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Abstract

An X-ray binary is a stellar binary system in which one of the components is a
compact object (a black hole or a neutron star). The companion star transfers
its gas to the compact object, and in some X-ray binaries the portion of the energy
accreted to a disc produces a relativistic jet. The jet interacts with ambient medium,
generating observational signatures, which are crucial in understanding jet dynamics
and inferring the physical properties for the jet and the compact object. However,
developing a theoretical framework for the interactions has been challenging.

X-ray binaries are classified into two sub-categories based on the mass of their
companion stars: high-mass X-ray binaries and low-mass X-ray binaries. In this the-
sis, I have performed a theoretical study of the jet-interstellar matter interaction for
both systems. In Chapter 2, attention is given to the evolution of jet trails and bow
shocks in fast-moving low-mass X-ray binaries. I have numerically proven that the
interaction between the radio plasma released by microquasar jets from such high-
velocity binaries in the interstellar medium always produces a structure that consists
of a bow shock, a trailing neck, and an expanding bubble, which is detectable in H,
and X-ray emissions. In Chapter 3, I extended this model to a bow-shock pulsar wind
nebula, particularly the Guitar Nebula, which has apparent multiple bubbles behind

the pulsar. In this study, I focused on the effect of inhomogeneous ambient medium



ii
on the evolution of bow shocks and bubbles. I showed that when the pulsar encoun-
ters a density discontinuity, the bubbles can be produced due to the abrupt change
of the standoff radius, at which a pressure balance occurs between the pulsar wind
pressure and the ram pressure from the ambient medium. In Chapter 4, I studied
the interaction between microquasar jets and stellar wind from the companion star
in high-mass X-ray binaries. I derived a robust analytic solution of the jet-bending
angle as a function of jet power and wind thrust, and applied it to Cygnus X-1 and

Cygnus X-3 to constrain their minimum jet kinetic power.
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Chapter 1

Introduction: The role of compact objects

in studying astrophysical outflows
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An X-ray Binary (XRB) is a binary system which consists of a compact object
(a neutron star or a black hole) and a companion star. In some cases, the companion
star is a normal main-sequence star, but it also can be an evolved star or other
compact object. As gas is transferred from the companion star, it enters the outer
edge of the accretion disk and spirals into the central object, producing vigorous
X-ray radiation due to the high temperature in the disk. If the compact object has
a surface (i.e., a neutron star), the X-ray will be brightest at the center of the disk,
and if it is a black hole, the inner edge of the disk would be cut off at the innermost
stable orbit. For example, Cygnus X-1 is the black hole candidate and is the most-
studied XRB since its discovery with the first X-ray telescopes in the 1960s (Bowyer
et al. 1965). The hard state spectral model of Cygnus X-1 indicates that it has a
low temperature disk, in which the inner edge can be close to the innermost stable
orbit, Ry ~ 6 G M/c* (Nowak et al. 2012).

Currently, about 280 XRBs have been discovered in our galaxy [catalogued
by Liu et al. (2000, 2001)], and several hundred XRBs have also been discovered
in nearby galaxies Liu et al. (2007). It is argued that there are 10® stellar mass
black holes in the galaxy, which are not observable because of the lack of accretion
sources (van den Heuvel 1992). Compact objects are ubiquitous, and the number
of detected objects has been sharply growing as satellite telescopes that detect high
energy photons have launched (e.g. XMM-newton, launched in 1999; Chandra X-ray
observatory, launched in 1999; and NuSTAR, launched in 2012).

Some of these systems present non-thermal radio emission (Mirabel & Rodriguez
1999; Gallo et al. 2005). This type of emission is thought to be synchrotron radiation

from relativistic electrons in bipolar jets around the compact objects. The formation
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of jets is believed to be due to a combination of the following physical ingredients:
the spin of the black hole (Penrose 1969; Blandford & Znajek 1977), the existence
of strong magnetic field (Hawley & Balbus 2002; McKinney & Gammie 2004), and
the rapid rotation of the inner accretion disk (Blandford & Payne 1982). The pres-
ence of steady jets indicates that X-ray is low/hard state which is associated with
flat /slightly inverted radio-to-mm spectra and persistent radio flux (Gallo 2010).
However, many aspects of such relativistic jets are still uncertain: jet composition
(i.e. electrons & protons, electron-position pairs, or heavy elements), jet speed, and
jet power. It has been discussed for decades [e.g. Reynolds et al. (1996); Wardle
et al. (1998)], but estimating the properties is still challenging.

Direct measurement of the physical properties of jets and compact objects is
challenging due to their small size, even though they are located in our galaxy. As
an alternative method to infer these properties, astronomers expand their view to
the global dynamics of jets interacting with surrounding medium. Sell et al. (2010)
have studied the dynamics of Circinus X-1 with Chandra X-ray observation. From
the analysis of the shocked shell, which is produced by the collimated jet interacting
with nearby cool interstellar medium (ISM), they suggested that the jet power might
be estimated to 3 x 103 ergs™ < Pjo; < 2 x 1037 ergs™!. Gallo et al. (2005) showed
that Cygnus X-1 is surrounded by a large-scale (5 pc in diameter) ring-like structure
that appears to be inflated by the radiatively inefficient jets.

The jet-medium interaction also plays a key role in studying active galactic
nuclei (AGN) scale jets. The X-ray observations of giant cavities and shock fronts in
galaxy clusters provide powerful way to study how this interaction can constrain the

properties of AGN jets [McNamara & Nulsen (2007), and references therein]. Forman
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et al. (2005) studied the X-ray cavities of M87, produced by the expansion of radio
plasma around radio jets, and shock fronts associated with outbursts; and calcualted
the mean power driving the shock of 2.4 x 10%® ergss™!, which is sufficient to quench
the cooling flow in M87. McNamara et al. (2005) showed that the energy involved in
the shock fronts of enermous cavity systems in MS0735+7421 is ~ 6 x 10%%erg, which
is enough to quench a cooling flow for several Gyr. O’Sullivan et al. (2011) analyzed
X-rays from a hot intragroup medium to examine the interaction between radio
galaxy NGC4261 and its environment and argued that the mechanical jet power is
> 10* ergss—!. With the growing interest in observational study of the interactions,
development of the theoretical framework is needed to support observations. This
motivated me to work on the numerical study of jets interacting with surrounding
medium.

XRBs with resolved jets are called as microquasars, given the apparent simi-
larities with extragalactic quasars (Mirabel et al. 1992). Both objects have a black
hole, an accretion disk heated by viscous dissipation, and collimated jets. Although
their scales are different (microquasar: a few Mg, quasar: ~ 108 My )(Mirabel &
Rodriguez 1998), the physics of flows in those jets are fundamentally similar (Sams
et al. 1996): the jets produced by these objects have remarkably similar morphology,
and they typically emit the same flat power-law spectrum. Thus, jets from compact
objects are not qualitatively different from jets from supermassive black holes. Heinz
& Sunyaev (2003) suggested a model-independent scaling relation between the core
radio flux and the mass of the black hole that is applicable through any mass scales
from XRBs to AGN.

XRBs are crucial for studying jet dynamics because of their proximity, acces-
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sible dynamical time scale, and well-known energy source. Many XRBs are detected
in our galaxy, approximately within 10 kpc, and their orbital time scales are several
days, enabling us to trace dynamical changes of the system in real time. This is a
key advantage of XRBs because the typical time scale of large-scale AGN accretion
is several thousands of years which is too long to follow any changes of AGN and
jets. Moreover, in XRBs, it is well understood that the matter is transferred from
the companion star to the compact object. This allows to estimate accretion rates
more accurately.

XRBs can be separated into two populations: low-mass XRBs (hereafter LMXBs,
where ”low mass” refers to the companion star which donates its gas into the accre-
tion disk of the compact object) and high-mass XRBs (hereafter HMXBs). While
the LMXBs are relatively old and concentrated near the galactic bulge, HMXBs are
young and located near the galactic disk (Grimm et al. 2002; Lutovinov et al. 2008;
Revnivtsev et al. 2008). The region in which matter is gravitationally bound to a
star is called Roche lobe; if matter crosses the Roche lobe, it becomes gravitationally
bound to the compact object. In LMXBs, this is the main mass-transfer mechanism,
called Roche lobe overflow (Davidson & Ostriker 1973). In HMXBs, the stellar wind
of the companion star is strong; therefore, part of the wind matter can be directly
captured into the accreting region. However, regardless of the feeding mechanism,
jet production is thought to be common for XRBs in the low/hard state (Fender &
Maccarone 2004).

In the thesis, I have studied the dynamical evolution of jets in both LMXBs
and HMXBs. The study of LMXBs was extended to investigate bow shock pulsar

wind nebulae (PWNe) because of their morphological and dynamical similarity. Both
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pulsar winds in bow shock PWNe and microquasar jets are swept back by ram pres-
sure producing bow shock structures when the objects move through ISM. Although
pulsar winds are more isotropic than collimated jets, the global structures are not
influenced by the shape of the sources.

To study the dynamical evolution of relativistic outflows from compact objects,
[ carried out hydrodynamic simulations using the FLASH code (Fryxell et al. 2000),
which is a modular, adaptive mesh refinement (AMR) code capable of handling
general compressible flow problems. In the block-structured AMR grid, an individual
block of cells is refined /de-refined dynamically by certain criteria so that the area

of interest can have a higher resolution when it otherwise has a lower one. This is
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essential for my work because the dynamic range of simulation domain is substantial.
For example, the required cell size to resolve jet nozzle is of the order of 10° cm in
this work for microquasar jets but the typical length of the steady-state jets is of
the order of 10'3, implying that it needs over 10'2 cells in the uniform grid in 3-D
to obtain the appropriate result. The simulations were carried out mainly by using
the department server (184 processors) and a high-performance computer at the
university’s Advanced Computing Initiative (320 processors for each run). For large
scale runs, I used a super-computing system at the Extreme Science and Engineering
Discovery Environment, given 10° cpu-hours.

In Chapter 2, I present the dynamical evolution of jet trails, and provide obser-
vational diagnostics for fast-moving LMXBs. Many LMXBs move with supersonic ve-
locity likely due to being kicked out when they were formed in a supernova explosion.
Several microquasars have been detected to move with a velocity of vy, > 100kms™!
[e.g., Mirabel et al. (2001)]. Unlike the stationary black hole which produces charac-
teristic cocoons or radio lobes at the end of the jets [1E1740.7-2942 in Mirabel et al.
(1993), and perhaps Cygnus X-1 in Stirling et al. (2001)], in a fast-moving black hole,
relativistic jets are likely swept backward, generating bow-shock head and trailing
streams (See left panel of Figure 4.6). This structure has long been observed in ex-
tragalactic analogue, such as narrow/wide angle tails on radio galaxies, called “bent
doubles” (Miley et al. 1972; Freeland et al. 2008). My first project focused on the
dynamical evolution of global structures in LMXBs, attempting to understand how
jets from LMXBs interact with ISM when they have large velocities relative to the
ISM. In this work, I proposed a dynamical model of LMXBs and gave constraints on

physical properties of the systems.
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In Chapter 3, I present the effects of inhomogeneous ambient density on the
evolution of bow-shock PWNe. This study was extended from the theoretical model I
developed for fast-moving LMXBs. Although the power engine of PWNe is different
from that of XRBs, the global features are the same in those fast-moving objects. A
pulsar is a fast-spinning neutron star that launches a highly relativistic magnetized
wind from its spin-down energy. Many pulsars have supersonic motion with a velocity
over several 100s kms™! (Lorimer 1998; Arzoumanian et al. 2002; Faucher-Giguere
& Kaspi 2006) due to the natal kick (Sagert & Schaffner-Bielich 2008; Hanke et al.
2012). The Guitar nebula (named for its guitar-like shape) is one of such bow-shock
PWNe, and it has a prominent bow-shock head, trailing neck and multiple bubbles
(Chatterjee & Cordes 2002). The origin of the bubbles is not clear. I proposed that
if a pulsar run through inhomogeneous density medium, it likely produces multiple
bubbles; and tested with hydrodynamic simulations.

In Chapter 4, as a series of XRBs studies, I present a theoretical approach of
jet evolution in HMXBs. In HMXBs, the presence of a companion star is crucial,
because the star generates a strong stellar wind with a substantial mass loss rate,
M ~ 107" — 107> Mg yr~! (Fender & Maccarone 2004). Such a strong stellar wind
likely affects nearby jets, bending or disrupting the jets (See right panel of Figure 4.6).
I developed a theoretical framework on the jet-wind interaction model and applied
it to observationally resolved jets for Cygnus X-1 and Cygnus X-3, constraining the
minimum jet kinetic power.

In Chapter 5, I summarize the conclusions of my thesis and briefly discuss

future work.
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Chapter 2

Jet trails and Mach cones: The

interaction of microquasars with the ISM

This chapter has previously appeared in The Astrophysical Journal

D. Yoon, B. Morsony, S. Heinz, K. Wiersema, R. P. Fender, D. M. Russell, &
R. Sunyaev, 2011, vol. 742, p. 25
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Abstract

A sub-set of microquasars exhibit high peculiar velocity with respect to the
local standard of rest due to the kicks they receive when being born in supernovae.
The interaction between the radio plasma released by microquasar jets from such
high-velocity binaries with the ISM must lead to the production of trails and bow
shocks similar to what is observed in narrow-angle tailed radio galaxies and pulsar
wind nebulae. We present a set of numerical simulations of this interaction that illu-
minate the long term dynamical evolution and the observational properties of these
microquasar bow shock nebulae and trails. We find that this interaction always pro-
duces a structure that consists of a bow shock, a trailing neck, and an expanding
bubble. Using our simulations to model emission, we predict that the shock sur-
rounding the bubble and the neck should be visible in H, emission, the interior of
the bubble should be visible in synchrotron radio emission, and only the bow shock
is likely to be detectable in X-ray emission. We construct an analytic model for the
evolution of the neck and bubble shape and compare this model with observations

of X-ray binary SAX J1712.6-3739.
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2.1 Introduction

It is now well established that accretion onto black holes can lead to the pro-
duction of powerful jets, both in the case of AGN, in which case we call the object
a radio galaxy, and in the case of X-ray binaries (XRBs), in which case we call the
object a microquasar. We have since learned that even neutron star X-ray binaries
as well as some accreting white dwarfs behave in the same way (Fender et al. 2004;
Migliari & Fender 2006; Tudose et al. 2009; Kording et al. 2008).

When powerful jets run into their environment, they produce bright external
shocks (called hot spots or working surfaces) and generally inflate pockets of rela-
tivistic plasma that emit diffuse synchrotron emission. If the black hole is stationary,
these pockets take on roughly ellipsoidal shapes and are called radio lobes or cocoons.
They are surrounded by the interstellar or intergalactic gas that was occupying the
volume prior to inflation, compressed into a narrow shell. This picture is most easily
observed in the case of X-ray cavities in galaxy clusters inflated by AGN jets (Raf-
ferty et al. 2006, and references therein), but has also been discovered around a few
microquasars (Gallo et al. 2005; Hao & Zhang 2009).

However, when the black hole is moving at appreciable speed with respect to its
environment, the ram pressure of the headwind can dramatically alter the dynamics
of the outflowing radio plasma, sweeping it back and generating a bow shock ahead
of the moving black hole. This has long been known in the case of radio galaxies
(e.g. Miley et al. 1972), which, depending on the angle at which the plasma is bent

back, are called narrow or wide angle tail sources (generically, these sources are also
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called “bent doubles”).

Given that the black holes at the core of microquasars are born in supernova
explosions, and given that supernovae can impose significant kick velocities on the
compact objects they produce, Heinz et al. (2008) suggested that a similar phe-
nomenon to “bent doubles” should occur around a sub-population of microquasars:
the high-velocity tail of the population of low-mass X-ray binaries (LMXBs). It
is now known that several microquasars are moving through the ISM at relative
velocities in excess of Ve > 100 km s™! (Mirabel et al. 2001).

The phenomenology of these trailed microquasars should be broadly similar
to their supermassive AGN equivalent, leading to the production of a low-surface
brightness trail of synchrotron emitting relativistic plasma, and a brighter bow shock
nebula. While the mode of inflation is fundamentally different, the end product
should also be very similar to pulsar wind bow-shock nebulae that are formed by
interaction between strong wind from pulsars with significant kick velocities in the
interstellar medium. The general bow shock features have been well observed in
H, emission for PSR B1957420 (Stappers et al. 2003), PSR B0740-28 (Stappers
et al. 2002), PSR J0437-4715 (Bell et al. 1995), and PSR B2224+4-65 (the “guitar”
nebula) (Chatterjee & Cordes 2002). Also, G359.23-0.82 which is powered by PSR
J1747-2958 shows bright head and X-ray & radio “trails” (Gaensler et al. 2004).

The first candidate of a bow shock around such a trailed source, the LMXB SAX
J1712.6-3739 , was discovered in an H, image by Wiersema et al. (2009, originally
found by in 't Zand et al. 1999). It is broadly consistent with the predictions of
Heinz et al. (2008). Future searches for large scale nebula and diffuse synchrotron

emission around known LMXBs are needed to further test the predicted existence of



15

this population of sources.

The model developed in Heinz et al. (2008) was purely analytic and a number
of important aspects of the evolution of such trailed microquasars was left open.
Numerical simulations are needed to investigate the production of these sources in
more detail and to confirm the qualitative predictions of Heinz et al. (2008).

In this paper, we model the evolution of the XRBs moving through the ISM
by using 3-dimensional hydrodynamic simulations and to derive a more detailed
dynamical model for the large scale evolution of these sources.

A key aim of this study is to develop quantitative diagnostics that can be
used to derive important constraints on the core parameters of microquasars from
observations of trailed microquasars, such as their age, their relative velocity with
respect to the local standard of rest (vxgrg), and the jet power from observational
parameters like the opening angle of the bow shocks, the size of the hot bubble at the
terminus of the trail, and the brightness of the shock, trail, and bubble. In addition,
our simulation results can be used to predict the brightness of H,, bremsstrahlung,
X-ray, and radio synchrotron emission and to design targeted observational searches
for these sources.

This paper is organized as follows: In §2, we present the numerical method
and the initial conditions for our numerical study. In §3, we discuss the evolution
of XRBs, scaling relations, and observational expectations. In §4, we compare our
results with new observations of the LMXB SAX J1712.6-3739. Finally, in §5 we

summarize our results.
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2.2 Technical Description

2.2.1 The code

Simulations are carried out in 3 dimensions with the FLASH 2.4 hydrodynamic
code (Fryxell et al. 2000), which is a modular, adaptive mesh refinement code. It
solves the Riemann problem using the piecewise-parabolic method. The code is
formally accurate to second order. The gas is modeled with either an adiabatic
equation of state with index y=>5/3 or with radiative line cooling. Radiative cooling
from an optically thin plasma is implemented in FLASH adopting a piecewise-power
law approximation that evaluates a plausible fit to A(T") within the temperature

range of 4.4 x 10® < T < 108K

2.2.2 The jet nozzle

In order to simulate the injection of collimated, supersonic jets into the grid,
we employ a numerical “nozzle”, as first developed and described in (Heinz et al.
2006): An internal inflow boundary of cylindrical shape placed at the location of the
XRB, injecting fluid with prescribed energy, mass, and momentum flux to match the
parameters we chose for the jet.

For reasons of numerical stability, we impose a slow lateral outflow with low
mass flux in order to avoid complete evacuation of zones immediately adjacent to
the nozzle due to the large velocity divergence at the nozzle. The injection of energy
and mass due to this correction is negligible.

We generally follow the prescription for jet injection used in previous simu-
lations of AGN jets described in (Heinz et al. 2006), but keep the location of the

XRB fixed in space, instead letting the external medium stream by at velocity —vet.
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Unlike our AGN simulations, we do not impose a random jitter on the jet axis in
this case.

We chose to inject the jet at an internal Mach number of 10. While our adia-
batic simulations are strictly scale free, we picked a set of fiducial dimensions for our
box that lead to the following natural scaling: For computational feasibility, we chose
a jet velocity of viey = 3 x 102 cms™!. The jet is turned on initially and continues to
inject material for the entire length of the simulation.

The simulations were carried out with Adaptive Mesh Refinement in order to
capture the large dynamic range required, ensuring that the nozzle is resolved with at
least 8 cells across. For our fiducial scaling, the maximum resolution for the standard
model is about 0.156 pc near the jet nozzle.

Based on the estimated power of the jet in Cyg X-1 from Gallo et al. (2005), the

Lin our

jet power in our simulation is set to a constant value of Wi, = 1037 ergs s~
fiducial scaling. Note that since the Cyg X-1 is known to be one of the most powerful
XRB sources, sustaining the hard X-ray state for about 90% of the time. The jets
in our model might be more powerful than those of typical LMXBs. However, with

the exception of our simulations with cooling, our simulations are scale free and can

thus be adjusted easily to other parameter combinations.

2.2.3 Initial conditions

We placed the XRB in a moving medium inside a box large enough that bound-
ary conditions never influence the dynamics. We varied the velocity of the gas relative
to the XRB to be vxgg = 30 km s7!, 100 km s™' and 300 km s~ (see Table 3.1).
The lowest velocity case represents a typical LMXB, given that the LMXB velocity

1

dispersion is 37 kms™", while the largest represents the most extreme case plausible
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(a marginally unbound source). The simulations we ran for this study are listed in
Tab. 3.1.

The fiducial ISM pressure we use is Py = 3 x 10712 ergs cm ™ following Cox
(2005), and we use an ISM number density of nigy = 1 ecm ™, giving a sound speed
in the ISM of ¢, = 17.3 km s~ 1.

Typically, simulations were carried out to 1 Myr in our fiducial scaling (much
longer than the dynamical evolution of the jet, and long enough for the quasi-steady
state of the bow shock and the self-similar solution we will discuss below to be
established).

Table 3.1 also includes one case with our standard parameters and radiative
cooling (with vxgg = 300 km s7'), the hve case. We used this run to verify that the
morphology of our simulations are not strongly affected by cooling and to properly
model emission (see §3.3). A further 3 simulations with cooling, fitl, fit2 and fit3,
were carried out to attempt to match H, observations of SAX J1712.6-3739 (see §4.1)

Because of the self-similar nature of the flow, the simulations lend themselves
to a staggered refinement scheme. As we will describe below, the radio plasma forms

of a large scale bubble and a neck connecting the XRB to this bubble. We can

Table 2.1. : Parameter of the Simulations

Name UXRB Maximum Resolution Luminosity Radiative Cooling
lv 30 km s™! 0.312 pc 1037 erg/s no
mv 100 km s™! 0.156 pc 1037 erg/s no
hv. 300 km s™! 0.156 pc 1037 erg/s no
hve 300 km s™! 0.156 pc 1037 erg/s yes
fitl 100 km s™! 0.039 pc 8.47 x 103 erg/s yes
fit2 200 km s! 0.039 pc 8.47 x 1033 erg/s yes

fit3 300 km s~! 0.039 pc 2.29 x 10% erg/s yes




19

therefore de-refine the simulation on cylinders on increasing radius around the axis
of propagation of the XRB and again de-refine with increasing distance from the
XRB along the axis of propagation. We decrease the refinement by a factor of two

for every power of two increase in radius and distance.

2.3 Results

2.3.1 Morphological Evolution

Heinz et al. (2008) presented a simple, analytic model for the long term dynam-
ical evolution of trailed microquasars. Our simulations allow us to move beyond the
initial heuristic model and describe the dynamics of microquasar driven bow shock
nebulae in detail.

The initial evolution of the system follows the prediction of Heinz et al. (2008)
almost exactly: The jets inflate a single large, roughly spherical bubble that expands
following the self-similar solution for a continuously driven bubble by Castor et al.
(1975), surrounded by a thin shell of swept-up ISM.

Initially, the expansion velocity of the bubble is much faster than the space
velocity of the XRB, vxgrp, implying that the XRB remains roughly at the bubble’s
center. As the expansion slows down, the XRB begins moving towards the shell and
eventually breaks out of the expanding bubble.

At this point, the dynamic pressure of the ISM due to the XRB’s velocity
causes the jets to bend backwards, and a trail of radio plasma is created behind the
XRB, connecting it to the bubble. The backflow of the ejected material from the
jets is similar to that seen in the model of case 3 in Bosch-Ramon et al. (2011). The

radio plasma released by the XRB continues to inflate the bubble, akin to a balloon
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inflated by a straw. The bubble, therefore, continues to expand spherically even
though the binary can be far outside the bubble.

As it propagates, the XRB is driving a bow shock into the ISM. As predicted
in Heinz et al. (2008), dynamical instabilities develop at the contact discontinuity
between the bow shocked ISM and the backflow along the radio trail, dissipating
some of the backflow energy along the channel.

The dynamical evolution described above is shown in Fig. 2.1 as a time sequence
of density slices through the center of the simulation box. Relativistic, axisymmetric
simulations of a pulsar wind nebula in Bernstein & Hughes (2009) created a similar
structure with a bow shock connected to an expanding bubble. This indicates that,
away from the jet or wind source, the evolution of XRBs and pulsar nebulae are

nearly identical, except for the scale.

2.3.2 Scaling relations

Based on the observed evolution of the trail and bubble, we can construct a
simple analytic model for the inflation of bow shock nebulae by microquasars (and,
by extension, pulsar wind bow shock nebulae) that can be tested directly against the
simulations. This will allow us to formulate analytic expressions for observables.

The jets initially inflate a nearly spherical cavity that evolves as a wind driven
bubble (Castor et al. 1975). The bubble expands as

X L\
Ry(t) = C;° (—) 30 (2.1)
Po
where L is the source luminosity, py is the ISM density and C} is a constant that
equals 2= for an adiabatic index of I' = 5/3. In terms of the fiducial parameters for

our simulations, this is
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Fig. 2.1. — : Density slice through our 300 km s~! simulation at 10,000 years (top),
100,000 years (middle) and 1 Myr (bottom). The XRB is located toward the left
of the images. At 10,000 years (top) the XRB is surrounded by a spherical bubble,
although the XRB is nearing the left edge. At 100,000 years (middle), the XRB has
broken out of the bubble and created a distinctive shape. The jets, directed up and
down, are curved back at the bow shock (curved shock at left) and directed back to
the large bubble to the right, where they terminate and power the bubble expansion.
A neck connects the binary and bubble, and is surrounded by an oblique shock. At
1 Myr (bottom), the shape is similar to that at 100,000 years, except that the neck

is more elongated, with a smaller opening angle.
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I 1/5
Ry(t) = 13.1 parsec (%—3;> £/ (2.2)

_ L _ Po _ t :
where Ly = g =1, porr = Tgma2rgan=> M4 15 = ogg00years L 1E eXpansion

velocity of the bubble is

L 1/5 I 1/5 -
w(t) = 3017 <%) 7% = 76.7 km s (,00_3;) t:%° (2.3)

and the pressure inside the bubble is
Ry(t) = Py (30 — 1) (2.4

where M, = %/ is the Mach number of the spherical shock and P, is the ISM
Y£0/pPo

pressure. Assuming at least a moderately strong shock, the pressure goes to

20 L2025 2 8.25 x 107 erg em 2L poyts Y (2.5)

Py(t) = 2P M} ~ 2

Initially, the expansion of this bubble is faster than the velocity of the XRB.
However, as the expansion of the bubble slows while the velocity of the source remains
constant, the source eventually breaks out of the bubble at a time ty,;6a. The breakout

time scales with source velocity v, as

I 1/2
tbreak - 011/2 <_) Us_5/2
Po

L\ Vs —5/2
_—_ L) (e )
85,000 years <,00H> 100 ko= (2.6)

The radius of the bubble at the breakout time therefore scales as

I\ /5 L 1/2 Lo\ 12 v
Rorear = C17 () 822, = €1 2= 18.9 1) (e
ek =G0 Gy ) T w) P o) \100 Kk 5!

(2.7)

)—3/2
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After breakout, the source continues to power bubble expansion. A bow shock
develops in front of the source which bends the jets back in the opposite direction
of the source motion. A low-density channel remains which connects the source
to the bubble. Jet material flows back through this channel, adding energy to the
interior of the expanding bubble. So long as the volume of this channel remains small
compared to the volume of the bubble, the expansion rate of the bubble continues to
be described by eqn. 2.1, the self-similar equation of a continuously powered bubble.

As seen in Fig. 2.1, the resulting shape is an expanding spherical bubble
connected to the source by a thin neck. The neck consists of a shock surrounding a
narrow cavity filled with jet material. At any point x along the neck, the shape is
described by w;, the width of the inner cavity, and ws, the distance from the mid
plane to the outer edge of the shock. In the frame of the binary, the cavity has a
fixed shape and is in pressure balance with the surrounding shocked material. The
flow of material can therefore be described using an adiabatic equation of state, the

Bernoulli equation and mass continuity:

P, =ap] (2.8)

P
Ly T Ty (2.9)
P2V WE = C (2.10)

where v,., p, and P, are the velocity, density and pressure of material in the cavity
at position x, 7, the adiabatic index, is 5/3, and a, b and ¢ are constants. In term of
a, and with v = 5/3, b = a*°(pov?)*® and ¢ = L a=3/°(pyv?)~%/°.

Rearranging eqns. 2.8 to 2.10 we solve for w; and find that



=

ca’/® > 1
1/4
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(2.11)

Making the approximation P, < pov? (i.e., the source velocity is supersonic), this

reduces to

wy = 5_1/421/2L1/2a3/10(povg)_?’/lOPI_g/m _ C’QP;?’/H)

(2.12)

The pressure will be set by the jump conditions for an oblique shock, with ¢ and g

the angle with respect to the direction of motion of the inner and outer edges of the

shock, respectively:

tan(0)

MZsin? 8 —1

 tanB(1 + 0D g2 — M2 sin? )

P M5 (v 1)
Py (v+1)

(2.13)

(2.14)

where My = vs/\/7Ps/po is the Mach number of the binary relative to the ISM,

tanf = dw;/dz and tan f = dws/dzx. Making the approximation that ¢ and 3 are

small, this reduces to

Substituting we find

,_ MzE 1
38Mg

Py = Po(§M3B* — 1)

4o 4Ln/CITR
5MZ

(2.15)

(2.16)

(2.17)
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This differential equation can then be integrated numerically to find w;(x) and
this in turn can be used to find wy(x).

As the pressure drops along the neck, however, it eventually reaches a minimum
value equal to the pressure in the expanding bubble. Beyond this point, the angle
of the shock is constant such that the post-shock pressure is equal to the P, the
pressure in the bubble, which is set by the expansion rate of the bubble v,. The
incoming velocity towards the shock will be v — vy, because the bubble is expanding

towards the source, giving a minimum shock angle of

Up dwy

8= = (2.19)

Vg — Up dz

The angle of the inner surface is then approximately

9_ M2262—1 . dw1
sM3p dx

(2.20)

where My = (vs—wvy)/\/7Po/po is the Mach number of the shock. In our simulations,
this asymptotic limit dominates and the shape described by eqn. 2.18 only describes
a small region near the jet source. Note that the width of the neck where it reaches
the minimum value of 8 is described by eqn. 2.12 with P, = Py, giving w(F,) =
CQPb_S/ ' This equation depends on the normalization constant a in the adiabatic
equation (eqn. 2.8), which in practice depends on the amount of mixing between jet

and ISM material. The width at this point also depends on the radius of curvature
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of the bow shock, which is not taken into account in this analytic model Therefore,
we use a as a free parameter to get the proper fit for the width of the neck where
the minimum value of 3 is reached.

Figure 2.2 shows density slices of the 300 km s™!, 100 km s~! and 30 km
s~! simulations (models hv, mv and lv) at 1 Myr. The white lines are results of
our analytic model for the bubble size, wy(z) and ws(x). In the first two cases,
the predicted shape of the inner and outer edge of the neck are a good fit to the
simulations. In the 30 km s~! case, the XRB is still inside the spherical bubble at
1 Myr.

The outer shock angle 3 decreases with time as the pressure in the bubble and

the expansion velocity drop. The width of the neck where it meets the bubble is

approximately

wQ,meet = ﬁ(vst - Rb) + w1 (Pb) (221>

Up —3/10

(vst — 2upt) + Cs (2P M) (2.22)

W2, meet =
Vs — Up

Asymptotically, this width goes to W meet = Bvst = vyt = %Rb. Therefore, the
ratio of the bubble radius to the neck width approaches a constant ratio of 3/5, and
the width of the neck is always smaller than the radius of the bubble.

The volume of the neck scales asymptotically as

2/5 2/5
Vi = bmut (3R,)* = Lr G0, (£)7 415 =3.23 x 10 em® () (L) 6577

(2.23)

while the volume of the bubble scales as
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3/5 3/5
Viub = %WRg = %71'0?/5 (A) t9/5 = 2.75 x 10 cm?® <ﬁ> tg/5 (2.24)

PO POH

the ratio of the volumes is therefore

‘/neck _ iv_st _ 3071/50 £ -1/ t2/5 — 0117 ( Vs ) L37 —l/ 252/5
Viw 100R, 20 ' 7\ po ‘ 100 km s~! 5

The volume of the neck and bubble will eventually become equal when the
length of the neck (vyt) is about 11.1 times the bubble radius. The width of the
shock where it meets the bubble is about w et = gRb, so the angle when the
volumes are equal is 5 = 27/500 = 0.054 However, the angle of the shock around the
neck cannot be less that § ~ 1/Mj, so the volumes become equal before the shock
becomes weak only if M, > 18.5. Our assumption that the volume of the neck is
small will hold until bubble expansion starts to become marginally sonic, unless the
source has a very high Mach number relative to its surroundings.

While our simulations have not run long enough to probe the sub-sonic regime
of bubble expansion, it is worth speculating about the late state evolution of trails
and bubbles. Given that the bounding pressure of the bubble will be dominated by
the internal pressure of the ISM, the expansion velocity of the bubble will drop below
the self-similar value for an energy driven bubble (with R o t!/3). In addition, the
ISM will no longer be strongly compressed into a narrow shell. Since the neck and
bow shock will maintain their stationary shape, one should expect that the late state
evolution of a bow-shock/trail nebula will eventually lose the terminating bubble and
the trail pressure will eventually approach the ISM pressure, consistent with the late

state structure of the trail proposed in Heinz et al. (2008).
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Fig. 2.2. — : Density slice of 300 km s™! (upper), 100 km s™! (lower left) and
30 km s™! (lower right) simulations at 1 Myr. The white curves trace the analytic
solution for w; and wsy, the neck shape, and the circle is the size of the bubble from
eqn. 2.1. Values of a used to fit the bow shock width are 103! for the 300 km s*
simulations and 103 for the 100 km s~! simulation. In the 30 km s~! simulation
the XRB (marked with an x) is still inside the bubble, but significantly offset from

the center.

2.3.3 Observable properties of microquasar bow shock nebulae and trails

2.3.3.1 H_alpha emission

For XRBs moving supersonically through cold or warm ISM, the compressed,
hot gas in the bow shock will produce collisionally excited line emission, most im-
portantly H, (as well as the classic spectrum of nebular lines like [OIII]). In fact,

Wiersema et al. (2009) detected the nebula of SAX J1712.6-3739 in H,. Our models
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support the jet-ISM interaction scenario (Heinz et al. 2008) and the numerical sim-
ulations show an apparent quantitative agreement with the observed results for H,
emission.

To calculate the H,, emission, we first determine the ionization balance in the
shocked gas, using the MAPPINGS III code (Sutherland & Dopita 1993); the code
uses a time-dependent algorithm for accurate equilibrium balance calculation. The
typical temperature of the shocked shell is estimated to be around 10° — 10° K
in the adiabatic case, hence the gas is inferred to be nearly fully ionized at the
shocked region. Figure 2.3 (bottom left panel) shows the surface brightness in H,
for the model hv. Note that all simulations can be scaled with XRB jet luminosity
by reducing the predicted surface brightness, nebula size, and simulation time by a
factor of (Lsy) /2.

The bubble is relatively bright in H,. The shock around the neck is also visible
in H, in fig. 2.3. A similar feature has been identified with SAX J1712.6-3739
(Wiersema et al. 2009). We discuss the morphological similarity between that source
and our simulations in §4.1.

Radiative cooling has little influence on the dynamical evolution of the XRBs.
The upper panels of fig. 2.3 reveal that overall morphologies for two models (with
and without radiative cooling) are broadly similar. Radiative cooling leads to a
significantly thinner shell of shocked material around the bubble and neck, giving the
appearance of a slightly narrower neck. Because of the cooling-induced contraction
of the gas, the shell also appears to develop some irregularities in shape, though the
overall shape of the hot (radio) plasma inside the trail and bubble occupies essentially

the same volume.
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However, the radiative cooling has a pivotal role for H,, because of the strong
temperature sensitivity of the ionization balance and thus the recombination line
emission. This is because the cooling time scale is comparable to the dynamical
time scale of XRBs, leading to significantly lower temperatures in the shell than in
a purely adiabatic simulations.

The bow shock immediately surrounding the XRB is very dim because the
temperature is too high for strong H, emission. As cooling becomes important down
stream, the temperature at the shock quickly drops to the range of a few 10,000 K.
As a result, the emission becomes stronger by about a factor of 50.

Because H, emission depends non-trivially on temperature, it is not straight
forward to express brightness predictions semi-analytically. Figure 2.3 is therefore

specific to our simulation using fiducial parameters only.

2.3.3.2 Radio emission

Given that the trail itself should be filled by magnetized, relativistic plasma
released by the jets, they will emit synchrotron radiation. As the plasma travels
along the jet, particles will cool both adiabatically and due to synchrotron losses.
As is well known from studies of AGN jets and radio lobes, this introduces a cutoff
to the electron energy distribution and to the synchrotron spectrum.

Following, e.g., Heinz & Begelman (1997), the cutoff frequency, as a function

of travel time along the trail, will be given by

1/4
(’%> . (2.26)
f %O'TUB <%> dt

with an associated cutoff frequency of

f)/max =
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Fig. 2.3. The density contour map for the model without the radiative

cooling (upper left) and with the radiative cooling (upper right) at 100,000 yr
(Vares = 300 km s™'). The bottom panels shows H, emission for each case (log
scale). The predicted surface brightness can be scaled to different XRB jet luminosi-
ties by reducing the surface brightness, size scale and simulation time by a factor of

—1/2
Ly /2.
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Given that the flow through the trail assumes a quasi-steady state behind the
XRB, we can simply integrate this equation through single frames to lowest order to
derive the cooling frequency as a function of position along the trail. The result is
shown in fig. 2.4. For our fiducial parameters, the cooling frequency is estimated to
fall within 10'3 — 10® Hz, well above the radio band.

This implies that synchrotron emission should be a good tracer of these trails
at all frequencies, not just at low frequencies. This is in contrast to the estimates in
Heinz et al. (2008), who suggested that cooling could be important along the trail.
The reason for this difference is the significant backflow velocity along the trail, which
was left as a free parameter in Heinz et al. (2008), and which allows radio emitting
particles to traverse the trail without significant losses.

Figure 2.5 shows synchrotron surface brightness for the 300 km s~! simulation
at 100,000 years. Surface brightness for synchrotron emission is strongest at the
front-edge where the jets are bent by ram pressure. The terminal radio bubble is
also bright and emits the bulk of the total radio luminosity.

In fig. 2.5, the typical brightness temperature inside the bubble is estimated
to be of order a few K in model hvc at 0.1 Myr at a frequency of 1 GHz. Since the
synchrotron emission depends only on the pressure, the typical values of brightness
temperature in other models (vxrp=30, 100 km s™!) are essentially the same.

If the intensity of synchrotron emission is high enough, synchrotron self-absorption
will occur and the emission will drop out at low frequencies, proportional to v/°/2 re-

gardless of the electron power index. However, in our particular simulation, the



33

—
80|~ v, = 100 km/s | | -
I

E v, - 300 km/s

y [pe]
o

50 100 150 200 100 200 300 400

x [pe] x [pe]

Fig. 2.4. — : Synchrotron cooling frequency for X-ray binaries at 100 km s~ (left
panel) and 300 km s~! (right panel) at 1 Myr. Top images indicate the density
map with logarithmic scale. The vertical magenta lines indicate edges of the bubble
area (marked with the solid circle). The cutoff frequency is calculated by integrating

along the two blue lines and assuming a steady state.

optical depth at 1 GHz is quite transparent (about 7 = 1072) so this effect would be
negligible.

The bright temperature can be extrapolated into a few 1073 K in submm wave
bands that might be detectable by a new generation detectors such as SCUBA-2 or
ALMA. In the case of the XRBs in our galaxy, assuming that the distance would
be a few kpc, the angular size of the bubble is large enough to be resolved by these
detectors.

Since the pressure inside the bubble decreases with time, the surface brightness
will also decrease with time and synchrotron radiation will be easier to observe at
an earlier XRB age if the bubble is resolved.

The synchrotron emission from the bubble can easily be predicted analytically.
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Fig. 2.5. — : Surface brightness of radio synchrotron emission for the frequency of

1 GHz at 100,000yt (vxrp = 300 km s7!).
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Fig. 2.6. — : Surface brightness of radio synchrotron emission for the frequency of

1 GHz at 30,000yt (vxgp = 300 km s71).
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For a power-law distribution of electrons, N(y)dy = Ay Pdy: if we assume the
power-law index (p) is 2.5, the total emissivity per unit volume per unit frequency

can be calculated as,

€syne = O3P8, (2.28)

where P is the pressure in the bubble and Cj is approximately 1.44x10717 and
depends on the ratio of electron to magnetic pressure. Throughout this discussion
we will assume that the plasma is in equipartition (with equal energy density in
electrons and magnetic field), making the estimated fluxes upper limits.

The pressure of the hot bubble can be estimated from the shock jump condi-
tions. If we set the adiabatic index to 5/3, the pressure jump condition in the shell
of the bubble are given by eqn. 2.5.

Figure 2.7 shows that the inferred post-shock pressure is consistent with the
simulation results, although the data from the simulation have a slightly smaller
values. The small discrepancy is negligible in estimating the surface brightness.

The surface brightness can be derived from the emissivity (eqn. 2.28) with
post-shock pressure and the path length of the line of sight in bubble. Hence the

maximum value of path length is Ry,,(t), and the surface brightness becomes

Cs (27 a5 3/5, 1o/8 1/5 ~1/5
Loyne = E(mCH L2/5IOO t=° ¢ L1/5P0 £/

—9/10
t
~ 1.37 x 10%mJ =2 % (Lgp)*° STA0 [~ 2.29
mlJy arcsec (Ls7) (por) IMyr (2.29)

This theoretical calculation is in good agreement with numerical data shown in

fig. 2.8. The relation confirms that the synchrotron emission decreases over time,



36

implying that younger XRBs are more easily detected in the radio.

XRB bubbles in other galaxies will be difficult to resolve with radio observa-
tions, but may be detectable as unresolved sources, at locations different from the
X-ray point source. If we set the distance to the XRBs to be D, then we can estimate

the unresolved flux as,

Cs 27 2/5r2/5 3/5,-4/5 1o/ 3/513/5 —3/5,9/5 1—2

27/2 21/4 3 310 D 2
~ 0.04 mJy x (L31)*™* (ponr) /0(m> (1Mpc) (2.30)

This flux includes only the bubble area, and neglects the synchrotron emission from
near the jets. Because we do not resolve the base of the inner regions of the jet in
our simulations, and because microquasars are generally highly variable, we cannot
make any quantitative statements about the relative flux from the inner jet and
the bubble. Note that the total flux from the trail and bubble increases with time,
indicating that older XRBs will be easier to detect than young ones in unresolved
observations.

The state-of-the-art radio observatories are well suited for this type of objects;
the eVLA has been upgraded to have the excellent sensitivity, frequency coverage,
and imaging capability that allows for good quality radio spectra resolved over the
source, and the WSRT APERTIF that has very large field of view at 1.4 GHz,

allowing for deep continuum surveys capable of detecting trailed nebula.

2.3.3.3 Free-free emission

For the expected temperature range in the bow shock, we can expect the

gas to be mostly or completely ionized, which will give rise to the emission of
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Fig. 2.7. — : The solid line indicates that post shock pressure and density derived

from scaling relation and diamond marks the results from simulation.

Bremsstrahlung. Figure 2.9 shows a simulated radio image in free-free emission
for the case of vxgg =300 km s™!. The emission is edge-brightened, given that it
comes exclusively from the compressed ISM shell.

The temperature at the shell of the bubble can be calculated by the post-shock

density and pressure as

P 27 _
Ty = r 02/5ﬁp0 25 2/54-4/5

kpr 400 ' k

where p is mean molecular mass. If we assume fully ionized gas inside the shell, the
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Fig. 2.8. — : The solid line indicates the theoretically expected surface brightness

in synchrotron emission and diamond indicates the results from simulation.

free-free surface brightness through the shock can be approximately written as

t
I~ 3.91 x 107 ergs s~ lem ™ Hz 'str™ x (pog ) <1Myr) (2.31)

where we assume a strong shock with pgnecr = 4po for simplicity.

Free-free emission is dimmer than the synchrotron emission in the bubble, and
is expected to be undetectable or marginally detectable at v=1Ghz.

For the shock temperatures in our simulations (10* — 10% K), optical emission
is dominated by cooling lines rather than free-free continuum emission. However, for
a fast source the temperature in the bow shock may initially exceed 10° K, in which

case free-free emission would be the dominant coolant.
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Fig. 2.9. — : Surface brightness of free-free emission for the frequency of 1GHz at

100,000 yr (Varps = 300 km s71).
2.3.3.4 X-ray

For large enough space velocities, the temperatures at the stagnation point
of the bow shock can be sufficiently high to produce X-rays. Fig. 2.10 shows a
simulated Chandra X-ray observation produced using the XIM program (Heinz &
Briiggen 2009) for the 300 km s~! simulation at a distance of 5 kpc with a 100 ks
exposure at 10° years.

For the fiducial parameters, there is a significant flux only from the bow shock,
which has a temperature of about 2 x 10° K. However, it may be difficult to dis-
tinguish this flux from the emission from the XRB. There is a small amount of
X-ray emission from the neck, but it is only marginally distinguishable from the
background, and fades as you go farther down the neck.

At early times, the expanding bubble produces a detectable X-ray flux. Figure

2.11 shows a simulated Chandra X-ray observation for the 300 km s~! simulations
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(hve) at a distance of 8 kpc with a 100 ks exposure at 30,000 years. Although it has
a low surface brightness, the bubble and neck can be seen, in addition to the bright
bow shock, in a smoothed image.

A shock will only be detectable in X-rays if its temperature is above about
5 x 10° K, which corresponds to a shock velocity of about 100 km s~! for the

parameters in our simulations. Assuming a strong shock, the shock temperature is

I Po
T, ~ 6.79 x 10°K x M? 0 2.32
8 e (3 x 10_12> <1.67 x 10—24) (2.32)

The bubble expansion falls below about 100 km s~! at about 36,000 years.
After this, the bow shock is still visible, if the XRB is moving fast enough, but the
bubble and neck are unlikely to be detected. The bow shock is always visible, but
only for XRBs moving faster than about 100 km s™!.

The synchrotron emission from relativistic particles does not produces a de-

tectable X-ray flux.

2.4 Comparison with SAX J1712.6-3739

While the numerical results and the analytic approximations derived from them
are primarily predictive, we can, at the very least, directly apply them through
comparisons to the one known XRB with a bow shock nebula.

SAX J1712.6-3739 is so far the only XRB found to display a prominent H,, bow
shock nebula (Wiersema et al. 2009). Following the original discovery of the bow
show, a deep VLT observation of the source was obtained to confirm the detection

and look for further structure in the H-alpha map. This observation is shown in
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Fig. 2.10. — : Simulated Chandra X-ray image (top) and surface brightness (bottom)
of the bow shock for the 300 km s~! simulation at 1 Myr. 100 ks exposure at 5 kpc
and flux is integrated from 0.3 to 3 keV. The maximum flux in the bow shock is

about 1 count/pixel.
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Fig. 2.11. — : Simulated Chandra X-ray image (top) and surface brightness (bottom)
of the bubble for the 300 km s~! simulation (hvc) at 30,000 years. 100 ks exposure

at 8 kpc and flux is integrated from 0.3 to 3 keV.
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Fig. 5.1.

2.4.1 Data reduction

The data were taken using the Focal Reducer and low dispersion spectrograph
(FORS2) on the Very Large Telescope (VLT, Chile), using the H,+83 interference
filter. As part of a larger programme (ESO programme ID 385.D-0100, PI Russell),
we obtained 34 exposures of 60 seconds each on 16 April 2009, under excellent seeing
conditions (average 0.7 arcseconds).

The data were reduced using standard procedures in IRAF and combined.
Details on the reduction and flux calibration of these data will be reported in a
forthcoming publication (Russell et al. in prep.). The FORS2 data cover a much
larger sky area than the EFOSC2 data reported in Wiersema et al. (2009) at a
better resolution, and have significantly better signal to noise, allowing us to search

for fainter features and both small and large scale structure.

2.4.2 Model comparison

The new VLT observation confirms the presence of a bright bow shock nebula,
as first reported in Wiersema et al. (2009). In addition, the image suggests the
presence of a roughly circular shell of H, emission with a radius of 76” which connects
to the previously observed linear H,, features near the XRB. While the level of patchy
background H, emission makes a firm identification difficult, we interpret this cavity
or shell as the bubble inflated by the backflow through the channel. The estimated
location of the bubble and neck are sketched in the lower panel of figure 5.1. The
distance from the end of the neck to the center of the bubble is about 190" .

We estimate the half opening angle of the bow shock seen in the H, emission
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to be about 15°, which can be converted into the projected oblique shock angle of
£ = 0.261799. From the observed ratio of bubble size to neck length, our analytic
model would predict a neck opening angle of about 19°, somewhat larger than the
observed value. Assuming the bubble is expanding supersonically, we can set a lower

limit on the Mach number of the source from eqn. 2.19 of

1
M 200 s s (2.33)

B

For our assumed sound speed of 17.3 km s=!, this implies the velocity of the
source is v5 > 83 km s~!. The source could also have a component of motion towards
or away from us which is not constrained by the opening angle of the neck.

Given the distance of the object of D ~ Tkpc and the approximate angular
size of the putative shell of 76”7, we estimate the physical radius of the bubble to
be Rpubble ~ 2.6 pc. In order to check the consistency between the observation and

our model, we carried out a simulation with v, = 100 km s

Using the scaling
relation of bubble radius from eqn. (2.2) and a standard ISM density of 1cm ™, the
appropriate luminosity is L = 8.5 x 10%® ergs s~! and the age of the bubble would

be approximately 70,000 years:

Lesess\ " ( Ry \*
t ~ 70,000 o 2.34
SAX ) Yl"( Do ) (2.57pc> ( )

L

where Lgse33 = 8.5x10%3 ergss— 1

In terms of source power and ISM density, the velocity of SAX J1712.6-3739

can be estimates to be

Lesss) "3
vy, = 100 km sl< 2'05;)3) (2.35)
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A higher energy (or lower ambient density) implies a higher velocity required of the
source by eqn. 2.35 to have the same neck length at a given bubble size. If the motion
of the binary is not perpendicular to our line of sight, but rather inclined at an angle
«, then the true opening angle of the source is Sy.,. = £ sin a and the velocity of SAX
J1712.6-3739 would have to increase by 1/sin . Eqn. 2.35 is therefore a lower limit
on the source velocity for a given set of parameters. Based on the velocity analysis, a
proper motion of SAX J1712.6-3739 can be estimated as a few mas/yr. This proper
motion scale will be observable from the LSST. If the velocity is measured directly,
it would help to constrain our models and allow us to determine the jet power in
terms of just the ambient density or vice versa.

In figure 5.1, the H, emission in the neck is brighter than that in the expanding
bubble while we expect it to be relatively dim from our fiducial simulations.

It is possible that this is due to the inclination angle for the moving XRBs
with respect to the line of sight. If the source is moving at a substantial angle with
respect to the plane of the sky, then the amount of neck material we are looking
through increases while the thickness of the spherical bubble stays the same. As a
result, with some large inclination angle, the emission of the neck can be brighter
than that of the bubble.

It is also possible that radiative cooling in the shell around the bubble has
moved much of the gas to temperatures too low to emit in H,, while the neck is
still at a sufficiently high temperature to emit, given that the bow shock and Mach
cone have a higher Mach number and pressure than the bubble and shell. Because
radiative cooling breaks the scale invariance of our simulations, a more detailed

investigation would require the construction of a large grid of simulations at different
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Fig. 2.12. — : SAX J1712.6-3739 image from the VLT FORS2 H, data (upper
panel), and same image with location of the neck and bubble highlighted (lower

panel).

source powers and ISM temperatures, which would be well beyond the scope of this
paper.

It is also possible that the relative brightness is simply a result of the com-
plicated morphology of background emission surrounding the observed H, nebula.
The surrounding emission is clearly non-uniform. A more detailed and quantitative

investigation of the new VLT observations is forthcoming in a separate paper.
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The difficulty in interpreting the complex structure of the observation notwith-
standing, we carried out three simulations with the initial conditions expected to
produce a size and shape close to SAX J1712.6-3739 to test whether we could match
the observed shape and relative brightness of the neck and bubble. The parameters
of these simulations are listed in table 1 as fitl, fit2 and fit3. In figure 2.13, the top
panel shows the results when the ejected energy is 8.47 x 10%3ergs s~ and the veloc-
ity of the XRB is 100 km s™' (model fit1). There is bight H, emission in the bow
shock and dimmer but still bright emission from the bubble. However, the emission
in most of the neck is relatively dim compared to the shell.

In order to inspect the inclination angle effect, we ran simulation fit2 with a
higher velocity of 200 km s™! and display it with an inclination angle of 60° (middle
panel). In this case the emission is brightest in the bow shock, part of the neck and
the leading edge of the bubble, with somewhat dimmer emission from the trailing
edge of the bubble. This is somewhat closer to the bright neck seen in SAX J1712.6-
3739, although the location of bright neck emission does not match the observation
exactly. The width of the neck relative to the bubble size is about the same as the
100 km s™! case, and there is still a large gap in the neck with very little emission.

Finally, we ran simulation fit3 with a larger power of L = 2.29 x 10%%ergs s~ !,
and higher velocity velocity of vxgg = 300 km s~ (bottom panel). For the given
bubble size, the age is reduced to 23,000 years (eqn. 2.34). Note that because the
emission is significantly brighter in this model, the intensity scale for the bottom
panel is increased by a factor of 10 compared to the other two panels to avoid color
saturation. In this case, there is no emission from the bow shock, due to the high

temperature caused by the faster source. There is bright emission in part of the neck,
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where the shock has become cool enough to emit in H,, and there is about equally
bright emission from the bubble edges. By varying the source velocity, it is possible
to move the location of bright neck emission from the bow shock (for model fit1) far
down stream in the neck (for model fit3) and it could be moved even farther away
from the XRB for a faster source velocity.

These three simulations differ substantially in their relative surface brightness
distributions of H, emission in bow shock, neck, and shell, showing that it should be

possible to construct a reasonable fit to the observations with sufficient fine tuning.

2.5 Conclusion & Summary

By way of numerical simulations, we study the morphological evolution and
dynamics of microquasars with high space velocity, the functional equivalent of
narrow-angle tail radio galaxies for accreting stellar mass black holes and neutron
stars. Such dynamic X-ray binaries initially create a powered, spherically expanding
shock/bubble, the expansion of which eventually decelerates to less than the velocity
of the XRB relative to the ISM.

When the source reaches the edge of the bubble, it establishes a well defined
structure with a bow shock around the source at one end, a spherical bubble at the
other, and a neck connecting the bow shock and bubble. The shock angle around
neck, 3, decreases as the binary moves away from the bubble, but it cannot be less
than 1/My, where My is the Mach number of the binary relative to the surrounding
medium.

The shocks from all three components creates H, emission that should be

detectable in narrow band imaging. At early times, less than about 30,000 years in
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Fig. 2.13. — : H, images with different initial conditions; L = 847 X

103%ergs s7', vxgp = 100 km s™' and edge-on at 69,000 yr (top panel), L =

8.47 x 10%ergs s~!, vxgp = 200 km s~ and inclination angle of 60° at 69,000 yr
(middle panel), L = 2.29 x 10%ergs s~!, vxgp = 300 km s and edge-on at 23,000
yr (bottom panel). Note that the intensity scale of the bottom panel is 10 times

higher than the other two panels.
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our simulations, X-ray emission will be detectable around the bubble and neck, but
this rapidly fades as the shock temperature decreases. At later times, X-ray emission
is only detectable from the bow shock and only for fast sources (vs > 100 km s™').

Synchrotron radio emission from the bubble is bright and covers a large area,
but emission from the neck is significantly weaker. There is also strong synchrotron
emission from near the binary, but it only covers a small area and thus would be
difficult to detect without high resolution. Bubbles created by galactic XRBs should
be visible in surveys of diffuse continuum emission. Binaries in other galaxies may
also be detectable with a resolution such that the beam size is approximately the
size of the bubble. The free-free emission is dimmer than the synchrotron emission
and is generally not detectable.

New H,, observations of SAX J1712.6-3739 presented here (see §2.4) show both
a strong bow shock and tentative evidence for a spherical shell trailing the XRB,
consistent with the neck and bubble morphology predicted by our simulations. We
are also able to constrain the Mach number of the XRB relative to the background
ISM to be M, > 4.8, corresponding to a velocity of vy, > 83 km s~! in the plane of
the sky for a sound speed of 17.3 km s~

Extending our results into pulsar bow shock nebulae (PWBN) is plausible,
since bow shock structures of PWBN are well described by the simulations presented
in this paper. For example, the H, images of PSR B2224+4-65 (Chatterjee & Cordes
2002; Cordes et al. 1993), called “Guitar nebula” for its peculiar shape, shows well
developed structures of trailing neck and spherical bubble. We will present models

specific to PWBN in a future paper.
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Abstract

Bow shock pulsar wind nebulae are a subset of pulsar wind nebulae that form when
the pulsar has high velocity due to the natal kick during the supernova explosion.
The interaction between the relativistic wind from the fast-moving pulsar and the
interstellar medium produces a bow shock and a trail, which are detectable in H,
emission. Among such bow shock pulsar wind nebulae, the Guitar Nebula has pe-
culiar morphology, which consists of a prominent bow shock head and a series of
bubbles further behind. We present a scenario in which multiple bubbles can be pro-
duced when the pulsar encounters a density discontinuity due to the abrupt change
of standoff distance in the bow shock. We tested the scenario by using 2-D/3-D
hydrodynamic simulations, and reproduce the observed guitar shape in the Guitar
Nebula from a series of density changes in the medium. We also show that if a pul-
sar encounters an inclined density discontinuity, it produces asymmetric bow shock

head, which appears in millisecond pulsar J2124-3358.
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3.1 Introduction

Pulsar Wind Nebula (PWNe) are shocked layers, produced when a pulsar’s
relativistic wind interacts with the surrounding medium. They produce broad range
of emissions from radio synchrotron emission to 7-rays [Gaensler & Slane (2006)
and references therein]. A subset of PWNe has been identified, in which pulsars
with high spatial velocities produce bow shock structure and cometary shapes [e.g.,
B1957+20 (Kulkarni & Hester 1988); J0437-4715 (Bell et al. 1995); RXJ1856.5-
3754 (van Kerkwijk & Kulkarni 2001); B0740-28 (Jones et al. 2002); J2124-3358
(Gaensler et al. 2002); J1747-2958 (the “mouse” nebula) (Gaensler et al. 2004)].
Such bow shocks are detectable in collisionally excited H, emission (van Kerkwijk
& Kulkarni 2001; Jones et al. 2002). A theoretical model of the Balmer-dominated
pulsar bow shocks was developed by Kulkarni & Hester (1988). In the model, the
Balmer emissions arise from pre-shock H atoms, being excited by collisions with the
post-shock hot plasma.

Bernstein & Hughes (2009) carried out special relativistic, hydrodynamics sim-
ulation, and discussed that a relativistic backflow from a fast-moving pulsar ther-
malize energy, allowing the flow to inflate the trailing spherical bubble. This energy-
supported bubble model is also shown in Yoon et al. (2011) for low-mass X-ray
Binaries. This model describes the evolution of bow shock PWNe in early stage,
when the pulsar locates not far away from its birth-place. The presence of bubbles
behind the pulsar in later stage can not be explained by the bubble model in which

the bubble initiated in supernova explosion.
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A pulsar’s high-spatial velocity is caused by the natal kick of the neutron
star during its supernova explosion. Numerous models have been proposed to take
into account the deviation from spherical symmetry at the core of the progenitor
star. This deviation can occur because of anisotropic neutrino emission during the
Kelvin-Helmholtz cooling of the nascent remnant (Sagert & Schaffner-Bielich 2008),
anisotropic mass ejection during the SN explosion due to standing-accretion shock
instability (Blondin et al. 2003; Hanke et al. 2012), or convective shell-burning during
the final life cycle stage of the progenitor star (Burrows & Hayes 1996).

The Guitar Nebula is one of the most spectacular PWNe, produced by one of
the fastest known pulsars, PSR B2224+65, which has a transverse velocity of v; >
1000kms™!. In H, observations, the nebula has a guitar-like shape with a bright
head, trailing neck, and a series of bubbles (Cordes et al. 1993; Chatterjee & Cordes
2002). A possible explanation for the multiple bubbles is that the morphology may be
affected by changes in any of the variables which relate to determine standoff distance,
at which the pressure is balanced between the pulsar wind and the medium thrust.
However, Chatterjee & Cordes (2004) claimed that there is a negligible amount of
time-variable F compared to large morphological changes, and time-variable £ fails
to account for the brightening in the constricted region of the nebula. In consequence,
the variation of the ambient density likely play a vital role in the evolution of the
Guitar Nebula although instabilities in bow shock backflow, could produce similar
results (van Kerkwijk & Ingle 2008). Small-scale density variations corresponding to
tens of AU are observed in the Galactic HI absorption (Deshpande 2000; Faison &
Goss 2001). Patat et al. (2010) also detect interstellar medium (ISM) column density

variations on scales of ~ 100 AU by using the fast expansion of a Type la supernova
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photosphere.

The primary goal of this study is to investigate the dynamic evolution of bow
shock PWNe in inhomogeneous environments. Noutsos et al. (2013) reported that
characteristic timescale 7. = P/ (ZP) and kinematic ages tiyn of the sampled pulsars
are within the range 10° ~ 10" yr. Under the reasonable assumption that pulsars
are born somewhere within 100 pc of the galactic mid-plane, they are expected to
intersect the galactic plane at least once in the time travel. It is quite possible that
fast-moving pulsars encounter significant changes in their environment. In this paper,
we modeled evolution of the bow shock PWNe when the pulsar passes through den-
sity discontinuities using multidimensional hydrodynamic simulations; we primarily
performed two dimensional axisymmetric runs, but we also carried out 3-D runs for
non-axisymmetric cases (e.g., inclined density discontinuity should be developed in
3-D). We mainly used a non-relativistic hydrodynamic algorithm, but we tested some
cases with relativistic hydrodynamics to verify our runs.

In this study, we discuss the origin of trailing bubbles which appear in several
bow shock PWNe. Since the bubbles are not produced by initial supernova explosion
if the pulsar locates sufficiently far away from its birth-place, their existence should
be explained by instabilities or variation of density in the medium. We focus that
the interaction of a pulsar wind and the non-uniform medium may cause producing
additional bubbles. We also develop analytic formula for a bow shock and a neck to
discuss the morphological variations of these structures when the pulsar passes along
a non-uniform medium.

The organization of this paper is as follows. In Section 2, the numerical method

and the initial setup will be presented. In Section 3, we discuss the evolution of the
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PWNe encountering density discontinuities. In Section 4, we compare our numerical
results with H, observation of the Guitar Nebula. In Section 5, we summarize our

results.

3.2 Numerical method

3.2.1 The code

Simulations were carried out with the FLASH 3.3 hydrodynamic code (Fryxell
et al. 2000), which is a modular and parallel simulation code suitable to solve com-
pressible flow problems. An adaptive mesh refinement (AMR) algorithm in the code
enables us to investigate global structure in the evolution of PWNe efficiently using
moderate computing resources. We adopt the piecewise-parabolic method (Colella
& Woodward 1984) as a Riemann solver. We use a multi-gamma equation of state,
where the adiabatic index of the ambient medium is Yampient = 5/3 and that of the

pulsar wind is Ypulsar = 4/3.

3.2.2 Pulsar Wind

The magnetic field interacts with charged particles around a neutron star. The
bulk of the spin-down energy is converted into a relativistic pulsar wind (Michel
1969). In general, the anisotropy of the wind momentum flux should be taken into
account to explain detailed bow shock structures (Vigelius et al. 2007). However,
the global features produced by interactions between pulsar winds and surrounding
medium are less influenced by the anisotropy of the wind. Moreover, there is no
evidence for anisotropic- or clumping-pulsar winds in the series of H,, observations of

the Guitar Nebula (Chatterjee & Cordes 2004). Therefore, we developed the pulsar
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wind as a spherical nozzle injecting flux isotropically through the surface.

The pulsar wind is ultra-relativistic, interacting with the ambient medium of
either the supernova remnant (SNR) or the ISM, and the Lorentz factor is in the range
of 10* ~ 107 (Kennel & Coroniti 1984). The pulsar wind produces an expanding
bubble of relativistic particles around the neutron star. In principle, to model the
internal structure and properties of these nebulae, relativistic magnetohydrodynamic
(RMHD) simulations are necessary (Bucciantini et al. 2005; Bernstein & Hughes
2009). However, because the evolution of large-scale bubbles and bow shock is non-
relativistic, we carried out purely hydrodynamic simulations. We compared our
results with relativistic pulsar wind model in Bernstein & Hughes (2009), and it
shows no noticeable differences in the dynamics of PWNe. We also carried out one
test run with relativistic algorithms that will be discussed in §3.4.3.

While a pulsar that loses energy at the rate of £ moves through the ambient
density of py with the moving velocity of v,, the resulting bow shock features should
appear with the standoff distance, which is the stagnation point where the pulsar

wind momentum flux is balanced by the ISM’s ram pressure:

i 1/2
Ry=| — 3.1
’ < 4T POV Vsvind ) ’ ( )

where the pulsar wind velocity in our case is vying = 10'° cms™. We set the injection
radius of the nozzle to be arbitrary, but not to be larger than this standoff distance.
Values of E for the observed pulsar population are in range of 102 ~ 103 ergss™!
(Manchester et al. 2005), and pulsars with £ > 10% ergss~' produce prominent
PWNe (Gotthelf 2004). To test bow shock PWNe, we set £ = 10%0 ergss! for all

cases except for the Guitar nebula model which has the spin-down loss energy rate,

E = 10%ergss™! (Chatterjee & Cordes 2004). To resolve the pulsar wind and bow
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shock structure appropriately, we set the numerical resolution around the pulsar to

have at least 10 cells across it.

3.2.3 Initial setup and boundary condition

The pulsar is initially turned on and fixed at = 0 for all runs. In order to
develop moving pulsar, instead we set the streaming medium with velocity of 300,
600, and 900 kms~!. For the Guitar nebula model, we set the velocity to 1,500
kms™!. The left boundary of the simulation domain was applied to inflow boundary
conditions with same velocity of the medium. These velocities represent the actual
proper speeds of the pulsars.

Following Cox (2005), the pressure and density in the ambient medium are set

to Py = 3 x 1072 ergem ™ and nrgy = lem™3.

The ISM temperature is between
10* ~ 10° K. To study the evolution of PWNe in density continuity, after the PWNe
generates bow shock structures and bubbles behind it, a pulsar is forced to penetrate
the density discontinuity toward an enhanced density region by a factor of 10, or
toward a decreased density region of 1/10. For all cases, we adopt the same value
of distance, d = 4.12 x 10'® cm, between the density-changed place and the initial
location for the purpose of comparison. The detailed information we use for this
study is listed in table 3.1.

We carried out mainly axisymmetric 2-D simulations for the purpose of saving
computing resources, and carried out two sets of 3-D simulations: one for validating
2-D runs, and one for studying the non-axisymmetric case (See Table 3.1). The latter

case is that the angle between the pulsar velocity and the density discontinuity is

not perpendicular. For this case, we set the incident angle to be 45°, and the result
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will be discussed at §3.4.2.

3.3 Results

3.3.1 Bow Shock Head

The global evolution of the bow shock structure is generally identical to that
of supersonic LMXBs (Yoon et al. 2011), despite the different engine between the
two systems. It is because that both a pulsar wind and a jet were swept back by
ram pressure producing the bow shock structure when the objects move through
ISM. Although a pulsar wind is more isotropic than a jet, the large scale bow shock
is not influenced by the shape of the sources. Around the pulsar, the unperturbed
pulsar wind extends to the termination shock where the wind slows down to subsonic

speed because of its interaction with the ambient medium. The supersonic speed of

Table 3.1. : Parameter of the Simulations

Model v, [kms™!]  density ratio* transition width dimension incident angle
L10-300 300 0.1 instant 2-D 90°
H10-300 300 10 instant 2-D 90°
L10-600 600 0.1 instant 2-D 90°

L10.600_45deg 600 0.1 instant 3-D 45°
L10br_600 600 0.1 5 x 107 cm 2-D 90°
H10br_600 600 10 5 x 107 cm 2-D 90°

Uniform_600 600 1 - 2-D -
Wall_600 600 10 — 1/10° instant 2-D 90°
Wall3d_600 600 10 — 1/10° instant 3-D 90°
L10-900 900 0.1 instant 2-D 90°
H10-900 900 10 instant 2-D 90°
Guitar 1500 10 — 0.45° instant 2-D 90°

& density ratio of the changed ambient density to the initial density.

b There are two regions where the ambient density changes.
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the bow shock PWN produces a tail, along which an oblique shock occurs when its
pressure is below the thermal pressure in the ambient medium. The bow shock tail
can be described as a narrow cavity filled with relativistic exhaust from the pulsar.
As discussed in Yoon et al. (2011), the shape of the cavity along the z-axis can be
described analytically by using an adiabatic equation of state, the Bernoulli equation,
and mass continuity:

P, =ap, (3.2)

1 P,
2 (7_1) Pz

Tw? py vy = C, (3.4)

(3.3)

where w is the width of the cavity, and a, b, ¢ are constants. The values of b and ¢

can be expressed in terms of a:

b= %al/w (povf)l_l/y : (3.5)

—1. -
¢c= 1" " fg (,oofuf)l/W b (3.6)
v

In (Yoon et al. 2011), the value of a was a free parameter due to the complexity
in jet geometry, however the spherical shape of pulsar winds allow us to determine

it from the pressure balance at the standoff position.

— % _ _ 2
Pst,wind - apst7wind - Pram = Po V- (37)

3
wind

where pgwina = F/(4nR%v3. 1) is the wind density at the standoff position. As a

result, a can be expressed as

2
a="2% 2 (p?) 7 o (3.8)

9 * wind*
pst
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Using eqns. (3.2)-(3.8), wy can be obtained if we assume the pulsar is moving

supersonically (i.e. P, < pov?):

1\ /4 1) 3/4
M( ) (L> EV2 2 (pov?) T PV = APV (3.9)

ﬁ ~ wind *
The pressure can be calculated by the jump conditions for an oblique shock

[detailed derivation is included in eqns.(13)-(18) in Yoon et al. (2011)], and the

differential equation for the width can be expressed as

—1/2

) e P P G e e

where Py is the ambient pressure and My = v,/ \/VT/PO is the Mach number of the
pulsar relative to the ISM. Integrating eq. 3.10 yields the analytic shape of the bow
shock and the neck from the physical properties (ambient density, ambient pressure,
spin-down loss energy rate, velocity of the pulsar, wind velocity, and adiabatic index
of the pulsar wind), and this is consistent with our numerical results (Figure 3.1).
This semi-analytic solution helps us to understand the morphological evolution of
a bow shock head and a trailing neck when the pulsar moves the medium in which
the density changes gradually. If the ambient density increase gradually along the
pulsar’s passage, the ram pressure becomes stronger against internal pressure of the
neck. Thus, the neck width in analytic lines in Figure 3.1 becomes thinner in the
case. On the contrary, if the ambient density decreases, the bow shock and the neck

becomes wider. We will apply this analysis to the Guitar Nebula’s head in §3.4.1.1.

3.3.2 Density Discontinuity

High spatial velocity of a pulsar undergoes ram pressure of the ambient medium,

producing a bow shock and a trailing neck. The smooth variation of the ambient
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Fig. 3.1. — : Density contour map of the PWN head when the pulsar passes through

either 10 fold increase (upper) or 1/10 fold decreased (lower) in ambient density.
The top and bottom plots show the smooth variation of the ambient density with
the transition width of 5 x 10'7cm (L10br.600 & H10br_600 in Table 3.1). The
transition places were noted by vertical dashed lines. The colored lines indicate

analytic solutions with different ambient densities.
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density changes morphology of the bow shock and the neck, but it does not produce
bubbles. We carried out 2-D hydrodynamic simulations to test if a bubble forms
when the pulsar passes the medium in which the density changes sharply (i.e. density
discontinuity). For this study, we set the discontinuity perpendicular to the pulsar’s
velocity.

When the pulsar encounters the low density medium, the standoff distance
increases (eq. 3.1) and the bow shock becomes wider. The increase is extremely rapid,
producing a bubble at the discontinuity. Figure 3.2 shows that the formation and the
evolution of a bubble processes in same way between pulsar’s initial explosion and
its encountering a low density discontinuity. In early stage, the expansion velocity
of the bubble is larger than the pulsar’s spatial velocity, thus the pulsar is inside
the bubble. In this time, the isotropic pulsar wind generates spherical bubble. The
expansion velocity slows down, and the pulsar breaks out of the bubble at tp,eax,

which can be expressed as

5 1/2
threak = 771/2 (_) U;5/2. (311>
Po

After then, the pulsar’s wind interacts with ISM producing bow shocks and trailing
necks. One difference between two cases is that the bubble from the pulsar’s initial
explosion is exactly spherical, but the bubble, which is produced when the pulsar
encounters a low density discontinuity, is flattened at the side of discontinuity. It is
because the higher density in upstream medium exerts the higher ram pressure on
the bubble.

Figure 3.4 shows a well-developed double-bubble structure behind the bow
shock head. The first bubble was originated from initial launch of the pulsar wind,

and the second bubble was generated when the pulsar encountered the discontinuity.
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Fig. 3.2. — : Density contour maps of the evolution of expanding bubbles from

the initial explosion (upper panel) and from the density discontinuity (lower panel).
The vertical dashed lines (lower) indicate the location of the discontinuity. The
ambient densities are py = 1.67 x 1072 gem™ (upper), and py = 1.67 x 1072 —
1.67x107%° gecm ™2 (lower). The pulsars are still inside the bubbles in left most plots,
and break out of the bubbles in middle plots, and interact with ISM producing bow

shocks in right most plots.
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Note that the protrusion occurs in the right side of the first bubble. This is a 2-D
numerical artifact that is caused by the exaggerated downstream flows along z-axis
(i.e. y=0), hitting to the bubble edge. In the 3-D test run, this protrusion disappears.
However, the effects of this structure on the evolution of the bubble is negligible. The
white cross indicates the location of the pulsar, and the black circles represent the
expanding bubbles in the analytic model (Castor et al. 1975),
.\ 1/5
Ry(t) = n'/® (5) t3/5, (3.12)
Po

where 7 is a constant that equals 125/1547, which is derived by the assumption that
the gas is swept-up into a cold, thin shell.

We carried out simulations with the pulsar’s proper speeds of 300, 600, and
900 kms~!. Figure 3.3 shows the evolution of the expanding bubbles with time. The
solid line represents the analytic model in eq. 3.12, and each filled region represents
the location of the shell of the bubble. Note that in this work, we neglect cooling,
broadening the shell at the surface of the bubble. If cooling is taken into account,
the shell thins, but the overall dynamic evolution is not affected (Yoon et al. 2011).
For all cases, the evolving bubbles in the simulations are consistent with the analytic
model.

If multiple bubbles are observed in a bow shock PWNe, we can constrain the
parameters from the bubble’s geometry. In our simulations, we fixed the separa-
tion between the initial position of the pulsar and the density discontinuity to be
lsep = 4.12 x 10" cm. This implies that if the pulsar moves faster, it reached the
discontinuity in a shorter time, thereby the size ratio of the second bubble to the

first bubble becomes larger compared to the case of slowly moving pulsars. The ratio
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of the bubble size can be derived from the ratio in eq. 3.12,

Ria(t)/Bun(t) = (p_>/ (1_t_d>3/5

£0,2 t
1/5 I 3/5
- (_po’l) (1— Sep) , (3.13)
£0,2 t’U*

where po 1, po2 are the ambient densities surrounding the first and second bubble,

respectively, and t; is time when the pulsar encounters the density continuity. The
time relates with the separation between the two bubbles using ls, = t4 X v,. This
robust expression is useful for estimating the density changes in the medium around

the mulitple bubbles.
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Fig. 3.3. — : The time evolution of the expanding bubbles. The black solid line

represent the analytic solution, and the colored areas represent the bubble shells

from the simulation results with v, = 300, 600, 900 km s~*
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Fig. 3.4. — : The density contour map when the pulsar penetrates the density
discontinuity toward lower ambient density. The black circles are analytic models of

the bubbles. White cross indicates the location of the pulsar.

3.4 Discussion

3.4.1 Guitar Nebula

The sets of H, bow shocks and multiple bubbles far behind has been detected
in Guitar Nebula, produced by the relativistic wind from the high-velocity pulsar,
PSR B2224+65, interacting with medium (Figure 3.5). We use the Guitar Nebula
to test the effects of non-uniform density on the dynamical evolution of bow shock
PWNe.

We adopt the model parameter of the Guitar nebula from van Kerkwijk &
Ingle (2008, and references therein): £ = 10% ergss™', v, = 1.5 x 103cms~!. The
spin-down loss energy of the nebula is a few orders of magnitude lower than that of

typical H, bow shock pulsar nebulae (Gotthelf 2004). However, the extremely fast
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motion of the pulsar in the Guitar nebula enables to produce the visible bow shock

features despite of such low E and low density.

Fig. 3.5. — : Guitar Nebula in H,, imaged with the 5m Hale Telescope at Palomar

Observatory (Chatterjee & Cordes 2002).

3.4.1.1 bow shock and neck

Chatterjee & Cordes (2004) observed morphological changes of Guitar Nebula’s
head in H, emission for two epochs spaced by 7 years (1994, 2001). Under the
assumption of a momentum-conserving bow shock model (Wilkin 1996), they have
modeled the shock front, concluding that the ambient density at the nebula tip
should decrease by na(2001)/n4(1994) ~ 0.7, where ny is a number density of the
surrounding medium. However, this work is the purely analytic approach, so time-
dependent simulations of the shock fronts with density fluctuation is required to
support the result.

We carried out numerical simulations to understand how bow shock and trail-
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ing neck evolve if the pulsar moves through the medium with either gradual increase
or decrease in density. Figure 3.1 shows that if the pulsar moves through decreased-
density medium (i.e., Vpy < 0), the standoff radius becomes larger, and the shape
of bow shock becomes rounder, producing wider neck. On the contrary, if the pulsar
moves through increased-density medium (i.e., Vpy > 0), the standoff position be-
comes closer to the pulsar, and the neck is more suppressed than that in the initial
density medium. The analytic lines describe the change of shock fronts along the
density variation in the medium.

Figure 3.6 shows that morphologies of the bow shocks and necks are apparently
different between three cases: Vpy < 0, Vpy > 0, and constant p,. We found that
the rounder shape in the tip of the bow shock head and the flattened neck in case
of Vpg < 0 have a good agreement with observed morphology of the Guitar head
at 2001 [See Figure 2 in (Chatterjee & Cordes 2004)], indicating that the pulsar
likely moves decreased-density medium during the epochs. Under the assumption
of no time-dependent variation in the spin-down loss energy, spatial velocity, and
pulsar wind velocity, we can obtain the density ratio in the medium by using eq. 3.1,
into which we plug the ratio of standoff data, 6y2001/00.1994 =~ 1.25, where 6 is a
modeled standoff angle (Chatterjee & Cordes 2004). The resultant density ratio,

P0.2001/ 01994, 18 0.64 which is consistent with Chatterjee & Cordes (2004).

3.4.1.2 Guitar Body

The origin of the multiple bubbles in Guitar Nebula has been elusive. As we
discussed in § 3.3.2, an expanding bubble can be produced if the pulsar encounters
density discontinuity at which the density sharply decrease.

We adopt the angular separation and angular size of the bubbles that were
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Fig. 3.6. — : The comparison of bow shock head. The red, blue and black represent
the bow shock and the trailing neck from the model of L10br_600, H10br_600, and

Uniform_600, respectively. The black star symbol indicates the location of the pulsar.

reported by van Kerkwijk & Ingle (2008). We assumed that the distance is d =
1.8 kpc, inferred by the dispersion measure and the NE2001 electron density model
of Cordes & Lazio (2002), yielding the separation length from the pulsar to the
first and second bubbles (named by the birth sequence) can be calculated to l; =
1.75 x 10*® cm and ly, = 1.1 x 10'8 cm, respectively. Given the pulsar proper velocity,

v, = 1.5x 108 cms™!

, we expect that the first and second bubbles were born 370 and
233 years ago, respectively, while the pulsar passes a non-uniform density medium.

In order to reproduce multiple bubbles in the Guitar Nebula, we calculated
the change of ambient density around the bubbles. Using the energy-supported
expanding bubble model (eq. 3.12), the ratio of the ambient density around the

second bubble (p2) and first bubble (p;) can be expressed as,

5 3

P2 Ry, lno

— = — — 3.14
p1 <Rb2) (lb1> ’ (3.14)

where R is the bubble radius Given observed parameters (van Kerkwijk & Ingle
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2008), the ratio of the bubble radius is Rp1/Rpe = 16”/9” ~ 1.78, and the ratio of
the separation is Iy /lps = 65”/41" ~ 1.58. This implies that the density around
the second bubble should be 4.5 times higher than that around the first bubble.
Since the higher density medium in pulsar’s passage does not produce a bubble, the
presence of density wall , in which the density is higher than ps, is required in this
case. However, in this model, the H, emission in the second bubble is brighter than
that in the first bubble due to the enhanced ambient density. This is inconsistent
with the observed features.

We propose a possible scenario for producing the guitar shape in the nebula
from a density variation in the medium. In this scenario, the density changes in three
times: (1) When the pulsar passes through a low density discontinuity, it produces
a first bubble. (2) Then, the pulsar, which breaks out of the first bubble, moves
along smooth gradient toward a reduced density, the neck becomes wider, producing
bubble-like structure between the pulsar and the first bubble. (3) Then, the pulsar
passes through high density medium, producing a narrow neck.

We carried out 2-D hydrodynamic simulation to test this scenario. The varia-
tion of an ambient density is shown in upper plot of Figure 5.2. The density contour
map in Figure 5.2 shows that this model reproduces the guitar body and the narrow
neck. In order to compare this result to observed H, emission, under the assumption
of collisional equilibrium, we calculated the emission from our result. The ionization
balance in the shocked gas was calculated by the MAPPING III code (Sutherland
& Dopita 1993). The temperature of the shocked shell is above 10 K, thus the gas
is nearly fully ionized. The right panel of Figure 5.2 shows the surface brightness in

H, for the model. The H, emission of the body is dim due to the low density in the
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medium, which is consistent with the observed features.

The first bubble is flattened toward the discontinuity because the high density
suppresses the expansion of bubble in the region. However, its shape can project into
a circle if the viewing angle, 0y0g, between the pulsar velocity vector and the line
of sight (LOS) varies (see right panel of Figure 5.2). Although the pulsar velocity
vector is likely perpendicular to the LOS due to the pulsar’s high spatial velocity, the
viewing angle is not clear yet (Chatterjee & Cordes 2004). In our model, 0,05 = 60°

is a best fit to the observed shape.
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Fig. 3.7. — : Left panel:Density contour map for the Guitar Nebula model. The

variation of ambient density was described in upper plot. Right panel: Projected H,

emissions with the viewangle of 90°(upper) and 60°(lower).

3.4.2 Asymmetric Shape of Bow Shock

The H,-emitting bow shock nebula powered by the nearby millisecond pulsar
J2124-3358 has a highly asymmetric shape in its head around the pulsar’s velocity
vector (Gaensler et al. 2002). This shape can not be explained by the interaction

of an isotropic pulsar wind with a homogeneous ambient medium. Gaensler et al.

projected surface brightness
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(2002) argued that the asymmetric bow shock structure is caused by the combination
of three components: a density gradient in the ISM, a bulk flow in the ambient
medium, and an anisotropy in the pulsar wind. However, in their semi-analytic
models for the structure, an inclination angle between the pulsar’s velocity vector and
the density discontinuity cannot be taken into consideration due to the complexity.
In the models, the density gradient was either perpendicular or parallel.

To study the effect of the inclination angle, we carried out a 3-D hydrodynamic
simulation for a bow shock PWN| penetrating the density discontinuity with the angle
of 45° (L10.600_45deg in Table 3.1). In the model, we assumed that the pulsar wind
is isotropic, and there is no bulk flow in the medium. As discussed in §3.3.2, the tip
of the bow shock head inflates as the pulsar passes through the density discontinuity
at which the density decrease. The inclined discontinuity brakes the symmetry, and
a kink-like structure occurs at the lower side of the bow shock head (see the arrow
in Figure 3.8). The kink-like structure and the asymmetric shape of the bow shock
from our result are apparently similar with the morphology of the pulsar J2124-3358
[Figure 1 in Gaensler et al. (2002)]. Consequently, we argue that the inclined density-
discontinuity to the pulsar’s velocity vector plays a significant role in producing the
asymmetric features, although an anisotropic pulsar wind is also important(Vigelius

et al. 2007).

3.4.3 Caveats

Pulsar winds are magnetized and relativistic outflows, indicating that rela-
tivistic magnetohydrodynamic (MHD) treatment is required in studying the internal
flow structure and the emission properties of bow shock PWNe (Bernstein & Hughes

2009). However, even for the fastest known pulsar, the pulsar velocity is of 2 orders
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Fig. 3.8. — : Density contour map that the pulsar encounters density discontinuity

which has inclination angle of 45° to the pulsar’s velocity vector. The white cross

indicates the location of the pulsar, and the black arrow points the kink-like structure.

of magnitude less than the speed of light, which is non-relativistic. Moreover, an
expansion speed of bubbles is non-relativistic. Bucciantini et al. (2005) argued that
the structure of the external layer of shocked medium does not change significantly
with the pulsar wind magnetization factor.

We carried out some subsets of runs with special relativistic hydrodynamic
treatment, developed in FLASH 2, to compare with our results with hydrodynamic
simulations. In these test runs, we varied the velocity of the pulsar wind (vying =
0.33¢, 0.6¢, 0.9¢, 0.99¢) for both hydrodynamics and relativistic hydrodynamics runs,
and otherwise we used identical parameters. Figure 3.9 shows the evolution of bub-
bles, which the energy is injected by pulsar wind. For various pulsar wind velocities,
the trends of the bubble expansion are consistent with analytic solution (red solid
line) from eq. 3.12. The error is about 8% for the extreme case (vyina = 0.99¢), and
is less then 2% for rest cases.

The relativistic MHD treatment is out of scope in this study. As we discussed,
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the relativistic effect is negligible in the evolution of bubbles. Also, Bucciantini et al.
(2005) argued that the variation of a pulsar wind magnetization does not change
the shock layer significantly apart from the very head of the nebula. Consequently,
although our hydrodynamic runs has a limit to study the relativistic magnetized
pulsar wind, our study is valid in understanding the dynamical evolution of global

structures around bow shock PWNe.
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Fig. 3.9. — : The time evolution of the expanding bubbles. The red solid line

represents the analytic model, and black lines represents the inner radius of the
bubbles from the simulations. The solid black lines are hydrodynamic results, and

the dashed black lines are relativistic hydrodynamic results.

3.5 Conclusion

When a pulsar moves with supersonic speed, it produces a bow shock and a

trailing neck. In order to study the effect of inhomogeneous ambient density on bow
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shock pulsar wind nebulae, we performed 2-D/3-D hydrodynamic simulations.

We found that if the pulsar passes through a density gradient in the medium
which is decreasing, the bow shock becomes wider. As a result, overall shape of the
trailing neck becomes more flattened. However, if the density gradient in the medium
is increasing, the bow shock becomes narrower. We derived analytic formula for the
shape of the bow shock head and the trailing neck as a function of ambient density
and pulsar wind parameters. We applied this analysis into the observed change in
the shape of the Guitar Nebula head, and concluded that the pulsar in the nebula
moves through a density-decreasing medium.

If the pulsar encounters density discontinuity, at which the density decreases,
the standoff distance increases rapidly, producing a bubble. We reproduced the
observed guitar shape in the Guitar Nebula from a series of density changes in the
medium. The bubble, which is produced at the discontinuity, is flattened toward the
discontinuity because high density medium suppresses the expansion of the bubble.
We showed that this flattened shape becomes rounder as the viewing angle between
the pulsar’s velocity vector and the LOS increases. The model reproduces a guitar

body and a narrow neck between the body and the pulsar.
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Chapter 4

Global Simulations of the Interaction of
Microquasar Jets with a Stellar wind in

High-Mass X-ray Binaries

This chapter has previously appeared in The Astrophysical Journal
D. Yoon, & S. Heinz, 2015, vol. 801, p. 55
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Abstract

Jets powered by high-mass X-ray binaries must traverse the powerful wind of
the companion star. We present the first global 3D simulations of jet-wind interaction
in high-mass X-ray binaries. We show that the wind momentum flux intercepted by
the jet can lead to significant bending of the jet and that jets propagating through a
spherical wind will be bent to an asymptotic angle ¥,,. We derive simple expressions
for 1, as a function of jet power and wind thrust. For known wind parameters,
measurements of 1o, can be used to constrain the jet power. In the case of Cygnus
X-1, the lack of jet precession as a function of orbital phase observed by the VLBA
can be used to put a lower limit on the jet power of L = 10% ergss—!. We further
discuss the case where the initial jet is inclined relative to the binary orbital axis.
We also analyze the case of Cygnus X-3 and show that jet bending is likely negligible
unless the jet is significantly less powerful or much wider than currently thought. Our
numerical investigation is limited to isotropic stellar winds. We discuss the possible
effect of wind clumping on jet-wind interaction, which are likely significant, but argue
that our limits on jet power for Cygnus X-1 are likely unaffected by clumping unless
the global wind mass loss rate is orders of magnitude below the commonly assumed

range for Cyg X-1.



83

4.1 Introduction

X-ray binaries consist of a compact object, such as a neutron star (e.g., Sco X-
1, Hjellming et al. 1990) or a black hole (e.g. Cygnus X-1, Orosz et al. 2011; Cygnus
X-3, Zdziarski et al. 2013), accreting mass from a companion. In certain spectral
states, the accretion flow near the compact object generates powerful, collimated jets
(Mirabel & Rodriguez 1999; Gallo et al. 2005). These jets appear remarkably similar
to the jets produced by supermassive black holes (SMBH) in active galactic nuclei
(AGN) in morphology, spectral properties, and energetics (when set in relation to
the overall energy released by accretion).

The mostly featureless non-thermal spectra of relativistic jets limit quantitative
analysis of jet properties to relatively coarse estimates. However, the propagation of
jets and their interaction with the environment offers a very powerful way to study
jet properties that complements direct studies of jets themselves. The observations
of cavities in galaxy clusters by the Chandra X-ray Telescope offer an example of how
jet-environment interactions can be used to constrain the properties of large samples
of AGN jets (e.g. McNamara & Nulsen 2007, and references therein).

A sub-class in the study of jet-environment interactions involves cases where the
accreting black hole launching the jets is moving relative to the surrounding medium.
In AGN, when the black hole is moving with considerable speed with respect to the
environment, the radio emitting jets are swept backward by ram pressure, generating
a bow shock ahead of the moving black hole. AGN jets that show bent morphology

are often called “bent doubles” or tailed radio sources (Begelman et al. 1979; Freeland
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& Wilcots 2011; Morsony et al. 2013).

It has been suggested that a subset of low mass x-ray binaries (LMXBs) that
move through the ISM at high speed due to the kick velocity the LMXB received in
the supernova explosion should also exhibit bow shocks and trailing neck structures
(Heinz et al. 2008; Wiersema et al. 2009; Yoon et al. 2011), very similar to the case
of bent-double AGN sources.

However, an aspect that makes jet propagation in X-ray binaries fundamentally
different from AGN jets is the presence of the companion star. The early type
companion stars of high mass X-ray Binaries (HMXBs) drive powerful winds in
the vicinity of the compact object, which are often the source of accretion in these
objects. The wind mass loss rates of the OB-type donor star can be substantial:
Mwind ~ 1077 — 107 Mg yr~!. The stellar wind dominates the HMXBs’ circum-
binary environment compared to any winds launched by the accretion flow. In this
work, we study the dynamics and evolution of the jets affected by spherical stellar
winds from OB-type donor stars in HMXBs. A subset of HMXB systems consist
of a Wolf-Rayet star in orbit with a black hole (e.g. Cygnus X-3 Marti et al. 2001;
Zdziarski et al. 2013); the mass-loss rate from Wolf-Rayet stars is even higher than
that from OB-type stars. Moreover, the Wolf-Rayet star in Cygnus X-3 is tidally
locked to the 4.8-h orbital period, resulting in a considerable equatorial enhancement
of the mass-loss rate (van Kerkwijk 1993). An investigation of non-spherical and
highly-flattened winds is beyond the scope of this study. While we briefly discuss
the case of Cygnus X-3 under the assumption of a spherical wind, we plan to discuss
the effects of non-spherical winds in a future paper.

HMXB winds are not simple. For example, they are likely clumpy (Owocki
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et al. 1988; Oskinova et al. 2012), like winds generated by other high-mass stars.
The interaction of a microquasar jet with clumpy wind medium has been studied in
3D simulations by Perucho & Bosch-Ramon (2012), which we will refer to as P12
hereafter, who show that clumping can significantly increase jet disruption. More-
over, even on average, they are not spherically symmetric due to the gravitational
focusing by the compact object and Coriolis and centrifugal effects due to orbital
motion (Friend & Castor 1982; Miller et al. 2005; Hadrava & Cechura 2012). In
addition, the wind can be ionized by X-rays from the accretion flow, reducing or
eliminating line driving and stalling the wind (Gies et al. 2008). If the X-ray flux is
high enough to excite the outer layer of the star, a thermally driven wind may replace
the quenched radiatively driven wind. At the current time, it is not clear whether
the illuminated side of the wind would suffer from the same line-driving instability
that generates clumps in regular massive star winds.

In this pilot paper, we will neglect some of the more poorly understood com-
plications likely present in binary winds and instead treat the wind as a radiatively
driven wind that is isotropic at the surface of the companion (following, e.g. Castor
et al. 1975). This will allow us to isolate the fundamental differences in jet propaga-
tion in the presence of a wind compared to jets propagating into uniform medium.
We will discuss the effects of some of the likely complications in §4.4.8. The likely
most important caveat is the potential clumpiness of the wind; in that sense, the
global simulations presented below should be considered a complementary approach
to the detailed 3D jet-clump simulations presented in P12.

In §2, we present the numerical setup and the code used in our parameter

study of jet-wind interaction. In §3 we discuss the results of the simulations. In §4,
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we compare the numerical results with analytic expressions derived for the limiting
case of small deflection angles and apply our model to the HMXBs Cygnus X-1 and

Cygnus X-3. In §5 we summarize our results.

4.2 Technical Description

4.2.1 The FLASH Code

Simulations were performed with the FLASH 3.3 hydrodynamics code (Fryxell
et al. 2000), which is a Message Passing Interface(MPI)-parallelized, modular, block-
structured adaptive mesh refinement code. We employ the non-relativistic unsplit
mesh solver, which solves the Riemann problem using an unsplit staggered mesh

scheme on a three dimensional Cartesian grid (Lee & Deane 2009).

4.2.2 The Wind and Jet Nozzles

Both the jet and the wind injection are modeled as inflow-boundary conditions
on an interior portion of the grid (we will refer to the regions excluded from the
hydro-dynamic integration and instead treated as an interior boundary as “nozzles”
following Heinz et al. 2006).

The jet nozzle has a cylindrical shape with inflow boundary conditions at the
surface, injecting a bipolar outflow with a prescribed energy, mass, and momentum
flux to match the parameters we choose for the jet. For reasons of numerical stability,
we inject a slow lateral outflow from the side walls of the cylinder with negligible
mass and energy flux in order to avoid complete evacuation of zones adjacent to the
nozzle due to the large velocity divergence along the jet axis.

The stellar wind nozzle is modeled as a spherical boundary with inflow bound-
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ary conditions matching the desired wind parameters. We evolve the simulation
with only the stellar wind present for one full orbital period to establish a stable,
self-consistent wind profile before switching on the jet nozzle.

The equation of state is assumed to be adiabatic, tracking two separate phases
of the fluid (each represented by a separate passive tracer fluid to distinguish wind
and jet fluids during the computation and in post-processing). The wind gas is
assumed to be a monatomic ideal gas with an adiabatic index of v = 5/3. The
internal composition of jets is currently unknown, however, it is reasonable to assume
that they are strongly magnetized and that a sizeable fraction of their internal energy
is carried by relativistic electrons, given the observed synchrotron radiation. We
investigate jets composed of fluids both with relativistic equation of state with v =
4/3 and with a cold-gas equation of state with v = 5/3 and present results in terms
of an unspecified value of v wherever possible.

Most simulations were performed using v = 4/3, representing the equation of
state for a gas with relativistic internal pressure, either from a fully tangled magnetic
field (Heinz & Begelman 2000) or a relativistic component of the gas; since our
simulations are sub-relativistic, a relativistic equation of state implies that the inertial
density is dominated by cold particles (e.g., protons). A non-relativistic equation of
state represents a jet with internal pressure dominated by non-relativistic thermal
plasma. As we will show, our results are only moderately sensitive to the actual
value of 7.

The gravitational fields of the black hole and the companion are modeled as
point source potentials.

To allow for direct comparison with the analytic formulae we derive in §4.4.2
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most of the simulations presented in this paper do not include wind driving by
radiation pressure. Instead, we assumed an asymptotic wind at the injection at
the stellar surface, i.e., a wind with terminal velocity v,, and at fixed mass flux of
Myind ~ 1075 Mg yr—t, which is typical for OB stars (Puls et al. 2008).

Wind driving was incorporated in a sub-set of the simulations presented in this
paper to test the sensitivity of our results against the assumption of an asymptotic
radial wind. (See §4.4.3). For the radiatively driven wind, the initial velocity field
follows the so-called [S-law

v(r) = veo(1 — 7’0/7’)5, (4.1)

where v, = 2,500kms™! is the wind terminal speed [chosen to match the wind
parameters of typical OB-type stars (Puls et al. 2008)] and ry = R,x, where R, is
the radius of the star and x is applied to avoid zero velocity and infinite density on
the surface of the star. We set the stellar radius R, = 1.4 x 102 cm. The value of z
can be expressed as x = [1 — (v./ Uoo)l/ g ] = 0.99, where the wind surface velocity, v,
is of the order of 108cms~!, which is the sound speed with T.g ~ 30,000 K. However,
due to the steep variation of density and pressure around the surface, there is a limit
in performing a numerical calculation with such a high value of x. Alternatively,
we set the value of x = 0.95, which was chosen to be high enough to maintain the
initial wind profile from a typical OB-type star by iterative 1D simulations. The
mass flux of the wind was fixed at the surface of the star (where density and velocity
of the injected wind determine M uniquely) and line driving was modeled using the
Sobolev approximation (Castor 1974), such that the total line acceleration results in
Grad X (l@>QCAK, where acak is the parameter of the CAK model (Castor et al.

p dr

1975), typically depending on the effective temperature of the star. We choose a
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value of acak = 0.64 in our model corresponding to a typical OB-type star.

Our simulations are adiabatic and scale-free. In physical units chosen to ap-
proximately match the wind and binary properties of Cygnus X-1 and allow simula-
tions to be completed within the available computational resources, the jet velocity
was set to be vjep = 3x10% cms™!, with an initial internal Mach number of Mo = 30
at the base of the jet (the “nozzle”). To explore the dependence on Mach number,
we ran a simulation at Mje o = 10 and otherwise identical parameters compared to
our fiducial run with a jet power of Lj, = 10%¢ ergss™'. Note that the Mach number
M varies along the jet given the adiabatic behavior of the fluid.

In order to resolve the hydrodynamics at the injection scale with at least 10 cells
across the nozzle, we forced the jet nozzle to be at maximum refinement, resulting
in an effective resolution of 4.7 x 10°cm = 1.6 x 1073 a, compared to an orbital
separation of a &~ 3 x 10'? cm for Cygnus X-1 (Gies & Bolton 1982). The radius of
the jet nozzle is about 2.5 x 10'° cm and the full box size of the simulation is about
4 x 10" cm, centered on the center of mass of the binary.

We varied the jet power to span the range Lo = 10%°, 10%9, 1037 ergs s, com-
parable to the range of uncertainty in the jet power of Cygnus X-1, 9 x 10% —
1037 ergss™! (Gallo et al. 2005; Russell et al. 2007).

For the bulk of our simulations, the jet was injected in a direction perpendicular
to the orbital plane, i.e., along the z-axis of our grid. We also investigated off-axis jets
with angles of 30°, 60°, 75° relative to the orbital axis of the system, inclined towards
the binary companion (inclination angles perpendicular to the orbital separation
vector would not result in any change in the simulation, given that simulations only

cover a small fraction of the binary period once the jet is switched on). The detailed
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model parameters of our different runs are described in table 4.1.

Note also that in cases where the jet is oriented perpendicular to the binary
separation vector @, the simulations have mirror-symmetry about @; in these cases,
in order to reduce the need for computational resources, we only simulate the up-
per hemisphere at full resolution, but include both hemispheres to avoid spurious
boundary effects near the orbital plane. Results in those cases are quoted for the

high-resolution half of the simulation.

4.2.3 Orbital Motion

The binary parameters were set loosely approximate the parameters for of
Cygnus X-1. For simplicity, we set the mass of the black hole and the star to be 10
and 20 Mg, respectively, and the separation between them is set to be 3 x 102 c¢m,
which gives an orbital period of 5.8 days for Cygnus X-1, compared to the observed
value of 5.6 days (Brocksopp et al. 1999; Pooley et al. 1999)

As we show below, the jet propagation time across one binary separation (1.7
minutes) and the time required for a quasi-stationary bent jet solution to be estab-
lished (approximately 10 hours) is much shorter than the orbital time. For numerical
simplicity and to allow direct comparison with the analytic formulae presented in
§4.4.2, we neglected orbital rotation in most of our simulations, keeping the two noz-
zles stationary in our cartesian grid. As a first order approximation, this is justified
because the orbital velocity is only of order 20% of the wind velocity, and thus orbital
effects on the wind ram pressure introduce corrections of the order of only 5%.

In order to verify that the effects of orbital motion on the gross dynamics of jet
propagation are small, we ran a sub-set of the simulations including orbital rotation,

presented in §4.4.2. In this case, the nozzles (star and jet) move along their orbital
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trajectories in the x-y plane (i.e., we simulated the orbit in a fixed, non-rotating

frame, which eliminates the need to introduce terms for Coriolis and centrifugal

forces into the solver). The coordinate origin was set to be at the center of mass.
In the rotating case, we assumed that the star is co-rotating with the orbit,

such that the outflow velocity at the stellar surface is given by
17Wind,rot(f) - (,3 X f"‘ ﬁwind,* (f - R*) ) (42)

where & is the orbital angular velocity, ¥ina,« the wind velocity at the stellar surface
calculated from eq. (4.1), and R, the position of the star.

We ran the simulations for one orbital period before switching on the jet in
order to allow the flow to establish a converged velocity and density profile. After
the jet launches, the simulations were carried out for several hours in real time units,
long enough to establish the bow shock and the jet in a quasi-steady state (see §4.2.4).

Finally, we performed a comparison simulation of a jet propagating into a
uniform wind with parameters matching those of our fiducial run at the position of

the compact object (referred to below as UniWind_E36).

4.2.4 Measurement of the Jet Thickness and Propagation Direction

A key variable determining the strength of the jet-wind interaction is the thick-
ness h of the jet as seen by the wind (i.e., the size of the jet perpendicular to both
jet and wind velocities). We measured h as follows.

In post-processing, we identified matter inside a computational cell as jet ma-
terial if the value of ( = (v, /vjet) J exceeded a fixed threshold, where (v, /vje) is the

1

flow velocity normalized by the initial jet speed, which is 3 x 10° cms™! in our stan-

dard parametrization, and J is the fractional density of jet tracer fluid injected at the
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nozzle. We found that a choice of ( = 0.1 successfully identified the jet material in
all cases (see Figure 4.7). The thickness of the jet was measured in the direction per-
pendicular to the separation vector and the jet axis, since it is the dimension of the
jet in that direction that determines the amount of wind momentum flux intercepted
by the jet.

When the jet first turns on, it propagates in its initial direction, following the
standard evolution of jet propagation until the expansion of the cocoon becomes
slower than the wind velocity. As the head of the jet propagates, the accumulated
perpendicular momentum flux begins to bend it away from its initial propagation
direction. We then traced the propagation direction of the jet fluid to determine the

jet trajectory and bending angle.

Table 4.1. : Parameter of the Simulations

Model Lie (ergss™)  Mieo inclination (degree) hi" (cms™!)
SphWind _E35 10%° 30 0 3 x 10
SphWind _E36 1036 30 0 8 x 10

SphWind _E36_M10 1036 10 0 1 x 10t
SphWind _E36_rot 1036 30 0 8 x 100
SphWind_E36_acc 1036 30 0 8 x 10
SphWind _E36_30deg 1036 30 30 8 x 10
SphWind _E36_60deg 1036 30 60 8 x 10
SphWind E36_75deg 10% 30 75 8 x 1010
SphWind _E37 1037 30 0 1.5 x 10!
SphWind_E37_gam166 1037 30 0 1.5 x 10!
UniWind_E36 1036 30 0 8 x 1019

2 0° indicates that the direction of the jet is perpendicular to the line between the star and the Black
hole.
b The jet thickness at the re-collimation shock, ki, is measured naively by checking the variation of

the jet thickness along the jet from simulation results.
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4.3 Results

4.3.1 Jet Bending in Spherical Winds

Our simulations confirm the general expectation that a powerful wind from a
companion star can affect the propagation of the jet, and that the ultimate trajectory
of the jet depends on the relative momentum flux in the wind and the jet, as well as
the geometry of the system.

We briefly describe the morphology of the jet-wind interaction and compare
it to simulations of jet bending observed in the interaction of a jet with a uniform
medium (Yoon et al. 2011). Figure 4.1 shows snapshots of our fiducial run at a jet
power of Lo, = 1030 ergss™!.

Upon injection into the grid, the jet fluid is generally over-pressured compared
to the external pressure and the ram pressure of the stellar wind (the pressure is
fixed by our choice of the jet power, the jet velocity, the Mach number, and the cross
sectional area of the jet nozzle).

We chose this setup to allow the jet to establish a self-consistent, stable struc-
ture by letting the jet reach pressure equilibrium with the bow shock. During
this phase, the jet does not experience any bending, given that it is strongly over-
pressured with respect to the ram pressure in the stellar wind. We show a typical
setup in Figure 4.1, which displays a density slice through the simulation. Gener-
ally, the lack of external confinement leads to free lateral expansion of the jet with
a half-opening angle of order ag ~ 1/ Mjet 0. The wind is gravitationally focused by
the black hole in the down stream region, generating the density enhancement along

the equatorial plane visible to the left of the black hole in Figure 4.1. Here and in
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the following, we place the x-axis along the orbital separation vector at t=0 and the
z-axis along the orbital angular momentum vector.

The free expansion of the jet proceeds until its pressure reaches the pressure
behind the bow shock of the wind, at which point the jet goes through a re-collimation
shock and reaches a stable equilibrium thickness h;. Thus, h; is not directly set as
a simulation parameter, but instead determined by the initial Mach number of the
jet.

However, since neither the re-collimation region nor the initial Mach number
of the jet are observable, we will carry out most of the analysis in this paper using
the jet thickness h beyond the re-collimation shock, relating it where possible to
observables like the large scale opening angle of the jet aons. We will describe the
details of the re-collimation region, which is very close to the black hole compared
to the size of the simulation box, in §4.3.2.

The approaching stellar wind material goes through a stationary bow shock
as it is forced to propagate around the jet. Beyond the re-collimation shock, the
transverse pressure gradient imparted on the jet by the lateral momentum flux of
the stellar wind then gradually bends the jet fluid away from the companion star,
while the jet thickness h is set by lateral pressure balance with the wind bow shock
pressure.

The effects of the radially declining wind density and the changing velocity
of the wind as a function of distance along the jet imprint a qualitatively different
asymptotic behavior of the jet compared to interaction with a uniform medium.
Because the density declines roughly as =2, where r is the distance from the center

of the star, the effect of bending declines with distance, and most of the bending
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occurs within about a binary orbital separation from the jet nozzle.

More importantly, jet bending is caused only by transverse momentum flux,

which depends on the angle ¥ = sin™! ( 1A7jet X zi;’wind ) between the local jet veloc-

ity and wind velocity through sin? (¢). Because ¥ decreases with increasing r, the
amount of transverse momentum flux also decreases with r. Asymptotically, any
initially large ¥ will tend to zero (even in the absence of any jet bending) and the
amount of lateral momentum flux across the jet decreases strongly with distance. At
infinity, jet and wind travel parallel to each other at some asymptotic angle 1., rel-
ative to the initial jet direction. In contrast, in a uniform wind, ¥ does not decrease
with distance from the nozzle, and both jets must eventually be bent such that the
jet plasma asymptotically flows parallel to the wind direction.

We ran simulations with jet powers of Li, = 10°°, 10%, 10°" ergss™', and the
results are shown in Figure 4.2. The dashed lines indicate the converged asymptotic
lines towards which the jet is bent by the wind, showing that the 1., is a strong
function of jet power. In the case of Lj = 10%°ergss™!, the ram pressure by the
stellar wind is sufficiently strong to bend the jet by almost 90°, similar to the case
of the UniWind_E36 uniform wind model. On the other hand, for the highest jet
power case in our simulation, Lj, = 10%7 ergss™', the bending angle is small. We
will discuss the relationship between the jet kinetic power and the inclination angle
in §4.4.2.

We generally find that the jet is bent towards its asymptotic bending angle
within a time scale of Teng ~ 0.05 Tomit, where 7omi is the orbital period; this is
roughly the time for the geometry of the inner jet to reach a steady state. We

measured the propagation direction and asymptotic bending angle of the jet after it
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Fig. 4.1. — : Time sequence of density maps for our fiducial simulation Sph-

Wind_E36. The black circle indicates the surface of the companion star. The
enhanced density in the down stream of equatorial plane to the left of the black
hole is due to the gravitationally focused wind. The bow shock structure along the
jet reaches steady state approximately in 12 hours after it launches. The magenta
area in the right-most image indicates the jet materials (marked only in the lower
half of the image), identified by a certain threshold (see §4.4.1). The cyan dashed
lines in the right-most panel indicate asymptotic lines along which the jets converge,
showing that the jet is bent by approximately 30° from the initial direction. In the
down-stream region, the bow-shocked wind passes around the jet and re-collimates
in an expansion fan and a (weak) re-collimation shock, as expected for super-sonic
flow around an object, leaving the post-shock region filled with wind gas, visible in

the right-most two panels.
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settled into its steady state. Note that the short bending time scale Thenq << Torbit
implies that the jet reacts instantaneously to changes in binary orbit, which further
implies that the jets must be precessing on the orbital period of the system if bent

by jet-wind interaction.
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Fig. 4.2. — : Density maps for the case of SphWind_E35 (left panel) and Sph-

Wind_E37 (right panel) after the steady state bow shock structure has been estab-
lished. While the jet for SphWind_E35 is disrupted within a short distance from
its injection, the jet for SphWind_ 37 is steadily maintained (marked in magenta
color). The cyan dashed lines indicate that the jet bending angles are 65° and 8° for
SphWind_E35 and SphWind_E37, respectively. The vertical black thin trajectory in
right panel is the low density area generated by the shear layer between the jet and

the bow shock.

Figure 4.3 explores the dependence of our simulations on the initial internal

Mach number of the jets, with Mije o set to one third of our fiducial value. With



98

otherwise identical parameters, a smaller Mach number implies larger thermal energy
relative to the total energy of jet. The increased thermal pressure leads to a larger
initial opening angle of the jet, which in turn results in an increase in transverse
momentum transfer and jet bending. The increased surface area and decreased Mach
number also increase the incidence of Kelvin-Helmholtz instability and earlier onset

of jet disruption.
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Fig. 4.3. — : Density map in the case of lower Mach number, Mj.o = 10 (Sph-

Wind_E36_M10).

4.3.2 The Re-collimation Shock

In order to investigate the physics of jet re-collimation by the wind, we carried
out a set of test simulations with significantly increased resolution, restricted to a
shorter duration. We performed the tests with two jet Mach numbers, Mo =
10, 30. Snapshots of the re-collimation region are shown in Figure 4.4. We measured

the jet thickness along the y-axis (y-z slice) for the analysis below because the effective
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cross section of the wind momentum flux captured by the jet depends only on the
width of the jet in y-direction. Jet bending is facilitated by the pressure gradient
in the x-z plane, where only the leading edge of the jet is subject to the increased
pressure behind the bow shock.

In our simulations, the jet is initially freely expanding. Acceleration of the
lateral expansion will become inefficient once the lateral motion itself becomes su-

personic. This sets the characteristic semi-opening angle aq of such a supersonic

1 < Fy 1
ag~— =30 [T 2 (4.3)
Met,0 Vjet Lo Vjet

In Figure 4.5 we plot the measured jet thickness h as a function of height z.

“fan” simply as

As expected, the jet with the initially higher Mach number has a narrower opening
angle.
From the numerical experiment, the initial half-opening angle g of the jet is

roughly
3
Mjet,O

(4.4)

(67

slightly larger than the simplistic estimate ag ~ 1/ Miet 0.
Once the conical expansion has been established, the lateral ram pressure

Piet ram, 1 of the jet

PR
_ . 2 2 _ 0\“ . 2 2
Piet,ram, . = Pjet SIN° Qg Viey = po (;) Sin” ap vigg (4.5)

is always larger than the internal pressure (since the lateral expansion is supersonic).

In terms of the kinetic jet power

_ 3 12/ 3 2.2
Liet xin = TPiet Vier N /4 = TPjetVier 2~ SIN° Qg (4.6)
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Fig. 4.4. — : Density map for re-collimating jets in Mje o = 10 (upper panels), and

Mieto = 30 (lower panels). The jet is re-collimated in the y-z plane while bending

occurs in the x-z plane.

the lateral ram pressure is

L: .

et kin

Pjet,ram,J_ - 2 (47)
T 2% Vjet

independent of sin g and Mie 0.

Lateral expansion will proceed until Pie¢ram, 1 drops below the pressure in the
wind bow shock that forms around the jet, Pyingram. At this point, a re-collimation
shock must form in the jet and bring the internal pressure of the jet into equilibrium
with the bow shock. We will denote the location of the re-collimation shock along

the jet as z;. For parameters considered in this paper, z; is always much smaller than
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the binary separation a, so we will assume that ram pressure of the wind is constant
for the discussion of z; and hy, so the wind ram pressure is given by its value in the
equatorial plane at the location of the black hole.

In terms of the mass loss rate of the wind", Myina = 477 Uind fwind = 470> Vyyind Pwind,0;

the wind ram pressure at the jet nozzle is then

Mwindeind
4ma?

(4.8)

2
Pwind,ram,O = Pwind,0Vyind —

where, pwina,0 is the wind density at the footpoint of the jet and wvying is the velocity
of the stellar wind, assumed to be constant.
The location of the re-collimation shock z; is given by equating Pietram,1 =

Pwind,ram,():
4 Lieq

21l =Q | 0/
Mwindeindvjet

(4.9)

again independent of Mo and ay.

This simple picture is confirmed by the high-resolution simulations of the re-
collimation shock: Figure 4.5 shows the re-collimation shock at z ~ 7 x 10'cm
regardless of the jet Mach number, consistent with the analytic solution from eq. (4.9)
for the assumed parameters.

At the re-collimation shock, the jet will have a thickness h; and will be in
pressure equilibrium. Beyond z;, the jet will thus adjust its thickness A to maintain
pressure equilibrium with the wind. We will discuss the propagation of the jet in this

phase, and the interaction with the wind that occurs beyond z;, in the next section.

LGiven typical properties of OB-type stars, the mass loss rate is of order Mog ~ 1077 ~
107° Mg yr—! with a terminal velocity of vying &~ 2000 —3000km s~ (Castor et al. 1975; Puls et al.

2008).
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Fig. 4.5. — : Left panel: Identified jets from simulation for the case of Mo =

10, 30. Right panel: Measured jet thickness along jet. The dotted lines indicate the

location of re-collimation shock.
4.4 Discussion

As described above, the development of an asymptotic bending angle ¢, is
expected from simple considerations of the geometry of the interaction between jet
and wind.

A full analytic description of the detailed dynamical evolution of the jet (in-
cluding the onset of dynamical instabilities such as Kelvin-Helmholtz instability) is
beyond the scope of this paper. Therefore, for the following analysis, we make the
assumption that the bending angle v of the jet is small (implying relatively weak
interaction).

Because non-linear effects (like dynamical instabilities) tend to increase the
cross section of the jet, they will tend to increase the bending angle due to the large
net transverse momentum intercepted by the jet. In that sense, the relations derived
below will be lower limits on the actual bending angle. This is borne out by our

simulations (See Figure 4.9 below).
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We will further assume that the wind is asymptotic, i.e., has reached constant
velocity before interacting with the jet and thus follows a simple =2 density profile.
We will also neglect effects of orbital motion in the analytic approximations below
(justified by the fact that they can be expected to be about an order of magnitude

smaller than the dominant effects, as argued above).

4.4.1 The Evolution of the Jet Thickness Beyond the Re-Collimation

Shock

We will assume that the jet is in pressure equilibrium with the ram pressure of

the wind,

2
Piotram,t = Pwind (0) (Vwind €052 ) = puind 002inq €05 0 = puind. 002 (%)
(4.10)
where we have used cosf = a/ Va2 + 22 , where 0 is the angle between the orbital
separation vector @ connecting the star and the black hole, and the vector 7 from
the star to a given position along the jet. The jet has an initial jet thickness hq, as
discussed above, which we take as a parameter in the following.
The geometry of the jet and the re-collimation shock and the definitions of the
relevant angles and coordinate axes are sketched in Figure 4.6.

Beyond the re-collimation shock, the jet thickness A follows from pressure equi-

librium between the jet and the bow shock:

h(z)

2 2 —2y
_ 2 a _ _
Pjet,ram,i - pwind,OUWind (m) — Ljet — Peq71 |:h,_1:| (411)

where P, 1 and h; are the pressure and the jet thickness at the re-collimation shock.

This sets the jet thickness h:

h(z) =h (“—2) o (4.12)
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Fig. 4.6. — : Schematic figure. « is a jet semi-opening angle, a is a separation,
f is an inclination angle from the orbital plane, and h; is the jet thickness at the

collimation shock.

Figure 4.7 shows the measured jet thickness h as a function of z for simulation
SphWind_E37, compared to the value calculated from eq. (4.12), for different choices
of the jet threshold (see §4.2.4). The figures show good agreement between the model
and the simulation.

Generally, hy will not be measurable. However, we can us eq. (4.12) to relate
a measured jet thickness (or an upper limit) at large z to the jet thickness at any
other z, given values for v and a.

Stirling et al. (2001) reported that the VLBA jet of Cygnus X-1 has a semi-
opening angle of ayipa = h/2zyppa S 2°, where zyppa is the scale length of the
extended jet on which the opening angle is measured; the orbital separation and
the length of the jet are 0.1 mas and 15 mas, respectively. By using eq. (4.12)

with v = 4/3, the jet thickness at the re-collimation shock can be estimated as

hy < 5.7 x 1072 a. For a value of v = 5/3, we find a value of by < 1.3 x 1072a. We
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will further discuss the constraints on the initial half-opening angle in the case of the

Cygnus X-1 jet in §4.4.4.
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Fig. 4.7. — : The thickness of the jet in SphWind_E37 model. The solid black
line represents the analytic solution from eq. (4.12) with the parameters appropri-
ate for the model of SphWind_E37, and dashed and dot-dashed lines indicate the
numerical results for different choices of the threshold used to determine whether a

computational cell belongs to the jet.

4.4.2 Jet Bending and the Asymptotic Bending Angle

With an expression for the jet thickness h from eq. (4.12), we can now discuss
the amount of bending experienced by the jet. Technically, jet bending occurs be-
cause a transverse pressure gradient exists behind the bow shock that the wind drives

around the jet, such that the external pressure at the leading edge is P, ~ P, and
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the pressure on the trailing edge of the jet is P, < P;. Thus, a transverse pressure
gradient exists inside the jet as well, acting to accelerate/bend the jet fluid away
from the star.

In deriving an estimate for 1., we will make the simplifying assumption that
the bending angle is small, i.e., that the accumulated transverse momentum flux is
small compared to the lateral momentum flux. The reason for this assumption is that
the jet will be dynamically disrupted if the bending angle is large, as the jet-boundary
interaction must be significant in this case. Our simulations bear out the validity of
this assumption at least in the hydrodynamic case studied here. Similarly, we neglect
the momentum transfer from the wind to the jet in the longitudinal direction, which
would lead to acceleration or deceleration by a small amount.

Based on the properties of observed astrophysical jets (the presence of shocks,
the inferred large kinetic power compared to the minimum internal energy based on
the observed synchrotron intensity), we further assume the jet to be supersonic (large
internal Mach number) and ballistic (no further acceleration beyond the nozzle). This
reflects the setup of our simulations.

Under the assumption of constant longitudinal jet velocity and M? o> 1, the

jet

longitudinal jet momentum per unit jet length is conserved and given by

Lo
_ _ 2 _ Ljet kin
Dy et = /dAJ_PjetUjet = T Tjet,0 Piet.0 Viet = — 5 (4.13)

jet

where dA, is the area element perpendicular to the initial jet direction, rjeo and
Piet,0 are the radius and the density of the jet at the nozzle.

The transverse momentum per unit jet length accumulated by the jet can be
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derived as a function of z:

1(z) h/2 X(y)/2
Aq)m,wind = / dt/ dy/ dxvmpbow
0 —h/2 —X(y)/2

z s h/2
= / - dy Poow
0

Vjet J —n/2

z /
0

Vjet

2 -1
/z ds' ) a2 . a? /v
= pwind,vaind P} 1 P}
0 Vet a?+ 2 a’+ 2

hy Pwind,ovgvin
——emwind g f (2, )

Vjet

h 1 Mwind VUwind

_ £(z,7) (4.14)

4T a vjet

z/a 1 2—1/y
f(z,y)z/o dy<1+y2) (4.15)

which can be expressed as a combination of hypergeometric functions, but is most

where

easily evaluated numerically.

In the first order (small bending angle) approximation we are making here, the
ratio of transverse to longitudinal momentum is equal to the bending angle (i.e., the
angle between the local and the initial velocity vector or tangent vector of the jet as

a function of z):

’ v Poger
Mwindeindvjet hy

= f(z7) (4.16)

dma Ljet,kin

The asymptotic value for z — oo can then be evaluated in terms of elementary
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Gamma functions by taking the appropriate limit of f(z,~):

Mwin wind Vje h .
'l/}oo = lim w(Z,’)/) - Pwind et 1 lim f<277>

2—00 41 a Ljet,kin 2—00

_ Mwindeindvjet hl ﬁF(B/Q — 1/7) (4 17)
41 a Ljet,kin 2 F<2 - 1/’}/) .

where

f(y) = lim f(z,7) = g% (4.18)

with f(4/3) = 1.2 and f(5/3) = 1.07 for a relativistic and non-relativistic monatomic
gas, respectively. Hence, for otherwise identical parameters, the jet should be bent
about 10% less in the case of v = 5/3 compared to the case of v = 4/3, showing that
the effect of adiabatic index on 14, is moderate. Figure 4.8 shows the dependence of
the f(v) on the adiabatic index from v = 4/3 to v = 5/3.

While h; cannot be measured observationally, we can express eq. (4.17) in terms
of the observable jet width on VLBA scales, ho,s measured at distance zq,s > a, or

alternatively, the observed opening angle aops = hobs/(220bs):

woo:

hobs CL2 1 Mwindeindv'e
( ) =)

2
a a? + Zobs 47TLjet7kin

~ o (zobs ) 1-2/y Mwindeindvjet
~ obs
27 Liet kin

f) (4.19)

where zops = zvrpa/ sin(fLos) and aps are assumed to be corrected for foreshortening
given the line-of-sight inclination angle 0y,og of the jet.

We carried out one test simulation, SphWind_E37_gam166, with v = 5/3 for
the jet fluid, and the resulting jet appears more straight, consistent with analytic
expression (see Figure 4.9). Note that the ratio is independent of the orbital separa-

tion, a, because of the relationship h; = 2z; sin ag, where z; can be calculated from

eq. (4.9).
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Fig. 4.8. — : The asymptotic jet bending angle as a function of adiabatic index, ~.

The angle is normalized by the one for the case of v = 4/3.

While these expressions are strictly non-relativistic, it is straight forward to
show that in the ultra-relativistic case, the estimate for the bending angle ¢ is
increased by a factor of v/2 over the non-relativistic case (where the velocity is simply
set to v = ¢). Thus, the lower limits we derive below on L from observational upper
limit on ¥ becomes stronger in the relativistic case.

In the small bending angle regime, our analytic expressions are consistent with
the simulation results, as shown in Figure 4.9. In the figure, the solid curves were
constructed by integrating the jet trajectory along z, given the analytic expression for
the transverse velocity vjet, | = ¥vjet from eq. (4.16) in the small angle approximation
[i.e., d(x — x¢)/dz = tan where x, is the location of the black hole]. For small

bending angles, the figure shows excellent agreement between the model and the
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simulations.

As expected, for the case of stronger jet power, L, = 10%7ergss™, the jet
is only moderately bent from the initial direction, while lower power jets are more
strongly affected by the winds, resulting in a higher degree of deflection. In the
figure, the solid lines represent analytic trajectories calculated by eqs. (4.13)-(4.14)
and dashed lines indicate the asymptotic direction estimated in eq. (4.17).

In the case of our fiducial simulation (jet power Lj,, = 10%¢ergss™), the jet
becomes dynamically unstable around z = 2.5 x 10'2 cm, which leads to significant
broadening of the jet and enhanced bending, and, as a result, the jet begins to deviate
from the analytic estimate. Further quantitative analysis of the turbulent structures
and their effect to the evolution of the jet is beyond this work. It is, however, clear
from the simulations that jet-instability will only increase A®,, wina/Pm jet and Yoo.

Thus, our small jet bending angle approximation can be considered a robust
lower limit of the actual jet bending angle. Figure 4.10 shows the fractional deviation
of the numerical result from the analytic estimate as a function of jet bending angle.
Our analytic formula is very accurate for bending angles smaller than 20°. For larger

bending angles, the approximation breaks down.

4.4.3 The Effects of Orbital Motion and Wind Acceleration

We carried out two simulations including the effects of orbital motion(SphWind-E36_rot)
and radiatively driven winds (SphWind_E36_acc) in order to evaluate the importance
of both effects by comparing to our standard model.

Figure 4.9 shows that, for small bending angles, the effects are small and the
results with and without orbital motion and wind acceleration are consistent with

each other. This is not surprising, since the centrifugal force from the orbital motion
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is about 3 orders of magnitude less than radiative force, and the Coriolis force acts
purely in the transverse direction. Therefore, our setup with fixed black hole and
star positions is sufficiently accurate in the context of this analysis.

We reach a similar conclusion about the effect of radiative acceleration. The
model with a radiatively driven wind has a negligibly small difference in the mo-
mentum flux of the stellar wind at the binary separation compared to our standard
model. It implies that our assumption that the wind reaches terminal velocity before
encountering the jet is valid.

For large bending angles, where dynamical instabilities lead to rapid jet dis-
ruption and increased bending, the deviation between individual simulations is no-

ticeable, as expected given the time variability of the jet trajectory on those scales.

4.4.4 Jet Bending as a Diagnostic of Jet Power: The case of Cygnus X-1

In the limit that A®,, wing > Pryjet, bending in the simulation is so strong that
the jet is dynamically disrupted, rather than simply bent. The interaction disperses
the jet into a broad, no longer collimated flow at much lower velocity than the jet
velocity. We would not expect such a strongly bent jet to survive as an observable
radio jet. This suggests a simple diagnostic: If a stable compact jet is observed intact
in an HMXB, one can conclude that the bending angle should be moderate.

For example, the compact VLBA jet of Cyg X-1 is extended, with a scale
length zyppa of approximately 15 mas (compared to the angular scale of the orbital
separation a of 0.1 mas), with an upper limit to the half-opening angle of ayrpa <
2° where the viewing angle, 01 0g, is approximated to 40° (Stirling et al. 2001).
Combined with the other fiducial parameters of Cyg X-1, a robust limit can be

derived from the observed stable compact jet by taking the bending angle to be
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Yoo = ALy, wind/ Lo jet K /2, which gives

(Lier /1037 ergs s 1) (sin Bros/ sin 40°) 7 [f(y = 4/3)/ f ()] (M—BA)%(%%)

a

(Mwind /2.6 x 106 M, yr1> (Vina/1.6 % 108 cms1) (vier /0.6 ¢) (Qyrsa /2°)

> 8.5x1073

(4.20)
where 7 = 4/3 in our standard model. For the case of v = 5/3, the limit increases
to 3.9 x 1072 due to relatively shallow increase in jet thickness along the jet, which
requires a larger initial opening angle ay and thus a wider initial jet to give the same
observed ayrpa S 2°.

This limit can be made more specific by the fact that the jet appears to be
oriented in the same direction in separate VLBA radio observations, taken during
different orbital phases (Stirling et al. 2001). The data suggest a possible moderate
bending on the jet of less then 10° on VLBA scales. Given the stability of the jet,
we consider this an upper limit on the jet bending angle, i.e., 1o, < 10°, which

translates to

Liey 2 7.6 % 10% ergss™
o Myind Uwind < Vjet > (OéVLBA) sin fros \
2.6 x 1076 M yr—! 1.6 x 108 cms=! ) \0.6¢ 20 sin 40°

ZVLBA %(7*3)
[f(vfgi/s)M a ) ’ (4.21)

1

0% ergss—1.

where for v = 5/3, this limit increases to 3.47 x 1
This lower limit on the jet power is consistent with the range of jet powers
quoted in Gallo et al. (2005), Russell et al. (2007), and Sell et al. (2015), but derived

from a completely independent, likely more robust argument.
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4.4.5 Off-axis Jets

When the progenitor of the compact object in an X-ray binary undergoes a
supernova explosion in its last stage of stellar evolution, it likely receives a substantial
kick. Such a kick is capable of leaving the binary in an orbit where the spin and the
orbital angular momentum are misaligned (Brandt & Podsiadlowski 1995).

The spin will slowly align with the orbital axis through a combination of the
Lense-Thirring effect and the internal viscosity of the accretion disk (Bardeen &
Petterson 1975). Martin et al. (2008) showed that the alignment time scale is a few
times smaller than the life time of the mass-transfer state, typically ¢4gn ~ 106 —

10® yr. While this implies that in most XRBs, spin and orbital angular momentum
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are likely aligned, it is plausible that they are mis-aligned in a sub-set of young XRBs,
especially for HMXBs, given the short main sequence life time of the companion.

In this situation, the jet-wind interaction will become phase dependent. Be-
cause the jet propagation and bending time is short compared to the binary orbital
period, the analysis presented above applies only to the phase of the binary orbit
where the jet is perpendicular to the orbital separation vector a@. For any given orbit,
there are two such node points. During other orbital phases, one side of the jet will
approach the companion star (i.e., the minimum distance between jet and star is
smaller than the orbital separation), while the other side of the jet is receding; the
approaching side will be more strongly bent.

We performed a set of simulations to explore this scenario. We define the
inclination angle 7/2 — 6y between the initial direction of the jet Z and the orbital

separation vector @, such that
Oy = m/2 — cos ™ (,? 3) (4.22)

i.e., o = 0 implies the jet is perpendicular to @, corresponding to the case discussed
so far, while y = 7/2 implies a jet maximally inclined, pointed at the star/away from
it. In other words, in the limit of instantaneous reaction of the jet to orbital changes,
the angle @jeorbit between the jet and the orbital velocity vector does not affect
jet bending (reflected also in the fact that most of our simulations neglect orbital
motion entirely). Clearly, for any non-zero jet inclination relative to the orbital axis,
the angle 6y will change as a function of orbital phase.

Because jet bending reacts instantaneously to orbital changes, the jet will al-
ways propagate in a plane spawned by the initial jet direction and the orbital sep-

aration vector, to order considered here. For circular binary orbits, the asymptotic
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bending angle therefore only depends on 6y, and only implicitly depends on binary
phase through 6,.

We now extend our analytic formula to the off-axis case. The momentum flux
of the jet will be the same, but the accumulated momentum flux of the stellar wind
changes with inclination angle. The accumulated wind momentum per unit jet length
is then (following eq. (4.14)):

h M indYwind 7
A(I)m,vvind(e) = lw—dvd f(za Y5 90)7 (423)

AT a vjet

where

z/a 2—-1/
f(z,7,60) = (cos 00)2+1/7/ dy ( ! ) 'Y‘ (4.24)

tan g 1 + y2

We can use the ratio of the accumulated wind momentum to jet momentum

per unit length, eq. (4.17), to derive the asymptotic bending angle 1,

Mwind VUwind Vjet hl 3
J

o = it B ) (1.25)
where

It is obvious that if 6 is 0, this expression reduces to eq. (4.17).

For the approaching side of the jet, which is inclined towards the companion
star in our simulation (Figure 4.11), f (v, 60p) is monotonically increasing, resulting
in stronger bending of the jet.

If 6y is larger than some value, the jet collides with the star. Given the binary
parameters for Cygnus X-1, this limit angle is 62.18°. The impact region where the
jet directly encounters the star is marked by the grey area in the Figure 4.11&4.12.

Figure 4.12 shows 9, as a function of 6, assuming h; is kept constant in the

approaching side of the jet where it heads toward the companion star. From this



117
analysis we can infer the jet bending angle for an initially off-axis jet. As one might
expect, a more inclined jet will be more strongly bent. The right panel of Figure 4.12
shows 1, with respect to the orbital plane. The figure shows a monotonic increase
of jet bending angle with initial jet inclination.

Figure 4.13 shows the momentum ratio and asymptotic angle for the receding

jet. For jets with higher inclination angles, the bending angle is reduced.

fycars)

<

Fig. 4.11. — : Variation of f as a function of 6y. The grey area shows the impact

region where the approaching jet runs into the stellar surface.

Figure 4.14 shows density maps for several cases of the misaligned simulations.
All other parameters are the same as in our standard model, SphWind_E36. The
inclination angles are 30°, 60°, 75°, respectively. The magenta solid line represents
the analytic jet trajectory which is derived using the assumption of pressure balance
between the jet and the ambient medium. For all cases, the approaching jet shows

some degree of disruption and dynamical instability and the analytic approximation
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Fig. 4.12. — : Case of approaching jet, initially pointing towards the companion star.

Left panel: The ratio of the accumulated wind momentum flux to the jet momentum
flux as a function of #y. Right panel: Asymptotic jet bending angle with respect to
the orbital plane. The grey area shows the impact region where the approaching jet

runs into the stellar surface.

breaks down for bending angles larger than about 20°. On the other hand, the figures
show that our analytic approach is acceptable for the receding side of the jets.

As one would expect from simple geometric considerations, while a jet launched
perpendicular to the orbital separation a is bent symmetrically on either side, an
inclined jet shows asymmetric behavior between approaching jet and receding jet.
Such a configuration would lead to increased jet bending in the approaching jet.
Our limit on the jet power in Cyg X-1 was derived under the most conservative
assumption that the jet is not inclined relative to the orbital axis. Because jet
bending and disruption increase for inclined jets, the possible inclination of the jet

will strengthen our limit on the jet power.
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Fig. 4.13. — : Case of receding jet, initially pointing away from the companion star.

Same panels as in Figure 4.12

Szostek & Zdziarski (2007) argued that in Cygnus X-1, the orbital modulation
of radio emission occurs due to free-free absorption in the asymmetric wind as a
function of orbital phase, and the observed phase lag of the modulation with respect
to the orbital phase could be attributed to the time delay for the emission from
the dynamically curved jet. However, the jet bending we studied in this work is
likely not the cause of the phase lag, because the bending direction is parallel to the
orbital separation vector, leading to only very small phase lags due to light-travel-
time delays, while the observed phase lags would require bending in the direction
against the orbital velocity, as argued by Szostek & Zdziarski (2007).

For higher jet inclination angles, (e.g. SphWind_E36_60deg or SphWind_E36_75deg),
both jet and counter-jet will impact the star once per orbit, leading to jet disruption
and reformation; one might thus expect to observe episodic jet eruption from such a

system.
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of the black hole.

4.4.6 The case of Cygnus X-3

We can apply a similar argument to the case of Cygnus X-3, an HMXB consist-
ing of a compact object and a Wolf-Rayet companion. In this case, it is still not clear
whether the compact object is a black hole or a neutron star, but the observational
evidence of collimated jet-like structures is strong in multi-epoch radio maps (Mart{
et al. 2001). The radio jets with y-ray flares occur during bright soft X-ray states or
during state transitions (Szostek et al. 2008; Tavani et al. 2009).

Dubus et al. (2010) suggested that the jet of Cygnus X-3 is inclined relative to
the orbital plane (20° < ;¢ < 80°) in order to obtain good fits to the gamma-ray
modulation, with a significant offset between the jet footpoint and the site of the

gamma-ray emission.
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This estimate does not take potential jet bending into account. In fact, as
shown above, even if the orbital angular momentum and the jet axis are aligned, we
should expect some bending to occur, and the asymptotic jet direction will change
over the course of the binary orbit. As a result, the precession of the jet occurs on a
time scale, Tprecess & Torbit i our model. We should point out that there is currently
no evidence for (or against) jet precession in Cygnus X-3. The observed gamma-
ray modulation can be explained by an inclined jet. An inclined jet is likely bent
more than a jet perpendicular to the orbital plane, so jet bending by the jet-wind
interaction may have to be taken into account in detailed models of Cygnus X-3.

Assuming the initial jet direction is perpendicular to the orbital plane, we
can estimate the bending angle from eq. (4.17) from the binary and jet parameters

Lijet = 1038 ergss™!, Mying = 107° Mg yr !, a = 3 x 10" em, vying = 108 cms™!

, and
vjer = 0.5 ¢ as used by Dubus et al. (2010).

Note that Cygnus X-3 is a considerably tighter system with higher inferred jet
energy than Cygnus X-1, while the momentum flux from its neighboring Wolf-Rayet
star is higher than that from OB companion in Cygnus X-1. In terms of the fiducial
parameters given above, the jet bending angle can be calculated from egs. (4.9) and

(4.17) as

oo ~2.35°

. 1/2 _
Mwind < Vwind ) 1/2 ( Vjet )1/2 Ljet 12
X —_—
107> Mg yr—t 108 cms—1 0.5¢ 1038 ergs s—1

[f (vfgjl/S)} L?;n(gg)} ’ (4.27)

indicating that for jet bending to be important, the initial opening angle of the jet

would have to be significantly larger than a few degrees, or the jet would have to be
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strongly misaligned with the orbital axis, with the jets very closely approaching the

stellar surface for part of the orbit.

4.4.7 Recollimation in Strong Jet Kinetic Power

In §4.3.2, I performed calculations assuming that the recollimation shock takes
place at a distance < a, where a is the separation between the black hole and
the companion star. In our simulations, a jet with a moderate jet kinetic power,

U interacts with a strong wind with a high mass loss rate of Mwind =

1037 ergss™
107° Mg yr !, generating recollimation shock at z ~ 7 x 10"t cm. However, if a jet
has a sufficiently strong kinetic power, a recollimation shock in the jet can take place

at distances comparable to a, or not happen at all. Zdziarski et al. (2015) expressed

the critical jet kinetic power, above which the jet is not recollimated, as

1 ..
Ljet < Ljet,crit = ngind Vwind Vjet (428)

where the velocities are constant.

We performed 3-D hydrodynamic simulations for testing the presence of rec-
ollimation shock for such high jet kinetic powers. All parameters of jets and stellar
winds are the same as the parameters in the model SphWind_E37, except for the
jet kinetic power. We carried out two simulations with different jet kinetic power,
Liee = 3 x 10°" and 10%®ergss™'. (we named the models as SphWind 3E37 and

SphWind_E38).

4.4.7.1 Jet Bending in a conical Jet

Even for such high jet kinetic power (Lj = 10% ergss™), the jet is slightly
bent by a transverse pressure gradient that the wind drives around the jet. Therefore,

we firstly identified the jet center to estimate the jet thickness in a y-direction (See
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y Star
Fig. 4.15. — : Sketch for the numerical configuration. The black hole and the
star are located at Tpjacknole = —2 X 10*2 cm and Zg,, = 102 cm, respectively. The

jet direction is perpendicular to the orbital plane (i.e., z-direction), and the star

launches an isotropic and uniform stellar wind.

Figure 4.15). Figure 4.16 shows how the jet deviates from its initial direction, which
is parallel to the z-direction. The yellow symbols identify the jet center and the
red lines are analytic curves. The figure shows good agreement, indicating that the
simple analytic model can describe the bending jet.

For the analytic jet bending model, we assume a conical-shaped jet. In this
model, the jet opening angle, «, is fixed, and the jet has a conical shape (See Fig-
ure 4.15). In §4.4.1, we used the analytic jet model in which the jet is confined

by pressure equilibrium between the jet and the wind. However, as we discuss in
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the §4.4.7.2, jets in this test are not recollimated, but maintain their initial opening

angle; therefore, we adopt a conical shape for the analytic jet model for this work.
Assuming that the longitudinal jet velocity is constant and the mach number

of the jet is high M > 1, the longitudinal jet momentum flux per unit jet length

can be calculated by

L'e in
CI)m,jet = /dAijet Viet = ngk ) (429)

jet
where dA | is the area perpendicular to the initial jet direction.

The transverse wind momentum per unit jet length accumulated by the jet can

be derived as a function of z;

1 z
APy ying = / 02 (=) pamal2) h(2), (4.30)
0

Vjet
where the transverse wind velocity, v wind(2) & Vyind,o ¢/ Va2 + 22; the wind density
in the jet position, pyind(2) = pwinao @?/(a® + 2?); and jet width, h(z) = 2z tana.
Here, pwind,0 and vying,0 are the wind density and velocity at the black hole, and a is

the orbital separation. Therefore, the eq. 4.30 can be integrated to

2 2
Vyind,0 Pwind,0 ¢ tan a 22
Vjet, a? + 22
) 2
Vwind,0 Mwind tan a z

- (4.31)

AT Ve, a? + 22’

A(I)m,wind =

where the wind mass-loss rate, Mying = 47 a2 Pyind,0 Vwind,0-
In the first-order approximation, the jet bending angle can be derived by the ra-
tio between the accumulated transverse momentum and the longitudinal momentum

as a function of z;

) 2
Aq)m7wind Vwind,0 Vjet Mwind tan a z

U(z) = = (4.32)

(I)m,jet 4 Ljet,kin a? + z?
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In the small-angle approximation, we can derive the analytic jet trajectory through
d(x — xg)/dz = tan, where x, is the black hole location. Figure 4.16 shows good
agreement between this model (solid red lines) and the simulations (yellow symbols).
The amount of bending angle is similar between SphWind _3E37 and SphWind_E38,
because, although Le38 is 3 times larger in jet kinetic power than SphWind _3E37, the
opening angle of SphWind_E38 is also 2.4 times larger than that of SphWind 3E37

(see §4.4.7.2).

4.4.7.2 Recollimations

To check the presence of recollimation shock, we measured the jet width facing
the star (i.e. y-direction). Since the jet is bent in both cases, we measured the
width along the jet center (yellow symbol in Figure 4.16). Figure 4.17 shows that
the identified jet width increases linearly without recollimation. The opening angles
are asphwind 3637 = 9.4° and asphwind £3s = 8°.

To check the linear expansion of the jet, we superposed straight lines from
the black hole to the end of jet (red lines in Figure 4.17). Then we calculated the
fractional deviation as a function of z, 0(2) = [Yi 1ine(2) — Yint.data(2)]/ Uit tine(2),
where Yiet data and Yjet 1ine are the y positions of the jet edge for the data and the
straight line, respectively. Figure 4.18 shows that in SphWind_E38, the identified jet
has an excellent agreement with the linear line, indicating the conical shape of the
jet. The identified jet in SphWind_3E37 also has a conical shape, but the deviation
in lower height, 2 < 5 x 10*? cm, is negative, indicating that the initial opening
angle of SphWind_3E37 may be larger than 3.4°, which is the opening angle of jet

QSphWind_3E37-
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Fig. 4.16. — : Density contour map in x-z plane for SphWind_3E37(left) and Sph-

Wind_E38(right) models. The yellow dashed line represents a vertical line at the
black hole position. The yellow symbols represent identified jet center from simula-

tions and the red solid line represents analytic trajectory of the jet.

4.4.8 Caveats

Our simulations were carried out using an isotropic and homogeneous stellar
wind model. This assumption allows us to study the dynamics of jet-wind interaction
in a simple analytic framework. Several complications will affect this process in ways

not included in this paper.
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Fig. 4.17. —: The jet in y-direction as a function of z. The black solid line represents
the jet identified from the simulation, and the red line represents the straight line

between the black hole and the end of the jet.

4.4.8.1 X-ray lonization

Firstly, the X-ray flux from the accretion disk may be intense enough to ionize
the circum-stellar gas, so the wind can be reduced or quenched, decreasing the jet
bending angle. Line driving is likely inefficient in the illuminated portion of the
wind if the ionization parameter is above a critical threshold. Conversely, the X-
ray illumination can itself produce thermal wind driving by heat input. The exact
configuration of the wind is therefore not entirely clear.

However, from the fact that the black hole in Cygnus X-1 is accreting from the
companion wind, the illuminated portion of the wind must be of similar density to

that assumed in the shadowed region, which suggests that the estimates presented
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Fig. 4.18. — : Fractional deviation between the measured jet edge in y-direction and

the linear line. The black and red colors represent SphWind_3E37 and SphWind_E38,

respectively. The horizontal dashed line indicates no deviation.

above will not be changed drastically by the effects of ionization of the wind.

4.4.8.2 Clumping

More importantly, the stellar wind from OB-type stars is likely clumpy (Oski-
nova et al. 2012). Poutanen et al. (2008) suggested that the wind in Cygnus X-1 is
clumped, based on dips in the X-ray lightcurve.

This situation was simulated by P12. Because global simulations that incorpo-
rate clumped winds with realistic clump sizes and densities will be computationally
impossible in the foreseeable future, given the large dynamic range and resolution
required to capture the mass in small clumps, our paper should be considered com-
plementary to the work presented in P12.

While a detailed treatment of clumping in our simulations is beyond the scope
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of this paper, we will briefly discuss how significant clumping would affect the results
of our simulations. For a fixed mass loss rate and wind velocity, the net effect of
wind clumping will depend on the filling factor, the average size of the clumps, and
the density contrast. Since secular bending is facilitated by the pressure gradient
across the jet, we should expect bending in the presence of clumps to be reduced by
the amount the momentum flux in the hot low-density background component of the
wind is reduced relative to an un-clumped wind. The reduction is set by the density
ratio of the hot/low density background component ppe to the density pying of an
un-clumped wind of the same emission measure.

Since ppot is poorly constrained, we cannot easily quantify the reduction ex-
pected in the bending angle by the presence of clumps. Clearly, if ppo; is of the same
order as the estimates of pying used above, our results will be unaffected. However, if
Phot << Pwind, the amount of secular bending of the jet will be reduced by the density
ratio phot/Pwind-

In the case of O-star winds in HMXBs, the presence of clumps in the illuminated
side of the wind is even less well constrained, given the effects X-ray ionization may
have on clump formation.

For all these reasons, a general statement about how our results change in the
presence of clumping is difficult to make. However, considering the possible limits of
clump sizes and density, we can estimate under which circumstances the jet would be
able to propagate through the wind without disruption and derive similar constraints
on the jet power for a given set of clump parameters.

If the density contrast between the clumps and the background wind is small,

corrections should naturally be minor and the limit on the jet power from eq. (4.21)
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will hold. If the density contrast is large and most of the mass is carried in clumps,
the effect will depend on the average size of the clumps, relative to the width h of
the jet:

Large clumps: If the clumps are large compared to the cross section of the jet,
jet-clump interaction will be disruptive, and the conclusions of P12 hold, i.e., the jet
will be disrupted unless it is sufficiently powerful to escape, in the case investigated
by P12, Loy = 1037 ergss™, similar to the conclusion we reach in this paper, with
the main difference being that interaction with a clumpy wind introduces significant
stochasticity, which, in the case of Cygnus X-1. It has been suggested by Zdziarski
et al. (2011) that fluctuations in the radio light curve may be an expression of such
interaction.

Small clumps: If the clumps are much smaller than the cross section of the
jet, such that the typical clump radius satisfies Reump << hjet, they will act like
bullets passing through the jet, generating small bow shocks that slow down a small
fraction of the jet. Small clumps will only globally disrupt the jet if (a) the covering
fraction foumps of clumps is larger than unity and (b) the total mass within clumps
is sufficiently high to stop the jet fluid. Both conditions must be met for the jet to
be disrupted by wind whose mass flux is dominated by small clumps.

Note that in this case, jet disruption will not be stochastic, since it requires the
presence of many small clouds passing through the jet continuously, rather than a
few large clouds. Since the jet in Cygnus X-1 is not disrupted continuously, at least
one of the two conditions for jet disruption must be violated. We can now estimate
the constraints the observed stability of the jet against wind disruption places on the

jet and cloud parameters.
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Low covering fraction: The covering fraction f.oer of clumps is given by

fcover = /0 dZR f ~ afVOI (433>

clump Rclump

where z is the path length along the jet, a is the orbital separation, and f, is
the clump volume filling factor. If feover = 1, the jet may be disrupted if the
total mass within clumps is sufficiently high to stop the jet fluid (foumps > 1
is a necessary condition for jet disruption). Conversely, a sufficient but not
necessary condition for the jet not to be disrupted is that the covering fraction

of clumps is small, feover < 1, O

RC um
Juor € =22 < 1 (4.34)

The condition that the emission measure of the clumped wind is the same as
that of the un-clumped wind (in the optically thin limit) gives a clump volume
ﬁllll’lg fraction of fvol = pgvind/pglump Or v fvol pclump/pwind = 1. With €q. (434)7
the condition f.over implies that the wind mass loss rate must satisfy

clump

Pclump fvol M
Pwind

< Mwind

Mwind,clumped = wind — fvol Mwind < Mwind

(4.35)

Low mass density: A second necessary condition for clumps in the wind to
significantly disrupt the jet is that the clump mass AMym, intercepted by
the jet exceed the inertial mass of the jet plasma, M. Conversely, a second

sufficient but not necessary condition for the jet not to be disrupted is

Mjet = / dZAjetpjet,inertial > / dZAjetfpclump = ANIclump (436)
0 0

which we can simplify as the condition

Pjet > fvolpclump (437)
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Assuming that the location of the re-collimation shock of the jet is set by the
ram pressure of the hot, low density background gas of the clumped wind, we

can use eqs. (4.5) and (4.8) to write this condition as

2 2 2
Pclump Uwindeet,O Usvind
Phot Ujet cs,jet,O

where phot < Pwind K Pelump 15 the density of the hot background wind in the
clumped wind scenario. This condition can be written as a limit on the wind

mass flux:

2
. ph V. . .
Mwind,clumped < o 2w1nd Mwind < Mwind (439)

Pwind Cs,jet,()

where the last inequality reasonably assumes that cgjet.0 > Uwind-

In summary, we can distinguish the following three cases, one of which must

apply to Cygnus X-1:

1. The wind is not strongly clumped (that is, the mass flux in the diffuse/background
wind is comparable to the mass flux used in this paper, even if clumps are
present). In this case, our limit in eq. (4.21) applies and the jet must be

powerful to propagate through the wind.

2. The wind is strongly clumped, with large clumps of size R 2 h; in this case,
the analysis of P12 applies and the jet must be powerful to propagate through

the wind.

3. The wind is strongly clumped, with small clumps of size R < h; in this case, the
mass loss rate must be orders of magnitude below the mass loss rate of an un-
clumped wind, given the observed emission measure and lack of jet disruption.
In this case, we cannot use the observed lack of jet disruption/bending to derive

a limit on the jet power.
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Thus, (a) either the wind mass loss rate must be orders of magnitude smaller than the
nominal wind parameters for a uniform wind for the companion star, with important
implications for wind formation in HMXBs, and/or (b) the jet power must be large
leq. (4.21)], similar to the conclusion reached from energy estimates of the large scale

nebula.

4.5 Conclusion

We performed global hydrodynamic simulations to study jet-wind interaction
in the wind of the companion star in HMXBs. The interaction results in the jet
being bent with a characteristic bending angle that depends on the properties of the
jet and the wind. Using the small bending angle approximation, we derived a simple
analytic formula for the asymptotic bending angle. The formula is consistent with
the numerical results, and it can be used to analyze observations of jets in HMXBs.
We showed that the analysis is valid for bending angles smaller than about 20°.

We applied the formula to two observed HMXBs, Cygnus X-1 and Cygnus X-3.
We constrained the jet power in Cygnus X-1 to be Lie, = 10*¢ ergss™! from the lack of
observed precession of the VLBA jet. This limit is consistent with previous estimates,
but derived from completely independent arguments and likely more robust.

Given Cygnus X-3 parameters, we argued that the jet bending is likely not
significant, unless the jet in Cygnus X-3 has a large opening angle « or is significantly
less powerful than estimated in previous studies.

The main caveat in the application of this model to observed HMXBs is the lack
of knowledge about the properties of wind clumping in massive stars. We discussed

conditions under which clumping will affect the analysis of jet bending presented
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in this paper, and under which clumps themselves will lead to observable dynamic
disruption of the jet. We showed that, if wind clumping is dynamically important for
the jet-wind interaction in Cygnus X-1, our limit on the jet power holds unless the
wind mass loss rate is orders magnitude below the nominal wind parameters derived
for a uniform wind (in which case we would not be able to constrain the jet power

from the lack of disruption or bending by the wind).
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Chapter 5

Conclusion
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In this thesis I have presented the theoretical study of the interactions between
relativistic outflows from compact objects and the surrounding medium. Through
analytic and numerical calculations, I have demonstrated how these interactions play
a significant roles on the dynamical evolution of microquasar jets or pulsar winds,

and can be used as diagnostics of jets and environment.

5.1 Fast-moving Low-mass X-ray Binaries

A subset of microquasars is moving through the interstellar medium with high
spatial velocity, v > 100 kms~!, due to the kicks they receive when being born in su-
pernovae. In Chapter 2, I have presented the morphological evolution and dynamics
of these fast-moving microquasars by means of 3-D hydrodynamic simulations.

The microquasar initially creates a powered, spherically expanding bubble. As
it reaches the edge of the bubble, it establishes a well-defined structure with a bow
shock and a trailing neck connecting the bow shock and the bubble. The shocks from
these structures create collisionally excited H, emissions. In fact, Wiersema et al.
(2009) detected the bow shock head of the nebula of SAX J1712.6-3739 in H,, and
in the ensuing study the apparent expanding bubble structure behind the object was
detected in H,(see Figure 5.1).

I also presented calculations of the detectability of the structures in other spec-
tral bands. Using the XIM program (Heinz & Briiggen 2009), I simulated Chandra
X-ray observations of the objects. The result shows that X-ray emission is detectable
around all these structures in early phases, but the emission around the bubble and
neck will fade as the shock temperature decreases. As a result, the emission will be

detected only around the bow shock in later phases. Under the assumption that the
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plasma is in equipartition, I calculated the upper limits of observable synchrotron
emission. This shows that the interior of the bubble will be visible in synchrotron

emission due to the energetic flows transferred from the microquasar jet.

Fig. 5.1. —: SAX J1712.6-3739 image from the VLT FORS2 H,, data with location

of neck and bubble highlighted (Yoon et al. 2011).

5.2 Bow Shock Pulsar Wind Nebulae around a Non-uniform

Ambient Density

I extended the results from Chapter 2 into bow shock PWNe, since bow shock
structures of the nebulae are similar with those of fast-moving microquasars. The
peculiar multiple bubbles in the Guitar Nebula motivated me to study the effects
of inhomogeneous ISM around bow shock PWNe (see Figure 5.2). In Chapter 3, 1
have presented models of the evolution of a bow shock and a trailing neck when the
pulsar encounters broad density gradients or density discontinuities. I carried out
2-D(axisymmetric)/3-D hydrodynamic simulations for this study.

The analytic and numerical calculations for the bow shock head indicate that if
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the pulsar passes through a density gradient in the medium which is decreasing, the
bow shock becomes wider, producing a more flattened trailing neck. This morphology
has a good agreement with the observed Guitar head from Chatterjee & Cordes
(2004), indicating that the ambient density decreases along the pulsar’s passage over
past several years.

When a pulsar is born, it produces an expanding bubble shell initially. If the
pulsar has a high spatial velocity and is old enough to move far away from its birth-
place, the initial bubble will be invisible. However, some bow shock PWNe have
a bubble behind the pulsar, which requires a mechanism to produce the bubble. I
showed that if a pulsar passes through the density discontinuity in which the density
decreases, a bubble can be generated due to the sudden increase in standoff distance.

Based on this result, I proposed a possible scenario for generating the guitar
shape in the Guitar Nebula. I set a series of density change in the medium, and
successfully reproduced the shape and narrow neck connecting between the pulsar

and the bubble.

5.3 High-mass X-ray Binaries

A strong stellar wind from a high-mass companion star significantly affects
nearby microquasar jets in HMXB. The jet-wind interaction results in the jet being
bent with a characteristic bending angle that depends on the properties of the jet and
the wind. In Chapter 4, I derived an analytic formula for the asymptotic bending
angle which can be used to analyze observations of jets in HMXBs. Hydrodynamic
simulations in 3-D showed that the asymptotic jet-bending angle varies dramatically

with the strength of jet kinetic powers relative to the wind thrust.
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Fig. 5.2. — : Guitar Nebula in H, (20 A filter at 6564 A), imaged with the 5 m Hale

Telescope at Palomar Observatory in 1995 (Chatterjee & Cordes 2002).

Stirling et al. (2001) detected a well-resolved radio jet in Cygnus X-1 (see
Figure 5.3). I applied the analytic formula, and constrained the jet kinetic power
in Cygnus X-1 to be Ljy, = 10%ergss™. This limit is consistent with previous
estimates, but it is derived from completely independent arguments and is likely
more robust. I also analysed observations of Cygnus X-3, and argue that the jet
bending is likely not significant.

In this study, I assumed that the stellar wind is isotropic and uniform. How-
ever, the wind from an OB-type star is likely clumpy (Oskinova et al. 2012). While
the clumpy wind is currently numerically impossible to develop, because it requires
extremely high resolution and small time scale, I argue analytically that the jet can
maintain its shape against the clumpy wind, if either the wind mass-loss rate has
orders of magnitude smaller than the nominal wind parameters for a uniform wind,

or if the jet kinetic power is sufficiently large.
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MilliARC SEC

Fig. 5.3. — : Very Long Baseline Array (VLBA) and phased Very Large Array

(VLA) images of Cygnus X-1 from 1998 at 8 GHz (Stirling et al. 2001).
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