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Cosmic-ray acceleration in Eta Carinae, the strongest galactic colliding wind binary
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Abstract: Eta Carinae is the colliding wind binary with the largest mass loss rate in our Galaxy and the only one in
which hard X-ray and gamma-ray emission have been detected. Eta Carinae is therefore a primary candidate to establish
that particle acceleration takes place in stellar wind shocks. The gamma-ray spectral energy distribution of Eta Carinae
features two distinct components. The first one, that extends from the keV to the GeV energy range and features an
exponential cutoff at ∼ 1 GeV, can be understood by inverse Compton scattering of ultraviolet photons by electrons
accelerated up to γ ∼ 104. The second component is a hard gamma-ray tail detected above 20 GeV. We report on the
latest Fermi/LAT results demonstrating that the hard gamma-ray component is indeed emitted by the binary system and
that π0-decay is the most likely source of that emission. The energy transferred to the accelerated hadrons in Eta Carinae
is of the order of ∼ 5% of the wind collision mechanical energy.
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1 Introduction

The sources of the galactic cosmic rays shall accelerate par-
ticles beyond to 1015 eV [1] and account for a proton lumi-
nosity of (7− 8)× 1040 erg/s [2], or 1050 ergs per massive
star. Cosmic-rays have high metallicities and feature abun-
dances characteristic of OB associations with a mixing of
ejecta from Solar (80%) and Wolf-Rayet (20%) type stars
[3, 4], suggesting that their acceleration is related to stellar
formation and massive stars.
About 30 early-type stellar systems feature synchrotron ra-
diation in the radio domain, a signature of electron acceler-
ation [5]. Diffusive shock acceleration in stellar wind col-
lisions [6], either in colliding wind binaries or OB associ-
ations, is the most likely acceleration process and a candi-
date for cosmic ray acceleration [7, 8]. Gamma-rays, emit-
ted by hadrons accelerated in stellar wind collisions, have
however not yet been identified.
Located at a distance of 2.3 kpc [9], η Carinae is one of the
most massive (80–120 M� [10, 11]) and brightest stellar
system in the Galaxy and features the strongest mass loss
rate known. As, in addition, its colliding wind region is rel-
atively wide, η Carinae is a primary candidate for gamma-
ray detection.

2 High-energy detections

A hard X-ray tail had first been observed towards η Cari-
nae by BeppoSAX [12], and has subsequently been un-

ambiguously confirmed by both INTEGRAL [13, 14] and
Suzaku [15] observations. This hard X-ray spectral com-
ponent, when represented by a power law (with a photon
index Γ of 1.8), would produce more emission in the X-ray
band than observed from any point source in the hard X-
ray error circle apart from η Carinae itself, thus the hard
X-ray emission is very likely to be associated with η Cari-
nae [14]. The eventual contribution of the interstellar mat-
ter shell surrounding the Homonculus nebula to the non-
thermal component also remains fairly limited (< 15% of
the total hard X-ray emission) [14]. This gives a strong ev-
idence that the wind collision leads to non-thermal electron
acceleration. Close to periastron passage, a 3σ detection is
achieved at hard X-rays from η Carinae, with a flux simi-
lar to the average value far from periastron [14], indicating
that the emitting region should be pretty extended [16].
In the gamma-rays, we have used Fermi/LAT data accumu-
lated in the Carina region during 21 months, from August
4, 2008 to April 3, 2010. The Fermi source FGL J1045.0-
5942 with α=161.265 and δ=–59.7015 (95% confidence ra-
dius of 1.18 arcmin) is perfectly compatible with the posi-
tion of η Carinae. The presence of the source is indubitable,
with a test statistic TS > 2800 (≈ 53 σ) for the 200 MeV
to 100 GeV energy range. Given the number of pulsars
detected within 2o of the Galactic plane the probability to
find one of them in the 95% confidence region of η Cari-
nae is 2.5× 10−5. Moreover, we conducted a blind search
frequency analysis and did not find any evidence for a pul-
sation in FGL J1045.0-5942 [17].
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Figure 1: Spectral energy distribution of η Carinae includ-
ing BeppoSAX/MECS (blue), INTEGRAL/ISGRI (red) and
Fermi/LAT (purple) data, and a radio upper limit to the syn-
chrotron emission (green). From low to high energies are
shown the synchrotron, stellar emission, inverse Compton
and π0-decay spectral components.

The γ-ray spectral energy distribution of Eta Carinae is pre-
sented in Fig. 1. A curvature at low energy and an excess
at high-energy are clearly detected. As η Carinae has not
been reported as a TeV source yet, the highest energy spec-
tral component should feature a cutoff in the TeV range.

3 Particle acceleration in η Carinae

Three dimensional hydrodynamical simulations of the stel-
lar winds of Eta Carinae indicate that the wind collision re-
gion is highly distorted and fairly extended [16]. High den-
sities and velocities are expected in multiple shock fronts
spanning a significant region of the system orbit (≥ 1014

cm). The thermal X-ray emission predicted by these simu-
lations qualitatively match with the observations. Because
of the density square dependence of the thermal emissiv-
ity, the X-ray emission is, on average, fairly constant over
the orbit excepting close to periastron where it increases as
a larger fraction of the shock fronts occurs in a region of
enhanced density.
In the shocks, electron acceleration is counterbalanced by
Inverse Compton scattering in the intense ultraviolet radia-
tion field of the stars. The resulting gamma-ray spectrum is
expected to be powerlaw shaped with an exponential cutoff
at

γmax ≈
√

B1G · R2
1014cm

L5·106L�
V103km/s × 3 · 104.

where B is the magnetic field in the shock region (with ve-
locity V ) andR is the distance between the shock front and
the star (of luminosityL). γmax is fairly independent of the
orbital position in the dipole approximation (the observed
cutoff energy of ∼ 1 GeV corresponds to a magnetic field

of ∼ 50 G at the stellar surface). The global intensity of
that emission is also expected to vary slowly with the or-
bital period as it is mostly proportional to the mechanical
energy arriving in the shock fronts, a quantity that depends
globally on the wind momentum ratio and not on the exact
position of the multiple shock fronts.
If hadrons are accelerated, they are expected to interact
with the wind material and emit gamma-rays through pion
decay. The interaction timescale for protons is inversely
proportional to the density of matter in the post-shock re-
gion, where the particles are trapped by the magnetic field.
For a smooth wind we obtain

tpp ≈
R2

1014cm V103km/s

Ṁ10−4M�/yr

× 4 · 106 s.

Far from the stars, the stellar wind remains optically
thin and the proton interaction time scale remains signif-
icant when compared to the diffusion time scale tbulk ≈
R1014cm

V103km/s
× 3 · 106 s. Closer to the primary star, the wind

becomes very dense and hadrons interact and emit gamma-
rays before diffusing. The intensity of the pion emission is
therefore expected to vary with the density, qualitatively in
a similar way as that of the thermal X-ray emission.
As gamma-ray photo absorption will also become impor-
tant close to the primary photon field, the cutoff energy
of the pion emission should decrease very significantly at
periastron, and a significant variability is expected beyond
100 GeV.
The non-thermal spectral energy distribution of η Carinae
has been represented with a model consisting of two cutoff
powerlaw distributions for the electrons and for the inter-
acting protons. The model and the data are shown together
in Fig. 1. The magnetic field and the electron energy distri-
bution were adjusted to match the upper limit on the radio
synchrotron emission, derived from the minimal thermal
emission detected with ACTA [20], and to match the in-
verse Compton continuum determined by INTEGRAL and
Fermi. The slope and cutoff energy of the interacting pro-
ton energy distribution were fixed to 2.25 and 104, respec-
tively, the same values as found for electrons. and its nor-
malization was fitted to match the high-energy gamma-ray
tail using π0-decay [21].

4 Orbital variability

The low energy gamma-ray component was observed dur-
ing and outside of the periastron both by INTEGRAL and
Fermi. The hard X-ray flux detected by INTEGRAL does
not vary significantly [14]. The GeV emission was also
found to be constant within the uncertainties around peri-
astron [17]. The fact that the inverse Compton emission
varies less than the thermal emission is not a surprise as the
former does not depend on the density nor on the photon
field (the system is not photon starved) nor on absorption
effects.
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With Fermi/LATwe also studied the potential variability of
the highest energy component.
The beginning of the Fermi/LAT observations corresponds
to 2008 August, 4 (MJD 54682), when the rise of the ther-
mal X-ray component, linked to an increase of the den-
sity towards periastron, already started. We split the ∼
30 months of data into three periods, from MJD 54682 to
54780, from 54780 to 55100 and from 55100 to 55696. The
first one corresponds to the beginning of the periastron pas-
sage, the second encompasses the maximum and minimum
observed in the RXTE lightcurve at periastron passage (top
of figure 2), and the third one started when the X-ray flux
reached the average value outside of the periastron period.
The low energy γ-rays (from 0.2 to 1 GeV) emission, mod-
eled by an exponential cutoff power-law [17], appears to be
steady (bottom of figure 2), as expected if it has the same
origin as the hard X-ray component.
On the contrary, the high energy emission, from 10 to 300
GeV (plain black lines), modeled by a power law, displays
a significative variation between the second and third tem-
poral bin. The respective fluxes are F2 = 7.8±1.8×10−10

and F3 = 2.1 ± 0.8 × 10−10phcm−2s−1. The decrease
of the intensity of the high-energy component by a factor
∼ 3 outside of the periastron passage demonstrates that the
bulk of the gamma-rays beyond 20 GeV are emitted close
to the binary system and not from a large distance nor by
a putative diffuse source. In addition the decrease of the
observed flux is compatible with the variability observed at
hard X-rays (we disregard the absorption/eclipsing effects
here), i.e. may be related to the decreasing density in the
post shock region, as expected for hadronic processes.

5 Energetic

The wind momentum ratio of η Carinae is η =
(Ṁ2V2)/(Ṁ1V1) ≈ 0.2 [22]. The half-opening angle of
the shock region is therefore ∼ 1 rad, the fraction of the
wind involved in the wind collision region is ∼ 10%, and
the mechanical energy available in that region is∼ 200 L�.
For a density of cold protons of 3·109 cm−3 in the shock re-
gion, the normalization of the π0-decay spectrum requires a
total interacting proton energy Ep ∼ 1040 erg. The energy
injected in the shock to sustain the observed proton distri-
bution is of the order of Ep/tpp ∼ 10 L�. The gamma-
ray spectrum of η Carinae thus indicates that ∼ 5% of the
shock mechanical energy (or less than 1% of the total wind
mechanical luminosity) is transferred to accelerated pro-
tons downstream. This is in agreement with recent numer-
ical simulations of relativistic collisionless shocks [23], if
a significant fraction of the hadrons interacts and generates
π0.
Modeling the thermal X-ray emission depends on detailed
hydrodynamical simulations[22] and could be affected by
many phenomena [24]. Such simulations can explain an X-
ray luminosity of ≈ 20 L� above a few keV. Our analysis
hence indicates that the fraction of the shock energy accel-
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Figure 2: Top: RXTE X-ray light-curve of η Carinae with
the minimum close to the 2009 periastron passage. The
black dot line, red plain line and blue dashed line cor-
respond respectively to the pre-periastron, periastron and
post-periastron periods defined in the main text. Bottom:
Fermi/LAT low energy, 0.2 <E< 1 GeV (dashed black
lines) and high energy, E > 10 GeV (plain green lines),
fluxes calculated for these three periods. (NB: for display
purpose, the low energy fluxes have been scaled down by a
factor 100).

erating protons is similar to that emitting thermal X-rays in
η Carinae.

6 Conclusions

We have detected a bright gamma-ray source at the posi-
tion of η Carinae. Its flux at a few 100 MeV corresponds
very well to the extrapolation of the hard X-ray spectrum
of η Carinae (as measured by INTEGRAL and Suzaku) to-
wards higher energies. The spectral energy distribution,
which corresponds to an average over almost half of the
orbit of η Carinae, features two spectral components.
The first one is a powerlaw extending from keV to GeV
energies, with an exponential cutoff at∼ 1 GeV. This com-
ponent is steady and can be understood assuming inverse
Compton scattering of stellar photons by electrons accel-
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erated up to γ ∼ 104 in the wind collision region. The
observed cutoff energy implies a magnetic field of ∼ 50 G
at the stellar surface.
The second component, a hard gamma-ray tail, is detected
above 20 GeV. This bright component could be explained
by π0-decay of accelerated hadrons interacting with the
dense stellar wind in the shock region. The ratio between
the fluxes of the π0 and inverse Compton components is
roughly as predicted by diffuse shock acceleration [25, 26].
The intensity of this component decreases with increasing
orbital phase, as expected when the average wind column
density decreases as the system leaves periastron.
The energy transmitted to the accelerated particles (∼ 5%
of the wind collision mechanical energy) is of the same or-
der as that of the observed thermal X-ray emission.
The diffuse X-ray luminosity of OB associations has been
observed to reach 10% of the wind luminosity [28]. In fa-
vorable conditions the same fraction of the available energy
could therefore be used to accelerate cosmic-rays.
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