
 

 
 
 
 
 
 
 
 
 
 
 

The keV–TeV connection 
in gamma-ray binaries 

 
 
 

Víctor Zabalza de Torres 
 
 
 
 
 
 
 
 

ADVERTIMENT. La consulta d’aquesta tesi queda condicionada a l’acceptació de les següents condicions d'ús: La difusió 
d’aquesta tesi per mitjà del servei TDX (www.tdx.cat) ha estat autoritzada pels titulars dels drets de propietat intel·lectual 
únicament per a usos privats emmarcats en activitats d’investigació i docència. No s’autoritza la seva reproducció amb 
finalitats de lucre ni la seva difusió i posada a disposició des d’un lloc aliè al servei TDX. No s’autoritza la presentació del 
seu contingut en una finestra o marc aliè a TDX (framing). Aquesta reserva de drets afecta tant al resum de presentació 
de la tesi com als seus continguts. En la utilització o cita de parts de la tesi és obligat indicar el nom de la persona autora. 
 
 
ADVERTENCIA. La consulta de esta tesis queda condicionada a la aceptación de las siguientes condiciones de uso: La 
difusión de esta tesis por medio del servicio TDR (www.tdx.cat) ha sido autorizada por los titulares de los derechos de 
propiedad intelectual únicamente para usos privados enmarcados en actividades de investigación y docencia. No se 
autoriza su reproducción con finalidades de lucro ni su difusión y puesta a disposición desde un sitio ajeno al servicio 
TDR. No se autoriza la presentación de su contenido en una ventana o marco ajeno a TDR (framing). Esta reserva de 
derechos afecta tanto al resumen de presentación de la tesis como a sus contenidos. En la utilización o cita de partes de 
la tesis es obligado indicar el nombre de la persona autora. 
 
 
WARNING. On having consulted this thesis you’re accepting the following use conditions:  Spreading this thesis by the 
TDX (www.tdx.cat) service has been authorized by the titular of the intellectual property rights only for private uses placed 
in investigation and teaching activities. Reproduction with lucrative aims is not authorized neither its spreading and 
availability from a site foreign to the TDX service. Introducing its content in a window or frame foreign to the TDX service is 
not authorized (framing). This rights affect to the presentation summary of the thesis as well as to its contents. In the using 
or citation of parts of the thesis it’s obliged to indicate the name of the author. 



�e keV–TeV connection
in gamma-ray binaries

PhD thesis

Víctor Zabalza





UNIVERSITAT DE BARCELONA

Departament d ’Astronomia i Meteorologia

The keV–TeV connection
in gamma-ray binaries

Víctor Zabalza de Torres

Barcelona, Maig de 2011





Programa de doctorat en Física

L ínia de Recerca en Astronomia i Astrofísica

2007–2011

Memòria presentada per Víctor Zabalza de Torres
per optar al grau de Doctor en Física

Director
Dr. Josep Maria Paredes Poy



Front cover illustration: Orbital sketches of the three gamma-ray binaries with
known orbital parameters: LS I +61 303, LS 5039 and PSRB1259−63, from le�
to right. For the �rst two, the observer direction is downwards, whereas for
PSRB1259−63 the orientation of the orbit is unknown and has been assumed.
�e decretions discs of Be stars are also shown.
Back cover illustration: Word frequency cloud generated by www.wordle.
net using the text of this thesis.

www.wordle.net
www.wordle.net


I do not know what I may appear to the world; but to
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Resum de la tesi

La connexió keV–TeV a les
binàries de raigs gamma

La radiació de raigs gamma és intrínsecament diferent de la radiació emesa en
la resta de l’espectre electromagnètic perquè no pot ser generada per la ma-
tèria calenta. Per a emetre radiació a energies majors que 1MeV és necessària
la presència dels anomenats processos no tèrmics d’emissió. Aquests proces-
sos són capaços de concentrar una gran quantitat d’energia en cada un dels
fotons emesos extraient-la de partícules accelerades �ns a velocitats relativis-
tes. L’astrofísica d’altes energies estudia alguns dels entornsmés energètics de
l’univers a través de la seva emissió de raigs gamma, detectadamitjançant ob-
servatoris espacials per a raigs gamma d’alta energia (0.1–10GeV, amb Fermi
i AGILE) o telescopis de Cherenkov atmosfèric localitzats a terra per a raigs
gamma de molt alta energia (>100GeV, amb MAGIC, VERITAS i HESS).
Els darrers anys hem vist un augment signi�catiu dels resultats observaci-

onals obtinguts en raigs gamma demolt alta energia, passant demenys d’una
desena de fonts astrofísiques detectades a �nals del segle passat �ns a prop
de cent fonts avui dia. Aquestes comprenen moltes categories d’entorns as-
trofísics, com romanents de supernova (SNR), nebuloses de vent de púlsar
(PWN) o nuclis actius de galàxia (AGN), entre d’altres (veure secció 1.2 per
a una explicació exhaustiva). En totes elles s’hi donen lloc processos que ac-
celeren partícules �ns a molt altes energies, bé mitjançant xocs de plasma o
dolls relativistes de matèria.
Un dels tipus de fonts que van ser descoberts durant la darrera dècada en

raigs gamma de molt alta energia són les binàries de raigs gamma. Aquests
sistemes binaris contenen una estrella jove que esta lligada gravitacionalment
a un objecte compacte, i.e., un forat negre o una estrella de neutrons. Ac-
tualment se’n coneixen quatre: PSRB1259−63, LS 5039, LS I +61 303 i HESS
J0632+057. Tot i que sabem que l’objecte compacte a PSRB1259−63 es tracta
d’un púlsar jove, no s’han pogut detectar pulsacions a les altres tres fonts, fet
que desperta molt interès sobre els escenaris que poden donar lloc a l’emissió
multi longitud d’ona. En cas que l’objecte compacte fos un forat negre o
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una estrella de neutrons acretant, l’emissió provindria de les partícules ac-
celerades als dolls relativistes generats en acretar matèria de l’estrella. En
cas que l’objecte compacte fos un púlsar jove, l’escenari seria similar al del
PSRB1259−63, i l’emissió no tèrmica provindria del vent del púlsar xocat en
interaccionar amb el potent vent estel.lar.
Totes les binàries de raigs gamma conegudesmostren variabilitat orbital en

la radiació emesa en tot l’espectre electromagnètic, des de radio �ns a raigs
gamma de molt alta energia, i sabem que aquesta prové d’una o vàries pobla-
cions d’electrons relativistes. La presència dels camps magnètics de l’estrella
i de l’objecte compacte fa que aquests electrons emetin radiació sincrotró des
de radio �ns a raigs X durs. L’emissió de raigs gamma d’alta i molt alta ener-
gia prové de la interacció dels electrons amb els fotons estel.lars mitjançant
Compton Invers. A més, per a les propietats físiques de les binàries de raigs
gamma el mateix rang d’energia d’electrons d’alta energia es responsable de
l’emissió sincrotró en raigs X (fotons d’energia al voltant del kiloelectron-
Volt, keV) i l’emissió Compton Invers en raigs gamma de molt alta energia
(fotons d’energia al voltant del TeraelectronVolt, TeV). Això ens dóna la pos-
sibilitat d’estudiar unamateixa població d’electrons a través de dos processos
independents i ens aporta informació no només sobre els electrons relativis-
tes sinó també sobre el camp magnètic, la densitat de radiació i l’absorció
a l’emissor no tèrmic. Les binàries de raigs gamma són un laboratori excel-
lent per a posar a prova i millorar els nostre coneixement sobre els proces-
sos d’emissió de raigs gamma de molt alta energia. El moviment de l’objecte
compacte i l’emissor no tèrmic al voltant de l’estrella dóna lloc a una modu-
lació periòdica de l’entorn en el que es genera l’emissió de molt alta energia,
proporcionant-nos l’oportunitat de deduir l’estructura i propietats del siste-
ma a partir de les propietats espectrals i temporals de l’emissió no tèrmica de
la font.
Aquesta tesi és el resultat de l’estudi de les binàries de raigs gammades d’un

punt de vista multi longitud d’ona. Hem fet servir una combinació de mè-
todes observacionals i teòrics per a aprofundir en el coneixement d’aquests
sistemes, així com per cercar-ne de nous.
Als Capítols 1 i 2 fem una introducció al camp de l’astrofísica d’altes ener-

gies i als processos d’acceleració de partícules, de radiació i absorció més re-
llevants per a l’emissió de raigs gamma de molt alta energia.
Al Capítol 3 presentem el descobriment de la correlació entre l’emissió de

raigs X i raigs gamma de molt alta energia a la binària LS I +61 303. Aquest
descobriment va ser resultat d’una campanya simultània d’observació amb el
telescopi Cherenkov MAGIC i els satèl.lits de raigs X XMM-Newton i Swi�.
A continuació en fem una interpretació física al Capítol 4 mitjançant l’ela-
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boració d’un model numèric radiatiu que permet reproduir les observaci-
ons simultànies a partir de l’emissió multi longitud d’ona d’una única pobla-
ció d’electrons relativistes. L’elaboració d’aquest model ens permet restringir
signi�cativament les propietats físiques de l’emissor no tèrmic i comprovar
que l’origen de les variacions en �ux és compatible amb pèrdues adiabàtiques
dominants a l’emissor.
En cas que la font energètica d’una binària de raigs gamma sigui un púlsar

jove, la potència del vent d’aquest púlsar és una dada bàsica per a avaluar el
nivell d’emissió no tèrmica. Als sistemes LS 5039 i LS I +61 303 no s’ha pogut
detectar el possible púlsar i per tant en desconeixem la seva potència. Al Capí-
tol 5 presentem un mètode per a restringir els valors possibles de la potència
del vent del púlsar a través de l’emissió tèrmica en raigs X del vent xocat de
l’estrella. En la interacció entre els dos vents, el vent de l’estrella s’escalfa �ns
temperatures de desenes de milions de graus i emet radiació en el rang de
raigs X. La lluminositat total de la radiació tèrmica depen en forta mesura
de la forma de la regió d’interacció, que ve determinada per la relació de po-
tències dels vents del púlsar i l’estrella. Donat que observacionalment no es
detecta l’emissió tèrmica, podem establir límits superiors a la potència del
púlsar a partir de la comparació del càlcul teòric d’emissió tèrmica amb els
espectres de raigs X obtinguts per XMM-Newton. Amb aquest mètode hem
pogut restringir la potència del vent del púlsar a un rang reduït al voltant de∼5 × 1036 erg s−1.
Finalment presentem la cerca d’emissió de raigs gamma de molt alta ener-

gia provinent del microquàsar Sco X-1 al Capítol 6. Sco X-1 és la font de raigs
X més brillant del cel, i seus colors en raigs X es poden relacionar amb els
estats d’acreció de matèria sobre l’estrella de neutrons. En un d’aquests es-
tats es forma un doll relativista de matèria, que emet radiació no tèrmica en
raigs X durs. Vam realitzar una campanya d’observació simultània amb el
telescopi de raigs gamma de molt alta energia MAGIC i el satèl.lit de raigs
X RXTE per a poder seleccionar les dades de la font durant els diferents es-
tats d’acreció. Malauradament, no vam detectar emissió signi�cativa de raigs
gamma de molt alta energia, però els límits superiors obtinguts seran molt
útils per a futurs models de l’emissió no tèrmica de la font.

•





1
Introduction

1.1 High energy astrophysics

�e gamma-ray emission from astrophysical sources is arguably di�erent
from the emission in the rest of the electromagnetic spectrum because it
cannot be generated by hot matter. High energy gamma radiation is there-
fore an indication that non-thermal processes, which are able to concentrate
a large amount of energy into a single emitted photon, are taking place.�ese
processes are related to populations of relativistic particles accelerated in en-
ergetic astrophysical scenarios.�e interaction of these relativistic particles
with their environment –magnetic �eld, radiation and cold gas– can gener-
ate high-energy gamma rays. For some sources the total emitted power above
1 GeV is larger that the power emitted over all the rest of the electromagnetic
spectrum.�e detection and study of gamma rays allows us to probe into the
properties of the most extreme astrophysical sources in the universe.
Until recently, the highest energy band in observational gamma-ray as-

tronomy was the range 0.1–10GeV, covered by the Energetic Gamma Ray Ex-
periment Telescope (EGRET) aboard the Compton Gamma-Ray Observato-
ry (CGRO). EGRET provided an extremely rich dataset fromwhich a catalog
of 270 galactic and extragalactic gamma-ray sources was extracted (Hartman
et al., 1999).�e next generation of space-borne gamma-ray observatory was
embodied in the Gamma-Ray Large Area Space Telescope (GLAST) (later
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2 introduction

renamed to Fermi), launched in summer 2008.�e Fermi/LAT instrument,
sensitive in the range 0.3–30GeV, has a �eld of view of 30% of the whole sky,
which combined with survey mode operations, provides a broad coverage
of variable sources with variability timescales from seconds up to years.�e
�rst year of observations already improved on our view of the gamma-ray sky
as compared to EGRET, and provided a catalog of 1451 sources (Abdo et al.,
2010, see also Fig. 1.1 for the all-sky two year map from Fermi). However, the
weight and size limitations of space observatories preclude them from pro-
viding e�ective detection areas above 1m2.�e reduced number of photons
at energies above 100GeVmakes this a practical limit for the observations of
TeV sources.
A way to overcome the limits of space-borne observatories has been to de-

tect the highest energy gamma-rays fromgrounddetectors using either direct
air shower particle detection or atmospheric Cherenkov telescopes. However,
the extremely high background induced by cosmic rays requires these detec-
tors to adequately discriminate between gamma-ray and cosmic ray events.
At energies of a few hundred GeV, the Imaging Atmospheric Cherenkov Te-
lescope (IACT) observatories have demonstrated to provide e�ective rejec-
tion of cosmic ray events (up to a factor 103) and further improve their sensi-
tivity through their good angular resolution of∼0.1○. Amore detailed account
of the IACT gamma-ray detection technique is given in Appendix A.�e �rst
detection of a source at very high energy (VHE) gamma-rays was performed
by the Whipple IACT with the detection of the Crab Nebula (Weekes et al.,
1989). Following this breakthrough detection, several IACTs were developed
during the 1990s and led to important astrophysical results and discoveries.
However, VHE astronomy was still limited to fewer than ten sources. Based
on the strengths of these observatories, the current-generation IACTs were
developed, namely the High Energy Stereoscopic System (HESS), the Major
Atmospheric Gamma-ray Imaging Cherenkov (MAGIC) telescopes and the
Very Energetic Radiation Imaging Telescope Array System (VERITAS), in
order of �rst light date.�ese telescopes have provided us with a population
of nearly a hundred VHE emitting sources and have clearly established VHE
gamma-ray observations as a new discipline in observational astrophysics.
Additionally, the MILAGRO water Cherenkov detector has proven the e�ec-
tiveness of the direct extensive air shower (EAS) detection technique through
the discovery of three new TeV sources (Abdo et al., 2007), one of them
con�rmed by HESS. A view of the current galactic and extragalactic VHE
gamma-ray source catalog is shown in Figure 1.2.
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Figure 1.1: All-sky map of HE gamma-ray intensity plotted in galactic coordinates
(as for Fig. 1.2).�e image has been generated from data obtained during the �rst
two years of operation of Fermi/LAT in the energy range 0.3–30GeV. Image from
Vandenbroucke et al. (2010).
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Figure 1.2: All-sky map in galactic coordinates of sources detected at energies above
100GeV as ofMarch 2011. Image courtesy of RobertWagner, up-to-date plot available
at http://www.mppmu.mpg.de/~rwagner/sources.
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Figure 1.3: Gamma-ray image of the SNR RX J1713.7−3946 obtained with the HESS
telescopes.�e black contours correspond to 1–3 keV X-ray intensity from ASCA.
Image from (Aharonian et al., 2004a).

1.2 Sources of VHE gamma-ray emission

In spite of the relatively small number of sources detected in VHE gamma-
rays there is a diverse collection of source classes. Here we will brie�y intro-
duce some of them, leaving the category of gamma-ray binaries for a more
detailed description in Section 1.3.

Supernova Remnants (SNRs) SNRswere already proposed as themost likely
sources of galactic cosmic rays up to an energy of 1015 eV in the 1930s (Baade
& Zwicky, 1934).�e possibility to spatially resolve the SNR in VHE gamma-
rays has allowed to study the acceleration that takes place in the strong shocks
of the SNR shell. A clear example of the power of VHE observations of SNRs
is the case of RX J1713.7−3946 (see Fig. 1.3, Aharonian et al., 2004a).
Pulsar Wind Nebulae (PWNe) In these objects a rapidly spinning neutron
star produces a relativistic electron wind that on interaction with the outer
shells of the parent supernova remnant produce synchrotron X-ray emission
and VHE through Inverse Compton (IC) upscattering of CMB photons. A
good example of this class is the detection of energy-dependent morphology
in the PWN HESS J1825−137 (Aharonian et al., 2006b), with a smaller ex-
tension at higher photon energies, as expected owing to the radiative cooling
of electrons convecting away from the pulsar. Many extended VHE sources
have been identi�ed as PWNe thanks to the detection of pulsed emission at
GeV with Fermi, and, in one case, AGILE.
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Galactic Center �e region around the galactic center has been extensively
observed byHESS, detecting a point-like source coincident with SgrA* (Aha-
ronian et al., 2004b) and di�use, extended emission along the galactic plane
coincident with the Galactic Center Ridge (Aharonian et al., 2006a).�e ori-
gin of the point-like source is not clear, but the morphological match of the
di�use emission with the density of molecular clouds indicates that its origin
is the proton-proton interaction of cosmic rays emitted from a central source
of age ∼104 yr.
Open Clusters �e extended source HESS J1023−575 was found to be com-
patible with the open clusterWesterlund 2 (Aharonian et al., 2007b). Some of
the considered emission scenarios for this source include the colliding wind
zone of WR 20a (a massive binary in Westerlund 2), collective stellar winds
from the ensemble of hot and massive stars in the stellar cluster, di�usive
shock acceleration in the wind-blown bubble itself, and supersonic winds
breaking out into the interstellar medium.

Unidenti�ed Galactic Plane sources As can be seen in Figure 1.2, as many as
30 VHE sources in the galactic plane remain unidenti�ed.Most of themwere
detected as the result of the HESS Galactic Plane Survey (Aharonian et al.,
2006c) or the all-sky operations of MILAGRO (Abdo et al., 2007). Most of
them are extended or elongated, which suggests an SNR and/or PWN origin,
but no counterpart at other wavelengths has been found yet.

Active Galactic Nuclei (AGNs) �e relativistic jets launched from the super-
massive black holes in AGNs provide a population of accelerated particles
that radiate from radio to VHE.�eir broadband spectra are usually well ex-
plained by an electronic population emitting through synchrotron and either
synchrotron self Compton or external IC mechanisms. Some of these sour-
ces exhibit extremely fast variability and have challenged the current under-
standing of AGN jets, with Doppler factors of up to 100 required to explain
the 3minute �ux-doubling time observed in PKS 2155−304 (Aharonian et al.,
2007a).�e distance to some of these sources provides the opportunity to
study the Extragalactic BackgroundLight (EBL) through the pair-production
absorption of the VHE spectra of AGNs.

1.3 Gamma-ray binaries

One of the advances that best exempli�es the qualitative increase in scienti�c
output of the current generation of Cherenkov telescopes is the discovery of
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a population of X-ray binaries that emit VHE gamma-rays.�e study of the
emission of VHE gamma-rays from binary systems provides a unique labo-
ratory to test the physical processes that undergo the relativistic populations
of particles accelerated within.
Gamma-ray binaries are binary systems comprised of an young, massive

star and a compact object.�ey display non-thermal emission across the elec-
tromagnetic spectrum from radio to VHE gamma-rays and their emission,
in practically all bands, is modulated with a period equal to the orbital pe-
riod.�e variability of the ambient conditions as the emitter orbits around
the young star provides a unique laboratory to test and improve our current
understanding of particle acceleration, transport, emission and absorption in
relativistic out�ows.
Up to now, only three gamma-ray binaries have been clearly detected and

identi�ed: LS I +61 303 (Albert et al., 2006), LS 5039 (Aharonian et al., 2005b)
and PSRB1259−63 (Aharonian et al., 2005a).�e compact object powering
PSRB1259−63 is known to be a young pulsar, thewind ofwhich interactswith
the dense stellar wind of the Be star and accelerates particles in the strong
shocks developed in the pulsar wind. On the other hand, the nature of the
compact objects harbored by LS 5039 and LS I +61 303 is yet unknown.�e
detection of pulsed emission from PSRB1259−63 has been possible due to its
wide orbit, but in the case of LS 5039 and LS I +61 303 the proximity of the
putative pulsar to the star would imply the free-free absorption of its pulsed
radio emission.�erefore, a non-detection of radio pulses does not necessar-
ily rule out the presence of a pulsar. See Section 1.3.1 below for a discussion
of the proposed emission scenarios for LS 5039 and LS I +61 303.
In addition to these three binaries, there are two very strong candidates to

enter the category of gamma-ray binaries.�e �rst one is HESS J0632+057, a
point-like VHE source located in the galactic plane with variable TeV, X-ray
and radio emission (Hinton et al., 2009; Skilton et al., 2009, and references
therein).�e broadband variability and lack of extended VHE emission are
compelling indications that HESS J0632+057 is a gamma-ray loud binary.
Recent X-ray observations provided evidence of a ∼320 day period (Falcone
et al., 2011), and slightly extended emission at milliarcsecond scales (similar
to that observed in other gamma-ray binaries) has been detected by Moldón
et al. (2011).
�e other candidate is 1FGL J1018.6−5856, fromwhich a period of 16.6 days

has already been detected in the HE gamma-ray band with Fermi (Corbet
et al., 2011), and is compatible with the position of an O6V((f)) star, similar to
the optical companion of LS 5039. Additionally, the HE gamma-ray source
is coincident with an X-ray source that displays similar spectral properties
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to other gamma-ray binaries (Pavlov et al., 2011). �e source is also posi-
tionally compatible with the VHE source HESS J1023−575 (de OñaWilhelmi
et al., 2010), but it is not yet known whether the VHE source is variable. Ad-
ditionally, the presence of a positionally coincident SNR prevents the clear
identi�cation of the VHE source with 1FGL J1018.6−5856.
�e High-mass X-ray binary (HMXB) Cygnus X-3 has been recently de-

tected as a variable, �aring source in the HE gamma-ray band both by Fermi
(Abdo et al., 2009) and AGILE (Tavani et al., 2009). �e identi�cation of
the HE gamma-ray source with Cygnus X-3 is irrefutable given the modu-
lation of the gamma-ray �ux with the orbital period of Cygnus X-3 detected
by Fermi.�is source has been extensively observed with MAGIC (Aleksić
et al., 2010), but it has not resulted in a detection above 100GeV. Previous
attempts to detect it were based on either radio outbursts or the state of the
source at so� or hard X-rays.�e all-sky monitoring mode of Fermi can be
exploited to obtain a near-real-time status of the source in HE gamma-rays.
In Appendix B we show the results from an automatic analysis pipeline of
Fermi/LAT GeV data developed to trigger MAGIC VHE observations dur-
ing GeV �ares of Cygnus X-3. If the source �ares at VHE simultaneously to
HE gamma-rays, this is the best way to detect such �ares, and hopefully in
the following years we will know whether Cygnus X-3 does indeed emit de-
tectable radiation above 100GeV.
Given the current debate on the nature of the compact objects harbored by

LS 5039 and LS I +61 303, the detection of VHE emission from an accreting
black hole source would be an extraordinary result. In 2007 the MAGIC col-
laboration found evidence of VHE emission from themicroquasar Cygnus X-
1 during a �are lasting ∼80min (Albert et al., 2007). However, the gamma-ray
signal found was only signi�cant at a 4.9σ level, that translated into a signif-
icance of 4.1σ when taking into account the data selection trials.�e lack of
independent or subsequent detection advises for precaution when consider-
ing the physical implications of this result.

1.3.1 Scenarios of VHE emission from gamma-ray binaries

�ere are currently two main scenarios invoked to explain the broadband
emission from gamma-ray binaries: the microquasar and the pulsar binary
scenarios.
X-ray binaries are binary systems formed by a star and a compact object

which is either a neutron star or a black hole.�e strong gravitational pull of
the compact object attracts and accretes matter from the star, forming an ac-
cretion disk that is extremely bright in X-rays.Microquasars are a unique sub-
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Figure 1.4: Sketch of the two considered scenarios for gamma-ray emission from
binary systems. Le�: the microquasar scenario. Right: the binary pulsar scenario.
See text for an explanation of the properties of each scenario. Image fromMirabel
(2006).

class of X-ray binaries because the accretion of matter onto the compact ob-
ject triggers the formation of jets composed of plasma accelerated to relativis-
tic velocities.�ey received their name a�er their similarity (albeit at scales
several orders of magnitude smaller) with quasars. A�er their discovery by
Mirabel et al. (1992) the importance of non-thermal processes was proven
and the possibility of e�ective gamma-ray production at VHE through up-
scattering of the stellar photons was explored (Levinson & Blandford, 1996;
Aharonian & Atoyan, 1998). Recently, a con�rmation of the presence of par-
ticle populations accelerated up to GeV and higher energies was found in the
detection byAGILE and Fermi of the HMXBCygnus X-3 (Tavani et al., 2009;
Abdo et al., 2009).�e AGILE team also claimed the detection of �aring HE
emission from Cygnus X-1 (Sabatini et al., 2010), but the relationship with
Cygnus X-1 was not clear and no subsequent detection has been made.
�e proposed microquasar scenario for emission at VHE involves the up-

scattering of stellar photons by the relativistic particle population accelerated
either at the jet base or at recollimation shocks along the jet.�e broadband
variability of the source may be explained naturally as variability of the mass
accretion rate onto the compact object and therefore jet power.�e detec-
tion of elongated asymmetric emission in high-resolution radio images of
LS 5039 was interpreted as mildly relativistic ejections from a microquasar
jet and prompted its identi�cation with an EGRET HE gamma-ray source
(Paredes et al., 2000). �e broadband emission from radio to VHE is de-
veloped in detail and applied to LS 5039 and LS I +61 303 by Bosch-Ramon
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et al. (2006) and Paredes et al. (2006). A sketch of the scenario may be found
in Figure 1.4, le�. Note, however, that, for the depicted microquasar, accre-
tion onto the compact object takes place through the so-called Roche lobe
over�ow mechanism, whereas for the powerful stellar winds of the stars in
gamma-ray binaries accretion would be directly from the wind.
As many as 30 years ago, Maraschi & Treves (1981) already proposed the

source of non-thermal emission from LS I +61 303 to be the relativistic wind
of a pulsar interacting with the stellar wind, an idea subsequently developed
upon by, e.g., Tavani & Arons (1997) and Kirk et al. (1999).�e lack of accre-
tion signatures in X-ray spectra and the detection of cometary-like, phase-
dependent radio emission from LS I +61 303 (Dhawan et al., 2006) prompted
the development of models to account for the non-thermal broadband emis-
sion of LS I +61 303 and LS 5039 in the pulsar binary scenario (Dubus, 2006).
In this scenario, the wind from a young, rotationally powered pulsar inter-
acts with the stellar wind. Particles are accelerated in the shock formed in
the pulsar wind and radiate as they travel, possibly at relativistic velocities,
along the bowshock-like contact discontinuity formed at the balance of the
pulsar and stellar winds. �ese energetic particles then radiate from radio
up to hard X-rays through synchrotron and at higher energies through the
IC upscattering of stellar photons.�e lower-energy electrons would end es-
caping the system and creating and asymmetric synchrotron nebula pointing
away from the stellar companion, the shape of which would depend on the
ram pressure ratio of the stellar and pulsar winds. At even larger distances
from the source, extended X-ray emission has been detected in LS I +61 303
(Paredes et al., 2007), PSRB1259−63 (Pavlov et al., 2011) and LS 5039 (Durant
et al., 2011), which could be equivalent to the large-scale PWNe found around
some isolated pulsars.

1.4 The keV–TeV connection

For all non-thermal emitters there is an intrinsic synergy between the emis-
sion at X-ray energies and the emission in VHE gamma-rays. In the presence
of a magnetic �eld, accelerated charged particles will radiate synchrotron
emission. For moderate magnetic �elds of below 1G and an ambient radi-
ation �eld with optical wavelength, as is the case for the emission from stars,
the energy required for electrons to emit in the X-ray band (through synchro-
tron) and the VHE band (through Inverse Compton) is roughly similar.�is
means that the properties of this particular range of electron energies can be
recovered through two di�erent emission bands. Furthermore, emission in
these bands may be modulated di�erently by ambient conditions: synchro-
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tron will depend on the magnetic �eld while IC emission will vary according
to the density of seed stellar photons, the geometry and angle of the emitter
with respect to the observer, pair production absorption and electromagnetic
cascading.�ese diverse modulations, however, may play advantageous for
an understanding of the source since it allows not only to recover the pa-
rameters of the emitter but also verify the assumptions made on the system
environment. A perfect complement to test the properties of the non-thermal
particle population are radio observations, which probe the lower energy
electrons that emit through synchrotron radiation. A welcome consequence
of the synergy between X-ray and VHE emission in leptonic populations is
that X-ray observations are o�en the best tool to identify the counterparts of
unidenti�ed VHE sources, mainly because of the less crowded X-ray sky (as
opposed to, e.g., optical).

1.5 Overview of the thesis

Even though gamma-ray loud X-ray binaries have been widely studied, many
key characteristics of these sources are still elusive.�e unique environment
they present and the in�uence between the di�erent parts of the systems
make it di�cult to apply knowledge from other �elds. While these binaries
appear similar on the surface, many properties set them apart and it is clear
that the same scenario may not be directly applicable to all of them.
�e aim of the present thesis is to deepen our understanding of the hith-

erto detected gamma-ray binaries and search for new candidates. In all the
work presented here we have exploited the keV-TeV connection in gamma-
ray binaries through simultaneous X-ray/VHE observations or modeling of
the broadband thermal and non-thermal emission from gamma-ray binaries.
Here we give a brief overview of the topics covered in the following chapters.

High-energy emission processes

Webegin the thesis with a brief explanation of the physical processes relevant
to X-ray and VHE gamma-ray emission in Chapter 2. We consider interac-
tions of high-energy particles and photons with the magnetic �eld (synchro-
tron, Section 2.2), with the ambient radiation �eld (Inverse Compton and
pair production absorption, Section 2.3), and with the ambient matter (rel-
ativistic Bremsstrahlung, neutral pion decay and photoelectric absorption,
Section 2.4)
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Correlated X-ray/VHE emission from LS I +61 303

During a simultaneous X-ray (XMM-Newton and Swi�/XRT) and VHE gam-
ma-ray (MAGIC) campaign on LS I +61 303 we discovered a correlation be-
tween the emission inX-rays (0.3–10 keV) andVHE gamma-rays (>100GeV).
In Chapter 3 we describe the multiwavelength observations and results, as
well as a brief physical interpretation of the result. In Chapter 4 we expand
on the physical interpretation of the X-ray/VHE correlation and gain insight
into the properties of the multiwavelength emitter through the development
of a radiativemodel of emission and absorption. Additionally, in Appendix C
we use the case of correlated X-ray/VHE emission from gamma-ray binaries
to test the capabilities of the future CTA.

Thermal X-ray emission from pulsar gamma-ray binaries

�e lack of a direct detection of the putative pulsars in the gamma-ray bi-
naries LS I +61 303 and LS 5039 limits our understanding of these systems.
Typically, only lower limits on the power of the pulsars can be inferred from
energy budget considerations. In Chapter 5 we present a novel method to de-
termine an upper limit to the pulsar spin-down luminosity through the study
of the thermal X-ray emission from the shocked stellar wind. Given that the
pulsar spin-down luminosity is one of the main factors that determine the
shape of the interaction region between the stellar and pulsar winds, we can
link the lack of thermal features in the so� X-ray spectra of gamma-ray bi-
naries with an upper limit to the pulsar spin-down luminosity. We apply this
model to LS 5039 and derive an upper limit close to the lower limit given by
energetic e�ciency required to emit the GeV spectrum detected by Fermi.
�erefore, we successfully constrain the pulsar spin-down luminosity to a
narrow range around a few times 1036 erg/s.

Search for VHE emission from Sco X-1

In May 2010 we performed a simultaneous X-ray/VHE campaign on the mi-
croquasar ScoX-1 to search for VHE emission. ScoX-1 is a so-called Z-source
and its so� X-ray colors can be linked to the accretion states of the neutron
star. In one of these states, known as Horizontal Branch, a powerful rela-
tivistic jet is launched. We used the simultaneous X-ray data from pointed
observations with RXTE/PCA to do an accretion-state-based selection of the
VHE data obtained with MAGIC. We did not obtain a signi�cant signal in
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any of the states. We discuss the possibilities of VHE emission from Sco X-
1 and consider the constrains placed on the system by the measured upper
limits.
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2
High-energy processes in binary systems

�e observation of broadband emission from gamma-ray binaries can pro-
vide valuable information about the properties of the accelerator and emitter
from which high-energy emission arises. However, a good understanding of
the underlying radiation and absorption processes is paramount to success-
fully untangle the properties of the systems. In this chapter we present some
of the acceleration, radiation and absorption processes that play an important
role in the emission of HE and VHE gamma rays. We note that the chapter
will not be an exhaustive review on high-energy processes, but only of those
that have a particular importance in gamma-ray binaries. A more detailed
account of other phenomena relevant to high-energy astrophysics may be
found in Blumenthal & Gould (1970), Rybicki & Lightman (1979), Longair
(1992, 1994), Aharonian (2004), and Vila & Aharonian (2009).
Most of the processes relevant to gamma-ray astronomy imply the inter-

action of accelerated particles (electrons, protons, and nuclei) with ambient
targets such as cold gas, low-frequency photons or magnetic �elds. For this
reason, a convenient way to structure a description of high-energy radiation
and absorption processes is to group them by the type of the target, as we do
below.
In general, the cross-sections relevant to these processes are well known.

�e electromagnetic processes are well characterised by their calculation in

15
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the framework of Quantum Electrodynamics, whereas most of our knowl-
edge on the cross-sections of hadronic processes comes from accelerator data.

2.1 De�nitions

�e calculation of the photon spectrum emitted by a population of particles
through a certain process requires the knowledge or calculation of the di�er-
ential cross-section of the process and the energy distribution of the parent
particles.
�e di�erential cross-section (dσ/dΩ) of a given process can be thought of

as the number of scattered particles per unit time per unit solid angle divided
by the incident particle �ux.
An integration of the di�erential cross-section over the scattered particle

solid angle results in the total cross-section σ . �e total cross-section is a
measure of the probability of interaction independently of the direction of
the scattered particles. A useful parameter to gauge the e�ciency of a given
process in a medium with a density n of target particles is the cooling time

tcool = ( f σnc)−1 ,
where f is the inelasticity of the process and is de�ned as the mean fractional
energy loss per particle per interaction. It is worth noting that in general the
cooling time will depend not only on the given process but also on the par-
ticle energy.�e e�ciency of a given process can be evaluated by comparing
its cooling time with that of the competing processes of particle energy loss
(radiative or non-radiative) and the dynamical times of the source.
�e parent particle population may be described by its distribution in en-

ergyN(E).�e energy distribution is the number of particles per unit energy
per unit volume, and in general will be time-dependent.�e calculation of
N(E) is not trivial, and three approachesmay be followed in order of increas-
ing di�culty and self-consistency.

• �e �rst approach is to simply assume a parent particle population
and check whether the resulting emitted spectrum �ts the data.�is
provides no information on the energy-loss mechanisms at play in the
emitter or the acceleration process, so it may only be used as a probe
of the relative e�ciency of the di�erent radiative processes. Its power
for physical inference is thus quite limited.

• �e second approach is to assume an injection spectrum of particles
Q(E , t). Given this injection spectrum, the evolved spectrum may be
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calculated through the knowledge of the dominant radiative and non-
radiative energy-loss processes in the emitter. From the evolved parti-
cle energy distribution N(E), one can compute the emitted spectrum.
A comparison with observational data will be able to provide informa-
tion on both the emission processes and the energy-loss channels, but
only moderate inference can be made about the acceleration mecha-
nism.�is approach is only valid if the emission and acceleration re-
gions are di�erent.

• �e last and most accurate approach to obtain N(E) is to compute the
injection spectrum from the given acceleration mechanism thought
to be at play in the source. From this injection spectrum, the evolved
parent particle distribution and emission spectrum may be computed.
�is method provides the most inference power, but also requires a
very good knowledge of the structure and physical properties of the
accelerator and emitter regions of the source.

�e evolution of the particle spectrum in the last approach above may be
computed from the Fokker-Planck di�erential equation (see, e.g., Ginzburg
& Syrovatskii, 1964), which takes into account transport of particles due to
di�usion and convection as well as the acceleration of particles through �rst
and second order Fermi-like mechanisms.�is equation can be signi�cantly
simpli�ed if the volume of the emitter is much larger than the site of e�cient
acceleration and results in

∂N
∂t

= ∂
∂E

[PN] − N
τesc

+ Q , (2.1)

where N ≡ N(E , t) is the particle energy distribution, P ≡ P(E) = −dE/dt =−E/tcool is the energy-loss rate per particle,Q ≡ Q(E , t) is the injection spec-
trum, and τesc ≡ τesc(E) is the escape time of particles from the source. A
Green-function solution to Eq. (2.1) may be used for a general calculation
(Ginzburg & Syrovatskii, 1964), but here we will consider the so-called steady
state particle distribution.�is implies the assumption that the total number
of particles remain constant (i.e., ∂N/∂t = 0) and that they continue to ra-
diate as they lose energy, thus creating a stationary parent particle distribu-
tion.�is assumption will not hold if the dynamical timescales of the source
are shorter than the cooling times. If, in addition, we assume that the escape
timescale is much larger that the energy-loss rate, the term containing τesc
can be discarded, so that Eq. (2.1) may be solved as

N(E) = 1∣dE/dt∣ ∫
∞

E
Q(E′)dE′,
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where the energy loss rate per particle ∣dE/dt∣ will be the sum of the en-
ergy loss rates owing to all the relevant radiative and non-radiative energy
loss processes in the emitter region. For a given injection power-law spec-
trum Q(E) ∝ E−α , the resulting evolved particle spectrum is determined
by the energy dependence of the energy loss term. If energy losses are pro-
portional to the particle energy, dE/dt ∝ E, as is the case for relativistic
Bremsstrahlung and adiabatic losses, the evolved particle spectrum will re-
produce the injected spectrum, N(E) ∝ E−α . Dominant synchrotron ra-
diation or Inverse Compton in the�omson regime will result in a steeper
particle distribution owing to their energy loss dependence dE/dt ∝ E2,
which results in N(E) ∝ E−(α+1). On the other hand, the evolved spectrum
will be harder for energy loss rates independent of particle energy or with a
negative dependence, such as ionisation losses (dE/dt not proportional to E)
or Inverse Compton in the Klein-Nishina limit (dE/dt ∝ E−1), resulting in
N(E)∝ E−(α−1) and N(E)∝ E−(α−2), respectively.
Once the parent particle population and cooling timescale of the process

have been obtained, one can compute the total energy budget available from
its energy distribution and the volume of the source as

We,p = ∫V ∫
Emax

Emin

ENe,p(E)dEdV .
Given this energy budget, the resulting emitted radiation through a given
process with cooling time tcool would be

F ≃ We,p
4πd2tcool

.

However, this would only provide an estimate �ux, and the only way to ac-
curately compute the emitted spectrum is to perform the integration of the
di�erential cross-sections over the parent and target particle populations

L(є) = ∫∫∫∫ EN(E)cn(є0)dσ(E , є0 , є, Ω)
dΩ

dΩdє0dEdV ,

where є is the photon energy of the scattered radiation, and the target particle
population is characterised by its energy є0 and density n(є0).
2.2 Interaction with the magnetic �eld

2.2.1 Synchrotron emission

Synchrotron emission is the radiation emitted by a charged accelerated parti-
cle located in an ambient magnetic �eld B.�is channel of emission may ac-
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count for the non-thermal power-law spectrum in many astrophysical sour-
ces from radio up to gamma-rays.�e classical electromagnetic treatment of
synchrotron radiation (e.g. Ginzburg & Syrovatskii, 1965) provides an accu-
rate treatment for themoderatemagnetic �elds found in gamma-ray binaries.
�e charged particle will spiral around the direction of the magnetic �eld
lines owing to the Lorentz forces.�e centripetal acceleration will cause it to
radiate at frequencies close to the characteristic frequency of the spiral.�e
girofrequency can be related to a characteristic energy, which for a particle
of energy E and mass m is

Ec = hνc = 34π heB sin αE2

m3c5
, (2.2)

where α is the so-called pitch angle, i.e., the angle between the magnetic �eld
and the direction of the particle.�e spectral distribution of photons radiated
by a single particle of energy E in an isotropic magnetic �eld is given by

Psy(E , є) =
√
2
h

e3B
mc2

F(x), (2.3)

where F(x) = x ∫∞x K5/3(ξ)dξ, x = є/Ec, and є is the energy of the emitted
radiation; K5/3(ξ) is the modi�ed Bessel function of order 5/3. A practical
analytical form of the term F(x) in Eq. (2.3) is F(x) ≈ 1.85x1/3 exp(−x)
(Melrose, 1980).�e error incurred by making this simpli�cation is less than
a few percent up to photon energies of 10Ec, and will be used in calculations
throughout this thesis.�e synchrotron emissivity Psy(E , є) presents a peak
at є ≃ 0.29Ec with a sharp decline at higher energies.�e dependency of the
synchrotron characteristic energy and the cooling time on the charged par-
ticle mass implies that the process will be much more e�cient for electrons
than for proton owing to the mass ratio me/mp ≃ 1836. In particular, the
energy loss rate of protons will be (mp/me)4 ≃ 1013 times slower, and their
characteristic energy will be (mp/me)3 ≃ 6 × 109 times lower than for elec-
trons. For the ambient conditions of the emitter in gamma-ray binaries, we
can assume that only electron synchrotron emission will be relevant.
�e energy-loss rate of electrons owing to synchrotron radiation can be

obtained through integration of Eq. (2.3) over є, and is

− dE
dt

∣
sy
= 4
3

σTcumag
E2(mec2)2 , (2.4)
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where umag = B2/(8π) is the magnetic �eld energy density, and σT = 8πr2e/3
is the�omson cross-section.�e cooling time for high-energy particles in
a magnetic �eld can then be expressed as

tsy = 34 (mec2)2
σTcumagE

≈ 4 × 105 E−1GeVB−2G s, (2.5)

where EGeV is the electron energy in units of 109 eV and BG is the value mag-
netic �eld in Gauss.
�e emission from a population of particles N(E) may be computed by

integrating Eq. (2.3) over the parent particle energy distribution,

L(є) = ∫ Emax

Emin

N(E)Psy(E , Eγ)dE .
A power-law distribution of particles with an exponential cuto�, described
by N(E) ∝ E−α exp[−(E/E0)], where E0 is the cuto� energy, will give rise
to the following emitted spectrum

L(є)∝ є− α−1
2 exp [−(є/єmax)1/2] ,

where єmax = 0.29Ec(E0).
At lower energies self absorption should be taken into account to compute

synchrotron emission. In the optically thick regime, the emitted spectrum
will be L(є) ∝ є5/2. However, in the present thesis only energies above X-
rays will be considered, so the reader is referred to, e.g., Pacholczyk (1970)
for a detailed treatment of the optically thick case.

2.3 Interaction with the radiation �eld

2.3.1 Inverse Compton Scattering

Compton scattering is the process through which high-energy photons col-
lide with stationary or slow-moving electrons and transfer part of their en-
ergy and momentum to the electrons.�e inverse scenario, where the elec-
tron has a higher momentum than the photon and the photon energy is in-
creased through the interaction, is called IC and is of profound importance
in high-energy astrophysics. IC provides a way to transfer energy from the
accelerated populations of ultrarelativistic electrons to the ambient photon
�eld and thus originate very high energy emission up to tens of TeV.
�e angle-averaged total cross-section of inverse Compton scattering de-

pends only on the product κ0 = є0γ, where є0 is the energies of the interacting



2.3 interaction with the radiation field 21

photon and γ the energy of the electron, both in units of mec2. In the non-
relativistic regime (κ0 ≪ 1), the IC cross-section will approach the�omson
cross-section as σIC ≈ σT(1 − 2κ0). In the ultrarelativistic regime (κ0 ≫ 1),
known as Klein-Nishina regime, the cross-section decreases with the particle
energy as σIC ≈ (3/8)σTκ−10 ln(4κ0). A useful expression for the IC cross-
section with an accuracy better that 10% in a broad range of κ0 is given by
Coppi & Blandford (1990):

σIC = 3σT8κ0 [(1 − 2
κ0

− 2
κ20

) ln(1 + 2κ0) + 12 + 4κ0 − 1
2(1 + 2κ0)2 ] .

�e energy distribution of the scattered photons may be computed from
the IC di�erential cross-section.We can consider the case where a population
of isotropically distributed electrons upscatter a directed low-energy photon
beam with number density nє0 . �e spectrum of radiation scattered at an
angle θIC relative to the initial photon beam is (Aharonian & Atoyan, 1981)

∂2N(θIC , є)
∂є∂Ω

≃ 3
16π

cσT ∫є0,m(γ ,θ IC)
nє0
є0γ2

f (є, є0 , θIC , γ)dє0 , (2.6)

where є is the energy of the scattered photon in units of mec2,

є0,m(γ, θIC) = є
2(1 − cos θIC)γ2[1 − є/γ] ,

is the minimum seed photon energy for an electron of energy γ to upscatter
it up to an energy є, and

f (є, є0 , θIC , γ) = 1 + z2

2(1 − z) − 2z
bθ(1 − z) + 2z2

b2θ(1 − z)2 , (2.7)

where bθ = 2(1−cos θIC)κ0 and z = є/γ. Equation (2.6) provides an accuracy
better than 3% for є ≫ є0 and γ ≫ 1. For a given seed photon distribution,
the shape of the resulting emitted spectrum only depends on the parameter
bθ and the relativistic electron energy distribution.
As can be seen from the de�nition of bθ and Eqs. (2.6) and (2.7), the up-

scattering of a directed photon beam is notably anisotropic.�is will have an
important e�ect in the calculation of IC emission from astrophysical sour-
ces where the seed photons are originated in a compact source.�is will be
the case in gamma-ray binaries, where the dominant radiation �eld is the
black body emission from the young star.�e movement of the compact ob-
ject and, presumably, the emitter, around the companion star is a source of
modulation of the angle θIC that is necessary to take into account when com-
puting the IC emission from these sources. As can be seen in Figure 2.1, IC
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Figure 2.1: Inverse Compton spectra for di�erent values of the interaction angle θIC.
�e scattered spectra were computed from an α = 2 power-law electron distribution
and considering a blackbody seed photon distribution at temperature kT = 1 eV.�e
le� panel shows the variation for interactions the�omson regime (electron energy
103 < E/(me c2) < 105) and the right panel for interactions in the Klein-Nishina
regime (electron energy 105 < E/(me c2) < 107).�e shown interaction angles are
θIC = 15○ (bottom), 30○, 60○, 90○, 120○ and 180○ (top). Figure adapted from Dubus
et al. (2008).

emission is higher when the interaction takes place head-on (θIC = π) and
decreases for decreasing values of θIC.�e angular dependence is stronger
at lower energies when the interaction is in the�omson regime, whereas in
the Klein-Nishina regime the angular dependence is much weaker.
For the case of an isotropic seed photon distribution and a power law dis-

tribution of electrons with index α, Eq. (2.6) can integrated over θIC and the
parent electron energy distribution to obtain the isotropic scattered photon
spectrum. For this case, the emitted spectrum will be a power-law with pho-
ton index (α+1)/2 in the non-relativistic regime (κ0 ≪ 1) and a steeper spec-
trum, proportional to є−(α+1)(ln 4κ0 + const), in the ultrarelativistic regime
(κ0 ≫ 1).�e integration of the emitted spectrum for the interaction of rela-
tivistic electrons with a monoenergetic photon �eld of energy є0 and density
nph yields the total energy-loss rate of the electrons (Aharonian & Atoyan,
1981):

− dE
dt

∣
IC
= 3σTcnph
4є0b

[(6 + b
2
+ 6
b
) ln(1 + b) − ln2(1 + b) −

2Li( 1
1 + b

) − (11/12)b3 + 8b2 + 13b + 6(1 + b)2 ] ,
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where Li(x) = ∫ 0x y−1 ln(1 − y)dy, and b = 4κ0.�e energy-loss rate expres-
sion reduces to the well known expressions in the�omson regime

− dE
dt

∣
IC,Th

≈ 4
3

σTcuradγ2 , (2.8)

where urad = є0nph is the radiation energy density, and in the Klein-Nishina
regime

− dE
dt

∣
IC,KN

≈ 3
8

σTm2e c5

є0
nph(ln b − 11/6). (2.9)

�e di�erent dependence the energy-loss rates have on the electron energy
have implications on the shape of the steady-state electron spectrum for dom-
inant IC losses. Whereas in the�omson regime the energy loss-rate is pro-
portional to γ2, the loss-rate is almost energy independent in the Klein-Nishi-
na regime. In the former, the electron spectrumwill become steeper, whereas
in the latter case it will become harder.
�e comparison of Eqs. (2.4) and (2.8) shows that the energy loss rates

owing to synchrotron and IC in the�omson regime are equivalent when
interchanging the energy density of the magnetic �eld umag and of the ra-
diation �eld urad. For gamma-ray sources where radiation is dominated by
a leptonic accelerated population, this provides a powerful tool to probe the
magnetic �eld in the emitter. Given that L ∝ ∣dE/dt∣, the ratio of observed
gamma-ray and X-ray luminosities corresponds to the ratio of radiation and
magnetic �eld energy densities, i.e,

Lγ

LX
≃ urad
umag

= 8πuradB−2 .
In gamma-ray binaries the only unknwon quantity required to obtain the
magnetic �eld of the emitter is its distance from the star. In other sources
where the seed photon �eld for IC emission is the cosmic microwave back-
ground (CMB), such as most plerions, the radiation energy density is univer-
sal, uCMB = 0.25 eV/cm−3, and the magnetic �eld can be directly inferred.

2.3.2 Photon-photon pair production

�e intense radiation �eld found in gamma-ray binaries can also absorbVHE
gamma-ray emission through pair production γγ → e+e− (Gould&Schréder,
1967).�e di�erential opacity for an emitted gamma-ray of energy є is given
by

dτγγ = (1 − cosψ)σγγnє0 dl dє0 , (2.10)
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where l is the distance along the line-of-sight, є0 is the energy of the target
photon, ψ is the interaction angle and the absorption cross section can be
represented in the form:

σγγ = πr2e
2

(1 − β2) [2β(β2 − 2) + (3 − β4) ln(1 + β
1 − β

)] , (2.11)

where β = (1−1/s)1/2, and s = єє0(1−cosψ)/2.�e cross sectionmaximum
takes place for s ≃ 3.5, with a value of σγγ ≃ 0.2σT, and then decreases for s ≫
1 approximately as σγγ ∝ s−1 ln(s). Pair production can only occur for s > 1,
when the centre ofmass energy of the incoming photons is su�ciently high to
create an electron positron pair.�erefore, for a head-on collision, the energy
threshold abovewhich pair productionwill act is єTeV ≈ 0.26є0,eV, where єTeV
is the gamma-ray photon energy in TeV and є0,eV the target photon energy in
eV. We can see that for stellar target photons of a few eV the pair production
energy threshold will bwill bearound 100GeV.
�e energy dependent gamma-ray attenuation factor owing to pair pro-

duction may be computed as exp[−τγγ(є)].�e optical depth τγγ(є) is the
result of the integration of the di�erential opacity (Eq. 2.10) over the target
photon energy distribution and line-of-sight path.
It is worth noting that pair production opacity is not only signi�cant in

environments with dense radiation �elds, such as binary systems, but also
when radiation travels long distances in an relatively faint ambient radiation
�eld.�e gamma-ray photons emitted by distant AGNs interact with the Ex-
tragalactic Background Light (EBL), which consists in the optical light from
stars and the infrared emission from dust, eventually precluding the detec-
tion of gamma-ray emitting AGNs at high redshi�s.
�e pairs generated through pair production absorption retain the high

energy of the original photon. If synchrotron losses are dominant, i.e., the
magnetic �eld is strong, they will rapidly radiate their energy through syn-
chrotron radiation. If, on the other hand, the magnetic �eld is low, they may
interact with the radiation �eld through IC and generate another high-energy
gamma-ray, albeit of lower energy than the original one.�is process could
repeat itself until the energy of the secondary gamma-ray is below the pair
production threshold and is known as electromagnetic cascading (Aharonian
& Vardanian, 1985).�e impact of e�cient electromagnetic cascading on the
emitted spectrum consists of a redistribution of a fraction of the emitted lu-
minosity in the range є ≳ 100GeV into lower energies, mainly down to the
order of 1GeV but also in the X-ray domain as synchrotron radiation.
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2.4 Interaction with matter

2.4.1 Relativistic Bremsstrahlung

When a charged particle is accelerated, it radiates. In the case of synchro-
tron radiation the origin of the acceleration is the Lorentz force, but charged
particles may also be accelerated by the electrostatic forces of neighboring
atoms and ions. When considering a relativistic electron moving through a
medium of non-relativistic ions, the emission from a relativistic electron of
energy E may be computed through the Bremsstrahlung cross-section (see,
e.g., Heitler, 1954)

σBr(E , є) = 4αr2eZ2 dєE F(E , є),
where, for the case of a bare nucleus,

F(E , є) = [1 + (1 − є
E
)2 − 2

3
(1 − є

E
)] [ln(2E(E − є)

mec2є
) − 1
2
] ,

and, for the case of a fully screened nucleus,

F(E , є) = [1 + (1 − є
E
)2] ln( 191

Z1/3 − 12) + (1 − є
E
) [−2

3
(1 − є

E
)] ,

where є is the energy of the emitted photon, re is the classical electron radius
and Z is the atomic number of the nucleus. Even though the bremsstrahlung
cross-section presents a singularity at E → 0, bremsstrahlung losses are es-
sentially catastrophic and the high-energy electron will radiate all its energy
in the �rst interaction. However, for the sake of the calculation of the evolu-
tion of the energy distribution of the particle population, a continuous aver-
age energy loss rate may be computed as

− dE
dt

∣
br
= 4Z2r2eαcnE [ln( 2Ee

mec2
) − 1
3
] ,

and

− dE
dt

∣
br
= 4Z2r2eαcnE [ln( 183

Z1/3 ) − 118] ,
for the case of bare nucleus and completely screened nucleus, respectively.
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2.4.2 Neutral pion decay

�e radiation process fromwhich we can gain a better insight of the hadronic
component of relativistic particle populations is neutral pion decay.�e in-
teraction of relativistic protons and nuclei with the ambient gas results in
the production of secondary pions, kaons and hyperions. �e main chan-
nel of conversion of proton kinetic energy to gamma rays is the produc-
tion of neutral pions, for which there is a proton kinetic energy threshold
of Eth = 2mπc2(1 + mπ/4mp) ≈ 280MeV. At high energies, the interaction
may result equiprobably in any of the following reactions

p + p → p + p + aπ0 + b(π+ + π−)
p + p → p + n + π+ + aπ0 + b(π+ + π−)
p + p → n + n + 2π+ + aπ0 + b(π+ + π−),

where a and b are integers. Charged pions decay into muons which eventu-
ally decay into electron-positron pairs and neutrinos.�ese secondary pairs
may also contribute to the emitted spectrum through bremsstrahlung, syn-
chrotron or IC emission. �e resulting neutral pions π0 have a mean life-
time of 8.4 × 10−17 s, and decay with a probability of 98.8% into two photos:
π0 → γ + γ.�e decay spectrum of a monoenergetic distribution of π0 is �at
and centered around є = 0.5mπc2 ≈ 67.5MeV. For a given proton energy
distribution density Np(Ep), the resulting gamma-ray emissivity (radiation
output per unit volume) is given by (Aharonian & Atoyan, 2000)

q(є) = 2 ∫ ∞
Emin

qπ(Eπ)√
E2π −m2πc4

dEπ ,

where Emin = є +m2πc4/4Eπ , and qπ(Eπ) is the π0-emissivity

qπ(Eπ) = cnH ∫ δ(Eπ − κπEkin)σpp(Ep)Np(Ep)dEp
= cnH

κπ
σpp (mpc2 + Eπ

κπ
)Np (mpc2 + Eπ

κπ
) ,

where nH is the density of the target ambient nuclei, κπ is themean fraction of
the kinetic energy of the proton (Ekin = E−mpc2) transfered to the secondary
leading pion per collision.�e total cross-section σpp(E) can be estimated for
Ekin ≥ 1GeV as

σpp(E) ≈ 30[0.95 + 0.06 ln(Ekin/1GeV)]mb.
�e values of the cross-section (σpp ≈ 40mb) and inelasticity ( f ≈ 0.45)

of pp interactions do not signi�cantly change in a broad energy range from
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a few GeV to hundreds of TeV, so the cooling timescale will be energy inde-
pendent and of the order of (Aharonian & Atoyan, 1996)

tpp = (nc f σpp)−1 ≈ 6 × 10−7(nH/1 cm−3) yr.
�e energy-loss rate can be derived from the above cooling time as

− dE
dt

∣
pp
= E
tpp
.

For low gas densities, such as the one of the interstellar medium (ISM), nH ≤
1 cm−3, the proton lifetime will be longer than the dynamical timescales of
most known astrophysical accelerators. However, for dense regions, such as
molecular clouds with nH ∼ 102–104 cm−3, a signi�cant fraction of the ac-
celerator power could be radiated as gamma-rays through pp interactions.

2.4.3 Photoelectric absorption

While not properly a high-energy process, photoelectric absorption is the
main interaction process of photons with matter at low energies, є ≪ mec2.
A photon interacting with an atom can free bound electrons if its energy is
larger than their ionising energy.�e highest probability of interaction is for
photons with the same energy as the ionising energy of a given electron shell,
and decreases as є−3 above it, so the cross-section presents so-called absorp-
tion edges at the ionising energies of the electron shells.�e total absorption
cross-section depends on the element abundance of the matter and its state
of ionisation. For cold, solar abundance matter, the optical depth to photo-
electric absorption may be approximated as (Longair, 1992)

τph(є) ≃ 2 × 10−26 ( є
1 keV

)− 8
3

NH ,

where NH is the neutral hydrogen column density and corresponds to the
integration of the neutral hydrogen density over the line-of-sight path.�e
strong dependence of the optical depth on the photon energy indicates that
its e�ect above ∼1 keV will be very limited. However, it will play an important
role in the X-ray observations of gamma-ray binaries presented in the fol-
lowing chapters given that, typically, so� X-ray observations are performed
in the range 0.2–10 keV.

2.5 Particle acceleration

�e radiation of the very hot matter found in some astrophysical scenarios,
such as accretion discs, will only reach photon energies of up to a few hun-
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dreds of keV.�e fact that gamma-ray radiation at energies above 1MeV has
been detected from an ever-growing number of sources indicates the exis-
tence of a physical process that may accelerate particles much beyond the
thermal tail.
�e most common process of particle acceleration in astrophysical sour-

ces is the so-called Fermi or di�usive shock mechanism. Here we will brie�y
sketch its properties, and deeper treatments of this and other relevant ac-
celeration mechanisms may be found in the works by, e.g., Scott & Chevalier
(1975), Bell (1978a,b), Drury (1983), Derishev et al. (2003), andRieger&Du�y
(2004).
�e basic requirement for particle acceleration through the di�usive shock

mechanism is the presence of a shock moving through the upstream or un-
shocked medium. High-energy particles scatter o� the turbulent magnetic
�elds on both sides of the shock and may di�use through the shock several
times. In each shock traversal the particle will gain an energy of the order
of ∆E/E ≈ u/c, where u is the upstream material velocity in the reference
frame of the shock. In each cycle there is a �nite probability that the parti-
cles escape into the downstream �ow, thus creating a power-law distribution
of accelerated particles, Q(E) ∝ E−α , with α ≈ (r + 2)/(r + 1), where r is
the compression factor of the shock. For strong shocks, r = 4 and α ≈ 2.
�e maximum acceleration energy will be determined either by the radiative
losses of the particles in the accelerator or the �nite lifetime of the shock.�is
mechanism corresponds to the so-called �rst order Fermi acceleration, while
in the case that particles also increase their energy through scattering on the
upstream medium particles it is known as second order Fermi acceleration.
�is acceleration mechanism is e�ective in accelerating particles up to very
high energies, but only when the initial energy of the particles is already be-
yond the thermal tail. Otherwise, the chance of di�using through the shock
in the �rst place is very low. Progress has been recently made to overcome
this problem in di�usive shock acceleration through numerical simulations
(see, e.g., Kirk & Dendy, 2001, for a review). However, this does not pose an
energy budget problem on high energy emission given that practically all the
energy of accelerated particles is provided by the shock.
�e precise knowledge of the acceleration rate requires a numerical mod-

eling of the acceleration mechanism, and the shape at the high-energy cuto�
is particularly sensitive to the mechanism, the energy losses, and the di�u-
sion coe�cient. However, it is possible to do a quite robust estimate of the
cuto� energy E0 from the balance of the radiative and non-radiative cooling
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timescales and the acceleration time.�e particle acceleration time can be
parametrized as follows

tacc = η(E) E
ecB⊥ , (2.12)

where η(E) ≥ 1 gauges the e�ectiveness of acceleration and E/(ecB⊥) is the
maximum energy gain rate allowed by classical electrodynamics. For the case
of di�usive shock acceleration in a non-relativistic shock, the parameter η(E)
is related to the shock properties as

η ≈ 10D(E)
rдc

( c
υs

)2 ≈ 10
3

( c
υs

)2 ,
where D(E) is the di�usion coe�cient, rд = E/(eB⊥) is the particle gyrora-
dius, and υs is the shock velocity. In the last equality, di�usion in the Bohm
regime has been assumed, for which D(E) = rдc/3.
�e electron cuto� energy can then be found from the balance of Eq. (2.12)

with the cooling time of the dominant process at high energies, i.e., tacc(E0) =
tcool(E0).Wewill consider the possibilities that the dominant process at high
energies is synchrotron, IC or adiabatic losses, and derive the cuto� energy.

Synchrotron �e cooling timescale of electrons through synchrotron radi-
ation at very high energies can be described by Eq. (2.5), and from the balance
with Eq. (2.12) results the following electron cuto� energy for synchrotron
dominated cooling

Esy0 = (3
2
) 3

4 m2e c4√
ηe3B

≈ 60(ηBG)−1/2 TeV, (2.13)

where BG is the magnetic �eld in Gauss. It is also interesting to note that
the emitted synchrotron spectrummaximum energy does not depend on the
ambientmagnetic �eld, as can be seen by introducing Eq. (2.13) into Eq. (2.2),
and results in

єsymax = 94 mec2

αη
,

where α = e2/ħc ≈ 1/137 is the �ne-structure constant. �e synchrotron
radiation cuto� єsymax will, however, depend on η as єsymax ≈ 100(η/103)−1 keV,
and thuswill provide valuable information on the e�ciency of the accelerator.
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Inverse Compton For very intense ambient radiation �elds and low mag-
netic �elds, IC losses may dominate over synchrotron losses at high energies.
�e cooling time for IC losses in the Klein-Nishina regime can be derived
from Eq. (2.9) and written as (Khangulyan et al., 2007)

tIC,KN ≈ 7 × 103u−10 E0.3TeV s,

where u0 is the energy density of the target photons in units of erg/cm3, and
ETeV the particle energy in TeV.�e corresponding maximum electron en-
ergy is then

EIC0 = 9 × 105 ( B
u0

)3.3 ( η
103

)−3.3 TeV.
�e unusual dependence of the maximum energy on the factor B/u0 is a re-
sult of the scattering taking place deep in the Klein-Nishina regime.

Non-radiative losses In general, non-radiative losses are characterized by
their cooling timescale. In the case of adiabatic losses, it will be energy inde-
pendent and may be interpreted as tad = R/υexp, where R is the typical size
of the emitter and υexp its expansion velocity. For escape losses, the cooling
time is the time particles take to escape from the source. However, it must
be noted that in general both the adiabatic and escape losses are not most
e�cient in the accelerator region but in the emitter region, so they will not
a�ect somuch the acceleration of particles.�e following electronmaximum
energy can then be taken as a lower limit

Ead,esc0 ≈ 9BGη−1tad,esc TeV.
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3
Correlated X-ray and Very High Energy

emission in the gamma-ray binary
LS I +61 303

3.1 Introduction

LS I +61 303 is one of the fewX-ray binaries (with PSRB1259−63, LS 5039, and
HESS J0632+057, see Section 1.3) that have been clearly detected in very high
energy (VHE) gamma rays.�is source is a high-mass X-ray binary located
at a distance of 2.0 ± 0.2 kpc (Frail & Hjellming, 1991) and contains a com-
pact object with a mass between 1 and 4 M⊙ orbiting the main Be star every
26.4960 ± 0.0028 d (Gregory, 2002) in an eccentric orbit (see Aragona et al.,
2009, and Fig. 4.1).�e B0Ve star has a mass ofM⋆ = (12.5 ± 2.5)M⊙, a ra-
dius of R⋆ ≈ 10R⊙ and a bolometric luminosity of 1038 erg s−1 (Casares et al.,
2005). Asmost Be stars, it is though to present a decretion disc, whichmay be
thought of as a dense, slow equatorial wind, that could account for up to half
of the mass loss rate of the star. Observations of persistent jet-like features in
the radio domain at ∼100 milliarcsecond (mas) scales prompted a classi�ca-
tion of the source as a microquasar (Massi et al. 2004; see also Massi & Kauf-
man Bernadó 2009 for a radio spectral discussion), but later observations at∼1–10 mas scales, covering a whole orbital period, revealed a rotating elon-
gated feature that was interpreted as the interaction between a pulsar wind
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and the stellar wind (Dhawan et al., 2006). In the X-ray domain, LS I +61 303
shows an orbital periodicity (Paredes et al., 1997) with quasi-periodic out-
bursts in the phase range 0.4–0.8.�e source also shows short-term �ux and
spectral variability on time scales of kiloseconds (Sidoli et al., 2006; Rea et al.,
2010). LS I +61 303 has been detected in the VHE domain byMAGIC (Albert
et al., 2006) andVERITAS (Acciari et al., 2008). It shows a periodic behaviour
(Albert et al., 2009) with maxima occurring around phase 0.6–0.7 and non-
detectable �ux around periastron (ϕper = 0.275). However, it must be noted
that since the beginning of 2008 there have been no reports of VHE detec-
tion around apastron even though VERITAS performed several observation
campaigns (Holder, 2010). A recent detection of the source around periastron
(Ong et al., 2010) indicates that its VHE orbital light curve might not be sta-
ble over long periods. LS I +61 303 was also detected by the high-energy (HE)
gamma-ray instrument Fermi/LAT (Abdo et al., 2009). Its emission at GeV
energies was found to be roughly anti-correlated in phase with the X-ray and
VHE emission and presented a spectrum compatible with a power law and
an exponential cuto� at ∼6 GeV.�is spectrum is reminiscent of pulsar mag-
netospheric emission, but no pulsations were found and no orbital variabil-
ity would in principle be expected from this kind of emission. Since March
2009 the source shows a higher phase-averaged �ux than before and the or-
bital modulation has signi�cantly diminished (Dubois, 2010).�is change in
GeV behaviour, as well as the change in the VHE light curve, indicates that a
long term variability e�ect may be at play. It is not yet clear, however, whether
there is any relation to the ∼4.6 yr superorbital modulation of the radio peak
(Paredes, 1987; Gregory, 1999).
Two scenarios have been proposed to account for the observational fea-

tures of LS I +61 303, as presented in Section 1.3.1 in the introduction chapter.
�e microquasar scenario requires accretion onto the compact object and
the formation of a jet in which particles are accelerated and emit up to VHE
gamma-rays through upscattering of stellar photons (e.g. Bosch-Ramon &
Paredes, 2004; Bosch-Ramon et al., 2006). In the pulsar wind zone scenario,
the compact object is a young pulsar and particles are accelerated at the in-
teraction zone between the pulsar wind and the stellar wind (Maraschi &
Treves, 1981; Dubus, 2006b).�e stellar wind is thought to be formed by a
fast, low-density polar wind and a slow, high-density equatorial decretion
disc, which may be strongly truncated and have its properties disturbed by
the compact object (Romero et al., 2007). On the other hand, the charac-
teristics of the interaction of pulsar winds or microquasar jets with a mas-
sive star wind are not well constrained (but see the studies by, e.g, Bogov-
alov et al., 2008; Perucho & Bosch-Ramon, 2008). A broadband model by
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Chernyakova et al. (2006) could explain the Spectral Energy Distribution
(SED) from X-ray to HE gamma-ray bands through IC emission, but re-
quired an additional hadronic component to account for the MAGIC VHE
emission. Doppler boosting e�ects could be present both for a microquasar
jet and a shocked pulsar wind out�ow (e.g. Khangulyan et al., 2008; Dubus
et al., 2010), but its e�ects in both scenarios are di�cult to assess because of
our lack of knowledge on the geometry and orientation of the emitter. Finally,
the uncertainty in the orbital geometry, in particular the inclination, also af-
fects the ability of models to recover the physical parameters of the emitter
(Sierpowska-Bartosik & Torres, 2009). All this shows the di�culties of the
study of gamma-ray binaries.
�e lack of a systematic behavior from cycle to cycle at X-ray and VHE

bands, and the occurrence of short-term variability in the X-ray �ux, has
hampered the de�nitive detection of anX-ray/VHEcorrelation from the com-
parison of non-simultaneous data.We therefore conducted amultiwavelength
campaign in 2007 September, covering the epoch of maximum VHE emis-
sion. Here, we report the �rst simultaneous VHE and X-ray observations of
LS I +61 303 obtained with the MAGIC Cherenkov telescope and the XMM-
Newton and Swi� X-ray satellites that show correlated emission in both en-
ergy bands.

3.2 Observations and data analysis

3.2.1 VHE gamma rays*

�e VHE gamma-ray observations were performed from 2007 September 4
to 21 using theMAGIC telescope on the Canary Island of La Palma (28.75○N,
17.86○W, 2225m a.s.l.), fromwhere LS I +61 303 is observable at zenith angles
above 32○. At the time of the observations MAGIC consisted of a single 17 m
diameter segmented mirror of parabolic shape, an f /D of 1.05, and an hexag-
onally shaped camera of 576 hemispherical photomultiplier tubeswith a �eld
of view of 3.5○ diameter. MAGIC can detect gamma rays from 60 GeV to sev-
eral TeV, and its energy resolution is ∆E/E = 20% above energies of 200 GeV.
�e stand-alone telescope sensitivity is 1.6% of the Crab Nebula �ux for a 5σ
detection in 50 hr of on-source time. See Appendix A for a detailed account
of the detection technique and the current status of the MAGIC telescopes.

* �e data reduction of the MAGIC VHE gamma ray observations of LS I +61 303 presented
in this chapter was performed by Neus Puchades and Tobias Jogler within the MAGIC
Collaboration.
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MJDa Obs. Time Phase Range N(> 300 GeV)b ULc

(minutes) (10−12 cm−2 s−1)
54348.148 203.0 0.470–0.476 1.1 ± 1.7 4.6
54349.157 210.1 0.508–0.514 −1.9 ± 2.0 2.5
54350.136 214.5 0.544–0.551 0.2 ± 2.1 4.4
54351.160 219.8 0.584–0.590 −0.1 ± 2.2 4.2
54352.161 221.1 0.621–0.627 15.7 ± 2.4 ⋯
54353.163 224.2 0.659–0.665 7.7 ± 2.1 ⋯
54354.166 212.5 0.697–0.703 2.8 ± 2.2 7.1
54355.153 172.4 0.734–0.741 0.3 ± 2.3 4.8
54356.139 148.7 0.771–0.777 0.1 ± 2.5 5.1
54357.153 178.1 0.809–0.816 6.4 ± 2.3 ⋯
54358.155 179.3 0.847–0.854 8.1 ± 2.4 ⋯
54359.154 184.4 0.885–0.892 2.9 ± 2.4 7.7
54360.154 177.3 0.923–0.929 5.7 ± 2.5 ⋯
54361.154 183.1 0.960–0.967 5.3 ± 2.4 ⋯
54362.153 188.7 0.998–0.005 −0.6 ± 2.4 4.2
54363.156 138.6 0.036–0.043 7.5 ± 2.8 ⋯
54364.149 195.7 0.073–0.081 3.8 ± 1.9 ⋯

Table 3.1: Log of the VHE Gamma-ray Observations. Notes: a �e central MJD of
each observation is quoted. b Uncertainties are given at 68% con�dence level. c Upper
limits are computed at the 95% con�dence level.

�e total observation time was 58.8 hr, including 39.6 hr in dark condi-
tions and 19.2 hr undermoonlight or twilight (Britzger et al., 2009).�e range
of zenith angles for these observations was [32○, 50○], with 96% of the data
having zenith angles below 43○.�e �nal e�ective total observation time is
54.2 hr. Table 3.1 gives theMJD, the e�ective observation time, and the orbital
phase for each of the MAGIC observations.�e observations were carried
out in wobble mode (Fomin et al., 1994), i.e., by alternately tracking two po-
sitions at 0.4○ o�set from the source position.�is observing mode provides
a reliable background estimate for point-like sources such as LS I +61 303.
�e data analysis was performed using the standard MAGIC analysis and

reconstruction so�ware (Albert et al., 2008b, see also App. A.3).�e quality
of the data was checked and data taken with anomalous event rates (very low
atmospheric transmission, car light �ashes, etc.) were rejected following the
standard procedure, as previously done in Albert et al. (2009). From the re-
maining events, image parameters were calculated (Hillas, 1985). In addition,
the time parameters described inAliu et al. (2009)were calculated aswell. For
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the gamma/hadron separation, a multidimensional classi�cation procedure
based on the image and timing parameters with the Random Forest method
was used (Albert et al., 2008a). We optimized the signal selection cuts with
contemporaneousCrabNebula data taken at the same zenith angle range.�e
energy of the primary gamma-ray was reconstructed from the image param-
eters using also a Random Forest method.�e di�erential energy spectrum
was unfolded taking into account the full instrumental energy resolution (Al-
bert et al., 2007). We estimate the systematic uncertainty to be about 30% for
the derived integral �ux values and ±0.2 for the obtained photon index. For
more details on the systematic uncertainties present in the MAGIC data, see
Albert et al. (2008b). In Table 3.1 we also show the �ux upper limit for those
observations with a �ux signi�cance below 2σ .�e �ux upper limits were
computed by Jogler (2009) following the method of Rolke et al. (2005), see
also Sec. A.3.1 for an account of upper limit calculation.

3.2.2 X-rays

We observed LS I +61 303 with XMM-Newton during seven runs from 2007
September 4 to 11, lasting from 12 to 18 ks (see Table 3.2), amounting to a
total observation time of 104.3 ks.�e EPIC pn detector used the LargeWin-
dowMode, while the EPICMOS detectors used the SmallWindowMode. All
detectors used the medium thickness optical blocking �lter. Data were pro-
cessed using version 8.0.0 of the XMM-Newton Science Analysis So�ware
(SAS). Known hot or �ickering pixels were removed using the standard SAS
tasks. Further cleaning was necessary to remove from the data set periods of
high background corresponding to so� proton �ares, reducing the net good
exposure durations to 67.0 and 92.6 ks for the pn andMOS detectors, respec-
tively.
Clean pn and MOS event �les were extracted for spectral analysis. Source

spectra were extracted from a ∼70′′ radius circle centered on the source (as
suggested by the tool eregionanalyse and taking into account the 15′′ point-
spread function of the instrument) while background spectra were taken
from a number of source-free circles with ∼150′′ radius (three for the pn de-
tector, four for MOS1, and �ve for MOS2). �e extracted spectra were an-
alyzed with XSpec v12.3.1 (Arnaud, 1996).�e spectra were binned so that
a minimum of 20 counts per bin were present and energy resolution was
not oversampled by more than a factor 3. An absorbed power-law function
(wabs*powerlaw) yielded satisfactory �ts for all observations. De-absorbed
�uxes in the 0.3–10 keV range were computed from the spectral �ts and its
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uncertainty ranges obtained through the use of the cflux convolution model
in Xspec.
Additional observations of 2–5 ks each, consisting of several pointings of

0.2–1.0 ks, were obtained with the Swi�/XRT from 2007 September 11 to 22.
�e total observation time was 28.5 ks.�e Swi� data were processed using
the FTOOLS task xrtpipeline (ver. 0.12.1 under HEASo� 6.6).�e spectral
analysis procedures were the same as those used for the XMM-Newton data.
Since the hydrogen column density was poorly constrained, with typical val-
ues of (0.5 ± 0.2) × 1022 cm−2, we �xed it to 0.5 × 1022 cm−2, a common
value for previous X-ray observations of LS I +61 303, also found in theXMM-
Newton �ts and close to the average value for the Swi� �ts.
To search for short-term X-ray variability, we also extracted 0.3–10 keV

background-subtracted light curves for each observation, binned to 100 s for
XMM-Newton and at half-time of the sparse 0.2–1.0 ks Swi� pointings within
each observation. For XMM-Newton, we considered the sum of the count
rate in the three detectors. From these light curves, we computed the degree
of variability as the 1σ dispersion around the count rate mean divided by the
mean.�e signi�cance of the variability was computed from the χ2 proba-
bility of the count rate being constant. We also computed hardness ratios as
the fraction between the count rates above and below 2 keV.

3.3 Results

3.3.1 VHE Gamma Rays

�e measured �uxes of LS I +61 303 at energies above 300 GeV are listed in
Table 3.1, and the corresponding light curve is shown in Figure 3.1 (top).�e
periodically modulated peak emission (Albert et al., 2009) is prominently
seen as the highest �ux value of these observations at phase 0.62 (followed
by a lower �ux at phase 0.66). In addition to this established feature we mea-
sured, as in 2006 December, signi�cant �ux on a nightly basis at phase 0.85.
We note that there is signi�cant �ux in the phase range 0.8–1.0 at the level of(5.2± 1.0)× 10−12 cm−2 s−1, which is compatible with the 2σ upper limit we
obtained for the shorter 2006 observations (Albert et al., 2009).
We also determined the di�erential energy spectrum from the ∼10 hr of

observations conducted in the orbital phase range 0.6–0.7. A power-law �t
yields:

dN
dE

= (2.0 ± 0.3stat ± 0.6syst) × 10−12
cm2 s TeV

×( E
1 TeV

)−2.7±0.3stat±0.2syst , (3.1)
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Figure 3.1: VHE gamma-ray and X-ray light curves of LS I +61 303 during the multi-
wavelength campaign of 2007 September. Top: �ux above 300 GeV vs. the observation
time in MJD and the orbital phase.�e horizontal dashed line indicates zero �ux.
�e vertical arrows mark the times of simultaneous VHE gamma-ray and X-ray
observations. Bottom: de-absorbed �ux in the 0.3–10 keV energy range for the seven
XMM-Newton observations (�lled circles) and the nine Swi� ones (open circles).
Error bars correspond to a 1σ con�dence level in all cases and include the intra-
observation variability for the X-ray observations. Dotted lines join consecutive data
points to help following the main trends of the light curves.�e sizes of the symbols
are larger than the time span of individual observations.
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Figure 3.2: Unabsorbed �ux in the 0.3–10 keV energy band versus measured power-
law photon index for the XMM-Newton observations.�e black errorbars are the
�ux and photon index uncertainties resulting from the spectral �ts, whereas the gray
errorbars correspond to the �ux uncertainty when taking count-rate variability into
account (see Sec. 3.3.2).�e dashed line is plotted to guide the eye and indicate the
anticorrelation present when excluding the observation with Γ ≃ 1.87.
compatible within errors with previous measurements (Albert et al., 2006,
2009).

3.3.2 X-rays

We summarize in Table 3.2 the parameters of the spectral �ts and variabil-
ity obtained for both the XMM-Newton and Swi�/XRT data sets. All X-ray
�uxes quoted herea�er are de-absorbed. We note that there is no signi�cant
hardness ratio change within each of the observations, in contrast to what
was found in the XMM-Newton observations reported by Sidoli et al. (2006).
In principle this implies that, for each observation, the �ux and correspond-
ing uncertainty obtained from the spectral �t is a good estimate of the �ux
during the whole observation. However, moderate count-rate variability on
timescales of ks is present in most observations, ranging from 6% to 17% for
the XMM-Newton data and from 9% to 25% for the Swi� data (see last col-
umn inTable 3.2).�e rms of this variability should be considered in addition
to the statistical uncertainty when providing a �ux measurement spanning
several ks. We converted this count-rate variability into �ux variability by
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multiplying the degree of variability de�ned in Section 3.2.2 with the �uxes
coming from the spectral �ts. Since no spectral change is detectedwithin each
observation, we added this �ux variability in quadrature to the spectral �ts
�ux errors.�is procedure provides themore realistic total �ux uncertainties
quoted in parentheses in Table 3.2, and used herea�er.
We show in Figure 3.1 (bottom) the 0.3–10 keV light curve of LS I +61 303.

�e source displays a steady �ux during the �rst four observations and shows
a steep increase at phase 0.62, which is followed by a slower decay up to phase
0.69 (XMM-Newton) and probably up to phase 0.72 (Swi�).�e behavior is
very similar to the one seen at VHE gamma rays, although at X-ray energies
the baseline has a signi�cant �ux. Later on there is a signi�cant increase of the
X-ray �ux up to phase 0.8.�is high �ux is detected with a sparse sampling
up to phase 0.9, and the source goes back to its baseline �ux at phase 1.0.�is
increased X-ray �ux between phases 0.8 and 1.0 occurs when the source is
also detected at VHE gamma rays.
As shown in Figure 3.2, we recover the X-ray �ux and photon index anti-

correlation already seen by Sidoli et al. (2006). However, the observation per-
formed onMJD 54347, corresponding to the orbital phase range 0.434–0.440,
displays an abnormally so� X-ray spectrum given its unabsorbed �ux. Other
spectral �t parameters do not vary signi�cantly with respect to the rest of ob-
servations, and in particular the neutral hydrogen column density remains
compatible with a constant value around 5×1021 cm−2. We note that this par-
ticular observation is not used on the X-ray/VHE correlation discussion be-
low as simultaneous VHE observations were not available due to badweather
at the MAGIC site.

3.3.3 X-Ray/VHE Gamma-Ray Correlation

A clear correlation between the X-ray andVHE gamma-ray emissions is seen
during the outburst, with a simultaneous peak at phase 0.62 (see Figure 3.1).
To study the signi�cance of this correlation, we selected the X-ray data sets
that overlap withMAGIC observations.�ere are six data sets of overlapping
MAGIC/XMM-Newton observations, for which strictly simultaneous obser-
vation times range from 3.3 to 3.9 hr. For the four overlapping MAGIC/Swi�
data sets, the strictly simultaneous observation times range from 2.2 to 4.1 hr
(although the Swi� runs have gaps). We plot in Figure 3.3 the X-ray �uxes
against the VHE �uxes (from Tables 3.1 and 3.2) for all 10 simultaneous pairs,
which are marked with arrows in Figure 3.1.�e linear correlation coe�cient
for the six simultaneous MAGIC/XMM-Newton pairs that trace the outburst
at phase 0.62 is r = 0.97. For the ten simultaneous pairs, we �nd r = 0.81 (a
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Figure 3.3: De-absorbed X-ray �uxes as a function of VHE gamma-ray �uxes. Only
the 10 simultaneous �uxes, marked with arrows in Figure 3.1, have been considered.
Error bars correspond to a 1σ con�dence level in all cases.�e solid line represents a
χ2 linear �t to all data points.

∣r∣ larger than that has a probability of about 5 × 10−3 to be produced from
independent X-ray and VHE �uxes). Minimizing χ2 we obtain χ2 = 7.68 for
8 degrees of freedom and the following relationship:

[ F(0.3–10 keV)
10−12 erg cm−2 s−1 ] = 12.2+0.9−1.0 +0.71+0.17−0.14 ×[N(E > 300GeV)

10−12 cm−2 s−1 ] , (3.2)
where the uncertainties are non-Gaussian.�is �t is plotted as a solid line in
Figure 3.3.
However, as can be seen in Figure 3.3, the �ux uncertainties are relatively

large.�is calls for a test of the reliability of the correlation strength consider-
ing the errors of individual data points. To this end, we use the z-Transformed
Discrete Correlation Function (ZDCF), which determines 68% con�dence
level intervals for the correlation coe�cient fromunevenly sampled data (see,
e.g., Edelson & Krolik 1988; Alexander 1997).�e Fisher z-transform of the
linear correlation coe�cient is used to estimate the 68% con�dence level in-
terval. Applying the ZDCF to the X-ray and VHE light curves reported here
we obtain the following uncertainties for the linear correlation coe�cient:
r = 0.81+0.06−0.21.�e sensitivity of the MAGIC telescope requires observation
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times of several hours to be able to get few-sigma detections for the VHE
�uxes from LS I +61 303. During such long periods, the X-ray �uxes have
quite large intrinsic variability (see Table 3.2).�is results in quite large un-
certainties on both the VHE and X-ray �uxes that restrict the ability to de-
termine a possible correlation out of the outburst.

3.4 Discussion

Wehave discovered an X-ray/VHE gamma-ray correlation in the gamma-ray
binary LS I +61 303 based on simultaneous multiwavelength data obtained
with MAGIC, XMM-Newton, and Swi� during a single orbital cycle.�e cor-
relation is mainly due to the very similar trends of the detected �ux during
the outburst around orbital phase 0.62, while the uncertainties prevent to be
sure about the existence of the correlation outside the outburst. Given the
variability in the X-ray �ux (up to 25% on hour scales), it is necessary to
program strictly simultaneous observations to perform correlation studies
in LS I +61 303.�is conclusion was also reached by the VERITAS Collabo-
ration, when reporting the lack of X-ray/VHE correlation based on contem-
poraneous data with a VHE sampling that is not dense enough (Acciari et al.,
2009). Although a similar X-ray/VHE correlation has been obtained for the
VHE gamma-ray emitting X-ray binary LS 5039, the result was based on non-
simultaneous data acquired years apart (Aharonian et al., 2005, 2006; Taka-
hashi et al., 2009). However, as opposed to LS I +61 303, LS 5039 appears to be
quite stable over long periods, particularly in the X-ray domain (Kishishita
et al., 2009).
�e VHE emission within a binary system can su�er photon–photon ab-

sorption via pair creation, mainly with the stellar optical/ultraviolet photons.
In LS I +61 303, this absorption is only expected to be signi�cant toward the
observer for E > 300 GeV just before periastron (see following chapter and,
e.g., Dubus 2006a; Bednarek 2006; Sierpowska-Bartosik & Torres 2009), a
phase range not explored here. In addition, the quoted X-ray �uxes are al-
ready de-absorbed (and the hydrogen column densities and the associated
errors are low). Overall, there are no absorption e�ects to be considered.
�erefore, the X-ray/VHE correlation we have found for LS I +61 303 cannot
be an artifact due to variable absorption toward the source.�is indicates
that the emission processes at both wavelengths occur at the same time and
are probably the result of a single physical mechanism. In this context, it is
reasonable to assume that the X-ray and VHE emissions are produced by a
single particle population.
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It is interesting to note that theMAGIC integrated �ux in the 0.6–0.7 phase
range yields ∼11×10−12 erg cm−2 s−1 for E > 300 GeV, whereas the X-ray �ux
is ∼19 × 10−12 erg cm−2 s−1.�erefore, the total X-ray �ux is approximately
twice theVHE�ux.However, if we subtract an apparent baselineX-ray �ux of
10×10−12 erg cm−2 s−1, the resultingX-ray �ux is similar to the total VHE�ux
in the phase range 0.6–0.7. If the radiation mechanisms are dominated by a
single particle population, the X-ray/VHE correlation and the lower or simi-
lar VHE �uxes favor leptonicmodels. In hadronicmodels, the X-ray emitting
e± and the VHE photons would come from the same protons (for reasonable
values of the magnetic �eld), and the luminosity of the e± radiation should
be ≲1⁄2 that of VHE gamma-rays (see Figure 5 of Kelner et al. 2006 for rea-
sonable proton energy distributions) unlike it is observed. In addition, the
IC cooling channel is less e�cient than the synchrotron channel to produce
the detected X-ray emission for reasonable values of the magnetic �eld (see
the next chapter for a deeper discussion or, for the case of LS 5039, Takahashi
et al. 2009).�is clearly suggests that the X rays are the result of synchrotron
radiation of the same electrons that produce VHE emission as a result of IC
scattering of optical/ultraviolet stellar photons.
�e observed photon indices of the simultaneous X-ray and VHE spectra

are consistent with one population of electrons following a power-law en-
ergy distribution with index ∼2.1.�ese electrons would produce X-rays via
synchrotron and VHE photons via IC with an interaction angle ≲ π/2. We
note that an electron index of ∼2.1 is too hard if synchrotron cooling domi-
nates in the X-ray range, since it implies an injected electron index of 1.1. On
the other hand, dominant adiabatic cooling implies an injection index of 2.1,
a more reasonable value (see section 4.3.1). Although small changes in the
VHE spectrum would be expected due to variations in the IC interaction an-
gle or the electron index (as seen in X-rays), at present they are not detectable
due to the large uncertainties of the VHE photon index.
Finally, we note that contemporaneous radio light curves obtained with

RATAN, VLBA images, and Hα spectroscopy are consistent with previous
results (Gregory, 2002; Dhawan et al., 2006; Zamanov et al., 1999). �ere-
fore, the X-ray/VHE correlation occurred when the source was showing a
standard behavior in both its out�ow (radio) and decretion disk (Hα line).
We end noting that the reduced sensitivity of the VHE gamma-ray ob-

servations when compared to the X-ray observations forced us to derive the
correlation fromX-ray and VHE �ux bins encompassing whole observations.
�erefore, we had to arti�cially increase the obtained X-ray �ux uncertainty
in order for the two data sets to probe the same source emission timescales.
An increased sensitivity in the VHE gamma-ray band would allow us to per-
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form detailed studies of short-term correlation, probing the source behav-
ior in both bands on similar timescales. Even though this is not possible at
present, the future Cherenkov Telescope Array (CTA), currently under plan-
ning, is expected to provide such an increase in sensitivity. In Appendix C we
explore the possibilities of CTA for simultaneous X-ray and VHE observa-
tions of gamma-ray binaries, taking LS I +61 303 as an example and based on
the correlation discussed in this chapter. Additionally, we consider the abil-
ity of CTA to detect spectral variations from LS I +61 303 in case the source
spectrum is indeed variable within the 2.7±0.3stat ±0.2sys uncertainty range
presented here, and as would be expected given the X-ray photon index vari-
ability.
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4
On the origin of correlated X-ray/VHE

emission from LS I +61 303

4.1 Introduction

�e discovery of correlated X-ray and VHE gamma-ray emission from the
gamma-ray binary LS I +61 303 presented in the previous chapter suggests
that the emission in these two bands has its origin in a single particle popu-
lation. A �rst physical interpretation is given in Section 3.4, but it is strictly
based on the basic features of the emission and correlation detected, so its
physical inference power is relatively limited. In this chapter we aim to probe
deeper into the properties of the multiwavelength non-thermal emitter in
LS I +61 303 through the development of a leptonic one zone radiationmodel
to explain the X-ray and VHE data. Our goal is to obtain robust physical pa-
rameters of the emitter by making as few assumptions as possible.

4.2 Simultaneous X-ray/VHE observations

�e properties of the observations presented in the previous chapter may be
found in Sections 3.2.1 and 3.2.2. Although all X-ray observations resulted in
a clear detection, some of the VHE �ux measurements have a signi�cance
below 2σ . For these cases we will consider the 95% con�dence level upper

49
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Figure 4.1:Orbital geometry of LS I +61 303 looking down on the orbital plane show-
ing the orbit of the compact object around the Be star in units of the orbital semi-major
axis.�e positions labeled with the orbital phase correspond to periastron, apastron,
and inferior and superior conjunctions.�e X-ray/VHE multiwavelength campaign
covered the phase range shown in green (0.43 < ϕ < 1.13), while the phase range of
the VHE emission outburst is shown in red (0.6 < ϕ < 0.7).�e Be star (blue circle)
and the equatorial wind (grey circle) are shown assuming an equatorial disk radius
of rd = 7R⋆.
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limits found in the last columnof Table 3.1.�ese upper limits were computed
following the method presented by Rolke et al. (2005) and assuming a 30%
systematic uncertainty.�e detailed �uxes, upper limits and uncertainties of
the X-ray and VHE light curves may be found in Tables 3.1 and 3.2.
�e sensitivity of VHE observations precludes obtaining nightly spectra,

and only a spectrum combining the observations with phases between 0.6
and 0.7 could be obtained (see Sec. 3.3.1 and Eq. 3.1). In order to obtain a
simultaneous SED, we extracted anXMM-Newton spectrum of the source for
the three X-ray observations that correspond to the MAGIC spectrum. We
�ltered the data using SAS v10.0 and extracted three individual spectra from
the pn instrument. We used the SAS tool efluxer to convert the spectra from
counts vs. channel into physical units (�ux density vs. energy), averaged the
three unbinned spectra and then grouped the bins to a signal-to-noise ratio
of 20. In order to compare the measured spectrum to the computed intrinsic
spectrum, we deabsorbed the former using thewabs FORTRAN subroutine
providedwithXspec v12.0 (Arnaud, 1996).Weused a columndensity ofNH =
5×1021 cm−2 obtained from the average of the individual �ts of an absorbed
power law to the three observations.�is column density is consistent with
that of the ISM alone (Paredes et al., 2007).

4.3 Model description

�e discovery of a correlation between the X-ray and VHE bands points to-
wards a commonmechanism of emissionmodulation at both bands. In a lep-
tonic scenario, the fast and simultaneous changes in �ux in both bands indi-
cate that the modulation mechanism has to directly a�ect the emission level
of the Inverse Compton (IC) and synchrotron processes. Assuming constant
injection, a way to obtain correlated X-ray and VHE emission is through a
modulation of the number of emitting particles by dominant adiabatic losses,
which would be related to the (magneto)hydrodynamical processes in the ac-
celerator and emitter regions.�ese processes may be related, for instance, to
the interaction of the pulsar wind or the black hole jet with the stellar wind of
the massive companion.�e hard X-ray spectrumwith photon index Γ ≈ 1.5
also points towards dominant adiabatic losses, which imply an injection elec-
tron index of αe ≈ 2, as already pointed out in Section 3.4. In the regime of
dominant adiabatic losses the emitted X-ray �ux is proportional to the num-
ber of emitting particles, so the orbital dependency of adiabatic losses can be
inferred from the X-ray light curve. Dominant adiabatic losses are not un-
common when modelling gamma-ray binaries.�ey have also been invoked
to explain the variations of the X-ray and VHE �uxes in the gamma-ray bi-
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naries PSR B1259-63 and LS 5039 by Khangulyan et al. (2007) (see also Ker-
schhaggl 2011) and Takahashi et al. (2009), respectively. We note that the IC
emission will be additionally modulated by the changes in seed photon den-
sity along the orbit as well as the geometrical e�ects of the location of the
emitter along the orbit (see Sec. 2.3.1).
For the sake of simplicity, and given how little we know about the prop-

erties of the particle accelerator and the non-thermal emitter in LS I +61 303,
we will here assume a constant particle injection spectrum and emitter mag-
netic �eld along the orbit.We will also adopt one leptonic population cooling
down under variable adiabatic losses at the location of the emitter, which will
be approximated as homogeneous and point-like.
�e orbital parameters were adopted from Aragona et al. (2009) with an

inclination angle of i = 45○. We will also discuss other possibilities regard-
ing the inclination angle, in particular the extremes of the allowed range
15○ ≲ i ≲ 60○ considered by Casares et al. (2005). A sketch of the orbital
con�guration of LS I +61 303 can be seen in Fig. 4.1 with the phase ranges of
the simultaneous X-ray/VHE campaign indicated.�e equatorial wind disk
in binaries of the characteristics of LS I +61 303 is expected to be truncated
at a radius of rd = 5R⋆ (Grundstrom et al., 2007). However, the variability
in the equivalent width of the Hα line indicates that its radius can vary be-
tween 4.5R⋆ and 7R⋆ (Zdziarski et al., 2010; Sierpowska-Bartosik & Torres,
2009). A variable red shoulder in the Hα line (McSwain et al., 2010) could
point towards the creation of a tidal stream in the equatorial disk because of
the proximity of the compact object at periastron that eventually falls back
onto the disk at later phases. Tidal disruption and eventual truncation of the
equatorial disk was also seen in hydrodynamical simulations of the system
by Romero et al. (2007). Even at its largest possible radius of 7R⋆, as assumed
in Fig. 4.1, the equatorial disk does not a�ect the phase ranges of the obser-
vations we are considering, and thus we will not include it in our model.

4.3.1 Adiabatic cooling

One of the remarkable features of the VHE light curve of LS I +61 303 is the
lack of detectable emission during periastron (Albert et al., 2009). IC emis-
sion is very e�ective at this phase owing to the high stellar photon density,
so the lack of emission means that either it is strongly absorbed or that the
number of accelerated electrons falls drastically. However, the angular de-
pendency of the pair production process, ∝ (1 − cosψ) for the interaction
rate and ∝ (1 − cosψ)−1 for the gamma-ray energy threshold (where ψ is
the interaction angle of the incoming photons, see Eq. 2.11), implies that ab-
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sorption is very low for phases immediately a�er periastron even under the
dense seed photon �eld of the star (see Section 2.3.2 for details on the calcu-
lation of pair production absorption). Inverse Compton emission also has a
dependency on the angle between the seed photon and the accelerated elec-
tron and would be lower during these phases, but this e�ect is diminished at
higher energies when scattering takes place in the deepKlein-Nishina regime
(see Section 2.3.1 and Figure 2.1).�erefore, a reduction in the number of ac-
celerated particles is required to explain the lack of VHE emission around
periastron. Although the X-ray �ux during periastron is around half of the
peak �ux during the periodic outbursts, the non-detection of VHE emission
during periastron places an upper limit at only a 10% of the outburst peak
VHE �ux. Taking all this into account, we will assume that in the context of
one electron population the X-ray/VHE correlation is only valid for the X-
ray excess �ux above a certain quiescent or pedestal emission.�erefore, the
number of emitting particles responsible for this excess X-ray �ux is lower
and their VHE emission remains at non-detectable levels around periastron.
�is reasoning is supported by the X-ray/VHE correlation reported in the
previous chapter, in which the constant termof the linear correlation (Eq. 3.2)
is (12.2+0.9−1.0)× 10−12 erg cm−2 s−1. Considering that some of the X-ray obser-
vations are below this constant term, we took the pedestal �ux value to be
Fped = 11.5 × 10−12 erg cm−2 s−1.
As mentioned above, a scenario with dominant adiabatic losses is a very

good candidate mechanism to explain the correlation characteristics of the
source. When considering a system with constant magnetic �eld and con-
stant injected electron spectrum, the only modulation in synchrotron radi-
ation is due to the modulation of the dominant cooling process that results
in a modulation of the (evolved) stationary electron distribution. For domi-
nant adiabatic losses and a constant injection rate, the X-ray �ux will be pro-
portional to the adiabatic cooling time tad. A consistent calculation of tad
would require knowledge of the exact nature of the source and the (mag-
neto)hydrodynamical processes that take place there. One can however in-
fer tad along the orbit by taking it proportional to the excess �ux above the
pedestal FX−Fped, which is independent of the electron energy. For the phases
covered by the X-ray observations we derived a smooth curve following the
behaviour of the X-ray �uxes. For the phases outside the campaign cover-
age we assumed a �at light curve consistent with the �rst four observations
at phases 0.43 to 0.59 and the last observation at phase 0.13. Choosing the
ratio tad/(FX − Fped) as small as possible while keeping the adiabatic losses
dominant allows us to put a lower limit on the injected luminosity budget.
�is choice of the ratio tad/(FX − Fped) yields adiabatic loss time scales of



54 origin of correlated x-ray/vhe in ls i +61 303

0.2 0.4 0.6 0.8 1 1.2

Orbital Phase

101

102

103

104
t co

ol
[s
]

Synchrotron

IC

Adiabatic

Figure 4.2: Cooling times along the orbit for adiabatic (solid), synchrotron (dotted)
and IC (dashed).�e synchrotron and IC cooling times are shown at Ee = 1012 eV.
�is energy corresponds to electrons that emit in the X-ray band through synchrotron
and in the VHE band through IC.

between 35 and 500 seconds. Figure 4.2 shows the orbital evolution of the
cooling time scales inferred for adiabatic and calculated for IC and synchro-
tron losses.�e adiabatic cooling time is independent of the electron energy,
but for synchrotron and IC the cooling time scales are given at Ee = 1012 eV.
�is energy corresponds to electrons that emit in the X-ray band through
synchrotron and in the VHE band through IC.

4.3.2 Particle energy distribution and maximum energy

For LS I +61 303 the adiabatic and radiative cooling time scales of high-energy
electrons are much shorter than the orbital period, and thus shorter than
the time scales of variation of the ambient properties. �erefore, it is safe
to assume the parent particle population evolves into the so-called steady-
state electron energy distribution. A detailed account of how to compute the
steady-state energy distribution is given in Section 2.1. Here we have assumed
a constant injected particle spectrum Q(γ) consisting of a power law func-
tion with a high-energy cuto� at an energy Ee,max, obtained through the bal-
ance of the acceleration and energy loss rates.�e resulting evolved steady-
state electron energy distribution computed at each point along the orbit,
n(γe , ϕ), is then used to obtain the properties of the emitted radiation.
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Figure 4.3:Maximum electron energy Ee,max along the orbit taking η = 10 (see text
for details).

�e VHE gamma-ray energy spectrum of LS I +61 303 extends up to Eγ ∼
10 TeV (see Acciari et al., 2009) without a break in the spectrum, indicating
that electrons must be accelerated up to energies beyond 10 TeV.�e accel-
eration of electrons has to be faster than the cooling times of the di�erent
cooling mechanisms so that the electrons can reach these very high energies.
�e maximum electron energy will be that for which tacc = tcool.�e accel-
eration time of electrons may be parametrized as tacc = ηE/(ecB), where
η ≥ 1 gauges the e�ectiveness of acceleration and E/(ecB) is the maximum
energy gain rate allowed by classical electrodynamics.�e maximum energy
resulting from the balance of this expression for the acceleration time and
the energy loss time scales for synchrotron, IC and non-radiative losses may
be found in Section 2.5. At each point along the orbit, all relevant time scales
are evaluated and the corresponding Ee,max is obtained.�e adiabatic cool-
ing times inferred from the X-ray light curve range from a few tens to a few
hundred seconds. When considering the requirement that acceleration takes
place up to electron energies of 10TeV,we can see that the accelerator required
must be quite e�cient with η ≈ 7–130 depending on the orbital phase. Since
we are assuming that the injection is constant, we also expect the acceleration
rate to be constant and have chosen a value of η = 10 to perform the energy
cuto� calculations along the orbit, which would correspond to acceleration
in a parallel di�usive shockwith velocity of ∼0.8c (therefore favoring amildly
relativistic shock).�e orbital dependency of the maximum electron energy
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for η = 10 is shown in Fig. 4.3. During periods of low X-ray �ux Ee,max has
a behaviour proportional to tad (compare with Fig. 4.2). We note, however,
that it is possible that adiabatic losses do not take place strictly at the accelera-
tion region but rather at the emitter, and thus would not a�ect the maximum
energy of accelerated particles. In this case, the required e�ciency would be
limited by synchrotron losses, and the required e�ciency would likely be at
the lower end of the range stated above, i.e., around η ≃ 100.
4.3.3 Radiation and absorption calculation

For each position along the orbit, we calculate the emitted synchrotron spec-
trum from the evolved particle distribution and the magnetic �eld through
Eq. 2.3. Synchrotron emission in the X-ray range will be generally character-
ized by a photon index of ΓX = (αe + 1)/2 ≈ 1.5.�e orbital dependence
of the electron maximum energy will a�ect the shape of the spectrum, typi-
cally hardening (so�ening) it for high (low) �uxes, which correspond to lower
(higher) adiabatic losses and therefore a higher (lower) maximum electron
energy. However, since the cuto� in the particle distribution is located at en-
ergies signi�cantly higher than those responsible for X-ray emission, this ef-
fect is small in the X-ray energy band (∆ΓX ∼ 0.2).
We calculate the IC emission component following the expressions and an-

isotropic cross-section presented in Section 2.3.1.�e stellar radiation �eld is
used as the seed photon distribution of the IC process taking it as blackbody
radiation at kT = 2 eV with a luminosity of L⋆ = 1038 erg s−1.
�e intense radiation �eld can also absorb very high energy γ-ray emis-

sion through pair production γγ → e+e− (Gould & Schréder, 1967). An ex-
ploration of the e�ects that this absorption can have on the observed spec-
trum of gamma-ray binaries can be found in Bosch-Ramon & Khangulyan
(2009) and references therein. Here we compute the energy-dependent at-
tenuation factor of VHE gamma-rays following the procedure outlined in
Section 2.3.2.�e attenuation factor exp(−τγγ) is applied to the intrinsic IC
spectrum (dashed line in Fig. 4.5) to obtain the spectrum emitted out of the
binary system (solid line in Fig. 4.5).

4.4 Results

As seen in Fig. 4.4, we were able to reproduce the X-ray andVHE light curves
obtained during the 2007 multiwavelength campaign. Although the good
agreement with the X-ray light curve is expected because we derived the
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Figure 4.4: Top: Computed VHE light curve (red line) and observed VHE light curve
byMAGIC in units of 10−12 ph/cm2/s. Observations with a signi�cance above 2σ are
shown in �lled squares, while 95% con�dence level upper limits are shown otherwise.
Bottom:Computed X-ray light curve (red line) and X-ray light curve observed during
the multiwavelength campaign with XMM-Newton (�lled circles) and Swi�/XRT
(open circles) in units of 10−12 erg/cm2/s.�e pedestal �ux is indicated by a horizon-
tal dashed line. All error bars correspond to 1σ uncertainties.�e same parameters
as in Fig. 4.5 are used for both panels.
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dominant adiabatic losses from the observed X-ray �uxes, the VHE light
curve is a prediction of the model taking into account the binary geometry,
the stellar photon �eld, and the non-thermal particle distribution. Further-
more, the spectral indices in the X-ray and VHE energy bands for the out-
burst at phases 0.6 < ϕ < 0.7 are well reproduced, as can be seen in Fig. 4.5.
4.4.1 Electron population

We found that the best �t to the X-ray and VHE photon indices can be ob-
tained by taking a particle energy distribution with slope αe = 2.1. As men-
tioned above, the photon index in the X-ray band directly depends on the
particle index of the parent electron population. In the X-ray band, the ob-
servations show a photon index between 1.58 ± 0.02 and 1.66 ± 0.02 (plus a
1.85 ± 0.02 outlier) for the XMM-Newton observations, which was found to
be anti-correlatedwith the X-ray �ux (see Section 3.3.2).�e time-dependent
energy cuto� given by the variability of cooling time scales provides a small
time dependent variation of the photon index through a modi�cation of the
shape of the spectrum. Regarding the VHE observations, the measured pho-
ton index is 2.7 ± 0.3stat ± 0.2sys for the three observations during the �rst
outburst. Because absorption is low at the orbital phases of themaximum, the
photon index is determined by αe and the IC interaction angle.�e parent
particle population with αe = 2.1 results in computed X-ray photon indices
in the range 1.55–1.67 and reproduces the observed anti-correlation between
ΓX and FX (see Figure 3.2). In the VHE band the adopted αe results in pho-
ton indices in the range 2.6–2.8 for high-�ux phases, whereas the spectrum is
much so�er for low �ux phases because of the lower energy cuto�. Figure 4.5
presents the SED averaged over the phase ranges of the three simultaneous
observations during the �rst outburst (phases 0.62, 0.66 and 0.70), and shows
that both the �ux levels and the photon indices at X-ray and VHE are well re-
produced.
�eGeV spectrumand�uxes along the orbit appear incompatiblewith one

leptonic population.�erefore, the one-zone model presented here does not
account for the high �uxes detected by Fermi. Additionally, we found that the
phase-averaged SED calculated using a power law with αe = 2.1 and a high-
energy cuto� produces a �ux too high in energies between 10 and 100GeV
when compared to the phase-averaged spectrum measured by Fermi/LAT
(Abdo et al., 2009). A way to avoid this excess �ux is to consider the electron
injection spectrumdescribed by a broken power lawwith a harder particle in-
dex below Ee = 4×1011 eV.We found that the so�est particle index for which
the computed GeV spectrum is compatible with the Fermi/LAT measure-
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Figure 4.5: Computed SED averaged over the three observation periods during the
�rst outburst (phases 0.62, 0.66 and 0.70), with synchrotron (dot-dashed), IC (solid)
and non-absorbed IC (dashed) components.�e calculations were performed with
i = 45○ and B = 0.22 G.�e red crosses show the XMM-Newton EPIC-pn spectrum
averaged over three observations and deabsorbed taking NH = 5 × 1021 cm−2. To
compare themeasured�ux to the excess computedX-ray�ux,we subtracted a pedestal
power law spectrum corresponding to a 0.3−10 keV �ux of 11.5×10−12 erg cm−2 s−1.
�e MAGIC simultaneous spectrum is shown as a red bow-tie.
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Figure 4.6: Computed SED averaged over the whole orbit with synchrotron (dot-
dashed), IC (solid) and non-absorbed IC (dashed) components, calculated with the
same parameters as in Fig. 4.5. �e crosses and upper limits indicate the phase-
averaged Fermi/LAT spectrum.�e MAGIC VHE spectrum during the outburst is
shown as a bow-tie.�e MAGIC spectrum corresponds to di�erent phases than the
computed SED and is shown as a reference to Fig. 4.5. We note that the radiation
model is not supposed to explain the high GeV �uxes as we expect HE gamma-ray
emission to have its origin in a di�erent particle population.

ment is αe ≲ 1.8. It must be noted that this change in the particle index at low
energies does not a�ect the spectrum of particles that emit in the X-ray and
VHE bands through synchrotron and IC, respectively.�e Fermi/LAT spec-
trum along with the computed phase averaged SED is shown in Fig. 4.6.�e
phase-averaged Fermi/LAT cannot be easily compared with the peak spec-
trum shown in Fig. 4.5 because the X-ray/VHE and GeV measurements are
not simultaneous. Furthermore, the orbital variability of theGeV spectrum at
higher energies (i.e., the shape of the cuto�) has not been clearly established
by Abdo et al. (2009), and a phase-resolved spectrum cannot be derived from
a phase averaged-spectrum.

4.4.2 Magnetic �eld

�e X-ray/VHE �ux ratio is a very sensitive indicator of the magnetic �eld
in the emitter. We found the magnetic �eld that best describes the observed



4.5 discussion 61

light curves by performing a exploration of the parameter space of B and the
normalization of the injected particle spectrumQ0. For each (B,Q0) pair we
calculated the X-ray and VHE light curves and estimated the goodness-of-�t
to the observed �ux points using a χ2 test.�e observed light curves are best
described using an ambientmagnetic �eld of B = 0.22 G. It is not trivial to set
a formal uncertainty range on this value because of the unknown number of
constraints that should be considered (e.g., the shape used for the adiabatic
cooling curve). However, we see that for variations of the order of 0.05 G
around the best-�t value of B = 0.22 G the observed X-ray and VHE light
curves are no longer well described by the computed ones.

4.4.3 Injection energy budget

�e adopted luminosity in injected accelerated particles is 2 × 1035 erg s−1
along the whole orbit. �e computed emission bolometric luminosity, on
the other hand, varies between ∼1034 and ∼1.5 × 1035 erg s−1. Note that the
adopted injected luminosity is only a lower limit because we arbitrarily chose
the lowest ratio between the X-ray �ux and the adiabatic cooling time scale.
For higher adiabatic losses (while still proportional to X-ray emission), the
emitted spectrum would be equivalent but the required injected luminosity
would be higher.
�e dominant energy band in the broad-band SED of LS I +61 303 is the

MeV-GeV region. Using the gamma-ray spectrum measured by Fermi/LAT
(Abdo et al., 2009) we can obtain a lower limit on the power available for
particle acceleration.�e observed energy �ux above 100MeV is F100 ≃ 4.1×
10−10 erg cm−2 s−1, resulting in an observed luminosity of 2 × 1035 erg s−1.
Given this high luminosity, it is natural to think than the acceleration mech-
anismat play is able to provide a similar power to theX-ray andVHEemitting
electrons.

4.5 Discussion

4.5.1 Adiabatic time scales

�e orbital variability and range of adiabatic losses may be used to pose con-
straints on the hydrodynamical properties of the various scenarios proposed
for LS I +61 303. Hydrodynamical calculations have been performed in the bi-
nary pulsar scenario (Romero et al., 2007; Bogovalov et al., 2008; Khangulyan
et al., 2008) and for the interaction of a microquasar jet with the wind of a
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young star (Acciari et al., 2008; Perucho et al., 2010).However, for LS I +61 303
it is di�cult to calculate the adiabatic losses in each of the mentioned scenar-
ios because of the uncertainties in the properties of the Be stellar wind and
the relativistic out�ows.
In our phenomenological framework, we �nd that the required adiabatic

loss time scales range between 35 and 500 s, as seen in Fig. 4.2. Whereas it
is di�cult to relate these time scales to those arising from complex geome-
tries (e.g. shocked pulsar wind or a microquasar jet), we can use the simple
model of an expanding sphere to obtain insight on relevant emitter prop-
erties.�e adiabatic loss time scale tad is related to the typical scale of the
emitter Rem and its expansion velocity υexp through tad = Rem/υexp. While
the size of the emitting region is unknown, the fact that a one-zone emitter lo-
cated at the compact object position can successfully explain the X-ray/VHE
emission indicates that the region must be small compared with the orbital
separation. Considering an emitting region with a radius 10% of the orbital
separationwe obtain a range of radii between ∼3×1011 cm (at periastron) and∼9 × 1011 cm (at apastron). For these sizes, the maximum expansion veloci-
ties would be required for the shortest adiabatic cooling time scale, i.e. 35 s.
At apastron the expansion would need to be highly relativistic, with a ve-
locity of 0.85c (similar to the relativistic sound speed c/√3), corresponding
to a Lorentz factor of Γ = 1.89, whereas for periastron it would be mildly
relativistic at 0.29c. For the longer adiabatic loss time scales of hundreds of
seconds, the required expansion velocities would be much lower, of the or-
der of 0.01c–0.06c. A change in the size of the emitter could be caused by
the change in external pressure from the stellar wind, resulting in a larger
emitter at apastron (Takahashi et al., 2009).�is would explain the location
of the X-ray/VHE outbursts around apastron, but it is not clear which mag-
netohydrodynamical process is responsible for the variation of the adiabatic
loss time scale of more than an order of magnitude in 20 h. Wind clumping
can be considered as a source of pressure variability, as suggested by Zdziarski
et al. (2010), but it would not explain the constant location of the X-ray/VHE
outburst (0.6 < ϕ < 0.7) orbit a�er orbit. On the other hand, a transition of
the emitter from a region dominated by polar wind to a region dominated by
equatorial wind, or vice versa, could give rise to such a fast change in wind
pressure. In addition, there could be other yet unknown properties of the
stellar wind, as shown by the recent detection of a variable red shoulder in
the Hα line byMcSwain et al. (2010), which could be related to a tidal stream
in the equatorial wind falling back onto the disk.
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4.5.2 Energetics

�e energetics of the system, regardless of the acceleration mechanism, are
able to provide the required injected power used in our model given the high
�ux in the MeV-GeV band (see Sec. 4.4.3).
�e pulsar-like spectrum of LS I +61 303 in the GeV band (power law with

exponential cuto� at a few GeV) prompted Abdo et al. (2009) to consider
a magnetospheric origin for the HE gamma-ray emission. In this scenario
we can gain some insight on the spin-down luminosity of the putative pul-
sar from the HE gamma-ray luminosity.�e observed energy �ux F100 from
magnetospheric emission can be related to the emitted gamma-ray luminos-
ity Lγ as

Lγ = 4π fΩ(α, ζE)d2F100 ,
where fΩ is a beaming correction factor that depends on the geometry of the
emitter, the magnetic angle α and the Earth viewing angle ζE.�e emitted
gamma-ray luminosity is related to the pulsar spin-down luminosity through
the gamma-ray e�ciency ηγ = Lγ(Ė)/Ė. A trendwas found fromEGRET ob-
servations that the e�ciency scaled as Ė−1/2 (�ompson et al., 1999), and this
was later con�rmed (at least for Ė > 1034 erg s−1) by Fermi/LAT arriving to
ηγ ≃ 0.034(Ė/1036 erg s−1)−1/2 (Abdo et al., 2010). Using this relation, Ė can
be inferred from Lγ as Ė ≃ L2γ/(1.156 × 1033 erg s−1). From the LS I +61 303
phase-averaged gamma-ray spectrummeasured by Abdo et al. (2009) we ob-
tain F100 ≃ 4.1 × 10−10 erg cm−2 s−1, from which Lγ ≃ 2 × 1035 fΩ erg s−1.
Following these considerations, the spin-down luminosity inferred from the
Fermi/LAT observations is of Ė ≃ 3.3× 1037 f 2Ω erg s−1. Traditionally (e.g. po-
lar capmodels) it was assumed that the gamma-ray beam covers a solid angle
of 1 sr uniformly, so fΩ = 1/(4π) ≃ 0.08, which would result in a spin-down
luminosity of Ė ≃ 2 × 1035 erg s−1. However, more modern pulsar beaming
models (e.g. slot gap and outer gap models) have fΩ ∼ 1 for many viewing
angles (Watters et al., 2009), which would result in a more energetic pulsar
with Ė ≃ 3 × 1037 erg s−1.�e fact that the cuto� of the spectrum is located
at high energies (Ecutoff = 6.3 ± 1.1GeV) points to a high-altitude location
for gamma-ray emission, since emission beyond a few GeV is very di�cult
close to the neutron star because of strong attenuation from γB → e+e− ab-
sorption (Baring, 2004).�e general trend in the Fermi/LAT pulsar sample
(Abdo et al., 2010) also points towards a high-altitude location, so we favour
slot gap or outer gap models for which the spin-down luminosity of the pu-
tative pulsar in LS I +61 303 would be of Ė ≃ 3 × 1037 erg s−1. Even though
the Fermi/LAT observations do not completely constrain the spin-down lu-
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minosity of the putative pulsar, the power available for particle acceleration
is high. In the favoured scenario of Ė ≃ 3 × 1037 erg s−1, assuming that the
power in injected electrons constitutes only a fraction 10−2 of the spin-down
luminosity (e.g., Sierpowska-Bartosik & Torres, 2008), the power in relativis-
tic electron would be larger than our requirement of Linj = 2 × 1035 erg s−1.
Another possibility is that instead of amagnetospheric origin, the emission

detected by Fermi/LAT has an IC origin. In this case the e�ciency between
the spin-down luminosity of the putative pulsar and the observed IC lumi-
nosity is expected to be of 1–10%. Considering the observed luminosity of a
few times 1035 erg s−1, the pulsar would need to have a spin-down luminosity
of the order of 1037 erg s−1.
�e higher values of spin-down luminosities pose a problem for the binary

pulsar scenario regarding the shape of the detected radio emission. Dhawan
et al. (2006) strongly argued that the rotating cometary-like tail they detected
in VLBA observations was related to the shocked pulsar wind contained by
the stellar wind. Romero et al. (2007) already questioned the ability of the stel-
lar wind to contain the pulsar wind from the results of three-dimensional hy-
drodynamical simulations even when considering a signi�cantly lower spin-
down luminosity of 1036 erg s−1.�e shape of the interaction region between
the stellar and pulsar winds is determined by the ratio of wind momentum
�uxes

ηw = ĖPSR/c
Ṁ⋆υw⋆ ,

where Ṁ⋆ and υw⋆ are the mass-loss rate and wind velocity of the Be star
and ĖPSR is the spin-down luminosity of the pulsar. For the polar wind, we
can take Ṁ⋆ = 10−8M⊙ yr−1 and υw⋆ = 103 km s−1, resulting in a wind mo-
mentum �ux ratio of ηw = 0.53(ĖPSR/1036 erg s−1) (Romero et al., 2007).
Ignoring orbital motion (which on the other hand would give rise to small
deviations in the inner region of the interaction, see Parkin & Pittard 2008),
the opening half-angle of the interaction cone would be

θw = 180○ ηw
1 + ηw

,

as seen in analytical models of wind interaction (e.g. Antokhin et al., 2004).
For a spin-down luminosity of 1036 erg s−1 the stellar windwould barely dom-
inate the pulsar wind (ηw = 0.53, θw = 62○). Considering the favoured high-
altitude location for gamma-ray production (i.e., slot gap or outer gap mod-
els) or an IC origin of the gamma-ray emission, the pulsar spin-down lu-
minosity is of the order of ĖPSR ≃ 3 × 1037 erg s−1. Given this luminosity,
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Figure 4.7:Opacity of 500GeV gamma rays owing to pair production interactions
with the stellar photon �eld as a function of orbital phase for di�erent values of orbital
inclination.

the pulsar wind would dominate the interaction and would not be contained
by the stellar wind.�e ratio of wind momentum �uxes would then be of
ηw ≃ 16 and the half-opening angle would approach 180○, posing a com-
pletely di�erent scenario from that usually pictured bywind interactionmod-
els (e.g. Dubus, 2006; Sierpowska-Bartosik & Torres, 2009; Zdziarski et al.,
2010). A lower value of the beaming correction factor fΩ in the magneto-
spheric scenario could mean that the pulsar spin-down luminosity is as low
as ĖPSR ≃ 2 × 1035 erg s−1 and thus contained by the stellar wind. However,
given the high energy of the cuto� in the Fermi/LAT spectrum of LS I +61 303
we favour a high-altitude location for gamma-ray production, leading to the
higher value of the spin-down luminosity.

4.5.3 Orbital inclination

Synchrotron emission will have no dependence on the orbital inclination be-
cause we are assuming isotropic particle distribution and a fully disordered
magnetic �eld. For IC emission, on the other hand, there is a dependence
with the angle θIC between the line of sight and the direction of propagation
of the seed photons (i.e., the connecting line between the star and the com-



66 origin of correlated x-ray/vhe in ls i +61 303

pact object). Given the orbital con�guration of LS I +61 303 (see Fig. 4.1), θIC
will not vary signi�cantly with inclination for the phases around apastron, at
which the source is detected in VHE. For γγ absorption, on the other hand,
the dependency is on the angle between the directions of the VHE photon
and the seed photon integrating along the line of sight out of the system.
�is means that absorption will show weaker orbital variability for low in-
clinations and stronger for high inclinations. For the �ux peak observed at
ϕ = 0.62, the optical depth of γγ absorption is practically independent of
inclination at τγγ ≈ 0.2 for 500 GeV photons. However, the second, wider
outburst at phases 0.8–1.1, does have an absorption dependency with inclina-
tion, with τγγ ≈ 1.4 for i = 60○ but τγγ ≈ 0.3 for i = 15○ (see Figure 4.7).�e
diminished absorption at low inclinations leads to a VHE �ux higher than
the observed values, particularly taking into account the upper limit mea-
surement at phase 0.8. However, given the high uncertainties of the VHE
nightly �uxes, the di�erence between the light curves computed for i = 60○
and i = 15○ is of less than 1σ . Even though we do not consider it signi�cant
given the present sensibilities, deeper VHE observations with �rm detections
at these phases could help to constrain the inclination of the orbit.

4.5.4 Magnetic �eld

�e X-ray/VHE �uxes can be explained using a constant magnetic �eld of
B = 0.22 G. A constraint on the accelerator maximum energy can be put by
requiring that the Larmor radius of the accelerated electron (rL = Ee/eB) is
contained within the accelerator size.�is translates to amaximum energy of
Emax ≃ 300BGR12 TeV, where BG is the magnetic �eld in Gauss and R12 the
accelerator radius in units of 1012 cm. For the magnetic �eld we found and
considering an accelerator size of the order of 10% of the orbital separation,
the maximum energy is well above the required 10 TeV and radiative losses
dominate at high energies (see Sec. 4.3.2). In the binary pulsar modelling
approach of Dubus (2006), the magnetic �ux was considered variable along
the orbit as a consequence of the variation in the distance of the wind-shock
region to the pulsar. In the shocked wind region, the magnetic �eld values
obtained were as high as 10 G. Chernyakova et al. (2006) obtain a very similar
magnetic �eld to ours, with B = 0.25 G (B = 0.35 G) for the low (high)
�ux state of the source. However, the model is based on an emitting particle
spectrum very so� at high energies, resulting in a synchrotron component
peaking in the radio band and an IC component dominating from so� X-ray
to the MeV band.�ey require another hadronic component to explain the
VHE emission.�e magnetic �eld in this model traces the �ux ratio between
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radio and X-ray �uxes instead of ours, which traces the �ux ratio between
X-ray and VHE. On the other hand, in the microquasar approach used by
Bosch-Ramon et al. (2006), the magnetic �eld at the base of the jet was taken
as 1 G. Most of these approaches use higher magnetic �elds than the one we
found to best reproduce the observational features. An explanation for this is
likely the need in these models to generate both the pedestal and X-ray �ux
that we considered independently.

4.6 Summary and concluding remarks

We presented a radiation model of a single leptonic population that can suc-
cessfully describe the data obtained through a simultaneous X-ray/VHE cam-
paign on LS I +61 303 performed by MAGIC in 2007.�e X-ray/VHE emis-
sion correlation observed indicates both that the emission at these bandsmay
come from a single particle population and that energy losses may be dom-
inated by adiabatic losses. By assuming a constant magnetic �eld and injec-
tion along the orbit, we inferred the adiabatic loss rate from the X-ray light
curve and the time dependent electron maximum energy as the balance be-
tween acceleration and energy loss time scales. We found that a quite e�-
cient accelerator (η ≲ 100) is required to obtain the observed VHE spectra
because of the fast adiabatic cooling.�e injected electron spectrum is con-
stant along the orbit and initially taken as a power law with a high-energy
cuto�, but the Fermi/LAT HE spectrum poses a constraint on the hardness
of the spectrum at lower energies, which we estimate has to be harder than
αe ≃ 1.8 for electron energies below 4 × 1011 eV. At higher energies, on the
other hand, an index of αe = 2.1 matches the observed X-ray and VHE pho-
ton indices.�e observed light curves are best reproduced using a magnetic
�eld of B = 0.22 G.�e general picture shows that the observed emission
in X-ray and VHE is compatible with originating in the same parent particle
population under dominant adiabatic losses.
�e required luminosity budget in injected electrons for the computed X-

ray and VHE emission is 2 × 1035 erg/s. Both the microquasar and binary
pulsar scenarios are able to provide these levels of luminosity in accelerated
electrons.�e GeV luminosity of LS I +61 303 can also give us hints on the
available power: independently of whether the detected emission is magne-
tospheric or IC emission, the injected power should be ≳ 1037 erg/s. If it
is magnetospheric emission, the high-altitude favoured scenario of gamma-
ray production implies that the spin-down luminosity of the pulsar is Ė =
3×1037 erg/s.�is high spin-down luminosity poses problems for the binary
pulsar scenario because the pulsar wind would not be contained by the stellar
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wind, which would give rise to a completely di�erent scenario from the one
usually considered.
�eVHE andX-ray light curves of LS 5039 and LS I +61 303 seem relatively

similar, both peaking close to the apastron. For LS 5039 the maximum is also
close to the inferior conjunction of the compact object, whereas this is not the
case in LS I +61 303. If the light curve maxima are related to apastron rather
than to the observer orientation with respect to the system, it may point to a
similar physical origin for the X-ray and VHE modulation in both sources.
On the other hand, the adiabatic losses could have a di�erent cause. Recall
the very di�erent stellar winds in both sources.
We found that the X-ray and the VHE emission are consistent with a single

parent particle population, whereas the HE gamma-ray emission detected by
Fermi/LAT probably has a di�erent origin.�e orbital anti-correlation and
the exponential cuto� spectrum suggest that several non-thermal emitting
regions may be present in the system.�is could also explain the presence of
a pedestal emission in X-ray that is compatible with constant emission along
the orbit.
We conclude noting that simultaneous observations at the X-ray and VHE

bands provide a unique diagnostic tool to probe the emitter properties in
galactic variable sources. Future observations, in particular by more sensi-
tive next-generation VHE observatories, will allow us to better understand
these peculiar systems.�e physical interpretation performed in this chapter
could greatly bene�t from more sensitive VHE observations, as simulated in
Appendix C for a simultaneous Chandra and CTA campaign.
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5
Thermal X-ray emission from the shocked
stellar wind of pulsar gamma-ray binaries

5.1 Introduction

�e emission from the non-thermal particle population accelerated in the
Pulsar Wind Shock (PWS) scenario has been widely studied in the radio, X-
ray and HE and VHE gamma-ray bands (Maraschi & Treves, 1981; Tavani
& Arons, 1997; Kirk et al., 1999; Dubus, 2006; Bogovalov et al., 2008, and
references therein). Furthermore, the possibility of detecting the free pulsar
wind from its spectral signature has also been discussed (Kirk et al., 1999;
Khangulyan et al., 2007; Cerutti et al., 2009). However, one of the sources
of emission that could provide valuable information on the characteristics of
gamma-ray binaries has been previously overlooked: the thermal X-ray emis-
sion from the shocked stellar wind. Massive stellar binaries (of types O+O or
O+WR) are known to produce powerful thermal X-ray emission in theWind
Collision Region (WCR), where the supersonic winds of the two young stars
interact (see, e.g., Pittard et al., 2005, for a review). Even though it has been
previously considered that the detection of X-ray emission lines could be an
indication of accretion in gamma-ray binaries (e.g., Rea et al., 2010), similar
lines can arise from the thermal X-ray emission of the shocked stellar wind in
the WCR.�e complexity of the stellar winds from the Be companion stars
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in LS I +61 303 and PSRB1259−63makes the analysis of the thermal emission
from the shocked stellar wind di�cult.�e presence of both a polar wind
and a decretion disk adds a large number of unknown free parameters. On
the other hand, the radial and more powerful stellar wind from the O star in
LS 5039 turns this source into an ideal candidate to study the observational
impact of the thermal wind emission.
�e system LS 5039 is located at 2.5 ± 0.1 kpc and contains a compact ob-

ject with a mass between 1.4 and 5M⊙ orbiting an O6.5V((f)) donor star ev-
ery 3.90603 ± 0.00017 days (Casares et al., 2005) in a mildly eccentric orbit
(e = 0.24 ± 0.08; Sarty et al., 2011).�e detection of elongated asymmetric
emission in high-resolution radio images was interpreted as mildly relativis-
tic ejections from a microquasar jet and prompted its identi�cation with an
EGRET HE gamma-ray source (Paredes et al., 2000, 2002). However, recent
VLBA observations by Ribó et al. (2008) show morphological changes on
short timescales thatmight be consistent with a PWS scenario. LS 5039 shows
variable periodic emission in the X-ray, HE gamma-ray and VHE gamma-
ray bands.�e X-ray lightcurve has an orbital modulation (Takahashi et al.,
2009), superposed by short timescale features that are quite stable over the
years (Kishishita et al., 2009).�e maximum andminimum emission phases
in the periodic lightcurve are located at the inferior and superior conjunc-
tions, so a geometrical e�ect for the modulation has been suggested. How-
ever, inferior and superior conjunctions are located close to apastron and pe-
riastron, and the broadness of the peaks, well �tted by a sinusoidal function,
makes it di�cult to discern between a physical or geometric origin of the
modulation.Whereas the VHE gamma-ray lightcurve has a modulation sim-
ilar to the X-ray one (Aharonian et al., 2006), theHE gamma-ray �ux is lower
at the inferior conjunction (0.45 < ϕ < 0.9) and higher at superior conjunc-
tion (0.9 < ϕ < 0.45). In addition, at superior conjunction it shows a spectral
cuto� at E = 1.9 ± 0.5 GeV, not statistically required for inferior conjunction
data (Abdo et al., 2009).
In the present chapter we present a model of the thermal X-ray emission

from the shocked stellar wind of pulsar gamma-ray binaries from which the
spin-down luminosity of the putative pulsar can be constrained. We apply it
to the case of LS 5039, and obtain an upper limit on the spin-down luminosity
of the putative pulsar within.

5.2 The dynamical model

In the PWS scenario the pulsar wind and the stellar wind collide forming an
interaction region bounded on either side by the reverse shocks of the winds.
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Figure 5.1: Illustration of the dynamical model at periastron.�e star (but not the
pulsar) is at scale.�e thick black line indicates the shape of the CD for Ṁ = 4.25 ×
10−7M⊙/yr and Lsd = 7.5 × 1036 erg s−1, corresponding to η∞ = 0.04.�e line CP is
tangent to the CD at the point P, for which the angles and radii used in the derivation
of the CD are shown.�e gray lines show the shape of the CD for values of η∞ spaced
logarithmically in the range 0.003–0.3.

�e shocked winds are separated by a surface called contact discontinuity
(CD), located where the ram pressure components perpendicular to this sur-
face are in equilibrium: p⋆⊥ = pp⊥.
�e ram pressure of the relativistic pulsar wind can be described at any

point at a distance rp from the pulsar as pp(rp) = Lsd/(4πcr2p), where Lsd is
the spin-down luminosity of the pulsar. In the case of the stellar wind, we will
assume a β-velocity law, υ(r⋆) = υ∞(1−R⋆/r⋆)β , where r⋆ is the distance to
the center of the star, R⋆ is the radius of the star and υ∞ is the terminal veloc-
ity of the stellar wind. We have considered β = 0.8, which has been shown to
be a good approximation of the outer structure of the winds of hot massive
stars (Pauldrach et al., 1986). Assuming a constant mass-loss rate from the
star Ṁ, the density of the stellar wind is ρ = Ṁ/(4πr2⋆υ(r⋆)).�e ram pres-
sure of the stellar wind can then be described as p⋆(r⋆) = Ṁυ(r⋆)/(4πr2⋆).
�e balance of perpendicular components of the ram pressure that de�nes

the position of the CD

Ṁυ(r⋆)
4πr2⋆ sin2 θ⋆ = Lsd/c

4πr2p
sin2 θ p ,
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can be rearranged to obtain the dimensionless parameter η

r2p sin2 θ⋆
r2⋆ sin2 θ p

= Lsd/c
Ṁυ(r⋆) ≡ η(x , y), (5.1)

where θ⋆ and θ p are the angles between the CD surface and the directions
towards the center of the star and the pulsar, respectively.�e coordinates x
and y correspond to the position along the line of centers and the distance
from it, respectively (see Fig. 5.1). Following Antokhin et al. (2004), we can
obtain the di�erential equation that describes the shape of the CD as a func-
tion of η,

dx
dy

= 1
y

⎡⎢⎢⎢⎢⎣x −
Dr2⋆(x , y)√η(x , y)

r2⋆(x , y)√η(x , y) + r2p(x , y)
⎤⎥⎥⎥⎥⎦ , (5.2)

where x(y) is the function describing the shape of the CD andD is the binary
separation.�e boundary condition (dx/dy y→0 → 0) is x0 = D/(1 +√η),
the location of pressure equilibrium along the symmetry axis, also known as
stagnation radius. For the case of constant wind velocities, η will be constant
and x0 and x(y) can be computed analytically. However, given the β-velocity
law we adopted for the stellar wind, a numerical integration is required to
obtain the shape of the CD since the stellar windmay not yet have reached its
terminal velocity at the contact surface. Figs. 5.1 and 5.2 show the resulting
shape of the CD in comparison to the star-pulsar system and for di�erent
positions along the orbit of LS 5039 as a function of η∞ ≡ (Lsd/c)/(Ṁυ∞).
Given the very high speed of the stellar wind, the role of orbital motion in

the shape of the CD is not expected to be signi�cant.�e aberration or skew
angle µ of the shock cap, de�ned as the angle between the axis of symmetry of
the shock cap and the line of centers of the star and compact object, is given
by tan µ = υorb/υw, where υorb is the orbital velocity and υw is the speed of
the slowest wind (i.e., the wind of the star) at the contact surface. For the
orbital parameters of LS 5039, the skew angle is below ∼20○ at all moments
along the orbit.

5.3 Thermal X-ray emission

5.3.1 Cooling regime of the shocked stellar wind

On either side of the CD, the stellar and pulsar winds develop shocks.�e
shocked pulsar wind is the candidate location for particle acceleration that
gives rise to the observed broadband non-thermal emission (Tavani &Arons,
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Star

to observer

P

A

Figure 5.2: Sketch of the orbit of the compact object around the companion star in
LS 5039.�e star (but not the pulsar) is at scale.�e twomarked positions correspond
to periastron (P) and apastron (A). For each of these positions the shape of the CD is
shown for η∞ = 0.01, 0.04 and 0.15
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1997). On the other side of the CD, the stellar wind develops a strong shock
where the wind material is slowed down and heated.�e cooling e�ciency
of the gas determines the width of the cooling layer. On one extreme, if radia-
tive cooling is very e�cient, the gas will be rapidly cooled a�er the shock and
will collapse into a thin dense layer on the CD.�e rapid cooling assures that
all the kinetic energy of the wind component perpendicular to the shock is
transformed into thermal emission. On the other extreme, if radiative cool-
ing is slow enough, the hot gas will �ow along the CD and cool adiabatically
through the expansion of the shocked gas layer far away from the apex of the
CD. In the adiabatic regime, a smaller fraction of the kinetic energy of the
stellar wind is emitted in the X-ray band. Stevens et al. (1992) proposed the
parameter χ = trad/tesc as ameasure of the cooling regime of the shockedma-
terial in colliding wind binaries. Hydrodynamical simulations indicate that
the wind collision regions are adiabatic for χ ≳ 3, whereas for χ ≲ 3 they
cool rapidly.�erefore, χ values around unity indicate that a signi�cant frac-
tion f of the incoming kinetic energy will be radiated away but the gas will
not be compressed into a thin layer on the CD. For the case of LS 5039 the
shocked gas cooling regime will generally be in between the two extremes,
with χ values around unity, so we expect f to take values around 1⁄2 .

5.3.2 Estimation of the expected X-ray luminosity

Before we enter into the details of the calculation of the thermal X-ray spec-
trum and luminosity, we will roughly derive the expected behaviour of the
X-ray luminosity as a function of the parameters of the system. Asmentioned
above, we expect the X-ray luminosity to be a fraction of the perpendicular
kinetic luminosity of the gas arriving onto the shock: LX = f Lshkin. Addition-
ally, the kinetic luminosity deposited on the shock will be a fraction of the
total kinetic luminosity of the stellar wind, determined by the fraction of the
total solid angle of the stellar wind that is subtended by the shock, which on
a �rst approximation can be considered to have a conical shape. For a cone
with a half-opening angle of θ we obtain LX ≈ f 12(1 − cos θ)Ltotkin, which can
be simpli�ed up toO(θ4) as LX ≈ f 14θ2Ltotkin. Generally, the half-opening an-
gle subtended by the shock for the stellar wind will be slightly smaller, but
similar to, the half-opening angle of the CD. To obtain the estimate of the
luminosity, we will here consider that the wind reaches the shock front at
terminal velocity. �e angle θ can then be derived from Equation (5.2) as
πη/(1 + η), which on a �rst-order approximation for small values of η (i.e.,
dominance of the stellar wind) will be θ ≈ πη. Using these approximation we
obtain LX ≈ f 14π2η2Ltotkin. Assuming constant stellarmass loss rate, ηwill only
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depend on Lsd as η ∝ Lsd, as seen in Equation (5.1).�erefore, we expect the
emitted thermal X-ray luminosity from the shocked stellar wind to behave
roughly as LX ∝ L2sd. In addition, we can estimate the order of magnitude of
the luminosity for the case of a dominant stellar wind:

LX ≈ 1.2 × 1032 [ Lsd
1036 erg s−1 ]

2 [ Ṁ
10−7M⊙/yr]

−1
erg s−1 , (5.3)

where we have assumed that half of the kinetic energy is converted into X-ray
luminosity, i.e., f = 0.5, and the wind terminal velocity is υ∞ = 2400 km/s.
LS 5039 is an X-ray source with luminosities of several 1033 erg s−1.�ere-
fore, as Eq. (5.3) shows, pulsar spin-down luminosities moderately higher
than 1036 erg s−1 would imply a signi�cant thermal component in the X-ray
spectrum. In such a case, the observed X-ray spectrum should begin to de-
viate from an absorbed power law.
�e above approximations will only hold for small values of η, i.e., for the

case of a dominant stellar wind. When the ram pressure of the pulsar wind
is similar to that of the stellar wind and η approaches unity, the half-opening
angle of the CD will approach π/2. At this limit, the X-ray luminosity will be
of the order of

LX ≈ 3 × 1034 [ Ṁ
10−7M⊙/yr] erg s−1 ,

which, for reasonable values of Ṁ, is higher than the X-ray luminosity of
LS 5039.

5.3.3 X-ray emission model details

Once we estimated that for reasonable values of Lsd the thermal component
could be detected, we performed detailed calculations to obtain the thermal
spectrum emitted by the shocked stellar wind. In the present Section we de-
tail the approach we took to model the properties of the shocked gas and its
emission.
We consider a strong, steady, standing shock with a compression ratio

ρ0
ρw

= υw⊥
υ0⊥ = 4,

where the subindices w and 0 indicate the properties of the gas immediately
before and a�er the shock, respectively.�e gas will then have an immediate
postshock temperature of

kT0 = 316 µmpυ2w⊥ ≈ 1.21 [ µ
0.62

] [ υw⊥
1000 km/s]

2

keV, (5.4)
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where υw⊥ indicates the preshock speed of the wind component perpendicu-
lar to the shock front and µ is the average atomic weight. A value of µ = 0.62
is appropriate for a fully ionized medium with solar abundances (Anders &
Grevesse, 1989).
�e X-ray emission of the shocked stellar gas is computed assuming that,

in the emitting plasma, conditions are equal to those in the immediate post-
shock position, which is true as long as the gas remains subsonic.�is will
provide an estimate of howmuch of the kinetic energy of the incoming wind
will be converted into X-ray emission. Assuming the shocked gas acts as a
calorimeter, in which all the incoming perpendicular kinetic energy is either
converted into X-ray emission or dissipated through adiabatic expansion, the
fraction of the kinetic energy converted to X-ray emission will be

LX = t−1rad
t−1rad + t−1esc Lkin , (5.5)

where the trad is the radiative cooling timescale, tesc is the escape or �ow dy-
namics timescale and Lkin is the incoming kinetic energy. Given that Ė ∝ t−1,
the fraction of cooling timesmay be interpreted as the fraction of the radiated
energy over the total lost energy owing to radiation and particle escape.
For a gas cooling with a volumetric emission rate Λ(T), the radiative cool-

ing timescale is given approximately by

trad = kT0
n0Λ(T0) ,

where n0 is the postshock number density and in a strong shock will be four
times the preshock wind number density. Instead of using a pre-calculated
table for Λ(T), we calculate it using the same MEKAL code we will use to
compute the emitted spectrum.
�e escape timescale is the time the heated gas takes to �ow away from

the postshock location. Assuming that the stellar wind overpowers the pul-
sar wind (see Sect. 5.4), we can use the distance from the CD to the pulsar as
the radius of curvature of the shock front, and thus as a typical �ow dynamics
distance scale.�e escape timescale can then be approximated as tesc = rp/υ0.
We assume that the wind velocity component parallel to the shock is unaf-
fected a�er traversing it, so that the immediate postshock speedmay be found
as υ20 = (υw⊥/4)2 + υ2w∥.
We used the MEKAL code as implemented in the SPEX so�ware package

(Kaastra et al., 1996) to generate a look-up table of emission spectra for op-
tically thin hot gas in collisional ionization equilibrium as a function of the
gas temperature T . We populated the look-up table with emission spectra in
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the 0.05–15 keV range for 250 logarithmically spaced temperatures from 104
to 109 K. Additionally, for each of the temperatures we computed the volu-
metric emissivity rate Λ(T) by integrating the computed emission spectra
between photon energies of 0.001 and 50 keV.
In order to compute the total cumulative emission from the shocked stellar

wind we assumed that the X-ray emitter is in�nitely thin and located on the
CD de�ned through Equation (5.2). We de�ned a grid on the shock front of
2000 bins in the y direction, away from the line of centers, and 30 azimuthal
bins. For each segment of the grid we computed the immediate post-shock
temperature T0 and X-ray luminosity through Equations (5.4) and (5.5). Us-
ing the X-ray emission look-up table, we obtained the intrinsic X-ray emis-
sion spectrum from each segment. Finally, we computed the neutral hydro-
gen column density from each of the positions of the segments on the shock
front to the observer owing to the non-shocked stellar wind. To do so we as-
sumed that neither the enhanced density of the shocked stellar wind nor the
free pulsar wind contribute signi�cantly to the total column density.�e col-
umn density of former can be estimated to be two orders of magnitude below
thewind column density (Szostek&Dubus, 2011) and the latter is too rare�ed
to absorb X rays. We then computed the energy-dependent attenuation fac-
tor corresponding to the found column density through thewabs subroutine
providedwith Xspec v12. In addition, the emission from those areal segments
eclipsed by the starwas discarded.�e resulting absorbed emission fromeach
of the areal segments was added together to compute the �nal emitted spec-
trum of the shocked stellar wind.
From the calculations described in this Section, we can see what the gen-

eral characteristics of the shocked stellarwind emissionwill be. Along the line
of centers of the system we will �nd both the highest temperatures and the
highest densities.�e hardest X rays will come from this location, but its vol-
ume is relatively small and their luminosity may not dominate the �nal emis-
sion. Away from this point temperatures will drop rapidly as the incoming
wind will not be perpendicular to the shock, whereas the volume increases
and density decreases.�is region will produce a so�er X-ray spectrum.�e
�nal spectrum will be a so-called multi-temperature X-ray spectrum result-
ing from the emission of the strati�ed temperature structure of the shocked
gas.

5.3.4 Caveats of the model

�e semi-analytic model detailed in the previous section is robust given that
the assumptions made are fairly conservative. However, there are some fac-
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tors that a�ect the wind collision region that cannot be accounted for in our
semi-analytic framework. Detailed hydrodynamical simulations would be re-
quired to take into account e�ects such as:

• In the radiative cooling regime the CD may be disrupted by thin-shell
instabilities (Stevens et al., 1992; Pittard, 2009). Additionally, stellar
wind clumping would likely disturb the CD to some extent.�is would
have implications for both the thermal and non-thermal emission.

• We modeled the radiative output of the post-shock gas through the ra-
tio of radiative cooling timescale to total cooling timescale in Eq. (5.5),
and assumed an in�nitely thin cooling layer. Both the intrinsic X-ray
luminosity and cooling layerwidth could be calculated self-consistently
through hydrodynamical simulations.Whereas the results are likely to
be very similar in the radiative cooling regime limit, they will probably
di�er in the adiabatic limit. In the adiabatic limit of the posthock �ow,
the �ow may become supersonic at a distance smaller than rp, cool-
ing the gas and reducing the radiative outcome.�is e�ect would not
be important at scales similar to x0, but could a�ect the contribution
produced at the perifery of the system.

5.4 Stellar mass-loss rate and pulsar spin-down luminosity in
LS 5039

As explained in Sect. 5.2, the shape of the CD depends only on the parameter
η, which in turn depends only on the ram pressure of the winds on either side
of the CD. Casares et al. (2005) derived that the O6.5V((f)) star in LS 5039
has a stellar radius of R⋆ = 9.3R⊙, its wind has a terminal velocity of υ∞ =
2400 km/s and the orbital inclination is in the range 20○–70○.�erefore, the
only parameters still unknown that a�ect the shape of the CD are the stellar
mass-loss rate, Ṁ, and the pulsar spin-down luminosity, Lsd.
Sarty et al. (2011) performed an optical photometric and spectroscopic

campaign on LS 5039, and determined the mass-loss rate of the star to be in
the range 3.7 to 4.8×10−7M⊙/yr fromHα line measurements. However, Hα
line �tting is a diagnostic known to be a�ected by wind clumping, and ow-
ing to its ρ2 dependence could easily overpredict mass-loss rates by a factor∼2 (Markova et al., 2004).�e lack of variability of the column density mea-
sured in X-ray observations along the orbit may also be used to constrain the
maximum value ofmass-loss rate. Bosch-Ramon et al. (2007) concluded that,
considering a non-thermal X-ray emitter inside the binary system, the mass-
loss rate could not exceed a few 10−8M⊙/yr. If the non-thermal source is
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taken to be extended located along theCD, as would be expected in the pulsar
wind scenario, this upper limit is relaxed up to 1.5 × 10−7M⊙/yr (Szostek &
Dubus, 2011). In the following calculations we considered the whole range of
mass-loss rates discussed here, i.e., from 5×10−8M⊙/yr to 4.8×10−7M⊙/yr.
For some cases where a single representative mass-loss rate is used to test
other properties of the thermal emission, we chose themidpoint of the range:
Ṁ = 2.65 × 10−7M⊙/yr.
�e spin-down luminosity of the putative pulsar in LS 5039 is not known

as it has never been measured directly. A lower limit may be derived from ef-
�ciency considerations taking into account the HE gamma-ray emission de-
tected by Fermi/LAT (Abdo et al., 2009).�e detected �ux above 100MeV of
2.55×10−10 erg cm−2 s−1 implies, if theHE gamma-ray emission has amagne-
tospheric origin, a spin-down luminosity of between 0.2 and 30×1036 erg s−1
depending on the beamingmodel (see Section 4.5.2 for an explanation of the
derivation of these values for the case of LS I +61 303). However, the observed
orbital modulation of the HE gamma-ray emission, and the lack of pulsa-
tions, might indicate that its origin is not magnetospheric but rather IC.
�e minimum non-thermal luminosity required for the Fermi emission

of LS 5039 can also be estimated in the context of IC radiation. To obtain a
conservative estimate, one can assume that electrons are injected only in the
relevant energy range, ∼1–100GeV, emit isotropically, and have time to cool
down only through IC. Stellar IC leading to photons in the Fermi band occurs
in the �omson regime. Since this process is strongly anisotropic (LIC ∝(1 − cos θIC)(p+1)/2 with p being the electron power-law index; e.g. Dermer
et al. 1992), one needs to account for the IC interaction angle θIC. Under these
conditions, the injection luminosity of electrons can be written as:

Le ≈ 1.7 2α+1 LGeV
2(α + 1)(1 − cos θIC)α ,

where the factor 1.7 accounts for the luminosity radiated ≲ 100 MeV, α =(p + 1)/2, and θIC ≤ π/2 for phases around the inferior conjunction. Tak-
ing LGeV ≈ 2 × 1035 erg s−1 (Abdo et al., 2009) during those orbital phases,
p ∼ 3 to explain the Fermi spectrum, and a rather large θIC ≈ 60○, one obtains
Le ≈ 2 × 1036 erg s−1. However, escape, adiabatic and perhaps synchrotron
losses could easily increase Le by a factor of several. In addition, not all the
Lsd will go to non-thermal particles*, and the injection electron distribution
is expected to be broader than ∼1–100GeV. From all this, Lsd ≳ 2×1037 erg s−1
* Not only is the acceleration e�ciency unlikely to be 100%, but for higher spin-down lumi-
nosities the opening angle of the CD will increase and only around half of the pulsar wind
luminosity will be shocked.
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seems more realistic. Doppler boosting has not been accounted for but, al-
though it can reduce the required energy budget in certain orbital phases, it
will increase it in others. Note that for θIC ≈ 90○ and phases between inferior
and superior conjunction, i.e. with the �ow bulk motion unlikely pointing to
us, still Le ≳ 1036 erg s−1, and thus Lsd ≳ 1037 erg s−1.�e GeV emitter may
be extended, but it should not change signi�cantly our conclusion.

5.5 Comparison to X-ray data

5.5.1 X-ray observations

LS 5039 has been observed at di�erent positions along its orbit bymanyX-ray
observatories (see Zabalza et al., 2008, for a summary). Recently, a very long
observation with Suzaku provided an uninterrupted lightcurve of the source
during an orbit and a half (Takahashi et al., 2009), and a comparison with
previous observations indicated that it was quite stable over periods of up
to a decade (Kishishita et al., 2009).�e Suzaku observation provides a very
good orbital coverage, but we have chosen, to compare the output of our nu-
merical model, two XMM-Newton observations performed in 2005 (Bosch-
Ramon et al., 2007).�e superior e�ective area of XMM-Newton gives us the
possibility to extract very good so� X-ray spectra in relatively short obser-
vations.�ese short observations (∆ϕ ∼ 0.05) assure that the ambient con-
ditions do not vary signi�cantly and the measured spectra can be accurately
compared to spectra calculated for a given phase.�ese two ∼15 ks observa-
tions were performed at periastron (obsid 0202950301, orbital phases 0.02–
0.05) and apastron (obsid 0202950201, orbital phases 0.49–0.53) during the
same orbital period, thus probing the two extreme separations between the
star and the compact object.
For each of the two observationswe processed the data trough the standard

procedure with version 10.0 of the XMM-Newton Science Analysis So�ware
(SAS).We �ltered out the periods of high particle background for each of the
three detectors aboard XMM-Newton and extracted source and background
spectra from the clean event �les, as well as the corresponding redistribution
matrix (RMF) and ancillary response (ARF) �les. We binned the extracted
source spectra to a minimum of 20 counts per bin avoiding an oversampling
of the detector energy resolution by more than a factor 3.
Before introducing the model corresponding to our calculations of the

thermal X-ray emission of the shocked stellar wind, we performed a �t of
the data to an absorbed power-law using the spectral analysis package Sherpa
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Orb. phase Parameter Source model

AISM × P AISM × (P +�)
Periastron

NHa 0.67 ± 0.02 0.60 ± 0.03
Γ 1.57 ± 0.04 1.44 ± 0.04
F(P)b 7.1 ± 0.6 6.1 ± 0.6
F(�)b ⋯ 0.53

Apastron

NHa 0.67 ± 0.02 0.75 ± 0.02
Γ 1.47 ± 0.03 1.43 ± 0.03
F(P)b 11.4 ± 0.7 10.7 ± 0.7
F(�)b ⋯ 0.96

Lsd ⋯ 5.82 × 1036 erg/s
χ2/dof 467.5/610 476.6/611

Table 5.1: Results of the X-ray spectral analysis. For the calculation of the thermal
component�, a mass-loss rate of 2.65 × 10−7M⊙/yr and an inclination of 45○ have
been assumed. Notes: a) Interstellar column densities are in units of 1022 cm−2. b)
ISM unabsorbed X-ray �uxes of the non-thermal power law (P) and the thermal
shocked stellar wind (�) components in the range 0.3–10 keV are given in units of
10−12 erg cm−2 s−1.

(Freeman et al., 2001) bundled with CIAO 4.3.�e �t results for this strictly
non-thermal source model may be found in the third column of Table 5.1.

5.5.2 Method of spin-down luminosity upper-limit derivation

To accurately compare the output of our model of thermal X-ray emission
from the shocked stellar wind described in sections 5.2 and 5.3 with the ob-
served spectra, we formatted the computed X-ray spectra as a FITS table
model that could be loaded by the spectral analysis so�ware package Sherpa.
We computed the cumulative spectra for 25 pulsar spin-down luminosities
spaced logarithmically between 1036 erg s−1 and 5×1037 erg s−1, taking a con-
stant value of themass-loss rate.�e normalizationwas initially �xed to unity
but can be used to account for di�erent distances to the source when set to(2.5 kpc/d)2, where d is the distance in kiloparsecs.
We assigned each of the two groups of spectra (periastron, p, and apastron,

a) a source model corresponding to an interstellar medium neutral hydro-
gen photoelectric absorption component (A) a�ecting both the non-thermal
power law (P) and the computed shocked stellar wind thermal emission (�):
Ap,aISM×(Pp,a+�p,a).Whereas all the parameters of the absorption and power
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law components were le� free for the spectral �tting, the spin-down luminos-
ity of the pulsar was linked between the periastron and apastron models. We
note that such a choice for the source model implies that the non-thermal
emission is not signi�cantly a�ected by circumstellar absorption, whereas
the thermal emission is.�is would happen for either extended non-thermal
emitters or very low circumstellar absorption (see Sect. 5.7.1 below for a dis-
cussion).
In order to derive the spin-down luminosity upper limit we performed a

simultaneous �t of the six spectra (three detectors for each of the two orbital
phases). In all cases, the best �t corresponded to the lowest level of emis-
sion from the thermal component, i.e., the non-thermal component alone
provided the best �t to the data. As expected from the rough estimate (see
Sect. 5.3.2), the X-ray luminosity of the thermal component increased mono-
tonically with the value of the spin-down luminosity of the pulsar.�e goal is
then to �nd for which value of the spin-down luminosity the thermal com-
ponent begins to a�ect the shape of the spectrum and the �t worsens sig-
ni�cantly. We used the confidence Sherpa command to evaluate the 99.7%
(3σ) con�dence level range for acceptable values of the spin-down luminos-
ity. In all cases the lower bound was consistent with zero, i.e., lack of thermal
component.�e upper bound, on the other hand, provides us with the upper
limit to the spin-down luminosity of the pulsar.

5.6 Results

5.6.1 Thermal X-ray spectra

We used the dynamical, radiative and absorption model described above to
calculate the thermal X-ray spectra emitted by the shocked stellar wind gas.
In accordance with the estimates of Sect. 5.3.2, we have found that in general
the thermal X-ray luminosities increase monotonically with the spin-down
luminosity of the pulsar. In Fig. 5.3 we show the 0.3–10 keV X-ray luminosity
of the thermal emission from the shocked stellar wind as a function of the
pulsar spin-down luminosity, taking Ṁ = 2.65 × 10−7M⊙/yr. For scenarios
with a dominance of the stellar wind (i.e., Lsd ≲ 1037 erg s−1), the behavior is
generally in good agreement with Eq. (5.3). At higher spin-down luminosi-
ties, the proximity of the CD to the stellar surface at periastron provokes a
decrease in the total intrinsic X-ray luminosity.
Figure 5.4 shows the obtained intrinsic and absorbed spectra for di�er-

ent values of the spin-down luminosity ranging from 3 × 1035 erg s−1 to 3 ×
1037 erg s−1.�e mass-loss rate of 2.65× 10−7M⊙/yr assumed for these spec-



5.6 results 85

xx
xx
xx

1036 1037
Pulsar spin-down luminosity Lsd [erg s−1]

1031

1032

1033

1034

�
er
m
al
X-

ra
y
lu
m
in
os
ity

[e
rg
s−1

]

Excluded by
thermal emission

Apastron
Periastron
Estimate

Figure 5.3:�ermal emission luminosity in the 0.3–10 keV range as a function of the
spin-down luminosity of the pulsar.�e �uxes at periastron (dashed) and apastron
(solid) are shown. In addition, the rough estimate of Equation 5.3 is shown as a gray
line.�e range of pulsar spin-down luminosities excluded by the thermal emission is
shown as a hatched region. In all cases, a mass-loss rate of 2.65 × 10−7M⊙/yr was
assumed.
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Figure 5.4: X-ray emission computed from the shocked stellar wind of LS 5039 at
periastron (top) and apastron (bottom), taking Ṁ = 2.65 × 10−7M⊙/yr and i =
45○.�e di�erent spectra for each orbital phase correspond to di�erent values of
pulsar spin-down luminosity Lsd: 0.3 (bottom), 3 (middle) and 30 (top) ×1036 erg s−1,
corresponding to η∞ = 0.0025, 0.025 and 0.25, respectively.�e thin dashed lines
indicate the intrinsic spectra, whereas the thick solid ones are the ones absorbed
owing to the stellar wind.
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tra provides a dense matter �eld in the binary. Its e�ect can be seen as a very
strong absorption at energies below 1 keV for the periastron spectrum.�e
columndensity at this phase is of the order of 1022 cm−2, even higher than the
measured interstellar one. In contrast, the apastron spectrum for the highest
spin-down luminosity shows negligible circumstellar absorption.�is is be-
cause, at apastron, the pulsar would be close to inferior conjunction, and the
high opening angle of the CD would mean that most of the thermal X-ray
emission only has to travel through the unshocked stellar wind to reach the
observer (see Fig. 5.2), thus being barely absorbed. As discussed in Sect. 5.3.3,
the hardest X rays will come from the region around the apex of the CD. For
high values of the spin-down luminosity, the apex of the CD at periastron
will be closer to the stellar surface, and the velocity of the incoming wind
will be lower owing to the β wind velocity law.�erefore, the X-rays from
the apex will be so�er, an e�ect that can be seen in the high energy part of
the topmost spectrum of Fig. 5.4. For the parameters used to compute this
spectrum, the stagnation point of the CD is at only 0.39 stellar radii from the
surface of the star and the wind velocity at the shock is about one third of
the terminal velocity. Note how this e�ect is not apparent in the correspond-
ing apastron spectra, for which the stagnation point is much farther from the
stellar surface.

5.6.2 Spin-down luminosity upper limits

To derive the upper limits of the pulsar spin-down luminosity we chose to
explore the range of stellar mass-loss rate values mentioned in Sect. 5.4, cor-
responding to the estimates of Bosch-Ramon et al. (2007), Szostek & Dubus
(2011) and Sarty et al. (2011): 5 × 10−8M⊙/yr, 1.5 × 10−7M⊙/yr and 4.25 ×
10−7M⊙/yr, respectively.�e orbital inclination will a�ect the importance of
circumstellar absorption, particularly at periastron, in the emitted spectrum,
so we have also explored the whole range delimited by Casares et al. (2005),
i = 20○–70○.�e result of the pulsar spin-down luminosity upper-limit de-
termination for the whole ranges of mass-loss rate and orbital inclination is
shown in Figure 5.5. A summary of the results for the extremes andmidpoints
of the ranges can be seen in Table 5.2.
We found that pulsar spin-down luminosities above 6.3 × 1036 erg s−1 are

excluded by the lack of spectral thermal features in the observed periastron
and apastron spectra for any combination of mass-loss rates and orbital in-
clinations. �is upper-limit corresponds to the extreme inclination of 70○,
and for moderate orbital inclinations the upper-limit is at all times below
6 × 1036 erg s−1. While the wind kinetic luminosity available for Ṁ = 5 ×
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Figure 5.5: Spin-down luminosity upper-limits as a function of orbital inclination
and stellar mass-loss rate.
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Figure 5.6: As above, but linking the ISM absorption between apastron and perias-
tron.
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Mass-loss rate Inclination Lsd upper-limit
(M⊙/yr) (1036 erg s−1)

20○ 3.7
5× 10−8 45○ 4.7

70○ 6.0

20○ 4.5
1.5× 10−7 45○ 5.6

70○ 6.3

20○ 5.8
4.25× 10−7 45○ 5.2

70○ 4.9

Table 5.2: Pulsar spin-down luminosity upper limits as a function of orbital inclina-
tion and stellar mass-loss rate.

10−8M⊙/yr is lower than for the other cases, the upper limits derived are at
least as strict as for higher mass-loss rates.We found that the reduced absorp-
tion owing to the lower density of the stellar wind results in brighter emis-
sion below 1 keV. In the last column of Table 5.1 we show the best-�t results
of the thermal plus non-thermal source model with the spin-down luminos-
ity of the pulsar �xed at the upper limit we found for the midpoint values
of mass-loss rate and orbital inclination. As compared to the non-thermal
source model, the best �t power law is slightly harder and its unabsorbed �ux
is ∼10% lower. In addition, the required interstellar column densities cease to
be constant between apastron and periastron. An illustration of the thermal
and non-thermal contributions to the observed spectrum is shown in Fig. 5.7.
We note that if we force the value of the ISM photoelectric absorption

to remain constant between the �ts of periastron and apastron spectra the
upper limits are considerably more strict. For the midpoint situation with
Ṁ = 2.65 × 10−7M⊙/yr and i = 45○, the pulsar spin-down upper limit is re-
duced from 5.82× 1036 erg s−1 down to 4.08× 1036 erg s−1. As can be seen in
Figure 5.6, the pulsar spin-down upper limits are more restrictive. Except for
a small parameter space region at high inclination and low mass-loss rates,
this results in upper limits below 5 × 1036 erg s−1.
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Figure 5.7: X-ray spectra of LS 5039 at periastron (top) and apastron (bottom).�e
open circles are the data from the pn detector.�eMOSdata are �t simultaneously but
not shown here for clarity.�e lines indicate the best �t spectral model for the spin-
down luminosity �xed at the upper limit for moderate values of orbital inclination
and stellar mass-loss rate: Lsd = 5.82 × 1036 erg s−1.�e thick solid line is the sum of
the non-thermal power-law component (thin dashed) and the shocked stellar wind
thermal component (thin solid).�e energy resolution of the thermal component is
lower than in Fig. 5.4, which results from folding the spectral models with the energy
redistribution matrix of the detector
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5.7 Discussion

5.7.1 On the stellar mass-loss rate

�e strength of stellar mass-loss rate plays a double role in the PWS scenario.
On one hand it determines the shape of the CD and the kinetic luminosity
that is shocked onto the CD. On the other hand, it determines the impor-
tance of photoelectric absorption in the X-ray spectra of the thermal and
non-thermal radiation sources.
�e lack of X-ray absorption variability in LS 5039 along the orbit indi-

cates that the stellar wind density must be low if the non-thermal emitter is
inside the orbital system. However, a very low value will result in the pulsar
wind overpowering the stellar wind for reasonable values of the pulsar spin-
down luminosity. We have found that the maximum mass-loss rate possible
compatible with a variation of the neutral hydrogen column density along
the orbit below 1021 cm−2 (Bosch-Ramon et al., 2007) is of ∼ 5×10−8M⊙/yr.
For such a low mass-loss rate, the pulsar wind could impact on the stellar
surface at periastron for reasonable values of spin-down luminosity. How-
ever, the lack of orbital variations of the UV spectra of LS 5039 (McSwain
et al., 2004) indicate that the stellar surface is not perturbed at any point
along the orbit.�is places an upper limit on spin-down luminosities of ∼
7 × 1036 erg s−1. However, if the star has a strong enough surface magnetic
�eld, then magnetic pressure could be enough to balance the pulsar wind
away from the surface (Harding&Gaisser, 1990). For a surfacemagnetic �eld
of 50G and assuming a dipole �eld, the spin-down luminosity could be as
high as 3 × 1037 erg s−1 without the CD collapsing onto the stellar surface.
However, if a signi�cant fraction of the non-thermal emitter is not located

deep inside the binary system the X-ray absorptionmay be reduced.�e pho-
toelectric absorption of the thermal and non-thermal X-ray emission could
then be decoupled (as we have done in Sect. 5.5.2) since their locations would
be di�erent. For this scenario, the stellar mass-loss rate could be as high as a
few times 10−7M⊙/yr, as measured by Sarty et al. (2011). Additionally, such
a location would favor the acceleration of particles up to the very high en-
ergies required to account for the VHE gamma-ray spectrum (Khangulyan
et al., 2008; Bosch-Ramon et al., 2008).

5.7.2 On the pulsar spin-down luminosity

�e upper limits we have found on the spin-down luminosity of the pulsar
pose strong constraints on further modeling of the PWS scenario for non-
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thermal emission. As discussed in Sect. 5.4, the pulsar spin-down luminosity
should be at least a few times 1036 erg s−1 in order to account for the GeV
emission.�e upper limit we have found from the thermal X-ray emission
(Lsd < 6×1036 erg s−1) indicates that the spin-down luminosity must be very
close to this value in order for the PWS scenario to be consistent. A detailed
modeling of the GeV emission from LS 5039 is required to accurately check
the consistency of the observed GeV luminosity and the PWS scenario. Un-
fortunately, the structure of the GeV emitter is not well known, and IC emis-
sion is very sentive to the θIC-value, which makes di�cult to obtain con-
clusive results. Nevertheless, the lower limit derived here for Le, in the IC
scenario, is still robust enough to show that, likely, Le/Lsd → 1.
�e recent detection of PSRB1259−63 at GeV energies (Tam et al., 2011;

Abdo et al., 2011) provides a perfect comparison of the e�ciency of spin-
down luminosity to non-thermal emission conversion e�ciency. During its
highest state of emission the total gamma-ray luminosity was comparable to
the pulsar spin-down luminosity. Whereas the X-ray emission lightcurve is
symmetric with respect to periastron and correlated with Be disc passages
(Chernyakova et al., 2009), the HE gamma-ray emission a�er periastron was
a factor 20–30 higher than before periastron.�is indicates that anisotropy of
the gamma-ray emission is at play. Possible sources of anisotropy, in addition
to the intrinsic θIC-dependent IC anisotropy, include relativistic beaming of
the emitting out�ow (Bogovalov et al., 2008), anisotropy of the pulsar wind,
and anisotropy of the radiation �eld of the star (Negueruela et al., 2011). How-
ever, even considering Doppler boosting, the e�ciency of the shocked pulsar
wind in converting the spin-down luminosity into non-thermal HE gamma-
ray emission is extremely high.

5.7.3 Concluding remarks

�e semi-analytic model presented here has allowed us to gain valuable in-
sight into the nature of LS 5039.�e assumptions described in Sect. 5.3.3 are
chosen such that the resulting level of thermal X-ray emission is fairly con-
servative and thus the upper limit on the spin-down luminosity robust. We
have shown that the study of the thermal emission from the shocked stellar
wind can be a powerful diagnostic tool for pulsar gamma-ray binaries. Even
for cases where no thermal features are observed in the X-ray spectrum it
can be used to place constraints on important properties of the system such
as stellar mass-loss rate and pulsar spin-down luminosity.



references 93

References

Abdo, A. A., et al. 2009, ApJ, 706, L56
—. 2011, ApJL, submitted, arXiv:1103.4108
Aharonian, F., et al. 2006, A&A, 460, 743
Anders, E., & Grevesse, N. 1989, Geochim. Cosmochim. Acta, 53, 197
Antokhin, I. I., Owocki, S. P., & Brown, J. C. 2004, ApJ, 611, 434
Bogovalov, S. V., Khangulyan, D. V., Koldoba, A. V., Ustyugova, G. V., & Aha-
ronian, F. A. 2008, MNRAS, 387, 63

Bosch-Ramon, V., Khangulyan, D., & Aharonian, F. A. 2008, A&A, 489, L21
Bosch-Ramon, V., Motch, C., Ribó, M., Lopes de Oliveira, R., Janot-Pacheco,
E., Negueruela, I., Paredes, J. M., & Martocchia, A. 2007, A&A, 473, 545

Casares, J., Ribó, M., Ribas, I., Paredes, J. M., Martí, J., & Herrero, A. 2005,
MNRAS, 364, 899

Cerutti, B., Dubus, G., & Henri, G. 2009, A&A, 507, 1217
Chernyakova, M., Neronov, A., Aharonian, F., Uchiyama, Y., & Takahashi, T.
2009, MNRAS, 397, 2123

Dermer, C. D., Schlickeiser, R., & Mastichiadis, A. 1992, A&A, 256, L27
Dubus, G. 2006, A&A, 456, 801
Freeman, P., Doe, S., & Siemiginowska, A. 2001, in Presented at the Society of
Photo-Optical Instrumentation Engineers (SPIE) Conference, Vol. 4477,
Society of Photo-Optical Instrumentation Engineers (SPIE) Conference
Series, ed. J.-L. Starck & F. D. Murtagh, 76–87

Harding, A. K., & Gaisser, T. K. 1990, ApJ, 358, 561
Kaastra, J. S., Mewe, R., & Nieuwenhuijzen, H. 1996, in UV and X-ray Spec-
troscopy of Astrophysical and Laboratory Plasmas, ed. K. Yamashita &
T. Watanabe, 411–414

Khangulyan, D., Aharonian, F., & Bosch-Ramon, V. 2008, MNRAS, 383, 467
Khangulyan, D., Hnatic, S., Aharonian, F., & Bogovalov, S. 2007, MNRAS,
380, 320

Kirk, J. G., Ball, L., & Skjaeraasen, O. 1999, Astroparticle Physics, 10, 31
Kishishita, T., Tanaka, T., Uchiyama, Y., & Takahashi, T. 2009, ApJ, 697, L1
Maraschi, L., & Treves, A. 1981, MNRAS, 194, 1
Markova, N., Puls, J., Repolust, T., & Markov, H. 2004, A&A, 413, 693
McSwain, M. V., Gies, D. R., Huang, W., Wiita, P. J., Wingert, D. W., & Kaper,
L. 2004, ApJ, 600, 927



94 thermal x-ray emission from pulsar gamma-ray binaries

Negueruela, I., Ribó, M., Herrero, A., Lorenzo, J., Khangulyan, D., & Aharo-
nian, F. A. 2011, ApJL, in press, arXiv:1103.4636

Paredes, J. M., Martí, J., Ribó, M., & Massi, M. 2000, Science, 288, 2340
Paredes, J. M., Ribó, M., Ros, E., Martí, J., & Massi, M. 2002, A&A, 393, L99
Pauldrach, A., Puls, J., & Kudritzki, R. P. 1986, A&A, 164, 86
Pittard, J. M. 2009, MNRAS, 396, 1743
Pittard, J. M., Dougherty, S. M., Coker, R. F., & Corcoran, M. F. 2005, in X-
Ray and Radio Connections, ed. L. O. Sjouwerman & K. K. Dyer

Rea, N., Torres, D. F., van der Klis, M., Jonker, P. G., Méndez, M., &
Sierpowska-Bartosik, A. 2010, MNRAS, 405, 2206

Ribó, M., Paredes, J. M., Moldón, J., Martí, J., &Massi, M. 2008, A&A, 481, 17
Sarty, G. E., et al. 2011, MNRAS, 411, 1293
Stevens, I. R., Blondin, J. M., & Pollock, A. M. T. 1992, ApJ, 386, 265
Szostek, A., & Dubus, G. 2011, MNRAS, 411, 193
Takahashi, T., et al. 2009, ApJ, 697, 592
Tam, P. H. T., Huang, R. H. H., Takata, J., Hui, C. Y., Kong, A. K. H., & Cheng,
K. S. 2011, ApJL, submitted, arXiv:1103.3129

Tavani, M., & Arons, J. 1997, ApJ, 477, 439
Zabalza, V., Paredes, J. M., & Bosch-Ramon, V. 2008, International Journal
of Modern Physics D, 17, 1867

•



6
A search for Very High Energy gamma-ray

emission from Sco X-1 with the MAGIC
telescopes

�e acceleration of particles up to GeV or higher energies in microquasars
has been the subject of considerable theoretical and observational e�orts in
the past few years. Sco X-1 is a microquasar from which evidence of highly
energetic particles in the jet has been found when it is in the so-called Hori-
zontal Branch, a state when accretion is lower and a powerful relativistic jet
is present. In this chapter we present the �rst very high energy gamma-ray
observations of Sco X-1 obtained withMAGIC, performed simultaneously to
X-ray observations with RXTE in order to probe the accretion states of the
source.

6.1 Introduction

It has been proposed that particles accelerated in relativistic microquasar
ejections could produce detectable gamma-ray emission (Atoyan & Aharo-
nian, 1999). A con�rmation of such predictions may be found in Cygnus X-
3, an accreting X-ray binary from which non-thermal emission up to en-
ergies above 100 MeV has been clearly detected (Tavani et al., 2009; Abdo
et al., 2009). However, an extensive observational campaign in the very high
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energy (VHE) gamma-ray band yielded no detection (Aleksić et al., 2010).
Another well-known microquasar, GRS 1915+105, was observed at VHE but
only upper limits were obtained (Saito et al., 2009; Acero et al., 2009). Fi-
nally, MAGIC found evidence (at a post-trial signi�cance level of 4.1σ) for
VHE gamma-ray emission from the microquasar Cygnus X-1 (Albert et al.,
2007), but this has not been con�rmed yet through an independent detection.
See Section 1.3 for additional information on these accreting binaries and
the four binaries detected so far at VHE energies (i.e., LS 5039, LS I +61 303,
PSRB1259−63 and HESS J0632+057).
In the case of the microquasar Cygnus X-1, a powerful young stellar com-

panion provides an intense target photon�eld for IC scattering.However, this
photon �eld could also absorb the produced gamma rays through pair pro-
ductionwith opacities up to 10 at 1 TeV (Bednarek&Giovannelli, 2007). Such
strong absorptionmight not be present in the case of low-mass X-ray binaries
(LMXB), where the companion star is less massive and has a much lower lu-
minosity. Low-mass systems with persistent accretion and powerful relativis-
tic jets could produce TeV emission via synchrotron self-Compton scattering
(SSC), and would be good candidates to be detected at these energies given
their continuous activity and the lack of severe absorption. However, exter-
nal IC cannot be fully discarded in LMXBs given the strong accretion disc
emission (Bosch-Ramon et al., 2006) andX-ray-enhanced radiation from the
stellar companion, which would also increase the TeV opacities (Bednarek &
Pabich, 2010).
Z sources are a class of LMXBs that contain a low magnetic �eld neutron

star accreting close to the Eddington limit.�eir X-ray intensity and colors
change on timescales of hours, and their path through a hard color versus so�
color diagram follows a roughly Z-shaped track (Hasinger & van der Klis,
1989). Along this track the sources change between di�erent spectral states
known asHorizontal Branch (HB), Normal Branch (NB), and Flaring Branch
(FB), in order of increasing mass accretion rate. Since most LMXBs have an
almost circular orbit, the accretion states are not expected to have an orbital
dependence. Even though known as a Z-track, with the HB being the upper-
le� horizontal part of the track, in some sources it may be more accurately
described as a double banana shape, with the upper banana being the part
corresponding to the HB/NB states and the lower banana corresponding to
the NB/FB states (Hasinger & van der Klis, 1989). Radio emission and hard
X-ray power-law tails, which are strong evidence of particle acceleration up
to very high energies, have been only detected while the sources are in the
Horizontal Branch (Hjellming et al., 1990; Di Salvo et al., 2006).
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Sco X-1, located at 2.8 ± 0.3 kpc, is a prototype Z-type low-mass X-ray bi-
nary containing a low magnetic �eld neutron star of 1.4M⊙ orbiting an M
star of 0.4M⊙ every 0.787 d.�e circular binary orbit has an inclination of
44○ and a separation of ∼ 1.5 × 1011 cm (see Fomalont et al. 2001, Steeghs &
Casares 2002 and references therein). Accretion takes place via Roche lobe
over�ow.�e source displays a double banana track in color-color diagrams
and covers the whole track in a few tens of hours, spending roughly half of
the time in the HB. Spectral �ts at hard X-rays reveal a non-thermal power
law with higher �uxes during the HB, reaching values in the range 10−10–
10−9 erg cm−2 s−1, and no high-energy cuto� (Di Salvo et al., 2006; D’Aí et al.,
2007). Moreover, twin relativistic radio lobes moving at ∼0.5 c from the cen-
tral source have been detected, while successive �aring of the core and lobes
reveals the action of an unseen, highly relativistic �ow with a speed above
0.95 c (Fomalont et al., 2001). All these results clearly indicate the presence
of highly energetic particles when the source is in the HB, and suggest that
the IC (likely SSC) process could be at work when a powerful jet is present
in this spectral state.�e IC process could generate VHE emission, but to
adequately assess its origin simultaneous X-ray observations are required to
monitor the source accretion state. Sco X-1 was claimed to be a source of TeV
and PeV gamma-rays (Brazier et al., 1990; Tonwar et al., 1991), but the low
signi�cance and lack of later con�rmation shed doubts on these detections.
InMay 2010 we carried out a simultaneous observation campaign with the

Cherenkov VHE gamma-ray telescopes MAGIC and the X-ray observatory
RXTE. Here we present the results of the �rst VHE observations of Sco X-1
for selected X-ray states, focusing on the HB state, where evindence for rela-
tivistic particles in the jet has already been found.

6.2 Observations and Data Analysis

6.2.1 MAGIC

MAGIC observations were carried out in wobble mode (Fomin et al., 1994),
pointing in two directions at 0.4○ on opposite sides of the source. Since the
source culminates at a zenith angle of 43○ at La Palma, it was observed at high
zenith angles, between 43○ and 50○, for a total amount of 7.75 hours during
six consecutive nights in May 2010. Table 6.1 shows the detailed observation
log.
�e data analysis procedure was the standard MAGIC analysis and can be

found inmore detail in Appendix A. For the case of the Sco X-1 observations,
the optimization of the analysis on a Crab Nebula sample led to a sensitivity
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Date Orbital E�. time X-ray state UL (> 300GeV)
(MJD) phase (hours) (cm−2 s−1) C.U.

55331.09 0.26–0.38 1.28 NB/FB 7.9 × 10−12 6.4%
55332.11 0.58–0.64 0.48 HB 5.2 × 10−12 4.2%
55333.07 0.77–0.86 1.65 NB/FB 3.5 × 10−12 2.8%
55334.06 0.03–0.12 1.37 HB 5.1 × 10−12 4.1%
55335.05 0.25–0.39 1.73 HB 5.3 × 10−12 4.3%
55336.06 0.52–0.66 1.24 NB 2.0 × 10−12 1.6%

Table 6.1: Log of the VHE Observations. Notes:�e central MJD of each observation
is quoted. Upper limits are at 95% con�dence level. In the last column the upper
limits are indicated in units of the Crab Nebula �ux (C.U.)

of 1.1% for energies above the analysis threshold of 300 GeV.�e relatively
low sensitivity and high energy threshold of the analysis is a consequence of
the large zenith angle of the observations. For the case of non-detections, we
computed �ux upper limits using the method of Rolke et al. (2005) includ-
ing a 30% systematic uncertainty, as explained in Section A.3.1.�e source
spectrum was assumed to be a power law with a photon index of Γ = 3.�is
photon index was taken to account for the possibility of a steeper spectrum
than the Crab Nebula one, as would be the case for some of the plausible
emission scenarios (see Section 6.4). However, it must be noted that a 30%
change in the assumed photon index yields a variation of less than 1% in the
�ux upper limits.�e integral upper limits quoted are at a con�dence level
of 95% and measured above 300 GeV.

6.2.2 X-rays

We performed RXTE observations of Sco X-1 simultaneously to the MAGIC
VHE gamma-ray observations. To study the source X-ray spectral state, we
analyzed the data from the Proportional Counter Array (PCA) instrument,
which is sensitive in the range 2–60 keV. To calculate the color-color diagram
of Sco X-1 we extracted So� Color and Hard Color lightcurves in 64 s bins,
where the So� Color is de�ned as the ratio between the count rate in the en-
ergy bands [4.08–6.18 keV]/[1.94–4.05 keV] and the Hard Color is the ratio
[8.32–16.26 keV]/[6.18–8.32 keV].�ese energy ranges are equivalent to those
used in previous studies of the source (e.g. D’Aí et al., 2007).�e resulting
color-color diagram for the whole observational campaign is shown in Fig-
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X-ray state E�. time Signi�cance UL (> 300GeV)a
(hours) σ (cm−2 s−1) C.U.

All 7.75 0.52 2.4 × 10−12 1.9%
HB 3.58 0.72 3.4 × 10−12 2.7%
NB/FB 4.17 0.08 2.8 × 10−12 2.3%

Table 6.2: Integral Upper Limits for selected accretion states. Notes: Upper limits are
at 95% con�dence level.

ure 6.1, where it can be seen that the source practically covered the full dou-
ble banana-shaped track during the observations. We selected the top part of
the upper banana of the color-color diagram (indicated by a gray box in Fig-
ure 6.1) as corresponding to the HB.�is selection is supported by previous
observations of Sco X-1 with RXTE, where periods with similar color-color
diagram selections were found to show the hard X-ray power-law component
characteristic of the HB state (Di Salvo et al., 2006; D’Aí et al., 2007).

6.3 Results

A night by night analysis of the X-ray spectral states of Sco X-1 showed that
the source did not move extensively along the Z track during any of the indi-
vidual observation nights, as can be seen in Figure 6.1. During three of the six
VHE observations the source was in the HB (MJD 55332, 55334 and 55335),
as indicated in the observation log of Table 6.1.
�e total signi�cance (following the de�nition of Li & Ma, 1983) of the

gamma-ray signal coming from Sco X-1 for the complete dataset of MAGIC
observations, which amounts to 7.75 hours of e�ective time, is S = 0.52σ . For
the complete dataset, the computed �ux upper limit is of 2.4×10−12 cm−2 s−1
above 300GeV. �e simultaneous X-ray observations allowed us to select
the VHE data corresponding to each accretion state. We performed a sig-
nal search for those periods when the source was in the HB, but no signi�-
cant excess was found, with a �ux upper limit of 3.4 × 10−12 cm−2 s−1 above
300GeV. A search for a signal in the rest of the dataset, when the source was
in NB and FB states, didn’t produce a positive result either. A summary of
these accretion-state selected results is shown in Table 6.2.
Additionally, a night-by-night analysis was performed. In none of the six

observations a signi�cant signal was found, with the corresponding �ux up-
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Figure 6.1: X-ray color-color diagram of Sco X-1 from the RXTE/PCA data obtained
during the simultaneous MAGIC campaign. See the text for a de�nition of the Hard
and So� colors.�e typical relative error of each measurement is around 0.5% and
is shown by a black cross at the bottom-right corner. �e HB selection range is
indicated by the gray box.�e di�erent symbols and colors indicate each of the
di�erent observation days, labeled in MJD.�e �lled symbols indicate days selected
as HB and empty symbols days selected as NB or FB.
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Figure 6.2: Di�erential upper limits for all the observations (black, dashed) and for
the days in theHB (red).�e slope of the bar indicates the assumed power-law photon
index in the calculation of the upper limit.�e Crab Nebula spectrum (Albert et al.,
2008) is shown for comparison, as well as its 10% (dashed) and 1% (dotted) fractions.

per limits between 2.0 × 10−12 cm−2 s−1 and 7.9 × 10−12 cm−2 s−1, as shown
in Table 6.1.
In Figure 6.2 we show the di�erential �ux upper limits computed for the

HB state and the whole dataset to serve as a constraint for future theoretical
modeling of the VHE emission of the source.

6.4 Discussion

To put in context the MAGIC results and understand the potentialities of
Sco X-1 to produce VHE emission, we will discuss some of the possible emis-
sion scenarios. We will consider the energy budget available from the rela-
tivistic jet and the processes that could give rise to VHE emission either at its
base or further away from the compact object. Finally, we compare Sco X-1
with other microquasars and the detected gamma-ray binaries and conclude
with a brief summary.
�e dominant radiation �elds play an important role in the emission of

VHE photons through IC processes, and also in the gamma-ray absorption
through pair creation. In Sco X-1 these are the ∼1 keV X rays from the ac-
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cretion disc, the non-thermal hard X rays, and possibly the X-ray enhanced
stellar radiation (Bednarek & Pabich, 2010).�e magnetic �eld also needs to
be considered, since it determines the relevance of SSC versus external IC
channels (with seed photons from disc/corona and stellar radiation �elds)
as well as the importance of synchrotron cooling. LMXBs are not expected
to have dense enough matter �elds for e�cient proton-proton collisions (see,
e.g., Vila & Romero 2010) or relativistic Bremsstrahlung. Other processes like
photomeson production are not expected to be relevant (see, however, Levin-
son &Waxman 2001). A general analysis of the importance of hadronic and
leptonic processes of VHE emission in microquasars can be found in Bosch-
Ramon & Khangulyan (2009).
�e emitter properties will be mostly constrained by the jet power, which

dictates the maximum energy budget available, and the emitter size and loca-
tion.�e jet luminosity (Lj) can be �xed assuming that the power-law hard X
rays come from the jet, and assuming an X-ray luminosity to total jet power
ratio of 0.01–0.1. Given that the non-thermal power-law luminosity is LntX ∼
1035 − 1036 erg s−1, a value of Lj ∼ 1037 erg s−1 seems reasonable, and is also
high enough to account for the radio emission from the source (Fomalont
et al., 2001).�e VHE luminosity upper limits in the HB show that Sco X-1
has a maximum VHE luminosity to jet power ratio of LVHE/Lj ≲ 10−3.�is
value is slightly below the ratio inferred for the Cygnus X-1 �are (Albert et al.,
2007), and similar to the upper limit of Cygnus X-3 (Aleksić et al., 2010). For
the whole dataset, the upper limit to this ratio is more strict, going down to
LVHE/Lj ≲ 10−4, close to the maximum values inferred for GRS 1915+105
(Acero et al., 2009). However, given the transient nature of these sources, the
orbital coverage and total length of the observational campaign play a role in
their eventual detection. We note that the campaign presented here is rela-
tively short and does not provide a complete orbital coverage so it does not
rule out the possibility of VHE �ares from Sco X-1.
Assuming that the jet of Sco X-1 can indeed accelerate particles e�ciently,

there are several possible reasons to explain the MAGIC non-detection. We
will begin by considering the possibility that particles are accelerated in the
jet base and the power-law hard X rays are emitted there. At this location, it
may be di�cult to accelerate particles beyond 100GeV because of strong ra-
diative cooling.�e emitted spectrum is likely to be very so� because of the
dominant synchrotron cooling and IC occurring deep in the Klein-Nishina
regime (see Sec. 2.3.1). In addition, the radiation from 10GeV to 1 TeV would
likely be absorbed through pair creation by the intense radiation �eld from
the accretion disc. At this location, even lower energy GeV photons would
be absorbed. However, if the magnetic �eld is low enough and electromag-
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netic cascading (e.g., Aharonian &Vardanian, 1985) is e�cient, absorption at
the jet base owing to the disc photon �eld might not be so relevant. Another
source of absorption is the stellar photon �eld, enhanced through accretion
X-ray-irradiance of the stellar surface, and could be optically thick for VHE
gamma rays in some orbital phases. Note however that MAGIC has not de-
tected the source even for those phases in which this source of gamma-ray
absorption should be negligible (Bednarek & Pabich, 2010): on MJD 55334
the source was in the HB and the orbital phase range of the observation was
ϕ=0.03–0.12, for which the expected gamma-ray opacity is τ ∼ 0.1.�e com-
bined e�ect of a steep gamma-ray spectrum and pair creation absorption
would diminish the chances of a VHE detection, particularly for an obser-
vation at high zenith angles and correspondingly high energy threshold as
presented here.
On the other hand, radiation at VHE produced further apart from the

compact object, at distances above 108 cm, could be eventually detected.�e
SSC channel, e�cient for intermediate values of the magnetic �eld, would
yield a less steep spectrum and may occur in regions where the emitter and
the environment are optically thin to VHE photons. IC with the X-ray en-
hanced stellar photon �eld could also yield signi�cant and less steep VHE
radiation and would be most e�cient for optical depths of order of unity.
According to the calculations of Bednarek & Pabich (2010), this would take
place around orbital phases close to 0.3 and 0.7, but we did not detect such
emission onMJD 55335 at orbital phases 0.25–0.39. At these high altitudes in
the jet, GeV photons could easily escape the system and produce detectable
high-energy gamma-ray emission.�e eventual detection of ScoX-1 byFermi
orAGILE, plus a non-detectionwith low-enough upper limits at VHE, would
likely favor the scenario where gamma-ray radiation is emitted from a loca-
tion far away from the neutron star but the spectrum is too steep for a VHE
detection. Synchrotron cooling dominance could explain the steep spectrum
and would mean that the power-law hard X rays have a synchrotron origin.
For leptonic emission scenarios, such as SSC and external IC described

above, it can be assumed that X-ray emission has a synchrotron origin and
VHE gamma-rays have an IC origin.�e VHE to non-thermal X-ray lumi-
nosity ratio is then a sensitive indicator of the importance of synchrotron
cooling and ultimately of the magnetic �eld of the emitter. For the case of
Sco X-1, and considering only the hard X-ray power-law as non-thermal X-
ray emission, this ratio has amaximumvalue of LVHE/LntX ≲ 0.02 for theHB.
On the hitherto detected gamma-ray loud X-ray binaries this ratio is much
higher. For the case of LS I +61 303, for example, the VHE to X-ray ratio is
between 0.5 and 1 during the X-ray and VHE peak at phases ϕ=0.6–0.7 (see
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Chapter 3 and, in particular, Tables 3.1 and 3.2). Even considering the aver-
age �uxes for the full simultaneous campaign during 60% of an orbit the ratio
is 0.26. In both cases, the VHE to X-ray luminosity ratio is higher than the
value we obtained for Sco X-1 by more than an order of magnitude. However,
as mentioned above for the comparison with other microquasars, the short
total length of the observational campaign presented here prevents us from
making absolute comparisons because of the possible transient nature of the
source. On the other hand, if there is no such �aring behaviour, the di�erence
in the VHE to X-ray luminosity ratios indicates that the underlying physics
is signi�cantly di�erent than for LS I +61 303 or LS 5039.
In conclusion, our results place the �rst upper limits on the VHE gamma-

ray emission from ScoX-1 in all of the accretion states of the source. If Sco X-1
is indeed capable of producing TeV emission, either a longer observational
campaign, with better orbital coverage (to probe e�ects that might depend
on orbital phase such as absorption, cascading, etc.), or an instrument with a
signi�cant increase in sensitivity, such as the future CTA, might be required
to detect it. Our upper limits also indicate that the underlying VHE emission
physics may be inherently di�erent in the case of Sco X-1 and the detected
gamma-ray binaries.
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7
Concluding remarks and future work

7.1 Concluding remarks

In this thesis we have presented the current state of high-energy astrophysics,
and in particular of our understanding of gamma-ray binaries. At all mo-
ments a multiwavelength approach has been taken to unveil the mysteries
of gamma-ray binaries, with special attention to the intrinsic connection be-
tween X-ray and VHE emission in non-thermal sources.
A�er an introduction to the �eld and to high-energy processes in gamma-

ray binaries, we have presented the discovery of correlated X-ray and VHE
emission from LS I +61 303 in Chapter 3. Even though this is an important
result, the relatively low sensitivity of the VHE gamma-ray observations pre-
cluded us from gaining further insight into the correlation at scales shorter
that a few hours. For this reason, we also explore how the future VHE in-
strumentation may improve these campaigns through a simulation of CTA
observations in Appendix C. We have presented an expansion on the phys-
ical interpretation of the X-ray/VHE correlation in Chapter 4 through the
development of a leptonic one zone radiation model. Assuming dominant
adiabatic losses, which could be natural in a binary system environment, we
have demonstrated that theX-ray/VHEcorrelated emission can be originated
in a single population of relativistic electrons. We consider the likelihood of
the PWS and accreting scenarios to give rise to the shown properties and in
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addition conclude that a di�erent particle populationmust be responsible for
the emission at GeV energies.
It is important to identify all the possible channels of information that can

give us additional clues about the nature of gamma-ray binaries. In Chapter 5
we have considered the previously unexplored thermal X-ray emission from
the shocked stellar wind in gamma-ray binaries as an indicator of the shape of
the interaction region and therefore of the pulsar spin-down luminosity. We
have applied the resulting model to LS 5039, the only gamma-ray binary with
a relatively well understood stellar wind. From the lack of thermal features
in X-ray spectra taken at apastron and periastron we have derived strict up-
per limits to the spin-down luminosity of the pulsar.�ese upper limits are
very close to the lower limit imposed by the energetic output in the MeV–
GeV range.�erefore, we �nd that if the PWS scenario is indeed a reality in
LS 5039, the e�ciency of the energy conversion from pulsar spin-down lu-
minosity to accelerated relativistic particles must be extremely high.�e re-
duced range of allowed spin-down luminosities will prove extremely useful
in future testing of the PWS scenario.
We have also conducted a search forVHE gamma-ray emission fromother,

yet undetected, binary systems. In Chapter 6 we have presented the results of
a simultaneous X-ray/VHE observation campaign with RXTE and MAGIC
on Sco X-1.�is campaign has allowed us to select the VHE data based on
the accretion states of the source as seen through its X-ray colors. However,
we did not detect a signi�cant VHE signal for any of the selected states.�is
upper limits allowedus to place constrains on the ability of ScoX-1 to produce
VHE gamma-ray emission, andwill prove valuable for futuremodeling of the
non-thermal emission of the source.
In spite of the e�orts of the community to understand gamma-ray binaries,

they have proved to be di�cult to understand completely due to the many
components of the systems relevant to the non-thermal emission. However,
it is clear that amultiwavelength approach as the one presented in this thesis is
fundamental to gain more knowledge about these systems. Below we present
a few of the items that would be a natural continuation of the work presented
here and that could shed more light on the nature of gamma-ray binaries.

7.2 Future work

Study of the implications of the limit on thermal X-ray emission

�e computation of the thermal X-ray luminosity of the shocked stellar wind
presented in Chapter 5 is based on a series of assumptions on the cooling
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regime of the post-shock gas.�is emission could be calculated self-consis-
tently through hydrodynamical simulations of the stellar wind. In addition,
hydrodynamical instabilities not taken into account may play an important
role and would be naturally considered by the simulation. �ese hydrody-
namical simulations could reproduce the work presented in Chapter 5 and
provide it with a higher degree of con�dence owing to the self-consistency
of the method. �e output of such modelling will also prove useful in de-
termining the structure and orientation of the non-thermal emitter for the
given pulsar spin-down luminosities, so we will be able to re�ne the energet-
ics considerations made in Section 5.4.�e natural following step would be
the calculation of a non-thermal broadband radiation model of the binary
pulsar scenario using the constrained pulsar spin-down luminosity values
and evaluate the �tness of this scenario to explain the radiation from LS 5039.

The long term gamma-ray variability of LS I +61 303

It has been long known that LS I +61 303 has a four year super-orbital modu-
lation of the amplitude of the outburst peak in radio (Paredes, 1987; Gregory,
2002, see also Section 3.1). However, it has never been detected at other bands.
Recently the source has been displaying apparently erratic behaviour in the
HE and VHE gamma-ray bands. A�er March 2009, the periodic modulation
of the source in HE gamma-rays as seen by Fermi decreased notably along
with an increase of the overall �ux (Dubois, 2010). In the VHE gamma-ray
band there have been no reports of detection around apastron since 2008,
while a detection around periastron was recently made by VERITAS (Ong
et al., 2010; Holder, 2010). It was previously thought that the intense stel-
lar photon �eld at periastron would absorb any VHE emission through pair
production absorption, but in Chapter 4 we have shown that the geometrical
dependence of the pair production cross section, along with the binary orbit
characteristics, required the intrinsic emission to be very low to account for
the previous non-detections. It must be noted that such long-term variability
is not present in the apparently similar gamma-ray binary LS 5039 (see Aha-
ronian et al. 2006 for VHE and Zabalza et al. 2008; Takahashi et al. 2009 for
X-ray emission)
It is not clear for the scienti�c community which are the many timescales

of variability that may a�ect the non-thermal processes in this system.�is
situation could be improved through a combination of X-ray observations
and modeling techniques. A re-analysis of past X-ray observations of the
source performed with XMM-Newton, Chandra, Swi� and RXTE, as well as
requesting new observations during the following Announcements of Op-
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portunity, will allow to search for any long-term variability or characteristics
in the non-thermal emission in the X-ray band, which is intimately related
to non-thermal emission at VHE. In parallel to this observational review of
the source, it would be interesting to perform a theoretical analysis of the
possible mechanisms that may a�ect non-thermal processes along such long
time scales. An initial candidate is the presence of density waves in the decre-
tion disc of the star, which may interact hydrodynamically with the emitting
region or even be a source of increased absorption in certain phases, thus
leading to diminished emission around periastron in VHE.

The Hard X-ray emission of gamma-ray loud X-ray binaries

In the following years the astrophysical community will see an increase in
the quality of the hard X-ray observatories. �e launch of the �rst mirror
imaging hard X-ray telescope, NuSTAR, will provide us with new insights
into the non-thermal emission of gamma-ray binaries, and will be followed
by the even more sensitive ASTRO-H. While accretion powered X-ray bi-
naries typically show a cuto� in the spectrum below 100 keV, such a feature
has not been observed in LS I +61 303 and LS 5039, prompting their dismissal
as accretion-powered sources. Deeper observations in the hard X-ray band
may point towards spectral features that, while not necessarily exponential
cuto�s, will give us information on the highest energy particles through their
synchrotron emission.�ese very high energy particles cool rapidly through
both synchrotron and Inverse Compton, so their emission is bound to come
from a location close to the acceleration region. A detailed study of the hard
X-ray spectra from the Suzaku hard X-ray detector (HXD) and the forthcom-
ing NuSTAR and ASTRO-H along with spectral modeling in the context of
a broadband radiation model will allow to probe closer to the particle accel-
eration site.

Study of new gamma-ray binaries

�e current generation of VHE gamma-ray telescopes (HESS,MAGIC, VER-
ITAS) has provided us with a wealth of new discoveries during the past few
years. Both HESS and MAGIC have been planning an upgrade of their sys-
tems that will provide themwith an increase in the energy range covered and
sensitivity. In the case of MAGIC, a second identical 17m telescope is already
working to provide stereo images of the electromagnetic showers and aid in
background rejection.�is has provided a signi�cant increase of sensitivity
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and the �rst papers with results from this system are being currently pub-
lished (e.g., the search for VHE emission from Sco X-1 presented in Chap-
ter 6). HESS, on the other hand, has chosen to complement its four midsized
telescopes (∼13m) with a ��h very large one (∼25m) to have enough collect-
ing area to detect the smaller showers corresponding to lower energy photons
and thus be sensitive in the 50–200GeV range. For the case of HESS, the im-
provementwill allow to extend the galactic plane survey to lower energies and
hopefully detect new candidates for gamma-ray binaries. Some X-ray bina-
ries are expected to have a so�er spectrum in the VHE band due to strong
cooling and pair production absorption, and thus a lower energy threshold
will be very useful for their detection and study.
In the HE gamma-ray domain a few other binaries have been recently de-

tected.�ese cannot be strictly classi�ed as gamma-ray binaries given that
their emission in other bands is orders ofmagnitude above that in theHE and
VHE gamma-ray bands, whereas in known gamma-ray binaries the domi-
nant band in energy output is from MeV to TeV. Cyg X-3, and accreting mi-
croquasar, has been detected repeatedly during �ares in the HE gamma-ray
domain (Abdo et al., 2009; Tavani et al., 2009b) and we have made e�orts
to observe it with MAGIC, but have yet been unsuccessful in its detection
at VHE (Aleksić et al., 2010, see, however, the alert system implemented in
Appendix B). In addition, the massive star binary Eta Carinae has been pos-
sibly detected in the GeV range by both Fermi/LAT (Abdo et al., 2010) and
AGILE/GRID (Tavani et al., 2009a).�is indicates that colliding wind bina-
ries may accelerate particles up to very high energies.�e continuous survey
mode of Fermi/LAT will probably discover a handful of these kind of sour-
ces during the following few years. We must be prepared to study these new
sources from a multiwavelength observational and theoretical point of view.
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A
The MAGIC telescopes

�e atmosphere of the earth is optically thick to practically all wavelengths
of the electromagnetic spectrum except for optical and radio radiation.�is
precludes the observation of radiation of astrophysical origin in all the other
bands using ground-base telescopes and requires the use of space-borne ob-
servatories. While this remains true for VHE gamma-rays, the observations
of the secondary products of the extremely energetic gamma-rays as they in-
teract with the particles in the atmosphere allows us to reconstruct the direc-
tion and energy of the original photon.Here we brie�y explain this technique,
known as atmospheric Cherenkov detection, and present its use in the oper-
ations of the Major Atmospheric Gamma-ray Imaging Cherenkov (MAGIC)
telescopes.

A.1 Imaging Atmospheric Cherenkov Telescopes

When a VHE gamma-ray enters the atmosphere it will interact with the Cou-
lomb �eld of the atmospheric nuclei and create an electron positron pair.�e
secondary particles will produce a new generation of energetic gamma-rays
through bremsstrahlung emission.�is process will go on while the subse-
quent generations of photons and pairs travel downwards through the atmo-
sphere, in a process known as Extensive Air Shower (EAS). Eventually, the
energy of the electrons and positrons drop to the point that the ionisation
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losses are dominant over bremsstrahlung, so the generation of new particles
begins to fall o� as fewer pairs are capable to produce secondaries.�e ener-
getic electrons that travel towards the ground give rise to a compact patch of
Cherenkov light at the ground level of between 100 and 150m in diameter. In
general, the total particle number of the shower is related to the energy of the
parent gamma-ray, and thus the luminosity of Cherenkov light can be related
to the original VHE photon.
By recording the images of the Cherenkov light distribution from ground

based telescopes it is possible to recover both the longitudinal and lateral de-
velopment of the electromagnetic shower. However, this method of detec-
tion carries a signi�cant background in the form of air showers initiated by
hadronic cosmic rays. When a cosmic ray proton or nucleus interacts with
the atmosphere it produces nuclear fragments and pions with large trans-
verse momentum.�e addition of transverse momentum to the shower has
the consequence that its development is notably wider than for purely electro-
magnetic showers, as can be seen in Figure A.1. Imaging Atmospheric Che-
renkov Telescopes are able to exploit this development di�erence to discrimi-
nate between hadronic and electromagnetic showers from the imaged shapes
and time development.
Images of EAS initiated by gamma-rays have a compact elliptic shape, with

the major axis of the ellipse indicating the shower axis projected onto the de-
tector. Since the instrument will receive the Cherenkov radiation from all
showers within its �eld of view, its e�ective area is not that of its light col-
lector but that of the imaged atmosphere.�e energy range for gamma-ray
detection is limited at the lower end by the reduced number of Cherenkov
light emitting particles of the lower-energy EAS.�eir correspondingly lower
Cherenkov luminosity precludes a con�dent energy anddirection reconstruc-
tion. �erefore, larger light collecting mirrors help in reducing the energy
threshold of the observation. At the higher end, the limiting factors are the
lownumber of photons and the large size of the showers on the camera (some-
times still developing at the position of the telescope).
All current instruments use multiple telescopes to image the shower from

di�erent angles for improved reconstruction of the gamma-ray direction and
energy, as well as an improvement on background rejection through a coinci-
dence requirement and better shower shape characterisation.�e telescopes
should be spaced apart enough to provide su�cient baseline for stereoscopic
measurements but small enough so that they �t within the Cherenkov light
pool of the shower.�erefore, they are typically set between 70m to 150m
apart. �e current generation of IACTs, embodied in HESS, MAGIC and
VERITAS, provide angular resolutions of around 0.1○ and down to an ar-
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Figure A.1: Longitudinal (top) and lateral (bottom) development of an electromag-
netic (le�) and hadronic (right) showers with an initial energy of 100GeV simulated
with CORSIKA.�e longitudinal projection plot has a height of 20 km and a width
of 10 km, while the lateral projection plot is 10 km on the side. Images from Schmidt
(2005).



116 the magic telescopes

Figure A.2:�e MAGIC telescopes

cminute for bright sources around 1 TeV and a cosmic ray rejection factor
of the order of 10−4. A detailed discussion of EAS and the IACT detection
technique can be found, for example, in Aharonian et al. (2008).

A.2 The MAGIC Telescopes

MAGIC consists of two 17 m diameter IACTs located at the Roque de los
Muchachos Observatory, in the Canary Island of La Palma (28○N, 18○W,
2200m above sea level). It began scienti�c operations in 2004 as the largest
single dish IACT, allowing for the lowest energy threshold among the cur-
rent generation of IACT.�e energy threshold for the nominal trigger was
of 55GeV and provided a sensitivity of 1.6% of the Crab Nebula �ux for a
5σ detection in 50 hr of on-source time. In order to improve the background
rejection and energy reconstruction, it became a stereoscopic system in au-
tumn 2009 with the addition of a second telescope with the same dimen-
sions as the �rst but with an improved camera and readout electronics. Since
then, the instrument sensitivity almost doubled with respect to the one of the
stand-alone telescope operation mode, reaching at low zenith angles 0.8% of
the CrabNebula �ux for a detection at 5σ signi�cance level in 50 hours above
250 GeV (Colin et al., 2009).
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A.3 MAGIC data analysis with MARS

Below we do a brief outline of the data analysis procedure with the current
MAGIC standard analysis so�ware known as MARS. For each telescope in-
dividually, a signal calibration is done based on the calibration and pedestal
runs taken interleaved with the data.�en an image cleaning is performed
to assure that only those pixels with a signi�cant signal are passed onto the
shower reconstruction algorithm. A�er the image cleaning a shower image
reconstruction is performed and the Hillas parameters are computed (Aliu
et al., 2009).�e stereo events which survive in both detectors are then se-
lected.�e image parameters of the corresponding single-telescopes are com-
bined for the estimation of the stereo parameters.�e event direction is re-
constructed as the intersection of the corresponding single-telescope direc-
tions determined through aDISP algorithm (Aleksić et al., 2010).�ese stereo
variables, together with single-telescope image parameters, are the input of a
Random Forest (RF) algorithm (Albert et al., 2008) that provides the back-
ground rejection based on Monte Carlo samples of gamma-rays and a so-
called OFF observation with no gamma-ray signal.�e result of the RF al-
gorithm is a parameter given to each event, known as hadronness, that may
be interpreted as the likelihood that it is a hadronic initiated shower event
and thus should be rejected as background. For each of the observations, a
cut optimization is performed, as a function of energy, on a Crab Nebula
sample recorded under similar conditions.�e signal selection is performed
based on the distribution of the squared angular distance (θ2) between the
reconstructed shower pointing direction and the catalogue source position.
�e energy of each event is estimated by using look-up tables created from
Monte Carlo simulated gamma-ray events.
Since observations are usually performed in the so-called wobble mode

(Fomin et al., 1994), in which the telescope points in two directions at 0.4○
opposite sides of the source, up to three background measurements can be
obtained from the same observation. From the selected source and back-
ground cuts, integrated �uxes from the source may be derived by comput-
ing the e�ective area from the Monte Carlo simulated gamma-ray events.
Lightcurves and spectra may be generated through selections on event time
and energy, respectively.�e relatively low energy resolution of ∼20% may
result in spillover of events for power-law spectra and arti�cially so�er mea-
sured photon indices. To avoid this, the application of spectral unfolding
methods is necessary (Albert et al., 2007).
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A.3.1 Upper limit calculation

For the case of non-detections, �ux upper limits are computed. To do so, we
used the method of Rolke et al. (2005), including a 30% systematic uncer-
tainty, to obtain the upper limit of the number of events consistent with the
measured excess events. Once the event upper limit Nul is known, the deriva-
tion of the integral �ux upper limit is quite straightforward. In general, the
number of events obtained by a detector will be

N = Teff ∫
∞
0
Φ(E)Aeff(E)dE , (A.1)

where Teff is the e�ective integration time, Φ(E) = dN/(dAdEdt) is the
source di�erential �ux in units of photons per unit area, energy, and time, and
Aeff(E) is the e�ective detection area. For a given assumed source spectrum
Φ(E) = K × S(E), the normalization K may be found from the event upper
limit Nul by inverting Eq. (A.1)

K ≤ Nul
Teff ∫∞E0

S(E)Aeff(E)dE .
Here the integral will not be from null energy but from the low energy thresh-
old of the analysis E0.
�e previous �ux upper-limit calculation relies on the assumed shape of

the particle spectrum. For a previously undetected source the spectral shape
may be unknown, andwhile educated guesses can bemade inmost cases (see,
e.g., Sec. 6.2.1), it may be safer to evaluate the upper limits in restricted ranges
in energy, obtaining the so-called di�erential �ux upper limits. Even though
a spectral shape assumption is still required, assuming a power-law with its
pivot point inside the restricted energy range will incur in a variation of less
that 1% in the value of the upper limit for a variation of 30% in the assumed
photon index, so the computed values can be considered quite robust.�e
pivot point for the source spectrum S(E) = (E/E0)−Γ can be computed as
the mean expected photon energy in the energy range (E1 , E2)

E0 = ∫∞0 EE−ΓAeff(E , E1 , E2)dE
∫∞0 E−ΓAeff(E , E1 , E2)dE ,

where Aeff(E , E1 , E2) is the e�ective area computed for Monte Carlo events
with true energies between E1 and E2.�e normalization factor K can then
be obtained as above

K ≤ Nul
Teff ∫∞E0

( E
E0

)−ΓAeff(E)dE = NulE−Γ0
Teff ∫∞E0

E−ΓAeff(E)dE .
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�e resulting energy �uxes for both the integral and di�erential upper limits
can be computed from the assumed source spectrum by integrating it over
energy in the selected range, i.e., E0 to in�nity for integral upper limits and E1
to E2 for di�erential upper limits. An example of the results obtained through
this method for the case of Sco X-1 are presented in Section 6.3.
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B
GeV monitoring of galactic variable sources

with Fermi/LAT

�e Fermi observatory began operations on August 2008. Since then, it has
been monitoring the whole sky every 3 hours in the energy band 0.3–30GeV
with the LAT instrument. Since the data is immediately public and available
within a few hours of observation, it provides the ideal observatory to detect
GeV �ares from variable sources and trigger multiwavelength observation
campaigns on short notice. Here we present an automatic analysis pipeline
to detect �aring behaviour from a selection of sources.

B.1 Aperture analysis and alert thresholds

�e best sensitivity from Fermi/LAT data can be obtained through the so-
called maximum likelihood analysis, which takes into account the galactic
di�use emission and other sources in the �eld of the source of interest.�is
method, however, requires �ne-tuning to obtain satisfactory results for galac-
tic plane sources and, in addition, is computationally intensive.
�ere is a simpler, albeit less sensitive, method to obtain a lightcurve from

sources with constant background.�is method, known as aperture photom-
etry, relies on the integration of the number of photons detected by the ob-
servatory in a circular region of radius 1○ around the position of the source of
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interest.�e exposure for each bin of lightcurve is computed and a lightcurve
in units of ph cm−2 s−1 is obtained. To reach the best sensitivity to �ares,
we select all photons in the energy band of the LAT instrument, i.e., 0.3–
30GeV.We note that this method does not provide a background-subtracted
lightcurve. However, it can be assumed that, apart from the source of inter-
est, the sources that contribute to the lightcurve background are constant
over long timescales.�is is the case for the galactic di�use background and
pulsed emission from galactic plane pulsars, the most common background
sources in the galactic plane. �erefore, even if the lightcurve is not back-
ground-subtracted, we can detect �aring behavior from the source of inter-
est as an increase in the �ux from the extraction circle when compared to
the long-term mean. As will be shown below, we found that for a di�erence
between a given �ux bin and the long-term mean of 2σ (where σ is the �ux
uncertainty of the bin), there is a high probability that the source is �aring.
We implemented an automatic analysis pipeline to perform the aperture

analysis of a selection of galactic variable sources on a daily basis.�e foun-
dation of the pipeline is a Python script launched from the cron daemon.
When launched, the script requests the latest LAT data from the LAT data
server through a web form* and launches an analysis script on the down-
loaded data. It then puts together a long-term lightcurve from the recently
analysed data and the archived �ux points from the analysis of previous days,
from which it computes the long-term mean. If the last analysed �ux bin in
either the 1 or 2 day binned lightcurves is at a �ux higher than 2σ above the
long-term mean, it sends an alert e-mail to a prede�ned group of people.
�e alert e-mail contains the information of the source, the �ux of the most
recent bin, and the lightcurve as an attachment. In case the source has so�
or hard X-ray data available from the RXTE/ASM and Swi�/BAT detectors,
respectively, the script downloads the data and includes them in the plotted
lightcurve (see Figures B.1, B.2 and B.3 for an example of the attached plots).
�ismethod allows for a fast and automatic alert in order to prepare follow-

up observations within the same day.

B.2 Monitored sources

B.2.1 Cygnus X-3

CygnusX-3 is amicroquasar that has been extensively observedwithMAGIC
(Aleksić et al., 2010), but noVHEemission has been detected yet.�e extreme

* Accesible at http://fermi.gsfc.nasa.gov/cgi-bin/ssc/LAT/LATDataQuery.cgi

http://fermi.gsfc.nasa.gov/cgi-bin/ssc/LAT/LATDataQuery.cgi
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Figure B.1:HE gamma-ray lightcurve from Cygnus X-3 computed by the automatic
analysis pipeline.�e top and middle panels are the Fermi/LAT aperture photometry
lightcurve of the source in 1 and 2 day bins, respectively.�e horizontal red dashed
line indicates the long term mean and the dotted line its 1σ dispersion.�e �ux bins
shown in red are at least 3σ above the long termmean, whereas those shown in green
are between 2σ and 3σ above the mean. In the bottom panel the Swi�/BAT hard
X-ray count rate is shown in blue and the RXTE/ASM so� X-ray count rate in red.
�e hatched time ranges correspond to the periods of activity reported by Abdo et al.
(2009).
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variability of the source and the diverse accretion states make it di�cult to
decide when to trigger VHE observations. Until recently, the best method
was to rely on the information given by the X-ray state of the source through
the monitoring of RXTE/ASM and Swi�/BAT, but it was not clear how the
X-ray state related to its putative gamma-ray �aring behavior. Recently, the
source was detected by the gamma-ray observatories AGILE (Tavani et al.,
2009) and Fermi (Abdo et al., 2009).�e goal of having a better tool to trigger
MAGIC observations through the HE gamma-ray state of Cygnus X-3 led us
to develop the automatic analysis pipeline explained above. Comparing the
output of the aperture photometry method with the maximum likelihood
lightcurves shown in Abdo et al. (2009) we found that the 2σ threshold was a
very good indicator of activity from the source.�e result from the automatic
analysis for the period during the �ares reported by Abdo et al. (2009) can be
seen in Figure B.1. Since 2009 Cygnus X-3 has undergone at least two other
periods of activity, but we have been unable to trigger MAGIC observations
because of either visibility constraints or bad weather at La Palma. However,
we are con�dent that in the future the trigger alert will prove extremely useful.

B.2.2 Crab Nebula

�e CrabNebula is the only hard X-ray and gamma-ray source in the sky that
is both bright and stable enough to be used as a standard candle. For decades
it has been used as normalization standard by most X-ray and gamma-ray
observatories. From 19 to 21 September 2010 the source unexpectedly dou-
bled its �ux in HE gamma-rays, as seen by AGILE (Tavani et al., 2010) and
Fermi/LAT (Buehler et al., 2010). A subsequent analysis of the Fermi/LAT
data indicated the �ux increase consisted of several ∼12 hr �ux spikes (Balbo
et al., 2011). Simultaneous observations at other wavelengths, including VHE
gamma-rays, failed to see any signi�cant variability from the source. In or-
der to trigger MAGIC observations within the same day in case this �aring
behavior repeats, we added the Crab Nebula to the list of monitored sour-
ces. Figure B.2 shows the �ux increase during the September 2010 �are, and
demonstrates that the automatic analysis pipeline will readily detect �ares
from the source even if they happen at lower �uxes.

B.2.3 PSR B1259−63

�e gamma-ray binary PSRB1259−63 is known to be active in VHE gamma-
rays only around the periastron passages.�e long orbital period (4.3 years)
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Figure B.2:HE gamma-ray lightcurve from the Crab Nebula computed by the auto-
matic analysis pipeline. Note the lack of variability at X-rays during the gamma-ray
�are. See Fig. B.1 for an explanation of the plots.
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Figure B.3: HE gamma-ray lightcurve from PSRB1259−63 computed by the auto-
matic analysis pipeline. Here the vertical dashed line indicates the periastron passage
date. See Fig. B.1 for an explanation of the plots.
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of the source had precluded any previous HE gamma-ray observations with
Fermi until the periastron passage of December 2010. In contrast with the
so� and hard X-ray lightcurve, which is symmetric with respect to perias-
tron (Chernyakova et al., 2009), the HE gamma-ray �ux before periastron is
extremely low whereas it exhibits signi�cant �ares during a period 30 days
a�er periastron. Even though PSRB1259−63 is not visible from the MAGIC
site and thus the monitoring has no trigger value, in Figure B.3 we show the
result of the automatic analysis pipeline. While aperture photometry is not
sensitive enough to detect the source before periastron, the �are a�er the pe-
riastron passage is well detected and resolved when compared to the more
sensitive maximum likelihood analyses (Tam et al., 2011; Abdo et al., 2011).
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C
Studying the short timescale variability of

gamma-ray binaries with CTA

�e next generation of Imaging Atmospheric Cherenkov Telescopes is em-
bodied in the Cherenkov Telescope Array (CTA) (CTA Consortium, 2010).
It is currently under planning and is being developed by an international col-
laboration of more than 700 scientists around the world, including, but not
limited to, the MAGIC, HESS and VERITAS communities. CTA will consist
of two arrays located in the North and South hemispheres in order to be able
to observe thewhole sky. Each of the arrays is planned to have of the order of a
hundred telescopes of varying sizes.�e largest telescopes (diameter ∼ 23m)
will be sensitive to the low-energy range of VHE, i.e., 30GeV ≲ E ≲ 150GeV.
Two sizes of smaller and more sparsely located telescopes will provide sensi-
tivity up to a 100 TeV. Not only will CTA provide an increased energy range of
VHE observations, but the sensitivity is increased by nearly an order of mag-
nitude with respect to the current generation of IACTs. However, the exact
number of telescopes and their layout is currently under study. Monte Carlo
simulations of the sensitivity of the array for several possible con�gurations
have been computed within the Monte Carlo working group (WP-MC). At
the current phase of the design study, it is important to test these con�gura-
tions from an astrophysical point of view and select the ones that guarantee
a higher scienti�c output from the observatory.
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C.1 Fast �ux variability

As part of the design study e�ort, we have studied the capabilities of CTA to
detect fast �ux and spectral variability from gamma-ray binaries.�e perfect
candidate for such studies is LS I +61 303. In Chapter 3 we have shown the dis-
covery of correlated X-ray/VHE emission from this source withMAGIC and
XMM-Newton. Additionally, fast X-ray variability on timescales of a thou-
sand seconds has been detected (Sidoli et al., 2006; Rea et al., 2010), so it is
natural to think that such fast variability may be present in VHE emission.
We analysed the data from a ∼100 ks long Chandra X-ray observation of

LS I +61 303 and extracted lightcurves with bins ranging from 100 s to 1000 s.
We analysed the integrated spectrumandderived an average �ux, fromwhich
we obtained the conversion factor from count rate to �ux.We note this factor
may depend on spectral shape variations, which were not taken into account.
We applied this conversion factor to the count rate lightcurve to obtain an X-
ray �ux lightcurve. We then used the correlation between X-ray and VHE
�uxes to derive the predicted VHE �ux for each of the lightcurve bins

[ FX
10−12 erg cm−2 s−1 ] = (12.2+0.9−1.0) + (0.71+0.17−0.14) × [ FTeV

10−12 cm−2 s−1 ].
We note, however, that the X-ray pedestal �ux obtained in Chapter 3 is of
12.2 × 10−12 erg cm−2 s−1, but the lightcurve from the Chandra observations
presents �uxes as low as 7.8 × 10−12 erg cm−2 s−1. For this reason, we have
taken the latter value as the pedestal for obtaining the predicted VHE �uxes,
resulting in the �nal expression FTeV = 1.41×FX−10.98 (units as above).�is
is not based on any physical consideration but rather on the goal to have the
best possible dataset to test the capabilities of CTA.�e resulting VHE pre-
dicted lightcurves were then used as input for the CTA simulation routines
which use the sensitivity curves for a variety of telescope con�gurations.
We considered two feasible observation scenarios. In the �rst, the full CTA

I array is used to perform a deep, short observation of LS I +61 303. In this
case, the observation length would be of the order of 4 h, which is the typ-
ical time span for which a source is visible under optimum conditions for
a single night. To simulate this scenario, we selected 10 ks of the X-ray ob-
servation and obtained the simulated VHE �uxes.�e resulting lightcurves
are shown in Figure C.1, and it can be seen that CTA is able to clearly detect
the fast variability exhibited by the X-ray lightcurve at scales down to 500 s.
�e detection of such variability would have strong implications on the lo-
cation and size of the non-thermal emitter, as well as on the source of the
apparently erratic variability of LS I +61 303. Even with the relatively short in-
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Figure C.1:Measured X-ray �ux (top) and simulated VHE �uxes obtained with the
full CTA array in con�guration I (bottom) for the case of a one-night observation
and a binning time of 500 s.
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Figure C.2: X-ray/VHE correlation plot from the one-night, full array observation
plotted in 500 s bins.�e Pearson correlation factor, the chance probability of corre-
lation and the parameters of the �tted correlation are shown as insets.
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Figure C.3:Measured X-ray �ux (top) and simulated VHE �uxes obtained with the
subarray s9-2-120 (bottom) for the case of a campaign of ten nights of observation
and binning time of 1000 s.
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Figure C.4: X-ray/VHE correlation plot from the ten-night, subarray s9-2-120 ob-
servation plotted in 1000 s bins.�e Pearson correlation factor, the chance probability
of correlation and the parameters of the �tted correlation are shown as insets.
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tegration time, we see that CTA is able to recover the X-ray/VHE correlation
with high signi�cance if the X-ray �ux variation is large enough (Fig. C.2).
�e second observation scenario consists of a longer observational campaign
of about ten nights. Given the foreseeable time pressure on CTA, this cam-
paign would not be done with the full array but with a so-called subarray, a
subset of the 100 telescopes that may operate independently. Here we chose
a subarray con�gurations similar to an expanded HESS: nine medium sized
telescopes located at a distance of 120m from each other, known as s9-2-120.
In Figure C.3 we see that the longer observation time allows the campaign to
probe a wider range of X-ray �uxes, as well as di�erent scales of variability
from kiloseconds up to a few hours. Even with the reduced sensitivity of the
subarray as compared to the full array, the correlation is well recovered (see
Fig. C.4), partly owing to the aforementioned wider X-ray �ux coverage.
As a conclusion from this simulation exercise, we see that the full CTA

array will be a powerful tool to probe into the fast �ux variability of gamma-
ray binaries. In addition, we have shown that subarray operations must be
encouraged since they are able to provide very interesting results using only a
fraction of the full array.�ey will prove invaluable not only in observational
campaigns where the long-term variability is important, but also to monitor
�aring sources such as gamma-ray binaries and AGNs.

C.2 Sensitivity to spectral shape variations

�ere have been some hints of VHE spectral variability of LS I +61 303 along
the orbit (Jogler, 2009), but they were not signi�cant enough to be claimed
as real. Here we consider a variation of the power-law VHE spectrum of
LS I +61 303 within the statistical error obtained in the MAGIC campaign on
September 2007 (See Chapter 3) and test the time required by CTA to signi�-
cantly detect it.�e measured spectral index was Γ = 2.7±0.3 (Eq. 3.1), so we
took the two extreme values (2.4 and 3.0) and obtained the simulated CTA
spectra keeping the integrated �ux above 300GeV constant. We found that
an observation with the full CTA I array of 4 h for each of the spectral states
(i.e., one night per state) provides a set of spectra from which the photon in-
dex variations can be clearly seen.�e di�erence between the hard (ΓH = 2.4)
and so� (ΓS = 3.0) is detected at a con�dence level of nearly 10σ . Considering
the di�erence with the mean spectral shape of ΓM = 2.7, the signi�cance is
lower but still very good at a level of 5σ (see Fig. C.5). We also considered the
possibility of longer observations with the subarray s9-2-120. In this case,
for an observation of 10 h for each of the spectral states, the spectral varia-
tion is still signi�cant at a level of, at least, 3.7σ for the comparison of the so�
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Figure C.5: Simulated spectra and power-law �ts for 4 h of observation with the full
CTA I array for each of the spectral states.�e measured power-law indices and the
signi�cance of the variations is shown.
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and mean spectra (see Fig. C.6). It is clear that CTA will be a powerful tool
for the detection of spectral variations in gamma-ray binaries.�e statistical
errors we obtained for these simulations are nearly an order of magnitude
lower than the ones obtained with MAGIC in 2007, thus demonstrating the
capability of CTA to deliver new and exciting science in the following years.
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