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Abstract: The geometry of high-mass microquasar jets is determined by the ram pressure of the
stellar wind of the central star, which bends the jet outwards, and the orbital motion of the compact
objects producing the jets. This structure emits radiation which is affected by the Doppler boosting

effect.

Our goal is to understand how the wind determines the jet geometry and compute the effect of

Doppler boosting on the luminosity.

To do this we use a simple model to compute the geometry, which is based on accounting for the
wind-jet momentum transfer in the companion star non-inertial frame of reference.

The final geometry has an helical shape which gets larger with the distance to the jet base. Then,
we study the luminosity for a full orbital phase of the jet for 3 different orbital inclinations. The
results indicate changes in the luminosity due to Doppler boosting by about a 320-630% depending

on the inclination.

I. INTRODUCTION

In a high-mass microquasar (HMMQ) there are

two jets made of particles such as protons, electrons,
positrons, etc., which flow in opposite directions. The
jets come from a compact object which can be for ex-
ample a neutron star or a black hole, orbiting a massive
central star. The star expels a great amount of matter as
a strong wind which pushes the jet outwards in the radial
direction. If a non-inertial frame of reference is taken cen-
tered at the compact object a Coriolis force appears that
pushes the jet in the counter-azimuthal direction. The
resulting geometry of the jet is an helical shape that gets
bigger as the flow goes farther!™?. To first order, this
geometry is stationary and emits radiation which can be
observed with a telescope on Earth. Since the jets have
speeds close to the speed of light, they are affected by
the Doppler boosting effect!®]. This relates the emitted
and the observed luminosity by a factor which depends
on the speed and the angle between the velocity of the
emitter and the direction of the observer.
In this work we create a simple model for a high-mass
microquasar using realistic parameters to see how it be-
haves after doing some assumptions. First we compute
the geometry of the jet in the compact object frame of ref-
erence and compare the bending of the jet with respect
to the vertical direction with the approximation found
theoretically!? called bending angle. Then we compute
the total luminosity applying Doppler boosting. This is
done for a full orbit and for different system inclinations.
At the end we discuss the results and explain them.

II. DYNAMICS AND GEOMETRY OF THE JET

Our model consists on a compact object from which
a jet is launched, orbiting a massive central star with a
strong stellar wind. Since the two jets are very similar

Parameter Symbol Value
Wind speed Vs 2.10° cm 57!
Wind mass loss rate Mg [107° Mg yrt
Jet luminosity Lj 1037 erg s
Jet Lorentz factor vy 2
Half-opening angle 05 0.1 rad
Orbit radius do 3.10'% ¢cm
Period T 4d
Initial jet radius T0 3-10'° cm

TABLE I: Parameters used in this work.

but move in opposite directions we suppose that they
are not related and work with just one of them. To ease
the calculations we will work in a cylindrical coordinate
system (r, ¢, z). The parameters used can be found in
table I. Some assumptions have been made to simplify
our problem: First of all we assume a circular orbit for
simplicity. A circular motion approximation is enough at
this stage for a high-mass microquasar. The jet will have
an initial speed perpendicular to the orbital plane. We
assume this speed is constant so when the stellar wind
pushes it the direction of the velocity will change, but not
its norm. We also assume that the jet has a conical shape
that can be decomposed into small cylinders with a given
height corresponding to the distance made by the jet in
a differential of time dt and a radius r which increases as
the jet goes farther with a height z

dz =wvydt, ry=tan(fy)zy. (1)

The jet has a rather compact structure, which is the part
we can model, but after a turn of the helical structure the
jet becomes unstable and the geometry gets disrupted!?.
We assume that in the region of the jet we model the
fluid keeps laminar.
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A. 2D Dynamics

Let us first study the jet dynamics in the star-compact
object plane perpendicular to the orbital plane. The jet
has a momentum ratel?! of:

j. Ly 71bs 7 @)
c(w-1)

where 8; = vy/c. Then the momentum of a small cylin-
der at a certain time is dPy = Pj - dt. _
The stellar wind flows with a momentum rate of Ps =
Mgvg radially towards the jet and impacts the surface of
each one of the small cylinders at a distance dy. The wind
hits it with an angle o between the wind direction and
the velocity of the jet. The radial wind transfer momen-
tum to the jet segment through the surface projected by
the latter on the radial direction. The effective momen-
tum rate of the stellar wind impinging on the segment
is:

2rydz
4md?
where 2r;dz sin « is the effective surface, rj is the radius
of the corresponding cylinder and d = v/r? + 22 is the
distance from the central star to the segment.

This will be added to the momentum of the jet chang-
ing its direction. As said before, the stellar momentum
rate does not modify the norm of the momentum of the
jet but its direction, therefore the resulting momentum is
normalized to the initial momentum Pj. The jet changes
its direction until a = 0 corresponding to a momentum
in the same direction as the stellar wind. The final incli-
nation with respect to the z-axis can then be computed
and compared to the theoretical bending angle[?!.

Ps = Mgvs sin a, (3)

B. 3D Dynamics

In the compact object frame of reference, which is non-
inertial, a Coriolis force exists that drags the jet along
the azimuthal direction in the opposite direction to the
movement of the object. This force comes from the wind
impacting the jet perpendicularly to the radial stellar
wind and depends on the density pg of the wind at every
point!4:

Mg

 dnd?ug’
where vg is the stellar wind.
This force hits the jet surface projected in the azimuthal
direction, where 9 is the angle between the jet direction
and the counter-azimuthal direction. Now we can get the
perpendicular forcel¥:

4 2
s <T7r> (r —do)?2rydzsing if r<2dy
F| =

ps (4)

r > 2dy

(5)
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where 2r;dzsin ¢ is the effective surface, similar to the
2D case. The previous equation is derived as follows:
The perpendicular force can be approximated as P, ~
psv? [, In the non-inertial frame of reference, which cor-
responds to the compact object, a Coriolis force appears
and accelerates the stellar wind in the perpendicular di-
rection with an acceleration of a; = 2Qug and a speed
of vy = a, -t. From here we get the first expression of
equation 5. But there is a point when the perpendicular
speed is greater than the compact object tangent velocity
projected at larger radii v, = € - r and the stellar wind
cannot go faster than v, in the counter-azimuthal direc-
tion. This can be seen in the second expression where
Q = 27 and this transition happens at r = 2dy. As the
jet goes farther, approximately after one turn, instabili-
ties appear within the binary system and inside the jet
causing the jet to break apart the conical shape and the
jet model does not apply any morel?!.

III. RADIATIVE CONSEQUENCES ON THE
GEOMETRY

The geometry of the jet is stationary. It produces ra-
diation through different mechanisms for different wave-
lengths such as inverse Compton scattering or syn-
chrotron radiation. The intensity produced by the
source, in our case the jet moving at constant speed, is
modified due to relativistic effects!®):

3
Iobserved =u Isource; (6)

where u = (1 + Bycosbs), v is the Lorentz factor and
0, is measured in the emitting flow frame of reference. In
our case the measured angle corresponds to the observed
frame of reference 6,,, which is different than 6, because
of relativistic aberration!®:

cos bops — 5 M)

0, = .
€08 1 — B cosBups

The equation 6 will change to:

1
Io served — 53[501“"057 0= . 8
’ ¢ vy (]- - BJ Ccos gobs) ( )

Using this we can get the luminosity!” that we will study:

53
Lobs = — Lsource- (9)
v
Our jet model is made of segments, each one of them
has its own velocity, so for a given direction the angle
0,55 Will vary as we go along all the structure. Since the
observer is far away, the direction to the observer is the
same for every piece of jet. The total luminosity will be
the sum for each piece of the jet for a given orbital phase.
From our point of view, the observer is at rest and the
compact object is the one orbiting the central star, but
if we move to the compact object non-inertial frame of
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FIG. 1: Structure of the jet in the x-z plane for different
orbital phases. Notice that the jet bends in the y direction
for orbital phases 0.25 and 0.75, that is why it appears as a

straight line.

reference now the observer will be the one orbiting the
central star. So it is easier to make the observer move
to a constant angular speed corresponding to a period of
the microquasar w = 27/T since we have the geometry
of the jet in this same frame of reference.

IV. RESULTS

Using the parameters found at table I we obtain the
following results. If we suppose no orbital movement and
using equations 2 and 3 we see that the jet bends out-
wards as seen in figure 1. Notice that the ram pressure of
the stellar wind compared to that of the jet is small and
the bending angle is small, too. The corresponding jet
bending angle with respect to the vertical direction can
be compared to the theoretical bending anglel?). The
equations from [2] are an approximation to the model we
are using, therefore the result will not match really well
but with an error of 10%. Using our parameters, the
bending angle gives 7.8°, while the angle computed using
our model gives 7.5°. If we compute the relation between
both we see that they differ in 4%, so we can say that our
numerical model until now matches the analytic theory.
After applying the orbital movement, the jet evolves
forming an helical pattern which combined with the ra-
dial movement gives an helix which gets bigger the far-
ther the flow goes (figures 2 and 3). To see the pattern
we transform the coordinates into a Cartesian coordinate

system. As said before, the jet becomes unstable after a
turn so an extrapolation of our model will lead us to
wrong results. Initially, the jet begins to bend like the
2D case. This happens because the radial stellar wind
is stronger at smaller distances compared to the Cori-
olis force. When the radial wind becomes weaker, the
perpendicular force becomes noticeable and turns the jet
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FIG. 2: Structure of the jet for the x-y plane.
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FIG. 3: Structure of both jets in the x-z plane for different
orbital phases. This is a zoom-out of figure 1

doing the helical pattern. To see this effect we could ex-
trapolate the model and see that the radius of the jet
increases more slowly and the spiral in figure 2 would be
more and more squished since the radial component of
the velocity decreases.

After we have the results of the jet geometry we can com-
pute the luminosity. In figure 4a and 4b we plot the vari-
ation of the angle for different orbital phases. For greater
angle 6,5 the Doppler factor will be lower since the jet is
pointing less towards us. In figure 4c and 4d we represent
the Doppler factor for two different inclinations.
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FIG. 4: Data corresponding to the jet (left) and the counter-jet (right).
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FIG. 5: Luminosity for the jet (thin line) and the counter-jet
(thick line) and different inclinations. Notice the difference
between the jet and the counter-jet.

When the jet begins to bend in the counter-azimuthal
direction the Doppler factor increases until it arrives to a
maximum when the cosine of the angle 0,5 is maximum
as seen in equation 8. After that the Doppler factor de-
creases, but can have another peak, depending on the
orbital phase. Notice that the Doppler factor for the jet
is greater than the one for the counter-jet, which makes
sense since the jet usually goes in the opposite direc-
tion to the observer, with angles greater than 90 degrees,
making the Doppler factor small. The same happens in
figure 4e and 4f, where the peaks are in the same position
as expected, but the difference is even more remarkable.
Notice that the counter-jet begins to have greater lumi-
nosity per segment as it goes farther, since the velocity
along the z-axis decreases and the angle ,,; becomes
usually smaller. In figure 5 we represent the variation of

the total luminosity for 3 different inclinations and a lu-
minosity per cylinder of 1. This has been done to simplify
the computation since the final number is not important,
but the variation of the luminosity. As expected, at an
orbital phase of 0 and 1 the luminosity is exactly the
same, which tells us that the observer completed a full
turn. For an inclination of 0° we see the jet as in figure
2, which means that we see the same structure for a full
orbital phase, therefore the luminosity observed is con-
stant. For the counter-jet the luminosity is much lower
than the luminosity from the jet, thus we can neglect the
counter-jet in this case. For inclinations greater than 0°
the curve begins to have an important variation, and the
luminosity of the counter-jet is still negligible. But for
an angle of 90°, corresponding to the orbital plane, we
would see the jet and the counter-jet as in figure 3. The
luminosity in this case is the same for both jets since they
are the reflection of the other jet. If the micro quasar is
not pointing towards us we will see a variation of the
luminosity by 320-630%, depending on the inclination.
V. CONCLUSIONS

Using a simple model we describe the geometry and
the effect of Doppler boosting on the emission of the jets
of high-mass microquasars. We find that the luminosity
may change by 320-630% along the orbit, depending on
the inclination. Interestingly, because of the strong de-
viation of the jet on large scales, the Doppler boosting
effect becomes stronger when the inclination is larger,
unlike the case of straight jets.
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