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CTA and NuSTAR should confirm or refute this scenario.

outflows, X-rays: binaries

1. Introduction

[astro-ph.HE] 4 Nov 2019

n Car is the most prominent ~y-ray emitting colliding wind

< binary system and is known to have many exceptional proper-
—> ties. The high mass-loss rates of the binary stars in this system
lead to very high densities in the wind collision region (WCR),
which may in turn lead to efficient conversion of energy from
accelerated protons in to y-rays and neutrinos. The orbit of the
system is highly eccentric with an eccentricity above 0.8 and
- most likely between 0.85 and 0.90 (Mehner et al. 2015) with a
period of ~ 5.5 yr (Damineli et al. 2008), which results in very
different conditions in the WCR over the course of a single orbit.

o The primary star of the system is believed to be a luminous blue
. . variable (Davidson & Humphreys 1997) and the companion a
= late-type nitrogen-rich O or Wolf-Rayet star (Iping et al. 2005).
' Throughout the paper we will refer to the primary star as n Car
>< A and to the companion star as n Car B. ny Car A has a mass
larger than 90 M, with an initial mass of probably 150 M, or
higher. The mass of 77 Car B is also not well known, but should

be not larger than 30 My (Hillier et al. 2001). Their winds
have different properties: the mass loss rate of n Car A was
estimated to be a few 1074 Mg yr~! up to a few 1072 M yr—!

and the terminal wind velocity to be ~ 500 kms~!; for  Car B
possible values are around 107° M yr~! and ~ 3000kms~!
(see Corcoran & Hamaguchi 2007, and references therein). The
surface magnetic-field strengths of the stars are uncertain. In
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ABSTRACT

The binary system 7 Carinae is a unique laboratory in which to study particle acceleration to high energies under a wide range of
conditions, including extremely high densities around periastron. To date, no consensus has emerged as to the origin of the GeV
«-ray emission in this important system. With a re-analysis of the full Fermi-LAT dataset for ) Carinae we show that the spectrum
is consistent with a pion decay origin. A single population leptonic model connecting the X-ray to y-ray emission can be ruled out.
Here, we revisit the physical model of Ohm et al. (2015), based on two acceleration zones associated to the termination shocks in the
winds of both stars. We conclude that inverse-Compton emission from in-situ accelerated electrons dominates the hard X-ray emission
detected with NuSTAR at all phases away from periastron, and pion-decay from shock accelerated protons is the source of the vy-ray
emission. Very close to periastron there is a pronounced dip in the hard X-ray emission, concomitant with the repeated disappearance
of the thermal X-ray emission, which we interpret as being due to the suppression of significant electron acceleration in the system.
Within our model, the residual emission seen by NuSTAR at this phase can be accounted for with secondary electrons produced in
interactions of accelerated protons, in agreement with the variation in pion-decay ~y-ray emission. Future observations with H.E.S.S.,
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discussing the radio measurements of WR 147 made by Williams
et al. (1997), Walder et al. (2012) conclude that the emission is
consistent with surface magnetic-field strengths of 30 to 300 G.

The variability of 7 Car is well studied in the X-ray domain
(see e.g. Corcoran 2005; Hamaguchi et al. 2007, 2014). An
outline of the X-ray measurements between 1996 and 2014 is
given in Corcoran et al. (2015) and put in perspective with the
orbital dynamics of the system. The X-ray maximum is ex-
plained by a wind-wind cavity carved in the dense wind of 7 Car
A due to the motion of the companion 7 Car B, and its stellar
wind. The X-ray minimum follows as a consequence of the sub-
sequent blocking of the said cavity in further companion motion.

The first detections of 7-ray emission from the direction
of 1 Car were obtained with the AGILE satellite (Tavani et al.
2009) and Fermi-LAT (Abdo et al. 2009, 2010). The ~-ray
flux is observed to vary around the orbit, with an increase
shortly before and a decrease around periastron (Abdo et al.
2010; Farnier et al. 2011), albeit less significantly than in the
X-ray regime. The ~y-ray spectrum measured using Fermi-LAT
can be described well by two different components, one of
which dominates the emission above 10GeV (Abdo et al.
2010; Farnier et al. 2011). The latter reference suggested
that the low-energy component may be associated to inverse
Compton (IC) scattering by electrons accelerated in the WCR,
and the second component due to decay of 7%s produced in
the interactions of accelerated hadrons in the dense environment.
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Bednarek & Pabich (2011) were the first to suggest that the
two shocks in the system, owing to the different stellar wind
properties for the individual stars, would lead to two populations
of accelerated particles with different maximum energies. They
considered two different models, one solely containing accel-
erated electrons, and the other both high energy electrons and
protons. In Ohm et al. (2015) (hereafter O15) this scenario was
explored further with a more complete treatment of the system
geometry and dynamics. It was concluded that the «-ray emis-
sion is likely purely hadronic in origin, with the two Fermi-LAT
components indeed associated to the two shocks in the system.

The first full orbit of n Car as seen by Fermi-LAT was an-
alyzed by Reitberger et al. (2015). They found small variations
at energies < 10 GeV, but larger ones for the high energy com-
ponent, with a high flux at periastron, followed by a sudden de-
crease and a slow recovery. With the updated Fermi-LAT cov-
erage of two periastron passages and the major improvement
in sensitivity (particularly at low energies) represented by the
Pass 8 release of Fermi-LAT data, further information about the
variability in the y-ray regime has been presented by Balbo &
Walter (2017). The high-energy component does not show a sig-
nificant increase during the second observed periastron passage,
but the low energy component behaves in a similar way during
both passages. Comparing their results with y-ray fluxes derived
from data of hydrodynamical simulations of Parkin et al. (2011),
Balbo & Walter (2017) argued again in favour of a model in
which the low energy y-ray emission is attributable to IC scat-
tering.

Recently, Hamaguchi et al. (2018) have reported on observa-
tions with NuSTAR in the hard X-ray domain, which confirmed
earlier suggestions (Leyder et al. 2008) of a hard, non-thermal,
component at 30-50 keV. These authors contend that this is IC
emission connecting smoothly with the low energy component
seen with Fermi-LAT inferring that the hard X-ray emission and
the low-energy v-ray emission are produced by the same popu-
lation of relativistic electrons.

Here we revisit the Fermi-LAT data, focusing on the previ-
ously unconstrained lowest energy (< 200 MeV) part of the -
ray spectrum with the aim of constraining the origin of this com-
ponent (Section 2). In Section 3 we make an assessment of the
likely origin of the different non-thermal components of 1 Car
based on physical considerations associated with particle accel-
eration, energy losses and the emission and absorption of ~y-rays.
In Section 4 we present an update of the calculation of O15 and
comparison to the newly available data. Finally, in Section 5 we
discuss the implications of the new data analysis and modelling,
and the prospects for future observations.

2. Fermi-LAT data analysis
2.1. Data Selection

We have performed a Fermi-LAT analysis following closely the
approach taken by Reitberger et al. (2015) but considering: a
wider energy range, additional data, an updated Galactic diffuse
model, updated Instrument Response Functions (IRFs) and the
latest Fermi-LAT source catalogue.

Fermi-LAT data from the latest Pass 8§ release between Au-
gust 4 2008 and July 1 2019 (MET 239557417 to 583643061)
was analysed using Fermitools (version 1.0.7), the official Fermi
ScienceTools data-analysis suite™ via FermiPy (version 0.17.4),

* The Fermi ScienceTools are distributed by the Fermi Science Support
Center (http://fermi.gsfc.nasa.gov/ssc).
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an open-source python framework that provides a high-level in-
terface to the Fermi ScienceTools; (Wood et al. 2017).

Data were selected over a region of interest (ROI) of 10° by
10° centred at the nominal position of 1 Car and aligned in galac-
tic coordinates. Data were chosen according to the SOURCE
event class (evclass=128) with FRONT+BACK event types (ev-
type=3).

To minimise contamination from atmospheric ~-rays from
the Earth, time periods in which the ROI was observed at zenith
angle greater than 90° were excluded and the resulting exposure
correction determined as part of the live-time computation, as
per the current Fermi-LAT recommendations.”™ A bright nova,
ASASSN-18fv, approximately 1° away from 7 Car was detected
by the Fermi-LAT in March 2018 (Jean et al. 2018). To prevent
contamination at the position of 7 Car by emission from this
nova, data in the period MET 542144904 to 550885992 were
excluded.

2.2. Data Analysis

The Fermi-LAT 8-year source catalogue (4FGL) (The Fermi-
LAT collaboration 2019) was used to construct a model of the
sources surrounding 7 Car. To account for the instrument point-
spread-function and any extended sources just outside the cho-
sen ROI, sources from an extended region of radius 15° were
included in the model. In total 63 sources were included. In all
cases the spectral model was included as-per the catalogue de-
scription. The latest Galactic diffuse background template and
isotropic component files were utilised (see Appendix A for the
specific files used).  Car was included as it appears in the 4FGL
catalogue under the identifier 4FGL J1045.1-5940 as a point
source with a log-parabolic spectral shape.

A binned maximum-likelihood analysis using the recom-
mended IRFs was performed in the energy range 80 MeV to
500 GeV. First the parameters of the background model were
optimised in an iterative fashion, looping over all model com-
ponents in the ROI fitting their normalisation and spectral shape
parameters. Then a final fit was performed in which the galac-
tic and isotropic background components remain fixed whilst the
normalisation of all sources within 3° of 1 Car with a Test Statis-
tic (TS) > 10 and at least 10 predicted events are allowed to vary.
TS and residuals maps were then generated to assess the quality
of the model.

It was found that significant extended residual emission was
present surrounding 7 Car after this process. These residuals re-
semble the distribution of molecular gas in the region, suggest-
ing an additional component associated with cosmic-ray inter-
actions in the region. A template spanning 1° radius based on
the CO survey of Dame et al. (2001) was generated and added
as a diffuse component to the overall model, with a power-law
spectral shape. The need for this additional diffuse component
is discussed further in Appendix A. The best overall model fit
then results in a TS of ~ 1000 for the new component, with a
spectral index of 2.1 £ 0.1. The best-fit flux of this component is
approximately 60 % that of ny Car. The mean velocity-integrated
intensity in the CO template corresponds to a total gas mass
of approximately 1 x 10° M, assuming a conversion factor of
CO to molecular hydrogen (Xc,) of 2 x 102° K kms~! (consis-
tent with studies for this region, c.f. Rebolledo et al. 2015). The
additional energy density in cosmic rays required to produce
the energy flux of this component in y-rays between 100 MeV

** Note that in the past a cut on the rocking angle was also recom-
mended, but is no longer deemed necessary.
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Fig. 1. The SED resulting from Fermi-LAT analysis of 17 Car over the
full data set (black points) together with a systematic-error band (grey
area). A fit to the data points below 200 GeV using the Naima pack-
age (Zabalza 2015) is shown by the black curve under the assumption
that the «-ray emission arises from proton-proton interactions with an
exponential cutoff powerlaw distribution for the protons. For compari-
son data points from a previous Fermi-LAT analysis (Reitberger et al.
2015) are shown in blue.

and 30 GeV of 7 x 107 ergem ™25 is &~ 1eVem™3 over
this ~ 80 pc region. Whilst it is perhaps not surprising that the
Galactic diffuse model used in Fermi-LAT cannot reproduce per-
fectly the emission from this complex region, this component
is suggestive of an excess of locally accelerated cosmic rays in
the region. Although a model with multiple templates, allow-
ing for different cosmic-ray densities in individual molecular
clouds, may more accurately represent the diffuse emission, the
approach taken here results in an acceptably flat residuals map,
and is hence justified for use in the analysis of 7 Car. The result-
ing model including this component was used as a starting point
for the further analysis steps outlined below.

2.3. Spectral Energy Distribution

A spectral analysis of the full Fermi-LAT data set was performed
based on the optimised model described above. The resulting
SED (black points) together with systematic-error band (grey
area) are shown in Figure 1. For details of the systematic er-
ror estimate see Appendix A.3. The SED for the total n Car
data set from this work can be seen to be consistent with that
from Reitberger et al. (2015) (light blue). A drop in flux below
300 MeV is clearly visible in the measured SED, indicative of a
kinematic pion-cutoff. The naima package (Zabalza 2015) was
used to fit the SED points under the assumption that the v-ray
emission arises entirely from proton-proton interactions (black
curve). The measured SED appears inconsistent with a purely
leptonic scenario, such as that presented in Hamaguchi et al.
(2018).

2.4. Phase-Resolved SED Analysis

The Fermi-LAT data on ) Car spans 11 years covering two peri-
astron passages over a relative phase range of 0.92 to phase 2.88.
SEDs were produced for the following phase ranges motivated
by the X-ray behaviour:

— Pre-Periastron: Phase ranges 0.92 - 0.99 and 1.92 - 0.99
(approximately 140 days each) covering the gradual build up
in flux observed in the X-ray light curve.

— Periastron: Phase ranges 0.995 - 1.025 (approximately 60
days each) covering the abrupt dip in flux observed in the
X-ray light curve.

— Off-Periastron: Phase ranges 1.1 - 1.9 and 2.1 - 2.88, ex-
cluding 2.65 - 2.70 for the nova, ASASSN-18fv (Jean et al.
2018) where no significant variability is observed in the X-
ray light curve.

In each phase range a fit was performed starting from the op-
timised model in which the Galactic and isotropic background
components remain fixed to the previous optimised values. The
normalisation of all sources within 3° of 1 Car with a TS > 10
and at least 10 predicted events were allowed to vary. The analy-
sis was performed both independently for each orbital period and
with both orbital periods combined. The SEDs from the com-
bined analysis of both orbits are presented in Section 3 and com-
pared to that from the individual orbital periods in Appendix A.4.

2.5. Temporal Analysis

The upper panel of Figure 2 shows the light curve around peri-
astron for the Fermi-LAT data in the energy range 300 MeV to
10 GeV divided into 0.03 bins in orbital phase (approximately
60 days) and aligned to the periastron phase range used in the
SED analysis described in the previous Section. The light curve
was produced by performing an independent likelihood analysis
in each time bin starting from the optimised model described in
Section 2.2. In each time bin only nearby source normalisations
and the normalisation of 7 Car were allowed to vary. An en-
ergy range of 300 MeV to 10 GeV in-which the spectral shape
of 1 Car is roughly constant was chosen. Data from the first or-
bital period observed by Fermi-LAT (with periastron in 2009)
are shown in blue whilst data from the second orbital (perias-
tron 2015) are shown in black. For comparison the points from
Balbo & Walter (2017) are included. The hard X-ray emission
as measured by NuSTAR during the 2014 periastron passage
(Hamaguchi et al. 2018) is shown in the middle panel. In the
lower panel the X-ray emission at lower energies as measured
by RXTE and Swift for passages culminating with periastron in
1998, 2003, 2009 and 2014 are shown (Corcoran et al. 2017).
The 300 MeV to 10 GeV ~-ray flux behaves similarly during
both passage (as noted by Balbo & Walter (2017)) and shows
no distinct disappearance at periastron as seen in the X-ray data.

3. Physical considerations and limits

Before describing the numerical model, many important con-
clusions can be drawn about the significant effects and likely
origin of different radiation components in the n Car system.
From estimates of stellar luminosities, mass-loss rates, wind
velocities and surface magnetic fields, order of magnitude
estimates of the conditions at the two shocks within the system
can be derived and associated acceleration and energy-loss
timescales considered. In this section we consider in turn each
of the primary physical processes at work in the system, which
have implications for the non-thermal emission.

Following Bednarek & Pabich (2011), we consider the WCR
separated from the winds of the two stars on either side by shock
fronts. Despite the large densities, both shocks are collisionless
(Hall parameter wg;7;; of the order 10 or larger, c.f. Eichler &
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Fig. 2. Upper panel: Fermi-LAT temporal analysis of 1 Car from
300 MeV to 10 GeV from orbital phase 0.8 to 1.2 in 0.03 phase bins.
Data corresponding to the first orbital period observed by the Fermi-
LAT (with periastron in 2009) are shown in blue, and for the second
(with periastron in 2014). Vertical grey shaded areas indicate the phase
ranges used in the spectral analysis presented in Section 2.4 around peri-
astron, pre-periastron and off-periastron. The points from Balbo & Wal-
ter (2017) are shown as hollow grey circles. The vertical black dashed
line indicates periastron. Middle panel: The NuSTARpoints for the
2014 periastron passage from (Hamaguchi et al. 2018). Lower panel:
RXTE and Swift data for the last four periastron passages.

Usov 1993), and in principle provide sites for the acceleration of
energetic particles via diffusive shock acceleration. The condi-
tions pertinent to this process are discussed below.
Acceleration at ) Car A’s shock: The inferred high surface
fields and terminal velocity of the wind of n Car A limits the
shock’s Alfvén Mach number to rather modest values, M < 10,
reaching a minimum near periastron. At all phases, the inferred
low Mach numbers restrict the amount of self-generated MHD
fluctuations that in-situ accelerated particles can amplify up-
stream of the shock. From energy conservation, we must sat-
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isfy B2 /4w = x P.;, where P, is the cosmic-ray pressure, and
X < 1 the fraction that is converted to magnetic pressure. Re-
arranging as

5 B? P.
— = =) M3
B} X<pvzh> A

and using the results of Bell (2004), where x =~ vy, /c we find
only modest growth of magnetic fluctuations (§B < By) is pos-
sible. In the most optimistic scenario, the Hillas limit (Hillas
1984) for the shock of 1 Car A is (neglecting losses)

ey

B, R, Urot

04
Pitillas = 50 TeV |
Hill (100G> (100R@> (60°> (0.1%0) ¢

where R, and B, are the stellar radius and surface magnetic
field respectively, L ~ ry 04 is the spatial extent of the shock,
and for convenience we have taken a purely toroidal magnetic
field in the wind, B o r~!. However, as we will show below,
the maximum energy in 7 Car A is always limited by losses. We
note that while significant magnetic-field amplification can be
ruled out, the growth rate for the classical ion-cyclotron insta-
bility (e.g. Tademaru 1969) can be sufficiently rapid to ensure
acceleration efficiency close to the Bohm limit.

Acceleration at 7 Car B’s shock: The faster wind of 1 Car
B should result in large Alfvén Mach numbers. Making the rea-
sonable assumption that the star rotates at < 10 % of its critical
velocity, the shock will be quasi-parallel (< 45°) over its entire
orbit. The Alfvén Mach number will thus increase monotonically
with distance from the star. Plausible stellar surface parameters
and wind conditions imply Alfvén Mach numbers M > 100,
and consequently the possibility of non-linear magnetic-field
amplification should be considered, c.f. Equation (1).

An estimate for the maximum attainable energy can be found
from the Hillas limit, assuming strong field amplification. In re-
ality, the statistics of the fields plays an important role, and the
Hillas result should be considered here as a firm upper limit.
Adopting standard parameters for the saturated magnetic field
(e.g. Bell 2004): Pcr/pvs?h = 0.1, x = vB,0o/c; the Hillas
limit gives Fpias ~ 30TeV. Hence, n Car can be seen to
provide a unique time-dependent laboratory for testing theories
of cosmic-ray acceleration with self-amplified fields relevant to
high Alfvén Mach number supernova remnant shocks for exam-
ple. Conversely, as the resulting y-ray emission is dependent on
the physical characteristics of the stellar wind, the high-energy
observations may provide new information on what is otherwise
a poorly constrained star.

Electron heating and injection: The shock conditions close
to periastron require special consideration, as the injection of
electrons is sensitive to shock obliquity and Mach number. In
the case of i Car A, the relatively modest Alfvén Mach num-
ber may restrict electron injection, unless the shock is highly
oblique. Hence, electron acceleration may not occur close to the
star, where the fields are predominantly radial. Close to perias-
tron, the shock may even become sub-critical (Edmiston & Ken-
nel 1986), which can suppress also the electron heating.

At n Car B, again the situation is different, although elec-
tron acceleration may also be inhibited close to periastron. The
fate of the shock close to periastron is in fact unclear. For ex-
ample, it has been argued that the shock of n Car B will col-
lapse onto its stellar surface during closest approach (e.g. Parkin
et al. 2011), although this requires a very weak surface mag-
netic field. As we argue below, the sustained y-ray emission re-
quires persistence of the shock. Another factor that can affect the
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non-thermal electron spectrum concerns the fact that for quasi-
parallel shocks, electron acceleration requires the shock veloc-
ity to exceed the whistler phase speed (Eichler & Usov 1993),
ie. Mp > y/m;/me. Since My o r in the radial field zone,
this condition will be violated close to the star unless the surface
fields are extremely weak.

Interactions of protons: Accelerated protons and nuclei in-
evitably interact with the thermal background particles, leading
to the production of ~-rays, neutrinos and secondary leptons,
which may in turn produce X-rays and vy-rays via the IC pro-
cess. For n Car A, the proton energy-loss timescale via such
collisions at the stagnation point is of the order of 10 days, sig-
nificantly shorter than the propagation timescales via advection
or diffusion. This is therefore a calorimetric system, in which
energy gained by acceleration is lost in-situ and the maximum
energy attainable can be estimated from equating the timescales
for energy loss (tpp ~ (ngasoppc) ') and diffusive shock ac-

celeration (tace & NaccTgC/V%)):

Ush

2
B r \?2
~ -1 (__ h P T
Emaxwmnam(m?’kmsl) <1G) (AU) GeV . ()

For our assumed orbital parameters, and a constant accel-
eration efficiency of 7, = 5, this gives mean values of ~
150 GeV, but the energies are always below 230 GeV. At the
shock in the wind of ) Car B, densities are much lower and ve-
locities higher. The flow timescales are shorter than the energy-
loss timescales and it seems plausible that the maximum energy
is determined by the residence time of protons and nuclei in
the acceleration region, potentially reaching its Hillas limit (e.g.
Achterberg 2004). The fraction of these particles that interact
rather than escape from the system is dependent on the details
of the cosmic-ray transport out of the system and also on the
way in which the material in the two very different stellar winds
becomes mixed on larger scales (see also O15).

Electron cooling: In 7 Car, conditions are such that energy-
loss timescales for relativistic electrons are always much shorter
than orbital timescales or particle escape timescales. An equi-
librium between particle acceleration and cooling is therefore
rapidly established at all electron energies. The dominant cool-
ing process at the lowest energies is through electronic excita-
tions (Gould 1975), at higher energies IC losses dominate and
finally for the highest-energy electrons Klein-Nishina suppres-
sion beyond ~ 10 GeV energies leave synchrotron emission as
the dominant cooling process (see Figure 2 in O15). The transi-
tion point between Coulomb-Ionisation losses and IC cooling
depends on the ratio of thermal electron density to radiation
energy density. As both of these quantities vary as the inverse
square of the distance to the star, this cross-over point is approx-
imately constant with phase. Following Schlickeiser (2002) the
transition occurs at electron energies of:

. 1 1 1

M\ (v \ 2(L\?
Epreak ~ 130 | — =)  MeV, 3
pre <MA> <Uoo,A> <LA> ‘ @

i.e. the break energy is 130 MeV for the side of n Car A and
30 MeV for n Car B. The subscript ‘A’ in Equation (3) refers to
the properties of 17 Car A. More accurate calculations including
the radiation fields from both stars and averaging over phases
reduces these values to 110 MeV and 15 MeV respectively. In
equilibrium the electron spectrum will in any case soften above
this point, leading to a break in the resulting IC spectrum, which

lies well below the Fermi-LAT energy range for any reasonable
choice of parameters.

Anisotropy of IC emission: As the typically assumed sit-
uation of isotropy in both the electron and target photon popu-
lations is not met in n Car, it is important to evaluate the im-
pact of anisotropy on the expected IC emission. The electrons
can still be assumed to be isotropic, since the velocities of the
non-thermal particles are much larger than the flow velocities.
We therefore adopt the cross section of Aharonian & Atoyan
(1981) for the anisotropic IC scattering of an isotropic electron
distribution. We find that there is a general compensating effect
when one accounts for the radiation fields of the two stars and
the different locations in the shock cap, such that the impact of
anisotropy on the flux is always less than 30 % for the energy
range 30 keV to 50 keV where IC emission from electrons dom-
inates and measurements from NuSTAR are available. Averaging
over different phases reduces the impact of anisotropy even fur-
ther.

~-v pair-production: Above a threshold of ~ 30 GeV, -
rays inside the n Car system can pair-produce in the stellar
radiation fields. The angular-dependent effects lead to phase-
dependent flux variability in the VHE domain. In the core en-
ergy of Fermi-LAT around 1 GeV ~-v absorption is negligible.
In our detailed model, described in the next section, we consider
~-7 pair-production only as an absorption process. Here however
we note that the presence of a significant flux of ~-rays beyond
30 GeV inside the system may result in a measurable contribu-
tion to the IC emission from the resulting pairs (see e.g. Dubus
2006; Bosch-Ramon & Khangulyan 2009). The IC emission of
the pair-produced particles is expected to peak between 5 and
10 GeV and results in an enhancement of ~ 10 % close to peri-
astron, due to the proximity of the stars and the smaller size of
the emission region. At all other phases the enhancement is less
than 1 %.

4. Phase-dependent Model

For the modelling of the non-thermal emission of 1 Car as a
function of phase we make use of the framework presented in
015, with some refinements and adjustment of parameters for
consistency with the new full Fermi-LAT data-set as described
above.

4.1. Modelling Approach

We model diffusive shock acceleration at the two shocks in the
system, formed on either side of the contact discontinuity be-
tween the two stellar winds (Eichler & Usov 1993). We assume
constant and spherically symmetric winds, with the geometry of
the shock cap established by the momentum balance between the
two winds (which are assumed to reach terminal velocity before
the shock at all phases), see Canto et al. (1996). The parameters
of the two stars and their winds are given in Table 1. Accelera-
tion is assumed to take place with Bohm scaling (mean free path
proportional to gyroradius), using the scaling factor 7,.., which
is a free parameter of the model.

We mimic the effect of magnetic-field amplification at the
shock in the wind of 1 Car B by adopting a large rotation ve-
locity. That this is reasonable follows from Equation (1), where
one can see that for constant acceleration efficiency, the ampli-
fied field corresponds to § B2 o< p. Provided anisotropic trans-
port is unimportant, which is implicitly assumed in the model,
the magnetic-field amplification is equivalent to a wind with a
purely toroidal field.
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Fig. 3. SEDs for the phase ranges off-periastron (top), pre-periastron (middle) and periastron (bottom). Black data-points represent the points from
our Fermi-LAT analysis (Section 2.4), olive points show data from NuSTAR (Hamaguchi et al. 2018). The black solid line shows the total emission
from our model with absorption. The black dashed line shows the same without absorption. Blue lines show the emission from electrons, green
lines the contribution from secondary particles and red lines from protons of n Car A (bold) and n Car B (thin). In the upper plot (phase 0.1 to 0.9)

upper limits from H.E.S.S. were added in grey (Abramowski et al. 2012).

Electron acceleration in the system is found to be limited by
IC losses at all phases and everywhere in the system. The loss
timescales at all energies are also short compared to propagation
timescales and so the local equilibrium electron spectrum can be
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calculated based on the local environment in each of the consid-
ered cells (radial and azimuthal bins on the shock surface, see
015) at each of the two shocks.
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For the high-density/low-velocity shock associated with
1 Car A, proton acceleration is found to be limited at all phases
by collisions with ambient nuclei. The y-ray spectrum and in-
jection spectrum of secondary electrons in each cell of the shock
cap is calculated assuming an equilibrium between acceleration
and these losses. The equilibrium IC spectrum of the secondaries
is then found in each cell, again assuming in-situ cooling.

For the lower-density/higher-velocity shock associated to
71 Car B the situation is more complex. Acceleration of protons is
limited by the residence time of particles in the system, which is
assumed to be dominated by advection downstream of the shock.
The changing conditions during acceleration, and an approxima-
tion of the effect of CR modification to the shock are dealt with
as in O15. After leaving the acceleration region particles are as-
sumed to travel ballistically out of the system. This point is de-
fined as the ballistic point. Hadronic interactions may take place
in the shock cap, but primarily occur in a zone in which mixing
between the shock-compressed winds from the two stars is as-
sumed to take place. The scale on which this mixing takes place
is a free parameter of the model, with the adopted value of one
shock cap radius. The shock cap radius is defined as the distance
between the apex and the ballistic point. The value for the mix-
ing length is motivated by hydrodynamical models (e.g. Parkin
et al. 2011).

For this work we have adopted a more complete treatment
of secondary particles, in particular secondary production in the
ballistic outflow beyond the shock cap which was neglected in
O15. Secondaries are again assumed to cool in-situ, with the lo-
cal equilibrium spectrum calculated based on the environment in
each bin in distance along the trajectory of each azimuthal bin,
during each phase step.

The effect of y-v interactions in the system is modelled as
in O15, with the simplifying assumptions of point-like emission
from the two stars and neglecting the radiation of the e™ /e~
pairs produced.

A major change here is the assumption concerning the shock
cap behaviour during the periastron passage. In our previous
work we considered the disappearance of part of the shock cap
and both of the associated shocks during the period in which
thermal X-ray emission is absent. Here, motivated by the consid-
erations given in Section 3 above, we assume instead that both
shocks persist but that the injection/heating of electrons is sup-
pressed at phase 0.995 - 1.025, resulting in both the disappear-
ance of the thermal X-ray emission and a halt to the injection of
electrons in to the shock acceleration process. We note that the
shocks can not vanish completely as the proton loss times are
shorter than the phase range in question, implying continuous
acceleration of nuclei is essential.

The power used for acceleration of CRs depends on the local
kinematics. In each cell with azimuthal and radial bin (¢, j), the
derived CR power Py (; 5y = €Pyind,(s,5) 18 given as a fraction €
of the locally available kinetic wind power

M'Ugo ’Uni,. 2A.Qi/
Puing, (i,5) = < . '”) (B.) “

2 Voo 4

Here, vy, , is the normal velocity component to the shock
front and Af?w 4y is the solid angle fragment of the local injec-
tion area on the shock cap. The efficiency e is a free parameter of
the model. In equilibrium, where particles are accelerated up to
their cooling limit in a single cell, the CR power is determined at
injection. In the system of 1 Car B, however, the protons do not
reach equilibrium and accelerate during propagation through the

shock cap (see O15). Here, the CR power will increase until the
particles leave the accelerating region.

4.2. Modelling Result

The key results of the modelling are summarised in Figure 3,
where our model is compared to the new Fermi-LAT analysis
and existing NuSTAR data. The phase ranges 0.1 to 0.9 (off-
periastron, upper panel), 0.92 to 0.99 (pre-periastron, middle
panel) and 0.995 to 1.025 (periastron, lower panel) are shown.
The model parameters used are provided in Table 1. NuSTAR
datapoints in the corresponding phase ranges from Hamaguchi
et al. (2018) are shown in olive. Black points show the results
from our analysis of the Fermi-LAT data (see Section 2.4). We
also provide in the top panel, the far-from-periastron upper lim-
its from H.E.S.S. (Abramowski et al. 2012). The parameters re-
quired to explain the Fermi-LAT emission as arising from pion-
decay are very similar to those of O15. We found that values
of 7aec = 15 for n Car A and 7, = 5 for n Car B, while
putting ~ 10 % of the available wind power at the shock cap
into the acceleration of protons above a GeV matches the Fermi-
LAT data well for all phase ranges considered. The solid black
line shows the total emission from the model and the dashed
black line at higher energies shows the total emission without
absorption. Different emission components are shown in differ-
ent colours: red for the emission from protons, blue for primary
electrons and green for emission from secondary particles cre-
ated in proton-proton collisions.

At off-periastron we find that primary electrons (indicated
with blue lines in Figure 1) are required to explain the level of
emission seen with NuSTAR. We fix the relative fraction of en-
ergy going into primary electrons above a MeV to that in protons
above a GeV at all phases for the two stars to be 3 %. IC emis-
sion from electrons accelerated at the side of  Car B dominates
at NuSTAR energies, even if the fraction of energy going into
the electrons of 7 Car A is increased by one order of magnitude.
Pion decay from proton interaction on the side of 1 Car A is, in
all phase ranges, the main contributor to the low energy Fermi-
LAT component of the SED, whereas at higher energy, protons
from 7 Car B can account for the observed flux and spectrum. At
periastron we switched off the injection of electrons. The level
of the NuSTAR emission is consistent with the emission from
secondary particles and no primary electrons are required in our
model to match the data. This might be a hint for the consider-
ation mentioned in Section 3 that at periastron the nature of the
shock is changed, such that electron acceleration is quenched.

The spectral breaks at lower energies in the IC emission are
associated to the transition between Coulomb and IC cooling
(see Equation 3) and occur at different energies due to the large
range of different densities associated to the two shocks and the
mixing region beyond the shock cap.

Absorption is important for energies above 100 GeV and
therefore affects mainly the emission from 7 Car B. Stronger ab-
sorption occurs during periastron compared to the other phases
due to the small spatial extent of the emission region and the
proximity to the two stars. However, this would change with the
size of the emission region which depends on the mixing length
scale in the ballistic region.

The emission from protons of 1 Car B increases more to-
wards periastron than for  Car A. The reason for this is the es-
cape of accelerated protons at the side of 77 Car B, which do not
contribute to the y-ray emission. Towards periastron the density
increases and more particles can interact.
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Parameter n Car A n Car B
R, [Ro] 100 20
T, [K] 2.58 x 104 3 x 10*
L, [10°Lg] 4 0.3
M[Mgyr~!] 48x107% 14x10°°
Voo [kms™1] 5 x 102 3 x 103
B, [G] 100 100
Vrot [Voo] 0.15 0.15
Nace 15 5
Pp [Pwind] 10 % 9 %

./ P, 3% 3%

Table 1. Adopted model parameters associated with the two stars in
the n Car system and their associated wind shocks. For T\, L, M
and v, we used the same values as listed in Table 4, and for R, the
same values as in Table 1 of Parkin et al. (2009). The surface magnetic
fields B, the rotation velocities vr, the acceleration efficiency param-
eters 7acc, the wind power going into the acceleration of protons F, and
the ratio P./ B, of the power going into the acceleration of electrons
above 1 MeV and protons above 1 GeV were parameters adopted for
our model (see text for details).

5. Discussion and Conclusions

Based on the new Fermi-LAT analysis, the basic physical argu-
ments of Section 3 and the SED modelling of Section 4, several
important conclusions on the non-thermal processes in 7 Car can
be reached. Here we consider each of these in turn.

Pion-decay origin of the GeV emission: The spectral shape
of the emission seen with Fermi-LAT between 0.1 and 10 GeV,
as shown in Figure I, strongly favours a pion decay origin.
This conclusion is consistent with our previous arguments in
015, based on simple energetic considerations of a two-shock
system. In our model, the emission at the lower end of the
Fermi-LAT band is dominated by protons accelerated at the
shock of 1 Car A, see Figure 3. The maximum energy at the
shock is limited by hadronic interactions in the dense wind. The
lower densities associated with the shock on the side of n Car
B allow for larger maximum energies, the latter being limited
only by escape from the shock cap. These protons thus account
for the high energy tail of the Fermi-LAT measurements, where
the y-rays are produced primarily as the shocked plasma from
n Car B, with entrained high-energy particles, mixes with the
denser material from n Car A in the exhausts of the WCR. The
detailed physics of the mixing will affect not only the cooling of
protons and resulting «y-ray emission, but also the cooling break
of secondary pairs. We have found that the simple mixing-length
profile adopted in our model provides a reasonable match to
the data, but a more sophisticated model may be necessary to
capture specific features.

Leptonic emission: Whilst there is a consensus that emis-
sion above 10 GeV is produced in hadronic interactions, the ori-
gin of the emission between 0.1 GeV to 10 GeV was still under
debate (e.g. O15; Reitberger et al. 2015; Balbo & Walter 2017;
Hamaguchi et al. 2018). The latter authors have argued that the
emission observed at these energies might represent a smooth
continuation of the hard spectrum emission seen at 10s of keV
arising from the IC emission of a hard electron spectrum. This
scenario is strongly disfavoured by the new low-energy Fermi-
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LAT data points. In principle, as the IC emission from 7 Car B’s
primary electrons can account for the NuSTAR data, a signifi-
cantly harder lepton population accelerated at n Car A could be
contrived to match the low-energy end Fermi-LAT data. How-
ever, this would require an equilibrium spectrum harder than
E2dN /dE EY/2, which is incompatible with standard DSA
theory. It is also difficult to disregard the coincidence between
the position of the low-energy roll-over at < 300 MeV with the
threshold energy for pion production.

Finally, the strong orbital variability observed with NuSTAR
(Hamaguchi et al. 2018), in contrast with the modest variability
in the y-ray flux, is also difficult to reconcile with a single elec-
tron population producing the emission in both energy bands.

NuSTAR observations: The non-thermal component in the
NuSTAR data (Hamaguchi et al. 2018) confirms the presence of
primary electrons. As discussed in Section 3, the equilibrium
electron spectrum in the system must include a break associ-
ated to the transition from dominant Coulomb/Ionisation to IC
cooling. For i Car A, the break in the IC spectrum is at a few
MeV, while for n Car B it can fall close to the NuSTAR band
(see for example Hinton & Hofmann (2009) or directly from the
IC breaks in Figure 3). In any case, the IC spectrum is expected
to soften between the NuSTAR and Fermi-LAT bands, which is
consistent with the hard NuSTAR spectrum.

Far from periastron, the NuSTAR flux is compatible with IC
emission originating almost exclusively from the primary elec-
trons accelerated at the shock of n Car B. In this regard, the
fractional power injected into electrons at 17 Car A is effectively
unconstrained. The NuSTAR minimum around periastron is in
agreement with the level of emission expected for secondary
electrons. The reason for the absence of primary electrons dur-
ing this phase is not yet certain and will require more detailed
kinetic simulations. However, the persistence of the Fermi-LAT
~-ray flux (see Figure 2) is a clear indication that both shocks
at the edges of the WCR are continuously accelerating protons.
The absence of measurable X-ray flux from primary electrons
therefore is most probably a consequence of suppression of elec-
tron heating/scattering, which we interpret as being due to low
Alfvén Mach number in the case of 1 Car A, and a runaway of
the whistler phase speed near periastron in the case of n Car B
(see Section 3). The only contribution at hard X-rays would then
be the emission from secondary particles from hadronic interac-
tions of the freshly accelerated protons.

Maximum particle energies and neutrino fluxes: As noted
by Gupta & Razzaque (2017), neutrino emission from n Car is
potentially detectable if high enough particle energies can be
reached. Away from periastron the cutoff energy of the protons
is constrained to about 400 GeV by Fermi-LAT data and HESS
limits, see Figure 3. At periastron, the current experimental data
only constrain the cutoff energy to be greater than ~ 500 GeV.
In the framework of our model, the cutoff proton energy is lim-
ited to ~ 1TeV. The spectral energy distribution of neutrino
emission from interacting protons peaks at more than an order
of magnitude lower energies and would be overwhelmed by the
atmospheric neutrino flux (see e.g. Kappes et al. 2007). Even in
the extreme case of 7,.c = 1 (leading to an exponential cut-
off above 12 TeV the resulting expected neutrino fluxes, being
less than 2 x 10~ ergecm™2s~! above 1TeV and less than
3.3 x 107 B ergem 257! above 10 TeV, make 1 Car an un-
likely source for astrophysical neutrino detection.

HESS observations: The maximum ~-ray energies around
periastron are not constrained by observations so far. Existing
and future H.E.S.S. detections of n Car will allow to further
constrain Fy.x. In our model, strong absorption occurs at
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periastron (see Figure 3), which is caused by the close vicinity
to the stars and the relatively small size of the emission region
compared to apastron. A larger size of the ballistic region due to
a larger mixing length would reduce the absorption effects and
therefore a detection by H.E.S.S. would give information about
the location and spatial extent of the emission region.

The physical conditions in the shocks within the 1 Car sys-
tem are dramatically different from any other well measured par-
ticle accelerating system. As such they represent an extremely
promising laboratory to study the phenomenon of particle ac-
celeration. The dense and luminous environments provide an in-
teresting comparison with the relatively new class of y-ray no-
vae (Ackermann et al. 2014). This has been previously noted by
Vurm & Metzger (2018), who also discuss the connections with
WCRs. The strong evidence reported in this paper in support of
the hadronic origin of the Fermi-LAT data for  Car motivates a
deeper study into other binary colliding wind systems.

Of particular interest is the implications for the new measure-
ments on one of the outstanding problems of high-energy astro-
physics, namely diffusive shock acceleration and the interplay
of the accelerated particle population with its self-excited mag-
netic fields. The current supernova cosmic-ray origin paradigm
for example makes many assumptions regarding the non-linear
behaviour of field amplification, and its ultimate role in the ener-
getic particle transport and acceleration. Testing these assump-
tions with numerical simulations in a self-consistent manner
is currently not possible, making 7 Car a powerful laboratory.
While there are many aspects of 1 Car’s environment that are
quite unique, it is nevertheless remarkable that within each com-
plete orbit of the system the shocks sample a broad range of the
parameter space relevant to diffusive shock acceleration in galac-
tic supernovae. In this paper, we have shown that magnetic-field
geometry, non-linear shock acceleration and magnetic-field am-
plification, and other plasma-physics considerations are essential
to accurately match observations. With future observations and
improved statistics, more detailed predictions of the above men-
tioned processes can be put to the test.
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Appendix A: Further Fermi-LAT Analysis Details
Appendix A.1: Data Selection and Model Parameters

The full set of parameters used in the Fermi-LAT data selection
and those used to construct a model of the region are listed in
Table A.1, for an explanation of the parameters please see the

Fermi ScienceTools***

and FermiPy documentation (Wood et al.

2017).
Parameter  Value
Datarelease P8R3
IRFs P8R3_SOURCE_V2
ROI Data Width ~ 10°
ROI Model Width ~ 15°
Bin Size 0.1°
zmax  90°
Analysis Coordinate System  GAL
Minimum Energy 80 MeV
Maximum Energy 500 GeV
MET Start 239557417
MET Stop 583643061
MET Excluded (ASASSN-18fv) 542144904 - 550885992
evclass 128
evtype 3

Galactic diffuse template
Isotropic background component
Fermi-LAT Catalog

gll_iem_vO07 fits
iso_PS8R3_SOURCE_V2_vl.txt
4FGL (gll_psc_v17 fir)

Table A.1. The Fermi-LATdata selection and model parameters used in
this analysis.

Appendix A.2: Model Residuals

Figure A.1 (upper) shows a residual TS map for a 4° by 4°
region centred on n Car produced as a verification step post-
likelihood fit as part of the analysis chain for a model based on
only the 4FGL catalog, diffuse Galactic template and isotropic
background component. Each point in the map shows the signif-
icance that would be attributed to an additional point source at
that position. The position of 1 Car is marked by a white, hol-
low, triangle. The two closest 4FGL catalogue sources are indi-
cated by white crosses. It is clear that significant residual emis-
sion remains when following this standard approach. Overlaid
are contours from a template generated from the CO measure-
ments in Dame et al. (2001), which aligns well with the excess
emission. Figure A.1 (lower) shows an equivalent TS map gener-
ated following a likelihood fit using a model including this addi-
tional diffuse component, indicating the improvement described
in Section 2.2.

Appendix A.3: Systematic Uncertainties

Systematic uncertainties were estimated for the SED generated
from the total Fermi-LAT data set by varying analysis parameters
and re-running the entire chain. The following parameters were
varied:

*** http://fermi.gsfc.nasa.gov/ssc
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Fig. A.1. Residual TS maps produced as a verification step post likeli-
hood fit as part of the analysis chain. The upper map is that resulting
from a model with only the default 4FGL catalogue sources included.
The position of 7 Car is marked by a white, hollow, triangle. The two
closest 4FGL catalogue sources are indicated by white crosses. Over-
laid are contours from a template generated from the CO measurements
in Dame et al. (2001). The lower map shows the residual emission once
the CO template is included in the model.

— Energy range: Minimum energies between 60 and 120 MeV
and maximum energies of 300 and 500 GeV were investi-
gated.

— Region of interest: The ROI was varied between 5°, 10°,
15° and 20°.

— Starting value for the CO template: The starting flux of
the CO template was varied over an order of magnitude.

— Free Parameters: Fits were run with model parameters al-
lowed to vary under a number of conditions. Source normal-
isation was allowed to vary for sources within 3° and 5° of
n Car with a TS > 10, 100, 1000. Shape parameters were
also allowed to vary within the same distance of 1 Car with
an additional selection of TS > 100, 1000, 10 000.

— SED energy binning: The SED energy binning was varied
between 12 and 3 bins per decade.

The above variations resulted in hundreds of SEDs. At each
point in each SED the fractional error from an interpolated mean
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SED was determined. The resulting distribution of fractional er-
ror as a function of energy was then fitted with a simple cubic
polynomial. This function was then used to compute a smooth
band around the SED points presented in Figure 1 (grey area).

Appendix A.4: Orbital Phase SED Analysis

In Section 2.4 we describe phase-resolved SED analysis and in
Section 4 the results are presented for a combined analysis of
the Fermi-LAT data from both orbital periods in Figure 3. Fig-
ure A.2 shows the sames results (grey solid lines) together with
the data points obtained from independently analysing each or-
bital period. The first orbital period (periastron passage 2009) is
shown by the blue data points and the second (periastron passage
2014) by the black data points.
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Fig. A.2. SEDs from Fermi-LAT analysis for the same phase ranges
presented in Figure 3. The results from a combined analysis of both
orbital periods is given by the solid grey lines. Results from an indepen-
dent analysis of each orbital passage are shown by the data points (blue:
periastron passage 2009, black: periastron passage 2014).

Article number, page 11 of 11



	1 Introduction
	2 Fermi-LAT data analysis
	2.1 Data Selection
	2.2 Data Analysis
	2.3 Spectral Energy Distribution
	2.4 Phase-Resolved SED Analysis
	2.5 Temporal Analysis

	3 Physical considerations and limits
	4 Phase-dependent Model
	4.1 Modelling Approach
	4.2 Modelling Result

	5 Discussion and Conclusions
	6 Acknowledgements
	A Further Fermi-LAT Analysis Details
	A.1 Data Selection and Model Parameters
	A.2 Model Residuals
	A.3 Systematic Uncertainties
	A.4 Orbital Phase SED Analysis


