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Il admirait ces vastes globes de lumière qui ne paraissent que de faibles
étincelles à nos yeux, tandis que la terre, qui n’est en effet qu’un point
imperceptible dans la nature, paraı̂t à notre cupidité quelque chose de si
grand et de si noble. Il se figurait alors les hommes tels qu’ils sont en
effet, des insectes se dévorant les uns les autres sur un petit atome de
boue. Cette image vraie semblait anéantir ses malheurs, en lui retraçant
le néant de son être ... Son âme s’élançait jusque dans l’infini, et
contemplait, détachée de ses sens, l’ordre immuable de l’univers.


Voltaire (Zadig), 1747

Abstract Massive stars in binary systems have long been regarded as potential sources
of high-energy γ rays. The emission is thought to arise in the region where the stellar winds
collide, thereby producing accelerated particles which subsequently emit γ rays. This scenario is supported by observations with the Fermi Large Area Telescope presented in this
thesis. To address the underlying emission mechanisms in a quantitative way, numerical
simulations that incorporate hydrodynamics, the acceleration of charged particles as well
as the subsequent γ-ray emission were found to be needed.
This thesis presents the analysis of a high-energy γ-ray source and its identification with
the particle-accelerating colliding-wind binary system η Carinae. In order to go beyond
the present understanding of such objects, this work provides detailed description of a new
3D-hydrodynamical model, which incorporates the line-driven acceleration of the winds,
gravity, orbital motion and the radiative cooling of the shocked plasma, as well as the diffusive shock acceleration of charged particles in the wind collision region. In a subsequent
step we simulate and study the resulting γ-ray emission via relativistic bremsstrahlung,
anisotropic inverse Compton radiation and neutral pion decay.

Preface
This thesis consists of an introduction and four scientific articles that have been published
(or accepted for publication) in major peer-reviewed astrophysical journals.
Avoiding repetition of what is presented in the articles, the introduction strives to
give insight into the basic concepts that are applied, the problems that have been encountered, the methods that have been used, and the main results that have been found. An
outlook on future work and continuation prospects for the present project is also provided.
As the reader will presently notice, the four presented articles have a common theme:
they all deal with one and the same specific astro-physical phenomenon that is studied
by means of observation and numerical simulations. The sequence of the articles is not
arbitrary. There is a continuous line of thought leading from one article to the next. The
author’s contribution to each of the articles is specified at the end of this thesis.
The research presented in this work was carried out from early 2011 to March 2014
at the Institut für Astro- und Teilchenphysik at the University of Innsbruck and at the
Institut de Planétolgoie et d’Astrophysique de Grenoble, where the author spent six months
in course of a Marietta-Blau scholarship financed by the (sadly no longer existing) Austrian
Ministry of Science (BMWF).
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Terminology
2D, 3D
1,2 or 3 FGL
AGILE
AMR
AU
CAK
CWB
CPL
CTA
DSA
eV
GBM
HD
H.E.S.S.
IC
IRF
ISM
LAT
LBV
LEO II and III
MAGIC
MHD
MPI
PL
PSF
PSR
ROI
TS
VERITAS
WCR
WR

two-dimensional, three-dimensional
(Fermi Large Area Telescope) First, Second, or Third Source Catalog
Astro-Rivelatore Gamma a Immagini Leggero, a spaced-based
γ-ray observatory
Adaptive Mesh Refinement
Astronomical Unit
the Castor–Abott–Klein approximation is used to describe the radiative acceleration of stellar winds (Castor et al., 1975)
Colliding-Wind Binary
Cutoff Power-Law function
Cherenkov Telescope Array, a future ground-based γ-ray observatory
Diffusive Shock Acceleration
Electron Volt, about 1.6·10−19 J
Gamma-ray Burst Monitor, being one of two instruments on the
Fermi γ-Ray Space Telescope spacecraft
HydroDynamics
High Energy Stereoscopic System, a ground-base γ-ray observatory
located in Namibia
Inverse Compton emission or cooling process as high-energy electrons interact with photons
Instrument Response Function
Interstellar Medium
Large Area Telescope, being one of two instruments onboard the
Fermi γ-Ray Space Telescope spacecraft
a Luminous Blue Variable type star
computing platforms at the university of Innsbruck
Major Atmospheric Gamma-ray Imaging Cherenkov Telescopes,
a ground-base γ-ray observatory located on the Canary Islands
Magneto-HydroDynamics
Message Passing Interface standard and its software implementations
a simple Power-Law function
Point Spread Function
Pulsar
Region Of Interest
Test Statistic value, used to assess the significance of a detection with
the Fermi -LAT
Very Energetic Radiation Imaging Telescope Array System, a
ground-based γ-ray observatory located in Arizona, USA
Wind-Collision Region in a colliding-wind binary system
a Wolf-Rayet type star
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Chapter 1

The Gamma-ray sky
1.1

The Cosmic-Ray connection

In 1912 the Austrian physicist and later Nobel-prize laureate Victor F. Hess was the first
to pose the question of what might be the origin of cosmic rays – a new phenomenon he
had just discovered in a series of balloon flights (Hess, 1912). It is a curious and remarkable
circumstance that more than a century later, researchers at the University of Innsbruck –
where Hess himself spent many years – are still working on the very same question. The
exploration of the γ-ray sky – as it is currently pursued in Innsbruck – relates directly to
the task of finding the origin of cosmic rays.
To clarify the close relation of γ rays and cosmic rays it is essential to note that the
former are electromagnetic waves and the latter are not. ‘Cosmic ray’ is a historical term
that masks the true nature of the phenomenon. Rather than rays, cosmic rays are highenergetic particles (protons, electrons and heavier nuclei) that permeate our Galaxy and
leave observable traces, e.g. as they interact with the atoms in the atmosphere of Earth
and eventually cause the very ionization effects that Hess was able to measure (see Figure
1.1).
The task of identifying the environments where these cosmic-ray particles gain their
energy has been (and still is) a very difficult one. Cosmic rays are charged and therefore
heavily influenced by the complex magnetic field structure of our Galaxy. This makes
it nearly impossible to reconstruct their trajectories through space and to identify their
origin.
By exploring the γ-ray sky, one has found a way around this problem. It turns out that
the emission processes of γ rays at energies of a few MeV and higher can be directly linked
to the presence of high-energy particles. Sources of γ-ray emission therefore indicate the
presence of cosmic rays.

1.2

Observing Gamma rays

In contrast to the charged cosmic-ray particles, γ rays are not deflected by magnetic fields.
Their direction of incidence therefore directly marks the location of their sources on the
night sky. Two additional important observables are the time of detection and the energy
of the individual γ-ray photons.
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Figure 1.1: Victor F. Hess (middle) and comrades shortly before take-off on one of seven
balloon flights in 1912 that ultimately led to the discovery of cosmic rays. (Image Credits:
Victor F. Hess Archiv, Universität Innsbruck)

Recent years have been a Golden Age for γ-ray astronomy. A new generation of observatories in space and on ground has provided vast amounts of data of unprecedented
quality in terms of angular resolution or accuracy in time and energy measurements. While
the two space-based observatories AGILE and the Fermi -Large Area Telescope (LAT) obtained valuable information on γ rays at energies of ∼30 MeV to 300 GeV, ground-based
observatories allow to detect γ rays up to energies of 10 TeV and beyond. The most
prominent of these are VERITAS, MAGIC and H.E.S.S. . The future CTA-observatory
will quicken our progress and allow to probe the energy range where current space-based
and ground-based γ-ray observatories meet to much more detail.
In order to determine the properties of γ rays, most ground-based observatories apply
the Imaging Atmospheric Cherenkov Technique (IACT). This technique does not measure
γ-ray photons directly but rather uses the air of the atmosphere as detector medium.
A single γ-ray photon entering Earth’s atmosphere at sufficiently high energy undergoes
an electron-positron pair production process in the fields of the nucleii of atmospheric
molecules. The newly created leptons emit bremsstrahlung photons which in turn cause
subsequent pair production events. Thus, a whole cascade of charged particles emerges.
As these particles are still very energetic with speeds greater than the phase velocity of
light in air, short flashes of Cherenkov radiation are emitted. These flashes are measured
and recorded by IACT observatories and allow to reconstruct the energy and direction of
incidence of the primary γ-ray causing the cascade. One main challenge of this technique
is the discrimination of γ-ray induced cascades from cosmic-ray induced ones. A major
disadvantage is the limited observation time, as only dark cloudless nights permit ideal
conditions.
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1.2. OBSERVING GAMMA RAYS
silicon microstrip detector tracks electron-positron pairs

anti-coincidence shield discriminates
against charged particle threshold
caesium-iodide crystals in
calorimeter measure energy

Figure 1.2: The LAT and its components. (Image Credits: NASA)

Space-based γ-ray detection methods are indifferent to any weather conditions (except
for space weather events, e.g. solar flares). As it is the most successful instrument of its
kind and has also been used in the analyses presented in this thesis, the following paragraphs will focus on the Fermi -LAT, which is one of the two scientific instruments on the
Fermi γ-Ray Space Telescope spacecraft and represents the newest frontier in high-energy
γ-ray astrophysics.
The Fermi Gamma Ray Space Telescope spacecraft was launched on June 11th , 2008
from Cape Canaveral by a Delta 2920H-10 into an orbit of ∼565 km altitude. It orbits
the Earth every 96.5 minutes. After an initial checkout phase the instruments on board GBM and LAT - were turned on on August 4th and are fully operational since that time.
Compared to earlier spaced-based γ-ray missions, the Fermi -LAT offers significant improvements in sensitivity, angular resolution, effective area, field-of-view, energy resolution
and range, as well as time resolution. As its principal objective Fermi -LAT is performing
a long term high-sensitivity γ-ray observation of celestial sources in the energy range from
20 MeV to >300 GeV.
The detection of high-energy γ-ray photons with Fermi -LAT is based on the mechanism of pair production. On their way through a converter material with high atomic
number Z (tungsten in the case of Fermi ) photons at γ-ray energies are likely to undergo
conversion into an electron-positron pair. In contrast to the neutral photon the path of
this pair of charged particles inside the detector can be tracked easily using silicon strip
detectors. Since the incoming photon has an energy in the MeV to GeV range - which
is much larger than the rest mass of the leptons it creates - the direction of this pair of
9
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charged particles will not deviate significantly from the path of the initial photon. Thus,
a precise determination of the incoming photon’s direction will be possible within some
limitations. For lower energetic γ-ray photons (up to several hundred MeV) multiple scattering of the electron-positron pair in the silicon strip detector represents a serious problem
which leads to a degradation in angular resolution.
In addition to the determination of a photon’s direction, Fermi -LAT also performs an
energy measurement. It is equipped with a caesium-iodide total absorption calorimeter
with high energy resolution, which determines the energy of the particle pair and therefore
allows the incident photon’s energy to be evaluated.
The reduction of background is a serious issue in the case of Fermi -LAT, since the
real astrophysical photons, that are of primary interest, comprise only a small fraction
of all the particles that the detector encounters in space. The leptons created inside the
LAT by the incident γ rays are outnumbered by a factor of up to 105 by charged cosmic
ray particles which also leave tracks in the silicon strip detector. In order to reject those
background events, the LAT is enveloped by an anti-coincidence detector which gives a
veto signal as soon as a charged particle enters the detector. A schematic view of the LAT
an its components is shown in Figure 1.2.
After the raw data coming from Fermi has been filtered, classified and characterized
on ground, it is made available for scientists to work with. This processed data consists of
one continuous list of photons from the beginning of the mission until the current date. It
is important to note that the photons are arriving from a large region of the sky for any
given time. Thus, there generally are no dedicated LAT observations of a single source.
Every astrophysical photon detected by Fermi -LAT is characterized by its arrival time,
apparent energy and apparent origin on the sky.
In recent years a number of important discoveries with Fermi -LAT data has aroused interest throughout the scientific community. Highlights include the detection of the “Fermi
bubbles” – two roughly symmetric γ-ray emitting structures that extend 25,000 light-years
north and south of the galactic center (Su et al., 2010). Another crucial result – especially
with respect to cosmic rays – is the discovery of a characteristic signature for neutral pion
decay in the γ-ray signal of supernova remnants (SNRs) (Ackermann et al., 2013). This
proves that SNRs harbour efficient acceleration sites to produce the high-energy protons
and perhaps also heavier nuclei that we find in cosmic rays.
The prime objective of the Fermi -LAT is its continuous effort to construct a detailed
catalogue of celestial γ-ray sources along with corresponding spectra. The first edition
of this catalogue (Abdo et al., 2010a), covering 1 year of data, contained a total of 1451
sources, the second edition (Nolan et al., 2012), covering 2 years of data, contained 1873
sources and the upcoming third edition, covering 4 years of data, will report on the detection of ∼3000 γ-ray sources. Only a fraction of these has been known prior to the
Fermi -era. This catalogue is the result of years of dedicated observation and careful analysis by an international collaboration of several hundred scientists and technicians. The
image in Figure 1.3 represents the γ-ray sky, after five years of data-taking at energies
above 1 GeV. It is important to note its incredible richness and diversity of structure.
10
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Figure 1.3: The entire sky at energies above 1 GeV based on five years of data from the
LAT instrument on NASA’s Fermi Gamma-ray Space Telescope. Brighter colors indicate
brighter γ-ray sources. (Image Credit: NASA/DOE/Fermi -LAT Collaboration)

1.3

Identifying sources

As the Fermi -LAT mission continues, our understanding of the γ-ray sky improves. We
know that what is seen in Figure 1.3 is a blend of diffuse radiation and such that stems
from individual, mostly point-like sources. The diffuse component is of Galactic origin
with the Galactic plane being clearly visible across the all-sky image.
About two thirds of the point sources have been identified or are firmly associated
with different types of astrophysical objects. The most numerous source class are active
galactic nuclei (AGNs). Virtually all point sources in Figure 1.3 that appear outside the
dense band of the Galactic equator are of extragalactic nature and many of them have
been identified as AGNs (Ackermann et al., 2011). Amongst the Galactic sources, pulsars
(Abdo et al., 2013) are the most abundant. For more than half of these, additional γ-ray
emission form a surrounding pulsar wind nebula (PWN) has been detected. Interestingly,
there are at least three PWNs for which so far no pulsar has been identified (Nolan et al.,
2012). A source class which requires additional analysis efforts is SNRs. Some of these
objects are sufficiently large to be resolved with the Fermi -LAT as extended sources. In
addition, a small number of γ-ray emitting binary systems with one of the components
being a compact object as a black hole or a neutron star could be detected (see e.g., Abdo
et al., 2009; Dubus, 2013).
In many cases spatial coincidence with objects known from other wavelengths is accompanied by temporal variability in concordance with the object’s nature (e.g., the second
or millisecond rotational period of pulsar or the orbital period of binary systems). If this
is the case, the γ-ray source is generally considered to be firmly identified. Other cases
remain unclear. A great number of sources is still labelled “unidentified”. In addition
to these, there are also those objects, for which theoretical calculations have predicted
detectable γ-ray flux, but none has been observed. It might be that these sources are
11
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only slightly below the detection limit of current instruments. It might also be that the
theoretical predictions are simply wrong and certain objects emit no γ rays at all. Apart
from that, new classes of γ-ray emitting sources might still linger inside and outside our
Galaxy, waiting to be seen, to be identified, and to be understood.

1.4

A new source class?

Even before the current generation of γ-ray observatories became fully operational, a series of predictions has been made as to whether specific objects might or might not show
detectable γ-ray emission. Many different source classes have been proposed. Some where
confirmed. Others remain unseen.
Several models of mostly analytical nature have addressed the question whether binary systems of massive stars without compact objects – usually named colliding-wind
binary (CWB) systems – are liable to produce high-energy γ-ray emission (e.g., Benaglia
and Romero, 2003; Reimer et al., 2006). These studies argue that such objects (i.e. systems containing a Wolf-Rayet star and an OB-type star) provide suitable environments
for efficient particle acceleration and subsequent γ-ray emission. Electrons and protons
are thought to be accelerated at the shock fronts tracing the edge of the regions where
stellar winds collide with supersonic velocities. Several emission mechanisms – most likely
inverse Compton (IC) scattering, relativistic bremsstrahlung and neutral pion decay – are
thought to produce γ rays at MeV to GeV energies with fluxes sufficiently high to allow
for detection with instruments like the Fermi -LAT.
In addition to theoretical predictions of γ-ray emission in CWBs, there were also some
hints in the observation record of earlier generations of space-based γ-ray observatories.
In the late seventies, the COS-B mission detected four γ-ray sources that were found to be
spatially consistent with the location of the CWB-candidates WR 140, WR 125, WR 98,
and WR 105 (Pollock, 1987). However, taking into account the poor source localization capability of this early instrument, this result is far from qualifying as source identification.
Later observations by the EGRET instrument in the nineties also revealed a point-like
γ-ray source in positional coincidence with WR 140 (Romero et al., 1999). Due to the
high kinetic energy of the stellar winds, this system has been long considered one of the
most promising candidate for γ-ray emission from a CWB system. It was expected to be
detectable with Fermi -LAT for almost its entire orbit with notable flux modulation by a
factor ∼ 2 depending on the separation of the stars along their elliptical orbit (Reimer
et al., 2006).
In contrast to expectations, no such detection of γ-ray emission linked to WR 140, WR
147 and a number of other potential CWB candidates has been reported so far. These
systems are not among the ∼3000 point sources detected by the Fermi -LAT. Neither have
they been seen by IACT instruments like HESS or MAGIC. A recent dedicated survey of
seven potentially detectable CWBs in Fermi -LAT data has yielded no evidence of γ-ray
emission from any of these systems (Werner et al., 2013). The corresponding flux upper
limits were used to constrain the parameter space of the emission models. For WR 140
and WR 147 they appear to rule out some model predictions entirely.
At this point, one might conclude that theoretical predictions are simply wrong and
12
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Figure 1.4: The enigmatic CWB binary system of η Carinae enveloped in the giant Homunculus nebula as seen by the Hubble Space Telescope at optical and infra-red wavelengths (Image Credits: NASA / N.Smith & J.Morse).
CWBs do not harbour suitable conditions for particle acceleration and subsequent γ-ray
emission. However, there is one γ-ray source that spoils this simple picture. Apparently,
the peculiar CWB system η Carinae (see Figure 1.4) exhibits a strong γ-ray flux at energies
of 100 MeV to 300 GeV that has been detected by the Fermi -LAT with high significance
(Abdo et al., 2010b). Even more, the γ-ray signal shows variability in concordance with
the 5.5 year orbit of the system (see Reitberger et al., 2012, Article A) This makes it very
probable that the γ rays really stem from the CWB and not some background object.
The detection of η Carinae in high-energy γ-rays makes the case of CWBs a very
interesting one. How can it be that WR 140 that is closer to Earth and has a higher
total kinetic power remains undetected, whereas η Carinae is not just a faint, but a strong
γ-ray emitter? Where lies the crucial difference between the two? A first step towards the
answer is a better physical model of CWBs and the emission zones they harbour.
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Chapter 2

The physics of colliding-wind
binaries
Vers ma pâle étoile,
Sous un plafond de brume ou dans un vaste éther,
Je mets à la voile;
[. . . ]
D’un vaisseau qui souffre;
Le bon vent, la tempête et ses convulsions
Sur l’immense gouffre
Les fleurs du mal, Baudelaire

2.1

Radiative wind acceleration

A proper description of a CWB system has to involve a sufficiently accurate model of the
stellar winds involved. In general, both stars in such systems have a wind - meaning a
continuous outflow of plasma emerging from the stellar atmosphere and radially travelling
away from the star with high velocity. Stellar winds are usually described by two main
parameters: the mass-loss rate Ṁ and the terminal velocity v∞ . The former describes the
annual rate of mass-loss a stars suffers due to its wind, the latter states the velocity to
which the wind converges at infinite distance from the star. Depending on the properties
of the star, different wind acceleration mechanisms are important. A thorough description of different wind acceleration mechanism is given in Lamers and Cassinelli (1999).
The values for the mass-loss rate can differ by several orders of magnitude for different
stars. Whereas our Sun loses ∼ 10−14 M yr−1 due to its wind, the mass-loss rate is up to
10−4 –10−3 M yr−1 for extreme stars like the luminous blue variable (LBV) star in the η
Carinae binary system. Typical terminal velocities are of the order ∼103 km s−1 .
For luminous hot stars (OB stars, WR stars and LBV stars) line driving is the dominant wind acceleration mechanism. Ions present in the stellar atmosphere (Fe, C, N, O,
Ne, Ca, etc.) absorb the radiation from the star (mostly UV). Subsequent re-emission
in random directions results in a net-momentum exchange in the radial direction away
from the star. Consequently, the ions are accelerated in outward direction and a wind is
generated.
A description of the stellar winds in a CWB would be trivial, if the wind-collision region
(WCR) were sufficiently far away from the stars. Then, the winds could be assumed to
have constant velocity v∞ . However, there are many short-period binary systems in which
the winds collide long before they reach terminal velocity. In system with high eccentricity
the assumption of collision with terminal velocity is true only for certain orbital phases.
15
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It is therefore important to consider the winds with an accurate velocity profile v(r).
One additional complication that arises for low stellar separation is the influence of
the secondary star’s radiation field on the primary star’s wind and vice versa. In between
the stars, the presence of a second stellar radiation field reduces the efficiency of the acceleration due to the primary radiation field. The wind will not attain velocities as high
as if it were without company. This effect is called radiative inhibition. A similar effect,
called radiative braking, occurs when the primary wind is significantly slowed down by
the secondary radiation field before reaching the collision region. On the far side of the
primary star, the additional influence of the secondary radiation field will lead to higher
stellar wind velocities (radiative enhancement).
All of these effects significantly alter the velocity profile of the winds and have to be
taken into account in a proper treatment of the wind collision region. This requires the
computation of the wind-acceleration for each star depending on distance. Additionally,
treating the stars as pointlike sources of radiation overestimates the radiative acceleration
close to the stellar surface. This can be avoided by considering each star as a finite disk
and including an integration along the stellar surface in the computation of the radiative
acceleration.
The radiative force is given as a sum over all spectral lines of the ions in the wind
that contribute to the acceleration process. This is impractical and is commonly replaced
by the Castor–Abott–Klein (CAK) approximation (Castor et al., 1975) which introduces
two parameters that can be loosely interpreted as the number of lines and the ration of
optically thin and optically thick lines.
In a number of recent studies (e.g., Pittard, 2009; Reitberger et al., 2014) a modified
version of the CAK approximation following Pauldrach et al. (1986) is used. This takes
into account effects of radiative inhibition and radiative braking, as well as the finite extent
of the stars. The resulting acceleration term can be computed along with gravitation as
an external force acting throughout the entire region.

2.2

Shock acceleration of charged particles

In such a binary system, the two supersonic stellar winds are bound to collide. Simulations,
as well as theoretical considerations predict the formation of an extended wind-collision
region. This WCR exhibits a double-shock structure with a contact discontinuity in between. The position of the WCR relative to the stars is determined by the momentum
balance of the two winds. Figure 2.1 shows the typical structure of a WCR, indicating
the two unshocked winds, the shocked winds in the WCR and the contact discontinuity.
During an elliptical orbit the changing separation of the stars significantly affects the conditions at the WCR.
At the apex of the WCR the winds downstream of the shock are slowed down to
almost zero velocity, whereas density and temperature increase drastically. The wind material subsequently re-accelerates in the direction approximately perpendicular to the line
of centres connecting the two stars. The two shock fronts harbour steep gradients in the
mass density, the velocity and the temperature of the wind material. These are ideal conditions for the first-order–Fermi acceleration mechanism (Fermi, 1949; Axford et al., 1977;
16
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Figure 2.1: Example of the WCR in a CWB system showing absolute wind velocity from
a numerical simulation in the orbital plain of the stars. Roman numbers indicate the
unshocked (I) and shocked (II) primary wind, and the unshocked (IV) and shocked (III)
secondary wind. The shock fronts where particle acceleration occurs are located between
regions I and II and between regions III and IV. The contact discontinuity is the boundary
between II and III: The primary star is shown on the left edge of the image. The secondary
star is located along the left edge at considerable distance from the WCR outside the
simulation volume.
Krymskii, 1977). When individual charged particles in the stellar winds (most prominently
electrons and protons) cross the shock fronts multiple times, they are boosted to higher
energies at every shock-crossing. The rate of acceleration depends on the wind-velocity
upstream of the shock, as well as the shock’s compression ratio. Acceleration is counterbalanced by various loss-mechanisms, as well as diffusion and convection of the particles
which carry them away from the shock front.

2.3

The transport equation

Acceleration as well as energy loss terms all enter into the transport equation for the
energetic particles (see Reitberger et al., 2014)
i N (E)
∂N (E)
∂ h
+ ∇ · [~v N (E)] +
ĖN (E) +
= Q0 δ(E − E0 )
∂t
∂E
τ

(2.1)

where N is the differential number density of particles at energy E and position ~r. Applied to the problem of particle acceleration in CWB systems, the equation contains various
terms treating the convection of particles along the flow of the wind plasma (second term),
all energy gain and loss processes including adiabatic cooling (third term), diffusion out of
17
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the system (fourth term) as well the injection of low-energy particles at the acceleration
sites (fifth term). A detailed explanation of all the terms is provided in Article C.
Different terms are relevant at different sites of the CWB’s wind plasma. Whereas particle injection and first-order Fermi–acceleration do occur only at the shock fronts, most
energy loss terms are relevant throughout the system. One of the most important energy
loss mechanisms is IC cooling, which depends on the local energy density of the stellar
radiation fields. It prevents electrons from reaching higher energies by competing with
the acceleration rate if the WCR is in the proximity of the stars. Synchrotron losses and
relativistic bremsstrahlung also play a role in determining the distribution of high-energy
electrons. For protons, relevant energy loss mechanisms as nucleon-nucleon collisions generally cannot overcome the acceleration rate. Rather, the maximum energy is determined
by the Bohm cutoff, which occurs when the particles have become sufficiently energetic
such that their gyroradii are large enough for the particles to leave the acceleration site.
At the acceleration site the source term in the transport equation describes the injection of low-energy particles which subsequently gain energy in concordance with the
acceleration term at the shock. The rate of injection is generally assumed to be proportional to the density of the wind. If the injection fraction is chosen sufficiently low,
additional considerations regarding number and energy conservation and a back-reaction
onto the wind plasma are unnecessary. Different injection fractions are chosen for electron
and protons (see e.g. Martin and Dubus, 2013).

2.4

Gamma-ray emission

Solving the transport equation for cosmic-ray particles in CWB systems provides the necessary ingredients to a subsequent computation of the resulting emission. The γ-ray emission
components are IC scattering of photons of the dense stellar radiation field, relativistic
bremsstrahlung by the interaction of the energetic electrons with the ions in the wind,
and the decay of neutral pions that are produced in hadronic nucleon nucleon collisions.
The former two are of leptonic nature and, thus, depend on the presence of high-energy
electrons.
Of the three emission channel mentioned above, the computation of IC scattering is the
most challenging due to its anisotropic nature. It strongly depends on the scattering angle,
which is the angle between the line of sight towards the observer and the direction towards
the individual stars. The resulting γ-ray emission thus strongly depends on the direction
from which the system is seen. This is not the case for γ rays from bremsstrahlung and
neutral pion decay, which are both isotropic. A detailed description of how the individual
emission components are computed from a given distribution of cosmic-ray particles is
provided in Article D.

2.5

Photon-photon opacity effects

Once a γ-ray photon is emitted by the interaction of a cosmic-ray particle with its environment, it is still liable to encounter various obstacles on its way towards the observer. It
can be absorbed or deflected in the interstellar medium (ISM) far away from Earth. For
γ rays emitted at energies E & 100 GeV, a serious obstacle lies in the CWB system itself.
If ta γ-ray photon passes through the dense radiation field in the proximity of the stars, a
18
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pair production process is likely, by which the γ-ray photon will interact with the photons
of the stellar radiation field to create an electron-positron pair. This opacity effect is liable
to leave distinct signatures in the resulting γ-ray spectra. For each point in the emission
region and each γ-ray energy E, one can compute a corresponding optical depth τ (E) via
integration along the path towards the observer. The resulting γ-ray emissivity then needs
to be re-scaled by factor e−τ (E) .
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Hydrodynamical modelling
3.1

Limitations of analytical models

Taking into account all the physical processes introduced in the previous chapter is beyond
the capability of analytical models. Only a large number of additional approximations
with sometimes questionable implications would render the problem of γ-ray emission
from CWB systems analytically solvable. One of the most elaborate analytical models
concerning CWBs has been presented in Reimer et al. (2006). Necessary approximations
include a very simplified model of the WCR, which is assumed to have a cylindrical shape
with an inner region where particle acceleration is active but no convection occurs and an
outer region for which the transport equation includes a convection term. The doubleshock structure of the WCR with two separate shocks or acceleration sites harbouring
different conditions is not taken into account. In addition, the analytical model neglects
effects of radiative inhibition, radiative braking, the asymmetry of the WCR due to orbital
movement, the radiation field of the secondary star, and more in order to be solvable. All
of the above can only be properly considered using numerical simulations.

3.2

Stellar winds in numerical hydrodynamic simulations

In general, numerical modelling involves solving a set of equations describing a physical
system within a given volume. Applying a fluid-description of the wind plasma, this set
of equations are the hydrodynamical equations in the following form:
∂ρ ~
+ ∇ · (ρ~v ) = 0
∂t
∂ρ~v ~
+ ∇ · (ρ~v~v + P̂ ) = ρf~
∂t


∂ ~
ρ 2
Λ(T ) + ρf~ · ~v
+ ∇ · [( + P )~v ] =
∂t
mH

(3.1)

(3.2)

(3.3)

These equations describe the conservation of mass, momentum and energy by governing
the five continuous variables of mass density ρ, three-dimensional (3D) velocity ~v and
temperature T (or thermal energy). Additional external forces representing gravitation
and the line acceleration of the winds (both in f~), as well cooling effects (Λ(T )) have to
be included as well. Details are provided in Article C.
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Analogous to the finite number of states in computational systems, the volume on
which the hydrodynamical equations are solved has to be sub-divided to a certain number
of spatial grid-cells. During the numerical simulation, the hydrodynamic variables in a
given cell change as a reaction to the values of the surrounding cells and the external
forces involved at each timestep.
In recent years several dedicated numerical models (e.g., Pittard, 2009; Parkin et al.,
2009; Madura et al., 2013) have been able to describe the dynamics of the wind collisions
region for different CWB systems with high accuracy, probing the impact of effects like
radiative inhibition and studying shock instabilities.

3.3

Simulating high-energy particles

In our new approach we consider high-energy particles accelerated at the shock fronts
directly in conjunction with the hydrodynamic simulation of the winds. This can be done
by introducing a certain number of additional scalar fields (200 in Article C) representing
the number density of cosmic-ray particles at different energies. By treating these fields
as advected scalar fields they automatically obey Equation 3.1 which resembles the second
term in the transport equation (Equation 2.1).
In an additional routine, that is called after each hydrodynamical timestep, we consider the remaining terms of the transport equation, thus treating the transport of particles
along energy-space. The various energy loss and acceleration terms depend on the local
conditions of the wind plasma and have to be computed for each spatial grid cell. The
shock acceleration of particles – and thus the transport from lower to higher energy bins
occurs only at the shock fronts.
By alternatingly using the hydrodynamical solver (transport in space) and the solver
of the additional routine (transport in energy), we are able to simulate the resulting
distribution of the particles throughout a CWB system as a function of position and
energy.

3.4

Computing γ-ray emission

The computation of the three γ-ray emission channels discussed in the previous chapter
can be performed subsequently to the previously discussed modelling procedure. For a
given time step, the simulated distribution of cosmic-ray particles along with the properties of the wind and the current position of the stars can be used to compute IC-emission,
relativistic bremsstrahlung and emission due to neutral pion decay. The computation is
done numerically, computing the emission for every single grid point.
The optical depth of each cell with regard to a given viewing angle can be computed via
ray-tracing and summation over the photon-photon opacity contribution of all cells along
the way. The result is then applied to the 3D emission structure for every energy-bin and
emissivity distribution.
By summation over all grid cells, we obtain a spectral energy distribution for the
whole emission region for the individual emission components. In addition we compute a
22
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2D projection of the whole emission region and integrate over a certain energy interval.
Integrated flux values for certain energy bands were also computed. This output can be
used for direct comparison with observation. Examples and details are provided in Article
D.

3.5

Constructing a unified simulation procedure

The schematic plot in Figure 3.1 shows all the modules involved in the simulation procedure
along with their dependencies and most important input parameters. After determining an
adequate set of CAK wind acceleration parameters for each single star, the main module
“get WCR” performs the hydrodynamic simulation of the wind plasma along with the
solution of the transport equation for high-energy particles. Output is written for as many
time steps as chosen. Orbital movement can also be considered in this module. As soon
as sufficient time has passed for the WCR to converge to its final form and for all traces
of the initial conditions to disappear, it is safe to further process the output for a single
time step. The module “get particle” extracts particle-spectra for every spatial grid cell,
whereas the module “get tau” computes each cell’s optical depth due to photon photon
opacity. The output of both, together with information about the local properties of the
wind plasma from “get WCR” are then processed in the module “get emission” which
computes the three considered γ-ray emission components at each single grid cell. Finally,
the module “get fluxes” performs 2D projections and further integration to produce 2D
maps of the emission region, spectral energy distributions and integrated flux values for a
specified energy range.

3.6

Exploring new parameter space

The γ-ray flux values that are obtained from our numerical simulations are found to be
very sensitive to a series of parameters. The properties of the stars and stellar winds play
a crucial role. Orbital parameters as the system’s eccentricity and semimajor axis are
of high importance, as the changing stellar separation during an elliptical orbit is found
to cause detectable variability patterns in the γ-ray flux provided a γ-ray signal can be
detected at all. Other parameters that significantly affect the outcome of the simulation
are the electron-proton injection fraction at the shock front and the diffusion coefficient.
By probing the parameter space it is now possible to study dependencies of the γray flux and to draw conclusions by comparison with observations. Dedicated studies
for individual CWB systems with sufficient knowledge of stellar, stellar wind and orbital
parameters become feasible.
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Figure 3.1: Schematic view of the different modules of our code and their various dependencies and parameters.
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The part I play . . .
I hold the world but as the world, Gratiano;
A stage where every man must play a part
The Merchant of Venice, Shakespeare

4.1

Observing a maverick

When I began working with the Fermi -LAT, it had only been in space for a bit more than
a year. The Fermi -LAT collaboration of which I quickly became a member, was just about
to publish an article about the detection of a bright γ-ray source at the position of η Carinae (Abdo et al., 2010b). With just eleven months of analysed data, source localization
was still poor and there was no sign of any variability trend yet. Thus, firm identification
of the source was still out of the question. However, Abdo et al. (2010b) already indicated
a curious spectral shape showing two distinct components.
After reproducing the results of this early study, I returned to this peculiar source at a
regular basis, analysing the ever increasing data set. I soon became aware that the flux of
the high-energy component in the spectrum had decreased significantly compared to the
first ten months of observation which coincide with the periastron passage of the η Carinae
binary system. Together with more accurate localization studies and spectral analyses,
this result warranted the publication of another Fermi -LAT collaboration paper (Reitberger et al., 2012, or Article A). This paper – reporting on the anaylsis of 35 months of
data – established the firm identification of η Carinae with the hitherto unidentified bright
γ-ray source.
One valuable result of the analysis was the assessment that the Fermi -LAT γ-ray
source at the position of the presumed CWB η Carinae shows temporal variability that
is consistent with the orbital period of the binary system. In addition, we were able to
confirm the peculiar shape of the spectral energy distribution of the γ-ray source. We
showed that this feature can be understood either by different γ-ray emission components
or by severe influence of absorption effects within the system.
The article and its results gained in importance as a subsequent study of five other
promising particle accelerating CWB systems could only determine upper limits but failed
to report any detection (see Werner et al., 2013). As a source which behaves unlike these
other objects in the herd of CWB candidates and does not abide to theoretical predictions,
η Carinae can be justly called a maverick.
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Naturally, my analysis efforts concerning the γ-ray source at η Carinae have not stopped
with the publication of this article. I frequently revisited the data which now spans more
than 68 months. Since Februray 2014, the Fermi -LAT has accumulated data for an entire 5.5 year orbit of the binary system, marking the ideal occasion for the publication of
another thorough analysis which I am currently conducting. A better understanding of
the Fermi -LAT instrument in terms of an improved instrument response function (IRF)
allows to reach higher precision than before. In addition, more information about the
diffuse background and neighbouring sources has improved our analysis results. The upcoming publication on my current analysis will tell whether our predictions of 2012 – that
the γ-ray flux of η Carinae above 10 GeV will increase again towards the system’s next
periastron passage - can be confirmed or not.

4.2

Developing a numerical model

The firm identification of η Carinae at high-energy γ rays raises the question why other
CWB-candidates remain undetected. Already in the last paragraph of Article A, we stress
the importance of dedicated numerical simulations that allow to describe the physical
processes inside such objects to a higher degree of complexity than it is possible with
analytical methods.
I started to work with numerical simulations in early 2011. The critical task was to
combine 1) previously existing analytical studies that solve the transport equation for
high-energy particles for a greatly simplified WCR (e.g., Reimer et al., 2006) with 2) 3D
hydrodynamic simulations that allow to explore the properties of a dynamical WCR (e.g.,
Pittard, 2009). In order to achieve this, I first had to write a module routine dealing
with the proper acceleration of the stellar winds and its 3D implementation in conjunction
with the magneto-hydrodynamical code Cronos (see Kissmann et al., 2009; Kleimann
et al., 2009). I also included effects of radiative cooling, motion on a Keplarian orbit and
gravity. With the first simulations, I was able to reproduce earlier modelling results in
the literature in terms of instability structures and quantities as maximum wind velocity,
density and temperature.
The next step led beyond the scope of earlier studies and consistent of something entirely new: solving the transport equation for high-energy particles in the wind collision
region of CWB systems in conjunction with the hydrodynamic simulations. I wrote a
semi-Lagrangian solver and tested it for a given set of parameters in order to reproduce
analytical results by Reimer et al. (2006). These tests showed that the solver yields accurate results, if the number of energy bins per particle species was about 100. Simulating
electrons and protons, I therefore included 200 additional advected scalar field on top of
the fields for density, velocity and temperature in my hydrodynamic simulation. I then applied the semi-Lagrangian solver for the transport equation to all spatial grid cells, calling
it after each hydrodynamic time-step. With this I was able to study the 3D distribution
of electrons and protons throughout the evolving WCR.
Before any of this could be published, long months of validation, improvements and
code optimizations were necessary. In addition, the proper visualization tools had to be developed. I learned to use various programs to explore and visualize my simulation results.
Specific care needed to be taken to track the evolution of several important parameters
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along the shock front of the WCR (e.g., compression ratio and shock velocity). At this
phase of the project, I spent six months at the Institut de Planétolgoie et d’Astrophysique
de Grenbole (IPAG) in course of a Marietta-Blau scholarship, receiving usefull input and
advice from local collaborators.
After sufficient testing, the details of my simulations and their results concerning the
3D cosmic-ray distribution in CWB systems were published in Article C with the title
“High-energy particle transport in 3D hydrodynamic models of colliding-wind binaries”
in the Astrophysical Journal (Reitberger et al., 2014, Article C). The paper demonstrates
that for a typical CWB system, 3D simulations show strong differences in the distribution
of electrons compared to protons due to their different energy loss mechanisms. In addition to a detailed description of the conditions along the WCR, we also show that effects
of orbital motion lead to significant asymmetry in the distribution of high-energy particles
throughout the WCR.
The initial goal of our simulations was to model the γ-ray emission of specific CWB
systems. Article C only takes us halfway by simulating the 3D distribution of high-energy
particles. The remaining task was to combine the information about the particle distribution and the WCR environment in terms of wind properties and radiation fields in order
to compute the flux produced for most prominent γ-ray emission channels.
I wrote several routines dealing with the individual mechanisms, while reprocessing
the output of the simulations described in Article C at a given timestep. As calculations
have to be performed for each grid cell and energy bin, the computational effort is an
important factor. The consistent use of the hdf5 file format helped to significantly reduce
computational cost compared to other data formats.
I studied the resulting γ-ray emission in terms of spectral energy distributions, twodimensional projection maps and integrated flux values for specific energy bins. The most
interesting part of this project was the assessment of how changing stellar separation and
viewing angles can affect the resulting γ-ray flux.
After several improvements and some additional tests, we submitted an article with
the detailed description of the computation of the γ-ray emission components (Article D).
Describing the next logical step of our CWB-modelling, this paper titled “Simulating 3D
nonthermal high-energy photon emission in colliding-wind binaries” is a direct follow-up
of Article C. One main result is that growing stellar separation leads to a transition from
hadron-dominated to lepton-dominated γ-ray emission for the studied set of parameters.
In addition, changing viewing angles produce notable spectral variations in the γ-ray signal due to the anisotropic nature of IC emission. This article has recently been accepted
for publication in The Astrophysical Journal.

4.3

Future prospects

Up to now, the simulation procedure presented in this thesis has been used to model
generic examples of binary systems. The application of the code to specific systems known
from observation is the next consequent step. There is a promising sample of potentially
particle-accelerating CWB candidates (De Becker and Raucq, 2013) with some known stel27
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lar and orbital parameters. We can use our simulation procedure to explore the capability
of these systems to emit γ rays at different orbital phases and for different choices of particle injection-rates, magnetic field strengths, etc. In some cases, modelling results can be
directly compared to measurements (detections or upper limits) that have been obtained
with current γ-ray observatories.
To ensure the continued use of the code and its application to various systems, it will be
of key importance to provide sufficient commentary and documentation detailing the purpose and the use of various simulation steps. Making our simulation procedure available
to a larger number of researches will allow to pursue a wider field of future applications.
The implementation of additional physical mechanisms and the planned extension of the
code to magneto-hydrodynamics will gradually lead to higher degrees of complexity and
accuracy. On the long run, modified versions of the code could also be used to model
other objects than CWBs, e.g.; particle-accelerating novae and other sources of nonthermal high-energy emission within our Galaxy.
Concerning observations of CWBs, I am currently working on a paper presenting my
recent analysis of the first full-orbit Fermi -LAT data set of the η Carinae γ-ray source.
It will be a direct update to the analysis performed in Article A and will probe whether
our predictions concerning the future lightcurve of the source can be confirmed by new
observations. In addition, the paper will offer a first comparison of detected and modelled
flux values for this specific source.
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ABSTRACT

Aims. Observations of high-energy γ-rays recently revealed a persistent source in spatial coincidence with the binary system η Carinae.
Since modulation of the observed γ-ray ﬂux on orbital time scales has not been reported so far, an unambiguous identiﬁcation
was hitherto not possible. Particularly the observations made by the Fermi Large Area Telescope (LAT) posed additional questions
regarding the actual emission scenario. Analyses show two energetically distinct components in the γ-ray spectrum, which are best
described by an exponentially cutoﬀ power-law function (CPL) at energies below 10 GeV and a power-law (PL) component dominant
at higher energies.
Methods. The increased exposure in conjunction with the improved instrumental response functions of the LAT now allow us to
perform a more detailed investigation of location, spectral shape, and ﬂux time history of the observed γ-ray emission.
Results. We detect a weak but regular ﬂux decrease over time. This can be understood and interpreted in a colliding-wind binary
scenario for orbital modulation of the γ-ray emission. We ﬁnd that the spectral shape of the γ-ray signal agrees with a single emitting
particle population in combination with signiﬁcant absorption by γ-γ pair production.
Conclusions. We are able to report on the ﬁrst unambiguous detection of GeV γ-ray emission from a colliding-wind massive star
binary. Studying the correlation of the ﬂux decrease with the orbital separation of the binary components allows us to predict the
behaviour up to the next periastron passage in 2014.
Key words. gamma rays: stars – stars: massive – binaries: general

1. Introduction
Owing to its dramatic history (the “great eruption” of 1843, subsequent disappearance, envelopment in a huge bipolar nebula,
etc.), η Carinae (η Car) has been of interest for astronomical and
astrophysical research for more than a century. Recent observations by AGILE (Tavani et al. 2009) and Fermi-LAT (Abdo
et al. 2010b) established high-energy γ-ray emission in spatial
coincidence with the location of η Car. Physical association, e.g.
through observation of correlated multiband variability or orbital
modulation of the γ-ray signal, has not yet been conﬁdently presented. If this identiﬁcation can be established, the η Car system would be the ﬁrst massive star colliding-wind binary system (CWB) in the γ-ray sky, in contrast to known γ-ray binaries,
which all contain a compact object.
It is widely accepted (e.g., Damineli et al. 2008) that η Car
is a binary system consisting of two massive stars (one being
a member of the rare stellar class of luminous blue variables
(LBV), the other being an O or WR star) with an orbital period
of 5.54 yr. Stellar and orbital parameters as determined by various studies are listed in Table 1. Both massive stars in the η Car
system are expected to produce powerful stellar winds. Massloss rates and terminal wind velocities (as given in the table)
are thought to be suﬃciently high to form a wind-wind collision zone of shocked, hot gas, wherein particle acceleration
(as illustrated by e.g., Eichler & Usov 1993; Dougherty et al.
2003) in general and subsequent γ-ray emission in particular
(as described by e.g., Reimer et al. 2006; Bednarek & Pabich
2011) can occur. The conditions in the wind-wind collision zone

depend on the orbital phase of the binary system. Therefore,
these models predict γ-ray emission that is generally modulated on orbital time scales. In addition there may exist complex
dependencies, such as spectral cutoﬀs in the underlying particle spectrum due to excessive energy losses, anisotropy in the
Inverse Compton process, or types of particle transport.
Previous analyses of Fermi-LAT data (Abdo et al. 2010b;
Farnier et al. 2011) have elaborated on the catalogued Fermisource 1FGL J1045.2−5942 (Abdo et al. 2010a) that was found
to be spatially consistent with the location of η Car. Following
the nomenclature of the new Fermi-LAT two-year catalogue
(Nolan et al. 2012), the source designation 2FGL J1045.0−5941
is used from here on. The high-energy spectrum has been best
described by an exponential cutoﬀ power-law function (CPL)
that appears to be dominant below 10 GeV, and an additional
component described by a power-law function (PL) at higher
energies. Neither study presented a ﬂux time history that would
unambiguously relate the observed γ-ray emission to a physical origin in the η Car system. Whereas there is evidence for
nonthermal emission of η Car at energies well below the MeV
range (Leyder et al. 2008; Sekiguchi et al. 2009), no γ-ray emission at energies above the energy range of the Fermi-LAT instrument has been reported from the vicinity of η Car (HESS
Collaboration et al. 2012).

2. Observations with the Large Area Telescope
2.1. Dataset

The Fermi Large Area Telescope (LAT) started regular surveymode observations on 2008 August 4, providing a complete,
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a radius of 10◦ were allowed to vary in the likelihood analysis.
Most sources are modelled either by a simple PL

Table 1. Several important stellar, orbital and stellar-wind parameters
of the η Car binary system and their values as determined by various
studies.
Parameter
d
P
i
e
Φ
a
MA
MB
ṀA
ṀB
V∞, A
V∞, B

Value
2.3 ± 0.1 kpc
2024 ± 2 d
45◦
0.9
27◦
0−30◦
15.4 AU
90 M
30 M
10−3 M yr−1
2.5 × 10−4 M yr−1
10−5 M yr−1
1.5 × 10−5 M yr−1
500 km s−1
3000 km s−1

dN
= A E −Γ
dE

Reference
Davidson & Humphreys (1997)
Corcoran et al. (2005)
Okazaki et al. (2008)
Smith et al. (2004)
Okazaki et al. (2008)
Parkin et al. (2009)
Corcoran (2001)
Hillier et al. (2001)
Verner et al. (2005)
Hillier et al. (2001)
Pittard & Corcoran (2002)
Pittard & Corcoran (2002)
Parkin et al. (2009)
Hillier et al. (2001)
Pittard & Corcoran (2002)

(where A is the normalization parameter and Γ is the spectral
index) or by a LogParabola function, which provides additional
information on the spectral curvature of some sources by introducing a break energy Eb and the parameters α and β,
� �−�α+β log � EE ��
b
E
dN
=A
.
(2)
dE
Eb
Exceptions are γ-ray pulsars, which are modelled by a CPL functional expression,
�
�
dN
E
= A E −Γ exp −
,
(3)
dE
Ecutoﬀ

Notes. P and d are the orbital period and the distance from the Earth.
i, e and a are inclination angle, eccentricity and semi-major axis. The
parameter Φ represents the angle between the projection of the orbital
plane along the line of sight and the apastron side of the semi-major axis
in the prograde direction: Φ = 270◦ − ω, with ω being the commonly
used periastron longitude angle. M, Ṁ and V∞ are stellar mass, massloss rate and terminal velocity of the stellar wind for the stars A and B
in the system.

regular sky-coverage with approximately uniform exposure.
Accordingly, the source of interest was monitored regularly over
the whole time range of the dataset that is used in this analysis (∼35 months, 2008 August 4 to 2011 July 5). The data
were reduced and analysed using the Fermi Science Tools v9r23
package1. To reject atmospheric γ-rays from the Earth’s limb,
we excluded time periods in which the region was observed
at a zenith angle greater than 100◦ and for observatory rocking angles greater than 52◦ . All remaining photons with energy
E > 200 MeV within a square of 21◦ base length (aligned in
directions of right ascension α and declination δ) centred on
the nominal location of η Car, (α, δ) = (161.265◦, −59.685◦)
were used.
2.2. Likelihood analysis

Because η Car is located at low Galactic latitude and within the
projection of the Carina-Sagittarius arm of the Milky Way, careful modelling of the diﬀuse γ-ray emission is required. Due to
the size of the Fermi-LAT’s point-spread function (PSF) – the
68% containment radius is more than 2◦ at 200 MeV – possible contributions from nearby sources have to be taken into
account as well. We performed maximum likelihood analyses
using the instrument response function P7SOURCE_V6 in conjunction with the Galactic diﬀuse model gal_2yearp7v6_v0.ﬁts
and an isotropic background component iso_p7v6source.txt. The
applied source model includes 38 point sources that are located
within a radius of 15◦ around the source of interest and are
listed in the Fermi-LAT two-year (2FGL) catalogue (Nolan et al.
2012). For each source the same spectral model as in the catalogue was used. The spectral parameters of all sources within
1
See the Fermi Science Support Centre (FSSC) website for details:
http://fermi.gsfc.nasa.gov/ssc/

(1)

where Ecutoﬀ is the cutoﬀ energy (other parameters deﬁned as
above.) In all three cases dN
dE gives the diﬀerential ﬂux.
Source detection signiﬁcance can be described by the likelihood test statistic value T S = −2 ln(Lmax,0 /Lmax,1 ), which compares the ratio of two values that are obtained by a maximum
likelihood procedure. Lmax,0 is the likelihood for a model without
an additional source at a speciﬁed location (the null-hypothesis)
and Lmax,1 is the maximum likelihood value for a model including an additional source. Surrounding sources and background
are taken into account in both cases. The same notion can also
be applied in comparing the likelihood of two source models
that are described by diﬀerent spectral models for a speciﬁc
source of interest. Because the TS-value is expected to follow
a χ2 -distribution for the diﬀerence in the number of degrees of
freedom between the two models (Mattox et al. 1996), it can be
converted into the detection signiﬁcance σ for a point source.

3. Analysis details and results
3.1. Spatial analysis

In the two Galactic coordinate grids in Fig. 1, the TS-values indicate detection signiﬁcances for a trial additional point source
(a PL with two free parameters) considered sequentially at each
of the grid positions. The left ﬁgure covers the region around
2FGL J1045.0−5941 at energies 0.2 to 10 GeV, the right ﬁgure
at energies 10 to 300 GeV – each representing 35 months of data.
The energy band has been divided according to the previous indication of two diﬀerent emission components. Both TS-maps
were obtained with the tool gttsmap. In addition, conﬁdence contours mark the 68.3%, 95.4% and 99.7% uncertainty regions for
the location of the source deﬁned by the maximum TS value in
the grids. For both energy bands the nominal position of η Car is
found within the 95.4% error region. For the low band it is contained within the 68.3% error region. The formal signiﬁcance for
the low- and high-energy band is 46σ and 12σ, respectively.
In the lower-energy band the γ-ray signal is centred at
(α, δ) = (161.243◦, −59.681◦) with a fairly circular 95% conﬁdence region of radius r = 0.023◦. In the higher-energy band
the signal is centred at (α, δ) = (161.209◦, −59.710◦) with an
elliptical 95.4% conﬁdence region that has a semimajor axis
of a = 0.053◦ (NE-SW oriented) and a semiminor axis of
b = 0.045◦. The interplay between a vast photon number at
lower energies and statistical limitations at higher energies yields
a smaller conﬁdence region for the hard band. The angular separations d of the maximum likelihood locations for the low- and
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Fig. 1. Test statistic (TS) maps of the celestial region around 2FGL J1045.0−5941 as obtained by likelihood analysis. The TS-value corresponds
to the likelihood of the source being located in a speciﬁc grid point. Left plot: 0.2 to 10 GeV, right plot: 10 to 300 GeV. The conﬁdence contours
(green for the high band, white for the low band) mark the 68.3%, 95.4% and 99.7% uncertainty regions for the location of the source of interest.
The dashed yellow circle marks the catalogued 95% source location region of 2FGL J1045.0−5941. The nominal position of η Car is indicated by
the yellow cross.

3.2. Spectral analysis

The energy spectrum of 2FGL J1045.0−5941 has been determined by a maximum-likelihood ﬁtting technique using the tool
gtlike (dataset and source model as described above). The energy
bins were chosen such that a minimum detection signiﬁcance of
10σ per bin is required (logarithmic scale with three bins between 0.2 GeV and 1 GeV and ﬁve bins between 1 GeV and
10 GeV). Owing to statistics, the criterion was lowered to require
at least 5σ detections per energy bin in the range from 10 GeV
to 100 GeV. The highest energy bin (100 GeV to 300 GeV) corresponds to a 3σ detection signiﬁcance. For each bin a single PL
shape was assumed. The normalization parameter and the index
were allowed to vary during the ﬁtting process. The eﬀective energy of each bin is deﬁned as the midpoint of the integral photon

10-10

2FGL J1045.0-5941
PSR J1048-5832

E²F [erg cm⁻² s⁻¹]

high bands and the nominal position of η Car are dhigh−low =
0.033◦, dhigh−nominal = 0.038◦, dlow−nominal = 0.012◦. The centroid of the low-energy band is well inside the 95.4% error region of the high-energy band. Although the high band’s centroid
lies slightly outside the low band’s 99.7% error circle, the error regions substantially overlap. The diﬀerence to the indicated
catalogue position of 2FGL J1045.0−5941 is understood by acknowledging the diﬀerence in exposure and the decomposition
into low- and high-energy bands. We stress that all aforementioned positions suﬃciently agree to allow interpretation in a
single-source scenario.
Considering the possibility of observing the γ-ray emission
superimposed by two sources in close spatial coincidence, we
consider this to be extremely unlikely. Although the nominal
distance between the centroid of the observed low- and the highenergy emission would not exclude source confusion between a
low-energy source with exponential cutoﬀ and a hard-spectrum
source at high energies, the probability of ﬁnding two spatially
coincident sources that exhibit a similar ﬂux modulation pattern
(see Sect. 3.3), characteristic only for objects in the rare class of
long-period γ-ray binaries, appears to be the main argument for
rejecting this hypothesis.

10-11

10-12
1

10
Energy [GeV]

100

Fig. 2. Spectral energy distributions of 2FGL J1045.0−5941 (red
dashed) and PSR J1048−5832 (green solid) obtained by likelihood analysis. The spectral model is obtained by ﬁtting a source model with
CPL and PL components at the location of 2FGL J1045.0−5941 to the
dataset (35 months, 0.2 < E < 100 GeV). The error bars are of 1σ type.
The upper limits (represented by arrows) were determined such that the
diﬀerence of the logarithmic likelihood values (with and without an additional trial point source at the indicated ﬂux value) corresponds to 1σ.

ﬂux in the bin; therefore each energy bin carries some information about the underlying photon spectrum.
A spectral ﬁt over the energy range (0.2 to 100 GeV) was obtained by ﬁtting a source model with a CPL+PL function (both at
the catalogue position of 2FGL J1045.0−5941) to the dataset up
to 100 GeV using the maximum-likelihood tool gtlike. Events at
energies E > 100 GeV have not been considered in ﬁtting spectral models, because they do not signiﬁcantly inﬂuence the results. Figure 2 shows the energy spectra of 2FGL J1045.0−5941
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Fig. 3. Left: ﬂux time history of 2FGL J1045.0−5941 in the 0.2 to 10 GeV energy band obtained by likelihood analysis. Each bin represents 2.5 months of data. The ﬂux error bars are of 1σ type. The dashed vertical line indicates the time of the periastron passage of the η Car
binary system (e.g., Parkin et al. 2009). Right: cumulative TS-value evaluation of 2FGL J1045.0−5941 as obtained by likelihood analysis in the 0.2
to 10 GeV energy band. Each data point represents the cumulative TS-value of the source for the time interval from the start of the Fermi-LAT
data taking. The dotted blue line is a linear ﬁt to the ﬁrst nine data points. The dashed green line connects the origin and the cumulative TS-value
obtained last.

along with the overlaid broad-band spectrum. The CPL+PL
multi-component functional form has been applied previously
by Abdo et al. (2010b) and continues to yield better spectral representation than a single PL or CPL function. For comparison
to a signal without a second emission component, the spectrum
of the nearby pulsar PSR J1048−5832 (1.2◦ angular distance)
is shown, too. The best-ﬁt parameters are a spectral index Γ =
1.97 ± 0.05 and energy cutoﬀ Ecutoﬀ = 3.5 ± 0.1 GeV with an in>200 MeV
−7
−2 −1
tegrated ﬂux of F<100
GeV = (1.20 ± 0.04)×10 cm s for the
CPL, which dominates the low-energy band and Γ = 1.94 ± 0.04
>200MeV
= (3.2 ± 0.3) × 10−8 cm−2 s−1
and an integrated ﬂux of F<100GeV
for the PL dominant in the high-energy band. The corresponding formal signiﬁcances of the two spectral components are 30σ
and 16σ, respectively.
3.3. Temporal analysis

We now investigate the ﬂux time history of the observed γ-ray
emission. To search for coarse temporal signatures, two adjacent energy intervals were analysed: 0.2 to 10 GeV and 10
to 300 GeV, respectively. This choice corresponds to the apparent structure in the spectral energy distribution (SED) at 10 GeV
as evident in Fig. 2, which marks the transition between two
spectral components. On the basis of 35 months of Fermi-LAT
data it is not useful to search the power spectrum for the existence of the characteristic ∼5.5 yr orbital period in the η Car
system. Therefore we restrict the temporal analysis to ﬂux variability investigations, conducted over the whole energy interval
and in the two energy regimes separately.

ﬂux is (1.29 ± 0.01) × 10−7 cm−2 s−1 . Taking this value as the
hypothesis for a non-varying source, a χ2 -test gives a probability of 99.986% (corresponding to 3.8σ) that this hypothesis
is false. Conducting the same study on the two nearby pulsars
PSR J1048−5832 and PSR J1044−5737 (at angular separation
of 1.2◦ and 2.0◦ ), which are expected to show a steady ﬂux
behaviour, we obtain merely a 1.3σ and 0.8σ signiﬁcance of
null-hypothesis violation.
We conclude that in contrast to the nearby pulsars, the γ-ray
source 2FGL J1045.0−5941 does show a signiﬁcant degree of
variability in the low-energy band. Detailed analysis shows that
this is mainly because of the low ﬂux values obtained for the
most recent 12.5 months of our data sample. The mean ﬂux
for this period lies about a factor 1.7 below the mean ﬂux of
the remaining data sample. The nearby pulsars do not show this
downward trend.
The corresponding cumulative TS-value evaluation for
2FGL J1045.0−5941 is shown in Fig. 3, right. A non-variable
source is expected to show a linear increase in the cumulative
TS-value (Mattox et al. 1996) and deviations from that can be an
indication of statistical ﬂuctuations, stochastic ﬂux variability,
or periodic ﬂux variation. In addition to minor deviations, the
ﬁgure indicates an approximately linear rise in the cumulative
TS-value for the ﬁrst 22.5 months of 2FGL J1045.0−5941 data
(blue dotted line). Then, however, the growth in TS decreases in
correspondence to the lower ﬂux values in Fig. 3, left. Thus, the
conclusions motivated by the light curve are reinforced by the
cumulative TS evaluation.

3.3.1. Flux studies in the lower-energy band (0.2 to 10 GeV)

3.3.2. Flux studies in the higher-energy band
(10 to 300 GeV)

In Fig. 3, left, we show the ﬂux time history of
2FGL J1045.0−5941 for the energy band 0.2 to 10 GeV
as obtained by likelihood analysis. The dataset was divided into fourteen consecutive intervals, each representing 2.5 months. For each time bin a CPL function (all
parameters free) was ﬁtted to the data. The average photon

Figure 4 is the equivalent of Fig. 3 for the energy regime between
10 and 300 GeV. Due to the lower statistics at higher energies,
the time binning was increased from 2.5 to 5 months. The ﬁrst
two bins – representing the ﬂux of the ﬁrst ten months of FermiLAT observation – are about a factor of 2.5 higher than the following ﬁve bins. For the most recent ﬁve months only an upper
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Fig. 4. Left: ﬂux time history of 2FGL J1045.0−5941 obtained by likelihood analysis. Each bin represents ﬁve months of data in the 10 to 300 GeV
energy band. The ﬂux error bars are of 1σ type. The upper limit was determined as described in Fig. 2. The dashed vertical line indicates the time
of the periastron passage of the η Car binary system. Right: cumulative TS-value evaluation of 2FGL J1045.0−5941 as obtained by likelihood
analysis in the 10 to 300 GeV energy band. Each data point represents the cumulative TS-value of the source for the time interval from the start
of the Fermi-LAT data taking. The dotted blue line is a linear ﬁt to the ﬁrst four data points. The dashed green line connects the origin and the
cumulative TS-value obtained last.

Fig. 5. Spectral energy distributions of 2FGL J1045.0−5941 for the ﬁrst 10 months (left) and latter 25 months (right) of the dataset obtained
by performing likelihood analysis. The spectral model is the sum of CPL and PL components at the position of 2FGL J1045.0−5941 to the
0.2−100 GeV data.

limit could be obtained. A χ2 -test shows that a null-hypothesis of
observing a constant ﬂux can be rejected with 7.4σ signiﬁcance
in favour of ﬂux variability.
This conclusion is supported by the evaluation of the corresponding cumulative TS-values. Due to the cut-oﬀ spectra
of the nearby pulsars there is no other source in the vicinity
of 2FGL J1045.0−5941 that can serve for comparison in this
energy interval. Yet, the behaviour of the TS-value is indicative of γ-ray variability: whereas the cumulative TS-value constantly rises seemingly linearly and steadily over the ﬁrst ten
months (blue dotted line), it ﬂattens and turns over afterwards.
A line connecting the origin of the graph and the last cumulative
TS-value (green dashed line) would indicate steadily increasing
detection signiﬁcance over time and thus absence of ﬂux variability. Because this is not the case, we have to conclude that the

cumulative TS-curve is indicative of ﬂux variability. However,
this indication builds up only after the ﬁrst ten months of data;
after an initial period of constant ﬂux, the γ-ray emission at energies 10 to 300 GeV begins to fade out.
3.3.3. Spectral evolution

Figure 5 shows two SEDs (determined as in Sect. 3.2). The SED
on the left represents the ﬁrst ten months of our dataset for which
an increased ﬂux was observed at energies 10 to 300 GeV. The
SED on the right covers the remaining 25 months. As suggested
by Fig. 4, the data points of the hard component appear to be
systematically lower in the latter part of the data set. Similarly
as in Sect. 3.2, a CPL+PL was ﬁtted to the data for both time
A98, page 5 of 9
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Fig. 6. Flux time history of 2FGL J1045.0−5941 as determined by likelihood analysis for ranges of the orbital phase of η Car (left) and the physical
separation of the stellar components (right) for energies 10 to 300 GeV. Each data point represents ﬁve months of data. Because periastron is
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Fig. 7. Flux time history of 2FGL J1045.0−5941 as determined by likelihood analysis for ranges of the orbital phase of η Car (left) and the
physical separation of the stellar components (right) for energies 0.2 to 10 GeV. Each data point represents 2.5 months of data. Because periastron
is traversed very quickly, the data points around orbital phase 0 are very broad. The region between the two dashes at the left of the horizontal
error bar of the leftmost data point on the right graph is traversed twice.

intervals using energies below 100 GeV. The most substantial
change is to be seen in the high-energy PL component in which
the index drops from Γ = 1.41 ± 0.08 for the ﬁrst ten months
to Γ = 2.06 ± 0.06 for the latter 25 months. Using the obtained spectral parameters to derive the integrated ﬂux from 10
to 100 GeV (the contribution of both spectral functions are taken
>10 GeV
+0.3
−9
into account), we obtain F<100
cm−2 s−1
GeV = (1.2−0.2 ) × 10
>10 GeV
−9
−2 −1
and F<100 GeV = (0.49 ± 0.05) × 10 cm s , which implies a
modulation by a factor of about 2.4. The diﬀerence in ﬂux therefore agrees well with the ﬁndings of Sect. 3.3.2.
3.3.4. Connection to the orbit of the η Car system

As indicated by the vertical line in Fig. 4, the period of increased
ﬂux in the high-energy component (10 to 300 GeV) at the start of

Fermi-LAT observations corresponds to the periastron passage
of the η Car binary system. To further illustrate this relation,
Fig. 6, left, shows the ﬂux of 2FGL J1045.0−5941 at energies
from 10 to 300 GeV over the orbital phase of η Car. The periods
of increased ﬂux clearly correspond to orbital phases close to
periastron. Figure 6, right, shows ﬂux in relation to the physical
distance of the two stellar components (ranging from 1.5 AU
at periastron to ∼30 AU at apastron, which was reached by
October 2011). The intervals of increased ﬂux correspond to a
time in which the separation of the stars is less than about 12 AU,
with a ﬂux maximum (bin 1) just prior to the periastron passage.
Otherwise the data indicate a clear decrease in ﬂux as the binary
components approach apastron. The same is shown in Fig. 7 for
the low-energy component (0.2 to 10 GeV). In this case the ﬂux
decrease seems to commence later, with periods of lower ﬂux
corresponding to stellar separations of more than 25 AU.
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4. Discussion and summary
As the analysis above has shown, we see a clear ﬂux decrease in
relation to the orbital state of η Car. The decrease is signiﬁcant
at low- (0.2 to 10 GeV) as well as high- (10 to 300 GeV) energies, albeit showing a diﬀerent time dependence (see above). In
general, the observed ﬂux decrease can be qualitatively understood with predictions in the framework of colliding-wind binary models for high-energy γ-ray emission (Reimer et al. 2006;
Bednarek & Pabich 2011). As the stars move away from each
other, the matter density – as well as the radiation density – decreases in the wind collision region where particle acceleration
and subsequent γ-ray emission are thought to occur. Although
the observed ﬂux variation does not yet allow an unambiguous
association, we consider in the following that the detected emission indeed arises from η Car for reasons explained above.
Note that source modulations of the two spectral components
at the same amplitude can be fully recovered for the two energy
intervals only if the model used for the diﬀuse gamma-ray emission and for nearby point sources is perfect (e.g., without statistical and systematic uncertainties). Any realistic assessment of the
backgrounds (e.g., for statistical ﬂuctuation or, even more, systematic deviations between model and reality) will have an impact on the principal ability to recover source modulation. This
will matter comparably less at higher energies due to the better
signal-to-noise ratio. Hence, our inability to produce a perfect
diﬀuse emission model principally limits our capability to recover variability in the low-energy component of η Car.
The presence of phase-locked ﬂux changes in any emission
component refutes the idea of Ohm et al. (2010), who suggested
that a γ-ray signal from η Car can be related to particle acceleration in the expanding blast wave that originated in the great
eruption of 1843 when the primary star (the LBV) ejected about
10% of its total mass in a massive outburst. Through shock interaction with the surrounding interstellar medium the blast wave
that was created at that event might produce charged particles
and subsequent γ-ray emission. In such an emission scenario one
would not expect to see γ-ray ﬂux variability in connection with
the orbital conﬁguration of the η Car binary system.
Based on the observations with the LAT of two apparently distinct emission components, a model has been proposed (Farnier et al. 2011) to identify the low-energy component
as due to inverse Compton scattering of η Car’s photospheric
photon ﬁeld oﬀ a relativistic electron population extending up
to ∼104 MeV, and the high-energy component above ∼10 GeV
as due to hadronic interactions of a relativistic proton component extending up to ∼104 GeV with a high-density material
in the shock region (enhanced by a factor ∼10 with respect to
the unperturbed wind density). This requires electron and proton acceleration at maximum rate (Bohm diﬀusion regime) for
values of the shock magnetic ﬁeld in the sub-Gauss range. The
target material and photospheric photon density at the shock location change with orbital phase as the inverse square of the distance between the shock and the LBV. Therefore, phase-locked
orbital variations of both inverse Compton and hadronic components are expected unless the intensities of the putative accelerated particle populations change along the orbit such that
it counteracts this trend. We stress here that both components
are expected to vary signiﬁcantly with the same amplitude for
an isotropic target radiation ﬁeld and no signiﬁcant orbital variations in the accelerated electron-to-proton number densities. If
anisotropy eﬀects were considered, even larger variability amplitudes are expected in the inverse Compton component than in the
hadronic component. Applied to the energy spectra determined

for the ﬁrst 10 months and the subsequent 25 months of LAT observations (see Fig. 5) for which the mean stellar separation
were ∼8 AU and ∼21.8 AU, respectively, the ﬂux amplitude is
expected to decrease from the ﬁrst to the second time period
by more than a factor 7 in both spectral components, possibly by an even greater factor for the leptonic component. The
observed spectra, however, reveal ﬂux variations in the highenergy component by a factor 2.5 while the low-energy component shows a rapid spectral decline at a few GeV with no indication for a phase dependence of the spectral shape, spectral
index, or cutoﬀ energy.
We note that the observed low variability of the lowenergy γ-ray component with phase-locked variations of the
high-energy component can be plausibly interpreted as inverse
Compton scattering in the photospheric radiation ﬁeld of η Car
and hadronic interactions with the wind material, respectively, if
the accelerated electron number density is higher around apastron than periastron while at the same time the accelerated proton
number density does not exhibit signiﬁcant orbital variations.
Motivated by the peculiar shape of the measured spectra and
the complex strong radiation ﬁelds in the vicinity of η Car, we
here consider yet another scenario. Photon-photon absorption
has long been suspected to play a signiﬁcant role in the dense
radiation environments of massive stars. For instance, ﬁrst indications of γ-ray absorption modulating a TeV spectrum have
been reported from the γ-ray binary LS 5039 (Aharonian et al.
2005).
For η Car, the observed γ-ray spectra can be well represented
by a primary diﬀerential photon spectrum ∝E −2 exp(−E/Ecut )
with Ecut ∼ 250−500 GeV that suﬀers from γ-ray absorption in
a black-body photon ﬁeld (Gould & Schréder 1967) of eﬀective
temperature ∼5 × 105 K (corresponding to target photon energies of ∼116 eV at the maximum of the black-body radiation
ﬁeld) during the ﬁrst ten months of observations, and decreases
to ∼2 × 105 K (∼46 eV) during the subsequent 25 months (see
Fig. 8). The required maximum optical depths are τγγ, max ≈ 1.1
and τγγ, max ≈ 2, corresponding to ﬂuxes (at the distance of
η Car) of ∼6 × 10−8 erg cm−2 s−1 and ∼9 × 10−11 erg cm−2 s−1 ,
respectively. Considering the total spectrum (35 months), the
required black-body absorber has an eﬀective temperature of
∼3.1 × 105 K (∼72 eV) and τγγ, max ≈ 1.3 corresponding to a
ﬂux of ∼2 × 10−9 erg cm−2 s−1 . In this scenario, a possible origin of the absorber could be hot X-ray gas, as observed recently
by XMM-Newton and Chandra (e.g., Hamaguchi et al. 2007;
Townsley et al. 2011). Both experiments revealed spatially extended, structured X-ray emission components that surround the
binary system. Figure 9 (left) illustrates the geometry of such
an external absorber scenario. The change of the LAT spectrum
would indicate a slightly hotter rareﬁed plasma towards periastron than towards apastron.
In a second scenario the absorber could be linked to
η Car’s wind collision (e.g., hot shocked gas). In this case (see
Fig. 9 (right)) the angular dependence of the absorption coeﬃcient and threshold energy on the photons’ collision angle has to
be taken into account. The resulting optical depth therefore depends on the orientation of the wind collision region, the line of
sight, and the stars of the η Car binary system. For example, for
a mean angular phase for the ﬁrst 10 and subsequent 25 months
of 0.973 and 0.422, respectively, and an inclination angle of 45◦
and ω = 285◦, the propagation angle (between the collision region and line of sight) for target photons impinging from the
direction of η Car is ∼73◦ and ∼119◦, respectively. In this case
we ﬁnd satisfactory spectral representations for an absorber of
A98, page 7 of 9
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Fig. 8. Representation of SEDs (as in Fig. 5) overlaid with the unabsorbed photon spectrum ∝E−2 exp(−E/Ecut ) with Ecut ∼ 250−500 GeV (thick
line) and one that suﬀers from γ-ray absorption (dashed line) shown for the ﬁrst 10 months (left) and the subsequent 25 months (right).

�

�

line of sight

�

line of sight

�

Fig. 9. Illustration of the projected orbit of the binary system considering γ-ray emission towards the line of sight and its possible attenuation by
γ-ray absorption as described in the text. Scenario 1 (left): external black-body absorber (e.g., hot gas surrounding the binary system). Scenario 2
(right): internal absorber (e.g., hot shocked gas in the wind collision region).

temperature T ≈ 106 K and τγγ, max ≈ 1 for the ﬁrst 10 (see
Fig. 8, left), and T ≈ 2.5 × 105 K and τγγ, max ≈ 2 for the latter
25 months (see Fig. 8, right).
Orbitally modulated γ-ray emission up to TeV energies has
been observed from a number of high-mass X-ray binary systems (see e.g., Hill et al. 2011) with orbital periods ranging from
3.4 years (PSR B1259−63) down to a few weeks or days (e.g.,
LSI +61 303, LS 5039). For the latter two systems, peak ﬂuxes
at MeV/GeV energies occur close to superior conjunction where
the companion is behind the star (which also turns out to be close
to periastron passage), while the ﬂux decreases towards inferior
conjunction/apastron. This behaviour is similar to the observed
ﬂux modulation in the spectrum of η Car despite the lack of detection at VHE γ rays.
Ultimately, if one concludes that the observed decrease in
γ-ray ﬂux indeed relates to orbital conditions in the η Carinae
system, a prediction can be made for how the γ-ray ﬂux will
evolve until periastron is reached again. It is expected to remain
at a low level until the end of 2013, when the ﬂux should increase
again and, ultimately, reach maximum shortly before the next
periastron passage in mid-2014. The observation of this regular

variability pattern will be a decisive test for current models of
γ-ray emission in colliding-wind binary systems. Until then, we
anticipate that numerical simulations will consider the multitude
of details not yet taken into account in present γ-ray emission
models (e.g., complexity in stellar radiation ﬁelds speciﬁc for
the η Car system and the Homunculus nebula). This will allow
a quantitative comparison of model predictions to the observed
γ-ray data over a full orbit.
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Abstract. The increased exposure in conjunction with the improved instrumental response functions of the Fermi-LAT now allows a more detailed investigation of location, spectral shape and ﬂux
time history of the observed γ-ray emission at the position of η Carinae.
We detect a weak but regular ﬂux decrease over time. This can be understood and interpreted
in a colliding-wind binary scenario for orbital modulation of the γ-ray emission. We ﬁnd that the
spectral shape of the γ-ray signal agrees with a single emitting particle population in combination
with signiﬁcant absorption by γ-γ pair production.
Concluding, we are able to report on the ﬁrst unambiguous detection of GeV γ-ray emission from
a colliding-wind massive star binary. Studying the correlation of the ﬂux decrease with the orbital
separation of the binary components allows us to predict the behaviour up to the next periastron
passage in 2014.
Keywords: Gamma rays: stars - Binaries: general - Stars: binaries
PACS: 98.70.Rz, 95.85.Pw, 97.80.-d

INTRODUCTION
Owing to its dramatic history (the ‘great eruption’ of 1843, subsequent disappearance,
envelopment in a huge bipolar nebula, etc.), η Carinae (η Car) has been of interest for
astronomical and astrophysical research for more than a century. Recent observations
by AGILE [1] and Fermi-LAT [2] established high-energy γ-ray emission in spatial
coincidence with the location of η Car. Howerver, physical association, e.g. through
observation of correlated multiband variability or orbital modulation of the γ-ray signal,
has not yet been conﬁdently presented. If this identiﬁcation can be established, the η Car
system would be the ﬁrst massive star colliding-wind binary system (CWB) in the γ-ray
sky, in contrast to known γ-ray binaries, which all contain a compact object.
We present spatial, spectral and temporal analysis of γ-ray emission in the direction
of η Car as it was measured in course of Fermi-LAT regular survey-mode observations
from 2008 August 4 to 2011 July 5 (35 months).

High Energy Gamma-Ray Astronomy
AIP Conf. Proc. 1505, 414-417 (2012); doi: 10.1063/1.4772285
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ANALYSIS DETAILS AND RESULTS
Spatial analysis
Using a maximum-likelihood technique, we performed separate localization studies
for energies 0.2 to 10 GeV and 10 to 300 GeV obtaining best ﬁt positions and corresponding conﬁdence contours. The centroid of the low-energy band is well inside the
95.4% conﬁdence contour of the high-energy band. The error regions substantially overlap allowing for interpretation in a single-source scenario. For both energy bands the
nominal position of η Car is found within the 95.4% error region making it a likely
source for the γ-ray emission. For the low band it is contained within the 68.3% conﬁdence contour.

Spectral analysis
The energy spectrum has been determined by a maximum-likelihood ﬁtting technique.
The best spectral representation is achieved by ﬁtting a multi-component functional form
(exponentially cutoﬀ power-law and power-law) as it has been applied previously by
Abdo et al. [2].
The best-ﬁt parameters are a spectral index Γ=1.97 ± 0.05 and energy cutoﬀ
-7
-2 -1
Ecutoﬀ =3.5 ± 0.1 GeV with an integrated ﬂux of F>200MeV
<100GeV =(1.20 ± 0.04) × 10 cm s
for the exponentially cutoﬀ power-law, which dominates the low-energy band and
-8 cm-2 s-1 for the
Γ=1.94 ± 0.04 and an integrated ﬂux of F>200MeV
<100GeV =(3.2 ± 0.3) × 10
power-law dominant in the high-energy band. The corresponding formal signiﬁcances
of the two spectral components are 30 σ and 16 σ, respectively.

Temporal analysis
Comparing the light curve of the γ-ray source at η Car with those of two nearby
pulsars, we ﬁnd that the source does show a signiﬁcant degree of variability at energies
0.2 to 10 GeV. As Figure 1, left, suggests, this is mainly because of the low ﬂux values
obtained for the most recent 12.5 months of our data sample for which the mean value
lies about a factor 1.7 below the one of the remaining data sample. The nearby pulsars
do not show this downward trend.
For energies 10 to 300 GeV (see Figure 1, right) the mean ﬂux of the ﬁrst 10 months of
Fermi-LAT observation is about a factor of 2.5 higher than for the following 25 months.
For the most recent 5 months only an upper limit could be obtained.
Interestingly, the period of increased ﬂux at 10 to 300 GeV at the start of Fermi-LAT
observations corresponds to orbital phases close to periastron for which the separation of
the stars is <12 AU. The data indicate a clear decrease in ﬂux as the binary components
approach apastron. At energies 0.2 to 10 GeV a similar ﬂux decrease seems to commence
later, with periods of lower ﬂux corresponding to stellar separations of more than 25 AU.

415

This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP: 149.217.1.5
On: Fri, 23 May 2014 15:00:38

48

Article B

Modiﬁed Julian Day

Modiﬁed Julian Day
54,800

55,000

55,200

55,400

54,800

55,600

2

2

1.8

1.8

Flux [10-9 photons cm-2s-1]

Flux [10-7 photons cm-2s-1]

55,000

55,200

55,400

55,600

2.2

2.2

1.6
1.4
1.2
1
0.8
0.6

1.6
1.4
1.2
1
0.8
0.6

0.4

0.4

0.2

0.2
0

0
0

5

10

15

20

25

30

0

35

5

10

15

20

25

30

35

months

months

Figure 1. Flux time history of the γ-ray source at η Car obtained by likelihood analysis for energies 0.2
to 10 GeV (left, each bin 2.5 months) and 10 to 300 GeV (right, each bin 5 months). The ﬂux error bars
are of 1 σ type. The dashed vertical line indicates the time of the periastron passage of the η Car binary
system.

DISCUSSION AND SUMMARY
We see a clear ﬂux decrease in relation to the orbital state of η Car. The decrease is
signiﬁcant at low- (0.2 to 10 GeV) as well as high- (10 to 300 GeV) energies, albeit
showing a diﬀerent time dependence. In general, the observed ﬂux decrease can be
qualitatively understood with predictions in the framework of colliding-wind binary
models for high-energy γ-ray emission [3, 4]. As the stars move away from each other,
the matter density – as well as the radiation density – decreases in the wind collision
region where particle acceleration and subsequent γ-ray emission are thought to occur.
The spectral energy distribution can be understood assuming one underlying particle
population along with photon-photon absorption which has long been suspected to play
a signiﬁcant role in the dense radiation environments of massive stars. In the case of
η Car, the observed γ-ray spectra can be well represented by a primary diﬀerential
photon spectrum that suﬀers from γ-ray absorption in a black-body photon ﬁeld. One
possible origin of the absorber could be hot X-ray gas surrounding the binary system
as observed recently by XMM-Newton and Chandra [e.g., 5, 6]. The change of the
LAT spectrum would indicate a slightly hotter rareﬁed plasma towards periastron than
towards apastron. Alternatively, the absorption could be linked to η Car’s wind collision
(e.g., hot shocked gas). Figure 2 shows illustrations for both scenarios.
If one concludes that the observed decrease in γ-ray ﬂux indeed relates to orbital
conditions in the η Carinae system, the γ-ray signal is expected to remain at a low
level until the end of 2013, when the ﬂux should increase again and, ultimately, reach
maximum shortly before the next periastron passage in mid-2014. The observation
of this regular variability pattern will be a decisive test for current models of γ-ray
emission in colliding-wind binary systems. Until then, we anticipate that numerical
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Figure 2. Illustration of the projected orbit of the binary system considering γ-ray emission towards the
line of sight and its possible attenuation by γ-ray absorption as described in the text. Scenario 1 (left):
external black-body absorber (e.g., hot gas surrounding the binary system). Scenario 2 (right): internal
absorber (e.g., hot shocked gas in the wind collision region.)

simulations will consider the multitude of details not yet taken into account in present
γ-ray emission models. This will allow a quantitative comparison of model predictions
to the observed γ-ray data over a full orbit.
Further discussion and more analysis details are presented in Reitberger et al. 2012 [7].
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ABSTRACT
Massive stars in binary systems (such as WR 140, WR 147, or η Carinae) have long been regarded as potential
sources of high-energy γ -rays. The emission is thought to arise in the region where the stellar winds collide and
produce relativistic particles that subsequently might be able to emit γ -rays. Detailed numerical hydrodynamic
simulations have already offered insight into the complex dynamics of the wind collision region (WCR), while
independent analytical studies, albeit with simpliﬁed descriptions of the WCR, have shed light on the spectra of
charged particles. In this paper, we describe a combination of these two approaches. We present a three-dimensional
hydrodynamical model for colliding stellar winds and compute spectral energy distributions of relativistic particles
for the resulting structure of the WCR. The hydrodynamic part of our model incorporates the line-driven acceleration
of the winds, gravity, orbital motion, and the radiative cooling of the shocked plasma. In our treatment of charged
particles, we consider diffusive shock acceleration in the WCR and the subsequent cooling via inverse Compton
losses (including Klein–Nishina effects), bremsstrahlung, collisions, and other energy loss mechanisms.
Key words: acceleration of particles – binaries: general – gamma rays: stars – hydrodynamics –
stars: winds, outﬂows
Online-only material: color ﬁgures
dynamical nature of the wind collision region (WCR) in CWBs
and its strong dependence on stellar and orbital parameters. The
complex density, velocity, and temperature structure of the colliding winds have further been used to model the thermal radio
and X-ray emission in such systems (Pittard 2010; Pittard &
Parkin 2010).
This work aims at a numerical computation of the spectral energy distribution of charged particles within a numerical HD model of the WCR. By solving a transport equation
including spatial convection, diffusive shock acceleration
(DSA), and various cooling processes for electrons and protons at every grid point of the HD simulation, we simulate
the time-dependent 3D spatial distribution of particles at different energies. As cooling processes we take IC emission,
bremsstrahlung, nucleon–nucleon interaction, adiabatic cooling, and others into account. The particles are injected at
the shock fronts of the WCR and subsequently gain energy
by DSA.
We developed a code that by taking stellar, stellar wind,
and orbital parameters of a given binary system as input,
solves the 3D distribution of density, velocity, and temperature
ﬁelds of the wind plasma as well as the energy spectra for
electrons and protons for every point on a numerical grid. The
resulting spatially varying particle spectra will serve as input for
complementary studies, computing the components of ensuing
γ -ray emission.
In Section 2, we introduce the numerical and HD setup
that we use to simulate a 3D distribution of radiatively driven
winds in a binary system. Our method of dealing with the
spatial and energetic evolution of particle species via solving
a transport equation is thoroughly discussed in Section 3.
In Section 4, we present results obtained for a typical CWB
system in terms of spatial and spectral distribution of highenergy electrons and protons. Section 5 provides a summary of
our ﬁndings as well as an outlook on future developments.

1. INTRODUCTION
In recent years, several models of a mostly analytical nature
have addressed the question whether binary systems of massive
stars without compact objects are liable to produce high-energy
γ -ray emission (e.g., Reimer et al. 2006; Pittard et al. 2006;
Benaglia & Romero 2003). These studies argue that such objects (i.e., systems containing a Wolf–Rayet (WR) star and an
OB-type star) provide suitable environments for efﬁcient particle acceleration and subsequent γ -ray emission. Electrons and
protons are thought to be accelerated at the shock fronts tracing
the edge of the regions where stellar winds collide with supersonic velocities. Several γ -ray emission mechanisms—inverse
Compton (IC) scattering, relativistic bremsstrahlung, and π 0
decay—can produce γ -rays at GeV and TeV energies with sufﬁcient ﬂuxes to allow for detection with instruments such as the
Fermi Large Area Telescope (LAT) or perhaps even H.E.S.S.,
MAGIC, and VERITAS.
In contrast to expectations, no such detection of γ -ray
emission linked to colliding-wind binaries (CWBs) has been
reported so far, with one notable exception: the highly unusual
object η Carinae is the only CWB system unambiguously linked
to high-energy γ -ray emission (Reitberger et al. 2012). This system most likely consists of a WR star and a high-mass luminous
blue variable (LBV). Both stars are enveloped in a huge dust
and gas cloud, the Homunculus nebula, which originated in a
massive outburst of the LBV in the year 1843. Although this
source exhibits a number of unique characteristics, no explanation for its high γ -ray ﬂux, compared to the nondetection
of other CWBs, can be given so far. Dedicated observations of
WR–OB systems such as WR 147 or WR 140 (for which models
predicted ﬂuxes above LAT detection thresholds) have yielded
upper limits (Werner et al. 2013).
Detailed three-dimensional (3D) hydrodynamical (HD) simulations (Pittard 2009) have recently explored the highly
1
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2. HYDRODYNAMICS

Castor et al. (1975) and later modiﬁed and improved by
Pauldrach et al. (1986). This approach replaces the required
summation over all lines by a simple parameterization with
two parameters, α and k. Taking all this into account, the line
acceleration term (as given in Gayley et al. 1997) can, with some
modiﬁcation, be expressed as follows:
ri
L
with
g Lrad,i = grad,i
ri
θ∗,i
n i · ∇(n i · v) α
2kσe1−α L∗,i
L
grad
=
sin θ cos θ dθ
2
c
ρvth
4π R∗,i
0
(6)

2.1. Numerical Setup
To simulate the hydrodynamics of the stellar winds, we
use the Cronos code (Kissmann et al. 2008; Kleimann et al.
2009), which is a ﬁnite-volume magnetohydrodynamic (MHD)
code optimized for the simulation of compressible astrophysical
plasmas. The code is second order accurate in space and allows
for Cartesian, cylindrical, and spherical grid layouts. Cronos
uses approximate Riemann solvers for the time integration of the
HD and MHD equations, where the choice of Riemann solvers
includes Harten–Lax–van Leer (hll, used in this study), hllContact (hllc), and hll-Discontinuities (hlld). Time integration is
done via a second- or third-order Runge–Kutta integrator, where
the time discretization utilizes the semidiscrete approach.
In the present case, Cronos is used to solve the HD equations,
∂ρ
+ ∇ · (ρv) = 0
∂t

(1)

∂ρv
+ ∇ · (ρvv + P ) = ρ f
∂t

(2)

with k and α being the CAK parameters mentioned above. Here
ρ is the mass density of the wind in the cell for which the
acceleration is calculated, vth is the thermal velocity of ionized
hydrogen, and the angle θ∗,i marks the edge of the stellar disk
relative to the point for which we derive the acceleration. It is
deﬁned by sin θ∗,i = R∗,i /ri . The projected velocity gradient
n i · ∇(n i · v) depends on the unit vector toward a point on
the stellar surface n i depending again on θ. In Euclidean
coordinates, it can be expressed as

(3)

n · ∇(n · v) = n2x

∂
+ ∇ · [( + P )v] =
∂t

ρ
mH

∂vy ∂vx
∂vy
∂vx
∂vz
+ n2y
+ n2z
+ nx ny
+
∂x
∂y
∂z
∂x
∂y
∂vz ∂vx
∂vz ∂vy
+
+ ny nz
+
.
+ nx nz
∂x
∂z
∂y
∂z
(7)

2

Λ(T ) + ρ f · v,

where the left-hand sides of the equations are solved by Cronos
intrinsically, whereas the right-hand sides (i.e., the force term f
and the radiative cooling term Λ(T )) are dealt with in dedicated
additional modules as outlined below. Here ρ is the mass density,
v is the velocity vector, P is the scalar pressure, f is the sum of all
external forces, = (ρ/2)v 2 + e is the total energy per volume,
e is the internal energy per volume, and T is the temperature.
We use the ideal gas equation of state P = (γ − 1)e with the
adiabatic index for a monoatomic gas γ = 5/3.

In evaluating the integral in Equation (6), we use ni =
sin θ P + cos θ N, where N is the unit vector pointing from the
grid point toward the stellar center. P is a perpendicular vector
chosen such that it is nonzero and lies in a plane of the numerical
grid. Integration is then performed numerically using a simple
Simpson rule with ﬁve steps in the interval [0, cos θ∗,i ].
Because of the ionization of the plasma, line driving is set to
zero in cells with temperature above 106 K.

2.2. The Force Term f
The force density term f consists of three components:
gravity, radiative line acceleration due to the ions in the wind,
and the radiative acceleration due to photons scattering off
electrons. It can be written as
2

f =

i=1

−GM∗,i

ri
+ g Lrad,i + g erad,i ,
ri3

2.3. Radiative Cooling
Because of high densities and temperatures in the WCR, radiative cooling becomes important and thus has to be considered (see Equation (3)). Here we use the cooling function Λ(T )
from Schure et al. (2009), who present a new radiative cooling
curve based on a contemporary plasma emission code providing detailed log T –log Λ tables. We use the tabulated data and
interpolate between individual data points.

(4)

where the index i indicates each star. The vector r i is given
relative to the star i. We assume radiative acceleration to be
directed radially from the stars. Therefore,
g erad,i

ri
e
= grad,i
ri

with

e
grad,i

σe L∗,i
=
,
4πri2 c

2.4. Geometrical Setup and Initial Conditions
We use a Euclidean coordinate system deﬁned such that the
x axis coincides with the semimajor axis of the binary system,
thus connecting periastron and apastron. The origin is at the
center of mass. The z axis is perpendicular to the orbital plane.
Initially, we place the stars along the x axis (choosing between
periastron and apastron passage) and initialize the stellar winds
by a β law approximation:

(5)

where σe is the speciﬁc electron opacity due to Thomson
scattering and L∗,i is the luminosity of star i.
Determining the line acceleration requires an integration over
the ﬁnite stellar disk (as a point-source-based approach would
yield signiﬁcantly erroneous results close to the star; see Lamers
& Cassinelli 1999). This integral can be simpliﬁed by assuming
azimuthal symmetry of the stellar disk. To approximate the
contribution of the wide spectrum of optically thick and thin
spectral lines of the ions in the wind, we rely on the standard
Castor–Abbott–Klein (CAK) formalism ﬁrst introduced by

vi (r) = v∞,i 1 −

ξ R∗,i
r

βi

.

(8)

From the continuity Equation (1), it follows that
ρi (r) =
2
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for the individual stars. The temperature T is initialized with the
value 104 K. It is not allowed to drop below this value, simulating
the effects of photoionization heating (cf. Pittard 2009).
As it is computationally expensive to self-consistently simulate the wind up from the stellar surface, it has been common
practice to prescribe a ﬁxed solution in at least three cells above
the stellar surface at every time step (e.g., Pittard 2009). A classical β law solution (ξ = 1, only accurate in the point source limit)
usually results in a nonphysical kink between ﬁxed cells and
those dynamically solved. Multiple trials with one-dimensional
(1D) simulations clearly show that a smooth transition is best
achieved by initiating the ﬁxed cells with ξ ∼ 0.9983, which
is also the value suggested by Lamers & Cassinelli (1999). To
achieve smoother wind velocity proﬁles even at lower spatial
resolutions, we prescribe the wind with this modiﬁed β law at
every time step up to ﬁve cells above the stellar surface. For a
typical resolution of ∼15.6 R per cell, this gives satisfactory
velocity and density proﬁles.
For given stellar parameters, we determine the best-ﬁt value
of β, as well as the values of the CAK parameters α and k,
by an iterative sequence of 1D simulations based on the known
observables R∗ , L∗ , M∗ , the wind’s terminal velocity v∞ , and
the mass loss rate Ṁ.
To simulate the orbital motion of the stars, we use the standard
equations for a Keplerian orbit. The differential equation for the
eccentric anomaly Ψ(t) (ωt = Ψ − e sin Ψ with eccentricity
e) is solved by a 10 step Newton–Raphson method. The wind
velocity that is prescribed at each step above the stellar surface
is modiﬁed by the stellar velocity due to its orbital motion.

1. The spatial convection term (where v is the velocity vector
of the wind material) handles the transport of charged
particles downstream along the WCR. It is used for all
grid cells except acceleration cells, which are treated in a
leaky-box approach analogous to the acceleration region in
Reimer et al. (2006).
2. Term (2) in Equation (10) handles all energy gain and loss
processes, which depend on the considered particle species
and on whether the cell is located at the shock front or
not. For acceleration cells the term Ė includes DSA (not
active outside the shock front) and radiative losses. We also
consider adiabatic cooling, which becomes important as the
particles accelerate traveling downstream. For acceleration
cells and all cells where ∇ · v < 0 (true for cells just
behind the shock front), the adiabatic cooling term has to
be switched off as it would allow additional acceleration,
which is explicitly already taken care of by DSA.
⎧
for acceleration cells
⎨ĖDSA + Ėradiative
Ė = Ėradiative
elsewhere if ∇ · v < 0
⎩
Ėradiative + Ėadiabatic
elsewhere if ∇ · v > 0.
(11)
The individual energy gain and energy loss terms are
discussed in detail in Sections 3.2 and 3.3.
3. By considering the acceleration cells similar to a leakybox model (see, e.g., Protheroe & Stanev 1999), the escape
time τ describes the rate at which particles are lost by
diffusing out of the system. The escape time can be
approximated via the diffusion coefﬁcient and the wind
velocity perpendicular to the shock VShock . For WCR cells
outside the shock front, the diffusional leakage out of the
system is set to zero by choosing an inﬁnite escape time
(see Martin & Dubus 2013).

3. PARTICLE SPECTRA
3.1. The Transport Equation
In injecting electrons and protons inside the WCR that then
suffer from various energy loss mechanisms, we widely rely
on the work by Reimer et al. (2006), in which an analytical
approach for a simpliﬁed wind setup is carried out in great
detail.
We distinguish between acceleration cells, which are located
at the shock front of the WCR, and all other cells. In order to
discriminate between these two regions, we use the temperature
structure of the wind plasma. Because of the imposed lower limit
of 104 K, the wind is isothermal until it reaches the WCR. There,
the temperature increases by three to four orders of magnitude
within a few grid cells (see Figure 1(b)). In our approach,
we declare a cell to be an acceleration cell if three conditions
are met: (1) the divergence of the velocity vector is negative (the
wind is effectively slowing down), (2) the temperature is higher
than in the unshocked wind, and (3) the temperature of at least
one of the six neighboring cells is at the value of the unshocked
wind. This yields a one-cell-thick skin of acceleration cells that
envelops the WCR (see Figure 1(d)).
The time-dependent transport equation, as it is solved for each
grid point, reads

τ=

(2)

∞,

for acceleration cells
elsewhere

(12)

with the compression ratio cr and the energy-independent
diffusion coefﬁcient D, which is an approximation for the
sum of the upstream and downstream components of the
diffusion coefﬁcients at the shock (D ≈ D1 + cr D2 ; e.g.,
Schure et al. 2010). Kirk et al. (1998) provide a comparison
to the alternative assumption of an energy-dependent diffusion coefﬁcient. In the present work, we choose the energyindependent approach in order to allow direct comparison
with Reimer et al. (2006). Thus, D is constant throughout this work. Note that an energy-independent diffusion
coefﬁcient demands additional consideration of the Bohm
limit, at which further acceleration of particles is inhibited
as their gyroradii become comparable to the characteristic
size of the shock. We include this in our simulations by
setting τ = 0 as soon as the Bohm diffusion coefﬁcient
(∝ E) exceeds the chosen energy-independent diffusion
coefﬁcient D:
τ = 0,

∂N (E)
∂
N (E)
+ ∇ · [vN (E)] +
[ĖN (E)] +
∂t
∂E
τ
(1)
= Q0 δ(E − E0 ),

cr D
,
2
VShock

for E > EBohm = 3eBD,

(13)

where the magnetic ﬁeld strength B is approximated as
described below.
4. Particles are injected into the system at an energy E0
(usually chosen to be 1 MeV). The choice of the injection
rate Q0 is limited to the constraints of particle number and
energy conservation. A given grid cell in the shock region

(3)

(10)

(4)

where N is the differential number density of particles at energy
E in a grid cell at position r. We now discuss each term in detail:
3
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Figure 1. HD quantities and shock front tracing in the converged state. The plots show the x–y plane of a 256 × 256 × 64 simulation at z = 0. The WR star is located
on the right-hand side of the WCR, and the B star is on its left-hand side. The depicted quantities are (a) particle density in log(m−3 ), (b) temperature in log(K),
(c) absolute velocity in km s−1 , and (d) shock velocity in km s−1 .
(A color version of this ﬁgure is available in the online journal.)

cannot inject more particles than it initially carries; neither
can it deposit more energy in the injected particles than it
has. Following Martin & Dubus (2013), we approximate
the number of injected particles by a constant fraction η of
the mass density.
Assuming a wind that predominantly consists of ionized
hydrogen, partly ionized helium, and electrons, it follows
that
ne =

ρ 1 + IHe ζHe
mH 1 + 4ζHe

and

np =

ρ
mH (1 + 4ζHe )

per time step dt, of which we take the fractions ηe and ηp .
Other particle species liable for signiﬁcant acceleration in
the WCR (such as He ions) are not considered in the present
study:
⎧
η
ηe ρ 1+IHe ζHe
ρ
⎪
or dtp mH (1+4ζ
,
⎪
He )
⎨ dt mH 1+4ζHe
for
acceleration
cells
Q0 =
⎪
(electrons, protons).
⎪
⎩
0,
elsewhere
(15)
The injection fractions are used as free parameters. Typically, we take ηp = 10−3 and ηe = 10−5 . The ensuing
mass density decrease in the wind plasma is small enough
to be negligible. As the energy deposited in the shock is also
proportional to ηe,p (and thus very small), there is no signiﬁcant reduction of the kinetic energy of the wind. Energy
conservation therefore holds. We do not consider alternative sources of particles entering the acceleration process
(e.g., via γ –γ pair production.)

(14)

with np and ne being the number densities of free electrons
and protons in a given cell, ρ being the local wind density, ζHe = nHe /nH , and IHe being the number of electrons
provided per helium nucleus. Hydrogen is assumed to be
completely ionized. (We assume ζHe = 0.1 and IHe = 2
for wind temperatures higher than 30,000 K and IHe = 1
below.) This imposes a limit on the maximum number denp
sity for electrons Qe0 and protons Q0 that can be accelerated
4
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3.2. Particle Acceleration

et al. 2005), which is

Of the various acceleration mechanisms for nonthermal
particles that are discussed in the literature, DSA (such as
a variant of the ﬁrst-order Fermi acceleration principle in
which particles gain energy by repeatedly traversing a shock)
appears to be the most feasible process to take into account for
our models. Alternative mechanisms such as various turbulent
processes (e.g., the second-order Fermi processes) or magnetic
reconnection are assumed to be either less efﬁcient or incapable
of supplying particles that reach energies sufﬁcient for γ -ray
emission (see Pittard & Dougherty 2006). Thus, we restrict
ourselves to considering DSA the sole acceleration process of
electrons and protons for the remainder of this work. The average
rate of momentum gain by DSA (see, e.g., Schure et al. 2010)
is
2
cr − 1 VShock
ĖDSA =
E,
(16)
3cr
D

fKN (b̃) =

with the dilogarithm function Li2 and the dimensionless variable
b̃ = 4 T (E/m2e c4 ), with T being the energy of the target photon.
For b̃ < 10−3 it is safe to set fKN = 1.
The radiation energy density uph (taking into account both
stars) is
L∗,1 L∗,2
1
(21)
+ 2 ,
uph =
4πc
r12
r2
where L∗,i are the stellar luminosities and ri is the distance to
the stars. At present, we do not consider additional radiation
ﬁelds (e.g., photons from synchrotron emission) as targets for
IC scattering.
Synchrotron emission (electrons only). The loss term for
synchrotron emission is

where VShock is the shock velocity, cr is the compression ratio,
and D is the energy-independent spatial diffusion coefﬁcient as
motivated above.
We deﬁne the shock velocity VShock as the upstream velocity
normal to the shock and determine it by computing the velocity
component of the plasma perpendicular to the WCR. As a tracer
for the orientation of the collision region, we take the gradient
of the temperature ﬁeld ∇T and compute
VShock

v � ∇T
=
.
| ∇T |

Ėsyn = −bsyn E 2
with
bsyn =

(17)

(23)

B2
.
2μ0

(24)

Because of the lack of knowledge of the magnetic ﬁeld strength
B in most CWBs, we rely here on the approximations in Usov
& Melrose (1992), who describe the magnetic ﬁeld as either a
classical dipole ﬁeld, a radially dominated ﬁeld, or a toroidally
dominated ﬁeld, depending on the distance from the star:
⎧
3
⎪
B∗ Rr∗ ,
for r < rA
⎪
⎪
⎪
⎨
R∗3
∞
for r > rA and r < R∗ vvrot
B ≈ B∗ rA r 2 ,
(25)
⎪
⎪
⎪
⎪
vrot R∗2
v∞
⎩
B∗ v∞ rA r , for r > rA and r > R∗ vrot ,

where B∗ is the magnetic ﬁeld at the stellar surface and vrot is
the surface rotation velocity of the star, typically approximated
by vrot ∼ 0.1v∞ . For the Alfvén radius rA we take

Inverse Compton emission (electrons only). IC cooling occurs
as relativistic electrons scatter on stellar radiation ﬁelds within
the binary system. It is a major energy loss mechanism for
nonthermal electrons. Here we use the full Klein–Nishina cross
section resulting in the loss term:

rA ≈

R∗ (1 + ξ ), for ξ
for ξ
R∗ ξ 1/4 ,

1
1

(26)

with ξ = B∗2 R∗2 /Ṁv∞ . As a reasonable value for the surface
magnetic ﬁeld B∗ = 0.01 T is assumed throughout this work
for both stars (see, e.g., Reimer et al. 2006).
Thus, we have an estimate for the magnetic ﬁeld depending
on the distance from each star. Since we merely approximate
the absolute value of the magnetic ﬁeld vector without having
knowledge of its individual components, we cannot compute
its vector sum for both stars. As an approximation, we merely
consider the dominant component at a given grid cell to calculate
uB and bsyn .

(18)

with
4
σTh uph ,
3m2e c3

4
σTh uB ,
3m2e c3

uB =

3.3. Energy Losses

bIC =

(22)

where the magnetic energy density uB is deﬁned as

The compression ratio cr at the shock is also directly determined
from the wind structure by computing the ratio of postshock
mass density and preshock mass density. The former is determined by interpolating the mass density at a distance of three
cell widths along the shock normal toward the WCR. The choice
of three cell widths is motivated by the fact that the shock front
in the simulations is, in general, three cells wide. A choice of
two cell widths would yield too low postshock mass densities
and result in a lower compression ratio. Likewise, a choice of
four or more cell widths probes the mass density too far inside
the WCR. As the mass density minimum of the wind plasma
prior to reaching the WCR is generally located at the shock position for which the compression ratio is computed, we set the
preshock mass density to the local value.
After being accelerated, the electrons and protons are subjected to several loss mechanism, which we discuss below.

ĖIC = −bIC E 2 fKN (E)

1
6
ln(1 + b̃)
b̃ + 6 +
2
b̃
1
11 3
− 2 + 2Li2 (−b̃)
−
b̃ + 6b̃2 + 9b̃ + 4
12
(1 + b̃)2
(20)
9

b̃3

(19)

where σTh is the Thomson cross section and fKN (E) is the correction factor for the Klein–Nishina regime (following Moderski
5
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In order to preserve consistency with Reimer et al. (2006),
we do not acknowledge the compression of the magnetic ﬁeld
in proportion to the compression of the wind inside the WCR.
Thus, the ﬁeld strength B is likely to be underestimated by
a factor of ∼4, which has no effect at lower energies but
can inﬂuence the maximum particle energy due to higher
synchrotron losses and a higher Bohm energy. In future work,
a full MHD description of the wind will allow greater precision
in the treatment of the magnetic ﬁeld.
Losses by thermal bremsstrahlung (electrons only). As
charged particles interact with the Coulomb ﬁelds of ions in
the wind plasma, bremsstrahlung emission occurs. To account
for the ensuing energy loss, we use
Ėbr = −bbr E

3.4. Maximum Energies
The delicate balance of DSA and the above-mentioned
loss terms is decisive for the shape and maximum energy of
the electron and (to a lesser degree) the proton spectra. The
ﬁnal expression of Ė entering the transport equation for all
acceleration cells is of the form
Ė = ĖDSA − (bIC fKN (E) + bsyn )E 2 − bbr − bcoul
for the electrons and
Ė = ĖDSA − bpp E −

(27)

2
bbr = ασTh cNH ,
(28)
π
where α is the ﬁne-structure constant and NH is the number
density of the thermal ions in the wind, which we approximate
from the mass density in a given grid cell, dividing it by
mH (1 + 4ζHe ):
ρ
NH ≈
.
(29)
mH (1 + 4ζHe )
Coulomb losses (electrons). As a loss term for the electrons we
consider the energy-independent Coulomb losses given by
(30)

Coulomb losses (protons). In the dense winds, Coulomb losses
can also become signiﬁcant for protons. They are expressed by
Ėcoul = −

β2
3cσTh me c2 Z 2 ln λ
NH 3
2
xm + β 3

(31)

E(E + 2mp c2 )
E + mp c 2

Solving the transport Equation (10) is handled directly within
the framework of the Cronos code, where a semi-Lagrangian
solver (following Crouseilles et al. 2010) has been implemented
as an additional module applied at each grid point and time
step. To fully incorporate the particle spectra into the code,
additional scalar ﬁelds are created, one for each energy bin and
particle species. Instead of having merely 5 ﬁelds (ρ, vx , vy ,
vz , T), we use 205, meaning that we add 100 logarithmically
equally spaced energy bins [Ei , Ei+1 ] with Ei ∈[1 MeV,
10 TeV] (i = 1, . . . , 100) for both electrons and protons.
By treating those ﬁelds as advected scalars (similar to ρ in
Equation (1)), Cronos intrinsically handles spatial convection
(term (1) in Equation (10)) via its HD solver.
The aforementioned semi-Lagrangian solver then takes care
of the remaining equation

(32)

and
Te
.
(33)
108 K
The term ln λ is the Coulomb logarithm, which we set to have
a value of 20. The electron temperature is assumed to be Te ∼
108 K.
Nucleon–nucleon interaction (protons only). For nucleon–
nucleon interactions the energy loss rate is
xm = 0.2

Ėpp = −bpp E

(38)

3.5. Implementation

with
β=

β2
3cσTh me c2 Z 2 ln λ
NH 3
2
xm + β 3

for protons.
In the case of electrons, the approximate E2 dependence of
IC and synchrotron losses leads to a cutoff in the GeV range
for an average WR–OB binary system. The speciﬁc energy of
the cutoff and the question of whether IC or synchrotron losses
are mainly responsible for it depend on the energy densities
of radiation and magnetic ﬁeld. For some conﬁgurations where
radiative losses are small, we see a cutoff due to the Bohm
diffusion limit (as described in Section 3.1, term (3)).
For the protons, neither Coulomb losses nor losses by
nucleon–nucleon interaction sufﬁce to produce a cutoff. Rather,
it is the Bohm diffusion limit (and thus the gyroradii overcoming the characteristic size of the shock, as described above) that
produces a cutoff, usually at a few TeV for an average WR–OB
system. At low energies, however, Coulomb losses can inhibit
particle acceleration at its early stage and lead to notable spectral
features, even for protons.

with

Ėcoul = −bcoul = −55.725cσTh NH me c2 .

(37)

(34)

with

mπ
(35)
mp
valid above the threshold for pion production at Ethr
0.28 GeV. The cross section for nucleon–nucleon collision is
σpp = 3 × 10−26 cm2 , and the factor 1.3 takes into account
the element abundance ratio between H and He (9:1) assumed
throughout this work.
Adiabatic cooling. For all grid cells outside the shock front
with ∇ · v > 0 we include the adiabatic cooling term
bpp = 1.3 × 3cNH σpp

∂N(E)
∂
N
+
[ĖN(E)] +
= Q0 δ(E − E0 ),
∂t
∂E
τ

(39)

where the inhomogeneity on the right-hand side can be treated
as a simple boundary condition at the lowest energy bin of the
spectrum where N (E0 ) ≡ Q0 /Ė(E0 ).
Equation (39) is solved at each step after the application of
the HD solver. It usually uses the same time step as the HD part
of the solver, but it also does subcycling in the case where Ė is
very large and thus the convection velocity in momentum space
becomes too large (i.e., the distribution is shifted by more than
one energy bin). This is most relevant when electrons leave the
shock; ĖDSA becomes zero, and the remaining losses are very
high. However, we ﬁnd that subcycling is rarely needed as the

E
∇ · v.
(36)
3
The term becomes obsolete for ∇ · v < 0 as it would then yield
additional acceleration that is already physically taken care of
by the DSA term.
Ėadiab =

6
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Figure 1(a) shows the density structure obtained for the
parameters given above. Without orbital motion the simulation
converges quickly to the depicted state. Number densities of
wind particles as high as ∼1014 m−3 are reached at the apex of
the WCR. The WR star’s higher mass loss rate and higher wind
momentum compared to its companion lead to a signiﬁcant
curvature of the WCR. Also note that the WCR is generally
more dense on the side facing the WR star.
Figure 1(b) shows the system’s temperature distribution. As
mentioned above, the wind is kept at a constant temperature
of 104 K outside the WR. It then heats up rapidly, reaching
temperatures >108 K at the apex. Figure 1(b) suggests that
temperature structure can be used as a tracer for the location of
the shock fronts on the edge of the WCR.
Absolute wind velocity is shown in Figure 1(a). The plot
reveals how winds are slowed down to zero at the apex of WCR
and then accelerate farther downstream. Note that the regions
where the wind of the B star reaches velocities exceeding its
terminal velocity of 4000 km s−1 can be explained by the
combined radiative acceleration effect of both stars. It does
not have any direct effect on WCR velocities as radiative
acceleration is turned off for temperatures above 106 K because
line driving does not affect a fully ionized plasma. However, the
higher preshock velocities inﬂuence the postshock velocities,
which are highest at the wings (the outer part of the arms of the
WCR) facing the B star’s wind.
Figure 1(d) shows the shock velocity, which is the component
of the wind velocity perpendicular to the shock. As it is
undeﬁned outside the shock, it also traces the acceleration
region determined as outlined above. This is where DSA
generates a population of relativistic particles that are then
injected into the WCR, where they advect downstream and lose
energy.

Table 1
Stellar and Stellar Wind Parameters of a Typical Binary System
Star
B
WR

M∗
R∗
(M ) (R )
30
30

20
10

T∗
(K)

Ṁ
v∞
(M yr−1 ) (km s−1 )

L∗
(L )

23000
105
40000 2.3 × 105

10−6
10−5

4000
4000

α
(-)

k
(-)

β
(-)

0.643 0.5 0.83
0.678 0.7 0.83

Notes. The given CAK parameters α and k yield a stellar wind characterized by
Ṁ and v∞ and a β-function-type velocity law with the given β.

HD time step is small enough. For the example we discuss in
Section 4, the applied HD time step is typically of the order of
∼100 s. For the chosen stellar and stellar wind parameters, the
spectra in the shock at the apex of WCR typically need ∼105 s
to build up until they reach convergence. If the acceleration is
switched off and just the loss terms remain, the width of the
bins at high energies is (due to the logarithmic scaling) still
large enough to prevent the shift from being larger than one
bin per time step. Even if it were otherwise, the implicit solver
would yield a sufﬁciently accurate result.
The term N/τ in Equation (39) is considered for acceleration
cells only. As these are treated similar to a leaky box where
spatial convection from one cell to the other has been turned off,
additional care must be taken concerning the transport from one
acceleration cell to the next in the direction of the inner WCR.
We deal with this problem by assuming that those particles
vanishing from a single acceleration cell due to the diffusion
term N/τ are not lost from the system but enter the next cell
downstream of the shock. Further along, convection quickly
becomes the dominant process for particle transport.
For acceleration cells the index of the resulting spectrum
is highly dependent on the compression ratio of the wind.
It can be easily shown that Equation (39) (for Ė = ĖDSA
and the deﬁnitions above) has a solution N (E) ∼ E −p with
p = (cr + 2)/(cr − 1). For a typical strong shock of cr = 4 we
obtain p = 2. If there is no compression at all and cr = 1 (no
shock), the index approaches inﬁnity as the spectrum disappears.

4.2. Consistency Checks
Before applying the numerical solver for the transport equation to our HD simulations, we demonstrate consistency with
previous studies: our treatment of the acceleration cells (see
Section 3.1) can be directly compared with the treatment of the
acceleration region in Reimer et al. (2006). For similar conditions with respect to shock velocity, density, and magnetic
and radiation ﬁelds, our code reproduces spectra as shown in
Figure 2.
One can identify the inﬂuence of various energy loss mechanisms. As the density of the wind plasma decreases steadily
from case 1 to case 5, the effects of Coulomb losses (visible for
E < 10 MeV) decrease accordingly (for electrons and protons).
For electrons, the cutoff of the spectra at higher energies is either caused by synchrotron losses (cases 2 and 3), by IC losses
(cases 1 and 2), or by the diffusion approaching the Bohm limit
(cases 4 and 5). The gentle slope visible for case 2 results from
the curious condition that the IC loss rate almost reaches the acceleration rate at around 1 GeV but fails to overcome it because
of the Klein–Nishina effect. The ﬁnal cutoff at higher energies
is due to synchrotron losses. For protons the energy losses from
nucleon–nucleon interaction and Coulomb losses do not sufﬁce
to overcome the acceleration. All the cutoffs are caused by the
Bohm limit.
We ﬁnd quantitative agreement between our results and those
of (Reimer et al. 2006; i.e., Figures 3 and 7). Minor differences
of slope and cutoff shape in cases 1 and 2 can be understood by
our usage of the full Klein–Nishina cross section.

4. RESULTS
4.1. Models Investigated
Now, we want to illustrate the capability of our code and show
ﬁrst results on how the distribution functions of high-energy
electrons and protons evolve during a CWB’s orbit. To allow for
direct comparison and consistency checks, we choose a system
identical to the one used in the parameter studies in Reimer et al.
(2006). Table 1 lists stellar and stellar wind parameters of the
studied CWB with a B star and a WR star.
The parameter η, which approximately marks the relative
position of the WCR in between the two stars, is determined by
η=

Ṁ1 v∞,1
,
Ṁ2 v∞,2

(40)

where the indices are assigned to the stars such that η < 1. The
relative distance of the WCR to the stars is approximately given
by
√
η
1
x1 =
and x2 =
(41)
√
√ .
1+ η
1+ η
For OB–WR systems, the WCR is generally much closer to
the OB star. This is the case for the system we discuss here,
which has η = 0.1.
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(a)

(b)

log( E in MeV)

log( E in MeV )

compression ratio

VShock in km s−1

Figure 2. (a) Differential number density of electrons for an acceleration cell after convergence. The ﬁve depicted cases (1, solid line; 2, dotted line; 3, dashed line; 4,
dash-dotted line; and 5, double-dot-dashed line) represent different values of stellar separation D ≈ 720, 1440, 2880, 7190, and 14,380 R , magnetic ﬁeld B ≈ 1.3,
0.5, 0.3, 0.1, and 0.05 G, number density of the wind plasma NH ≈ (21, 5.2, 1.3, 0.2, and 0.05) ×1013 m−3 , and shock velocity Vs ≈ 1768, 1884, 1942, 1977, and
1988 km s−1 . (b) The same for protons.

(b)

(a)

distance to apex in R

Q0 in cm−3

Emax in GeV

distance to apex in R

(c)

(d)

distance to apex in R

distance to apex in R

Figure 3. Important properties of the acceleration region along the shock as a function of the distance from the apex of the WCR: (a) shock velocity, (b) compression
ratio (black), (c) electron injection rate, and (d) maximum energy of electrons and protons. The solid lines represent the shock front facing the WR wind; the dotted
lines represent the shock facing the B wind. Concerning (c), the proton injection rate is the same as for electrons multiplied by (ηp /ηe (1 + IHe ζHe )) ≈ 100. In (d), the
maximum energies are shown for protons (red) and electrons (black).
(A color version of this ﬁgure is available in the online journal.)

HD variables. The magnetic and the radiation energy density
are derived as outlined in Section 3.3. At this point, we are still
neglecting the effects of orbital motion.
We explore the varying conditions along the shock front
that determine how many particles are accelerated and how

4.3. Properties of Accelerating Cells
The same procedure as described above is now performed for
all acceleration cells in our numerical grid. Shock velocity and
number density of the plasma are directly determined from the
8

60

Article C

The Astrophysical Journal, 782:96 (14pp), 2014 February 20

Reitberger et al.

high their energies are. Figure 3 shows various properties
that are signiﬁcant for the acceleration process as they vary
with growing distance from the apex along the thin surface
of acceleration cells. A notable difference between the shock
front facing the B star (in black) and the one facing the WR
star (in red) becomes apparent. We will discuss each side
in turn.
The WR side of the shock. Looking at the values for the shock
velocity VShock in Figure 3(a), we see a slow and steady decrease
with the distance from the apex. This decrease is caused by the
shape of the WCR. As it curves around the B star, the velocity
component along the shock decreases (even if the absolute wind
velocities still increases). For distances from the apex greater
than ∼1200 R the curvature of the shock is less pronounced.
Thus, the shock velocity decreases more slowly until it reaches
zero at inﬁnity.
Figure 3(b) shows the compression ratio cr . As expected for
a strong shock, it remains fairly constant, ranging from 3.8 to
4. For compression ratios sufﬁciently above 1, the DSA rate
2
(ĖDSA ∼ ((cr − 1)/cr )VShock
) mainly resembles the behavior
of the shock velocity. The maximum is located at the apex.
Acceleration then continuously decreases until far out in the
wings.
As the injection rate of new particles is assumed to be
proportional to the density in the acceleration cells, it decreases
quickly with growing distance from the apex. This is shown in
Figure 3(c).
The maximum energy attained by the electrons depends on
the various loss terms. IC scattering on photons in the radiation
ﬁeld of the B star is the dominant loss mechanism, but it quickly
loses relevance farther away from the star. As the losses decrease
faster than the DSA rate, Figure 3(d) shows increasing maximum
electron energies for increasing distances from the apex. This
trend is broken at ∼800 R when the electrons reach the Bohm
limit and thus cannot be accelerated any further. The slight
decrease in maximum energy for even larger distances is due to
the limit’s proportionality to the magnetic ﬁeld, which decreases
farther out. Also shown (in red) is the maximum energy of the
protons, which do not suffer any signiﬁcant losses and attain
their maximum energies close to the apex.
The B side of the shock. As the curvature of the WCR is larger
toward the B star’s wind close to the star, the shock velocity
drops more quickly than on the WR side. Also, it is considerably
smaller at the apex due to the lower terminal velocity of the B
star’s wind. As the shock front ﬂattens out earlier than on the
WR side, a lower rate of decrease in VShock is reached already
at ∼800 R .
Again, the compression ratio remains fairly constant, ranging
from 3.4 to 4.2. Minor ﬂuctuations are expected to disappear
with more sophisticated methods to determine the postshock
mass density and higher spatial resolutions. In general, the
low level of variation in the compression ratio along both
shock fronts serves as conﬁrmation that the generic assumption
of ﬁxing cr to 4 is warranted for the kind of CWB system
investigated.
Figure 3(c) shows that the injection rate for the B side of the
shock close to the apex is even larger than for the shock toward
the high-mass-loss WR wind. This is due to higher densities of
the B wind in the proximity of the star. However, the steeper
decrease in density soon overcomes the initially higher value.
Farther out, the injection ratio in the shock toward the B wind
is up to an order of magnitude lower compared to the WR side
of the shock.

Figure 3(d) reveals that the lower acceleration rate (due to
lower VShock and cr ) and higher loss rates (due to the proximity
of the B star) prevent the electrons on the B side of the shock
from reaching energies up to the Bohm limit until far out in
the wings. The protons are again not affected by any signiﬁcant
losses.
4.4. Simulation Results on Particle Spectra
Having discussed the varying conditions along the shock,
we now explore the resulting distribution functions of highenergy particles throughout the computational domain. We show
particle distribution functions in the orbital plane for various
energies as well as spectra for several selected positions.
4.4.1. Electrons

The electron distribution function for six different energies
from 1 MeV to 1 TeV in the orbital plane is shown in Figure 4.
As expected, number densities drop quickly toward higher
energies. It is interesting to observe that the highest energies are
to be found in the wings of the WCR, close to the shock toward
the WR star. This can be understood by considering that this is
a region where radiative losses are low and the shock is strong,
as the component of the wind velocity perpendicular to the WR
side of the shock is still signiﬁcant. Note that electrons at 10 GeV
and higher can no longer penetrate into the center regions of the
WCR because of severe radiation losses. They are conﬁned to the
proximity of the shock fronts. This behavior closely resembles
the schematic diagrams of the relativistic electron distribution
in Pittard et al. (2006).
To allow a deeper understanding of the electron distribution
function, Figure 5 shows a selection of spectra for different
positions. Figure 5(a) shows spectra along the apex of the WCR
along the x axis from right to left. The spectra at the shock
fronts (solid and double-dot-dashed lines) are marked in red.
As was shown above, the compression ratio at the WR side of
the shock is close to 4, which yields a power-law index of −2.
Therefore, in E 2 N scaling, we obtain a nearly ﬂat spectrum
with a cutoff where IC and synchrotron losses overcome the
acceleration (red solid line). Moving farther into the WCR
along the line connecting both stars, we ﬁnd higher electron
densities than at the shock (black dashed line). This is caused
by a pileup of particles in the area behind the shock front that
occurs because of very low ﬂuid velocities in this region. As
the spatial convection ﬂux increases with number density, the
cells behind the shock reach equilibrium between incoming and
outgoing particles only at a certain number density, which is
generally higher than in the shock itself. Closer to the center
of the WCR (black dotted line), losses from cooling (which are
larger at higher energies) become important. The spectra now
show two components, the one stemming from the B side of
the shock with energies up to ∼1 GeV and the other stemming
from the WR side with energies up to ∼10 GeV. Still closer to
the B shock (black dash-dotted line), the latter component is
further subdued as cooling and advection in both downstream
directions remove more and more particles stemming from the
WR side of the shock. At the B shock (red double-dot-dashed
line), a lower compression ratio (cr ∼ 3.8) yields a slightly
softer spectral index of ∼2.1. Radiative losses cause the change
of slope and the eventual cutoff that is at a lower energy than on
the other side of the WCR because of the increased proximity
of the B star.
Figure 5(b) shows spectra for several regions along the WR
side of the shock front. In contrast to the spectra along the apex,
9
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Figure 4. Differential number density of electrons (in MeV−1 m−3 ) as a function of kinetic particle energy. The color maps show the x–y plane of a 256 × 256 × 64
simulation at z = 0.
(A color version of this ﬁgure is available in the online journal.)

(a)

(b)

log( E in MeV)

log( E 2 N in MeV cm−3 )

log( E 2 N in MeV cm−3 )

log( E in MeV)

(c)

(d)

log( E in MeV)

log( E in MeV)

Figure 5. Electron spectra for various positions within the WCR. (a) Spectra along the connecting line of the stars, where distance from the shock front facing the WR
wind (solid line) is ∼60 (dashed line), ∼110 (dotted line), ∼160 (dash-dotted line), and ∼190 R (double-dot-dashed line). Spectra within the acceleration region are
in red. Regions (b) along the WR shock, (c) along the B shock, and (d) along the center of the WCR. Here the distance to the corresponding region at the apex (solid
line) is ∼500 (dashed line), ∼1000 (dotted line), ∼1500 (dash-dotted line), and ∼2000 R (double-dot-dashed line).
(A color version of this ﬁgure is available in the online journal.)
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the potential to signiﬁcantly alter the distribution of high-energy
particles. As was described in Section 2.4, our code is capable
of moving the stars on a Keplerian orbit. In the present study,
we merely investigate the circular case. By including orbital
motion in our simulation and letting the system evolve for ∼1.3
orbital periods, we obtain results as in Figure 8. For the given
stellar masses and their distance, a Keplerian orbit has a period
of ∼820 days. The orbital velocity of the stars is ∼45 km s−1 ,
which is two orders of magnitude below the terminal velocity
of the winds.
With orbital motion, the two arms of the WCR develop
considerable differences. The effect becomes most notable at
10 GeV, where we see a contrast in differential number densities
of about two orders of magnitude between the leading and
trailing arm on the B side of the WCR for electrons. This is due
to the early cutoff of the trailing arm, which has an energy of
∼10 GeV. Only in the leading arm are energies above 100 GeV
reached for the electrons along the shock toward the B star.
For the WR side of the shock, maximum electron energies are
reached in the trailing arm.
These differences stem for the greatest part from the deformation of the WCR due to orbital motion. It is no longer symmetric
with respect to the apex. Figure 9(a) illustrates the effect of these
geometrical differences. The fraction of shock velocity versus
absolute wind velocity is shown as a fraction of the distance
from the apex along the shock front on the B side of the shock.
The wind velocity component perpendicular to the shock is signiﬁcantly larger along the forward arm. The ensuing difference
in shock velocity has a signiﬁcant impact as the acceleration rate
2
is proportional to VShock
. Figure 9(b) shows the electron spectra
for two characteristic positions in the forward arm and in the
trailing arm of the WCR close to the shock toward the B star.
The lower shock velocity in the case of the latter causes a cutoff
due to IC losses at ∼10 GeV. In the case of the forward arm,
the acceleration is able to compete with the losses up to higher
energies.
Comparatively larger effects are expected for elliptical orbits
in which changing stellar separation causes more severe contrasts in a large number of relevant properties, such as plasma
density, radiation energy density, shock velocity, etc. In this
work, we do not yet explore the effects of varying stellar separation. However, the signiﬁcant differences between the forward
and trailing arm clearly indicate that orbital motion can have a
strong inﬂuence in a model of the WCR and the particle transport
within.

it shows dramatic changes in maximum energy as loss rates
decrease signiﬁcantly with growing distance. Whereas it is still
the IC losses that produce the cutoff close to the apex (solid and
dashed lines), the highest energies of the spectra farther out are
determined by the Bohm limit. However, the inﬂuence of the
radiative losses can still be seen in the change of slope (dashdotted and double-dot-dashed lines), very similar to the cases
discussed in Section 4.2. A varying compression ratio leads to
slight variations of the spectral index. Note that none of the
spectra reach energies >1 TeV.
The spectra corresponding to the B side of the shock are
shown in Figure 5(c). We again see the expected increase
in maximum energy as one moves toward the wings of the
WCR. As radiative losses have a stronger impact on the B
side of the shock, the Bohm limit is not reached except for a
distance of ∼2000 R from the apex. Additional features relate
to slight variations in the compression ratio and to the decreasing
injection rates as the wind plasma density decreases outward.
Finally, Figure 5(d) explores the spectra along the line that
is equidistant to the two shock fronts. It shows a mixture
of previously noticed effects. The absence of electrons above
∼1 GeV is because particles at those energies are produced at
the shock front only at considerable distance from the apex.
They do not have sufﬁcient time to propagate into the center of
the WCR before leaving the simulated region. Thus, the majority
of the particles in this center region stem from close to the apex
of the WCR.
4.4.2. Protons

Figures 6 and 7 are analogous to Figures 4 and 5 for the
case of protons. Radiative losses are hardly signiﬁcant, and
thus the number density of protons depends mostly on the
injection rate (which is proportional to the local wind plasma
density), rather than on the distance to the stars. As radiative
losses are of lesser importance, protons can reach energies of
several TeV. Figure 6 illustrates that in contrast to electrons,
the highest-energy protons are found near the shock toward
the B star where a stronger magnetic ﬁeld strength shifts the
Bohm cutoff toward higher energies. Further details can be seen
from the spectra in Figures 7(a)–(d). Along the apex, we see
again a pileup behind the shock, as an equilibrium between
the particle transport downstream by spatial convection and the
ﬂow of new particles from the shock by the diffusion term is not
reached until high number densities are attained. Farther away
from the WR shock toward the center of the WCR, particles
are increasingly transported downstream. The inﬂuence of the
second shock front toward the B star emerges as the spectral
index changes accordingly. There, a lower compression ratio
yields a softer spectrum.
Comparing spectra along the both shock fronts (Figures 7(b)
and (c)), one can see various effects: the softening of the spectra
with decreasing compression ratio, the decrease of the injection
rate with decreasing mass density of the wind, and the slight
decrease of the Bohm limit with increasing distance from the
apex. The latter explains why protons above 1 TeV are found
near the center but not in the wings of the WCR facing the WR
star. Finally, Figure 7(d) shows spectra along the center of the
WCR, which again are determined by the particle densities close
to the apex.

5. DISCUSSION
We have demonstrated the feasibility of numerically solving
the time-dependent transport equation of high-energy particles
within a 3D hydrodynamic model of the stellar winds and
their collision region for a massive star binary system. This
approach provides a more realistic description of the energetic
particle spectra compared to analytical models with inherent
simpliﬁcations regarding the complex structure of the WCR
and the dynamics of the wind interaction.
For a typical CWB system of a WR and a B star where
the WCR is much closer to the latter (e.g., η = 0.1), we
simulated the radiatively driven wind plasma and its collision
region. On the basis of the HD description of the wind and
the geometry of the WCR and following the propagation of
accelerating electrons and protons in the relativistic domain, we
derived relevant quantities related to particle acceleration such
as shock velocity, compression ratio, maximum possible particle

4.5. Effects of Orbital Motion
In addition to the previous ﬁndings discussed above, our
simulations show that the orbital motion of a binary system has
11
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Figure 6. Same as Figure 4 for the case of protons.
(A color version of this ﬁgure is available in the online journal.)
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Figure 7. Proton spectra for various positions within the WCR. (a) Spectra along the connecting line of the stars, where distance from the shock front facing the WR
wind (solid line) is ∼60 (dashed line), ∼110 (dotted line), ∼160 (dash-dotted line), and ∼190 R (double-dot-dashed line). Spectra within the acceleration region are
in red. Regions (b) along the WR shock, (c) along the B shock, and (d) along the center of the WCR. Here the distance to the corresponding region at the apex (solid
line) is ∼500 (dashed line), ∼1000 (dotted line), ∼1500 (dash-dotted line), and ∼2000 R (double-dot-dashed line).
(A color version of this ﬁgure is available in the online journal.)
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Figure 8. Same as Figure 4, but with orbital motion. The stars move counterclockwise on a circular orbit.
(A color version of this ﬁgure is available in the online journal.)
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Figure 9. (a) Ratio of the shock normal velocity to overall wind velocity as a function of distance from the apex along the B side of the WCR shock front. Negative
distance traverses the shock along the forward arm, and positive distance traverses the shock along the trailing arm of the WCR. (b) Electron spectra for two
characteristic positions in the forward arm (black solid line) and in the trailing arm (red dashed line) of the WCR close to the shock toward the B star.
(A color version of this ﬁgure is available in the online journal.)

injection rate, and maximum attainable energies along the two
shock fronts. All of these exemplify notable differences between
the B side and WR side of the shock and also between the inner
(apex) and outer part (wings) of the WCR. The geometrical
structure of the WCR critically inﬂuences the shock velocity
and, consequently, the maximum energy of electrons accelerated
in the shock. Varying wind densities along the shocks affect the
highest possible rate of particles injected at the shock. We ﬁnd
a decrease in the shock velocity with growing distance from
the apex that differs corresponding to the dissimilar curvature
and wind velocities at both sides of the WCR. By determining
the compression ratio at the shock fronts directly from the mass
densities provided by the HD simulation, we obtain values of
∼4. This corresponds well to the generic assumption of cr = 4
for strong shocks. Particle injection rates are largest close to the
apex toward the B star because of its proximity. Farther away

from the apex, the denser WR wind produces a higher possible
injection rate.
By solving a transport equation within the entire computational domain, we obtained spectra of high-energy particles
throughout the WCR. For electrons, we have shown that maximum energies are attained in the wings of the WCR where
losses by IC scattering and synchrotron emission are signiﬁcantly lower than at the apex because of the distance from the
stars. Typically, spectra with indices between 1.9 and 2.2 are
obtained. Since protons are less affected by energy loss mechanisms, their spectra show a cutoff determined by the Bohm limit.
Varying indices and injection rates similarly relate to the wind
properties and the geometry of the WCR. By studying spectra of
high-energy particles in between the two shock fronts, we also
provided insight into the evolution of particles after they leave
the shock front on their journey downstream along the WCR.
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high-energy transport on the basis of 3D hydrodynamic models
of CWBs.

In addition, we demonstrated the importance of orbital
motion, which has considerable impact on the high-energy
particle spectra. Even slight changes in the geometry of the
WCR can cause contrasts in the number density of particles and
critically inﬂuence their maximum energies.
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6. OUTLOOK
On the basis of the approach we presented, several applications and future developments become feasible. Concerning
CWBs, the next consequent step is to derive the photon emission
along given lines of sight on the basis of our electron and nucleon
spectra. The calculation of (anisotropic) IC, bremsstrahlung, and
neutral π-decay components of the total nonthermal photon ﬂux
can be done directly from the simulated particle population and
will be presented in a subsequent paper. In addition, we will
study the integrated ﬂux value as a function of the stellar separation along the orbital period and as a function of time. The
application of this code to speciﬁc binary systems (e.g., WR
140) that remain undetected at γ -ray energies can provide limits on the fraction of injected electrons (which is an important
free parameter in respective models). Dependencies of the γ -ray
emission on other parameters, such as the magnetic ﬁeld, can
also be studied in detail. Future developments of the presented
code include the consideration of additional physical processes,
e.g., γ –γ absorption close to the WCR. The transition from a
HD to an MHD description of the wind plasma holds promise
for providing a self-consistent magnetic ﬁeld model at the WCR
that only depends on the magnetic ﬁeld models of the stars.
The consideration of an increasing variety of aspects might
eventually provide an explanation of why all CWBs except η
Carinae have remained undetected at high-energy γ -rays so
far. One critical factor that is now accessible to simulations
is the dependence of particle evolution on the dynamics of
the WCR, as it dramatically changes during the orbital period
of high-eccentricity binary systems. Close to the periastron
passage, especially strong cooling and strong velocity gradients
produce very unstable conditions (see, e.g., Parkin et al. 2011;
Madura et al. 2013) that could have a strong inﬂuence on
the resulting particle distributions and nonthermal emission
processes. This will be studied by a dedicated description of
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ABSTRACT
Massive stars in binary systems have long been regarded as potential sources of high-energy γ rays.
The emission is principally thought to arise in the region where the stellar winds collide and accelerate
relativistic particles which subsequently emit γ rays. On the basis of a three-dimensional distribution
function of high-energy particles in the wind collision region – as obtained by a numerical hydrodynamics
& particle transport model – we present the computation of the three-dimensional nonthermal photon
emission for a given line of sight. Anisotropic inverse Compton emission is modelled using the target
radiation field of both stars. Photons from relativistic bremsstrahlung and neutral pion decay are computed
on the basis of local wind plasma densities. We also consider photon photon opacity effects due to the
dense radiation fields of the stars. Results are shown for different stellar separations of a given binary
system comprising of a B star and a Wolf–Rayet star. The influence of orbital orientation with respect to
the line of sight is also studied by using different orbital viewing angles. For the chosen electron-proton
injection ratio of 10−2 , we present the ensuing photon emission in terms of two-dimensional projections
maps, spectral energy distributions and integrated photon flux values in various energy bands. Here,
we find a transition from hadron-dominated to lepton-dominated high-energy emission with increasing
stellar separations. In addition, we confirm findings from previous analytic modeling that the spectral
energy distribution varies significantly with orbital orientation.
Subject headings: acceleration of particles – binaries: general – gamma rays: stars – hydrodynamics – stars: winds,
outflows

1.

INTRODUCTION

2006).
The observational evidence concerning nonthermal photon emission from these particle-accelerating
colliding-wind binaries (CBWs) was recently summarized by De Becker & Raucq (2013) who provide a
unified census of these systems. Their list of 43 confirmed or suspected binary systems together with their
properties helps to pinpoint some important discrepancies between observations and model predictions, such
as Fermi-LAT limits on the gamma-ray flux towards
WR 140 or WR 147 (see also Werner et al. 2013),
contrasted by the enigmatic properties of the η Carinae binary system. The latter shows a comparably
strong high-energy γ-ray signal that has been found to

The idea that binary systems of massive stars without compact objects provide suitable environments for
efficient particle acceleration and subsequent nonthermal emission has been thoroughly discussed in literature (e.g., Pollock 1987; White & Chen 1994). Electrons and protons are thought to be accelerated at the
shock fronts tracing the region where the stellar winds
collide with supersonic velocities. Analytical models
have predicted that the ensuing population of highenergy particles is liable to yield considerable emission of nonthermal radio waves, hard X rays and γ rays
via various emission channels (see e.g.; Eichler &
Usov 1993; Benaglia & Romero 2003; Reimer et al.
1

69

accepted for publication in ApJ

exhibit variability on orbital time scales and a peculiar two-component spectrum (see Fermi Large Area
Telescope observation in Reitberger et al. 2012).
A better understanding of CWB systems can be
obtained by dedicated hydrodynamical (HD) simulations. Studies such as presented in Pittard (2009) have
explored the highly dynamical nature of the WCR
and its strong dependence on stellar and orbital parameters. The complex density, velocity and temperature structure of the colliding winds have further
been used to model the thermal radio and X-ray emission in such systems (Pittard 2010; Pittard & Parkin
2010). Using magnetohydrodynamic (MHD) simulations Falceta-Gonçalves & Abraham (2012) have recently explored the important role of the magnetic field
in the wind collision region (WCR) of these systems
and its impact on nonthermal radio emission. Focusing
on the properties of a specific binary system, Madura
et al. (2013) used three-dimensional (3D) smoothed
particle hydrodynamics (SPH) to investigate the turbulent WCR structure in η Carinae.
The present study provides simulations of highenergy nonthermal photon emission of CWBs, based
on 3D distributions of high-energy particles. The latter
has been obtained by combining a 3D HD description
of the WCR with the solution of the transport equation
of high-energy particles.
In Reitberger et al. (2014) (paper I) we presented
a method to numerically compute the spectral energy
distribution (SED) of charged particles within a numerical HD model of the WCR in a binary system of
two massive stars. By solving the transport equation
including spatial convection, diffusion, diffusive shock
acceleration (DSA) and various cooling processes for
electrons and protons at every grid point and time step
of the HD simulation, we derived the time-dependent
3D spatial distribution of particles at different energies.
In this work, we present the resulting nonthermal
photon emission along a given line of sight on the basis of the previously derived electron and proton spectra. The interactions of high-energy particles with the
stellar radiation fields and the dense wind material in
the WCR give rise to several mechanisms of photon
emission, including anisotropic inverse Compton (IC)
scattering, relativistic bremsstrahlung and neutral pion
decay. We compute the emission throughout the chosen computational domain and present results in terms
of two-dimensional (2D) projection maps, spectral energy distributions and total integrated photon flux values.

As not unexpected, the emission is very sensible to
the conditions in the WCR, the position of the stars and
orbital orientation. We present a case study of three
binary systems differing in stellar separation. Nonthermal high-energy photon emission is computed for
these systems with respect to different lines of sight.
In Section 2 we provide a detailed description of
our calculation of various emission processes, as well
as the application of photon photon opacity effects. We
investigate the ensuing photon emission in Section 3,
first for two stationary stars, then including orbital motion. Sections 4 and 5 provide a summary of our findings as well as an outlook on future developments.
2.

NON-THERMAL HIGH-ENERGY PHOTON
EMISSION

In order to estimate the nonthermal high-energy
photon emission of a CWB system, we consider the
three principal continuum emission processes for energies E &10 MeV. These are IC scattering of the photons in the dense stellar radiation field to high energies,
relativistic bremsstrahlung by the interaction of the energetic electrons with the ions in the wind, and the decay of neutral pions that are produced in hadronic nucleon nucleon collisions.
The computation of all three processes is based on
a 3D distribution of high-energy electrons (IC scattering, bremsstrahlung) and protons (neutral pion decay)
which we obtain by the method described in paper I.
There, all relevant details concerning the hydrodynamics, the transport equation and the numerical implementation are provided.
In principle, the distribution of high-energy electrons can also be used to compute nonthermal lowenergy emission such as synchrotron emission. This
is highly relevant in modeling specific binary systems,
where such observations of a nonthermal signal at radio wavelengths exists (see e.g; Williams et al. 1994,
for the case of WR140). A comparison of measured
and modelled synchrotron emission yields constraints
concerning the magnetic field in conjunction with the
electron injection fraction in the WCR and hence the
level of IC emission. As it is not the aim of the present
study to investigate a specific binary system with fixed
astronomical properties, we restrict ourselves to the
high-energy part of the nonthermal emission spectrum
considering the three emission channels as detailed below.

2

70

Article D

1. Anisotropic IC scattering of high-energy electrons on the photons in the radiation field of both
stars: This process depends on the local energy
density of radiation, the spatial and energetic
distribution of electrons and the scattering angle, being the angle between the line of sight to
the observer and the direction of the incoming
stellar photons. The stars are approximated as
monochromatic point sources. The high-energy
electrons are considered to have an isotropic distribution function.

in the CWB system. Details are given in Section 2.4.
Other possible absorption effects (e.g., via interaction
with the ISM) are, presently, not considered since they
also depend on the specific system.
In the following, we give a detailed account of how
we calculate the individual emission components and
derive their 2D projections, SEDs and integrated flux
values.
2.1.

Inverse Compton Scattering

The computation of the emission by IC scattering
requires information on the high-energy electrons, as
well as on the radiation fields involved in the scattering
process. For consistency with paper I, we use the approximation of monochromatic radiation from pointlike stars. The differential target photon field of star j
can then be expressed as

2. Relativistic bremsstrahlung of high-energy electrons passing through the wind plasma. This
process depends on the number density of the
wind plasma and the spatial and energetic distribution of high-energy electrons. We assume a
typical interstellar medium (ISM) metallicity of
90% H, 10% He.

dnph, j
(r, Eph , µ) = n0, j (r)δ(Eph − ET, j )δ(µ − µsc, j ) (1)
dEph

3. The decay of neutral pions produced in collisions of high-energy protons with nucleons of
the wind plasma. This process depends on the
number density of the wind plasma and the spatial and energetic distribution of high-energy
protons.

where ET, j = 2.7kB T ∗, j is the energy of a single photon
from star j with surface temperature T ∗, j . The cosine
of the scattering angle µsc = cos θsc is determined via
the inner product of the unit vectors pointing from the
position of the cell at r toward the observer and toward
star j. n0, j (r) is the local photon number density at the
position of the cell r given by

We compute the above nonthermal emission components for each numerical grid cell of the computational domain. For the calculation of IC scattering, additional information about the orientation of the system with respect to the observer (in terms of inclination i and argument of periastron of the binary system
Φ) must be provided. Bremsstrahlung and neutral pion
decay give isotropically distributed radiation.
In a second step we use the resulting 3D distribution
of nonthermal photon emission per energy and volume
and the information of direction and distance to the
observer, in order to compute

n0, j (r) =

uph, j
L∗, j
=
ET, j
4πr2j cET, j

(2)

with r j the distance to the star and L∗, j its stellar luminosity.
The local differential number density of the scattering electrons is directly obtained from the output of
the simulations described in paper I. Differential number densities of target photons and high-energy electrons enter into the expression for the IC photon prodṅ j (r,Eγ )
duction rate dE
at energy Eγ . The complete forγ
mula in the context of CWB systems for the case of an
isotropic particle distribution is given by Reimer et al.
(2006). It involves integration over all target photon
energies, all target photon incoming directions µ and
all electron energies. By applying the approximations
of monochromacity and pointlike stars, only the integral over the energy of the electrons remains. Specific
care has to be taken in determining the lower integration limit which marks the lowest energy at which electrons are liable to scatter photons to an energy Eγ with

1. 2D projection maps of the nonthermal emission
for a given energy interval and line of sight,
2. the SED of the various nonthermal emission
components integrated over the whole emission
region, and
3. the total integrated flux for various energy
bands.
Additionally, we consider effects of photon photon
opacity due to the dense radiation fields of the stars
3
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regard to the scattering angle µsc, j . The upper limit is
determined by the maximum energy of the electrons.
The integration is performed numerically.
The IC flux from a single cell with volume Vcell
reaching an observer along the line of sight at distance
dl (neglecting absorption effects) then is
2
Vcell X dṅ j (r, Eγ )
dFIC
(r, Eγ ) =
2
dEγ
dEγ
4πdl j=1

hydrodynamic simulations described in paper I. Computing the emission for isotropically distributed electrons ne (Ee ) requires an integration over their energy
spectrum.
dṅγ
=
dEγ

(3)

2.3.

According to Blumenthal & Gould (1970), the
bremsstrahlung spectrum emitted by a single electron
of energy Ee passing through a medium containing
various species of ions with number densities ni is
(4)

φweak

(9)

Neutral Pion Decay

where Kπ is the mean fraction of the kinetic energy
of the protons Ekin that is transferred to the secondary
neutral pions. According to Aharonian & Atoyan
(2000) the parameterization Kπ ≈ 0.17 yields results
of high accuracy in a broad region from GeV to TeV
energies. It can be applied down to the threshold
energy of neutral pion production. The total crosssection σπpp (E p ) is approximated (following Kelner
et al. 2006) as

(5)

for Eγ < Ee

for Eγ & Ee
(6)
We further make the assumption of only dealing with
hydrogen and helium (90% H, 10% He), allowing to
rewrite Equation (4) as
d Ṅγ
dσ
= c(0.9 × 12 + 0.1 × 22 )nH
dEγ
dEγ

dEe

dnπ0
Eπ dn p
Eπ
(Eπ ) = cnH σπpp (m p c2 +
)
(m p c2 +
)
dEπ
Kπ dE p
Kπ
(10)

with
 h  2Ee (Ee −Eγ )  1 i


4h ln Eγ me c2 i − 2 ,
=

4 ln(4Eγ ) − 1 ,
2

Z

In computing the γ-ray emission due to the decay
of neutral pions, we follow Kelner et al. (2006) who
use a δ-functional approximation for the cross-section
σπpp (Eπ , E p ) with E p being the total energy of the incident proton (the other one is assumed to be at rest).
Eπ is the energy of the produced pion. For a distribudn
tion of protons dEpp (E p ) the omnidirectional differential
neutral pion spectrum can then be expressed as

where the sum is over all elements relevant for the scattering process.
dσ s
is greatly simpliThe differential cross-section dE
γ
fied if we assume that all contributing species are fully
ionized. This is approximately true in the high temperature plasma inside the WCR. With this assumption
(the case of “weak shielding”) the differential crosssection can be expressed as
4 2
Ee − 43 Ee Eγ + Eγ2
dσi
(Ee ) = αr02 3
φweak
dEγ
Eγ Ee2

dEe

Vcell dṅγ
dFbrems
=
dEγ
4πdl2 dEγ

Relativistic Bremsstrahlung

X
d Ṅγ
dσi
(Ee ) = c
ni Zi2
(Ee )
dEγ
dE
γ
i

d Ṅγ
dne
(Ee )
= 1.3cnH
dEe
dEγ

dne
dσ
(Ee )
dEe
dEγ
(8)
The integral is solved with the same numerical scheme
as discussed in Section 2.1. To obtain the resulting flux
emitted from a single computational cell at a distance
dL , we multiply by the cell volume Vcell and divide by
the respective spherical distance surface.

where the sum accounts for the contribution of both
stars. The integrated IC flux of the total emission region can be determined by a sum over all grid cells and
an integration over the photon energy Eγ .
2.2.

Z

"   #2
Eth 4
= (34.3+1.88L+0.25L ) 1−
×10−31 m2
Ep
(11)
with L = ln(E p /1TeV) and Eth = m p + 2mπ + m2π /2m p .
Equation (10) allows to directly convert the proton
spectra (obtained as described in paper I) to the redn
sulting pion spectra. Via interpolation, dEππ0 (Eπ ) can
be obtained for any given energy Eπ . The omnidirectional differential photon production rate can then be

σπpp (E p )

(7)

where the number density nH of particles in the wind
plasma is obtained via nH = mρH from the output of the
4
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computed via the integral
dnπ0
Z ∞
dṅ
dE (E π )
dEπ p π
(Eγ ) = 2
m2π c4
dEγ
Eγ + 4Eγ
Eπ2 − m2π c4

where µ j is the angle between the line of sight
(LOS) and the direction toward the star j. The integral
along path ` is solved numerically.
According to Gould & Schréder (1967) the crosssection of the process γ + γ0 → e+ + e− is

(12)

As in case of the bremsstrahlung component, the flux
reaching an observer at a distance dl then is
dFπ0 decay
Vcell dṅ
=
.
dEγ
4πdl2 dEγ
2.4.

σγγ (ET , Eγ , µ) =

(13)
with

Photon-Photon Opacity in the Stellar Radiation Fields

β=

Due to the intense stellar radiation field close to the
stars, the emitted nonthermal photon flux above ∼ 100
GeV may be attenuated significantly via the electron
pair production process
γ + γ 0 → e+ + e− .

(14)

This attenuation can be expressed as


dF
dF
(r, Eγ ) −→
(r, Eγ ) exp − τγγ (r, Eγ ) (15)
dEγ
dEγ

with τγγ being the optical depth due to photon-photon
pair production. For each position within the emission
region, the computation of τγγ requires an integration
along the path ` toward the observer. The optical depth
is proportional to the cross-section σγγ as well as to the
dn
differential photon number density dEphph (Eph , µ j ) of the
stellar radiation field. The general expression can be
written as
Z

d`

Z

dEph

Z

τγγ (r, Eγ ) =
dnph
dµ
(x(`), Eph , µ)σγγ (Eph , Eγ , µ)(1 − µ)
dEph
(16)

where the integrals run along the path `, over the energy of the photons in the stellar radiation fields Eph ,
and over the stellar surface described by the cosine of
the angle between the two interacting photons µ.
Analogous to the computation of the IC emission
in Section 2.1, we assume the stars to be pointlike and
their radiation field to be monochromatic. Thus, the
differential photon number density can be expressed
as in Equation (1) and

d`

stars
X
j

1 − s−1

and

s=

ET Eγ
(1 − µ)
2m2e c4

(19)

The threshold for photon photon absorption is at
ET Eγ ≥ (me c2 )2 (in the most favourable case of
µ = −1). For a star of temperature T = 3 · 104 K,
opacity effects do occur for Eγ & 40 GeV.
In order to test the validity of the monochromatic
approximation, we also computed the absorption assuming a black-body spectrum for both stars. This requires an additional integration over the energies of the
stellar photons. We approximate the spectrum by 20
energy bins (equally spaced on a logarithmic scale) in
the interval from 0.1 to 100 eV and integrate numerically. A comparison between the two cases is given in
Figure 1 where we show the optical depth τ for a single computational cell as a function of Eγ for either the
WR star, the B star or both stars (a), as well as the impact of the opacity effects on the SED emitted by a representative fraction of the computational domain (b).
The monochromatic approximation is found to overestimate the optical depth near its maximum and underestimates it for lower and higher energies. However,
the differences found in the SED are sufficiently small
(see Figure 1 b)) to warrant the use of the monochromatic approximation, keeping in mind that it has significantly lower computational cost, as the black-body
description of the radiation field (with 20 energy bins)
increases the overall computation time by a factor of
20.
3.

RESULTS

In the following, we will investigate three different binary systems with different stellar separations
regarding their wind plasma properties, their distribution of charged particles and their ensuing nonthermal
high-energy emission. The latter is explored using 2D
projection maps, SEDs and integrated flux values for
various energy bands. We also present the results for
an additional case including effects of orbital motion.

τγγ (r, Eγ ) =
Z

√

h
i
1+β
1 2
πr0 (1−β2 ) (3−β4 ) ln
−2β(2−β2 )
2
1−β
(18)

n0, j (x(`))σγγ (Eph , ET, j , µ j (x(`)))(1 − µ j (x(`)))
(17)
5
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Fig. 1.—: a) Optical depth τ from photon photon absorption for a single grid cell as a function of the energy of the
high-energy photon scattering with the mono-chromatic (solid) or black-body type (dashed) radiation field of the B
star (black), the WR star (gray) and both stars (red).
b) Photon spectra emitted by a significant fraction of the computational domain for IC scattering (black) and neutral
pion decay (red) for a viewing angle where opacity effects are maximal (i = 90◦ , Φ = 0◦ ). The spectra have been
computing using mono-chromatic (solid) and black-body type (dashed) radiation fields. Stellar and orbital parameters
are the same as for case C in Section 3.
3.1.

HD Model Parameters

3.2.

To allow for quick comparison, we consider three
binary systems (Wolf–Rayet (WR) + B star) that differ
only in their stellar separation d for which we chose
720 (case A), 1440 (case B) and 2880 (case C) R .
All stellar and stellar wind parameters (listed in Table
1) are the same as in the parameter studies in Reimer
et al. (2006) and in paper I. The important parameter
Ṁ v
η = Ṁ B v∞,B which indicates the point of ram presWR ∞,WR
sure balance between the two stars has a value of 0.1
for the chosen parameters. In a first approach, we neglect orbital motion and study the three systems in a
converged state after all traces of the initial conditions
have vanished. For all three cases we chose the identical computational domain in the shape of a cube with
side length 4000 R . The two stars are located on the x
axis. Figure 2 schematically depicts the computational
domain containing the two stars. It also shows the line
of centers and various arrows indicating the different
viewing angles in respect to which we investigate the
nonthermal high-energy emission of the system.
In Section 3.6 we repeat the analysis of case A, now
including effects of orbital motion. Again, the two
stars are located initially on the x axis and move on
a Keplerian orbit in the x–y plane.

Properties of the Wind Plasma

As expected, the three different stellar separations
show considerable contrasts in terms of properties and
structure of the WCR. In Figure 3 we show density,
absolute velocity and temperature in the x-y plane at
z = 0 for cases A, B, and C.
Shape of WCR The thickness of the WCR at the
apex widens considerably with increasing stellar separation. Along the line of centers, its width is ∼100,
∼170 and ∼310 R for cases A, B, and C, respectively.
Analogously, the distance between the WCR and the
B star (which is generally closer because of η = 0.1)
increases. The star is located ∼140, ∼290 and ∼600 R
from the edge, and ∼190, ∼380 and ∼760 R from the
center of the WCR for cases A, B, and C. Positions and
curvatures of the WCR in all models agree well with
the analytical approximation by Stevens et al. (1992)
in which the distance of the apex√ of the WCR from the
η
B star is determined by dB = 1+ √η d and the curvature
of the downstream WCR is approximated by solving
the differential equation
√

2
ηdWR
+ dB2 y
dy
= √ 2
.
(20)
dx
ηdWR x + dB2 (x − d)
6
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Table 1
Stellar and Stellar Wind Parameters of a Typical Binary System as Considered in this Work
Star

M∗
(M )

R∗
(R )

T∗
(K)

L∗
(L )

Ṁ
(M yr−1 )

v∞
(km s−1 )

B
WR

30
30

20
10

23000
40000

105
2.3 × 105

10−6
10−5

4000
4000

Fig. 2.—: Schematic view of the two stars within the computational domain. The line of centers is represented by
the horizontal dashed orange line. The various viewing angles (lines-of-sight) in respect to which the emission is
computed are indicated as well.

7

75

accepted for publication in ApJ

creasing proximity of the WR star, thus it is greatest
for case A.

The resulting curves are indicated in the second row
of Figure 3. Contrasting the effect of increasing WCR
thickness with increasing stellar separation, the opening angle (or curvature) of the collision region significantly decreases. Among the three systems under investigation, case A has the narrowest WCR at the apex,
but the widest WCR close to the edge of the computational domain.

Other properties The local magnetic field strength
and the energy density of radiation are two important
properties that critically determine the energy distribution of the particles accelerated at the shocks by influencing energy loss by synchrotron emission and IC
cooling. In estimating the magnetic field strength in
dependence of the distance of the stars we rely on the
approximations following Usov & Melrose (1992) (details also in paper I). The respective values at the center
of the WCR for cases A, B and C are ∼0.64 G, ∼0.16
G, and ∼0.04 G.
The energy density of radiation is proportional to the
luminosity of the stars and the inverse square of their
distance. Its values at the center of the WCR are ∼0.77,
∼0.19, and ∼0.05 J m−3 for cases A, B and C, respectively.

Density The maximum number density values within
the WCR are 33.1, 7.6 and 1.8 ×1013 m−3 for cases A,
B, and C. The approximate inverse proportionality to
d2 is understandable from the fact that, for a strong
shock, ρpostshock ∼ 4ρpreshock and ρpreshock = 4πr2Ṁvwind .
The density contrast of the unshocked winds manifests itself in comparable contrasts within the WCR
where the side toward the WR star shows considerable
higher density values of the shocked wind plasma.
Temperature The maximum temperature reached at
the apex of the WCR shows only little variation. It is
2.14, 2.17 and 2.21 ×108 K for cases A, B, and C. In
contrast to that the temperature gradient is far more affected by the change of stellar separation. The closer
the stars, the larger the drop in temperature with increasing distance from the apex of the WCR. The minimum temperature of the shocked wind plasma reached
at the edge of the computational domain varies accordingly, with values of 6.9, 20.9, 61.7 ×106 K for cases
A, B, and C.

3.3.

High-Energy Particles

Along with the hydrodynamic variables of density,
velocity and temperature, we consider 200 advected
scalar fields containing the number densities of highenergy electrons and protons at different energies accelerated at the shock fronts of the WCR. A transport
equation for both electrons and protons in energy space
is solved after every hydrodynamical time step. The
injection rate of electrons and protons at the shock
front is treated proportional to the number density of
particles in the wind. An important free parameter is
the electron-proton injection ratio for which we chose
a typical value of 10−2 (for details, see paper I). Figure
4 depicts the spatial distribution of electrons and protons at two different energies for all three cases A, B,
and C.
At energies of ∼10 MeV, electrons as well as protons reach higher densities for smaller stellar separation. This is due to the proportionality of the electron
and proton injection rate to the wind density. The most
important difference between the three cases lies in the
maximum energy attained by electrons. Whereas electrons of 100 GeV are distributed throughout most of
the WCR for case C, they are confined to large stellar distances for case B or even vanish completely
for case A. This has two reasons. For smaller stellar separations, the winds collide long before reaching their terminal velocity. This produces lower shock
velocities Vshock . As the diffusive shock acceleration

Absolute velocity In all three systems, the wind is
slowed down to near zero velocity at the apex. We observe a considerable difference concerning the size of
the region in which the velocity remains comparatively
low. The distance downstream from the apex at which
the shocked wind plasma is efficiently re-accelerated is
significantly shorter for the case of smallest stellar separation. Another notable difference is the maximum
velocity reached within the computational domain in
the unshocked wind outside the WCR. For case A, the
B wind close to the WCR at the edge of the domain
reaches values up to 5100 km s−1 in contrast to merely
4700 and 4300 km s−1 for case B and C. The reason for
these velocity values which lie all above the B wind’s
terminal velocity of v∞ =4000 km s−1 is the radiative
wind acceleration mechanism which allows additional
acceleration of the unshocked B star’s wind due to the
radiation of the WR star. The effect increases with in8
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Fig. 3.—: HD quantities in the converged state for three different stellar separations. The plots show the x–y plane of
a 512 × 512 × 512 simulation at z=0. The WR star is located on the right-hand side of the WCR, and the B star is on
its left-hand side. The depicted quantities are particle density (first row) in log(m−3 ), temperature in log(K) (second
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Fig. 4.—: Differential number density of electrons (upper two rows) and protons (lower two rows) in MeV−1 m−3 for
different values of kinetic particle energy and different stellar separations. The colour maps show the x–y plane of a
512×512×512 simulation at z=0.
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2
term depends on Vshock
, the maximum attainable energies are significantly reduced for small stellar separations. In addition, close proximity to the stars leads
to much higher energy densities of radiation and magnetic field. Together with higher wind plasma densities in the WCR, this greatly increases IC losses, synchrotron losses and bremsstrahlung losses.
As protons are not affected by these loss terms, energies of ∼100 GeV are reached for all three cases.
However – mainly due to higher downstream velocities – they cannot efficiently propagate into the inner
downstream regions of the WCR for low stellar separations. This leads to a notable drop in number density
of high-energy protons from the shock fronts toward
the inner WCR which is most notable for case A. For
case C, low downstream velocities allow the protons to
fill the WCR homogeneously.

3.4.

of the three discussed binary systems. Here, we start
with the former of those.
3.5.1.

Figure 6 illustrates how the integrated flux above
100 MeV from the individual nonthermal emission channels appears in the face-on configuration
(i =0◦ ,Φ =0◦ ) for an ideal observatory at 1 kpc distance with infinite angular resolution and without absorption in the ISM. Several features noted previously
in Sections 3.2 and 3.3 concerning the wind structure
and the high-energy particle distribution have an impact on the resulting photon emission maps. The dominant emission channel shifts from IC-scattering to
neutral pion decay as the stellar separation decreases.
This is because of the lack of high-energy electrons
when the WCR is close to the stars (case A).
Figures 7 to 9 provide further insight by illustrating
the 2D projection maps of the individual nonthermal
high-energy emission channels for different orientations of the system relative to the observer. The scaling
of the colour bars has been kept identical in order to allow quick comparison. The first and second rows show
a case where the line of centers and the line of sight are
aligned. Note the different sizes of the occultation region due to the stellar disk for i =90◦ ,Φ =0◦ (smaller
WR star in front of B star) and i =90◦ ,Φ =180◦ (larger
B star in front of WR star).
Studying the first and second row clearly reveals
the anisotropic character of the IC-component. Both
orientations look identical (except for the occultation
by the stellar disks) for photons from bremsstrahlung
(Figure 8) and neutral pion decay (Figure 9). This is
rather different for photons from IC-scattering where
the relative angle of stellar positions and line of sight
cause notable contrasts between the two orientations
due to a different scattering angle (see first and second
row in Figure 7).
The general shape and extent of the emission region becomes especially clear in the projection for an
observer at i =45◦ ,Φ =45◦ as it is shown in the third
row of Figures 7 to 9.
One of the most striking features is the missing photon emission from IC scattering close to the apex of
case A, which is due to the lack of high-energy electrons in that region. Again, the dominance of the ICcomponent for case C in contrast to the dominance of
the pion decay component for case A becomes apparent.

The 3D Opacity Structure

We illustrate the spatial variation of the optical
depth due to photon photon absorption caused by the
radiation fields of the two stars in Figure 5 which depicts 3D illustrations of log10 (τγγ ) for an incident photon energy of ∼200 GeV. All four images represent
case B for different orientations of the binary system
relative to the observer as indicated in the figure. They
cover the entire computational domain.
Each point shows the total value of τ integrated
from the point itself along the line of sight toward the
observer. Thus, the region that lies precisely behind
a star with respect to the line of sight has a very high
opacity. Its emitted flux is reduced to very low levels
dF −τ
according to dF
dE → dE e .
Photon photon absorption is most effective if the
line of centers and the line of sight are aligned such
that the opacity contributions of both stars add up.
In Figure 5 b) we see that the high-τ region notably
widens at the x-position of the B star.
We find that the photon photon absorption in the
radiation field of the stars remains inefficient below
incident photon energies of ∼100 GeV. The value of
200 GeV – chosen for the illustration – is close to the
energy where absorption is at maximum for the given
binary system.
3.5.

2D Projection Maps

Photon Emission

Applying the formalism described in Section 2, we
can now compute 2D projection maps, SEDs and integrated flux values of the nonthermal photon emission
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Fig. 5.—: Photon-photon opacity log(τ) at ∼200 GeV integrated for each position along the line of sight through the
computational domain for different orientations. a) i =0◦ , Φ =0◦ , b) i =90◦ , Φ =0◦ , c) i =90◦ , Φ =90◦ , d) i =45◦ ,
Φ =45◦ . The box size is 4000 × 4000 × 4000 R . A segment is cut out to allow a better view of the structure. The two
stars are indicated in red. The line of centers is indicated in orange and yellow, the line of sight in black and gray.

12

80

Article D

CASE A

CASE B

0.015

0.015

0.010

CASE C

3.80000000

2.80000000

2.80000000

4.11313131

3.32525253

3.32525253

3.85050505

3.85050505

4.73939394

4.37575758

4.37575758

5.05252525

4.90101010

4.90101010

5.36565657

5.42626263

5.42626263

5.67878788

5.95151515

5.95151515

5.99191919

6.47676768

6.47676768

6.30505051

7.00202020

7.00202020

6.61818182

7.52727273

0.015

4.42626263

0.010

0.005

0.005

0.000
0.000

0.005 arcsec
0.005

0.010

0.000
0.000

0.015

0.010

0.005

0.005 arcsec
2.80000000
0.005

0.010

0.015

0.000
0.000

3.32525253

0.015

0.015

0.010

0.015

3.85050505

0.005

0.000
0.000

0.005 arcsec
0.005

0.010

0.000
0.000

0.015

0.015

0.003

0.005

3.32525253

4.37575758

4.90101010

4.90101010

4.90101010

5.42626263

5.42626263

5.42626263

5.95151515

5.95151515

5.95151515

0.010

6.47676768

6.47676768

6.47676768

7.00202020

7.00202020

7.00202020

7.52727273

7.52727273

0.005

0.005 arcsec
2.80000000
0.005

0.010

0.015

0.000
0.000

0.015

3.85050505

4.90101010

0.005

2.80000000

3.85050505

7.52727273

0.005 arcsec
2.80000000
0.005

0.010

0.015

2.80000000

3.32525253

3.32525253

3.85050505

3.85050505

4.37575758

4.37575758

4.90101010

4.90101010

5.42626263

5.42626263

5.42626263

5.95151515

5.95151515

5.95151515

6.47676768

6.47676768

7.00202020

7.00202020

0.010

0.004

0.015

4.37575758

4.37575758

0.010

0.010

3.32525253

3.85050505

3.32525253

0.015

2.80000000
0.005

4.37575758

0.010

0.005

7.52727273

0.005 arcsec

0.010

6.47676768

0.005

0.002
7.00202020

0.001
7.52727273

0.000
0.000
0.000
0.000

0.005

0.010

7.8

7.52727273

0.005
0.000
0.000

0.015

7.2

0.010
0.005

6.6

6.0

ph

7.52727273

0.015

0.010
m−2
s−1

0.015

0.000
0.000

5.4

4.2

3.6

4.8

0.005

0.010

0.015

3.0
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Fig. 7.—: Photon flux above 100 MeV at 1 kpc distance for IC-emission with different orientations. first row: i =90◦ ,
Φ =0◦ (edge-on, along line of centers), second row: i =90◦ , Φ =180◦ (edge-on, along line of centers, opposite of
second row), third row: i =45◦ , Φ =45◦ . The spatial dimensions are the same as in Figure 6.
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Fig. 8.—: Same as Figure 7 for bremsstrahlung.
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Fig. 9.—: Same as Figure 7 for for neutral pion decay.
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3.5.2.

Spectral Energy Distribution

neutral pion component which completely dominates
the emission at high energies. Owing to the denser radiation field of the WR star, opacity effects are highest
for the orientation (i = 90◦ , Φ = 0◦ ) in which emission from the apex has to pass by close to the star. The
higher temperature of the star also causes the onset of
photon photon absorption at lower energies than for
the orientation (i = 90◦ , Φ = 180◦ ) for which highenergy photons from the apex come close to the cooler
B star. Due to the gap between the pion-bump and
the cutoff of the IC spectrum, the total emitted photon
spectrum shows a pronounced dip at ∼50 MeV.
Case B is already quite different from case A. Due
to higher energies reached by the electrons, the cutoff in the IC component occurs at higher photon energies, causing a broad overlap with the neutral pion
component. At the same time, lower plasma densities
in the WCR lead to a lower flux for the bremsstrahlung
and neutral pion component. The maximum energy of
photons by bremsstrahlung increases with the maximum electron energy. As some regions in the wings of
the WCR now produce sufficiently high electron energies, both, the IC and the bremsstrahlung component
reach up to ∼1 TeV. Effects of photon-photon opacity
become more pronounced for these components also.
Again, they are largest for the case (i = 90◦ , Φ = 0◦ )
where the emission from the WCR has to pass by the
luminous WR star.
For case C, a large population of high-energy
electrons leads to complete dominance of the ICcomponent. Whereas lower plasma densities lead to
still lower flux values for the neutral pion and the
bremsstrahlung component, the latter along with the
IC component again reaches energies of up to 1 TeV.
As the IC flux also decreases with increasing stellar
distance (and thus decreasing energy density of radiation), it shows lower flux values with respect to case
B below ∼1 GeV. For higher energies, flux values unprecedented for lower stellar separations are reached.
Effects of photon-photon opacity are visible for all
three emission components. For the same reasons
as above, they are strongest for (i = 90◦ , Φ = 0◦ ).
Note that the IC component is now maximal for the
case (i = 90◦ , Φ = 0◦ ) which can be understood by
the increased density of high-energy electrons at the
apex where the radiation field of the B star dominates.
The latter has most favourable scattering angles for
(i = 90◦ , Φ = 180◦ ) . Because of the effects of photon photon opacity, the face-on orientation shows the
highest resulting IC flux at E>100 GeV.

We calculate the SED by summation over all emitting grid cells for a fixed energy throughout the computational domain. This is shown for case A, B, and C
and various orientations in Figure 10 a), b) and c). Figure 10 d) explores the variation of the IC-component
for a single cell at the apex of the WCR for case B as a
function of orientation. It also discriminates between
the two components of IC-emission, one being due to
the scattering of electrons on the radiation field of the
B star (red dotted curves), the other due to scattering
on the radiation field of the WR star (dashed black).
Whereas the first one is maximal at (i =90◦ ,Φ =0◦ )
and disappears at (i =90◦ ,Φ =180◦ ), the other behaves
in the exact opposite manner. This is due to the dependence on the scattering angle θsc . For the case
(i =90◦ ,Φ =0◦ ) the scattering angle of photons from
the B star is 180◦ . The corresponding IC emission
from the apex of the WCR is therefore at its maximum.
For the photon field of the WR star the scattering angle is zero and there is no emission from the apex via
IC scattering. The spectra of photons by neutral pion
decay and bremsstrahlung remain the same, as they do
not depend on the scattering angle. This last statement
excludes the effects of photon photon opacity which
is not taken into account in Figure 10 d). Studying
the spectra in Figure 10 (a) to (c) (for case A to C)
significant differences between small and large stellar
separation become apparent.
Case A shows a neutral pion component which
dominates the spectrum at E >100 MeV for all orientations. The lack of high-energy electrons near the
apex of the WCR leads to an early cutoff of the ICcomponent at ∼10 MeV, followed by a steady decline
where high-energy electrons in the wings of the WCR
contribute a low number of photons at higher energies. It is interesting to note that amongst the three depicted orientations, the IC flux is highest for (i = 90◦ ,
Φ = 180◦ ). The same can be seen in Figure 7 by comparing the first and second row for case A. Because
of the lack of high-energy electrons at the apex, it is
the wings of the WCR that mainly contribute to the IC
emission at energies >100 MeV. In these regions, the
scattering angle for the radiation field of the WR star
is much more favourable for (i = 90◦ , Φ = 180◦ ) than
for (i = 90◦ , Φ = 0◦ ), whereas the scattering angle for
the B-star is unfavourable for both. This is an effect
of the curvature of the WCR and the different distance
from the WCR to the stars. Figure 10 a) also shows
effects of photon photon opacity in the spectrum of the
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Fig. 10.—: a), b), c) Photon spectra emitted by all particles in the whole computational domain of cases A to C for IC
scattering (black), bremsstrahlung (gray) and neutral pion decay (red) with i =0◦ (solid), i = 90◦ , Φ = 0◦ (dashed) and
i = 90◦ , Φ = 180◦ (dotted). The sum of all three components (for i = 90◦ , Φ = 180◦ ) is indicated in shaded gray.
d) Photon spectra emitted by one single cell at the apex of case B. The black dashed lines show the IC flux from
scattering in the radiation field of the WR star for an orientation of (i = 90◦ , Φ = 180◦ ), (i = 45◦ , Φ = 180◦ ), (i = 0◦ ,
Φ = 0◦ ), (i = 45◦ , Φ = 0◦ ) and (i = 80◦ , Φ = 0◦ ) in order of decreasing flux. The red dotted lines show the IC flux
from scattering in the radiation field of the B star for an orientation of (i = 90◦ , Φ = 0◦ ), (i = 45◦ , Φ = 0◦ ), (i = 0◦ ,
Φ = 0◦ ), (i = 45◦ , Φ = 180◦ ) and (i = 80◦ , Φ = 180◦ ) in order of decreasing flux. The photon flux from neutral pion
decay and bremsstrahlung is represented by the dash-dotted and double-dot-dashed line.
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Comparing all three cases, we find that (for an
electron-proton injection ratio of 10−2 ) growing stellar
separation leads to a transition from hadron-dominated
emission (neutral pion decay) to lepton-dominated
emission (IC) at energies E>100 MeV. The latter is
inhibited for close stellar separations because of a lack
of high-energy electrons at the apex of the WCR. As
an additional effect, different viewing angles produce
significant variation in the IC emission spectra. These
dependencies on stellar separation and viewing angle
can be quantified using integrated flux values for various energy bands.
3.5.3.

as we still find an increase in flux from case A to B for
the IC component. However, all components decrease
in their average flux from case B to C. There is no such
reversal of proportionality for the neutral pion component. We also find that the IC component is now dominant for cases B and C, albeit for some orientations of
case B that are least favourable for IC emission, it is
just a factor of 1.2 above the neutral pion component.
For case A, the latter still dominates all possible orientations. Variations due to changes in the viewing angle
cause differences of a factor of ∼8 in the IC flux component for case A with a smaller contrast for cases B
and C.

Integrated Fluxes

The flux above 1 keV Including still lower energies,
all components now show the identical trend that increasing stellar separation causes decreasing flux values. Furthermore, the IC component dominates for all
three cases. The total flux of the neutral pion component is even below the total flux of the bremsstrahlung
component. This can be understood in terms of the
lack of photons from pion decay below a few MeV
due to the shape of the pion bump. Effects of varying
orientation are still lower (factor ∼2) . However the
previously observed order of larger fluxes for orientation (i =90◦ ,Φ =180◦ ) than (i =90◦ ,Φ =0◦ ) in case A
and the opposite trend in case C remains in place.

By integrating over energy and space, we obtain the
total emitted flux, which we computed for three energy
intervals. Table 2 provides flux values for three different orientations for case A, B, and C. The main characteristics in this table will be further discussed below.
The flux above 10 GeV As suggested by the spectral
shapes discussed in the previous section, the dominant
radiation process at E > 10 GeV changes with stellar
separation. From Table 2 one can assess that, roughly,
the total IC and bremsstrahlung fluxes increase by ∼
3 orders of magnitude from case A to C, whereas the
neutral pion component decreases on a much smaller
scale. Only for case C, the IC-component dominates
over the neutral pion component. Studying effects
of changing orientation, we find that the variations in
the bremsstrahlung and neutral pion component due to
changing magnitude of photon photon opacity are very
low. For the IC component, its anisotropic nature as
well as the larger effect of absorption cause flux variations due to the orientation of the system of a factor of
3 for case A and lower factors for cases B and C.

3.6.

Effects of Orbital Motion

We finally address the impact of circular orbital motion and the ensuing deformation of the WCR. As the
effects increase with orbital velocity, we choose the
case of smallest stellar separation (case A) and let it
evolve until the WCR adjusts to the new situation and
there is no further change in its curvature. We analyse
the system after 1.5 orbits when the stars are once more
on the x axis. For the given stellar masses and a distance of 720 R , a Keplerian orbit has a period of ∼290
days. The orbital velocity of the stars is ∼263 km s−1 .
With orbital motion, the two arms of the WCR (henceforth forward arm and trailing arm) develop considerable differences.
Figure 11 shows density, temperature and velocity,
as well as particle distributions for different energies
on the x–y plane (the stars move counter-clockwise).
Concerning the hydrodynamic wind variables, the
main difference to the stationary case (see Figure 3)
lies not in minimal and maximal values but in the now
asymmetric shape of the WCR. In paper I, we found

The flux above 100 MeV Including also lower energies down to 100 MeV, we find that growing stellar
separation has the opposite effect than for the previous case. For E>10 GeV, higher maximum energies
for electrons for large stellar separation led to an increase of the IC and bremsstrahlung photon flux with
increasing stellar separation. At lower energies, higher
plasma densities in the WCR, along with denser radiation fields for smaller stellar separations, reverse
this order and cause IC and bremsstrahlung photon
fluxes to decrease with increasing stellar separation.
For E>100 MeV this transition is only partly realised,
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Table 2
Integrated flux for various energy bands
(i,Φ)
Case A
(0◦ , 0◦ )
(90◦ , 0◦ )
(90◦ , 180◦ )
Case B
(0◦ , 0◦ )
(90◦ , 0◦ )
(90◦ , 180◦ )
Case C
(0◦ , 0◦ )
(90◦ , 0◦ )
(90◦ , 180◦ )

>10GeV
FIC

>10GeV
Fbr

Fπ>10GeV
0

>100MeV
FIC

>100MeV
Fbr

Fπ>100MeV
0

>1keV
FIC

>1keV
Fbr

Fπ>1keV
0

3.2
1.4
4.6
×10−5

1.4
1.4
1.4
×10−7

3.8
3.7
3.9
×10−2

33
6.3
49
×10−2

3.1
3.1
3.1
×10−2

3.4
3.4
3.4

6.2
4.1
8.2
×103

6.5
6.5
6.5
×101

5.2
5.2
5.2

18
9.8
24
×10−4

8.4
8.4
8.5
×10−6

1.9
1.8
1.9
×10−2

2.7
1.8
3.6

2.9
2.9
2.9
×10−2

1.5
1.5
1.5

3.0
2.5
3.6
×103

2.5
2.5
2.5
×101

2.3
2.3
2.3

2.4
2.5
2.2
×10−2

6.3
6.3
6.4
×10−5

5.5
5.4
5.5
×10−3

2.0
2.2
1.9

1.1
1.1
1.1
×10−2

4.4
4.4
4.4
×10−1

8.9
9.8
8.7
×102

6.8
6.8
6.8

6.6
6.6
6.6
×10−1

Flux F in units of m−2 s−1

Note.—Integrated flux values as obtained for the chosen electron-proton injection ratio of 10−2 for three different
stellar separations (case A, B, C), as well as three different viewing angles.
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Fig. 11.—: First row: HD quantities particle density, temperature and absolute velocity for case A with orbital motion.
Second row: Differential number density of electrons for three different values of kinetic particle energy. Third row:
the same for protons. The plots show the x–y plane of a 256 × 256 × 256 simulation at z=0.
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that the significant contrasts in the particle distribution
between forward and trailing arm are mainly due to the
different angle between the stars and the edge of the
WCR, resulting in different shock velocities and (as
2
ĖDSA ∝ VShock
) in different maximum particle energies. For the present case, the ensuing reduction of the
DSA rate in the trailing arm of the shock front toward
the B star results in a lack of electrons already at 1 GeV
(see center plot of Figure 11). In the forward arm, the
opposite effect occurs. As wind velocity components
are slightly higher close to the edge of the computational domain in the forward arm, an increased DSA
rate can accelerate electrons to energies up to 100 GeV.
(Note the thin shaded area at ∼-6 log(MeV−1 m−3 ) in
the center right plot of Figure 11.) There, electrons
reach higher energies than in the case where orbital
motion is not taken into account. Although we also
find a certain degree of asymmetry for protons, the
effects of orbital motion are less severe.
Figure 12 shows the resulting projected photon
emission maps for different orientations with respect
to the observer. To simplify comparison of the case
including orbital motion with the stationary case, we
compensate the reversed order of the stars along the x
axis by a redefinition of the angle Φ: Φ0 = Φ + 180◦
and use the same representation of projection maps as
discussed previously for Φ0 .
For all three components the face-on orientation
(first row) shows considerable asymmetry due to the
lack of high-energy particles in the trailing arm of the
shock front toward the B star. This produces the apparent lack of emission in the upper left section of the
plots. In contrast, a wealth of particles in the trailing arm of the shock front toward the WR star produces significant emission that even dominates the entire emission region for the IC component.
In the case of alignment of the line of centers and
the line of sight (second and third row), the differences
of trailing and forward arm manifest themselves most
strikingly for the IC component. The circular feature
bordering the low-emission center region (most prominent for i =90◦ , Φ0 =180◦ , third row) is caused by the
emission of the forward arm toward the B star touching
the edge of the computational domain. If seen from the
opposite direction (second row), it is highly suppressed
because of an unfavourable scattering angle. The lack
of emission next to this feature is due to the low number of high-energy electrons in the forward arm towards the WR star. This becomes also apparent in
the corresponding plots for bremsstrahlung and neutral

pion decay. For the same reasons as in the stationary
case, we find that the configuration (i =90◦ ,Φ0 =180◦ )
exhibits considerably higher flux for the IC component
than the configuration (i =90◦ , Φ0 =0◦ ).
A comparison of the spectra with and without orbital motion is shown in Figure 13. We find a decrease in flux for the neutral pion decay and the
bremsstrahlung component. Concerning the IC component we find a new spectral feature emerging at
∼100 MeV that persists for all three depicted orientations. We interpret this as the influence of the forward
arm toward the B star. There, a population of electrons
reaching up to 100 GeV is still sufficiently close to the
stars in order to exhibit favourable conditions for IC
emission. To a lesser degree, the same region also influences the bremsstrahlung component which shows
a similar feature at >1 GeV. The above shows that orbital motion has considerable impact on the resulting
non-thermal high-energy emission.
4.

DISCUSSION

We have computed different components of nonthermal high-energy photon emission in colliding wind
binaries – for the first time on the basis of a 3D distribution of high-energy particles that was obtained by
hydrodynamic simulations and the simultaneous solution of the transport equation. Our approach includes
the radiative acceleration of the stellar winds, radiative
cooling in the hot shocked gas, diffusive shock acceleration at the shock fronts bordering the WCR and various energy loss mechanisms affecting the high-energy
particles. The resulting nonthermal high-energy photon emission has been explored in terms of 2D projection maps, SEDs as well as integrated flux predictions
of nonthermal photon emission components based on
3D distributions of high-energy particles in colliding
wind binary systems.
In computing the anisotropic IC-component of the
photon emission we take into account the dependence
on the scattering angle, as well as the radiation fields
of both stars of the binary system. Bremsstrahlung
and neutral pion decay components of the photon flux
are computed using local wind plasma densities and
the present distribution of electrons and protons. The
effect of photon photon opacity in the dense radiation fields of the stars has been taken into account
for all three nonthermal photon emission mechanisms.
Studying three cases of varying stellar separation, we
find significant differences in terms of total flux value
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Fig. 12.—: Projected photon flux above 100 MeV at 1 kpc distance for IC-emission (first column), bremsstrahlung
(second column) and neutral pion decay (third column) for case A including orbital motion after 1.5 orbits. The
rows represent different orientations. First row: i = 0◦ , Φ0 = 0◦ (face-on); second row: i =90◦ , Φ0 =0◦ (along–line
of–center); third row: i =90◦ , Φ0 =180◦ (along line of centers, opposite to second row).
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and also in the identity of the dominant emission component. We showed that low stellar separations (720
R for the studied WR-B system, case A) inhibits the
acceleration of high-energy electrons at the apex of
the WCR due to strong IC and synchrotron losses.
This produces an early cutoff in the photon flux ensuing from IC-scattering and bremsstrahlung. Although
denser radiation fields and higher plasma densities
cause higher photon flux values at lower energies, this
early cutoff leads to dominance of the hadronic neutral pion decay component at energies E &100 GeV
for the chosen electron-proton injection ratio of 10−2 .
In contrast to that, large stellar separations lead to a
dominance of the IC component throughout the studied energy range. As the magnetic and radiation energy density at the WCR are low, the electrons – and
also the ensuing photon fluxes – reach higher energies. Both, IC and bremsstrahlung components reach
up to ∼1 TeV if we increase stellar separation by a
factor of four (case C). Lower wind plasma densities
in the WCR further diminish the significance of the
neutral pion decay component. We find that increasing the stellar separation by a factor of four results
in an increase of ∼ 3 orders of magnitude in the IC
and bremsstrahlung components of the photon flux at
energies E>10 GeV, whereas the neutral pion decay
component decreases by about an order of magnitude.
For lower energies the importance of high-energy electrons diminishes. Accordingly, the total flux for E>1
keV decreases for all three flux components if we increase stellar separation by a factor of four.
The strong dependence on stellar separation suggests that γ-ray binaries are liable to show a significant
variation in their spectra in course of an elliptical orbit with high eccentricity. Spectra can exhibit multiple
emission components (as in Figure 10 a)) for low separations (i.e. during periastron), contrasted by longer
periods of one-component spectra (as in Figure 10 c))
for larger stellar separations. We note that a situation
resembling this trend of two apparently distinct emission components has already been observed for the peculiar case of η Carinae (see Abdo et al. 2010; Farnier
et al. 2011). However, this can also be understood in
terms of γ-ray absorption due to the presence a hot Xray gas (see Reitberger et al. 2012). The application
of our numerical model to other specific candidates for
particle-acceleration CWB systems (see catalogue of
De Becker & Raucq 2013) will provide predictions for
the nonthermal high-energy flux that can then be related to detections and upper limits from observations.

Varying the orientation of the binary system by
changing the viewing angles i and Φ, we find a strong
dependence of the IC flux component. Photons from
bremsstrahlung and neutral pion decay are influenced
only indirectly via the changing conditions for photon
photon opacity which affect all components at high energies alike. This effect remains small compared to the
variation of the IC component due to its dependence
on the scattering angle. Since we consider the radiation field of both stars, the IC component does not
vanish as the flux from one population of target photons is maximal when the other is minimal. However,
since the two radiation fields differ in intensity depending on distance and identity of the star, there remains a
significant level of variation. It is largest for the case of
small stellar separation where the B star is very close
to the WCR. Here, the IC-flux above 100 MeV varies a
factor of 8 between the two extreme cases of (i = 90◦ ,
Φ = 0◦ ) and (i = 90◦ , Φ = 180◦ ). Although this dependence is small for the cases we investigated, it becomes
significantly stronger if we have a binary system with
greater differences concerning the two stellar radiation
fields and the ram pressure of the winds. The IC contribution to the γ-ray flux will differ by several orders of
magnitude in course of an orbital cycle if the thermal
photon density of one stellar component is dominant
and the orbital inclination is close to the edge-on case
of i ∼ 90◦ .
The effects of photon photon opacity in the radiation field of the star are restricted to incident photons
with E & 100 GeV. Given their low prominence in case
of low stellar separation, there is no noticeable impact.
However, for larger stellar separation, the absorption
leaves a clear signature in the spectral components of
IC scattering and bremsstrahlung.
Studying the impact of orbital motion for the case
of smaller stellar separation, we find a number of effects that are all significantly less severe than the ones
obtained for varying the stellar separation by a factor
of two. The distortion of the WCR leads to regions of
altered wind velocity normal to the shock and, thus, to
notable changes in the DSA acceleration rate. Whereas
IC emission is greatly reduced in the trailing arm toward the B star (and also in the forward arm toward
the WR star), we find regions of higher maximum energies for electrons (than in the case without orbital
motion) in the side of the forward arm toward the B
star. In terms of SEDs, this leads to an additional bump
in the IC component. The changes due to orbital motion are less pronounced for the bremsstrahlung and
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Fig. 13.—: Same as Figure 10 for case A with a) and without b) orbital motion. The sum of all three components (for
i = 90◦ , Φ = 180◦ ) is indicated in shaded gray.
neutral pion decay components.
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OUTLOOK

The presented numerical model can be used to
study the high-energy nonthermal flux of specific
particle-accelerating CWB systems as a function of
time. Possible variations in course of the orbit can
be quantitatively assessed and favourable observation
periods can be predicted. Compared to observational
γ-ray data (e.g. from the Fermi-LAT instrument), our
simulation aims for constraining and refinement of
poorly known parameters, such as as the injection fraction of electrons and protons at the shock of the wind
collision region. Dependencies on other parameters,
such as the magnetic field and the diffusion coefficient,
can be studied as well.
The consequent next step will be the application of
our simulation procedure to archetypal nonthermal binary systems. We will confront hardly understood discrepancies between existing flux predictions from analytical models with the present absence of detections
of particular enigmatic systems in the Fermi-LAT data
like e.g. WR104 or η Carinae.
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mes résultats à plusieurs conférences internationales autour du monde. J’ai aussi
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sur monsieur Hess. Merci à Leonie et Claudia pour tous les crayons et les besognes
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