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Fig. 8.— Snapshots of the gas density (left column) and tem-
perature (right column) in the orbital (x − y) plane from model
Orbit-IA at φ = 0.5 (top row), 0.9 (upper middle row), 1.0 (lower
middle row), and 1.1 (bottom row). The orbital motion of the stars
is calculated in the centre of mass frame. At apastron (φ = 0.5)
the primary star is to the right, and the companion star is to the
left, of the image centre. The motion of the stars proceeds in an
anti-clockwise direction. All plots show a region of ±2× 1015 cm -
large axis tick marks correspond to a distance of 1× 1015 cm.

RD when compared to model Orbit-IA. Interestingly, at
phases close to periastron when this gas resides close to
the stars, its thermal pressure is lower than the radia-
tion pressure, which provides resistance against contrac-
tion and thus widens the layer. However, comparing the
snapshots at φ = 1.1 we see that at an equivalent dis-
tance from the stars the density of the unshocked winds
is slightly higher in model Orbit-RD, which means the
mass in the swept-up shell is greater. The inertia of the
swept-up mass is therefore greater in model Orbit-RD,

Fig. 9.— Same as Fig. 8 except model Orbit-RD is shown.

which accounts for the smaller distance that the spiral
has travelled to by φ = 1.1 in this model compared to
model Orbit-IA.
The width of the dense layer clearly affects the growth

of instabilities in the expanding spiral-shaped shell - in
model Orbit-IA the shell appears to be subject to the
NTSI, whereas in model Orbit-RD the additional thick-
ness to the layer renders it stable. This is unsurpris-
ing as the stability of an expanding shell depends on
the shock thickness (Vishniac 1983; Wünsch et al. 2010).
This raises questions about the fate of the expanding
shell in each simulation. As its outwards acceleration
is decreased by an increasing amount of swept up mass
its Mach number will decrease and as the shocks dissi-
pate it will gradually mix with the bubble of companion
wind which it encases. However, this only appears to be
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Fig. 8: Electrons and photons luminosity spectra at periastron (phase 0.39-0.59; left) and at apastron (phase 0.92-1.05; right). The
top panels display the spectra (arbitrary unit) of the electrons accelerated in the wind of the primary (green) and of secondary (blue)
stars and their sum (red). The lower panels show the Inverse Compton emission of both components and the total emission, assuming
that the inverse Compton parameters (geometry and soft photon spectra) are the same in all cells, which is highly simplified. The
black points are the broad band fluxes derived from Fermi data. The simulation results have been averaged over the orbital phase
range corresponding to the periastron observation, as the electron spectra vary quickly during that interval.

shape on both sides of the wind collision zone cannot explain
the two components �-ray emission as suggested by Bednarek &
Pabich (2011), who assumed a simplified geometry. We obtain a
good match between the observed �-ray spectrum and the pre-
dictions of the simulations at periastron, however some discrep-
ancy can be observed at apastron where an excess is observed
between 2 and 10 GeV. We should however remember that the
simulations are simplified as they assume e.g. that the seed pho-
ton spectrum is the same in all cells of the simulation.

The inverse Compton emission peaks slightly below 1 GeV
and does not extend beyond 10 GeV at a level consistent with
the observations during the first periastron, contrasting with the
conclusions from Ohm et al. (2015), attributing the full Fermi
LAT detection to hadronic collisions. The periastron low energy
data (Fig. 7) also do not match with the variability amplitude
expected from pion disintegration (purple curve in Fig. 6), con-
firming that the GeV emission does not come only from pion
disintegration.

Inverse Compton emission and neutral pion disintegration
(Farnier et al. 2011) remains therefore the best candidate to ex-
plain the Fermi observations and in particular the excess detected
above 10 GeV. The fractions of the shock mechanical luminosity
accelerating electrons and hadrons should be similar.

The simulated pion induced �-ray lightcurve and its variabil-
ity amplitude show a single peak of emission centred at peri-
astron, in good agreement with the Fermi LAT observations of
the first periastron. The results of the observations of the sec-
ond periastron are di↵erent, with a lack of emission. It has been
suggested that the change of the X-ray emission after that peri-
astron (a significant decrease can be observed in Fig. 6, see also
Corcoran et al. 2015) was the signature of a change of the wind
geometry, possibly because of cooling instabilities. A stronger
disruption or clumpier wind after the second periastron could
perhaps induce a decrease of the average wind density and ex-
plain that less hadronic interactions and less thermal emission
took place, without a↵ecting much inverse Compton emission.
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Fig. 6: Simulated and observed X-ray and �-ray lightcurves of ⌘
Carinae. The black and purple lines and bins show the predicted
inverse-Compton and neutral pion decay lightcurves. The green
and red points show the observed Fermi-LAT lightcurves at low
(0.3-10 GeV) and high (10-300 GeV) energies. The dim grey
lightcurves show the observed (continuous) and predicted (dash,
without obscuration) thermal X-ray lightcurves. Error bars are
1� and upper limits 95%.

The mechanical luminosity available in the shock increases
towards periastron (the same trend is followed by the thermal
emission) and almost double in the phase range ⇡ 1.05 � 1.15.
The latter peak corresponds to a bubble with reverse wind condi-
tions developing because of the orbital motion, e↵ectively dou-
bling the shock front area during about a tenth of the orbit (see
Fig. 9 of Parkin et al. 2011). The density of this bubble is low
so its thermal emission (/ density2) does not contribute signifi-
cantly to the X-ray lightcurve. The mechanical luminosity shows
a local minimum between phases 1.0 and 1.05, when the central
part of the wind collision zone is disrupted.

Electron cooling, through inverse Compton scattering, is
very e�cient and such �-rays are expected to peak just before pe-
riastron. A secondary inverse Compton peak could be expected
above phase 1.05 although its spectral shape could be very dif-
ferent as the soft X-ray seed thermal photons density will have
lower temperatures and densities when compared to the location
of the primary shock close to the center of the system. The rel-
ative importance of the second peak depends on the magnetic
field geometry, radiation transfer, obscuration and details of the
hydrodynamics (which do not represent the soft X-ray observa-
tions very well in this phase range). These details are not well
constrained by the available observations and we did not try to
refine them.

The situation is di↵erent for hadrons. Unless the magnetic
field would be very strong (> kG) hadronic interactions mostly
take place close to the center and a single peak of neutral pion
decay is expected before periastron.

Figure 6 shows the X and �-ray lightcurves predicted by the
simulations for a magnetic field of 500 G and assuming that a
few % of the mechanical energy is used to accelerate particles.
To ease the comparison between observations and simulations,
the results of the latter were binned in the same way as the ob-
served data.

The thermal X-ray emission matches pretty well the obser-
vations (by construction, Parkin et al. 2011). Note that the simu-

Fig. 7: A merged Fermi LAT analysis (0.3-10 GeV) of the two
periastron for narrow time bins. The two broad bins and the black
curve are the same as in Fig. 6.

lated curve (dotted line in Fig. 6) does not take self-obscuration
into account and therefore do not match the observations around
periastron. The predicted �-ray emission induced by the hadrons
and electrons are also at the right level, although significant dif-
ferences exist between simulations and observations.

Both the predicted inverse Compton emission and the ob-
served (0.3-10 GeV) LAT lightcurve show a broad peak extend-
ing on both sides of periastron, as expected from the evolving
shock geometry. The amplitude of the variability in the simula-
tion depend on the extent of the relevant shock region, i.e. on the
magnetic field. A surface magnetic field larger than 400 G pro-
vides a good match to the observations, while lower fields pro-
duce too large variations. Assuming a field of 500 G for the rest
of the discussion, the predicted flux at phase 1.1 is twice too large
when compared with the observation. This discrepancy largely
comes from the energy released in the inverted wind bubble af-
ter periastron. The ratio of the emission generated in the shocks
on both sides of the wind collision zone is relatively constant
along the orbit excepting at phase 1.1, where much more power
is generated in the shock occurring in the wind of the secondary
star. The inverted bubble might either be unstable in reality or
produce a significantly di↵erent inverse Compton spectrum.

The Fermi LAT low energy data, binned in short time inter-
vals and derived from the two periastrons analysed simultane-
ously (Fig. 7), show a peak at periastron, a minimum at phase
1.02 and a second broad peak at phase 1.1. It is very similar to
the prediction of the simulation for the inverse Compton lumi-
nosity. The only notable exception is that the observed second
broad peak is slightly shifted towards earlier phases and has a
lower luminosity when compared to the simulation. The similar-
ities between the observations and the simulation, �-ray peak and
minimum with consistent durations and amplitudes, are very en-
couraging. The phase di↵erence could be related to the eccentric-
ity (✏ = 0.9) assumed in the simulation, which is not well con-
strained observationally (Damineli et al. 2000; Corcoran et al.
2001) and that has an important e↵ect on the inner shock geom-
etry.

Figure 8 shows that the distribution of �e, weighted by the
emissivity, is relatively smooth and that the expected photon dis-
tribution is very smooth. The di↵erence of the electron spectral
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Fig. 8.— Snapshots of the gas density (left column) and tem-
perature (right column) in the orbital (x − y) plane from model
Orbit-IA at φ = 0.5 (top row), 0.9 (upper middle row), 1.0 (lower
middle row), and 1.1 (bottom row). The orbital motion of the stars
is calculated in the centre of mass frame. At apastron (φ = 0.5)
the primary star is to the right, and the companion star is to the
left, of the image centre. The motion of the stars proceeds in an
anti-clockwise direction. All plots show a region of ±2× 1015 cm -
large axis tick marks correspond to a distance of 1× 1015 cm.

RD when compared to model Orbit-IA. Interestingly, at
phases close to periastron when this gas resides close to
the stars, its thermal pressure is lower than the radia-
tion pressure, which provides resistance against contrac-
tion and thus widens the layer. However, comparing the
snapshots at φ = 1.1 we see that at an equivalent dis-
tance from the stars the density of the unshocked winds
is slightly higher in model Orbit-RD, which means the
mass in the swept-up shell is greater. The inertia of the
swept-up mass is therefore greater in model Orbit-RD,

Fig. 9.— Same as Fig. 8 except model Orbit-RD is shown.

which accounts for the smaller distance that the spiral
has travelled to by φ = 1.1 in this model compared to
model Orbit-IA.
The width of the dense layer clearly affects the growth

of instabilities in the expanding spiral-shaped shell - in
model Orbit-IA the shell appears to be subject to the
NTSI, whereas in model Orbit-RD the additional thick-
ness to the layer renders it stable. This is unsurpris-
ing as the stability of an expanding shell depends on
the shock thickness (Vishniac 1983; Wünsch et al. 2010).
This raises questions about the fate of the expanding
shell in each simulation. As its outwards acceleration
is decreased by an increasing amount of swept up mass
its Mach number will decrease and as the shocks dissi-
pate it will gradually mix with the bubble of companion
wind which it encases. However, this only appears to be
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tion pressure, which provides resistance against contrac-
tion and thus widens the layer. However, comparing the
snapshots at φ = 1.1 we see that at an equivalent dis-
tance from the stars the density of the unshocked winds
is slightly higher in model Orbit-RD, which means the
mass in the swept-up shell is greater. The inertia of the
swept-up mass is therefore greater in model Orbit-RD,
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Fig. 9: Protons luminosity spectra (arbitrary units) at periastron
(red; phase 0.5), apastron (blue; phase 1.0) and accelerated on
average along the orbit (black).

Fig. 9 displays the proton spectra obtained from the simula-
tion at apastron, periastron and averaged over the orbit. Proton
could be accelerated up to 1015 eV around periastron and reach
1014 eV on average. ⌘ Carinae can therefore probably acceler-
ate particles close to the knee of the cosmic-ray spectrum. The
spectra and the maximum particle energy depend of course on
several assumptions, in particular the magnetic field. The high-
est energy �-rays will be photo-absorbed and orbital modulation
could be expected in the TeV domain.
�-ray observations can probe the magnetic field and shock

acceleration in details, however the quality of the current data
above 1 GeV does not yet provide enough information to test
hydrodynamical models including detailed radiation transfer (in-
verse Compton, pion emission, photo-absorption). The interplay
between disruption and obscuration does not yet account for the
X-ray minimum and orbit to orbit variability. More sensitive �-
ray observations will provide a wealth of information and allow
to test the conditions and the physics of the shocks at a high level
of details, making of ⌘ Carinae a perfect laboratory to study par-
ticle acceleration in wind collisions.

4. Conclusions

We have used the hydrodynamic simulation of Parkin et al.
(2011), developed to reproduce the thermal soft X-ray lightcurve
of ⌘ Carinae, and estimated electron and hadronic Fermi acceler-
ation and inverse Compton emission and neutral pion disintegra-
tion cell-by-cell assuming a di-polar magnetic field at the surface
of the primary star. The results of the simulation were compared
with the lightcurves and spectra observed by Fermi LAT between
mid 2008 and mid 2015. We increased the data sample by ⇠ 30%
with respect to previous analyses, and exploited the much better
performance of the new PASS8 Fermi-LAT pipeline and of the
updated instrument responses. We performed a low energy and
an high energy analysis, respectively from 300 MeV to 10 GeV
and from 10 GeV up to 300 GeV, using the binned (Cash 1979)
and unbinned analyses (Mattox et al. 1996). We used di↵erent
time bins and performed also a low energy merged analysis com-
bining data with the same orbital phases, when this was possible,
to increase the signal to noise ratio. We looked for high and low

energy flux variability of ⌘ Carinae, and analysed its spectral
variations at di↵erent orbital phases.

We found a good match between the accuracy of the simu-
lation, even if simplified, and the signal-to-noise of the observa-
tions. The comparison between simulation and observations led
to several results.

1. The centroid of the �-ray source observed by Fermi LAT is
compatible with the position of ⌘ Carinae within less than
1 arcmin. The low energy (0.3-10 GeV) �-ray lightcurve
is modulated along the orbit and shows a very similar and
highly significant modulation during the periastrons of 2009
and 2014, indicating that it is driven by the orbital motion of
the system.

2. Around periastron the low energy (0.3-10 GeV) �-ray flux
varied by 50% in less than 40 days. A significant fraction of
the �-rays are therefore emitted in a source smaller than the
homonculus nebula, contrasting with the hypothesis of Ohm
et al. (2010).

3. The variability factor observed at low energy (0.3-10 GeV) is
1.53 considering broad phase bin and 1.92 considering bins
of 40 days. This matches the results of the simulations as-
suming that the magnetic field at the surface of the primary
star is larger than ⇠ 400 G. Smaller values of the magnetic
field shorten the volume where electrons could be acceler-
ated to su�cient energies, increase the expected variability
amplitude beyond the observed one and decrease the ex-
pected �-ray luminosity.

4. A surface magnetic field larger than ⇠ 1 kG would produce
a secondary peak of emission after periastron stronger than
the periastron peak, which is not observed. A large part of
the secondary peak, observed in the data, is linked with a
bubble with reversed wind conditions created after periastron
and lasting for about a tenth of the orbit. We note that �-
ray observations together with improved simulations should
allow to constrain the magnetic field in the system even more
accurately.

5. The primary maximum observed just before periastron per-
fectly matches the prediction of the simulation (amplitude,
phase and duration). The secondary peak occurs slightly ear-
lier and with a lower amplitude than predicted. We assume
that these discrepancies come from an inaccurate eccentric-
ity and from the extremely simplified treatment of inverse
Compton scattering. We note that �-ray observations should
allow to constrain the eccentricity of the orbit of ⌘ Carinae
more accurately than available from the current optical ob-
servations.

6. The amplitude and pattern of the low energy (0.3-10 GeV)
�-ray variability correspond in general very well with the
predictions. The luminosity of the Pion disintegration de-
pends on the density and a larger variability is expected.
The low energy �-rays are therefore very likely emitted by
inverse Compton emission, contrasting with the claims of
Ohm et al. (2015). The match between the electron distri-
bution predicted by the simulation and the observed cuto↵
energy is also a strong argument against the �-ray absorp-
tion suggestion from Reitberger et al. (2012), which requires
a much larger cuto↵ energy for the intrinsic continuum than
expected.

7. The �-ray spectrum observed at apastron shows a discrep-
ancy with the predictions assuming a simplified inverse
Compton treatment. This is very likely indicating that the
seed soft photon spectrum is not identical everywhere, as
currently assumed by the simulations. Spectral variability
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Fig. 9: Protons luminosity spectra (arbitrary units) at periastron
(red; phase 0.5), apastron (blue; phase 1.0) and accelerated on
average along the orbit (black).

Fig. 9 displays the proton spectra obtained from the simula-
tion at apastron, periastron and averaged over the orbit. Proton
could be accelerated up to 1015 eV around periastron and reach
1014 eV on average. ⌘ Carinae can therefore probably acceler-
ate particles close to the knee of the cosmic-ray spectrum. The
spectra and the maximum particle energy depend of course on
several assumptions, in particular the magnetic field. The high-
est energy �-rays will be photo-absorbed and orbital modulation
could be expected in the TeV domain.
�-ray observations can probe the magnetic field and shock

acceleration in details, however the quality of the current data
above 1 GeV does not yet provide enough information to test
hydrodynamical models including detailed radiation transfer (in-
verse Compton, pion emission, photo-absorption). The interplay
between disruption and obscuration does not yet account for the
X-ray minimum and orbit to orbit variability. More sensitive �-
ray observations will provide a wealth of information and allow
to test the conditions and the physics of the shocks at a high level
of details, making of ⌘ Carinae a perfect laboratory to study par-
ticle acceleration in wind collisions.

4. Conclusions

We have used the hydrodynamic simulation of Parkin et al.
(2011), developed to reproduce the thermal soft X-ray lightcurve
of ⌘ Carinae, and estimated electron and hadronic Fermi acceler-
ation and inverse Compton emission and neutral pion disintegra-
tion cell-by-cell assuming a di-polar magnetic field at the surface
of the primary star. The results of the simulation were compared
with the lightcurves and spectra observed by Fermi LAT between
mid 2008 and mid 2015. We increased the data sample by ⇠ 30%
with respect to previous analyses, and exploited the much better
performance of the new PASS8 Fermi-LAT pipeline and of the
updated instrument responses. We performed a low energy and
an high energy analysis, respectively from 300 MeV to 10 GeV
and from 10 GeV up to 300 GeV, using the binned (Cash 1979)
and unbinned analyses (Mattox et al. 1996). We used di↵erent
time bins and performed also a low energy merged analysis com-
bining data with the same orbital phases, when this was possible,
to increase the signal to noise ratio. We looked for high and low

energy flux variability of ⌘ Carinae, and analysed its spectral
variations at di↵erent orbital phases.

We found a good match between the accuracy of the simu-
lation, even if simplified, and the signal-to-noise of the observa-
tions. The comparison between simulation and observations led
to several results.

1. The centroid of the �-ray source observed by Fermi LAT is
compatible with the position of ⌘ Carinae within less than
1 arcmin. The low energy (0.3-10 GeV) �-ray lightcurve
is modulated along the orbit and shows a very similar and
highly significant modulation during the periastrons of 2009
and 2014, indicating that it is driven by the orbital motion of
the system.

2. Around periastron the low energy (0.3-10 GeV) �-ray flux
varied by 50% in less than 40 days. A significant fraction of
the �-rays are therefore emitted in a source smaller than the
homonculus nebula, contrasting with the hypothesis of Ohm
et al. (2010).

3. The variability factor observed at low energy (0.3-10 GeV) is
1.53 considering broad phase bin and 1.92 considering bins
of 40 days. This matches the results of the simulations as-
suming that the magnetic field at the surface of the primary
star is larger than ⇠ 400 G. Smaller values of the magnetic
field shorten the volume where electrons could be acceler-
ated to su�cient energies, increase the expected variability
amplitude beyond the observed one and decrease the ex-
pected �-ray luminosity.

4. A surface magnetic field larger than ⇠ 1 kG would produce
a secondary peak of emission after periastron stronger than
the periastron peak, which is not observed. A large part of
the secondary peak, observed in the data, is linked with a
bubble with reversed wind conditions created after periastron
and lasting for about a tenth of the orbit. We note that �-
ray observations together with improved simulations should
allow to constrain the magnetic field in the system even more
accurately.

5. The primary maximum observed just before periastron per-
fectly matches the prediction of the simulation (amplitude,
phase and duration). The secondary peak occurs slightly ear-
lier and with a lower amplitude than predicted. We assume
that these discrepancies come from an inaccurate eccentric-
ity and from the extremely simplified treatment of inverse
Compton scattering. We note that �-ray observations should
allow to constrain the eccentricity of the orbit of ⌘ Carinae
more accurately than available from the current optical ob-
servations.

6. The amplitude and pattern of the low energy (0.3-10 GeV)
�-ray variability correspond in general very well with the
predictions. The luminosity of the Pion disintegration de-
pends on the density and a larger variability is expected.
The low energy �-rays are therefore very likely emitted by
inverse Compton emission, contrasting with the claims of
Ohm et al. (2015). The match between the electron distri-
bution predicted by the simulation and the observed cuto↵
energy is also a strong argument against the �-ray absorp-
tion suggestion from Reitberger et al. (2012), which requires
a much larger cuto↵ energy for the intrinsic continuum than
expected.

7. The �-ray spectrum observed at apastron shows a discrep-
ancy with the predictions assuming a simplified inverse
Compton treatment. This is very likely indicating that the
seed soft photon spectrum is not identical everywhere, as
currently assumed by the simulations. Spectral variability
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Energetics and conclusions
• Thermal X-rays:                  25 L⊙

• Synchrotron:                   < 0.1 L⊙

• Electron acceleration:         50 L⊙

• π0 emission:                        10 L⊙

• neutrino:                          ~ 10-9 GeV s-1 cm-2   (> 10 TeV)

Max e- energy match the expectation

e- spectral index ~ 2.25

IC emission is ruled out at TeVs

π → γ emission matches amplitude variability 

cutoff energy ≥1013 eV (> middle aged SNR)

Efficiency of particle acceleration ~1% (Spitkovsky’s sim: 10%)

Peri 2009 ≠ peri 2014 (system changed? instabilities?)

η Carinae shows evidences for e- (γ~104) and hadronic (γ~103 ; γ~106 @ peri ?) acceleration

With this efficiency, a massive star 
could accelerate ~ 1049 ergs of 

CRs as much as an average SNR

Electrons: Hadrons:

η Carinae could accelerate 
as much cosmic-rays as a SNR

Few zones models

     are too simplistic

Zillion-cells model necessary

    (Hydro, Fermi acceleration, photon propagation, …)

Variability is essential to deconvolve spectral energy distributions (spectral analysis @ different orbital-phases)

CTA will confirm:
hadronic acceleration 
γ-γ absorption 
τ variations along the orbit
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What happened during last periastron ?

Possible interpretation

Larger wind clumpiness : 

➙ Stronger thermal emission (~ ρ2) 

➙ Stronger IC emission (~ ρ) 

➙ Increased probability for escaping protons, i.e. 
decreased pion emission 

➙ Lower

Corcoran (2015)

x 
5.

5

x 
10

Balbo & RW, 2017 

2014 periastron

2009 periastron
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(MB and Walter, 2017 A&A)


