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Summary

X-ray binaries are binary stars composed of a normal star and a com-
pact object which, via Roche-lobe overflow or wind accretion, accretes
matter from the companion. X-ray emission from these objects can
be either thermal emission from an accretion disk formed around the
compact object, or the result of inverse Compton scattering. Emis-
sion in the radio regime is synchrotron emission from relativistic elec-
trons gyrating in the magnetic fields of a jet. Some X-ray binaries are
also emitters of y-ray emission, the physical processes behind the non-
thermal emission of these objects are still poorly understood. Subject
of this thesis is the investigation on physical processes behind the emis-
sion from one particular y-ray-loud X-ray binary, LS I +61°303. This
source is composed of a Be type star and a compact object of still un-
known nature, i.e., either a neutron star or a black hole. Accretion onto
the compact object along the eccentric orbit of this source is predicted
to peak twice per orbit, giving rise to emission all over the electro-
magnetic spectrum modulated by the orbital period P; ~ 26.5 days.
Analysis of the astrometry of VLBI images of the source resulted in a
precession period of a jet of 27-28 days, expected to give rise to pe-
riodic variable Doppler boosting. Timing analysis of archived radio
data revealed that a compatible period of P, ~ 26.9 days modulates
the radio lightcurve in addition to Py, giving rise to a beating with a
long-term period of ~ 4.5 years, in agreement with previous findings.
The methods employed for this thesis are timing analysis of radio and
GeV lightcurves, and the modelling of physical processes which can
lead to radio and GeV emission from LS I +61°303. The first result
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of this thesis is how the knowledge about the beating between the pe-
riodic ejection of particles and the jet precession can be used for a
straightforward prediction of the radio outbursts observable by radio
telescopes. The GeV light curve has previously been reported to peak
around periastron only. The second result presented here is the dis-
covery of a periodic apastron GeV peak, also explaining a previously
reported disappearance of the orbital period from the power spectrum
of the GeV light curve during some epochs. We further find that, while
the apastron GeV peak is modulated by P; and P», the periastron GeV
peak is only modulated by P;. This timing characteristic is explained
by a physical model of a self-absorbed, adiabatically expanding jet, re-
filled with a population of relativistic electrons twice along the orbit,
the bulk velocity of the jet being slower at periastron than at apas-
tron, giving rise to smaller variable Doppler boosting at periastron,
and consequently, P; is not present in the power spectrum during these
orbital phases. In addition, the absence of a periastron radio peak is
explained by catastrophic inverse Compton losses of the electrons at
periastron, leading to a jet too short for radio emission. We further
report on the detection of radio emission of the first proven case of a
binary star composed of a Be type star and a black hole, MWC 656, a
source which has also been detected in the GeV regime and therefore
bears resemblance to LS I +61°303. The source LS I +61°303 does
not only feature variability in the order of months to years, but there
is also evidence for short-term variability over time scales of days and
shorter. We observed LS 1 +61°303 with the 100-m telescope in Ef-
felsberg, quasi-simultanously at three radio frequencies with unprece-
dented sampling rate for a multiwavelength observation of this source.
We present our results on possible periodic behavior on time-scales of
hours, which can possibily contribute to future investigations on tran-
sient phenomena related to the jet. In conlcusion, we show that an
accretion scenario for LS I +61°303, including a precessing relativis-
tic jet, can explain the periodic emission from this X-ray binary and
may help to understand the physical processes in related sources.



Zusammenfassung

Rontgendoppelsterne bestehen aus aus einem normalen Stern und ei-
nem kompakten Objekt, das, durch Uberschreitung der Roche-Grenzen
oder durch Akkretion des Sternenwindes, Masse vom Begleitstern ak-
kretiert. Rontgenstrahlung ensteht in diesen Objekten entweder als
thermische Strahlung von der Akkretionsscheibe oder als Folge des in-
versen Compton-Effekts. Strahlung im Radiobereich ist Synchrotron-
strahlung, emittiert von relativistischen Elektronen, die in den Magnet-
feldern des Jets auf Kreisbahnen gelenkt werden. Einige Rontgendop-
pelsterne sind dariiber hinaus Quellen von Gammastrahlung, wobei
die physikalischen Prozesse, die fiir die Strahlung von diesen Objek-
ten verantwortlich sind, noch immer nicht gut verstanden sind. Ge-
genstand dieser Doktorarbeit ist die Erforschung der physikalischen
Prozessen, die die elektromagnetischen Emission eines bestimmten
gamma-emittierenden Rontgendoppelsterns, LS 1T +61°303, erkldren
konnen. Diese Quelle besteht aus einem Be-Stern und einem kompak-
ten Objekt, von dem noch unbekannt ist, ob es sich um einen Neutro-
nenstern oder ein schwarzes Loch handelt. Aufgrund der hohen Ex-
zentrizitit des Orbits wird vorhergesagt, dass Akkretion von Materie
auf das kompakte Objekt zwei Maxima per Orbit ausbildet, und es,
als Konsequenz davon, zu einer Modulation mit der orbitalen Periode
Py ~ 26.5 Tage der resultierenden Strahlung iiber den gesamten Be-
reich des elektromagnetischen Spektrums kommt. Eine Analyse der
Astrometrie von VLBI-Bildern der Quelle hatte eine Préizessionspe-
riode des Jets von 27-28 Tagen zum Ergebnis, was erwartungsgemaf
zu variablem Doppler-Boosting fiihren sollte. Durch Zeitreihenanalyse
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von archivierten Radiodaten stellte sich heraus, dass eine mit diesem
Ergebnis zu vereinbarende Periode von P, ~ 26.9 Tagen die Radio-
lichtkurze zusitzlich zu P; moduliert, was eine Schwebung mit einer
Periode von ca. 4.5 Jahren zur Folge hat, und was in Ubereinstimmung
mit vorhergehenden Beobachtungen ist. Die in dieser Arbeit zum Ein-
satz kommenden Methoden beinhalten Zeitreihenanalyse von Radio-
und GeV-Lichtkurven sowie die Modellierung von physikalischen Pro-
zessen, die zur Emission im Radio- und GeV-Bereich im Doppelstern-
system LS I +61°303 fithren konnen. Als erstes Ergebnis dieser Arbeit
wird gezeigt, wie das Wissen iiber die Schwebung zwischen der peri-
odischen Beschleunigung von Teilchen und der Prizession des Jets fiir
eine unkomplizierte Vorhersage der Radiostrahlungsmaxima fiir die
Beobachtung mit Radioteleskopen genutzt werden kann. Bisher wur-
de berichtet, dass die GeV-Lichtkurve Strahlungsmaxima ausschlief3-
lich bei Periastron aufweist. Das zweite hier vorgestellte Ergebnis ist
die Entdeckung eines periodischen GeV-Strahlungsmaximum wéhrend
des Apastron, ein Ergebnis, das auch ein zeitweises Verschwinden der
orbitalen Periode aus dem Periodenspektrum der GeV-Lichtkurve er-
klart. Gleichzeitig finden wir heraus, dass, wihrend das Apastron-Ge V-
Maximum von P; und P, moduliert wird, das Periastron-Maximum
nur einer Modulation mit P; unterliegt. Dieses Verhalten wird, als ein
weiteres Ergebnis dieser Arbeit, erklirt durch ein physikalisches Mo-
dell eines selbstabsorbierenden, adiabatisch expandierenden Jet, der
periodisch, zweimal pro Orbit mit einer Population von relativistischen
Elektronen befiillt wird, wobei die Geschwindigkeit entlang des Jets
bei Periastron langsamer ist als bei Apastron, was bei Periastron gerin-
geres Doppler-Boosting als bei Apastron zur Folge hat, und infolgedes-
sen P, im Periodenspektrum bei Periastron nicht auftaucht. Dariiber
hinaus wird die Abwesenheit eines Periastron-Radiomaximums erklart
durch katastrophale Energieverluste der Elektronen durch den inver-
sen Compton-Effekt beim Periastron, was in einem Jet, der zu kurz
fiir Radioemission ist, resultiert. Ein weiteres Ergebnis dieser Arbeit
ist die Detektion von Radiostrahlung vom ersten nachgewiesenen Fall
eines Doppelsterns bestehend aus einem Be-Stern und einem schwar-
zen Loch, MWC 656, eine Quelle, die auch im GeV-Bereich detektiert
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wurde und daher starke Ahnlichkeit mit LS T +61°303 aufweist. LS I
+61°303 ist nicht nur variabel auf Zeitskalen von Monaten oder Jah-
ren, sondern es gibt auch Hinweise auf Kurzzeitvariabilitit auf Zeits-
kalen von Tagen oder kiirzer. Wir haben LS I +61°303 mit dem 100-m-
Teleskop in Effelsberg beobachtet, quasisimultan auf drei Frequenzen
mit der bisher hochsten Abtastrate, die bei einer gleichzeitigen Beob-
achtung dieser Quelle mit mehreren Wellenléngen erreicht wurde. Hier
werden Ergebnisse beziiglich moglichen Periodizitdten auf Zeitskalen
von Stunden vorgestellt, was moglicherweise als Grundlage fiir die Er-
forschung von kurzzeitigen Phinomen im Jet dienen kann. Zusammen-
fassend wird gezeigt, dass ein Akkretionsszenario fiir LS I +61°303 in
Zusammenhang mit einem prizedierenden Jet die periodische Emissi-
on dieses Rontgendoppelsterns erkldren kann und zum Verstidndnis der
physikalischen Prozesse in verwandten Objekten beitragen kann.
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Chapter 1

Introduction

Since the beginning of sky observations the only information of objects
in the universe could be gathered through the optical regime of the elec-
tromagnetic spectrum. The radical change came in 1932, when Karl
Jansky detected radio signals of extraterrestric origin (Jansky|[1933).
In the course of the twentieth century many more new windows to
the universe were opened. Nowadays we are observing the sky in the
entire electromagnetic spectrum from low frequency radio waves (10—
240 MHz, Heald et al.2011) up to very high energy energy y-rays
in the TeV regime, oberseved by ground based Cherenkov telescopes.
Windows beyond the electromagntic interaction have been opened by
neutrino observatories exploiting the weak interaction (IceCube, [Ku-
rahashi & for the IceCube Collaboration||2014), and very recently the
first gravitational waves were detected, originating from the merger
event of two black holes, marking the birth of gravitational astronomy
(Abbott et al.|[2016).

For this PhD thesis I used data from radio and GeV 7y-ray observa-
tions. Figure [[.T|shows how the electromagnetic spectrum is absorbed
or transmitted by the atmosphere of the Earth. In this plot, atmospheric
opacity against wavelength, there is one region from ~ Scmto ~ 10 m
in which the opacity drops to zero, this region is called the atmospheric
window and is the reason why radio observations can be carried out by
ground based observatories. Two examples of radio telescopes are pre-
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Figure 1.1: Absorption and transmission of electromagnetic waves by the atmosphere of the Earth. Optical and ra-
dio waves can reach the ground, hence the name atmospheric window. Source: https://upload.wikimedia.org/
wikipedia/commons/3/34/Atmospheric_electromagnetic_opacity.svg|
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Figure 1.2: Top: The 100-m radio telescope in Effelsberg, Germany.
Built in 1969, it is the second largest free steerable radio telescope in the
world. Source: http://www.mpifr-bonn.mpg.de/337419/gallery_
zoom. jpg Bottom: Owens Valley Radio Observatory (OVRO) 40-m dish.
Source: https://www.ovro.caltech.edu/images/40m_small_4. jpg
Data from both instruments, along with the Green Bank Interferometer (GBI),
have been used for the thesis.


http://www.mpifr-bonn.mpg.de/337419/gallery_zoom.jpg
http://www.mpifr-bonn.mpg.de/337419/gallery_zoom.jpg
https://www.ovro.caltech.edu/images/40m_small_4.jpg

4 CHAPTER 1

L
:' Anticoincidence
T = Detector (background rejection)
............................. —
""" II TS T Conversion Foll

[T~ Particle Tracking
Detectors

Calorimeter
(energy measurement)

Figure 1.3: Principle of the Fermi-LAT. An incident y-ray photon de-
cays into an electron-positron pair, the energy and direction of which is
detected. Source: https://www-glast.stanford.edu/images/Gamma_
telescope_schematic.png

sented in Fig. [1.2] showing the Effelsberg 100-m telescope in the top
panel and the 40-m telescope of the Owens Valley Radio Observatory
(OVRO) in the bottom panel.

From the plot in Fig. [I]] it is evident that the GeV y-ray regime
(i.e., wavelengths in the order of femtometer) has to be observed by sat-
telites orbiting the Earth, because photons at these energies are totally
absorbed by the atmosphere. The Fermi sattelite carries an instrument
for that purpose, the Large Area Telescope (LAT), monitoring the en-
tire sky in the energy range 0.1 to over 300 GeV every three hours. The
principle of the LAT is shown in Fig.[I.3] An incident y-ray photons, in
the presence of tungston atoms, decays into an electron-positron pair.
The tracks of these decay products are used to reconstruct the direc-
tion of the incident photon. The energy of the electron-positron pair is
detected in the calorimeter. In this way, the Fermi-LAT counts single
photons and stores the direction and energy of every one of these. Fig-
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Figure 1.4: The sky as seen by the Fermi-LAT in the energy range 50 GeV-1 TeV. The horizontal feature is the emission
from the Galactic plane. The Galactic center is in the middle of the map, the two diffuse features extending from the
center to the north and south are the famous Fermi bubbles. Source: http://www.nasa.gov/sites/default/files/
thumbnails/image/2fhl_all-sky no_labels. jpg
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ure [[.4] shows the sky as seen by the Fermi-LAT in the energy range
50 GeV to 1 TeV. The red band extending from East to West in the
middel of the image is the Galactic plane. The Galactic center is in
the middel of the image, and the two diffuse features extending from
the center to the North and South direction are the famous Fermi bub-
ble. Below and above the Galactic plane there are a lot of extragalactic
point sources, most of which are blazars.

In many cases the physical processes behind the emission detected
by the observatories is not known yet. Here are two examples: In the
Galactic center one observes more GeV emission than expected. This
GeV excess could be the result of dark matter annihilation, another
model attributing the emission to a population of undetected pulsars.
The other example are the Fermi bubbles, believed to be the remainder
of past activity of the supermassive black hole located at the center of
the Galaxy.

The phycial processes behind the y-ray emission from X-ray bina-
ries is another unsolved problem of y-ray astronomy. Subject of this
thesis are physical processes which can lead to periodic emission in
radio and GeV y-rays from one particular X-ray binary, LS I +61°303.
We apply timing analysis to observational radio and y-ray data and in-
vestigate on correlations between the two energy bands. We put LS I
+61°303 in context to other stellar binary systems of similar composi-
tion or behavior.

This PhD thesis is structured as follows. Chapter 2] introduces the
class of X-ray binaries and puts LS I +61°303 in this context. Chap-
ter [3] introduces physical processes which lead to y-ray emission in
relativistic jets. Chapter [ gives a general introduction to the stellar
binary system LS I +61°303. Chapter [5] shows how the findings of
Massi & Jaron|(2013) lead to a straightforwards prediction of the radio
outbursts from LS I +61°303 (this chapter was published as Jaron &
Massi|[2013|in A&A). Chapter [6] reports on the discovery of a peridic
apastron GeV peak in LS I +61°303 (this chapter was published as
Jaron & Massi[2014]in A&A). Chapter 7| presents a physical model for
the periodic radio and GeV emission from LS I +61°303 (this chapter
has been submitted to A&A). We have observed LS I +61°303 with the



100-m radio telescope in Effelsberg and report on these observations
in Chapter [8|and present our results (this chapter will serve as basis for
a manuscript to be submitted to A&A). Chapter J|reports on the detec-
tion of radio emission from a related object, MWC 656 (parts of this
chapter have been published as |Dzib et al.[2015|in A&A). Chapter
contains the conclusion of theis thesis and gives an outlook on future
investigations.
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Chapter 2

X-ray binaries

X-ray binaries are binary stars composed of a normal star and a neu-
tron star or a stellar mass black hole (i.e., a compact object) accreting
matter from the companion (i.e., the donor star). Depending on the
mass of the donor star one distiguishes between two types of X-ray
binaries. If the primary star has a mass of less than one solar mass
the system is called low mass X-ray binary (LMXB). Systems with a
primary star mass greater than five solar masses are called high mass
X-ray binaries (HMXB). An artist’s impression of an X-ray binary is
shown in Fig.

2.1 Mass transfer in X-ray binaries

Mass transfer from the donor star can occur in two ways. One possi-
bility is that during the evolution of the lifetime of the donor, the star
fills its Roche lobe and mass can travel through the Lagrangian point
from the donor to the compact object. Roche lobe overflow is the only
possibility for accretion in LMXB. On the other hand, high-mass stars
have winds strong enough for accretion in HMXB, giving rise for this
second possibility for accretion in these systems.

Because the matter from the star has a certain angular momentum,
it does not fall directly onto the compact object. The matter forms
an accretion disk around the compact object, which by the means of
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Figure 2.1: Artist’s impression of an X-ray binary. The donor star loses mass
which is transfered to the compact object where an accretion disk is formed
and a jetis launched. ESA (2013) http://hubblesite.org/newscenter/
archive/releases/2002/30/image/a/


http://hubblesite.org/newscenter/archive/releases/2002/30/image/a/
http://hubblesite.org/newscenter/archive/releases/2002/30/image/a/
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viscous forces reaches temperatures in the order of 107 K, giving rise to
a thermal black body component observed in the X-ray spectrum (not
present in the low-hard X-ray state of X-ray binaries, see Sect. [2.2)).
Accretion is one of the most efficient ways of energy release in the
universe, even when compared to nuclear reactions.

The majority of X-ray binaries harbors a neutron star with a strong
magnetic field (i.e., > 108 Gauss). If the rotational velocity of the neu-
tron star is not too high, the matter from the accretion disk falls further
down but is forced to travel on the magnetic field lines of the neutron
star and finally reaches the pole caps, where the energy is released in
form of X-ray pulses. If the rotational velocity is sufficiently high,
the matter cannot reach the poles and the system is in the so-called
propeller regime (Illarionov & Sunyaev||1975). If the magnetic field
B < 10® Gauss, or if the compact object is a black hole, then a jet can
be formed. This case is treated in the next section.

2.2 Microquasars

A subset of X-ray binaries (~ 10 %) are also sources of radio emis-
sion. One example is GRS 1915+105, and Fig. shows a series of
Very Large Baseline Interferometry (VLBI) images of this source, the
position of the stationary core is marked by the small cross in each
image (Fig. 2 in|Rodriguez & Mirabel|[1995). The elongated structure,
well visible in these images, is two-sided and moves further outwards
from the central engine, as time evolves. This collimated outflow is
called a jet and is a ubiquitous phenomenon in accretion processes,
from young stellar objects to the supermassive black holes of active
galactic nuclei (AGN). This is why the term microquasar was coined
by Mirabel et al.| (1992)) in analogy to quasars, a subclass of AGN (see
Mirabel & Rodriguez|1999|for a review).

The origin of the radio emission in jets is synchrotron radiation
emitted by relativistic charged particles gyrating in magnetic fields.
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Figure 2.2: VLBI images of the X-ray binary GRS 19154105, a microquasar.
The elongated structure and the movement of features outwards from the cen-
tral engine justify the interpretation as a relativistic jet. Figure 2 in[Rodriguez]

& Mirabel (1995)
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Figure 2.3: Composite spectrum of a jet from a stellar mass accreting black
hole. Source: http://www.astro.isas.ac.jp/conference/bh2003/
program/ppt/20031029am/KyotoBH2003_Falcke.ppt


http://www.astro.isas.ac.jp/conference/bh2003/program/ppt/20031029am/KyotoBH2003_Falcke.ppt
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The peak frequency

. (26—2)/(6+4)
Vpeak ~ 3.210°siné <1MeV>
5—1 2/(6+4)
X [8.7 1012_—NL] U/ a1y
sin 6
depends on the electron density N and the magnetic field strength B
(Eq. 43 from Dulk|1985). Since both N and B change along the jet, the
resulting radio spectrum, when observed with a resolution which does
not resolve the jet, appears flat (Blandford & Konigl||1979; Hjellming
& Johnston| [1988; [Falcke et al. [1996; Kaiser [2006; [Pe’er & Casellal

2009), where flat means that the radio spectral index

log (S1/S

_ log(51/52) 02
log (v1/v2)

is approximately zero, assuming a power law radio flux,
S o v?. (2.3)

Figure [2.3] shows an illustration of the observed flat radio spectrum
being the sum of individual spectra emitted in different regions along
the unresolved jet.

2.3 X-ray binaries with y-ray emission

A subset of X-ray binaries, all of which are HMXB, are also emittors
of y-rays. A full list is presented in Table [2.1] In the table caption, one
(example) reference is given for each detection in the GeV and/or TeV
regime. For about half of the y-ray-loud X-ray binaries the compact
object is of unkown nature, indicated by a question mark in the table.
Only one object, PSR B1259-63, contains a proven pulsar, while three
of the others contain a proven black hole. The only known binary sys-
tem composed of a Be star and a black hole, MWC 656, appears in this
list, because a detection in the GeV regime by the AGILE sattelite (Lu-
carelli et al.[2010) has by now been confirmed (Alexander & McSwain
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2015], who also give a possible explanation for the non-detection by the
Fermi-LAT).
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Name Primary Compact object GeV TeV ~ Comment

1FGL J1018.6-5856 O ? yes!  yes?

Cyg X-1 O black hole yes®  yes*

Cyg X-3 Wolf-Rayet black hole ? yes’  no

HESS J0632+057  Be ? no yes®

LS 5039 ¢} ? yes’  yes®

LST+61°303 Be ? yes’  yes!?

MWC 656 Be black hole yes!!  no See Chapter Efor radio detection.
PSR B1259-63 Be pulsar yes!?  yes!?

SS 433 A black hole yes!* no Detected up to 800 MeV.

Table 2.1: Gamma-ray emitting X-ray binaries. The references are: 'The Fermi LAT Collaboration et al.|(2012),
ZH.E. S. S. Collaboration et al.|(2015), 3Bodaghee et al.|(2013), 4Albert et al.|(2007), >Bodaghee et al.|(2013), $Aharonian
et al.|(2007), Abdo et al.|(2009c), $Mariaud et al.|(2015), JAbdo et al.|(2009b), '9Albert et al.|(2009), '|Alexander &
McSwain|(2015), JAbdo et al.|[(2011), 'JAharonian et al.|(2005), “Bordas et al.|(2015).
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GeV emission from
relativistic jets

Relativistic jets are not only sources of radio emission. Because of the
relativistic velocities of the plasma traveling in the jet there are also
other physical processes which lead to emission at other wavelengths.
In this section two processes, which can lead to emission in the GeV
regime, are presented.

J

e e

Figure 3.1: Feynman graph for Compton scattering. The time direction is
from left to right.
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3.1 Inverse Compton

Scattering of particles, electrons in particular, with photons is known
as Compton scattering. In this process energy is transfered between
the participants. In the non-relativistic case, i.e., the electron travels at
velocities which are small compared to the speed of light, the photon
loses energy and the electron gains energy. At relativistic speeds, how-
ever, energy is transfered from the electron to the photon (called seed
photon in this context), which results in a photon with a shorter wave-
length than before the encounter. This process is known as inverve
Compton (IC) scattering and is one of the most important physical pro-
cesses leading to high energy radiation from astrophysical sources.

The relativistic speeds of particles accelerated in a jet and the pres-
ence of seed photons from a number of sources make IC an important
process in jet sources. In the context of a jet the source of seed photons
allows for a further classification. The process is called external in-
verse Compton (EIC) if the seed photons come from outside of the jet,
e.g., from the companion star or the accretion disk in case of a micro-
quasar. The other possibility is that the seed photons are synchrotron
photons emitted by the jet itself, which is why the process is called
synchrotron self-Compton (SSC).

There is still the possibility that an IC reprocessed photon serves as
a seed photon and is again upscattered to a higher energy. This process
is referred to as cascading.

3.2 Particle reactions

The physical make-up of jets is still a matter of debate. The pres-

ence of a leptonic component has recently been confirmed by the

observation of the characteristic line at 511 keV in the microquasar

V404 Cygni (Siegert et al.|[2016)), resulting from the annihilation of
electron-positron pairs,

ete” — yy. 3.1

Another possibility for the production of high energy emission is

a hadronic component of the jet, i.e., not only electrons and positrons
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(leptons) are accelerated in the jet, but also protons (hadrons). Gamma-
ray emission can be the result of the decay of neutral pions, formed by
either the collision of high-energy protons with coller material in the
jet or by pion photoproduction, into two photons

70— yy, (3.2)

in which case the two photons would have the characteristic energy of
135 MeV. The decay of charged pions (e.g., 77)

mt s ut v, et vt (3.3)

would lead to a neutrino flux, possibly detectable by the IceCube ex-
periment.
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Chapter 4

The binary system LS I
+61°303

This chapter provides a general introduction to the binary star LS 1
+61°303, which is the most important object of this thesis. Observa-
tional results are presented and physical scenarios are discussed.

4.0.1 The stellar binary system

The stellar binary system LS I +61°303 consists of a Be type star and
a compact object and is located at a distance of about 2 kpc (Hutchings
& Crampton|[1981)). Figure .1 shows a sketch of the system.

The orbital period is P; = 26.4960 4 0.0028 days (Gregory|2002),
and the orbital phase is defined as

t— [ t— 1
O = O—im< 0), .1
P P

1 1

where g = MJD 43366.275 is the time of the first radio detection of
the source (Gregory & Taylor|1978)), and int(x) takes the integer part
of x. Periastron pessage occurs at ® = (.23 + 0.02 (Casares et al.
2003).

The source is observable and highly variable all over the electro-
magnetic spectrum, but in this thesis we focus on the radio and GeV



22 CHAPTER 4

Periastron
® =0.23
Casares et al. (2005)

Compact object
(neutron star or black hole)

Be star

Eccentric orbit

e=0.72 £ 0.15
Casares et al. (2005)

Figure 4.1: Sketch of the stellar binary system LS I +61°303. The compact
object (neutron star or black hole) orbits the Be star in a very eccentric orbit.
Periastron passage occurs at orbital phase ® = 0.23.
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y-ray emission, which features periodic behavior. Radio outbursts oc-
cur once per orbit and at orbital phases ® = 0.4 — 0.9, i.e., around
apastron (see Fig. 4.2] which is a reproduction of Fig. 1 in [Massi &
Torricelli-Ciamponi|[2016). The GeV y-ray emission peaks twice per
orbit, once at periastron and fixed in orbital phase, and once around
apastron, with hints for a correlation to the radio peaks in orbital phase
occurrence (Jaron & Massi|2014).

The emission from LS I +61°303 is subject to a long-term modu-
lation, which has first been detected in the radio light curves (Gregory
2002), but which has also been associated to other wavelengths, in par-
ticular to the apastron (defined as ® = 0.5 — 1.0) GeV emission (Ack-
ermann et al.|2013). The long-term phase ® is defined analogously to
the orbital phase @,

r— 1 t— 1
o= O—int< °>, 4.2)

where 7o = MJD 43366.275 is the same as for @, and Pjop, = 1628 +
49 days (Massi & Torricelli-Ciamponi|2016). The characteristics of
this long-term modulation and the possible reasons for it are explained
further down.

4.1 Pulsar vs. microquasar model

The physical processes behind the radio and GeV emission, which are
both non-thermal, is still a matter of debate. In the literature two com-
peting models are discussed, the one being the pulsar model and the
other the microquasar model. The following paragraphs will introduce
the basic ideas behind the two models.

If the compact object is a black hole or a neutron star with a low
magnetic field (< 108 Gauss, [Psaltis|[2004) it can accrete matter from
the companion star to become a microquasar. (Fig. [4.3|left panel).
The matter forms an accretion disk and a jet is launched, in which
charged particles, accelerated to relativistic speeds, gyrate in the mag-
netic fields and emit synchrotron radiation in the radio regime. Optical



MICROQUASAR BINARY PULSAR

Cometary radio emmission

== |

Relativistic jets

14

Compact object
of center

Ultraviolet and Accretion disk Disk outflow

optical emission —
; % y-rays

‘, Microblazar

Figure 4.3: Sketches of the two models discussed for the origin of the non-thermal emission from LS I +61°303. Left:
Microquasar model. The compact object accretes matter from the companion star. The relativistic charged particles
accelerated in a jet emit synchrotron emission in the radio regime and upscatter seed photon to the GeV regime. Right:
Pulsar model. The compact object is a pulsar, the wind of which collides with the Be star wind, resulting in radio to y-ray
emission. (Figure from|Mirabel|2006])

S¢
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photons from the companion star can be upscattered to higher ener-
gies by EIC, synchrotron photons from the jet can by SSC. Both EIC
and SSC can produce emission in the GeV regime (see Chapter [7|for a
physical model for GeV emission from LS I +61°303).

In the pulsar model the compact object is assumed to be a rapidly
rotating neutron star with a high magnetic field (> 10'? Gauss), i.e., a
pulsaxﬂ in which the matter is either forced on the magnetic field lines
to the pole caps (X-ray pulsar), or, if the rotation is strong enough, the
pulsar can be in the propeller regime. In the right panel of Fig. §.3]
(Figure from |Mirabel2006)) this model is depicted in a schematic way.
In this model the non-thermal emission from radio to y-rays is pro-
duced in the collision between the Be star wind and the pulsar wind
(Maraschi & Treves||1981; |Dubus|2006; Moldon et al.|[2012). There is
indeed one binary star which consists of a Be star and a pulsar, which
is PSR B1259-63 (Johnston et al.|[1992). The orbit of this system is
highly eccentric and for most of the time 47.7 ms radio pulsations can
be detected from the source. Periastron passage occurs every 1237
days, the pulsar passes through the dense Be star wind and the pulses
disappear. Instead of radio pulsations, continous emission is observed
from radio to TeV wavelengths (see, e.g., Chernyakova et al.|2015| for
the 2014 periastron pessage).

In summary, observations show that all of the emission from this
source, PSR B1259-63, peaks around periastron passage, occuring ev-
ery ~ 3.4 years (Connors et al.|2002; |/Abdo et al.|2011}; |(Chernyakova
et al.|[2014). The modulation of the fluxes from LS I +61°303, for
which a search for pulses remains elusive (McSwain et al.|2011),
shows a pattern which is better explained by an accretion scenario,
as explained in the next subsection.

ISee, i.e., Harding| (2013)) for a recent review on neutron stars and pulsars.
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Figure 4.4: Bondi & Hoyle| (1944) accretion along an eccentric orbit for
different values of the eccentricity e. Please note that in this figure periastron
is defined at ® = 0. Figure 7 from Taylor et al.|(1992).

4.2 Two-peak accretion model for LS I +61°303

Bondi & Hoyle|(1944])) accretion,

Mo 2, (4.3)
A%

is proportional to the density p and inversely proportional to the third
power of the relative velocity v between the accretor and the matter
to be accreted. In a binary system where the compact object accretes
matter from the companion star along an eccentric orbit (e > 0), the ac-
cretion rate M will be a function of the orbital phase. In Fig. .(Flg 7
in Taylor et al.||1992, where periastron is defined at ® = 0, different
from the remainder of this thesis) the accretion rate, as a function of
orbital phase, is plotted for different values of the eccentricity e, and it
is shown that for e > 0.4 the accretion rate has two peaks along the or-



28 CHAPTER 4

periastron 0.5

\

| accretion
| rate
\
|
\

norm. dM,_ /dt
o
o

\
|
\
\
|
34 \
10 L | VHE i
\ \ >0.4TeV
\ \
\ \
33
10 ‘ |
35 \ HE
10 3 ‘ 0.1-1GeV 7
\
\
|

L., [erg s"]

0.6 0.8 1

0 02 04 orbital phase
Figure 4.5: Predicted accretion rate (top panel) and emission at different
wavelengths as a function of orbital phase for the eccentric orbit of LS I
+61°303. Figure 1 from Bosch-Ramon et al|(2006).

bit, one peak at periastron where the density p is greatest, and a second
peak towards apastron where the lower velocity v between the compact
object and the Be star wind compensates for the lower density during
these orbital phases. Several authors have shown that this two peak
accretion model applies for LS 1 +61°303 (Taylor et al.|1992; Marti &
[Paredes|1995; Bosch-Ramon et al.|2006}; [Romero et al.[2007).
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In addition to the accretion rate along the eccentric orbit of LS I
+61°303, Bosch-Ramon et al.|(2006) computed the emission at differ-
ent wavelengths, their Fig. 1 is reproduced as Fig. 4.5 here. In the top
panel of Fig. 4.5]one sees that the major accretion peak is predicted at
periastron and a second, minor peak towards apastron. The predicted
radio emission (bottom panel of Fig. [4.5) has a major peak at apas-
tron, and only a minor peak is predicted to occur at periastron. The
fact that we do not observe a periastron radio peak can be explained by
catastrophic inverse Compton losses of the relativistic particles in the
strong ultra violet photon field in the proximity to the Be star, which
will be treated in detail in Chapter [7) of this thesis (submitted to A&A
as Jaron, Torricelli-Ciamponi, & Massi). In the GeV regime the sit-
uation looks almost opposite to what is predicted for radio, here we
have a major outburst at periastron and a minor one towards apastron.
Indeed, two GeV peaks along the obrit are observed (Chapter[6]of this
thesis, which has been published as Jaron & Massi|2014), however, the
observed apastron GeV peak is much more pronounced than the one
predicted by Bosch-Ramon et al.| (2006), which could be due to the
neglection of Doppler boosting in their model.

4.3 Flattening of the radio spectrum of LS I
+61°303

The two peak accretion model (Taylor et al.|[1992; Marti & Paredes
1995 Bosch-Ramon et al.|2006}; Romero et al.[[2007) not only corrob-
orated by the observation of a periodic apastron radio peak (Gregory
2002) and the two GeV peaks along the orbit (Jaron & Massi|2014),
but also by the evolution of the radio spectral index (Massi & Kaufman
Bernadd2009). In Fig. .6 top the radio spectral index « (as defined
by Eq.[2.2), resulting from observations by the GBI simultaneously at
the two frequencies 2.2 and 8.3 GHz, is folded on the orbital period
Py = 26.4960 days, showing the orbital evolution of a. It is evi-
dent that the spectral index undergoes a transition from optically thin
(¢ < 0) to flat (¢ = 0) and inverted (@ > 0) twice along the orbit,
once at periastron and once towards apastron, i.e., during these parts
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Figure 4.6: Top: Radio spectral index, resulting from the observations by the
GBI at 2.2 and 8.3 GHz, folded on the orbital period P;, showing its orbital
evolution. During the presented long-term phase interval (®¢674 = 0.0—0.1)
the flattening and even inversion twice along the orbit is particularly well
visible. Figure 3 in [Massi & Kaufman Bernadd| (2009). Middle: 8.3 GHz
GBI data folded on P;. Bottom: 2.2 GHz GBI data folded on P;.
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of the orbit where enhanced accretion is expected following the two
peak accretion model and where consequently a jet is launched, which
is expected to result in a flat or inverted spectrum, in agreement with
the observations.

4.4 The fast precessing jet of LS I +61°303

Figure 4.7| (Fig. 1 in Massi et al.|2012) shows consecutive Very Large
Baseline Interferometry (VLBI) images of LS 1 +61°303 covering one
orbit. The elongated structure of the self-calibrated images (middel
panel of Fig. continuously changes position angle and performs a
transition from one-sided to two-sided. By analyzing the astrometry
Massi et al|(2012) estimated a precession period in the range of 27—
28 days.

While tidal forces in binary systems typically lead to precession
periods ten times larger than the orbital one, Lense-Thirring precession
(i.e., frame dragging) of a slow compact rotator can be the reason for a
precession period so short (Massi & Zimmermann|2010).

4.5 The periodic emission from LS I +61°303

As mentioned in Section {.2] the high eccentricity of the orbit of LS
I +61°303 is expected to gives rise to the emission being modulated
by the orbital period P; = 26.4960 + 0.0028 days (Gregory|2002),
in agreement with the observations at multiple wavelengths. But P,
is not the only periodicity affecting the emission from the source. In
Section 4.4) we saw VLBI images of a fast precessing jet, which will
give rise to variable Doppler boosting of the emission for relativis-
tic bulk velocities (a physical model for the radio emission has been
delevoped in Massi & Torricelli-Ciamponi| 2014). Indeed, a period
compatible with the precession period estimated by Massi et al.[(2012)
has been found by timing analysis of radio (Massi & Jaron|[2013}; Massi
et al.[2015; Massi & Torricelli-Ciamponi|2016), Fermi-LAT y-ray data
(Jaron & Massi|[2014), and recently also in X-rays (D’Ai et al|2016),
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the values being in the range P, = 26.92 —26.935 days, slightly larger
than the orbital period P;.

Since the orbital period P, and the precession period P, are close
to each other, the interference between the two modulations has the
shape of a beating. The sum of two sine waves

sin (w1t) + sin (wyt) = 2sin (%t) cos (%t) 4.4)

at similar frequencies w; & w» results in a sine wave oscillating at the
average frequency, slowly modulated by a cosine term depending on
the difference between w; and w,. Coming back to the observed radio
emission from LS I +61°303, Ray et al.| (1997) found that the radio
outbursts, observed by the Green Bank Interferometer (GBI) at 2 and
8 GHz, occur with a period of 26.69 + 0.02 days, which they inter-
preted as an “apparent lengthening of the period between outbursts”,
but which finds a natural explanation in the beating model, since this
value is in agreement with the average between P; and P;, which is
Piverage = 26.704 £ 0.004 days (Massi & Torricelli-Ciamponi|2016).

The other period resulting from the beating, Ppear = (v — 1/2)71 =
1628 + 49 days (Massi & Torricelli-Ciamponi|[2016)), has also been
found before, Gregory| (2002) give Pjone = 1667 + 8 days for the long-
term radio monitoring by the GBI. /Ackermann et al.|(2013) confirm the
Gregory| (2002) value for the 0.1-300 GeV emission observed by the
Fermi-LAT, a database completely different from the GBI monitoring
regarding observation time and energy range.

Massi & Torricelli-Ciamponi| (2016) concatenate all of the avail-
able radio data from 1977 until 2014 (see Fig. 4.8) and reveal that the
long-term modulation has remained stable over this time range, which
corresponds to eight long-term cycles. This stability is another obser-
vational fact which speaks in favor of the beating model. The alter-
native explanation of the long-term modulation attributes the variabil-
ity to the Be star wind, which usually comes from one-armed density
waves in the equatorial disk causing variation in the V/R ratio of the
Ha line (Okazaki|[1997), but this is at odds with the stability, because
all of the known variations in Be star winds are only quasi-periodic
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Figure 4.8: All available radio data from LS I +61°303. Figure 2 in
Torricelli-Ciamponi (2016).
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and even disappear sometimes (Rivinius et al.|[2013, and references
therein), even in the most stable variation of a Be star disk observed so
far (£ Tau, Stefl et al.2009). Searches for a periodicity in the V/R ra-
tio of the Ha emission from LS I +61°303 compatible with Py, have
returned negative results (Zamanov et al.|[1999,2013)).

However, Zamanov et al.|(2013) reported the presence of the long-
term period in the equivalent width (EW) of the Ha emission line from
LS I1+61°303. Moreover, the EW(Ha) is affected by the orbital shift in
a similar way as the radio outbursts (Paredes-Fortuny et al.[2015)), sug-
gesting that Pyyerage 18 the true period of EW(Ha), as pointed out by
Massi & Torricelli-Ciamponi| (2016), who further state that the pres-
ence of both long-term period and Pyyerage indicates that the precessing
jet also induces variations in EW(Ha).

4.6 The SED of LST +61°303

In Figure the SED of LS I +61°303 is shown, which appears as
Fig. 7 in|Sidoli et al.[2006. A composition of data from different ob-
servations (Strickman et al.|[1998; |van Dijk et al.|[1996; [Kniffen et al.
1997; |Albert et al.|[2000), it covers a frequency range from radio to
very high energy y-rays. The absolute peak is in the infrared regime,
shown in the shape of stars in the figure. If one assumes this emission
to be thermal, then the peak of the non-thermal emission is in the MeV
regime, making it a member of the y-ray binaries as defined by [Dubus
(2013).

The similarity between the SED of LS 1 +61°303 (Fig. of the
blazar 3C 279 (Fig. ??) is evident when comparing the two figures.
Both show the characteristic camel back shape, the higher energy hump
peaking at 10?2 Hz for both sources. The SED for LS I +61°303 has
a strong peak in the infrared, however, a large fraction of this IR emis-
sion may be thermal emission from the Be star.
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4.7 Updated SED of LS I +61°303

The emission from the binary system LS I +61°303 strongly depends
on the orbital phase. The SED shown in Fig. [#.9] does not take orbital
phase into account. Only in the cases of radio and XMM-EPIC X-
ray emission, it distinguishes between a low and a high state, but does
not attribute them to periastron or apastron orbital phases. Also, the
emissions were recorded during very different phases of the long-term
modulation ® (Eq. @, here taking the Gregory| (2002) value Pione =
1667 days), resulting in a mix of all long-term phases.

The SED shown in Figure .10 uses the data plotted in Fig. 7 of
Sidoli et al.| (2006), but divedes them into periastron and apastron,
where possible. Here, periastron is defined as the orbital phase range
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® = 0.0 — 0.5, and apastron ¢ = 0.5 — 1.0 (same intervals used in
Ackermann et al.|2013| Jaron & Massi|/[2014, and [Jaron et al.|[submit-
ted). The issue of mixing data from all over the long-term modulation
remains, however. In addition, optical photometric data from [Paredes-
Fortuny et al.|(20135), X-ray and VHE +y-ray data from|Anderhub et al.
(2009), and X-ray data from [Esposito et al.| (2007) were included.

4.8 The GeV emission from LS I +61°303 ob-
served by Fermi-LAT

The y-ray space telescope Fermi-LAT has been observing the entire
sky every three hours since August 4 2008 (Atwood et al.|2009). Fig-
ure shows the counts map for a region 15° around LS I +61°303
including all Fermi-LAT data from the beginning (MJD 54682) till
January 4 2015 (MJD 57391) using the energy range 0.1-300 GeV.
Sourced included in the Fermi-LAT third source catalog (3FGL,|Acero
et al.|2015) are marked by green crosses, and associated sources are
labelled. Clearly LS I +61°303 is the brightest source of y-rays in this
region of interest.

4.9 Related objects

There are two phenomena described in this introduction to the binary
star LS I +61°303, which deserve further discussion.

First, the compact object in LS I +61°303 is possibly a black hole,
while the companion is a Be type star, which would make the system
belong to the class of Be-BH binaries, which is expected to be very
small (Belczynski & Ziolkowski[2009). In Subsection [4.9.T| we report
on the first case of a proven Be-BH binary, which allows to compare
the phenomena observed in this object to LS I +61°303.

Second, the precession period of the jet is very close to the or-
bital period in LS I +61°303. This phenomenon has been observed in
another binary system, GRO J1655-40, which we introduce in Subsec-
tion4.9.21
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4.9.1 The Be-BH binary MWC 656

The binary system MWC 656 was first detected in the high energy -
ray regime by the AGILE sattelite (Lucarelli et al.|2010, confirmed by
Alexander & McSwain|2015)). Shortly after that first detection the Be
type star MWC 656 was found in the error circle (Williams et al.[2010).
The binary nature of this object was first considered by |Casares et al.
(2012), and a confirmation of this hypothesis together with the result
of this object being the first proven case of a Be type star with a black
hole companion was given by [Casares et al.| (2014). In Chapter ?? we
will give details about the detection of radio emission from MWC 656
by Dzib et al.| (2015). The existence of MWC 656 shows that nature
can produce Be-BH binary systems (see |Grudzinska et al.|[2015| for a
theoretical model for the binary evolution of MWC 656).

4.9.2 The fast precessing jet of GRO J1655-40

The binary star GRO J1655-40 consists of an F type star and a black
hole with an orbital period of Py = 2.601 +0.027 days (Bailyn et al.
1995). The source features episodic ejection of relativistic jets, the jet
precession with a period of Pprecession = 3 = 0.2 days (Hjellming &
Rupen|[1995). The fact that the orbital period is close to the precession
period of the jet puts this source in a relationship to LS I +61°303.
Although a theoretical explanation for a mechanism which forces the
two periods to synchronize has not been elaborated yet, the observa-
tion of now two objects with this characteristic can help for a better
understanding of this phenomenon.
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Prediction of the radio
outbursts of LS I +61°303

Credit: Jaron, F., & Massi, M., A&A, 559, A129, 2013, reproduced
with permission © ESO.

Abstract

In the gamma-ray binary LS I +61°303, radio outbursts occur every
26.70 days and are modulated by a long-term periodicity of 1667 days.
Until now the prediction of the periodical radio outbursts has been
made using the orbital period P; = 26.4960 + 0.0028 days. This
procedure implies timing residuals up to ~7 days affected by a sys-
tematic error with a sawtooth pattern. On the other hand, the di-
rect use of the known periodicity of the radio outbursts, that is of
Poutburst = Paverage = 26.70 £ 0.05d, is prevented because of a time
variable phase term. Our aim is to analyze this phase term and de-
termine its exact value at each given epoch. First, we modeled the
systematic sawtooth pattern affecting the timing residuals between the
observed outbursts and those predicted by P;. Then, we removed this
pattern from 6.7 yr of 8.3 GHz Green Bank Inferferometer radio data to
generate noise-limited residuals. Finally, we determined a criterion to
determine the phase term based on the number of elapsed cycles of the
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long-term modulation at a given epoch. The prediction of the outburst
with P = Pgyerage 18 now straightforward and produces noise-limited
timing residuals. This chapter was published as/Jaron & Massi|(2013)).

5.1 Introduction

In 1995, Hjellming & Rupen| (1995)) discovered GRO J1655-40, the
first case of a microquasar having a precessing radio jet with preces-
sional period Pprec = 3 £0.2d (Hjellming & Rupen|1995) rather close
to the orbital period Pypie = 2.601 £ 0.027 d (Bailyn et al.[1995). The
source LS I +61°303 is a probable second case with a precessional pe-
riod P, = 26.92 + 0.07d of the radio jet (Massi & Jaron|2013) very
close to the orbital period P; = 26.4960 £+ 0.0028 d (Gregory| 2002
Grundstrom et al.|2007). Fast variations of the radio structure in LS
I +61°303 were the results from MERLIN observations (Massi et al.
2004) and have been confirmed by VLBA observations by Dhawan
et al.|(2000), there interpreted as due to a cometary tail of a pulsar. Ra-
dio spectral index analysis (Massi & Kaufman Bernad¢|2009), 3D sim-
ulations (Romero et al.[2007)), and VLBA images (Massi et al.[[2012)
indicated, however, a microquasar scenario and the radio astrometry
of 27-28 d suggested a slightly different value of the precession period
from the orbital one (Massi et al.|[2012). Finally, timing analysis re-
sulted in P, = 26.92 + 0.07d (Massi & Jaron|[2013). Lense-Thirring
precession has been invoked as a possible mechanism in both objects,
for GRO J1655-40 by Martin et al.| (2008), and for LS I +61°303 by
Massi & Zimmermann| (2010).

In addition to these two periods, i.e., the orbital one P; and the
precessional one P;, the radio properties of LS I +61°303 feature two
additional periods. |Ray et al.|(1997) determined a P = 26.69 + 0.02d
for the periodical large radio outburst. |Gregory| (2002) determined
a P = 1667 £ 8d for a long-term periodicity modulating the ra-
dio outbursts. Massi & Jaron| (2013) show that the intrinsic period-
icities of the source are the orbital period Py = 1/v; and the pre-
cessional period P, = 1/v, giving rise to a beating which results
in a Payerage = 2/(vi +v2) = Pouburst = 26.70 £+ 0.05d, con-
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sistent with the period found by Ray et al.| (1997)), modulated by a
Piong = 1/(vi —v2) = 1667 + 393 d, consistent with the long-term
periodicity determined by (Gregory| (2002).

The importance of LS I +61°303 has grown after the detection of
emission in the TeV band (Albert et al.|2006). Nowadays, the source is
observed at all wavelengths of the electromagnetic spectrum. In addi-
tion LS I +61°303 is now included in the search for neutrino sources.
While the high energy emission could be due to Inverse Compton, i.e.,
of leptonic origin, there could also be a hadronic component. The
source LS I +61°303 and other gamma-ray binaries could therefore
play a role as accelerators of Galactic cosmic rays (Romero et al.|[2005;
Abbasi et al.||2012). What sets LS I +61°303 apart from other gamma-
ray binaries is its periodicity; however, this has not yet been fully ex-
ploited because of the uncertainty in predictions of its outburst. In fact,
Payerage, that is the periodicity of the outbursts, cannot be used directly
for predictions because of its periodical reset at the minimum of the
long-term modulation inherent to the beating process (Massi & Jaron
2013). On the other hand, using P; to predict the occurrence of the ra-
dio outbursts implies timing residuals between predicted and observed
outbursts up to ~ 7 d and is affected by a systematic trend with a saw-
tooth pattern (Gregory et al|[1999, see their Fig. 2). In this paper we
aim to determine the best procedure for predicting the periodical radio
outburst. We determine the reset affecting Pyyerage and compare the
procedures using Py and Pyyerage-

5.2 Timing residuals

In this section we analyze the timing residuals defined as the difference
between observed and predicted outburst times, for a given period.
We use the Green Bank Interferometer (GBI) radio data at 8.3 GHz
for this analysis. They cover the interval from 49379.975 MJD to
51823.441 MIJD. During the minimum of the long-term modulation
the outburst loses its characteristic shape and becomes a broad low
curve without a definite peak (Paredes et al.|[1990). We find this phase,
defined by |Paredes et al.| (1990) as “quiet phase”, also in the GBI data,
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in the interval 50500 MJD to 51000 MJD, where no maxima occur and
where consequently large timing residuals would affect our tests for P;
and Pyyerage- We therefore remove this interval that biases our analysis.
This interval in terms of the long-term modulation phase 0,

r— 1 t— 1
o= O—int< 0), 5.1

P long

with 79 = 43366.275MIJD and P, = 1667 d, corresponds to @ =
0.28 — 0.58, which is therefore the interval where no clear radio out-
bursts occur.

5.2.1 Prediction using the orbital period P,

Gregory et al.[(1999) showed (see their Figs. 2 and 8) that when radio
outbursts are predicted to occur with P; then there are residuals of —5.5
to +7 days, and that these residuals follow a sawtooth trend. In this
section we analytically determine the sawtooth function and remove it
from the data to finally obtain noise-limited residuals. These residuals
are compared to residuals based on Pjyerage in the next section.

We divided the GBI data into bins of size P = Py. A direct search
for the data point with the greatest flux within each bin gives a residual
of

Al‘i = Imax,i — li- (52)

One sees that the resulting timing residuals in Fig. [5.1]a are not dom-
inated by noise; on the contrary, a systematic pattern is present. The
shape, as pointed out by |Gregory et al.| (1999)), is a sawtooth pattern
with a gradual rise and a rapid fall, and periodicity Pjo,g equal to that
present in the peak flux. This long-term modulation was first calcu-
lated to be about 1584 d (Gregory et al.|[1999) and later established to
be 1667 + 8 d (Gregory|[2002). The analytical shape for the sawtooth
function has been determined in Massi & Jaron|(2013) to be E]

7(t) = m - fmod (1, 1667) + c. (5.3)

'fmod is a function implemented in the math library of C.
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We remove 7(¢) from the timinig residuals shown in Fig. a and
compute the standard deviation o for the noise-limited residuals. We
minimize o by varying m. Figure [5.1]b shows the difference between
the data in Fig. [5.1]a and the sawtooth function. Figure [5.1]b, with
o = 1.87d, will therefore be our term of quantitative comparison when
using Pjyerage in the next section.

5.2.2 Predictions with P,

To predict the outburst occurrence in LS T +61°303 one generally de-
termines for a given epoch that time ¢ for which ®(P;) = 0.6, where

r— 1 t— 1
®=—2"_int 9], (5.4)
Py Py

with typ = 43366.275 MJD. This method follows from the analysis of
the orbital shift by [Paredes et al.|(1990). During the maximum of the
long-term periodicity of 1667 d the outburst occurs at ®(P;) = 0.6.
This, in terms of the timing residuals in Fig. [5.I]a, corresponds to a
delay of zero; afterwards the phase of the outbursts increases until a
maximum of about ®(P;) = 0.9 (Paredes et al.|1990). In terms of the
timing residuals in Fig. [5.1]a, this corresponds to a timing residual of
(0.9—-0.6)P; ~ 8d. The jump in the sawtooth function from maximum
positive delay to maximum negative delay occurs when the peak of the
outburst, after the nearly quiescent period at the minimum, appears
again but at an earlier phase than ® = 0.6, i.e., at phase ® = 0.4
(Paredes et al.|[{1990). In terms of timing residuals this corresponds to
(04 —0.6)P; = —5d.

Here we show that the procedure above described to predict the
outburst occurrence should be replaced by the determination whether
O (Paverage) = 0.7 or @(Payerage) = 0.2 (as in Eq. with Payerage
instead of Py), where the ambiguity between 0.7 or 0.2 is determined
as shown in the next section. We demonstrate by the residuals how
effective this procedure is.

We compute the timing residuals for Pyyerage following the proce-
dure of Sect. 2.1 for P = Pyyerage; the residuals are shown in the lower
panel of Fig. @ The value in Mass1 & Jaron| (2013) for Puyerage 18
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Figure 5.1: a: Timing residuals for the radio outbursts expected to occur with
orbital periodicity P;. b: Difference between the residuals from Fig.[5.T]a and
the sawtooth function discussed in Sect.[5.2.1}
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26.70 + 0.05 d. Therefore, we compute the value of Pyyerage mini-
mizing the standard deviation o of the residuals for a number of trial
periodicities equally distributed in P = 26.65 —26.75 d, i.e., within the
error bar given in Massi & Jaron| (2013). In the plot, the minimum o
shows a plateau with center at 26.704 d and a half width of 0.04 d, that
define therefore our improved value for Payerage and its error.

The residuals in Fig. [5.2] Bottom have o = 1.60d, even slightly
better than the “residuals of the residuals” with o = 1.87d shown in
Fig. [5.1]b, obtained by the complex removal of the sawtooth function
from the residuals in Fig.[5.T]a.

5.2.3 Determination of the periodical reset

Figure [5.3| shows that the folding of the data with the orbital and pre-
cessional periods P; and P, results in one clustering in both cases,
whereas the folding with Pyyerage, Which is simply their average and
therefore one might expect an intermediate clustering, results in a dou-
ble clustering. In particular, all data before the minimum of the long-
term modulation Py, (black in Fig. @ cluster at one phase, and all
points after the minimum (green) cluster at the other phase. This is
what a beat of Py and P; predicts: At the minimum of Pjo,g the func-
tion in P; has arrived at a delay with respect to the function in P; equal
to P /2, then one cycle later it preceeds the function in P; instead of
lagging behind it as before the minimum. This gives rise to a jump in
the function in Payerage, being f(Payerage) always between f(P1) and
f(P2) (Massi & Jaron|2013).

From our tests we find that the phase ®gybyurst changes during every
minimum of the long-term modulation such that

0.7 for K even,

0.2 for K odd. (5.3)

q)outburst = {

Here, the integer number K counts the long-term modulation cycles for
t > 49174MJD

t — 49174 MJD
K — int (A) , (5.6)
Plong
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where 49174 MJD = (50841 — 1667) MJD is coincident with the time
of the phase jump related to the GBI data (Massi & Jaron|2013).

For the purpose of illustrating the predicted times of outburst we
use the function

1 1 2 "
flry=A [5 + 3 cos (% (t—19) — 2n(1)outburst>} , (5.7)

where A is a scaling factor which we set to 150 mJy to roughly match
the average amplitude of the outbursts, P is the periodicity of the out-
bursts, typ = 43366.275 MJD as usual, @gypurs 1S the phase of the out-
bursts, and 7 is an exponent to sharpen the peaks; we chose n = 8. In
Fig.[5.4]two intervals of the GBI 8.3 GHz data are plotted together with
the predicted outbursts. The continuous curve is the prediction made
by Eq. with P = Pyyerage = 26.704 d and ®oyipursi computed ac-
cording to Eq. (5.5). The dashed curve is the result inserting P; and
Doutburst = 0.6. There are times when the prediction with the orbital
period P is quite accurate, as shown in Fig. [5.4]b, but in Fig. [5.4]a,
e.g., the deviations from the predictions are as large as several days.
The prediction with P = 26.704 d and setting ®@qyburst according to the
number K is in good agreement with the observations in both cases.



50 CHAPTER 5

5.3 Conclusions

The usual procedure used until now to predict the outburst occurrence
is based on the orbital period P; = 26.4960 + 0.0028 d. Recently,
Massi & Jaron| (2013)) determined that the periodicity of the radio out-
burst is Pyyerage = 26.70 4= 0.05 d. However, the direct use of Payerage
is not possible because of the phase jump during the minimum of the
long-term modulation. In this paper we determined a straightforward
way of calculating the phase term and therefore of predicting the radio
outbursts using Payerage. We obtained the following results:

1. We showed that the standard deviation of the timing residuals
becomes minimal and equal to oo = 1.6d for a periodicity of
Piverage = 26.704 £ 0.004 d when taking into account the phase
jump of 0.5 during the minimum of the long-term modulation.
This value of Pyyerage is our new improved estimation of the pe-
riodicity of the observed radio outbursts.

2. The quantity which resets the phase ®@qyuurse 1S the integer num-
ber of long-term cycles K as introduced in Eq. (5.6). The phase
Doueburst 18 either 0.2 or 0.7 depending on whether K is odd or
even, respectively, as described in Eq. (5.5).

3. We confirm the results of |Paredes et al.| (1990) that during the
minimum of the long-term modulation not only is the outburst
low, but it even becomes a broad curve without a definite peak.
We established that this occurs in the interval ® = 0.28 — 0.58.
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CHAPTER 5




Chapter 6

Discovery of a periodic
apastron GeV peak in LS I
+61°303

Credit: Jaron, F., & Massi, M., A&A, 572, A105, 2014, reproduced
with permission © ESO.

Abstract

The aim of this paper is to analyse the previously discovered discon-
tinuity of the periodicity of the GeV y-ray emission of the radio-loud
X-ray binary LS I +61°303 and to determine its physical origin. We
used wavelet analysis to explore the temporal development of periodic
signals. The wavelet analysis was first applied to the whole data set of
available Fermi-LLAT data and then to the two subsets of orbital phase
intervals ® = 0.0 — 0.5 and ® = 0.5 — 1.0. We also performed
a Lomb-Scargle timing analysis. We investigated the similarities be-
tween GeV y-ray emission and radio emission by comparing the folded
curves of the Fermi-LAT data and the Green Bank Interferometer ra-
dio data. During the epochs when the timing analysis fails to determine
the orbital periodicity, the periodicity is present in the two orbital phase
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intervals @ = 0.0 — 0.5 and ¢ = 0.5 — 1.0. That is, there are two peri-
odical signals, one towards periastron (i.e., ® = 0.0 — 0.5) and another
one towards apoastron (O = 0.5 — 1.0). The apoastron peak seems
to be affected by the same orbital shift as the radio outbursts and, in
addition, reveals the same two periods P; and P, that are present in
the radio data. The y-ray emission of the apoastron peak normally just
broadens the emission of the peak around periastron. Only when it
appears at ® ~ 0.8 — 1.0, because of the orbital shift, it is enough de-
tached from the first peak to become recognisable as a second orbital
peak, which is the reason why the timing analysis fails. Two y-ray
peaks along the orbit are predicted by the two-peak accretion model
for an eccentric orbit, that was proposed by several authors for LS 1
+61°303.

6.1 Introduction

The system LS I +61°303 with an orbital period P; = 26.4960 +
0.0028 days (Gregory|2002)) consists of a compact object and a massive
star with an optical spectrum typical for a rapidly rotating BO V star
(Casares et al.|[2005 |(Grundstrom et al.[|2007]).

In 2009 the first detection of orbital periodicity in high-energy
gamma rays (20 MeV-100 GeV) was reported by using the Large Area
Telescope (LAT) from the Fermi Gamma-Ray Space Telescope space-
craft (Abdo et al.[2009a). Longer monitoring has shown (Hadasch et al.
2012;/Ackermann et al.|2013)) that indeed the system shows a clear pe-
riodical outburst towards periastron (®periason = 0.23, (Casares et al.
2005) at some epochs, but that this periodicity is not always present.
This is different from the behaviour of the system in the radio band
where not only periodical outbursts occur at each orbit, even if mod-
ulated with a long-term period (Piong = 1667 + 8 d, |Gregory [2002),
but they also occur towards apoastron and not towards periastron as in
the GeV energy band (e.g., see Fig. 2 ¢ in|Massi & Kautman Bernadd
2009).

Along with this different behaviour between high and low energy
there is a puzzling overlap. /Ackermann et al.|(2013) noticed that GeV
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data also show the long-term periodical variation affecting the radio
data, but only at a specific orbital phase interval, ® = 0.5 — 1.0, that is
around apoastron.

The aim of this paper is to investigate the discontinuity in the pe-
riodicity of the GeV vy-ray emission at periastron, the relationship of
its disappearance with the variation of the emission in other parts of
the orbit, and finally the possible relationship between GeV and ra-
dio emission. Section [6.2]describes our data analysis. In Sect. [6.3] we
present our results and in Sect. [6.4] our conclusions.

6.2 Data analysis

In this section we present the data reduction of Fermi-LAT data per-
formed with three packages: the Fermi science tools package (version
vor3 3p0ﬂ the wavelet analysisﬂ and the software Starlinkﬂ

The y-ray data used in this analysis span the time period
MJD 54683 (August 05, 2008) to MJD 56838 (June 30, 2014). We
used the script like_Ilc.pl by Robin CorbetE] Only source-event-class
photons were selected for the analysis. Photons with a zenith an-
gle greater than 100° were excluded to reduce contamination from
the Earth’s limb. For the diffuse emission we used the model
gll_iem_v05_revl.fit and the template iso_source_v05_revl.txt. We
used the instrument response function (IRF) P7REP/background_revl,
and the model file was generated from the 2FGL catalogue (Nolan et al.
2012), all sources within 10° of LS I +61°303 were included in the
model. LS I +61°303 was fitted with a log-parabola spectral shape
and with all parameters left free for the fit, performing an unbinned
maximum likelihood analysis. The other sources were fixed to their
catalogue values. We produced light curves with a time bin size of one
day and of five days. For all light curves we used an energy range of
100 MeV to 300 GeV.

'http://fermi.gsfc.nasa.gov/ssc/data/analysis/software/
Zhttp://atoc.colorado.edu/research/wavelets/
Shttp://www.starlink.rl.ac.uk/
“http://fermi.gsfc.nasa.gov/ssc/data/analysis/user/


http://fermi.gsfc.nasa.gov/ssc/data/analysis/software/
http://atoc.colorado.edu/research/wavelets/
http://www.starlink.rl.ac.uk/
http://fermi.gsfc.nasa.gov/ssc/data/analysis/user/
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Figure 6.1: Folded light curve (blue) of Fig. 8 by |[Hadasch et al.|(2012).
This covers the first 8 months of Fermi-LAT observations. As comparison we
give our folded data (black) from the same time interval. This time interval
corresponds to ® = 6.79 — 6.92.

The data were folded with the orbital phase defined as

t— [ t— 1
®=—2"_int 9], 6.1)
Py Py

where 1y = 43366.275 MJD and Py = 26.4960+0.0028 d is the orbital
period of the binary system (Gregory|[2002).

We investigated the temporal evolution of the orbital periodicity by
means of a wavelet analysis with Morlet function (Torrence & Compo
1998). The wavelet analysis decomposes the one-dimensional time
series into a two-dimensional time-frequency space and displays the
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Figure 6.2: Wavelet analysis of Fermi-LAT data. The strength of periodicity
is colour coded as indicated in the bottom bar. First row: Fermi-LAT data
with a time bin of 5 d (black) are overplotted on Fermi-LLAT data with a time
bin of 1 d (red). The black line marks the point of flux change reported by
Hadasch et al.| (2012) which is also visible in our light curve. Second row:
Wavelet analysis for the whole data set, that is for the whole orbital interval
0.0 — 1.0 (b—d use a time bin of one day). Third row: Wavelet analysis for
half the data set, that is for the orbital interval ® = 0.5 — 1.0, i.e., around
apoastron. Fourth row: Wavelet for half the data set, that is for the orbital
interval ® = 0.0 — 0.5, i.e., around periastron.
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power spectrum in a two-dimensional colour-plot that shows how the
Fourier periods vary in time (Torrence & Compo||[1998)). While the
wavelet analysis was applied to the y-ray data vs time, for a straight-
forward comparison with radio data, we express the x-axis as

_t—t()

0= .
Plong

(6.2)

This allows a comparison with non-simultaneous radio data because
the radio data are periodical in ®. We will therefore compare gamma-
ray data to radio data having the same fractional part of ®. For the
Lomb-Scargle timing analysis (Lomb|[1976} Scargle||1982), we used
the program PERIOD, which is part of the UK software Starlink. The
version we used was 5.0-2 for UNIX. The wavelet analysis assumes
regularly sampled data. We therefore set the data for the wavelet analy-
sis to zero for missing flux. For the Lomb-Scargle analysis this was
not necessary. As discussed in Sect. 3, the Lomb-Scargle analysis con-
firms and accurately determins the periodicities found with the wavelet
analysis. In the Lomb-Scargle and wavelet analysis, significance levels
for the spectra were determined with the Fisher randomisation, as out-
lined in Linnell Nemec & Nemec|(1985)), and with Monte Carlo simu-
lations, as in Torrence & Compo|(1998)). The fundamental assumption
is: if there is no periodic signal in the time series data, then the mea-
sured values are independent of their observation times and are likely
to have occurred on any other order. One thousand randomized time-
series were formed and the periodograms calculated. The proportion
of permutations that give a peak power higher than that of the original
time series would then provide an estimate of p, the probability that
for a given frequency window there is no periodic component present
in the data with this period. A derived period is defined as significant
for p < 0.01, and a marginally significant period for 0.01 < p < 0.10
(Linnell Nemec & Nemec|[1985)).
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6.3 Results

In this section we discuss our wavelet and Lomb-Scargle results for
the gamma-ray data and compare them with previously published re-
sults (Hadasch et al.|[2012}; |Ackermann et al.|2013)). Then we compare
gamma-ray data with radio data.

6.3.1 Wavelet and Lomb-Scargle analysis

As a general check of our data reduction we verified the consistency of
the folded curve of our data with the folded curve of [Hadasch et al.
(2012). For this purpose we selected the same time interval as in
Hadasch et al.| (2012)), that is 54683-54900 MJD (® = 6.79 — 6.92),
covering the first eight months of Fermi-LAT observations. Figure [6.1]
presents the result by Hadasch et al.| (2012)) and our results. We see how
these independently calibrated data sets, which used different versions
of the software, of the instrumental response funtion, etc., produce the
same result: There is a main peak at orbital phase ® ~ 0.35.

We compare the light curve and wavelet results with previous re-
sults. The whole interval of the Fermi-LAT data used in our analysis is
presented in Fig.[6.2]a. The point of flux change reported by [Hadasch
et al.| (2012) is also visible in our light curve. Figure [6.2]b shows the
wavelet analysis results for the whole data set. The orbital period-
icity shows a minimum around ® ~ 7.25. This agrees with the peri-
odograms of Fig. 7 in|Hadasch et al.|(2012)), where the orbital periodic-
ity is already almost absent for MJD 55044-55225 (® = 7.00 — 7.11)
and is completely absent at MJD 55405-55586 (@ = 7.22 — 7.33).
The panels of Fig. 4 in |/Ackermann et al.| (2013) show the decline in
the orbital flux modulation in the interval MJD 55191-55698 (®@ =
7.1 —7.5). Our Figs. [6.2]a and [6.2]b therefore confirm the orbital
modulation that peaks around periastron, the point of flux change at
® ~ 6.95, and the lack of orbital flux modulation at ® ~ 7.25 pre-
viously discovered and discussed in |[Hadasch et al.|(2012) and |Acker-
mann et al.|(2013).

Now we examine the new results obtained when the wavelet analy-
sis is performed separately for emission around periastron, ® = 0.0 —
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0.5, and emission around apoastron, ® = 0.5 — 1.0. By comparing
Fig.[6.2]d with Fig.[6.2]c it is clear that the orbital periodicity is not a
characteristic of periastron emission alone, it is also present at apoas-
tron, at least at some ©@s. At ® ~ 7.2 where the wavelet analysis for
the whole data set (Fig.[6.2]b) shows the minimum power for the orbital
periodicity, a maximum is present in Fig.[6.2]c. Orbital flux modulation
is present from @ ~ 6.95 to ® ~ 7.40, and at ® ~ 7.95 the periodicity
is strong again, indicating a repetition consistent with the long-term
period Pjong. This confirms the discovery of |Ackermann et al.| (2013)
that in the orbital phase interval ® = 0.5 — 1.0 the y-ray flux shows
periodical variation with a period equal to the long-term modulation
affecting the radio outburst. In addition, our wavelet analysis shows
that the emission at apoastron, affected by the long-term modulation,
is orbitally modulated.

We checked the presence of the orbital and long-term periodici-
ties that were indicated by the wavelet analysis with the Lomb-Scargle
timing analysis of the data from ® = 0.5 — 1.0. First of all, the peri-
odogram of the subset ® = 0.5 — 1.0, shown in Fig. [6.3|d, presents a
periodicitiy at 1705 4+ 355 days, confirming the result of |[Ackermann
et al.| (2013) of a long-term modulation of emission around apoas-
tron. Moreover, the periodogram shows a feature at the orbital pe-
riod P, confirming the results of the wavelet analysis, and this feature
seems to have a complex profile. The zoomed version is presented in
Fig.[6.3]e. Figure [6.3]f shows the periodogram for data integrated over
five days. There is one peak at P; = 26.48 + 0.08 d and another one at
P; = 26.99 + 0.08d. When we consider the whole data set, which is
the longest time interval of Fermi-LAT data analysed so far, Py and
P, are significant in the randomisations tests (i.e., the probability p that
there is no periodic component present in the data with these periods
is for both periods p < 0.01), even if they are rather weak features in
the periodograms of Fig.[6.3]a, b, and c. For the emission around peri-
astron, Figures[6.3|g, h, and i show the Lomb-Scargle periodograms of
® = 0.0 — 0.5. Here the only outstanding feature is Pj.
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Figure 6.3: Lomb-Scargle periodogram of the Fermi-LAT data (with a time
bin of one day). (a) Full data set: data in the orbital phase ® = 0.0 — 1.0.
(b) Zoom of Fig. [6.3]a. (c) Same as Fig. [6.3]b for data with a time bin of
5 days. The false alarm probability (p) resulting from randomisation tests is
indicated. A period is defined as significant for p < 1%, and as marginally
significant for 1% < p < 10% (Sect. 2). (d) Half the data set: data in the
orbital phase @ = 0.5 — 1.0. The periods P, and Pj,ng here present are typical
periodicities in radio data (Massi & Jaron|2013). (e) Zoom of Fig.[6.3]d. (f)
Same as Fig.[6.3]e for data with a time bin of 5 d. (g) Half the data set: data in
the orbital phase ® = 0.0 — 0.5. (h) Zoom of Fig.[6.3]g. (i) Same as Fig.[6.3]h
for data with a time bin of 5 d.
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6.3.2 Orbital shift

Why does the timing analysis reveal a lack of orbital modulation
around ® ~ 7.2 with a peak at periastron passage when the period-
icity is still present, as shown in Fig.[6.2]d for data at ® = 0.0 — 0.5?
And why does the orbital modulation of GeV emission towards apoas-
tron get stronger in that ®-interval (Fig. [6.2]c)? Clearly, the second
question is the answer to the first. Two peaks along the orbit disturb
the timing analysis. The curves shown in Fig. [6.4]a, b, and c refer to
the three consecutive ®-intervals around the minimum of Fig. [6.2]b,
that is around the peak of Fig.[6.2]c: ® = 7.12 — 7.22 (MJD 55235-
55402), @ = 7.22 — 7.32 (MJD 55402-55569), and ® = 7.32 — 7.42
(MJD 55569-55743). In addition to the peak at periastron Fig. [6.4]a
and Fig.[6.4]b show a second peak in the interval ® = 0.8 — 1.0.

The real question therefore is why periodical emission towards
apoastron is detected only at ® ~ 7.2. The important information
from the Lomb-Scargle analysis is that there are two periods, P; and
P, as is for radio data (Massi & Jaron|[2013]). We therefore examined
the trend of radio data in that particular ®@-interval. Figure 4 d shows
the GBI data at 8 GHz at ® = 4.23 — 4.40. The curve shows indeed
a peak at ® ~ 0.9 consistent with the second peak in the GeV data
in the interval ® = 0.8 — 1.0 (Fig. a-b). Figure 4 d also shows
data at ©® = 3.79 — 3.92, as the GeV data of our Fig.[6.1] In this case,
the radio data show a peak at ® ~ 0.65 consistent with the bump of
emission at ® &~ 0.65 in the gamma-ray data of Fig. This is the
well-known phenomenon of the orbital shift of the radio outburst in
LS I +61°303: The largest outbursts occur at orbital phase 0.6, after-
wards, with the long-term periodicity, the orbital phase of the peak of
the outburst changes, as analysed by [Paredes et al.| (1990) in terms of
orbital phase shift, by |Gregory et al.|(1999) in terms of timing resid-
uals, and reproduced recently by the precessing jet model in Massi &
Torricelli-Ciamponi! (2014 their Fig. 4 b).

The second y-ray peak, clearly associated with the radio outburst in
terms of timing analysis, therefore also follows the same orbital shift.
The second peak is therefore only detected at ® ~ 7.2, although the pe-
riodicity is indeed always present, because in that ®@-interval the peak
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is detached enough from the first y-ray peak to be discernable in the
timing analysis.

6.4 Discussion and conclusion

The first eight months of the Fermi-LAT observations (® = 6.79 —
6.93) analysed by Hadasch et al.| (2012) indicate a peak of GeV y-ray
emission close to periastron. This clear orbital modulation of the GeV
gamma-ray emission is lost at some time interval (Hadasch et al.|2012;
Ackermann et al.|2013). The aim of this paper was to investigate the
origin of this disappearance. Our results are the following:

1. In the interval ® ~ 7.2 (Fig. [6.2]b) where the timing analy-
sis fails to find the orbital periodicity in GeV y-ray emission,
there are two periodical signals, one in the orbital phase interval
® = 0.0 — 0.5 (Fig.[6.2]d), that is towards periastron, the other
in the interval ® = 0.5 — 1.0 (Fig.[6.2]c), that is towards apoas-
tron. This result of two GeV peaks along the orbit corroborates
the two-peak accretion model for LS I +61°303. The hypoth-
esis that a compact object that accretes material along an ec-
centric orbit undergoes two accretion peaks along the orbit was
suggested and developed by several authors for the system LS
I +61°303 (Taylor et al|[1992} [Marti & Paredes||1995} [Bosch-
Ramon et al.|2006; |[Romero et al.[2007). The first accretion peak
is predicted to occur close to the Be star and to give rise to a ma-
jor high-energy outburst. The second accretion peak is predicted
to occur much farther away from the Be star, where the radio
outburst occurs, and a minor high-energy outburst is predicted
there (Bosch-Ramon et al.[2006). The predicted periastron event
corresponds well to the observed GeV peak towards periastron,
the second predicted high-energy outburst, corresponds well to
the here discussed apoastron peak.

2. The Lomb-Scargle analysis of emission around apoastron
(Fig. d, e, f) revealed the same three periodicities Py, =
26.48+0.08d, Py, = 26.99+0.08d, and Piong, = 1705+335d
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Figure 6.4: Apoastron peak. Fermi-LAT gamma-ray data folded with the
orbital periodicity P; = 26.4960 d for three consecutive @-intervals. (a) ® =
7.12 —7.22 (MID 55235-55402); (b) ® = 7.22 — 7.32 (MJD 55402-55569);
(c) ® = 7.32 — 7.42 (MJD 55569-55740); there is a second peak at ® =
0.8 — 1.0, i.e., around apoastron. (d) GBI radio data at 8 GHz folded with
orbital period P; = 26.4960d. The two ®-intervals are those considered in
Fig.[6.Tand in this figure for Fermi-LAT data. The orbital phase of the peak
of the two radio curves agrees well with those of the second peak in GeV
curves.
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that affect the radio emission: P, = 26.4960 £+ 0.0028d,
Piong,,,, = 1667 + 8d (Gregory [2002), and P, = 26.92 +
0.07 d (Massi1 & Jaron|2013)).

radio

This second result confirms the previous result of P; in GeV
emission around apoastron, and in addition reveals P, only re-
cently discovered in the radio emission by the timing analysis
of 6.7 years of Green Bank Radio Interferometer (GBI) obser-
vations at the two frequencies of 2.2 GHz and 8.3 GHz (Massi
& Jaron|2013). The radio data base of GBI and the data base
of Fermi-LAT cover two quite different time intervals separated
by 8 yr (the last scan in the GBI database is June 2000, whereas
Fermi-Lat monitoring begins in August 2008). Moreover, the
two monitorings have a quite different sampling rate (GBI with
up to eight observations per day and large gaps, Fermi-LAT cov-
ers the whole sky over three hours, and we integrated over one
day). Nevertheless, the timing analysis gives the same three pe-
riodicities (compare our Figs. [6.3|d, e, f with Figs. 1 and 2b in
Massi & Jaron!|2013)).

Figures [6.3]g, h, and i reveal a quite different characteristic for
emission around periastron: the Lomb-Scargle analysis results
in only one outstanding feature at P; = 26.52 + 0.08 d. The
connection of Py with P; is evident from Figs. @ g and h: the
lack of P, (or reduction at noise level) is associated with a lack
of Piong (reduced at noise level). Simulations (Massi & Jaron
2013)) with Py and the long-term modulation cannot reproduce
the observed periodogram (i.e., P;), whereas simulations with
Py and P, directly produce the long-term modulation as their
beating frequency v; — v».

While P; is related to the periodical accretion peak towards
apoastron described above, the period P, is most likely related
to the precession of the radio jet of LS I +61°303, see the agree-
ment with the precessional period from VLBA astrometry, of
27-28 days (Massi et al.|[2012)). The hypothesis that a precess-
ing jet, with an approaching jet with large excursions in its po-
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sition angle, gives rise to appreciable Doppler boosting effects
(and therefore to changes of flux density that can be detected by
timing analysis) is supported by the morphology of images re-
ported by Massi et al.[(2004), Dhawan et al.| (2006), and [Massi
et al.| (2012)) that showed extended radio structures changing
from two-sided to one-sided morphologies at different position
angles. A physical model for LS I +61°303 of synchrotron emis-
sion from a precessing (P) jet, periodically (P;) refilled with
relativistic particles, has shown that the maximum of the long-
term modulation occurs when Py and P, are synchronized, that
is the jet electron density is at about its maximum and the ap-
proaching jet forms the smallest possible angle with the line of
sight. This coincidence of the highest number of emitting parti-
cles and the strongest Doppler boosting of their emission occurs
with the frequency of v; — v, and creates the long-term modu-
lation observed in LS I +61°303 (Massi & Torricelli-Ciamponi
2014).

. The folded curves of y-ray data show that the peak at apoastron

seems to be affected by the same orbital shift that affects the
radio outburst. When the radio outburst occurs at orbital phase
® ~ 0.65, the first main GeV peak at periastron shows a bump
at orbital phase ® ~ 0.65. When the radio outburst is shifted
towards orbital phase ® ~ 0.9, the apoastron peak appears at
the same orbital phases and is detached from the first main GeV
peak.

We conclude that there exists a GeV peak at apoastron with the

same timing characteristics and orbital shift as the radio emission. Be-
cause of the orbital shift, at some @-intervals this GeV peak is detached
enough from the periastron y-ray peak to become discernable as a sec-
ond peak, and then it influences the timing analysis. Future analyses
should investigate how the radio outburst and second GeV peak are
connected; constraints to these future analyses should result from a de-
tailed investigation of the evolution of the spectrum with orbital phase
to see the increase of some spectral features at various orbital phases.
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Chapter 7

Understanding the
periodicities in the radio and
GeV emission from LS 1

+61°303

This chapter is based on Jaron, Torricelli-Ciamponi, & Massi, sub-
mitted to A&A.

Abstract

Accretion theory along the eccentric orbit of LS I +61°303 predicts
two ejections: one major ejection at periastron and a second lower ejec-
tion towards apastron. Observations reveal that whereas gamma-ray
(GeV) emission around periastron is periodic with a period P; equal to
the orbital period, gamma-ray emission toward apastron is due to two
periodicities: P; and P,, where P; is associated with the jet precession.
The same two periodicities dominate the strong radio emission toward
apastron. Why are the two ejections producing emission with different
periodicities? Why is the periastron emission modulated by P; only?
We develop a physical model in which relativistic electrons are ejected
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twice along the orbit. The ejecta form a conical jet, precessing with
P;,. The jet radiates in the radio band due to synchrotron processes
and in the GeV energy band due to the external inverse Compton and
synchrotron self Compton effects. We compare the output fluxes of
our physical model with two available large archives: OVRO radio
and Fermi-LAT GeV observations overlapping for 5 years. The larger
ejection around periastron passage suffers strong energetic losses due
to inverse Compton scattering of stellar photons. The result is that
the more massive jet at periastron is shorter (9.6 - 106rg) and slower
(8 = 0.01) than that developped at apastron of lenght of 1.04 - 108rg
and 8 = 0.42. The Doppler factor being a function of the jet velocity,
the emission around periastron is little influenced by the small Doppler
boosting variations modulated with P,. At apastron the larger velocity
creates larger Doppler boosting variations and P, appears in the timing
analysis.

7.1 Introduction

In the binary system LS I +61°303 the compact object travels in an
eccentric orbit (Casares et al. 2005, e = 0.72 + 0.15) around a fast
rotating BO star (see sketch in Fig. [7.1I). The orbital period is P; =
26.4960 + 0.0028 days (Gregory|[2002) and periastron passage is at
orbital phase ® = 0.23 (Casares et al.|2005).

Radio images show an elongated structure with very rapid vari-
ations in position angle attributed to possible jet precession (Massi
2004). Radio astrometry indicates a periodicity, with a period P, in
the range 27-28 d (Massi et al.|[2012] see their Fig. 1 reproduced as
Fig.[d. 7| here). Precession is confirmed by timing analysis of radio data
revealing, along with the feature at P; = 26.496 + 0.013 d, a second
strong spectral feature at P, = 26.935 + 0.013 d, consistent with the
result from the astrometry. Periodic radio outbursts, always occuring
towards apastron passage, are modulated by a long-term period (Gre-
gory|2002) which corresponds to the beat of v = P% andv, = PLZ, with
—L_ = 1626+ 68 d (Massi & Jaron|2013; Massi & Torricelli-

Ppear = Vi—vs

Ciamponi 2014} Massi et al.[2015; |Massi & Torricelli-Ciamponi|2016).
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Figure 7.1: Top: Sketch of the stellar system LS I +61°303 with resulting
model at periastron (left) and apastron (right). The compact object orbits the
Be star in an eccentric orbit (e = 0.72, |Casares et al.[2005). The model is the
same as in Massi & Torricelli-Ciamponi| (2014). We assume two ejections of
relativistic electrons along the orbit, one at orbital phase @ = 0.3 (periastron)
and the other at ® = 0.6 (towards apastron). The position of the base of the jet
is at xp = 0.36 10'3cm, at both periastron and apastron. Length and velocity,
however, are different: L = 1.2 and 8 = 0.01 at periastron, and L = 13 and
B = 0.42 at apastron. (a) Lomb-Scargle periodogram for Fermi-LAT data
from the orbital phase interval ® = 0.0 — 0.5 (periastron). The orbital period
Py is clearly detected. (b) Lomb-Scargle periodogram of the model data from
the orbital phase interval ® = 0.0 — 0.5 (periastron). The orbital period P,
is the only peak, in agreement with the observations. (c) In the orbital phase
interval ® = 0.5 — 1.0 (apastron) there is a peak at the precession period P,
in addition to the orbital period P;. (d) The two peaks at P; and P, in the
apastron data are reproduced by the model.
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Gamma-ray emission in the GeV range (Fermi-LAT data) occurs
both towards periastron and apastron but only the emission towards
apastron is affected by the long-term modulation (Ackermann et al.
2013). Timing analysis of Fermi-LAT data confirms the results by
Ackermann et al,| (2013), finding both the two characteristic periods
of the beat, P, and P,, at apastron but only P; in the emission around
periastron (Jaron & Massi2014).

As shown in |Massi & Torricelli-Ciamponi| (2014)) the precession
of the jet periodically changes the angle i between jet axis and the
line of sight and therefore periodically changes the Doppler boosting
DB = f(n). That is, for an intrinsic flux S; we can approximate the
observed flux as So(Py,P2) = Si(P1)DB(P,). Each period, P and
P, appears in the timing analysis only when the related term (S;(P;)
or DB(P;)) is significant. Several authors have shown that in LS T
+61°303 two ejections are expected along the eccentric orbit (Taylor
et al.[[1992; Marti & Paredes||1995} [Bosch-Ramon et al.|2006; Romero
et al.|[2007) and this is consistent with finding P; in the signal both
around periastron and apastron (Jaron & Massi|2014). The |Bondi &
Hoyle| (1944)) accretion rate Moc‘vo—3 onto a compact object along the
eccentric orbit of LS I +61°303 results in fact in two accretion peaks,
one peak around periastron, where the density p has its maximum, and
a second accretion peak towards apastron, where the lower relative ve-
locity v between the accretor and the Be star wind compensates for
the lower density (Taylor et al.[|{1992; Marti1 & Paredes| 1995; Bosch-
Ramon et al.|[2006; [Romero et al.|[2007). The relativistic electrons
ejected around periastron, embedded in the strong ultra violet photon
field of the BO star, suffer severe inverse Compton losses and are not
able to emit synchrotron radiation detectable in the radio band; i.e., a
large y-ray outburst is predicted due to the IC upscattered UV photons
and no or a reduced radio outburst (Bosch-Ramon et al.|[2006). At the
second ejection, because of the larger displacement from the BO star
the electrons suffer lower IC losses and produce the observed radio
outburst and a y-ray outburst (Bosch-Ramon et al.|2006).

Therefore, one expects radio emission at apastron and gamma-
ray emission at both periastron and apastron as indeed is observed
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(Fig.[7.6). However, why is the precession, P,, appearing only at apas-
tron? The aim of this analysis is to investigate the physical origin for
the finding that the y-ray emission around apastron is affected by the
precession period P, while that around periastron is not. In Sect.
we present a physical model for the emission from LS I +61°303.
The calibration and reduction of the observational data are presented
in Sect. In Sect. the computed emission from the model, for
synchrotron and IC radiation is compared with observations made with
the Owens Valley Radio Observatory (OVRO) and the Fermi-LAT. We
present our conclusions in Sect.[7.5]

7.2 Methods

In the following we develop a physical model of a precessing (P»)
jet periodically (P;) refilled with relativistic electrons in two different
parts of the orbit (Sect 2.1). The synchrotron emission of such a jet is
calculated as in |[Massi & Torricelli-Ciamponi| (2014). In addition we
calculate here inverse Compton (IC) radiation. Seed photons are stellar
photons (External inverse Compton, EIC) (Sect 2.2) and the photons
emitted by synchrotron radiation (synchron self Compton, SSC), i.e.,
jet photons (Sect. 2.3). The total IC emission from the model is calcu-
lated (Sect. 2.4). Electron energy losses are taken into account and the
length of the jet is determined (in Sect. 2.5).

7.2.1 Relativistic electron distribution

For the eccentric orbit of LS I +61°303 accretion theory predicts two
maxima (Taylor et al.|1992; |[Marti & Paredes|1995; Bosch-Ramon et al.
2006; Romero et al.[2007). One maximum is around periastron and the
second is toward apastron. We will indicate the two relativistic electron
distributions as Ny (periastron) and Ny (towards apastron).

Some quantities of this section are functions of the orbital phase
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®@, or of the long-term modulation ®, defined as

t— 1 r— 1

o = 0 _int 0], (7.1)
Py Py
t—1 . t—1

® = — int , (7.2)
Pbeat <Pbeat>

where 7y = 43366.275 MJD and int(x) takes the integer part of x.
In Massi & Torricelli-Ciamponil (2014), the radio emission was
reproduced with a relativistic electron distribution N ejected around

.. electrons
apastron expressed in < 0 3

Ng = KE_pZKQ((I))l_a3E_p
(]
—KO(Z 3 Im8y™" = Kn(®)I"“y™P, (7.3)
(mc?)=p

with az = 2(2 + p)/3 as in Kaiser| (2006).
In the present work we add to the above electron distribution an-
other component with a maximum around periastron

N = Ki(®)I" %y ™7, (7.4)

where p is the same as in (7.3)), i.e., the same quantity used for the radio
wavelength component. This new electron component is injected and
expands in the same jet-like magnetic structure defined by the model
of Massi & Torricelli-Ciamponi| (2014).

We assume that the accelerated electrons powered by accretion are
injected both at periastron and apastron in a similar way and that the
initial (i.e., at time ¢ = f,;, in [ = 1) electron energy range is the same
for the two distributions,

Y1 < Y(tmin) < y2. (7.5)

However, as we will see in Sect. 2.5, the value of y evolves in a differ-
ent way at periastron than at apastron owing to the different weight of
radiative losses.



75

1) [103electrons/cm?]

N(l=

LR R Ll Ll il ) L) R L L] Ll bl L L S L L L |

apastron
periastron
Ym for 15 GHz =—— —

logly(l, v2)]

0.5 bbuubuubiubindidibibididid oot
0.8.2.62.2.8.2.6¢4.4.8.8.6%5.6.8.2.63.8.8.9.610.4.8.2.622.2.8.2.614.4.8.2

Figure 7.2: (a) Orbital modulation of the electron density assumed in the
model. The two ejections are given one at @ = 0.3 (periastron) and the other
at ® = 0.6. (b) Lorentz factor vy of the electrons as a function of the position [
along the jet, for periastron and apastron separately. The black curve is a plot
of the minimum y (Eq. [7.23)) necessary for the production of radio emission
at 15 GHz for a magnetic field of B = 2.8 Gauss. The intersection point
of the black curve with the red and blue lines defines the length of the jet at
periastron and that of the jet towards apastron, respectively.
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7.2.2 Stellar seed photons

In order to take into account IC scattering of BO star photons by rel-
ativistic electrons in the jet, it is necessary to compute the distance
between the central BO star and the generic distance, xo/, along the jet
anchored to the orbiting compact object. With ¢ being the opening an-
gle of the precession cone, under the assumption that the jet precession
axis is perpendicular to the orbital plane, we can compute

d; = xplcosy, (7.6)
dplane = \/r(CI))2 + (xolsiny)? — 2r(xoplsinyg) cos Q,  (7.7)

diet—suar (1, ®,0) = JdZ  +d7, (7.8)

where Q (as in|Massi & Torricelli-Ciamponi|2014)) introduces the long-
term modulation phase dependence and r(®) is the distance from the
Be star to the point of the orbit corresponding to phase ®@. A sketch of
the geometry is shown in Fig.

Assuming for the star a blackbody emission with temperature 7',
the photon density at the position xp/, along the jet is

4nB,(T,) nR2
ch?>v  4nd>

jet—star

Pstar (1, @) = [photons cm Jerg ™! ] (7.9)

It is evident that this density value can be affected by the different po-
sition along the orbit of the compact object (and hence of its associated
jet) only if the values of r(®) and x( are comparable. Given that the
ellipse’s semi-major axis is a ~ 8.4R, (Casares et al.|2005), the or-
bital periodicity in the IC reprocessing of stellar photons will show up
only if relativistic electrons are present at distances from the orbital
plane ~ a, which in our case implies distances ~ 4 10'> cm. This
fact implies that the jet scale dimensions, xp, must be of this order of
magnitude or even smaller.
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7.2.3 Jet seed photons
The jet photon density, due to synchrotron emission inside the jet, can
be computed as a function of the distance / along the jet axis,

4rl, (1)
Pjer(l) = oy

In this expression I, is the locally produced synchrotron emission in
the optically thin limit

[photons cm ™ ergfl] . (7.10)

I(l) = f]vxodl, (7.11)
and the notation is the same as in|Massi1 & Torricelli-Ciamponi| (2014)).

7.2.4 IC emission

In order to compare our theoretical model for GeV emission to avail-
able data we derive the quantity

3GeV
1 Eic counts
Fol_3Gev = —— Ziey [ ] 7.12
0136V = 42 f e ¢ lem?sec (7.12)
0.1GeV

where € = hv is the photon energy, and Ejc is the total scattered power
per energy (in units of ergsec™!erg™!), which can be computed fol-
lowing [Rybicki & Lightman| (1986):

M
ADi € oy €
tie= Y [ 22 [ Sote) [ v (55 ) avtesan. 13
Ly Y

4y2es

where the overall emission is composed of the sum of two different
contributions: SSC from jet photons (i = 1, pi(es) = pjer) and EIC
from star photons (i = 2, pa(€s) = pstar). In the above expression
es = hvs is the seed photon energy, V is the volume over which to
integrate the IC emission, i.e., the jet and other quantities are defined
as follows:

€ 2 € €
=Z(1- f 0< <1, (7.14
! (472€s> 3 < 43’2€s> o 4y2es (719
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and zero otherwise,

D, = Kix DB[(ﬁO + Ky % DBi(ﬁH) (7.15)
3
= ZCO'T, (7.16)

with the Thompson cross-section . The Doppler boosting term is

1 ex;
1

N

with 8 = v/c, v the electron velocity component along the jet axis and
the possibility for a different injection velocity for each distribution is
allowed, i.e., 8 = By for periastron distribution and 8 = By for apastron
distribution. 7 is the angle between observer’s line of sight and the jet
axis (see Massi & Torricelli-Ciamponi| 2014, for details). The Doppler
boosting exponent ex; for IC radiation produced by stellar seed photons
is different from that for synchrotron jet photons, in particular we have
ex; = 4 (see, e.g., Potter & Cotter||2012) and ex; = 2 + p (Kaufman
Bernad¢ et al.[2002).

The integral over the seed spectrum, i.e., on €, is extended to all
seed photons which can contribute to GeV emission. Since the function

r =

f <ﬁ) is different from zero only in the interval [0, 1], this condition
shows that, given an electron distribution in a specific y range, and a
seed photon of energy es, IC emission is different from zero only for
energies, €, such that 0 < € < 4’}/263.

The integration interval in dy depends on the distance [ along the jet
axis since electrons lose energy while proceeding along the jet. There-
fore, the integration range is yy (I = 1) = yp and y,,(I = 1) = y; at
the jet beginning, while for a generic distance we have

ym(l) =y(Ly2)  ym(l) =y(Ly1)

where these function are specified by Eq. in the next section.
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7.2.5 Accelerated electron survival

As outlined in various parts of this section, relativistic electrons will
lose energy with time, i.e., on their way along the jet, owing to different
types of losses and hence their y values decrease. From expression (26)
in Kaiser (2006) we can investigate how y evolves along the jet when
affected by adiabatic, synchrotron and IC losses.

We examine electrons starting at time fmin = xo/(I)8c) at the jet
basis, xp, (all notations are as in Kaiser|[2006) and arriving at time
t = xol/(TBc) at the distance lxy along the jet axis. For the case of
our model we have a; = 1, a = 2, and with W = 407/(3m,c) =
3.2 1078, it is possible to compute the value y(/) at a certain distance
along the jet axis when the initial value in / = 1 was y(#min)-

Using |[Kaiser| (2006))’s expression in a more general way, which
includes internal and external IC losses, SSC and EIC respectively, we
obtain for a generic initial value of y(tyin) = &

g172/3
L+ W g {51123 [Up + Ujer + Usar] 1}

y(lg) = (7.18)

In the above expression the energy densities are due to different types
of losses. The term

Up(l) = 217 [ergem ] (7.19)
Vs
takes into account synchrotron losses, while the two terms

4
U(l®) = = ledv [ergem ™3], (7.20)

B,(T.) nR2

2
¢ d[jet—star]

Ustar (1, ©,0) = J dv[ergem™] (7.21)

take into account electron losses due to interactions with synchrotron
jet photons and star photons, SSC and EIC respectively.

Following Eq. each initial value of the Lorentz factor, g, de-
creases along the jet, causing the initial distribution to shift to lower
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energies. In particular, choosing y(fmin) = g = vy2, we can deter-
mine how the upper limit of the distribution evolves along the jet, i.e.,
yum(l) = y(I,2). Its profile is shown in Fig.[7.2]b, for two specific or-
bital positions, i.e., around periastron (O = 0.2) and around apoastron
(® = 0.69).

Synchrotron emission is centered on a peak spectral frequency
(Ginzburg & Syrovatskiil1965)

v = 1.8 10%?B. (7.22)

Hence, for B = Byl~? and with a magnetic field value at the jet basis
of By = 2.8 G, as results from our present model, the jet emitted radio
frequency can be present at v = 15 GHz (OVRO observations) only if
the electron distribution extends up to

vI? 1/2
> ||—— ~ 571, 7.23
)= | e .29
Condition (7.23) is drawn as a black line in Fig. its intersection
with the red line describing the vy decrease induced by losses at peri-
astron defines the jet length (L ~ 1.2). At apastron it is evident that
the jet length (L ~ 13), and hence the radio emission, is not limited by
radiative losses.

7.3 Observations and data reduction

We compare the model output data to observational data at radio and
GeV wavelengths. The databases that we use for that purpose are
the OVRO monitoring at 15 GHz ranging from MJD 54684 until
MIJD 56794 (08/06/2008 until 05/17/2014), and GeV +y-ray data from
the Fermi-LAT in the energy range 0.1-3.0 GeV from MJD 54682 until
MJD 57450 (08/04/2008 until 03/03/2016).

The calibration of radio OVRO data is described in [Massi et al.
(2015).

For the analysis of Fermi-LAT data we used version v10rOp5
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of the Fermi ScienceToold!] We used the instrument re-
sponse function PSR2_SOURCE_V6 and the corresponding model
¢gll_iem_vO06.fits for the Galactic diffuse emission and the template
iso_P8R2_SOURCE_V6_v06.txt. Model files were created automat-
ically with the script make3FGLxml.pyE] from the third Fermi-LAT
source catalog (Acero et al.|2015). The spectral shape of LS I +61°303
in the GeV regime is a power law with an exponential cut-off at 4—
6 GeV (Abdo et al.|[2009a; Hadasch et al.|2012)). Here we restrict our
analysis to the power law part of the GeV emission by fitting the source
with

dn < E >“+ﬁ log(E/Ep) [ counts ]

g = 7.24
" Eq (7.24)

cm?sec dE
with all parameters left free for the fit, and including data in the energy
range E = 0.1—3 GeV. All other sources within a radius of 10° and the
Galactic diffuse emission were left free for the fit. All sources between
10 — 15° were fixed to their catalog values. The light curves were
computed by performing this fit for every time bin of width one day for
Fermi-LAT data from 2008 August 8§ (MJD 54684) till 2016 March 3
(MJD 57450). The average test statistic for LS 1 +61°303 was 40,
which corresponds to a detection of the source at the 6.30 level on
average in each time bin.

The search for periodicities in the light curves is carried out with
the UK Starlink package, implementing the Lomb-Scargle algorithm
(Lomb|[1976} Scargle|[1982). The procedure is the same as outlined in
Massi & Jaron| (2013).

7.3.1 Consistency with previous results

Jaron & Massi| (2014) found that the GeV data from LS T +61°303
observed by the Fermi-LAT are modulated by P and P in the orbital
phase interval ® = 0.5—1.0 (apastron), but by only P; in ® = 0.0—0.5
(periastron) (see their Fig. 3). Their analysis was performed with

'available from  http://fermi.gsfc.nasa.gov/ssc/data/analysis/
software/
“available from http://fermi.gsfc.nasa.gov/ssc/data/analysis/user/
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Figure 7.3: Timing analysis of Pass 8 Fermi-LAT data, energy range 0.1—
3.0GeV. (a, b) Time interval MJD 54683-56838 (same epoch as used in[Jaron|

2014 representing Pass 7 data for the energy range 0.1-300 GeV).
The result of the timing analysis is confirmed (compare Fig. 3 in [Jaron &

Massi|[2014): (a) periastron, only P;, (b) apastron, P, and P». (c, d) Time
interval 54683-57450: (c) periastron, only P, (d) apastron, Py and P,, but
with less power than in (b).
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the Pass 7 Fermi-LAT data, using the energy range 0.1 — 300 GeV,
and for the time interval MJD 54683-56838. In the work presented
here we use Pass 8 Fermi-LAT data and restrict the energy range to
0.1 — 3.0GeV. It is therefore important to verify how the data pro-
cessed with the new method compare to the previous data. We apply
the timing analysis to the data processed with the new method as in
Jaron & Massi|(2014)). The result is shown in the top panel of Fig.
Since we use a time bin of 1 day for the likelihood analysis, Figs 3 e
and h in|[Jaron & Massi| (2014) are the figures to use for comparison.
Clearly the result of Jaron & Massi| (2014) is confirmed here, i.e., in
Fig.[7.3|a the only significant feature is a peak at the orbital period P;,
whereas in Fig. [7.3]b there is not only a peak at P; but also a highly
significant one at P,. This result shows that the timing characteristics
reported by Jaron & Massi (2014)) is a feature of the power law part
of the SED ranging from 0.1-3 GeV and not a contribution of a higher
energy range.

7.3.2 Influence of the ® interval on P,

Applying the same timing analysis to all available Fermi-LAT data
ranging from MJD 54682 until MJD 57450 (® = 6.8 — 8.8) we obtain
the result presented in the bottom panel of Fig. While in Fig.[7.3]c,
showing the Lomb-Scargle periodogram for the periastron data, the
orbital period P; has increased its power and stands out a bit more sig-
nificantly over the noise when compared to Fig. [7.3]a, the P, feature
in Fig. [7.3]d has decreased its power and its relative importance with
respect to Py drops to about 1/2, when it was 3/4 for the narrower time
range shown in Fig.[7.3]b.

Which are the data causing this decline in the power of P,? In
order to find out we remove a certain interval of the long-term mod-
ulation from the data in the sense that we delete data for which
®=00-0.1,01-0.2,---,0.9 — 1.0 and perform Lomb-Scarge
timing analysis on the remaining data. In Fig. the resulting pow-
ers of Py and P; are plotted for the different ®-intervals removed from
the data. While the power of P; is only slightly affected by the choice
of the removed O-interval and in a random manner, the power of P,
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Figure 7.4: Test on the ®-interval which corrupts the timing analysis. In this
plot the powers of P; and P, resulting from Lomb-Scargle timing analysis
are plotted as a function of the ®@-interval removed from the data, that interval
being indicated by the horizontal error bars. While the power of P; is only
affected very little and in a random way, the power of P, shows a systematic
trend peaking at ® = 0.5 — 0.6.
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Figure 7.5: All Fermi-LAT data from the orbital phase interval ® = 0.5—1.0,
i.e., apastron. Data until MJD 56838 (the time interval in
are plotted in black, data newer than that appear in red. The long-
term amplitude modulation is cleary visible. The two grey areas indicate the
®-intervals which are removed from the data for the present analysis.
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is clearly dependent on the removed ®-interval in a stronger and sys-
tematic way. We find that P, gains the strongest power by removing
the interval ® = 0.5 — 0.6. This is indicated by the grey areas in
Fig. where we plot all Fermi-LAT data from the orbital phase in-
terval ® = 0.5 — 1.0 (i.e., apastron) and averaged over one orbit. The
resulting periodogram, plotted in Fig. [7.T|c shows two peaks at P; and
P with equal power.

7.4 Results

The model parameters are shown in Table [7.1] Figure [7.2] shows the
shape of the two electron distributions injected around periastron (O ~
0.30) and towards apastron (® ~ 0.6). The relativistic electron density
K7 is larger than K7y as for the accretion peaks of Figs 5 and 6 in Marti
& Paredes| (1995)).

Figure [7.1] shows the timing analysis results. The observed y-ray
flux is modulated by only the orbital period P, at periastron, as shown
in Fig [T.1la. Also the model data are only modulated by the same
period Py, as shown in Fig[7.1]b. At apastron, both observational and
model data are not only modulated by P; but also by P5.

The folded light curves for radio (OVRO) and y-ray data (Fermi-
LAT) are shown in Fig. The right panel of Figure shows the
radio data and model. One sees that at periastron, even if N} is larger
than Ny (Fig.[7.2), there no radio peak. Concerning Fermi-LAT data,
the two peak structure is present in both observations and model. The
two peak structure is above an offset of 510~’cm™2s~!. The origin of
the offset could be SSC of optical photons produced not in the jet but
in the hot flow that fills the inner part of the accretion flow. Such an
SSC component is invoked to explain the MeV tail in the hard state of
Cygnus X-1 (Poutanen & Veledina/2014) but extended to GeV, as the
LS T+61°303 spectrum from 0.01-1000 MeV in Fig. 5 by [Tavani et al.
(1996) suggests.

We find the jet at periastron and apastron to have a quite different
velocity parameter, 8 = 0.01 at periastron while 8 = 0.42 at apastron.
Moreover, the jet has quite a different length at periastron compared
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Parameter Value
Periastron:

B < 0.01

a 1400 £+ 50

(o} 0.35 +0.01

m 0.5+0.1

ex 6+2

Sjet <1.2
Apastron:

B 0.42 + 0.01

a 850 £+ 50

(o) 0.55 +0.01

m 8.0+0.5

ex 1.10 + 0.05

Sjet 13+1
General:

A —925.05d

4 45.61°

W 40.37°

Y2 510°

P, 26.4960 d

P> 26.922d

e 0.72

T 28000 K

q 2.4

q: 23+0.1

fluxo 0.40 £0.0210~%

p 1.8

Offset 5.0 £0.5107"cm™2s~!

Table 7.1: Parameters used for the model. See text for a description of the
parameters. Error bars were determined by varying the parameters and still
obtaining similar results. Parameters without error bars were kept fixed.
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Figure 7.6: Results of the model in comparison with the observations.
(a) Comparison of the model GeV output (red) with the observations by the
Fermi-LAT (black), the energy range is 0.1-3.0 GeV in both cases and the
time interval is MJD 54682-56450. The observed Fermi-LAT light curve,
here folded on the orbital period P; = 26.4960 days, shows a periastron peak
at @ ~ (0.3 and a second peak towards apastron at ® ~ 0.55. Assuming two
electron injections along the orbit the shape of the orbital modulation of this
observed GeV lightcurve is reproduced. (b) Comparison of the model radio
output (red) with the observations by OVRO (black), both at 15 GHz spanning
the time interval MJD 54909-56794. The observed light curve, folded on the
orbital period P, shows only one peak along the orbit, which is at apastron,
peaking at ® ~ 0.7. The model reproduces this characteristic apastron peak
even though two electron injections are taken into account. The reason for the
absence of the periastron radio peak is the short length of the jet at periastron.
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to apastron: L ~ 1.2 at periastron while it can be up to L ~ 13 for
the apastron jet, xp = 3.610'>cm. The lengths are derived by the
analysis of the energetic losses of the electrons following Section[7.2.5]
Fig. [7.2] reports how the maximum vy,(l) value evolves along the jet
axis (Eq. at periastron (red line) and apastron (blue line). It is
evident that electrons at periastron suffer stronger losses, essentially
owing to IC losses. As explained in Sect. there is a position
along the jet axis where the electron Lorentz factor attains a too low
value to be able to produce the observed radio emission at 15 GHz.
This length is given by the intersection of yy; (/) curves with the black

curve defined by Eq. (7.23).

7.5 Conclusions

We have modelled the synchrotron and inverse Compton emission of
a precessing jet (with period P,) periodically (with period Py) refilled,
twice along the orbit, with relativistic electrons. The model is able
to reproduce both radio and gamma-ray (GeV) emission (see Figs
and [7.6).

Due to the strong IC losses at periastron the electrons lose their
energy already at L = 1.2 becoming unable to produce radio emis-
sion after that length. For this reason we do not observe strong ra-
dio emission at periastron even if a large accelerated electron input is
present. The length L = 1.2 corresponds to x = Lxg = 9.6 - 106rg
(for Mgy = 3Mp), L = 13 corresponds to Lxy = 1.04 - IOSrg, and
therefore one order of magnitude farther embedded in the acceleration
zone (see, e.g., Piner et al.[2003).

The shorter periastron jet is also more massive (see Fig. be-
cause of the higher accretion rate at periastron. The larger inertia be-
cause of the higher accretion rate and the fact that the jet is truncated
while still embedded in the accelerating region are both consistent with
the lower S that we find for the periastron jet: 5 = 0.01 at periastron
and S = 0.42 at apastron.

The low velocity at periastron gives rise to a small Doppler boost-
ing and consequently to a low dependency of the observed flux on P;.
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As a result, the y-ray flux at periastron is neither modulated by the
long-term periodicity (Ackermann et al.|2013)) due to the beating of P;
and P, (Jaron & Massi|2014)) nor does P; appear in the timing analysis.
At apastron the larger velocity creates larger DB variations and both P,
appears in the timing analysis and radio and gamma-ray emission show
the long-term periodicity (Massi & Jaron|2013];|Jaron & Massi|[2014).
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Chapter 8

Observation of QPO from
LS I +61°303 at radio
wavelengths

This chapter will be the basis for a paper to be submitted to A&A.

8.1 Introduction

In the previous part of this thesis we have analyzed periodicities of LS
I +61°303 that are in a range of one month (orbital period P, and pre-
cession period P;) giving rise to a long-term modulation of years (Pong
as result of the beating between P and P,). In addition to these period-
icities, there is evidence that the source features also shorter variability
on time scales of the order of a few days and shorter, downto hours.
Zimmermann et al.| (2015]) observed LS I +61°303 at seven radio
frequencies between 2.6 GHz and 32 GHz with the 100-m telescope
in Effelsberg. The light curves they obtained are sampled in a quasi-
simultaneous way with a sampling rate of approximatly every 12 hours
over 14 consecutive days, covering the rise and the decline of one radio
outburst. From their Fig. 1 (see here Fig. top) it is well visible
that the radio flux is significantly modulated on top of the actual radio
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Figure 8.1: Radio light curves (top) and spectal index (bottom) at seven radio
frequencies between 2.6 and 32 GHz, observed quasi-simultaneously with
a sampling rate of about 12 hours with the 100-m telescope in Effelsberg,
covering rise and decline of one radio outburst. Both fluxes and spectral index
are significantly variable on top of the actual outburst. Fig. 1 in[Zimmermann|

eral] GOT5),
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outburst, especially during the decline, i.e., after MJD 56017 for this
one outburst. Also the spectral index shows significant variability on
the same time scales (see here Fig. [8.T|bottom).

Peracaula et al.| (1997) observed the source at radio wavelength
6 cm (i.e., 5 GHz) with the Very Large Array (VLA) and report on
microflares with an amplitude of ~ 4 mly (see their Fig. 2) and a
possible periodicity of ~ 1.4 hours. In addition, they measure linear
polarization of ~ 2% on all three non-consecutive observation days
(see their Table 1).

Aiming at further investigation of these previously reported intra-
day variabilities and periodicities, we observed LS 1 +61°303 with
the 100-m radio telescope in Effelsberg at three frequencies quasi-
simultaneously and with unprecedented cadence. In this chapter we
report on our results which will be the basis for a paper to be submit-
ted (Jaron et al., in prep.).

8.2 Observation

8.2.1 Schedule

The periodicity of LS I +61°303 allows for precise scheduling of ob-
servations. We scheduled the observation at the Effelsberg 100-m tele-
scope with the aim of observing the decay of a radio outburst, because
there is evidence for short-term variability during these orbital phases
(Zimmermann et al.|2015)). Figure [8.2] shows the archived GBI 8 GHz
data folded on Pyyerage = 26.714 days, the period with which the radio
outbursts actually occur (Ray et al.|[1997; Massi & Jaron|[2013;; Jaron
& Massi|2013f ?; Chapter[5)of this thesis), revealing that what we have
observed is in fact the peak flux density.

8.2.2 Calibration

As primary flux calibrators we observed the quasars 3C 147, 3C 161,
3C 286, 3C48, and NGC 7027. Secondary calibrators were 0212+735
and 0835+580. The flux calibration was done as describes in
Fuhrmann et al.[(2014) and |Angelakis et al.| (2015)).
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Figure 8.2: Comparison of archived GBI 8 GHz data and the 8 GHz data
from this observation. The data have been folded on Pyyerage = 26.714 days
from the analysis of Massi & Torricelli-Ciamponi| (2016). This figure shows
that predicting the radio outbursts with the method by [Jaron & Massi| (2013))
(ChapterEl here) still works.
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8.3 Results

8.3.1 Light curves

The calibrated light curves are shown in Fig.[8.3] where the 5 GHz data
appear in red, 8 GHz in green, and 10 GHz in blue. In addition to the
data from our observation, there is shown a data point from OVRO ob-
servation at 15 GHz in magenta. The observed radio fluxes are clearly
variable with flux densities ranging from 60 — 180 mJy. There is a
peak affecting all frequencies at MJD 56766.0 (® = 0.73), featuring a
flattening of the radio spectrum (explained in more detail below).

8.3.2 Evolution of the spectral index

In the bottom panel of Fig.[8.3|the spectral index is shown. The spectral
index @ was obtained by fitting a power law

S, o V” (8.1)

to all available data points within each time bin of 45 minutes, the
horizontal error bars reflect these time bins. Concerning the long-term
trend of the spectral index evolution we can distinguish two periods
which are separated at MID 56766.7 (O = 0.73), indicated by the grey
vertical line in Fig. [8.3]bottom. In the first period the spectral index
oscillates and is reasonably well fitted by a sine wave of the form

f1 (l) =a sin (%(l — lo)) + bl, (82)

where the best fit parameters are a; = 0.12 +0.03, P = 1.77 £ 0.20d,
to = MJD 56765.5 (fixed), and by = —0.27 + 0.02. An oscillating
evolution of the spectral index of LS I +61°303 during a certain inter-
val was previously observed by Zimmermann et al.|(2015)), also with a
period of about two days in the orbital phase interval ® ~ 0.45 — 0.75.
While we cannot report on the beginning of this oscillating trend it also
lasts until @ ~ 0.75 in our case, hinting at a periodic behavior of the
source.
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The second period, i.e., after MJD 56766.7, is characterized by a
linear decline of the spectral index. We fitted a line

f(t) =Aa-t+ by (8.3)

to the data and obtained Ae = —0.11 + 0.01d~!, and b, = —0.32 +
0.02.

8.3.3 Flattening of the radio spectrum

In the previous subsection it was shown that the spectral index of the
observed light curves, being in the range @ ~ —0.6 — 0, is variable in
a systematic way. In particular, during the oscillating part the spectral
index reaches values around zero and above. In this paragraph we
focus on these flat or even inverted parts of the light curves.

Figure 8.4] shows three plots, flux density vs. frequency, in double
logarithmic scale, a and b containing only data from our observations,
¢ in addition containing one data point from OVRO at 15 GHz. The
data points are from a time interval of 45 minutes centered around the
time indicated in the plots. The solid line is the result of fitting a power
law to these data points.

8.3.4 Timing analysis

The long-term trend of the light curves at the three different frequencies
is reasonably well fit by a parabola to first order. We fitted a quadratic
function

f3(t) = a3t2 + b3t + 3 (8.4)

to each light curve. The best resulting fit parameters are listed in Ta-
ble [8.1] and the result of the fit is shown in Fig. [8.5] where the fitted
parabola is shown as a solid black line.

In order to further analyze the short-term variability we subtracted
that parabola from each light curve, the result of which is shown in the
second row of Fig.[8.5] where the time axis is now expressed in hours
since MJD 56764.6. The Lomb-Scargle periodograms are shown in the
third row of Fig.[8.5] The 5 GHz data show the most prominent peak
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Figure 8.3: (a) Effelsberg light curves, the arrows mark the times of the
spectral indices shown in Figs @la, b, and c, respectively, (b) Effelsberg
spectral index. (c) Fermi-LAT light curve, (d) Fermi-LAT photon index.
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Figure 8.4: Flux density vs. frequency, both axes in logarithmic scale. Each
figure contains all data within a bin of 45 minutes centered around the time
written in the figure and also marked by the arrows in Fig. [8.3]a. The solid
line is the result of fitting a power law to the data points. (a) Inverted spectrum
(i.e., @ > 0, arrow “a” in Fig. @ (b) Flat spectrum (i.e., @ = 0, arrow “b”
in Fig.[8.3). (c) Optically thin spectrum (i.e., @ < 0, arrow “c” in Fig.[8.3),
also including the data point observed by OVRO at 15 GHz, showing how
well the spectral shape fits a pure power law from 5 to 15 GHz.

Frequency a b c
5GHz —-94-10° —40-107° 0.16
8GHz -7.6-103° —103-10"3 0.13

I0GHz —-87-103 —43-107% 0.12

Table 8.1: Best fit parameters used for subtraction the long-term trend of the
light curves in form of a parabola.
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Figure 8.5: First row: Original lightcurves at indicated frequencies, same
colors as in Figure 1. The long-term trend was fitted with a parabola, shown
as the solid black line. Second row: The fitted parabola was subtracted from
the original light curves in order to remove the long-term trend. The solid line
shows a sine wave of the most powerful period from the Lomb-Scargle timing
analyis. Third row: Lomb-Scargle periodograms of the parabola subtracted
light curves. The 5 GHz data shows a highly significant peak at P = 14.9 +
0.6 h, while both 8 and 10 GHz show a significant peak at P = 9.5 + 0.2 h.
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Frequency A (mly) do B (mly)
5GHz 120+12 —-0.05+£0.01 -3.82+0.74
10GHz 7.28 +£0.48 0.27 £ 0.01 0.00 +0.32

Table 8.2: Best fit parameters resulting from fitting a sine wave (Eq. to
the folded data (Fig. [8.6).

at a period of Psgu; = 14.9 £ 0.6 h, while the 8 GHz and 10 GHz data
both have Psgn, = Ploguz = 9.5 = 0.2h. In all cases the peaks are
highly significant, with a false alarm probability of the Fisher random-
ization test (Linnell Nemec & Nemec|[1985) close to zero.

Figure 8.6 shows the result of folding the 5 and 10 GHz rectified
light curves (i.e., the parabola-subtracted data shown in Fig. [8.5] sec-
ond row) on the most significant periods from the timing analysis.
These two frequencies were chosen, because the sinusoidal modula-
tion is best visible. The solid line in each figure is the result of fitting
a sine wave of the form

f1(¢) = Asin27 (¢ — ¢o) + B 8.5)

to the folded data, the resulting best fit parameters are shown in Ta-
ble[8.2] The amplitude A differs from zero very significantly, i.e., 10 o
for 5 GHz and 15 o for 10 GHz.

8.3.5 Polarization

With the data obtained in our observations we can put an upper limit
to the linear polarization of 2 %. This result is in agreement with the
findings of |Peracaula et al.|(1997), who report on linear polarization of
~ 2 %.

8.3.6 Comparison to Fermi-LAT data

The first and second row of Fig. [8.3] show the y-ray fluxes from LS I
+61°303 and their photon index respectively. The data were obtained
by fitting a power law to every time bin of half a day, restricting the
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analysis to the energy range £ = 0.1 — 3 GeV (i.e., same energy range
as in Chapter[7)). A fit of a sine wave to the photon index data results in
a period of P = 1.78 + 0.09 d, a value well compatible with the period
(P = 1.77 £ 0.2d) of the sine wave fitted to the radio spectral index
reported above. The phases of the two sine waves match exactly, but
they have not been varied in the fit either. However, we note that the
small number of data points and the signal to noise ratio does not allow
for a very strong statement here.

8.4 Conclusion

The here presented light curves at 5, 8, and 10 GHz reveal that the radio
flux of LS I +61°303 at these frequencies is significantly variable on
time scales less than one day (see Fig.[8.3)). We find hints for a periodic
modulation in the order of 10-15 hours (see Fig. [8.5). The fact that
the period, P = 14.9 £+ 0.6 h, which we find in the 5 GHz data, is
significantly longer than the period, P = 9.5 £ 0.2, in the 10 GHz data
is consistent with the picture that the 10 GHz data come from a region
in the jet closer to the engine than the 5 GHz data.

Quasi periodic microflares in the radio flux from LS I +61°303
have been reported before. [Taylor et al.[(1992) carried out two sessions
of VLBI observations of the source at 5 GHz. During session 1 the flux
was rising, and during session 2, five days later, the flux was decreas-
ing. They report on a “steplike pattern with a characteristic time scale
of ~ 103s” (i.e., ~ 17 minutes) in a radio light curve observed during
session 2 (see their Fig. 2b). When removing the long-term trend in
this lightcurve, the steplike pattern would have a sinusoidal shape with
a amplitude in the order of 10 mJy, similar to the oscillations that we
report here.

Another report on micro-flares comes from [Peracaula et al.|(1997),
who observed oscillations on a time scale of ~ 1.4h in a radio
lightcurve obtained by VLA observations at 5 GHz, the amplitude be-
ing ~ 1 mly (see their Fig. 4). Also in this case the lightcurve covered
an epoch of decreasing flux (see their Fig. 1 middle panel). They fur-
ther report on linear polarization of ~ 2 %. Both the microflares and
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the polarization results cannot be confirmed or denied by our observa-
tions, because our observations have a lower SNR than the observa-
tions by the VLA.

It it worth of note that all three cases of quasi periodic microflaring
activity (i.e., [Taylor et al.||1992] |Peracaula et al.||{1997, and our results
presented here) were observed during decreasing radio fluxes of LS
I +61°303. In the microquasar scenario, optically thin injections of
relativistic particles are expected during the optically thin transient jet
occuring after the optically thick main flare. Further observations of
the optically thin declining phase of the periodic radio outbursts are
necessary to further investigate on the physical processes behind these
quasi periodic oscillations.
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Chapter 9

Radio emission from the
Be/black hole binary
MWC 656

Credit: Dzib, S., Massi, M., & Jaron, F., A&A, 580, L6, 2015, re-
produced with permission © ESO.

Abstract

MWC 656 is the recently discovered first binary system case composed
of a Be-type star and an accreting black hole. Its low X-ray luminosity
indicates that the system is in a quiescent X-ray state. The aim of our
investigation is to establish if the MWC 656 system has detectable ra-
dio emission and if the radio characteristics are consistent with those
of quiescent black hole systems. We used three archived VLA data
sets, one hour each at 3 GHz, and seven new VLA observations, two
hours each at 10 GHz, to produce very high sensitivity images down to
~1 ulJy. We detected the source twice in the new observations: in the
first VLA run, at apastron passage, with a flux density of 14.2+2.9
uJy and by combining all together the other six VLA runs, with a flux
density of 3.7 + 1.4 pJy. The resulting combined map of the archived
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observations has the sensitivity of 1o- = 6.6 uJy, but no radio emission
is detected there. The radio and X-ray luminosities agree with the be-
haviour of accreting binary black holes in the hard and quiescent state.
In particular, MWC 656 in the Ly, Lg plane occupies the same region
as A0620—00 and XTE J1118+480, the faintest known black holes up
to now.

9.1 Introduction

In 2010 the gamma-ray source AGL J2241+4454 was detected by the
AGILE satellite (Lucarelli et al.|2010). Within the positional error cir-
cle of the satellite Williams et al.| (2010) found the emission-line Be
star MWC 656 (also known as HD 215227). The first suggested classi-
fication for MWC 656 was B3 IVne+sh, where n and e indicate broad
lines and Balmer emission, and s/ denotes the presence of shell lines,
indicated by a sharp central absorption in the line. The V/R ratio of the
Hvy emission changed significantly in one day, which is unusually fast
for most Be stars and [Williams et al.| (2010) pointed out some resem-
blance of the spectral properties of this newly identified gamma-ray
source to the gamma-ray binary LS I +61°303 and its Ha variations.
The star MWC 656 is at a Galactic latitude of b = —12°; at a distance
of d = 2.6 + 0.6 kpc the star results well below the Galactic plane at
z = —560 £ 200 pc. This is an extreme distance for a normal OB star
and Williams et al| (2010) suggested a runaway star, which reached
the current position by a supernova explosion of the companion star.
Timing analysis of variations in the optical photometry, interpreted as
orbital modulation, resulted in a period of 60.37+0.04 days with the
epoch of maximum brightness at HID 2453243.3+1.8.

The binary hypothesis was tested with a radial velocity study by
Casares et al.| (2012)). Radial velocities folded with the 60.37 d of
Williams et al.| (2010) revealed a sine-like modulation. [Casares et al.
(2012) by the rotational broadening vsini ~ 346 km s~! estimated
the inclination of the orbit i > 66° and a mass of the compact object
in the range M, ~ 2.7 — 5.5 M. Moreover, (Casares et al.| (2012)
found that the main parameters of the Ha emission line (equivalent



Table 9.1: MWC 656 observations and final parameters of maps.

Epoch Date Julian Date D Synthesized beam rms noise Peak  Flux + o
(day.month hh:mm) (Bmgj["] % Omin["); PA.[P])  (uJy beam™')  (uJy bm™") (uJy)
X-band observations in 2015
1 22.02 19:15 2457076.302  0.49 1.17 x 1.09; 101.7 2.9 99 142429
2 28.02 19:30 2457082.313  0.58 1.15 x 1.08; 104.3 3.8 <11.4
3 07.03 22:10 2457089.424  0.70 2.69 x 0.36; 58.8 2.3 <6.9
4 08.03 23:04 2457090.461  0.72 1.62 x 1.06; 84.6 24 <72
5 03.04 19:36 2457116.317  0.15 1.89 x 1.09; 89.3 2.2 <6.6
6 10.04 17:01 2457123.209  0.26 1.30 x 0.97; —20.6 2.7 <8.1
7 12.04 20:25 2457125.351  0.30 1.10 x 1.02; —21.9 2.3 <6.9
2-7 0.84 x 0.70; —75.1 1.02 347 37+14
1-7 0.82 x 0.70; —75.1 0.95 415 45+12
S-band observations in 2012
1 05.10 04:38 2456205.693  0.06 0.48 x 0.41; 12.3 12.6 <37.8
2 15.10 08:03 2456215.835  0.23 0.66 x 0.44; 89.6 10.1 <30.3
3 06.12 04:54 2456267.704  0.09 0.61 x 0.50; 83.0 11.1 <33.3
1-3 0.51 x 0.45; 80.5 6.6 <19.8

“Upper limits at three times the noise level.

LOI
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width, full width at half maximum, and centroid velocity) result to be
modulated by the proposed orbital period.

The turning point in this research came with the new optical obser-
vations by |Casares et al.| (2014)). To improve the radial velocity curve
of the Be star, Fell emission lines from the innermost region of the
Be disk were used instead of stellar broad absorption lines contami-
nated by the circumstellar wind emission lines. On the other hand, the
spectra show an Hell 4686 A double-peaked emission line, indicating
a disk, whose centroid is modulated with the same 60.37 day period,
but in antiphase with respect to the radial velocity of the Be star, as
obtained from the Fell line (their Fig. 3). This important observation
therefore hints at an accretion disk around an invisible companion. The
orbital solution resulted in @periasron = 0.01 + 0.10 (phase zero set to
HID 2453243.7). With new observations, the authors were also able
to obtain a better spectral classification for the Be star, and determined
a B1.5-B2 III classification. Given the mass of this star, 10-16 Mg,
the implied companion mass is 3.8-6.9 M. This makes MWC 656 the
first clear case of a Be-type star with a black hole companion. The case
of LS T +61°303 is, in fact, still unclear because of the uncertainties in
the values of mass function and inclination of the orbit (Massi[2004;
Casares et al.|[2005)).

Observations with XMM-Newton at ® = 0.08 by Munar-Adrover
et al.| (2014) proved that MWC 656 is indeed an X-ray binary system.
The X-ray luminosity of ~ 103!ergs~! points to a stellar mass black
hole in quiescence. The quiescent X-ray state is one of the X-ray states
of an accreting black hole similar to the low-hard X-ray state. For a
compact object of a few solar masses, the low/hard state corresponds
to Lx ~ 1030 ergs™! but may drop to Lx = 10303 — 10°3 ergs™!
(McClintock & Remillard|2006) at its lowest phase, called the quies-
cent state. The X-ray luminosity in the quiescent and low/hard X-ray
states correspond to a radiatively inefficient, “jet-dominated” accretion
mode (Fender et al.[2003). In this mode, only a negligible fraction of
the binding energy of the accreting gas is directly converted into radi-
ation. Most of the accretion power emerges in kinetic form, as shown
for Cygnus X-1 by |Gallo et al.| (2005)), and for AGNs through the rela-
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tionship between the Bondi power and the kinetic luminosity (Merloni
& Heinz 2007, and references therein). That is, during the low-hard
and quiescent states the liberated energy of the accretion is thought to
be converted into magnetic energy, which powers the relativistic jet ob-
served in these states (Gallo et al.|[2003}; [Fender & Belloni|[2004; (Gallo
et al.|[2006; \Smith/[2012).

The origin of the X-ray emission during the low-hard and quiescent
states is still controversial. The emission may be due to a Comptoniz-
ing corona and/or to the jet (see|Gallo et al.[[2006). Nevertheless, it is
well established that the X-ray emission is related to the radio emis-
sion from the jet (Gallo et al.|[2003| 2006; |[Merloni et al.|2003). This
important nonlinear scaling between X-ray and radio luminosities, Ly,
Lg, has been demonstrated to hold, with the addition of a mass term,
across the entire black hole mass spectrum, from microquasars to AGN
(Merloni et al.|2003)).

Therefore, if a jet is associated with MWC 656, its radio emis-
sion should be consistent with the Ly, Lg relationship. The aim of our
investigation is to establish if the system MWC 656 has an associated
radio emission and if the radio emission fulfills the Ly, Lg relationship.
In this letter, we present new radio observations in the direction of this
system. Section [9.2] describes the observations and the data reduction.
In Sect.0.3] we report on our results. Section [9.4] describes MWC 656
in the context of the Ly, L relationship, and finally, Sect.[9.6|gives our
conclusions.

9.2 Observations

We obtained seven new X-band (8 to 12 GHz) observations with the
Karl G. Jansky Very Large Array (VLA) of the National Radio Astron-
omy Observatory (NRAO) in its B configuration. These observations
were made under project 15A-013. The receiver was used in semicon-
tinuum mode with the 3 bit sampler and 32 different spectral windows
(with bandwidths of 125 MHz) were recorded simultaneously to cover
the full band.

Each observing session ran for two hours and was organized as
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follows. First, we spent 4.5 minutes on scans for instrument setups as
recommended by NRAqH Then, we observed a 5.5 minute scan on
the phase calibrator J2255+4202, and the large scan was performed
to take the slewing time into account. Then we observed nine cycles
of 10.6 minutes on the target followed by 1.0 minutes on the phase
calibrator. We finished the observation with a 5.5 minutes scan in the
flux calibrator 3C147, which was also used as the bandpass calibrator.
We spent ~95 minutes on target per epoch, or a total of ~ 668 minutes.

The data were edited and calibrated using the Common Astron-
omy Software Applications (CASA 4.2.2) package, and the VLA cal-
ibration pipeline in its 1.3.1 version. After calibration, images were
produced with pixel sizes of 0.2 arcseconds, a natural weighting, and
a multifrequency synthesis scheme (e.g., Rau & Cornwell 2011). The
noise levels reached for each individual observation was about ~ 3 uJy
(see Table[9.I). Additionally, we produced images from the concate-
nated UV data from the epoch 2 to 7 and of the seven observations to
reach lower noise levels of 1.02 uJy and 0.95 uly, respectively. These
noise levels are in agreement with the theoretically expected values.

Finally, we also performed the data reduction of three archived S-
band (2-4 GHz) data sets taken with the VLA in its A configuration;
these are part of the project 12B-061. Each individual epoch runs for
1.0 hours. The receiver was also used in semicontinuum mode with
the 8 bit sampler and 16 different spectral windows (with bandwidths
of 125 MHz each) were recorded simultaneously to cover the full band.
These observations used the quasar 3C48 as the flux and bandpass cal-
ibrator, and quasar J2202+4216 as the phase calibrator.

The data were edited, calibrated, and imaged following the same
scheme as the new observations. The resulting sensitivity limits are
~11 Jy and 6.6 ply, for the maps of individual epochs and for the map
of the concatenated epochs (see also Table 0.1, respectively. These
values are also in agreement with those theoretically expected.

'https://science.nrao.edu/facilities/vla/docs/manuals/obsguide


https://science.nrao.edu/facilities/vla/docs/manuals/obsguide
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9.3 Results

A source with a peak 3.4 times the noise level was detected in the first
observation at orbital phase ® = 0.49, i.e., at apastron passage. The
source is coincident with the position of MWC 656 (see Fig.[9.1] cen-
ter). A Gaussian fit to the source (using imfit in CASA) yields the
flux density of the source to be 14.2 +2.9 pJy. In the remaining ob-
servations, however, we do not detect any peak above 2.6 times the
noise level of the images (see Fig.[0.2). By adding these six remain-
ing observations, we detected a source with a peak 3.4 times the noise
level, which is coincident in position with MWC 656 and with the
source detected in the first epoch (see Fig. [9.1] right). The flux den-
sity in this case was 3.7 & 1.4 uJy. The two images of Fig.[9.1] (center,
right) were produced with independent data sets, and support our de-
tection of the radio counterpart of MWC 656. Interestingly, the flux in
the first image (Fig. 0.1} center) has a flux density almost three times
higher than that in Fig. 0.1] right, and this increased flux is occur-
ring at apastron. We produce a final map by concatenating the data
of the seven observed epochs. The source is now detected at levels of
4.4 times the noise in the image (Fig. [0.1] left). The Gaussian fit to
the source yields the flux density of the source to be 4.5 + 1.2 uJy, at
the position RA=22"42M575305 +0%005, DEC=+44°43'18"23+0"08,
and is consistent with a point like structure and parameters of Ta-
ble 0.1l The source position is in good agreement with the optical
position of MWC 656, RA=22"42™57530295, DEC=-+44°43'18"2525
(van Leeuwen!2007).

Finally, concerning the archived data (Table 9.1, we did not de-
tect the source in any single S-band epoch, nor in the final image of
concatenated observations at levels above 20 uly.
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Figure 9.1: VLA images with radio emission at the MWC 656 position. Left: image of the concatenated X-band data
from Epoch 1 to 7. Center: Epoch 1. Right: Image of the concatenated X-band data from Epoch 2 to 6. Contour levels
are -3, 2.8, 3.2, 3.8, and 4.2 times the noise levels of the image (see Table [0.T). The red ellipse at the bottom left is the
corresponding synthesized beam. The blue cross indicates the optical position of MWC 656.
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remains undetected in each single image. The rms of the images and upper limits for the flux density of MWC 656 are

given in Table[0.T]
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94 MWC 656 in the context of the Ly, Ly rela-
tionship

The radio flux values of 3.7 £ 1.4 pJy and 14.2 £2.9 pJy at 10 GHz,
for a distance of 2.6 kpc, and assuming a nearly flat spectrum, corre-
sponds to a Lg at 8.6 GHz of 2.6 x 10%° erg s~ and 9.9 x 10%° erg s~ !,
respectively. [Munar-Adrover et al.| (2014) determined an X-ray lumi-
nosity of Ly = 1.2x 103! erg s~! from an observation at ® = 0.08. We
report our new data of MWC 656 along with the measurements from
Corbel et al.| (2013). Figure @] shows (square/black) the radio and X-
ray luminosities for the 24 Galactic accreting binary BHs in the hard
and quiescence states reported in Fig. 9 of (Corbel et al.| (2013)). The
position of MWC 656, given in red color, is rather close to the position
of A0620°00 and XTE J1118+480, which are the weakest quiescent
black holes known so far (Gallo et al.|[2006, 2014]).

9.5 Updated SED

The SED obtained by observations of MWC 656 at different wave-
lengths as presented in Fig. 2 in |AleksiC et al.| (2015) contained only
upper limits in the radio and GeV y-ray regimes. Now, after the radio
detection presented in this chapter, and after the confirmation of the
Lucarelli et al.|(2010) observations of GeV y-ray emission from MWC
656 by |Alexander & McSwain! (2015)), we can put these two observa-
tional results on the SED. In Fig. 0.4] the updated SED for MWC 656
is shown. The peak in the GeV regime justifies a classification as y-ray
binary.

9.6 Conclusions

Deep VLA observations of the BH-Be system MWC 656 have pro-
vided us with the first radio detection of an accreting stellar mass black
hole with a Be star as companion. Along with a level of emission of
3.7+1.4 wuly, determined combining six observations at the different
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Figure 9.3: Radio (8.6 GHz) vs X-ray luminosity (1-10 keV) diagram. Black squares indicate the positions of the 24
Galactic accreting binary black holes in the hard and quiescence states, as in Fig. 9 of |Corbel et al.|(2013! ; i.e., without
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known so far, A0620-00 (triangle, |Gallo et al.[2006) and XTE J1118+480 (asterisk, |Gallo et al.[2014).
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Figure 9.4: Updated SED for MWC 656. The original figure by
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reported in this chapter (Dzib et al|[2015) and the confirmation of the GeV
detection of [Lucarelli et al.| (2010) by [Alexander & McSwain| (2015).
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orbital phases ® = 0.58 — 0.72 and ® = 0.15 — 0.30, we detected
in a single observation around apastron (® = 0.49) the flux density of
14.2 + 2.9 uly.

Several works have placed significant constrains on the Ly—Lg lu-
minosities of quiescent systems (e.g.,|Gallo et al.[2006, 2014; Calvelo
et al.|2010; Miller-Jones et al.2011). The nonsimultaneous XMM-
Newton X-ray observation by Munar-Adrover et al.| (2014)) at orbital
phase @ = 0.08 also allowed us to test for MWC 656 the X-ray/radio
correlation for black holes. The position of MWC 656 is close to
the faintest black holes known so far, which are A0620-00 and XTE
J1118+480. The secondary star in A0620-00 is a 0.7 Mg K3-K4V
star in a 7.75 h orbit around the black hole (Gallo et al.|[2006). The
companion star in XTE J1118+480 is a K5—-K8V star with an orbital
period of 4.08 h (Gallo et al.|[2014} and references therein). MWC 656
has an orbit of ~ 60 days and the companion star is a 10-16 M, Be star.
Our observations support, therefore, the universality of the Ly, Lg rela-
tionship, which is intimately related to the accretion-ejection coupling
process, which seems to be invariant to different forms of accretion.
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Chapter 10

Conclusion and outlook

10.1 Conclusions
The conclusions of this thesis are:

1. The radio outbursts occur with a period of Payerage = 26.704 +
0.004 days (Jaron & Massi|2013}; [Mass1 & Torricelli-Ciamponi
2016), in agreement with the previous result by Ray et al.|(1997).
This period, when taking into account the phase jump during the
minimum of the long-term modulation, is a very stable feature
of the source and is well explained as the result from the beating
between the orbital period and the precession period of a rela-
tivistic jet.

2. The apparent disappearance of the orbital period during certain
epochs of the Fermi-LAT GeV lightcurve (Hadasch et al.[|2012)
is the result of a previously undetected periodic apastron GeV
peak, which is correlated to the radio emission, i.e., subject to
the same orbital drift (Gregory et al.|[1999; Jaron & Massi|[2013;
Massi & Torricelli-Ciamponi|[2014), disturbing the timing analy-
sis in such a way that the orbital period cannot be detected when
the apastron GeV peak is too much detached from the perias-
tron GeV, which remains stable in orbital phase (Jaron & Massi
2014)). In addition, timing analysis reveals that the apastron GeV



120

CHAPTER 10

peak is modulated by the orbital period P, and the precession
period P,, while the periastron GeV peak is only modulated
by P; (Jaron & Massi|[2014), a result which is in agreement
with the findings of |[Ackermann et al.|(2013), who report that
only the apastron GeV emission (® = 0.5 — 1.0) is subject to
the long-term modulation, while the periastron GeV emission
(® =0.0—-0.5)is not.

. The physical model of a self-absorbed, adiabatically expand-

ing relativistic jet (Kaiser|[2006) precessing with P, (Massi &
Torricelli-Ciamponi|[2014)), which reproduces the observed radio
light curves by the GBI and also fits the entire radio observations
since 1977 until 2014 (Massi & Torricelli-Ciamponi|2016), has
been extended to include two injections along the orbit, taking
into accout inverse Compton (IC) scattering of stellar seed pho-
tons (external inverse Compton, i.e., EIC) and of jet seed pho-
tons (synchrotron self-Compton, SSC), reproduces the observed
timing characteristics of having P; and P, at apastron, and only
P, at periastron. In addition, it reproduces the average orbital
modulation of the GeV and the radio emission, here in particu-
lar the absence of a periastron radio peak due to catastrophic IC
losses leading to a jet too short for radio emission (Jaron et al.
submitted).

The binary star MWC 656, being the first case of a Be type star
and a proven black hole (Casares et al.|2014)), has now been de-
tected in radio by |Dzib et al.| (2015)). This observation, together
with the detection in the GeV regime by the AGILE sattelite (Lu-
carelli et al.[2010; |/Alexander & McSwain/|2015)) puts this object
in strong relationship to LS I +61°303. We conclude that, Be-
BH systems can be emitters of radiation up to the GeV regime,
and consequently an accreting BH scenario could apply for LS I
+61°303 as well.
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We conclude that the observations, at radio and y-ray wavelengths,
corroborate the scenario of a conical jet, precessing with period P, ~
26.9 days, periodically (with period P; ~ 26.5 days) refilled with
electrons twice along the orbit, once at periastron and a second time
towards apastron. The electrons at periastron lose their energy by up-
scattering stellar photons to y-ray (EIC), explaining the absence of a
periastron radio peak and the absence of the precession period P; from
the power spectrum. At apastron, however, lower energetic losses al-
low electrons to produce synchrotron emission in the radio band, and
the jet can accelerate to relativistic velocities giving rise to strong vari-
able Doppler boosting and the presence of P, in the power spectrum.
The long-term modulation of the radio and y-ray emission at apastron
is the result of the beating between the two close periods P and P».

10.2 Outlook

Future investigations concerning LS I +61°303 could include the fol-
lowing topics.

1. We observed LS I +61°303 at three different radio wavelengths
with the 100-m telescope in Effelsberg with unprecedented sam-
pling rate for a multiwavelengths observation. Our preliminary
results show evidence for significant variability in the order of
~ 10 hours, also hinting at possible periodicity and correlation
between the observed radio frequencies. These results could
contribute to future investigations on transient phenomena as-
sociated with a jet in LS T +61°303.

2. mm-VLBI observations of LS I +61°303 could produce images
with a higher resolution than the VLBI images obtained so far,
and consequently could help the better understand the nature of
the precessing elongated structures observed in these images.
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3. The physical model presented in Chapter [7] reproduces the tim-
ing characteristics and the orbital flux modulation at radio and
GeV wavelengths. However, there is still the possibility of im-
proving the model by including, e.g., the equatorial disk of the
Be star as a possibility to better fit the model during phases
around periastron.

4. The same physical model of Chapter[7] can serve as a basis for
hydrodynamical simulations of an accretion scenario for LS I
+61°303 in order to probably better understand the acceleration
mechanism of a jet and to model the shape and the evolution of
VLBI images of the source.
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Methods

A.1 Programs and scripts

For the analysis of the data a number of programs and scripts were
written by the author of this thesis. In this chapter a short description
of each of these programs is given. The program “binfold” to perform
a binned folding deserved a more detailed discussion. Most of the
programs were written in C (Kernighan & Ritchie||1988)) and most of
the script were written in AWK. The programs in C were compiled
with the GNU Compiler Collection (gcc) version 4.6.3 installed under
the GNU/Linux distribution Ubuntu 12.04.1 LTS (Ubuntul[2013).

A.1.1 Starlink

Here I describe how to install the UK Starlink software on your per-
sonal computer. First, download the archive appropriate for your sys-
tem at http://starlink. jach.hawaii.edu/starlink. Then un-
pack it into a directory of your choice. Before you can run a pro-
gram like PERIOD you have to set the enviroment variable “STAR-
LINK_DIR” to Starlink’s directory and then source the file|.../etc/
profile, where “...” has to be replaced by the name of Starlink’s di-
rectory. PERIOD is then run by simply typing the command in a shell.
It will run in the text mode.


http://starlink.jach.hawaii.edu/starlink
.../etc/profile
.../etc/profile
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Note: The version used for the timing analysis in this thesis is
“Kapuahi”.

A.2 Binfold

A.2.1 Introduction

The light curves of astronomical objects often contain periodicities.
They are the result of periodic behaviour of the system itself like, e.g.,
the orbital periodicity. In the case of LS I +61°303 the light curves
are modulated by the orbital period and the precessional period of the
relativistic jet. Folding is a technique to explore the ideal shape of the
light curve which may be covered by random fluctuations.

A.2.2 Simple Folding

A light curve is a time series taken from an astronomical object over
a certain time interval. Let us denote the times of the observations
by #; and the corresponding fluxes by f;, with i = 1,2,...,N. The
observation times #; do not necessarily have to be equally spaced.

The simplest way to produce a folded light curve is to convert the
observation times #; to phases ¢; with respect to a periodicity P:

ti — 1 . 1 — I
¢,-=’P°—mt<’P0), (A.1)

where int(x) returns the integer part of x and #y is the time of zero
phase.

The graph of the pairs (¢;, f;) is the simple folded light curve. If the
period P is well chosen, then the graph should show a distinct pattern.

A.2.3 Binned Folding

The simple folding has certain disadvantages. First, there is the prob-
lem what to do if two phases ¢; and ¢ ; happen to be equal. If the values
are listed in a text file, then a program like gnuplot simply overwrites
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the first appearance of ¢;, so in the end only (¢}, f;) is plotted. Sec-
ond, the fluxes f; are stored together with individual errors Af;. The
simple folded light curve shows no improvement in terms of error bars
compared to the original one.

One solution for the above mentioned problems is to perform a
binned folding instead. For this purpuse the phase interval is divided
into 7 bins. The [ bin is the interval

) = {l_l,£>. (A.2)

n n

Each phase ¢; falls into exactly one of these bins. The bin number b; is
b; =int(n- ¢;). (A.3)

Let us define the set B; as the set of indices i which fall into the /1
phase bin:
Bl={i€N|¢iE(Dl}. (A4)

For each bin the average flux is calculated:
Z fio (A.5)
kGB[

where my; is the number of elements in B;. Alternatively, one can per-
form the weighted averaging:

fi = (A.6)
- ZkGBl Af}( ]{GZB] Afz

The fluxes f; are recorded with individual errors A f;. Error propa-
gation yields

- ofi
A = (—Af) (A7)
1 kg};/ afk k

<Z A fk_2> . (A.8)

keB;
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The error Af; becomes smaller as the number of observations which
fall into the bin increases.

One more note on the error: There is another information about
the fluxes in each bin which I find rather useful. It is the variance of
the fluxes:

Var(B;) =

1 -

fi—= ). (A.9)
my— 1 keZB,( )
It is a measure for the scatter of the fluxes around the mean value. For
a good clustering the sum of these variances should become smallﬂ
I would somehow like to include this information in the plot of the
folded light curve. It is now the question if this is to be included in the
above mentioned error, so that

(Aﬁ)fmal = AJi® + Var(B)), (A.10)

or if the variances are plotted, e.g., as additional errorbars.
The next question is: Where to put the flux f; in the phase bin @;.
The simplest approach might be to put it at

l(Lrl_1>=2l_l (A.11)

2 \n n 2n

i.e., in the middle of each bin. Another choice could be the mean value
of the phases:

_ 1
= — . A.12
e kZB O (A.12)
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There is also the possibility to include an error bar in the “x”-
direction. Two choices come to my mind. The simplest could be just

half the width of a bin: 1
App = —. (A.13)
2n
The other choice could be the standard deviation of the phases in each
bin:

1 -
() = 1 Z (pr — 1)’ (A.14)

kEBl

! Indeed, this is the quantity given as power in Stellingwerf’s Phase Dispersion
Minimization (PDM) algorithm, divided by the overall variance. That is why low
values correspond to greater significance in PDM.
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INPUTFILE File name of the input file
OUTPUTFILE File name of the output file

P Periodicity used for the folding

TO Time of zero phase

BINS Number of bins

A Coefficient for the propagated error
B Coeflicient for the variance

WEIGHTED Perform weighted avaraging if not set to zero.
PLACEPHI 0 for middle of bin, 1 for avarage phase of bin
ERRORPHI 0 for half width of bin, 1 for standard deviation

Table A.1: List of the keywords known to binfold.

A.2.4 Binfold

Binfold is a computer program I have written in C which performs a
binned folding as described in the section above. The user interface
is a configuration file. This is just a text file which contains rows of
keyword-value-pairs. Table [A.T| gives a list of keywords known to the
program. In the following the keywords are explained in more detail.

The inputfile has to contain rows of time, flux and error, separated
by white space. The outputfile will be in the format: phase, delta phase,
flux, delta flux.

The periodicity P has to be in the same units as the timing infor-
mation in the input file. The same holds true for 70.

BINS has to be an integer number greater than zero.

The coeflicients A and B are to be understood as follows. In equa-
tion (A.10) I propose to sum the square of the propagated error and the
intrinsic variance of the bin. In the software this formula is altered in
this way:

(AR)Z. = A-AF + B- Var(fi). (A.15)
So, this is what the coefficients A and B mean

With the keyword WEIGHTED you can chose whether equation
(A.5) or (A.6) is used for the averaging. When set to a value different

’In this work I set A = 1 and B = 0 all the time.
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from zero, weighted averaging will be performed.

Set PLACEPHI to 0 in order to place the folded fluxes in the middel
of each phase bin and to 1 if you would like it in the avarage phase
position.

When ERRORPHI is set to O the error bar in x-direction is always
half the width of the phase bin. Setting this to 1 means to take the
standard deviation of the phases in each bin.

Final note: For the error propagation the formula for the weighted
avarage is used. This is why in my opinion only for the weighted
avarage it is appropriate to set A to one.

The program is run in the shell by

$ binfold -c <config file>

A.3 Analysis of Fermi-LAT data

The data obtained by the Large Area Telescope (LAT) on-board the
Fermi sattelite are available to the public and can be downloaded from
the Fermi Science Support Centeﬂ The raw data files are provided in
the FITS format (Flexible Image Transport System, and the standard is
defined in Wells et al.[[1981). The software necessary for the analysis
of the raw data is also available for free download®l and is called Fermi
ScienceTools.

A.3.1 Generating Fermi-LAT light curves

In order to generate light curves from the raw data FITS files down-
loaded from the Fermi Science Support Center, one has to divide the
data into time bins of a certain size (e.g., 1 day) and perform likelihood
analysis on each of these time bins. The procedure of likelihood analy-
sis is explained step by step at http://fermi.gsfc.nasa.gov/
ssc/data/analysis/scitools/likelihood_tutorial.html.
Before the release of Pass 8 (on June 24, 2015) I used the script
like_lc.pl written by Robin Corbet and which was available from the

3http://fermi.gsfc.nasa.gov/ssc/data/
“http://fermi.gsfc.nasa.gov/ssc/data/analysis/software/


http://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/likelihood_tutorial.html
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user’s contribution section of the Fermi Science Support Center. The
light curves for Jaron & Massil (2014) were produced in this way.
After the release of Pass 8, the above mentioned script did not work
straight away, which is why I wrote a new PERL script which worked
with Pass 8, and which in addition used configuration files and dis-
tributed the computations of each time bin onto different cores of a
computer to speed up the calculations. This script is printed here in

Listing[A.1]

#!/usr/bin/perl —w

use Getopt::Long;
use Parallel :: ForkManager;

my $configfile;

my $handle;

my $keyword;

my $value;

my $verbosity = 1;

my $plist = ’plist.dat’;
my $slist = ’slist.dat’;
my $emin = ’100’;

my $emax = ’300000;

my $varmin = *41.6°;

my $varfile = ’“var.csv’;

my $rad = °10.0";

my $tstep = 5.0

my $ncores = 8;

my $catfile = *gll_psc_v16.fit’;
my $modelfile = >mymodel.xml’;
my $automodel = ’0°;

my $zmax = 90;
my $chatter = 1;
my $scfile;

my $lcfile;

my $srcfound = 0;
my $flux;

my $dflux;

my $alpha;

my $dalpha;

my $tsvalue;

my $delold = 0;
my $pm;

my $loglike;

# Parameters for gtmktime
my $irfs = "CALDB";
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GetOptions (
’c|config=s’ => \$configfile ,
verbosity=i’ => \$verbosity

)

if ($verbosity >= 1) {
print "Thiscisolike_lc_fj.pl\n";
}

if ($verbosity >= 2) {
print "Going.to.read.configuration.file.\" $configfile \".\n

}

>

open($handle, °<’, $configfile);
while (<$handle >) {
($keyword, $value) = split/\s+/;
if ($verbosity > 1) {
print "keyword.=.$keyword\n";
print "value.=.$value\n";

}

if (uc(S$keyword) =~ /APLISTS$/) {
$plist = $value;

} elsif (uc($keyword) =~ /ASLISTS$/) {
$slist = $value;

} elsif (uc($keyword) =~ /AEMINS$/) {
$emin = $value;

} elsif (uc($keyword) =~ /AEMAX$/) {
$emax = $value;

} elsif (uc($keyword) =~ /AVARMINS$/) ({
$varmin = $value;

} elsif (uc($keyword) =~ /AVARFILE$/) {
$varfile = $value;

} elsif (uc($keyword) =~ /ARAD$/) {
$rad = $value;

} elsif (uc($keyword) =~ /ATSTEP$/) {
$tstep = $value;

} elsif (uc($keyword) =~ /ANCORES$/) {

$ncores = $value;

} elsif (uc($keyword) =~ /ACATFILE$/) ({
$catfile = $value;

} elsif (uc($keyword) =~ /AMODELFILES$/) {
$modelfile = $value;

} elsif (uc($keyword) =~ /AAUTOMODEL$/) {
$automodel = $value;

} elsif (uc($keyword) =~ /AZMAX$/) {
$zmax = $value;

} elsif (uc($keyword) =~ /ACHATTERS/) ({
$chatter = $value;

} elsif (uc($keyword) =~ /ATSTART$/) ({

",

>
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$tstart = $value;
} elsif (uc($keyword) =~ /ATSTOP$/) {
$tstop = $value;
} elsif (uc($keyword) =~ /ASCFILE$/) {
$scfile = $value;
} elsif (uc($keyword) =~ /AIRFS$/) {
$irfs = $value;
} elsif (uc($keyword) =~ /ALCFILES$/) {
$lcfile = $value;
} elsif (uc($keyword) =~ /ADELOLD$/) {
$delold = $value;
} else {
print "Warning:_.Unknown.keyword.\" $keyword\" oin.
configuration.file.\" $configfile \"!\n";
1

}
close ($handle) ;

if ($automodel != 0) {
die "Automatic.generation.of_.model_.file_not_.implemented_yet
An":

}

# Read source list

if ($slist) {
open(S$handle, ’<’, $slist) || die "Error.opening.source.list
ofileo\" $slist\"_for_reading .\n";
} else {
die "Error:.No.source.listofileogiven!\n";

>

}

if ($verbosity >= 2) {
print "Reading.source.listofileo\" $slist\"...\n";

}

if ($delold) {
$cmd = "rmo$lcfile";
system ($cmd) ;

1

my $nsrc = 0;
while (<$handle >) {
($source[$nsrc], Sra[$nsrc], $dec[$nsrc]) = split/\s+/;
$nsrc++;
if ($verbosity >= 2) {
print "Source.$nsrc:.\" $source[$nsrc —1]\",_.ra=S%ra[$nsrc
—1],.dec=%$dec[$nsrc —1]\n";
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if ($verbosity >= 2) {
print "Done.reading.source.list.file .\n";

}

# Source loop
for (my $i = 0; $i < S$nsrc; S$i++) {
# Likelihood analysis

# Get start and stop time
my $eventfile0 = make_temp("eventfileO. fits");
# Time loop

my $tmin;
my $tmax ;
my $t;

$pm = new Parallel :: ForkManager($ncores);

for ($t = S$tstart; $t < $tstop; $t += S$tstep) {
my $pid = $pm—>start and next;

# gtselect

my $eventfilel = make_temp("eventfilel . fits");

$tmin = mjd2met($t);

$tmax = mjd2met($t + S$tstep);

$cmd = "gtselectochatter=$chatter.zmax=$zmax._.emin=$emin.
emax=$emax.infile =\@$plist.outfile=$eventfilel .ra=
$ra[$i].dec=%dec[$i].rad=%rad_tmin=$tmin_tmax=$tmax
wevclass=128_evtype=3";

if ($verbosity >= 2) {
print "\n".$cmd."\n";

}

system ($cmd) ;

# gtmktime

my $eventfile2 = make_temp("eventfile2.fits");

my $bore_limit = 180;

my $filter = "(DATA_QUAL==1).&&.(LAT_CONFIG==1).&&.(
angsep (RA_ZENITH,DEC_ZENITH, $ra[$i],$dec[$i])\+ $rad
<$zmax ) &&.(angsep ($ra[$i],$dec[$i],RA_SCZ,DEC_SCZ)
<$bore_limit)";

my $roicut = "n";

$cmd = "gtmktime.scfile=$scfileofilter=\"$filter\".
roicut=$roicut.evfile=$eventfilel moutfile=
$eventfile2._.chatter=$chatter";

if ($verbosity >= 2) {
print "\n".$cmd."\n";
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}

system ($cmd) ;

# gtltcube

my $expcube = make_temp("expcube. fits");

$cmd = "gtltcube.chatter=$chatter_.evfile=$eventfile2.
scfile=$scfile.outfile=$expcube_.dcostheta=0.025.
binsz=1";

if ($verbosity >= 2) {
print "\n".$cmd."\n";

}

system ($cmd) ;

# gtexpmap

my $expmap = make_temp ("expmap. fits");

my $srcrad = $rad + 10.0;

$cmd = "gtexpmap.chatter=$chatter_.evfile=$eventfile2.
scfile=$scfile_expcube=$expcube.outfile=$expmap..
irfs=$irfsosrcrad=$srcrad.nlong=120_nlat=120.
nenergies=20";

if ($verbosity >= 2) {
print "\n".$cmd."\n";

}

system ($cmd) ;

# gtdiffrsp

$cmd = "gtdiffrspochatter=$chatter.evfile=$eventfile2.
scfile=$scfileosrcmdl=$modelfilecirfs=%irfs";

if ($verbosity >= 2) {
print "\n".$cmd."\n";

}

system ($cmd) ;

# gtlike

my $resultsfile = make_temp("results.dat");

my $specfile = make_temp("counts_spectra. fits");

$cmd = "gtlikeoresults=$resultsfileospecfile=$specfile.

chatter=$chatter_irfs=$irfs_.expcube=$expcube_srcmdl
=$modelfile.statistic=UNBINNED.optimizer=MINUIT.
evfile=$eventfile2 . scfile=$scfile_expmap=$expmap.
cmap=none._bexpmap=none" ;

if ($verbosity >= 2) {
print "\n".$cmd."\n";

}

system ($cmd) ;

# Extract values from results.dat

my $resultshandle;
my $insrc = 0;
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218 $srcfound = 0;

219 open( $resultshandle , "<", $resultsfile);

220 while (<$resultshandle >) {

221 my @line = split/\s+/;

222

223 my $src = $source[$i];

224 if ($line[0] =~ /${src}/) {

225 if ($verbosity >= 1) {

226 print "Found.the.source.\" $source[$i]\".\n";

227 }

228 $insrc = 1;

229 $srcfound = 1;

230 }

231

232 if ($insrc == 1)

233 if ($line[0] =~ /Index/) |

234 $alpha = substr($line[1], 1);

235 $dalpha = substr($line[3], 0, —2);

236 } elsif ($line[0] =~ /TS/) {

237 $tsvalue = substr(substr($line[2], 1), O,

=2);

238 } elsif ($line[0] =~ /Flux/) {

239 $flux = substr(S$line[1], 1);

240 $dflux = substr($line[3], 0, —2);

241 } elsif ($line[0] =~ /*\},$/) {

242 $insrc = 0;

243 }

244 }

245 }

246 close($resultshandle);

247

248 if ($verbosity >= 2) {

249 print "Results.forocurrentotimeobino(".($t + S$tstep

/2.0).".MJD)\n";

250 print "Source..:.$source[$i]\n";

251 if ($srcfound == 1) {

252 print "Flux..oo:o$fluxo+/—o$dflux\n";

253 print "Index...:.$alpha.+/—_$dalpha\n";

254 print "TS.value:.$tsvalueo(".sqrt($tsvalue)."o
sigma)\n";

255 } else {

256 print "Didunot.find.the_source !\n";

257 }

258 }

259

260

261 my $lchandle;

262 if ($srcfound == 1) {

263 open ($lchandle, ">>", $lcfile);

264 print $lchandle ($t + S$tstep/2.0)."\t".$flux."\t".
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$dflux."\t".$alpha."\t".S$dalpha."\t". $tsvalue."
\n";
close ($lchandle);
}

# Clean up

$cmd = "rmo$eventfilel u$eventfile2 .$expmap.$expcube.
$Sresultsfile_.$specfile"”;

system ($cmd) ;

if ($verbosity >= 1) {
print "Finished.time.bin.".($t + $tstep/2.0)."_MJD\n

",
>

}

$pm—>finish; # Terminates the child process
} # End of time loop.
$pm—>wait_all_children;

exit ;

HARRHRRAH A AR R RG A A ARG AAAAAR R H A

# convert MID to MET

# start and stop times are specified on command line in MJD
units

# but science tools use MET

sub mjd2met{
my $value = shift;

# This makes an assumption about UT vs. TT....
$result = ($value — (51910.0 + 7.428703703703703E—4)) * 86400.0;

return( $result)

}

sub make_temp {
return "tmp_".$$.$_[00];
}

Listing A.1: PERL script to produce a light curve from raw Fermi-LAT data
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