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High-mass binaries hosting a non-accreting pulsar are sources of gamma rays, which are thought
to originate in the wind-wind collision region. The stellar wind is expected to be clumpy, which
could have important effects on the emitting flow dynamics, and thus on the associated non-
thermal radiation. We adopt here a combination of Monte-Carlo and semi-analytical hydrody-
namic calculations to explore the impact of clumps on the shocked wind structure on the scales
of the binary system.
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1. Introduction

The recently established class of gamma-ray binaries comprises a small but growing number
of powerful galactic sources. One defining characteristic is the broad non-thermal emission that is
dominated by the gamma-ray domain. Few such systems have been detected at high energies (100
MeV-100 GeV) and/or at very high energies (>100 GeV) [1], and several possible candidates are yet
to be confirmed (e.g. [2]). The optical companions of the brightest objects, i.e. the most luminous
of the canonical gamma-ray binaries, are massive OB-type stars, whereas the vast majority of
compact objects in these systems remain unidentified. The detection of radio pulsations in the
binary PSR B1259-63/LS 2883 [3] points to a rotation-powered pulsar, basically confirming the
hypothesis that the high-energy emission is powered by the pulsar spin-down. The emitting region
is thought to be the shock front formed by the collision of the stellar and pulsar winds [4, 5].
Although an accretion-ejection framework cannot be yet fully discarded, the young pulsar scenario
is typically invoked to explain the gamma-ray binaries with unknown compact object (e.g. [6]).

In the young pulsar scenario the bulk of the non-thermal emission originates in the stellar and
pulsar wind interaction region. Therefore, it is mandatory to properly understand the properties
and dynamics of the colliding flows before modeling the non-thermal radiation from that region.
A very relevant issue is the density structure and degree of inhomogeneity of stellar winds, as
radiative instabilities in the formation zone of the stellar wind are expected to lead to the formation
of clumps [7, 8, 9]. These clumps could potentially distort the two-wind interaction structure,
and significantly effect the radiative output [10]. The situation cannot be compared to that of two
massive star winds colliding [11], as a relativistic pulsar wind will deposit much more energy on
each clump than another stellar wind.

To study the impact of a clump on the colliding wind region, relativistic, axisymmetric, hy-
drodynamical (RHD) simulations were carried out by Paredes-Fortuny et al. (2015) [12] to study
in more detail the impact of differently-sized clumps on the two-wind interaction region. Based
on this work, de la Cita et al. (2017) [13] showed that when stellar wind clumps perturb the two-
wind interaction region, the radiative output of the associated non-thermal radiation can also be
largely affected. Similarly, the presence of clumps in the stellar wind could impact the gamma-ray
emission powered by microquasar jets [14, 15, 16, 17].

Numerical simulations of the whole interaction region are very expensive, and are not versatile
enough if a large parameter space is too be studied. Therefore, it can be useful to devise a simpli-
fied method, which nevertheless includes some relevant features of the physical scenario, to model
the clumpy-pulsar wind interaction. In this work, we look at the dynamical evolution of multiple
clumps under the impact of the pulsar wind using a Monte Carlo method for clumpy wind launch-
ing, and a semi-analytical hydrodynamic model for clump evolution. With this method we intend
to derive some semi-quantitative conclusions about the properties of the emitting flow ascribed to
the wind-wind interaction structure on the binary scales (i.e. without considering orbital motion),
which should be affected by the arrival of clumps to some extent.

2. Numerical approach

The modelled scenario consists of a galactic binary system hosting a massive star of R, = 10R,
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and a non-accreting pulsar at a separation distance of d = 3 x 10'2cm. The massive star powers a
supersonic, radiation-driven wind that interacts with the powerful, relativistic, homogeneous wind
of the pulsar. The considered stellar wind is however assumed, in the region of interest, to be
already highly inhomogeneous, with the entirety of the mass-loss assumed to be carried by clumps
at a rate of M = 1077 M., yr~!. The latter assumption is reasonable if the clump-to-inter-clump

density ratio is well below the clump-to-average wind ratio y2/3

, so then it as a negligible ram
pressure. The clumps are assumed to be spherical and are isotropically launched from the stellar
surface. The pulsar wind parameters are the bulk Lorentz factor I,y = 10° [18, 19] and power

1

Lyw =3 X 10%ergs™!. The system parameters we have used for the two winds are typical for

gamma-ray emitting binaries (e.g. [6]).

2.1 Hydrodynamical model

As the stellar and pulsar winds collide, they form two bow-like shocks, and two regions in
between filled with the respective shocked winds separated by a contact discontinuity (CD). We
have assumed that these two regions are very thin, i.e. the geometry of the CD is representative
of the geometry of the whole structure. The CD is computed through a simple numerical approx-
imation that assumes that it is still mostly shaped by the average effect of the clumps as they are
shocked and disrupted by the pulsar wind. Such an assumption is reasonable as long as the clumps
cannot sustain for long the dynamical impact of the pulsar wind, which we test and found to be the
case for indivitual clump-pulsar wind interactions. Assuming that r and r, correspond to the clump
separation distance from the star and the pulsar, respectively, the equation for the CD is given by
[20]:
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where 1 (x,y) = (Lpw/c)/M /ugy is the local pulsar-to-stellar wind momentum rate ratio, and ugy
the stellar wind velocity. The boundary condition dx/dy|,—o — 0 is the location of the stagnation
point along the binary axis where the two winds balance xo = d/(1+ /7). This assumes that the
stellar wind has reached its terminal velocity already at the CD u.. = 2 x 108cms™!, which is true
in fact only if d > R,.

The clumps are launched anisotropically from the stellar surface, and move ballistically until
some of them reach the CD, beyond which the clumps start to be affected by the pulsar wind. As-
suming that the only force exerted on the clumps is the pulsar wind ram pressure, Ppy = Lpw/ 4rer?,
and considering only individual clump evolution as independent from other clumps or the CD, the
clump equation of motion in the radial direction with respect to the pulsar can be described as
(based on the expression derived by [21] for jet-cloud interactions):

2 2
@ _ i - Iz TR Py (2.2)
dt 2 Fgw 4M.c?

This approximation is valid as long as the gravity force is much smaller than the pulsar wind ram
pressure force, which is true for clumps moving much faster than the local escape velocity, and
well outside the pulsar Bondi radius. The radiation pressure of the star is also a second order effect,
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but should be taken into account in very bright and compact systems. This issue is related to the
validity of the assumption that the wind moves already at its maximum speed.

As a result of the effect of the pulsar wind ram pressure shocking the clump, the shocked
clump material starts to expand at the local sound speed cs = \/m ,where h =1+ },Tyl 2’—;’2
is the internal specific enthalpy normalized by c?, p. the clump density, and § = 5/3 the adiabatic
index.

In order to restrict the clump growth, we only let the clump expansion last for the duration
of the typical expansion timescale, fexp = Rc/cs, after crossing the CD, as this is also the typical
life span of the shocked clumps before they get disrupted (e.g. [12]). The clumps eventually leave
the computational grid, and/or get deflected back to the wind-wind interacting region, where the
clump material gets confined by the pulsar and stellar wind ram pressures (through the newly-
arriving unshocked clumps). The disrupted clumps quickly get integrated in the shocked material
there [12].

2.2 Results

We simulated a total of four cases to account for different clump distributions of clump masses
and sizes. First, we considered two clump-to-average wind density ratios, ¥ = 10 and x = 100,
to account for lighter and heavier clumps (for the same clump size), respectively. Then, keeping a
fixed density ratio, we introduced two power-law distributions per clump mass (i.e. clump number
per mass unit) with indexes k = 2 and k = 3. The minimum and maximum values for the clump
mass correspond to Re min = 10'%m and Re max = 10 cm, respectively. The results shown below
are preliminary and are intended to outline the dynamical implications of a clumpy stellar wind.

In Fig. 1, we present snapshots of 2-dimensional (2D) cuts on the orbital plane for the different
stellar wind models explored. For a rough estimate of the clump filling factor, we also include 3D
images of the computational grid in Fig. 2. As expected, the case shown in Figs. 1c and 2c is
the closest to the smooth wind scenario, although the clumps may still significantly perturb the
shocked structure. When larger and/or heavier clumps are expected with higher probability, the
clumps can penetrate deeper towards the pulsar and strongly distort the interaction region, as in the
more extreme case of Fig. 1b and 2b.

Clump expansion is an important factor here and largely depends on the initial clump pa-
rameters. Lighter, less dense clumps are more easily pushed backwards and get rapidly confined
in the interaction region by the two winds and the surrounding material. Denser clumps, on the
other hand, generally reach much closer to the pulsar, where the interaction is stronger and their
expansion is accelerated. For the most significant events, the subsequent compression of the termi-
nation shock of the pulsar wind could lead to changes of the non-thermal activity on a time-scale
of minutes or hours, since the clump expansion timescale ranges between 5 x 10%s to 5 x 10°s.

3. Discussion

The dynamical impact of the wind clumpiness on the shape and stability of the overall inter-
action structure is determined, to a greater or lesser extent, by the wind parameters, represented
in our prescription by the filling factor, and the clump mass distribution. Nevertheless, our semi-
quantitative results already show that structured stellar winds should generate spatial and tempo-
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Figure 1: 2D cuts of the orbital plane for the four different configurations at ¢ = 3 x 10%s: (a)
k=2,x=10, () k=2, x =100, (c) k=3, x =10, and (d) k =3, y = 100. The solid blue
and red surfaces represent the star (left) and pulsar (right; not to scale) that are fixed at a distance
d =3 x 10"2cm. The dashed line gives the shape of the CD.

ral irregularities in the two-wind interaction region of gamma-ray binaries: In all the simulated
cases, at least some clumps manage cross the contact discontinuity, and the rare most massive
clumps should strongly temporarily modify the shocked wind structure. Therefore, we find that
the CD should strongly fluctuate with the compression of the shocked pulsar wind and the arrival
of different mass clumps. As the shocked structure is unstable even for smooth stellar winds (e.g.
[22, 23, 12]), the arrival of the smallest clumps should at least enhance instability growth even
further.

Given the above findings, the implications on the non-thermal flow emission should be promi-
nent: likely enhancement of energy dissipation that goes to non-thermal particles (e.g. through
additional shocks and turbulence), and increased synchrotron cooling rates when large clumps re-
duce the colliding-wind region. The latter effect is related to an amplification of the magnetic field,
directly affecting the synchrotron losses that dominate the X-ray band. When the emitting region is
largely reduced, gamma-ray emission can also be affected as a result of synchrotron self~-Compton
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Figure 2: Images of the computational grid in 3D for the four different configurations at t = 3 X
10*: (@) k=2, x =10, (b) k=2, xy =100, (c) k=3, x = 10, and (d) k = 3, y = 100. The
stationary blue and red objects represent the star and pulsar (not to scale) that are fixed at a distance
d =3 x 10"2cm. The dashed mesh is a representation of the CD in 3D.

and intrinsic Yy absorption. Therefore, the clumpy stellar wind scenario has been proposed to
explain the observed gamma-ray flares of PSR B1259—63/LS 2883 [12], and the quick X-ray vari-
ability (e.g. LS 5039, LS I +61 303) in high-mass binaries hosting compact objects [10]. The effects
of Doppler boosting combined with the strongly perturbed velocity field could also be important,
producing complex radiative patterns both in time and beaming [13].

The implementation of a simplified treatment using Monte Carlo simulations allows for an
estimate of the frequency at which clumps interact with the shocked pulsar wind. Then, radiation
computations can be made not only for each clump individually, but also for multiple events col-
lectively. It also allows for quick tracking of the temporal evolution of the SEDs and light-curves in
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correlation with the flow dynamics. In future work, a radiation prescription will be developed. Fur-
thermore, we plan to quantify the approximate rates of the most significant events for the explored
cases. Also, a more realistic expansion model should be eventually adopted to more accurately
limit the clump growth. Finally, one can improve as well the dynamical model by adding the radi-
ation pressure of the stellar wind, the role of the system gravity fields, clump-clump interactions,
and considering the role of the inter-clump medium. Eventually, however, a numerical study akin
to [16], but in the context of high-mass binaries with a young pulsar should be carried out.
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