300 time bins is used.
The left figure shows the logarithmic histogram of the residuals and a Gaussian function. The
right figure shows significant counts, marked in blue.
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Many residuals above 50 are wrongly measured as ’signals’, but they originate from
the strong increase of the photon flux when INTEGRAL enters the radiation belts.

Finally, the logarithmic histogram density of the residuals of January 1, 2006 UTC
00:00:00.000 (figure [5.16b) can be shown in figure 5.22.
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Figure 5.22: The count rate detected by the ACS on January 1, 2006 UTC 00:00:00.000. The
data are rebinned to a one minute time binning and a median filter of length 300 time bins is
used. The left figure shows the logarithmic histogram of the residuals and a Gaussian function.
The right figure shows significant counts, marked in blue.

5.2.2 Example for an observed gamma-ray burst with data from the
Anticoincidence Shield

The ACS can be used as GRB monitor that has been explained before in section 4.2.2.
The described procedure in section [5.2.1] for finding events with a significance higher than
50 can be applied on the following example to calculate the distance of an object.

The received data from the ACS on January 1, 2016 UTC 00:00:00.000 are shown in

figure [5.23.
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Figure 5.23: The count rate detected by the ACS on January 1, 2016 UTC 00:00:00.000 with
a bin size of one second.
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The next step is the counting of events that fall into an interval of bin size 0.125. This is

demonstrated in a histogram in figure |5.24h. Finally, possible events outside the Gaussian
curve are marked in blue in figure [5.24b.
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Figure 5.24: The measured ACS count rate on January 1, 2016 UTC 00:00:00.000. The left
figure shows the logarithmic histogram of the residuals with a superimposed Gaussian function
in blue and the right figure presents possible events with a significance larger than 50.

Two distinct peaks can be observed in figure [5.24p. By looking at these peaks more
precisely, light curves can be produced. These are shown in figure 5.25]and present the
evolution of the released photons of the GRBs [50].
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(a) The light curve of GRB 160101A around (b) The light curve of GRB 160101B around
00:43:53.271 UTC with a duration of 5 s and a  05:10:11.825 UTC with a duration of 6 s and a
maximum count of 6498 photons. maximum count of 5086 photons.

Figure 5.25: Light curves of two GRBs, GRB 160101A with a duration of 5 s and GRB
160101B with a duration of 6 s. Shown in red is a median filter of length 300 time bins as a
background model.

45



Chapter 5 Data analysis of gamma-ray light curves

The distance d between the ACS and a GRB can be calculated from equation

L = 4nd*F (5.6)

The parameter L gives the luminosity which is the total amount of energy E that is
radiated from an object per second (L = E/s) and F is the photon flux that is the number
of photons received from an object per unit area and per second (F = # photons/cm?s)
[51]. The luminosity of short GRBs is in the range 10°! erg/s - 10°® erg/s, where the
mean (10%2 erg/s) is used for the calculation of the GRB’s distances [52]. The effective
area is 5000cm? on average, the duration of the burst is 5 s and 6 s, respectively and
the total counts are 61014 photons and 8512 photons [35]. This results in a photon flux
of F = 2.4 ph/cm?s for GRB 160101A and a photon flux of F = 0.3 ph/cm?s for GRB
160101B. The photon flux can be calculated in units of erg/cm?s. For this, the energy of
one photon can be estimated as 300 keV [53]. Since 1 keV = 1.602 -1071° J and 1 J = 107
erg, the energy of one photon in units of erg is: 1 ph = 300 keV = 3 -10°- 1.602 -10~19. 10"
erg — 4.8 1077 erg. The photon flux of GRB 160101A then is F — 2.4 '% =12

10769 and the photon flux of GRB 160101B is F — 0.3 - 4810 Terg __ 4 4 10772

cm=es cmes

The distance d between GRB 160101A and the ACS can now be calculated, using

equation
L 1052 - erg - cm?s
d= = —3.10%cm = 1 .

cm?-s

The unit 1 pc is equal to 3 -10'® cm.
Similarly, the distance d between GRB 160101B and the ACS can be estimated:

L 10°2 . erg - em?2s
d= = =7.5-10%%cm = 25G 5.8
\ axF \/47r 14107 am pe (5.8)

cm?-s

These results must be treated carefully, because the assumed luminosity and energy of
one photon are average values.

5.2.3 Bayesian blocks for model independent analysis

Another method for the analysis of intensity variations in a given count rate is with
Bayesian statistics. For this method, the data set is described as a continuous spectrum
of counting data that extends over a broad range of timescales, which is called the global
process, and signals that are not part of the global process. These signals are local and
can be random or periodic. Now, the aim is to distinguish between global and local
signals and to find a change point that is the point where the intensity of the count rate
changes. At the end, the count rate is segmented in intervals of time where the signal
may safely be taken as constant; in this way, the segmentation tells us about the time
variability of the signal that is recognised as being clearly significant and supported by
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the measurement itself. The illustration of the intervals is called Bayesian blocks (figure
5.26).

100

50

_ _ | 1
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
time (sec)

Figure 5.26: Bayesian blocks for a binned count rate. The different intensities are segmented
in several subintervals that are defined through the maximum probability for a point being the
change point. From [54].

One form of the Bayes’s Theorem for estimating parameters is given in equation [5.9.
Some data D are given and a model M with a parameter ©.

P(©|D, M)P(D|M) = P(D|©, M)P(O|M) (5.9)

The factor P(©|D, M) is the posterior probability density of the parameter ©, given
the data and the model, and P(D|M) is the prior probability for the data, given the
model, which is sometimes called the global likelihood. The likelihood of the parameter
is given in P(D|©, M) and the prior probability of the parameter, given the model, is
P(O©|M). Based on the data D and any prior information, it is now the aim to find out the
probability for the correctness of the model, and to find likely values for the parameters.

As explained above, the outputs are the most probable intervals for constant intensities.
However, it is possible that for a given data set the probability for a model without change
point is larger than that with change point. For this, two models can be compared. The
first model M; has a constant intensity of counts N over an observation time interval T
and is also called the unsegmented model. The second model M4 is a segmented model
and has two different constant intensities in two subintervals T7 + T9 = T.

The global likelihood of each model, which is also the evidence for the model, in a set
of K models, can be calculated with the following equation.

T'(N +1)
eI

Because equation only depends on the count rate N and the intervals M, the
global likelihood for an unsegmented model for binned data is L(M;|D) = ®p(N, M)
and for a segmented model with a change point, the global likelihood for binned data
is given through L(M3|D) = ®(Ny, M;)®(N2, Ma). In case of the segmented model, the
probability for every single point being the change point is calculated and the maximum

probability at the end is the point where a significant variation in the intensity is given
[54].

L(My, D) = /P(D|@k,Mk)P(9k!Mk)d@k = (5.10)
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Chapter 5 Data analysis of gamma-ray light curves

Figure shows an example for estimating the likelihood for a change point (equation
5.10) for data with photon arrival times T = [1,2,3,4,5,6,7,8,9,10] in seconds and counts
N — [1,1,1,1,1,10,10,10,10,10).

[ T T T T 80 T T
10+ x x .
[ //\\
8 ] 60 e ~__ 4
g 6: 3 -
= [ ] | i
= £ aof -
€ r L F
> r =
S 4+ ] L
[ 20+ a
2+ ] |
ol ‘ . . ‘ ol ‘ ‘ .
0 2 4 6 8 10 0 2 6 10
time [s] time [s]

(a) The change point segments the count rate in
two intervals of time with constant intensities.

(b) The likelihood for the change point in a seg-
mented (red) and unsegmented (blue) model.

Figure 5.27: The likelihood for the change point in a segmented (red) and unsegmented (blue)
model (right). The change point segments the count rate in two intervals of time (left), where
the intensities may be taken as constant.

The likelihood is the highest for the arrival time 5 s, which is then set as the change
point. At this time, the intensity changes from 1 count to 10 counts and is constant in
the segmented intervals. The algorithm explained here can also be applied on the ACS
count rate for extracting localized signals from the count rate data [54].
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6 Applying the methods

The above described methods for characterizing data from the ACS and subtracting the
background from these data (section 5) can now be applied and used for measuring the
signal-to-noise ratio (SNR) of the ACS. Several histograms that were created for bin sizes
of 50 ms, one second, 8 seconds and one minute can be added up for each year to obtain
a histogram of the over-all residuals. The resulting histogram is then superimposed with
a Gaussian function and a power law (i.e. straight line in a log-log representation). The
power law is presented by a tail of the distribution, which is the part that represents
significant but rare events. A variable x obeys a power law if it follows a probability
distribution

f(z)=1B- (f—o)a-e_ﬁ/x (6.1)

Here, B is the amplitude of the power law, o represents the slope of the distribution
function, which is normalised to 10, and 8 describes the exponential cutoff.

The following histograms are superimposed with a power law, as explained above, a
Gaussian function (section 5.1) and a total fit function of both, which has the following
form:

(w—wg)?

o= (A) s

The first term describes the noise and the second term the signal. Thus, the SNR R
= S/N can be calculated, which is the ratio of the areas of the two functions limited to
the x-axis of values larger than 30. The area is estimated by integrating the PDF over a
certain interval, which, in this case, is from 3o to infinity. The value 30 comes from the
three-sigma rule, explained in section 5.1, which means that there is a possibility of 99.73
% for a measured count being a signal. We compare the part of the data of the power law
function to the tail of the Gaussian fluctuations around the 'uninteresting’ ("background’),
i.e. we compare the tail of the Gaussian beyond 3 width units of the Gaussian away from
its mean. The uncertainty of the SNR op can be measured through the propagation of
uncertainty with the following formula, where og = /S and on = V/N:

o[ () e (20) = 55 = "arg

Figure and b show the logarithmic histogram of the over-all residuals of bin size
50 ms for the year 2007 with a number of 120 histograms and for the year 2008 with
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a number of 513 histograms that are summed up. The blue curve shows the Gaussian
function, the green curve shows the power law and the red curve is the total fit function.

number of histograms: 120 - year: 2007
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Figure 6.1: The logarithmic histogram of the over-all residuals of 120 and 513 data sets of the
ACS count rate with a bin size of 50 ms and a median filter of 300 for the years 2007 and 2008.
The Gaussian function is shown in blue, the power law in green and the total fit is shown in red.
The large number of residuals at around 200 (right) comes from an increase in the count rate at
the beginning of the annealing period January 12, 2008 to January 31, 2008. The SNR for 2007
is SNR = 1.542 + 0.068 and for 2008 the SNR = 0.502 4+ 0.015.

The fit parameter in figure [6.1a are as follows: 29 = —0.1111 + 0.0035, o = 0.9665 +
0.0013 and o = —2.885 + 0.022 and the parameters in figure [6.1b are: zop = —0.0697 £+
0.0018, 0 = 0.9330 £ 0.0006 and o = —1.403 + 0.023. The resulting SNRs for the years
2007 and 2008 are 1.542 4+ 0.068 and 0.502 £ 0.015.

The next figures (figures @a and b) show examples for the logarithmic histogram
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of the over-all residuals of the rebinned count rate to a one second time binning and a
median filter of length 300 time bins for the years 2005 and 2008.

number of histograms: 125 - year: 2005
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Figure 6.2: The logarithmic histogram of the over-all residuals of 125 and 192 data sets of the
ACS count rate with a bin size of one second and a median filter of 300 for the years 2005 and
2008. The Gaussian function is shown in blue, the power law in green and the total fit is shown
in red. Again, the large number of residuals at around 30-400 (right) comes from an increase in
the count rate at the beginning of the annealing period January 12, 2008 to January 31, 2008.
The SNR for 2005 is SNR = 8.577 + 0.217 and for 2008 the SNR = 3.072 £ 0.095.

The parameter of the total fit are xg = —0.2072 4+ 0.0042, ¢ = 1.0788 4+ 0.0017 and
a = —1.709 4+ 0.005 for 2005 and zo = —0.1160 + 0.0027, ¢ = 0.9820 4+ 0.0011 and
a = —2.145 £+ 0.011 for the year 2008. The corresponding SNRs are 8.577 + 0.217 for
2005 and 3.072 £ 0.095 for 2008.

For a rebinning of the ACS count rate to an 8 second time binning, the logarithmic
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Chapter 6 Applying the methods

histogram of the over-all residuals has, for example, the following forms (figure and
b).
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Figure 6.3: The logarithmic histogram of the over-all residuals of 110 and 63 data sets of the
ACS count rate with a bin size of 8 seconds and a median filter of 300 for the years 2009 and
2013. The Gaussian function is shown in blue, the power law in green and the total fit is shown
in red. The SNR for 2009 is SNR = 1.606 £ 0.0.040 and for 2013 the SNR = 7.442 + 0.134.

The fit parameter in figure [6.3a are as follows: z9 = —0.1047 &+ 0.0019, o = 0.9967 +
0.0007 and o = —1.733 + 0.010 and the parameters in figure [6.3b are: zo = —0.1879 +
0.0037, 0 = 1.1092 £ 0.0015 and o = —1.706 =+ 0.005. The resulting SNRs for the years
2009 and 2013 are 1.606 £ 0.0.040 and 7.442 4+ 0.134.

Finally, the Gaussian fit and the power law fit can be drawn in the logarithmic histogram
of the over-all residuals (figure and b) that where calculated by rebinning the data
to a one minute time binning and a median filter of length 300 time bins.

52



number of histograms: 014 - year: 2008

s 10°- =
>
©
g 10°- R
T
5 10° [ _
3
£ 10°F
b
(o]

2
g 10
oo
o
B 10"
&£
=T
2 10 ‘

1 10 100

(data-model)/sqrt(data)
(a) bin size one minute.
number of histograms: 023 - year: 2012
T

2 10°- 8
@
=}
2 5
g 10°- .
3 IS
5 104+ —
>
(o]
2 10°-
kS

2
§ 102
oo
[e]
% 10"
<
g
= 10°- \ .

1 10 100

(data—model)/sqrt(data)

(b) bin size one minute.

Figure 6.4: The logarithmic histogram of the over-all residuals of 14 and 23 data sets of the
ACS count rate with a bin size of one minute and a median filter of 300 for the years 2008 and
2012. The Gaussian function is shown in blue, the power law in green and the total fit is shown
in red. The SNR for 2008 is SNR = 2.138 + 0.067 and for 2012 the SNR = 7.556 + 0.201.

The parameter of the total fit are xg = —0.9943 4+ 0.0331, 0 = 1.6721 4+ 0.0115 and
a = —1.978 + 0.013 for 2008 and zy = —0.8920 + 0.0286, ¢ = 1.5331 4+ 0.0100 and
a = —1.699 £ 0.006 for the year 2012. The corresponding SNRs are 2.138 4+ 0.067 for
2008 and 7.556 4+ 0.201 for 2012.

The above given examples of the logarithmic histograms of the over-all residuals (
figures @, @, @ and show different values of the standard deviation ¢ and the
mean value x( of the Gaussian distribution function, different values of the slope « of the
power law distribution and thus varying values of the SNR. These parameters can now
be compared to each other within the years 2003 and 2017.
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The distribution of the parameter xg over the years 2003 to 2017 can be seen in figure
[6.5. This parameter represents the mean of the Gaussian function that is explained in
section 5.1.
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Figure 6.5: Distribution of the parameter x( of the Gaussian function within the years 2003
and 2017 with bin sizes of 50 ms (upper left), 1 s (upper right), 8 s (lower left) and 60 s (lower
right). The horizontal line shows the mean value of all z( values.

The values of xy are in the range of -0.28 and 0.10 for data in 50 ms time bins (figure
)7 and in the range of -0.21 and -0.10 for rebinned data in a one second time binning
(figure @b) For a binning to an 8 second time binning (figure Ec) the xg values are
between -0.37 and -0.10 and finally, the x(y values are between -2.24 and -0.77 for rebinned
data in a one minute time binning (figure ) The blue horizontal lines represent the
mean values of xg. All values (with exception of the values binned to a one minute time
binning) are relatively stable around the mean of all zy values, which means that they are
more or less constant. One exception is given for the rebinned data to a one minute time
binning, where the xg values are at least constant. This means that the offset increases
with an increasing time binning. The mean value xg of the Gaussian distribution function
fluctuates between positive an negative values, but mainly the centroid has negative
values. This shift to negative values is a systematical effect. For a better plotting of the
Gaussian function and for calculating the mean xg, only positive values of the logarithmic
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histogram were used, so the fit is not subject to fluctuations between positive and negative
values. Consequently, the IDL curvefit function does not know the distribution of the
negative values, so the plot can not be done correctly and is shifted to negative values in
order to still make a good fit. The tendency for the evolution of the mean value z( for
the years over the mission time is to higher values, i.e. to zero. Since most of the mean
values are negative, they are outside the fit area and these peak values are estimated by
how good the histogram agrees with a Gaussian curve.

Additionally, as a consequence of the shift of the mean xg to negative values, the 3
o threshold is not the same as if zg would be 0 in the standard normal distribution.
This means that the noise is moved to negative values by xy what, on the other hand,
influences the SNR.

The next parameter that is discussed over the years 2003 to 2017 for different time
binnings (figure is the standard deviation ¢ of the mean value xg of the Gaussian
distribution function that measures the fluctuations of the data around the expected
value.
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Figure 6.6: Distribution of the parameter ¢ of the Gaussian function within the years 2003
and 2017 with bin sizes of 50 ms (upper left), 1 s (upper right), 8 s (lower left) and 60 s (lower
right). The horizontal line shows the mean value of all o values.

The data of the logarithmic histogram of the over-all residuals of the analyzed ACS
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count rate per 50 ms time bins, present values of o between 0.90 and 1.10 (figure )
For the data binned to a one second time binning, o ranges from 0.96 to 1.13 (figure
[6.6b). Figure [6.6c shows values of o from 1.00 to 1.26 for a binned count rate to an 8
second time binning and figure [6.6d lastly presents o values between 1.49 and 2.04 for
bin sizes of one minute. Over the mission, the standard deviation o changes its value
and decreases. The evolution of this parameter can be observed as being inversely to the
eleven-year solar cycle (figure 5.2). In the year 2009, when the Sun reaches its minimum
of solar activity, the parameter o has its smallest value (except for count rate data per
50 ms time bins, but also here, o is very small). The initial assumption for a correction
factor of 1.2 to the data’s statistical error is not correct. It is only right for specific data
sets and totally wrong for rebinned data to a one minute time binning (figure [6.6{). In
general, the standard deviation o decreases over time, which leads to the assumption that
the ACS looses its sensitivity. The measured count rate tends to be close to the expected
value, which is the mean xg, because of the decreasing standard deviation o.

The two parameters xg and o of the Gaussian distribution function can be related with
each other, which is shown in figure [6.7
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Figure 6.7: The evolution of the parameters zy and o of the Gaussian function distribution
within the years 2003 and 2017 with bin sizes of 50 ms (upper left), 1 s (upper right), 8 s (lower
left) and 60 s (lower right).
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For smaller values of xq, the fluctuations around the mean become larger, because
the negative xg values try to offset the large o values. This means that zg and o are
anti-correlated and it can be observed in all four cases of different bin sizes. The standard
normal distribution is defined as the distribution with a mean value zg = 0 and variance
0% =1, as explained in section 5.1. The larger the deviation of ¢ from o = 1, the more is
the mean value x( shifted to negative values and the larger is the systematical uncertainty
of the centroid of the Gaussian function.

The evolution from 2003 to 2017 of the parameter « of the power law distribution,
described above, can be seen in the next figure
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Figure 6.8: Distribution of the parameter a of the power-law within the years 2003 and 2017
with bin sizes of 50 ms (upper left), 1 s (upper right), 8 s (lower left) and 60 s (lower right).
The horizontal line shows the mean value of all a values.

The minimum value of « for the analyzed data per 50 ms time bins is -6.50, and the
maximum value is -1.40 (figure [6.8a). In figure @b, « values between -2.33 and -1.70
can be observed for the years 2003 to 2017 for data binned to a one second time binning.
For data binned to an 8 second time binning, « is in the range of -1.87 and -1.53 (figure
). Finally, figure presents values of a between -1.50 and -2.92 for data binned to
a one minute time binning. The parameter a of the power law distribution, described
above, gives the slope of the distribution function that is always negative. The uncertainty
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of each value is small, which means that the varying « values are not statistics. They
fluctuate around the mean value of all « values (see blue horizontal line) with only one
exception in 2009 for data binned to a one minute time binning in figure [6.8d. The
slope of the power law distribution in 2009 is in three of four cases for a different time
binning (expect ) very small. This means that the slope is steeper, so consequently
less significant events were observed in the added up histograms of the over-all residuals
of this year for each time binning. During the active phase of the Sun in 2009, the number
of solar flares is small, which could lead to a small number of significant events.

In addition, a possible correlation between the slope « and the number of summed up
histograms of the over-all residuals N can be discussed. The following figure [6.9 shows
the number of histograms N plotted against the slope a.
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Figure 6.9: The number of histogram densities N of the residuals of analyzed data per 50
ms time bins (upper left), binned to a one second (upper right), 8 second (lower left) and one
minute (lower right) time binning plotted against the value « of the power law distribution
function within the years 2003 to 2017.

The four figures in do not present a correlation between the plotted parameter N
and «. This means that the slope of the power law distribution is independent of the
number of histograms of the over-all residuals.

At least, the signal-to-noise ratios of the ACS can be determined for different time
binnings. This is presented in figure
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Figure 6.10: Distribution of the SNR values within the years 2003 and 2017 with bin sizes of
50 ms (upper left), 1 s (upper right), 8 s (lower left) and 60 s (lower right). The horizontal line
shows the mean value of all SNR values.

The SNR in figure ranges between 0.23 and 1.83 for data per 50 ms time bins.
For data binned to a one second time binning, the SNR has values of 0.90 to 8.58 (figure
@b) and for data binned to an 8 second time binning, the values are between 1.61 and
12.97 (figure [6.10k). The SNR in figure has values of 1.81 and 7.56 for binned data
to a one minute time binning.

The SNR decreases from 2003 to 2009 and then increases again. The evolution of
this parameter can be seen as a large sinus curve. The small values of the SNR in 2009
are related to the solar minimum in this year. The weak magnetic field of the Sun, as
explained in section 5.1, can not shield the Earth from cosmic rays, which leads to an
increase of the count rate of the ACS. The high count rate, however, makes the detection
of possible events more difficult, so that the signal-to-noise ratio becomes smaller. Another
influence on the SNR are the entries of INTEGRAL in the Van Allen radiation belts and
also the shift of the mean value xg to negative values, as explained above.

The SNR’s statistical errors are actually higher than calculated with equation [6.3!
The propagation of uncertainty for functions of the form R = % provides an additional
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term of —2%R} under the square-root. Since the parameter S and N are anti-correlated,
their uncertainty ogy is negative, which leads to a higher uncertainty on the SNR. This
additional parameter is not included in the propagation of uncertainty, because the

parameter ogy could not be calculated in this way of fit procedure.
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7 Conclusion

The INTEGRAL spacecraft is in space for more than 15 years now. This provides a huge
amount of data from all of its instruments. In this thesis, the measured count rate of the
ACS for about 14 years (2003 to 2017) has been analyzed. With its large effective are,
the SPI veto system can detect photons above 75 keV from all directions in the Universe.
The count rate varies between 80000 counts/s and 160000 counts/s and it is the goal to
understand the origin of these variations. The count rate can be split into an ’'interesting’
part that varies on shorter timescales and that originates from transients such as GRBs,
solar flares or novae and into an 'uninteresting’ part that varies on shorter timescales and
comes from orbital cosmic ray exposure variations. The latter is the background and in
this thesis, the median filter was discussed as a background model. It was subtracted
from the data for obtaining the significant part, the signals.

These signals and the background can be related to each other to find out how much
significant information can be found in the data. The value of the signal-to-noise ratio
changes over the years. The reason for this is the variations in the count rate that can
either come from outside the spacecraft or from inside. The Sun has a great impact on
the measured count rate. During its eleven-year cycle, the detection of gamma-rays from
celestial sources has different difficulty levels. When the Sun is at its most active phase,
several solar flares can be detected and the magnetic field of the Sun is strong enough to
shield the Earth from cosmic rays. This leads to a decrease in the ACS background rate,
whereas the count rate increases during the minimum of solar activity, when the Sun’s
magnetic field is weak. In this time, it is more difficult to measure signals from celestial
sources, because of the high background rate. This effect can be observed in the small
values of the signal-to-noise ratio in 2009 and 2010, when the Sun’s weak magnetic field
can not shield the Earth from cosmic radiation.

On the other hand, the ACS count rate changes over the mission because of impacts
from inside the instrument. The BGO crystals are damaged by cosmic ray interactions
and consequently, the counting method in the BGO crystals changes. This can be seen
in the parameter ¢ of the Gaussian distribution function that describes the fluctuations
around the expected mean of the count rate. The standard deviation o decreases with
time. As a consequence, because of a smaller width of the distribution function, and also
because of the shift of xy to negative values, counts that would have been detected as
noise before can now be detected as signal. This means that signals must be treated and
interpreted differently depending on the detection time of the signal. The varying mean
xo and standard deviation ¢ leads to the result that the initial assumption of a Poisson
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distributed count rate with a correction factor 1.2 is not correct. The fluctuations around
the varying mean value means that the distribution is similar to a Poisson distribution,

but not exactly the same.
All these effects must be known when searching for significant events in the ACS count

rate data.
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Appendix

Additional tables.

year | N o o Xg signal /noise
2003 | 222 | -4.006 £ 0.028 1.1027 4+ 0.0012 -0.1961 £ 0.0034 | 0.374 + 0.011
2004 | 202 | -3.921 £ 0.037 1.0513 + 0.0013 -0.1682 £ 0.0033 | 0.691 + 0.020
2005 | 76 | -3.466 4+ 0.033 1.0232 4+ 0.0021 -0.2287 £ 0.0054 | 1.830 + 0.085
2006 | 889 | -3.693 £+ 0.013 0.9669 + 0.0005 -0.0694 + 0.0013 | 0.564 + 0.011
2007 | 120 | -2.885 £ 0.022 0.9665 + 0.0013 -0.1111 + 0.0035 | 1.542 + 0.068
2008 | 513 | -1.403 £ 0.023 0.9330 £ 0.0006 -0.0697 + 0.0018 | 0.502 + 0.015
2009 | 751 | -6.495 £ 0.012 0.9204 + 0.0001 -0.0634 + 0.0002 | 0.331 £ 0.007
2010 | 488 | -3.240 4+ 0.031 | 1.0097 + 8.8412¢-05 | -0.2833 4+ 0.0002 | 0.096 £ 0.004
2011 | 767 | -3.668 4+ 0.018 0.9484 + 0.0003 -0.0965 £ 0.0009 | 0.231 + 0.006
2012 | 374 | -3.652 £ 0.009 0.9101 £ 0.0010 0.0952 + 0.0028 | 0.282 £ 0.012
2013 | 575 | -6.448 £ 0.025 0.9823 £ 0.0006 -0.1389 + 0.0019 | 0.463 £ 0.009
2014 | 563 | -4.462 £ 0.033 0.9961 £ 0.0007 -0.1314 + 0.0018 | 0.352 £ 0.010
2015 | 810 | -5.912 £ 0.089 0.9815 £ 0.0006 -0.1007 £ 0.0020 | 0.437 £ 0.009
2016 | 351 | -3.587 4+ 0.009 0.9205 £ 0.0010 0.0828 £ 0.0029 | 0.276 + 0.012
2017 | 126 | -3.086 £ 0.020 0.9011 + 0.0018 0.0560 £ 0.0057 | 0.367 + 0.028

Table 1: The columns describe (from left to right) the year, for which the data are received,
the parameter « of the power law distribution function, the standard deviation o and the mean
value z( of the Gaussian distribution function and the signal-to-noise ratio. The data used for
the calculation of «, o, o and signal/noise are per 50 ms time bins.
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year | N @ o Xo signal /noise

2003 | 66 | -1.861 £ 0.012 | 1.1348 £ 0.0023 | -0.1797 £ 0.0055 | 2.173 &+ 0.066
2004 | 166 | -1.695 £ 0.006 | 1.0926 £ 0.0014 | -0.1741 £ 0.0036 | 3.496 + 0.073
2005 | 125 | -1.709 £ 0.005 | 1.0788 £ 0.0017 | -0.2072 + 0.0042 | 8.577 + 0.217
2006 | 82 | -1.816 £ 0.011 | 1.0307 £ 0.0018 | -0.1455 + 0.0045 | 4.775 4+ 0.190
2007 | 346 | -1.952 + 0.007 | 0.9887 £ 0.0008 | -0.1202 £+ 0.0020 | 3.585 + 0.078
2008 | 192 | -2.145 £ 0.011 | 0.9820 £ 0.0011 | -0.1160 £ 0.0027 | 3.072 £+ 0.095
2009 | 196 | -2.290 £ 0.023 | 0.9563 £ 0.0010 | -0.0980 £ 0.0025 | 1.155 & 0.046
2010 | 309 | -1.859 £ 0.009 | 0.9736 £ 0.0009 | -0.1033 £ 0.0028 | 0.901 £ 0.020
2011 | 249 | -1.929 £+ 0.005 | 0.9867 £ 0.0011 | -0.1175 + 0.0035 | 2.969 4+ 0.034
2012 | 80 | -2.318 £ 0.016 | 1.0012 £ 0.0020 | -0.1553 £ 0.0048 | 4.313 4+ 0.200
2013 | 105 | -2.060 £ 0.010 | 1.0191 £ 0.0011 | -0.1221 £ 0.0028 | 3.491 4+ 0.097
2014 | 101 | -2.328 £ 0.015 | 1.0499 £ 0.0018 | -0.1608 £ 0.0043 | 2.356 + 0.078
2015 | 53 | -2.080 £ 0.020 | 1.0278 £ 0.0024 | -0.1205 % 0.0063 | 5.637 + 0.324
2016 | 135 | -1.977 4+ 0.014 | 1.0089 + 0.0015 | -0.1123 £ 0.0034 | 5.574 + 0.201
2017 | 135 | -1.833 £ 0.007 | 1.0014 +£ 0.0015 | -0.1595 + 0.0037 | 7.977 + 0.273

Table 2: See table |1} The data used are binned to a one second time binning.

year | N «a o Xo signal /noise

2003 | 48 | -1.693 + 0.006 | 1.2606 £ 0.0043 | -0.3738 £ 0.0108 | 7.980 + 0.304
2004 | 54 | -1.708 £ 0.007 | 1.1579 £ 0.0032 | -0.2483 £ 0.0078 | 8.659 + 0.260
2005 | 108 | -1.769 + 0.005 | 1.1456 £ 0.0026 | -0.2798 £ 0.0065 | 12.957 + 0.300
2006 | 165 | -1.663 + 0.004 | 1.0896 £ 0.0015 | -0.2170 £ 0.0037 | 8.927 £ 0.189
2007 | 165 | -1.644 £ 0.005 | 1.0591 + 0.0015 | -0.2030 % 0.0036 | 10.104 £ 0.238
2008 | 220 | -1.814 £ 0.005 | 1.0382 + 0.0012 | -0.1637 + 0.0028 | 6.120 £ 0.134
2009 | 205 | -1.733 + 0.010 | 0.9967 £ 0.0007 | -0.1047 £+ 0.0019 | 1.606 £ 0.040
2010 | 161 | -1.648 £ 0.006 | 1.0244 + 0.0010 | -0.1281 + 0.0029 | 3.091 £ 0.059
2011 | 110 | -1.762 £ 0.005 | 1.0759 £ 0.0014 | -0.1924 £ 0.0033 | 6.009 £ 0.127
2012 | 165 | -1.807 £ 0.005 | 1.0984 + 0.0015 | -0.2088 4+ 0.0037 | 6.600 £ 0.132
2013 | 94 | -1.706 £ 0.005 | 1.1092 + 0.0015 | -0.1879 + 0.0037 | 7.442 £+ 0.134
2014 | 57 | -1.525 £ 0.008 | 1.1148 + 0.0025 | -0.1716 + 0.0064 | 4.356 £ 0.140
2015 | 52 | -1.626 + 0.008 | 1.1128 £ 0.0027 | -0.1969 £ 0.0067 | 5.698 £ 0.201
2016 | 106 | -1.612 + 0.006 | 1.0769 £ 0.0019 | -0.1830 £ 0.0049 | 5.494 + 0.155
2017 | 94 | -1.869 £ 0.008 | 1.0310 =+ 0.0021 | -0.1662 % 0.0054 | 12.967 £ 0.454

Table 3: See table I} The data used are binned to an 8 second time binning.



year | N e o Xo signal /noise
2003 | 8 | -1.649 £ 0.010 | 1.9003 4 0.0287 | -1.5143 + 0.0891 | 5.552 4+ 0.205
2004 | 7 | -1.582 £ 0.011 | 1.8114 + 0.0217 | -1.2483 + 0.0637 | 3.861 4+ 0.153
2005 | 7 | -1.679 £ 0.011 | 1.7031 £ 0.0242 | -1.1112 £ 0.0708 | 6.099 4+ 0.269
2006 | 16 | -1.739 4+ 0.008 | 1.7828 + 0.0148 | -1.3731 £ 0.0450 | 4.095 + 0.114
2007 | 14 | -1.745 £ 0.010 | 1.7106 4+ 0.0121 | -1.1103 4+ 0.0355 | 2.613 £ 0.079
2008 | 14 | -1.978 + 0.013 | 1.6721 + 0.0115 | -0.9943 + 0.0331 | 2.138 4 0.067
2009 | 23 | -2.918 + 0.019 | 1.4883 4+ 0.0072 | -0.9166 + 0.0218 | 1.809 £ 0.051
2010 | 14 | -2.120 £ 0.012 | 1.5018 + 0.0064 | -0.7725 + 0.0180 | 2.018 £ 0.054
2011 | 15 | -1.784 + 0.006 | 1.5790 4+ 0.0107 | -1.0224 4+ 0.0312 | 6.256 + 0.168
2012 | 23 | -1.699 + 0.006 | 1.5331 4+ 0.0100 | -0.8920 4+ 0.0286 | 7.556 + 0.201
2013 | 13 | -1.503 + 0.006 | 1.5097 + 0.0074 | -0.7608 4+ 0.0202 | 5.441 + 0.138
2014 | 8 | -1.775 £ 0.014 | 1.5620 4+ 0.0149 | -0.7917 + 0.0403 | 3.859 + 0.168
2015 | 7 | -1.920 £ 0.015 | 1.8103 4 0.0250 | -1.3788 + 0.0761 | 3.342 4 0.146
2016 | 7 | -2.227 £+ 0.018 | 2.0403 4+ 0.0365 | -2.2352 4+ 0.1303 | 3.055 + 0.128
2017 | 8 | -1.793 + 0.013 | 1.6696 4+ 0.0182 | -1.0772 £ 0.0527 | 3.805 £ 0.163

Table 4: See table|l} The data used are binned to a one minute time binning.
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