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The following work explores different aspects of the distgonnection in X-ray binaries.
There is a detailed description of a new jet mod&hpcks) that is used, firstly, to address
the re-energization problem in the conical jet geometfidge adiabatic energy losses suffered
by conical jets are successfully countered to reproducedhenical flat/inverted synchrotron
spectrum associated with compact radio jets.

TheiShocks model uses discrete packets of plasma, or shellsnitase a jet. The shell
collisions give rise to the shocks that are used to re-erertjie emitting electrons. Multiple
internal shocks, all along the jet, are shown to be necessaghieve sufficient re-acceleration.
The flat/inverted spectrum (ranging from the infra-red te thdio) is successfully reproduced
and the high frequency break for such a spectrum is shown totselated with the jet power:
Vp ~ L\(}\-,G. While the flat-spectrum synchrotron flux is also correlatéth the jet power via:
F, ~ L&* Both these correlations are in agreement with the prevémadytical predictions.

The model is also used to explore the massive ejectionsisoceméhe source GRS 1915+105.
VariousiShocks set-ups are used to model the data that display thegflahaviour observed
in different frequencies (IR-mm-radio).

The X-ray binary timing properties are also investigatethle aide of théShocks model.

In particular, the optical/X-ray correlations are the feaf the present study. These correla-
tions have been observed to show some interesting behayisuch as: the optical lagging
the X-rays, and the optical emission showing awarenesseoKtray emission in the form of
pre-cognition dips. A number of these correlations are sssftilly reproduced by translating
the simulated X-ray light curves into the jet parameterslasethe input for theéShocks model.

In addition to relativistic jets, a study of the electronsfimn pair processes is also in-
cluded in the present work. The electron-positron pair itation is implemented in an ex-
isting Comptonization code (simulating the corona) to emplthe possibility of masking an
annihilation line from the X-ray binary sources. The resgliow that radiative processes such
as inverse Compton scattering and bremsstrahlung radjatiaddition to thermal line broad-
ening, can be very effective in making tee/e* annihilation line indistinguishable from the
rest of the high energy spectrum.
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Introduction

The following chapter describes some of the key featurespitevide the background for the
relativistic jets model and the electron-positron pairqasses work presented later. These
two topics on first sight may appear to be distinct in many eetp but they are simply an
endeavour in gaining a better overall understanding of #imaomical systems such as the
X-ray binaries and the active galactic nuclei.

1.1 Compact objects

The following work, plus a major part of the field of astroplogsin general, is interested in
what are referred to as tlmmpact objects This is a general term that encompasses quite
different astronomical objects: White Dwarfs, NeutronrStand Black Holes. These are the
densest objects in the universe and their interaction with othereotg/matter (in addition to
studying the object itself) are some of the most active aokassearch today. The compact
object’s interaction with other matter, through accretican release a considerable fraction
of the matter’'s rest mass energy (discussed later). Thigegnelease, when in the form of
radiation, can make these systems very bright in a varietyaskelengths. Therefore studying
these systems is an indirect way to the compact objects.

These compact objects can also exist in stable binary caafigns. If the second object in
a binary system is a star, and depending on the geometry sf/ftem, the compact object can
accrete matter from the star. The X-ray binaries, descrildw, are a subset of this group of

Ihere, the traditional concept of density is applied to théevtiwarfs and the neutron stars only. The black
hole density is more arbitrary: this can either be volumeraged density of the event horizon, or the hitherto
unknown density of a singularity.



1.1 Compact objects 2

objects and the main focus of the present study. The primamhare is to better understand
the X-ray binary systems that are harbouring a black hole.

1.1.1 Black Holes

The gravitational force is constantly acting to collapsg arassive body onto itself, making
it denser in the process. In most objects the gravitationedef is opposed by some other
physical mechanism, be it the thermal pressure or the padegeneracy. However, if a star
is sufficiently massive (and dense), its gravity can overe@ththe other forces, and collapse
it to a singularity — a black hole (BH) is born. Although verxatic, black holes are quite
simple objects and can be described entirely by their maspéss and charges. Any charge
that might build up would be neutralized by the accretiongdasitely charged matter, leaving
us with just the mass and the spin to describe any astro@iyserck hole.

The singularity, presumed to lie at the heart of a black hde;oncealed by thevent
horizon Once past the event horizon, nothing can escape. That ig)fonation can be
passed from inside the event horizon to the outside univel$ere is an innermost stable
circular orbit (ISCO) outside of the black hole where matiieit has angular momentum, can
remain free of the black hole’s pull; beyond this point thetterawill plunge towards the BH.
This concept can be better understood by looking at the meatioody in a strong gravitational

field 2: )
é(g_g +V2(r) =E?, (1.1)

wheresis the proper time and is related to the co-ordinate tivia.:

a_ E(1—2GM/rc?)~ 1. (1.2)

ds

The effective potential is given by:
V2(r) = (1—2GM/rc?)(1+h?/c?r?) (1.3)

wherer denotes the radial position of the particle in orbit aroundassM and h is the rela-
tivistic angular momentum per unit mass of the orbiting ijgéet We can see that as

2GM

I’—>C2,

(1.4)

equations 1.1 and 1.3 start to break down. The radius giveqution 1.4 is where the event
horizon lies and is referred to as the Schwarzschild radjigsr two gravitational radii g&). As
noted earlier, circular orbits (dds = 0) are possible: these occur at radii such théydr = 0.
The stable circular orbits are therefore possible at:
GM 1
= 2 (424 (H4— 1212 é] 15
o |H2+ 2 (L5)

2a gravitaional field is considered strong3M/rc? ~ 1, implying GMm/r ~ mé for a body of massn.
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whereH = ¢h/GM, if h > 2(3)Y2GM/c? (Franket al,, 2002§. It should be noted that even

if the matter has finite angular momentum, it would still fmllonce past the minimum of all
the possible circular orbits (ISCO); for a non-spinningdldnole SchwarzschildBH) this is
given by 3s, whilst for a prograde orbit around a maximally rotatingdidnole this (and the
event horizon) are reduced to 6s5 The innermost stable orbit therefore represents the point
of maximum feasible energy extraction.

The matter is able stay in orbit around a black hole, as longpassesses sufficient angular
momentum I > 2(3)%/2GM/c?). Accumulation of matter in various orbits around an adoggt
object is the basis of an accretion disc; angular momenturansported outwards in an accre-
tion disc (due to viscous interactions), causing the médteccupy progressively lower orbits
until it reaches the ISCO. During this process of in-fall agtous interactions, gravitational
potential energy is extracted, and converted into kinetid #tnermal energy. The position of
the last stable orbit also has an impact on the amount of grierated from the in-falling
matter. The smaller the ISCO (for example spinning blaclkehdhe higher is the energy lib-
erated. By the time matter reaches ISCO, a significant ptigpoof its binding energy can be
radiated away: 0.05#c if around a Schwarzschild black hole, and 0 if in a prograde
orbit around a maximally spinning black hole.

1.2 X-ray binaries

An X-ray binary (XRB) system comprises a donor star and amedicy compact object. As
the matter is accreted onto the compact object, X-rays aigeginThe emission properties of
these systems are determined by various factors, sucheasatbhre of the compact object i.e.
a black hole or a neutron star, the accretion flow mechaniswh tlze magnetic field strength
(in the case of neutron stars). Accreting white dwarfs formmlass of objects known as the
cataclysmic variables

If the donor star in an X-ray binary system is low-mas4 (M) then the system is referred
to as a Low Mass X-ray Binary (LMXB). On the other hand, if thendr star is high-mass(10
M), then the system is classified as a High Mass X-ray Binary XiBJ1 As one might expect,
there is another class that encompasses the intermedia&esng10 M, and 21 M): the
Intermediate Mass X-ray Binary (IMXB). Apart from the magstee donor star, these systems
can also differ in the way the compact object accretes. G#igem LMXBs the low mass
donor star fills the Roche Lobe (figure 1.1) and the main modeeofetion is via the accretion
disc. Also if the low mass donor star is main sequence or sat-gtar then it has a weak
stellar wind. The donor stars in the HMXBs have strong stedlands and do not fill their
Roche Lobes (there are some exceptions: HMXBs with smailadfperiods show evidence of
Roche lobe overflow, for example, SMC X-1 and Cen X-3). Thersjrstellar winds mean that
the HMXBs compact objects can have high accretion rates.analar momentum carried in
the wind results in an accretion disc forming around the cachpbject, unless the matter is

3this the minimum angular momentum required to stay in orteater than the innermost stable circular orbit
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captured by other means (e.g. strong magnetic fields). Téretzmn disc also forms in LMXB
systems; figure 1.2 shows an impression of such a system.ctnitféas these very discs that
give rise to the X-ray emission that has defined these systeths first place.

The different accretion mechanisms also have an impactenltkerved population of X-
ray binaries: most of the X-ray binaries are either HMXBs &4XBs, with very few being
IMXBs. The donor star in the IMXBs is not massive enough toggate strong stellar winds
for creating a strong X-ray source. The IMXB systems canweva@ind go through a Roche
lobe overflow stage. However, this stage can be very shoth&oMXBs. Therefore there is a
natural selection effect against the IMXB detection.

The nature of the compact object can further categorize thayXbinaries. The X-ray
spectral properties of systems with black holes can als@bed in neutron star systems e.g.
soft spectra, fast variability, high-energy power-law &pem, which can make distinguishing
the neutron stars from the black holes quite difficult. Ana&binary system is generally
considered to be a BHC if the compact object exhibits masggréhan 3M,; no stable neutron
stars are believed to exist with M3M.,. The neutron star systems can also offer distinguishing
features: these include the presence of coherent pulsafmisars), and type | X-ray bursts
(thermonuclear ignition on the surface of the neutron stdifjere are numerous other more
subtle effects that are present in the X-ray spectra thaatsanhelp distinguish different types
of LMXBs (see Lewinet al,, 1997 for many detailed reviews)

The following work focuses mainly on the LMXB sources harting black hole candi-
dates. The artist's impression seen in figure 1.2 encagsuthe believed geometry of such
systems: the Roche lobe filling donor star providing mattethe accreting black hole via
an accretion disc, with an intermittent relativistic jetsgussed later). The picture, however,
does not show the “corona”, because there is still a lot oferdion as to the true nature and
geometry of this region (discussed later and in chapter 5).

1.2.1 Accretion and Ejection

Both the accretion and the ejection from the X-ray binar@sAGN) can take a variety of
forms. The presence of an accretion disc and a relativistitsja well established picture for
an accreting compact object.

A large body of theoretical work exists on the nature of atiorediscs. The simplest
treatment of an accretion disc assumes the disc convertgdhigational potential energy into
kinetic and thermal energy via the viscous stresses. Als®geometrically thin, but optically
thick (many other variations on the geometry exist, howevEne viscous dissipation rate per
unit disc face area of such a disc is given by (Frahkl., 2002):

D(r) = % [1— (%S)l/z] . (1.6)

Using this relation, we can also work out the disc luminosiggween radir, andr,. This is
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Figure 1.1: An illustration of the Lagrangian, designated with ‘L, pé$ (where various
forces are in balance) in a binary system. The equipotectiades that meet at the L1 point
encapsulate thRoche Lobes

. 1/2 1/2
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and wherr; =rgandr, — oo, we obtain the total disc luminosity:

given by:

GMM 1

I-disc = TS = éLaccretion- (1-8)

The disc temperature can also be calculated by combinindigsgation rate relation given in
1.6 with the black-body flux:
oT*=D(r), (1.9)

where o is the Stefan-Boltzmann constant. Using tie= 2GM/c? relation and assuming
r >> rg, the temperature of the disc can be expresses as:

3
3ct Ao 1 /r\ 4

This is an important relation as it shows how the accretiog, i@ well as the black hole mass,
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Figure 1.2: An impression of a Low Mass X-ray Binary system (LMXB). Thendo star fills
the Roche Lobe and feeds the compact the object via an awtiiic. The jets emanating
from the compact object region are also shown. The image wasrgted using the BinSims
software by Hynes (2002).

affect the disc temperature. It also shows how an accref@mnatound a super-massive black
hole is cooler than one around a stellar-mass black holet i$htne dissipation per unit area
for stellar mass black hole is higher than that of a supersivadlack hole.

Although the viscous stress is at the heart of the energypdisn in an accretion disc,
its exact nature is still not fully understood. However, Matic Rotational Instability (MRI),
which couples differentially rotating disc componentss lpgoved a good candidate for the
origin of the viscous stress (Balbus and Hawley, 1991; Hawted Balbus, 1991; Balbus and
Hawley, 1998).

The Shakura and Sunyaev (1973) solution for an accretianinia black hole binary sys-
tem remains one of the most successful and used disc modetsSHakura-Sunyaev disc is
generally modelled as a geometrically thin disc that caisviire gravitational potential energy
into heat via the viscous stresses. They characterize fiogeaty of the transfer of angular
momentum outwards (by the viscous stresses), through whefearred to as the-parameter.
More recent observational and theoretical works have sthbaithe accretion discs cannot be
the idealized picture of the Shakura-Sunyaev disc. A nurobgroups are carrying out the
general relativistic magneto-hydrodynamical (GRMHD) siations to obtain a better physical
understanding of the accretion discs (see Fretrdd.,, 2002 for a detailed physical analysis of
the accretion processes). Not only are the accretion digchetter modelled now, but also
their relationship with the ejection processes is becormuogeasingly clearer.
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The ejections or the outflows from the black hole systems alm & variety of forms (e.g.
winds), with relativistic jets as one of the most energefichese outflows. The jets from
AGN sources have been observed since the beginning of tAe@atury (Curtis, 1918). The
later radio observations showed that the spectra of sudte®would be fitted with optically
thin synchrotron spectrum. Such a spectrum has a powerdaw S, 0 v—9, wherea is the
spectral index) and can be used to calculate the power{igiwdex of the underlying electron
energy distribution that would give rise to such a spectram: (p—1)/2. Various other radio
observations also gave rise to the labetaimpact radicsources and the associated flat/inverted
spectrum was subsequently explained with the aid of a spircimr jet model (Blandford and
Konigl, 1979).

Even with a long standing understanding of the relationbleifpveen accretion and ejection
(jets), it was only relatively recently that the systematigdies on this connection have been
carried out. Thedisc:jet connection, as it is now commonly called, appears to benggtti
stronger with every new endeavour in this field. In many wéys systematic study has been
kick started by a better understanding of the X-ray binaty. j€he discovery of jets in the X-ray
binary sources SS 433 (Fabian and Rees, 1979) and CygnuSEl@zahleret al,, 1983), and
the apparent super-luminal motions in the outflows from therce GRS1915+105 (Mirabel
and Rodriguez, 1994; Fendaral., 1999), showed that highly relativistic jets emanate from t
black hole X-ray binaries — similarly to the AGN jets; many ra@xamples exist now of the
jets from the BHXBs. As for the disc:jet connection, it isther strengthened by the BHXB
spectral spectral states studies (see section 1.2.2) arst#iing relations encompassing the
stellar-mass and the super-massive black holes (seersécip

Although jets are ubiquitous in accreting sources, theintd and formation mechanisms
have not been fully understood. The Blandford and Payneji®®del is one of the earliest to
suggest how a jet may be formed via the large-scale poloidginetic field lines threading the
accretion disc: the magnetic field lines are wrapped aroaadhey considered to be frozen in
plasma), and the matter from the disc plane (for exampletreles travelling along the mag-
netic field lines) is centrifugally propelled outwards doette disc rotation. More recent sim-
ulations have ruled out this particular mechanism (Fragi8). The Blandford and Znajek
(1977) model, on the other hand, showed how it is possiblaundh a jet by extracting energy,
electromagnetically, from a spinning black hole. This ghehl model has been extended into
a GRMHD simulations, showing a jet formation using only a kvégole magnetic field in the
form of the poloidal loops contained within the disc (McKaynand Blandford, 2009).

Some recent work by Ohsugs al. (2009) has made great progress in showing how the
disc:jet picture looks in different states. Although theywé been unable to model in detail the
different black hole binary states, their work has oncemghbwn the close-knit nature of the
accretion and ejection mechanisms.

The BHXB picture gets a little more complicated when, in &ddito the disc and the jet,
one considers the “corona” — so far only a theoretical caicstto explain the observations
better. Just like the disc:jet models, there are numeroudeiador the corona that address
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Figure 1.3: A selection of GRO J1655-40 states from the 2005 outburstSMkery high
state; TDS: thermal dominant state; USS: ultra-soft stalS: low hard state. The right
panel shows that assumed associate geometry for the diffetees. The image is from Done
et al.(2007).

various issues. Regardless of the geometry, the coronanergly considered to contain the
high energy electrons/positrons that scatter the softyrtons from the disc to much higher
energies by the inverse Compton process. The necessitudbrasregion can be better under-
stood by looking at the BHXB spectral states.

1.2.2 BHXB spectral states

The black hole X-ray binaries appear to exist in varyingestaif being. Theistateclassifica-
tion has traditionally been based on the multi-wavelengtcta, as well as the X-ray power
spectra (see McClintock and Remillard, 2006 for a detaéstkbw). The spectral energy distri-
bution (SED) of an X-ray binary can vary depending on theestatgure 1.3 shows (left panel)
a compilation the source GRO J1655-40 data exhibiting thie&y SEDs for the various states.
The panel on the right renders the believed geometry chathgéglive rise to the states. The
SED changes are also accompanied by the changes in the finupgrties. Some of the state
classifications and the associated spectral and timingvimeira are discussed below:

Quiescent State Not shown in figure 1.3, but generally a low mass black holeXbinary
will spend most of its life in the quiescent states: so namesltd the extremely faint X-ray
spectrum. The spectrum in such a state is also charactdyzis power-law appearance.

Low Hard State (LHS): This state tends to be at lower luminosity than the high siafte
and the spectrum can be modelled with a power-law functiotteriSive work has been done,
and now a well accepted picture exists on the link betweerm#ne state and the presence of
a compact radio jet. This link forms the basis of the disc@inection. Figure 1.4 shows the
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Figure 1.4: The source GX 339-4 power spectrum density in different spkstates. The
images was compiled from McClintock and Remillard (2006).

power-spectra for GX 339-4 in various states. The LHS posperetrum is typically flat topped
band-limited noise (BLN), as shown in the far left panel otifigg1.4. The characteristig,, or
break frequency, can also be seen-@1 Hz. The strong Comptonization component of the
SED is assumed to originate from the corona. The presend¢eed@omptonizing corona, plus
the recessed disc (as the disc component is weak in the SEDghawn in the right panel of
figure 1.3.

Very High/Intermediate State (VHS/IMS): The very high or the intermediate states are
seen in transitions (when a source is moving between thedratdhe soft state). These states
are normally associate with a steeper spectrum than the ltate,Sand exhibit quasi-periodic
oscillations (QPOSs) in the X-ray power-spectra. These Q&®sypically in the range of 3-12
Hz. The power spectrum in figure 1.4 shows these QPOs. The &Ebi$ state shows a strong
disc component, and the presence of a Comptonization réfigume 1.3).

High Soft State (HSS/TDS) This is the thermal dominant state. The X-ray spectrum can
generally be modelled with a thermal and a high energy pdawereomponent. Fitting the
strong disc component leads to the conclusions that theediends all the way to the ISCO.
The weak power-law component suggests the presence ofial garona. The jet is believed
to be quenched when in this state. The power-spectrum ircésis exhibits a weak power law
noise with a smaller, compared to LHS, characterigtic

Ultrasoft State (USS) This state is quite similar to the thermal dominant stateept the
power-law component in the SED is nhow completely missings Tlerefore does not change
the disc geometry (still near or at ISCO), but the Comptargzcorona is believed to have
disappeared. Figure 1.3 shows the SED and the associatetetygdor such a state.

The above classification, however, should be viewed as ashongf many source be-
haviours. In other words, an X-ray binary can exhibit verffedient properties whilst moving
through the mentioned states fairly quickly. This kind ofwament track is illustrated in figure
1.5. The figure illustrates how a given source can transitiom one state to another along a
permittedpath. A large number of X-ray binary sources have been obsggisee Fendest al,,
2009 for a large number of source exhibiting similar behar)ido give rise to a similar track
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Figure 1.5: A Hardness-Intensity Diagram (HID) showing the unificatmfnvarious X-ray
binary states and the associated disc:jet behaviotepresents the jet Lorentz factor. (i) and
(ii) would be associated with the Low Hard state, the souroeld increase in Luminosity
when moving from (i) to (ii). The horizontal transition todlidigh Soft state (iii) is associated
with flaring(massive ejection events) and the cessati@sfing the jet-line) of the steady jet.
The source can then transition back to the low state viarfiw)et is believed to exist when in
state (iv). Crossing the jet-line again on the route backf(iv) to the LS has been associated
with radio outburst (ejection events). The arrows the iathahe only path the sources take.
The image is from Fendet al. (2004).

when transitioning from one state to another. Interesyirgl these sources only take the path
indicated by the arrows in figure 1.5, giving rise to the sugiga that any given sourdenows
its state history. Such figures are referred to as Hardmgssdity Diagrams (HID), because it
plots the X-ray hardne$ws. the intensity (count rate).

The hardness-intensity diagram portrays a unified pictéiedl the different spectral states,
plus indicate the role played by the jet. A steady jek( 2) is present in the hard state. Some
models have been presented that do away with the coronasisttite and suggest the base of
the jet for the disc photon up-scattering (Falcke and Mdyi8i00; Markoffet al,, 2001). The
source spectral evolution can be traced by moving along tbe Fhe source transitions to the
soft state via the very high state. Highly relativistic jéis> 2) are associated with the very
high state before the source crosses the “jet line”. Thesjbtlieved to be quenched after this
point and the transition is made to the soft state. The vegh ktate also shows some very
interesting timing properties that are not observed in ahgiostate. These timing properties

4thehardnessneasurement can be arbitrary, but is generally defined as¢fasure of how dominant the power
law component is over the blackbody, for example, the rd63-10.5 keV count rate)/(3.8-6.3 keV count rate).
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Figure 1.6: The classification of PDSs based on certain characteridticsssociated with the

Frequency (Hz)

hard state (right hand side of the HID; 2: typical of internate states (horizontal branch of
the HID); 3: also in intermediate hardness, but a narrowsgeghan PDS-2; 4: found in even

lower hardness than PDS-3; 5: associated with the soft Gatkeft of the HID). See text for

more details. The image is from Belloni (2009).

and their possible link with the jets are explored in the rs@dtion.

1.2.3 BHXB Timing Properties

It was mentioned briefly in the previous section how the tgrnoperties of the black hole X-

ray binaries change with the state. Figure 1.4 illustrat®al the power-spectrum differs, in GX

339-4, depending on the source state. In fact these prepeate so prevalent that the power-
spectra can be classified, and the source states, accoodihg presence (or the absence) of
certain characteristics. This PDS classification is dermatexl in figure 1.6. The classification,

corresponding to the labels in figure 1.6, is described békeiloni, 2009).

1. PDS-1 corresponds to the hard state (right hand vertrealdn of HID). The PDS can

typically be fitted with a small number of broad Lorentziammsnponents, and an oc-

casional low frequency QPO peak. The characteristic fregjes of the components

increase with the source flux

2. PDS-2 type is generally observed at intermediate hasd(itee horizontal branches of
HID). It is modelled with multiple Lorentzians, includingpé QPO peaks. The QPO
centroid frequencies vary betweer.01 and~20 Hz. All the Lorentzian components,
including the QPOs, vary together and are strongly cordlatith the hardness: the
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softer spectra correspond to the higher frequencies anerlowegrated rms (root mean
squared) variability. Also, only a specific type of QPO, apéyC” (see Casellat al,,
2005 for low frequency QPO types), is observed in this typ®DfS. A weaker band
limited noise component is also present.

3. PDS-3is found over a small range in hardness where theéssds intermediate. It is
characterized by the presence of a “type-B” QPOs. The BLNpmmrent is replaced by
a steeper power law component. The QPOs show a harmonit¢wstgmilar to type-C
QPOs (peak at 1/2 the frequency of the main peak is observe®). QPO frequency
range is also limited to 1-6 Hz.

4. This is observed at even lower hardness than PDS-3. A-&/ggPO is associated with
this PDS type. This type of QPO is much broader and weakerdttars, and restricted
to a very narrow range of 6-8 Hz.

5. This PDS corresponds to the soft state of the black holayXsmaries (far left of HID).
PDS 5 is characterized by a weak steep component with anionehsveak QPOs at
frequencies>10 Hz.

Although the above classification is quite comprehensig®és not cover all the different
types of PDS. Variations in the PDS shapes have been obsespedially in thdlaring states.
As the source transitions from the hard state to the sofe siatan go through flaring (asso-
ciated with radio-band flares). The flares observed in thizdesscan be related to the highly
relativistic massive ejection events (Fender and PooYOP

The massive ejection events, radio flares, have been olosengenumber of sources (see
Fenderet al,, 2009 for examples). A radio flare generally signals ¢inel of the steady-state
jet and the source makes a transition to the soft state {(og#se jet line along the top hor-
izontal branch of HIDs). Some interesting correlationsenhbeen found when one looks at
the hardness-rms diagrams (HRD). The hardness-rms diagignically show a monotonic
decrease in the rms variability as the spectrum gets softgrarticular area of this diagram,
referred to as the “zone”, indicates a dramatic change inXtmay timing properties. This
change is in the form of a sharp decrease in the rms variabilihe findings by Fendest al.
(2009) hint at a correlation between the radio flare and thaytiming displaying the zone-
characteristics; however, no clear causal connectiondcbelfound. This demonstrates that
the X-ray timing properties are intimately linked with thet jpehaviour, but require further
investigation to clarify, even more, the disc:jet conneti

1.3 Scaling up for the AGN

As mentioned earlier, black holes are relatively simplesotg that can be described by a hand-
ful of their properties. With this in mind, one would expekat the black holes would behave
the same way, no matter what size they are; this should iecing systems that harbour black
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Figure 1.7: The Disc-Fraction Luminosity Diagram (DFLD) for a 4963 SD&$asars with
ROSAT detections. The far left of the x-axis correspondsath disc”, while the far right
corresponds to the “all power-lawR is the radio-loudness parameter. The figure is taken
from Kordinget al. (2006b).

holes (i.e. BHXB and AGN). If a super-massive black hole at leart of a galactic centre
starts to accrete, and consequently radiate, an activetgatacleus is born (AGN). Then the
guestion is whether the kind of relationship presented urédL.5 also exists for the AGN.

Of course, the main problem with observing such a behavio&dGN is the time-scales on
which changes are seen; an AGN cannot be observed to teanfitim one state to another.
Population studies, however, can indicate how the AGN migbtve. Kordinget al. (2006b)
show how it is possible to construct an analogous (to HIDjtiehship for the AGN.

A Disc-fraction Luminosity Diagram (DFLD) is constructechigh compares total lumi-
nosity, Lp + Lp., with the power-law fractionLp /(Lp + Lp.), whereD andPL signify the
disc and the power-law respectively. Kordiagal. (2006b) demonstrate that when a DFLD is
constructed for a simulated X-ray binary population, thesdehaviour is observed.

The stellar-mass:super-massive black hole scaling als@saremarkably well when one
looks at thefundamental plane of black hole activigiylerloni et al, 2003). The fundamental
plane links the radio luminosity with the black hole mass #redX-ray luminosity via

LRradio 0 L%®MO%, (1.11)

The radio luminosity acts as a tracer for the enormous jetgoow would therefore be more
useful to demonstrate the fundamental plane with the jetepaiself, rather than use a faint
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tracer like the radio luminosity. The later refinements @ fitane (Falcket al,, 2004; Kording
etal, 2006a, 2007; Gultekiat al., 2009) do just that and show the same relation as the original
fundamental plane, but with the jet power and the mass acoredte replacing the radio lu-
minosity; the accretion rate is an indicator of the rate aicWlthe jet is being “fed” and scales
linearly with the jet power.

The scaling up also applies to the variability. McHastyal. (2006) have shown that the
break frequency scalesy) with the black hole mass and the accretion rate. This anthall
other such relations re-iterate the relatively simple reatf the black holes and how they all
behave the same — no matter the size.

1.4 Modelling the Jet and the Corona

In the following work | present a new internal shocks mod&hpcks) that is used to model
X-ray binary jets. Although | have focused primarily on thera§ binary scales during the
development and the testing of this model, its structureuchghat it is scale independent,
making it easily adaptable to model AGN jets. The readerl $imal the disc:jet environment
the general theme of the present work, with the hope of extgnolr comprehension of these
systems.

Chapter 2 describes th8hocks model, and demonstrates some of its capabilitieap-Ch
ter 3 focuses on application of the model and showing how atisal to the long stand-
ing flat/inverted spectrum (with adiabatic energy lossesplem has been found. Chapter
3 also shows the application @dhocks to the repeated giant ejections from the source GRS
1915+105.

Chapter 4 explores the X-ray/optical correlations in blacke X-ray binaries. Once again,
the iShocks model is applied to this scenario with the aid of tedimgy the X-ray variability
into jet parameters and studying the resultant "X-ray'cgdtcorrelations.

Chapter 5is a slight digression from tjet themeof the other chapters: | have implemented
pair (electron-positron) annihilation in the high energdiative transfer model (HEART). The
lepton pair annihilation is modelled in a corona, in additio other radiative processes (Comp-
ton scattering, bremsstrahlung), to study the presenc&agk) of the 511 keV line in X-ray
binaries. This type of study gives us great clues to the ¢mmdi present in these coronae, and
ultimately in the X-ray binary systems.



An Internal Shocks Model

The details of our internal shocks modé&blocks), developed for simulating relativistic jets,
are outlined in the following chapter. The first part desesilsome of the other jet models and
any of associated drawbacks. The rest of the chapter is oweatevith our model and how it
improves upon the existing picture. The general focus ofdfewing work shall remain on
X-ray binary jets.

2.1 Previous models

With an array of relativistic jet models available, it is iorpant to understand the underlying
assumptions and any drawbacks these models may have. Die ilaherent complexity of
the systems being modelled, AGN and X-ray binaries can oalgitmulated by having some
simplifying assumptions. For this reason, different medwve their niches and no model is
able to explain all of the sources’ behaviours.

A flat spectrumis one of the identifying features of a compact radio soufitat” refers to
the shape of the spectrura ¢~ 0 if the spectrunS, 0 v—9). This flat spectrum is generally
considered to be as a result of self-absorbed synchrotmiatian from a conical relativistic
jet. However, previous models have had to make a number obksymptions in order to
reproduce these observations.

One of the most successful and influential jet models waeduotred by Roger Blandford
and Arieh Konigl in 1979 (Blandford and Konigl, 1979). Tihmodel showed how it is pos-
sible to obtain a flat spectrum via the self asbsorbed sytcmoadiation originating from a
relativistic jet. The flat spectrum results from the supesipon of many self absorbed syn-

15
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Figure 2.1: An illustration of how a flat spectrum can be achieved via tiygesposition of
individual self absorbed synchroton spectra.

chrotron spectra from different parts of the jet. The higfiequencies are emitted from the
inner parts of the jet, while the lower frequencies origgnetom the outer parts of the jet. This
is illustrated in figure 2.1. The figure shows how the indigtisynchrotron peaks are shifted to
lower frequencies as we move along the jet. (The detailsmélaptron emission are discussed
in section 2.3.5.) The synchrotron peak frequency is inteenheavily by the volume of the

emitting region: a larger volume means a lower peak frequertowever, this is where the

Blandford and Konigl (1979) model also has a drawback: thekatic energy losses, due to
increase in the volume, are neglected. The authors assuorestant re-acceleration all along
the jet. In other words, a constant replenishment of anyggrlessses suffered by the emitting
electrons.

Alan Marscher introduced another jet model (Marscher, 198he jet geometry in his
model includes a “nozzle” region which leads to a conicak partthe jet. In the nozzle the
emitting electrons go through a single acceleration egisoc power-law energy distribution.
These electrons subsequently give rise to the synchropeatisim. The model also take the
adiabatic energy losses into account. Unfortunately, islel is unable to reproduce a flat
spectrum because a single acceleration episode does redrappbe sufficient. Falcke and
Biermann (1995) present a more complicated model that hasilaisgeometry. Their model is
applied mainly to quasars [although microquasar appbodtias also been explored by Markoff
et al. (2001)], with the jets also contributing to the X-ray emissi The focus of Falcke and
Biermann (1995) and Markofét al. (2001) models is on the higher energy emission, and no
real effort is made to reproduce a flat spectrum ranging froenraidio frequencies up to the
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Figure 2.2: An electron will take a helical trajectory in a straight magjn field: the electron
acceleration results in radiation.

infrared (commonly associated with a steady jet in XRBs).

Hjellming and Johnston (1988) presented a jet model to exple observations of the
source SS433. They modelled the jet in the form of a “twifi-jd@they model the jet in the
form of a two-flow, or in other words, a jet inside a jet. Difat layers within the jet then give
rise to different emissions. They are able to reproduce asflattrum, but require slowed
lateral expansion of the jet. The slowed expansion helpsmtral the adiabatic losses. Once
again we can see it is difficult to reproduce a flat spectrunisivkelf consistently taking the
adiabatic losses into account.

More recently, models by Kaiser (2006) and Pe’er and Ca¢2089) further explore the
flat spectrum and the involvement of the adiabatic and rizdiagnergy losses. Kaiser (2006)
showed how it is possible to obtain a flat spectrum with a aipét, if only the radiative energy
losses are considered; the presence of the adiabatic elosgps produces a highly inverted
spectrum (unless a non-conical jet geometry is assumed).

All these studies therefore lead us to conclude that eitieassumed conical jets do not
suffer from adiabatic energy losses or some mechanismmisples the energy losses. Here,
the latter is assumed and further explored with our model.

2.2 Physical processes

Before outlining how our model works, it is important to delse the physical processes that
are essential and inherent to the workings of our, and mamgrget models. Two of the main
processes are the synchrotron radiation and the acceleaithigh energy particles.

2.2.1 Synchrotron radiation

A treatment of synchroton radiation can be found in Rybicaild &ightman (1979). However,
some of the key principles are outlined below.
An electron accelerating in a magnetic fidhj radiates. Figure 2.2 demonstrates the princi-
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ple of electron acceleration in a magnetic field. The electaixes a helical trajectory with the
acceleration perpendicular to the velocity. If the pagtid non-relativistic then the radiation is
referred to as the cyclotron radiation, where the emisgsieguency corresponds to the gyration
frequency. However, if the particle in question is relatiig, then the emission is referred to as
synchrotron radiation. The emission frequency calcutatiothis case is more complex. The
emitted radiation has a particular profile: it is beamed atwne along the direction of motion.
Due to this beaming effect, and when the radiation cone reatttte observer direction, an ob-
server sees pulses of radiation from such an electron. Thedoef these pulses can be much
smaller than the gyration period (by a factorydf wherey is the electron Lorentz factor).

With the pulse being quite narrow (temporally), the synttmo spectrum is quite broad,
due to the relation:

AtAw > 1, (2.2)

where w is the frequency € 2rf). The broad synchrotron spectrum, however, has quite a
sharp cut off after the critical frequency:

_ 3y?gBsina

2.2
2mc ' (2.2)

with g and m representing the charge and the mass of the emitting parti€ypically, the
spectrum is peaked at the critical frequency. If the spetiricalculated for a single electron,
then this can be generalized to a whole distribution. Theeeparticularly simple relationship
between a power-law electron energy distribution and thextsal index of the synchrotron
spectrum:

a— p%l, 2.3)

wheres is the spectral index ang is the power-law index of the electron distribution. As
mentioned earlier, our focus is on the self-absorbed syrichr spectrum. The spectrum in
that case looks different.

In addition to emitting a photon, an electron can also absopbhoton in the presence of
a magnetic field. This self absorption results in the spetttaking the peaked shape (see
the individual peaks in figure 2.1). For a power-law energgtriiution of electrons,the self
absorbed, optically thick, part of the spectrum follows the relatior?/2 whilst the optically
thin part followsv~(P~1/2, The spectrum calculation is discussed further in sectiBr62

2.2.2 Shock acceleration

Enrico Fermi proposed a stochastic acceleration mechabyjsmhich the particle collisions
with the interstellar clouds would result in the collidingrficles being accelerated to higher
energies (Fermi, 1949); he suggested this as the origineohith energy cosmic rays. This

Itrue for a power-law energy distribution of emitting elests; therefore the electrons emitting at different
frequencies are actually at different effective tempeaeguThe thermal emitting population at a single tempeeatur
would give rise to a different spectral index.
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original acceleration process is now referred to asfeéeni second order acceleratiorthe
reason for this is that only the second order term in the gnefrthe particles sees a gain. This
process involves the particles “bouncing” off a large malaec cloud. Depending on whether
the collision is head-on (this results in maximum energynpai tail-on, the energy gains
vary. Blandford and Eichler (1987) later expanded on th@pss and gave a more thorough
treatment of the process. Once accelerated, the partioksie in a power-law distribution.
However, the Fermi second order acceleration is still netttost efficient method for acceler-
ating particles.

TheFermi first order acceleratioriBlandford and Ostriker, 1978; Bell, 1978) on the other
hand holds more promise for higher acceleration efficiencla this case, a shock is viewed
as passing through a medium with different plasma proggemiéront of and behind the shock
front. In this process, particles gain energy at every ¢ngssf the shock front. In other
words, we end up with repeated “head-on” collisions for ipltacceleration. The first order
acceleration therefore is a lot more efficient and still pwes a power-law energy distribution
of electrons.

The shocks in our model, although not modelled in detail sa@ogous to the Fermi first
order acceleration; the passage of shock front through lareiselts in the re-energization of
the electrons and the magnetic field.

2.3 TheiShocks Model

Our model {Shocks) is based on the Spaefaal. (2001) internal shocks model for radio-
loud quasar. Many modifications have been carried out to rttakenodel more flexible, and
applicable to different scales and scenarios. The jet isilsited using discrete packets of
plasma orshells Only the jets at relatively large angle of sight are modkllehis is because
the Comptonization effects and the influence of radiatiomfone shell on another shell are not
taken into account. Each shell represents the smallestirgniegion and the spatial resolution
in the model is limited to the shell size. While the simulatis running, the jet can “grow”
with the addition of shells at the base while the previouslgead shells move further along
the jet. If the time interval between consecutive shelldtigms is kept small, a continuous-jet
approximation can be achieved. Variations in the shellctipe time gap and velocity cause
the faster shells to catch up with the slower ones, leadingplissions: the internal shocks,
discussed later, are a result of these shell collisions.h&msatic of the model set up is shown
in figure 2.3. The two conical frusta shown represent thelshel

2.3.1 Shell properties

The shell volume is based on a conical frustum (cone opemgtea jet opening anglep).
As a shell moves along the jet, it can expand laterally asaglibngitudinally (figure 2.3). The
emitting electron energy distribution is assumed to be pdawg in nature; each shell contains
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Figure 2.3: An illustration of shells in our jet model. If the outer bowargl of the inner shell,
(i), contacts the inner boundary of the outer shell, (j-19pHision is said to occur. The lateral
expansion is due to jet opening angle; the longitudinal egjwa is due to the shell walls
expanding within the jet. The illustration is not to scale.

its own distribution. The power-law energy distributioroisthe form:
N(E)dE = kE™PdE , (2.4)

whereE = ymc is the electron energyp is the power-law index and is the normalization
factor. If the total kinetic energy density of electroig, and the electron energy is expressed
in terms of the Lorentz factor, thex! can be calculated for the two cases of power-law index:
p+#2,andp = 2. (k andk’ are related via = k’(mec?)(P~b). We have:

ymax
Ec= [ Ky Py Dy (2.5)
Ymin
which can be solved in general when# 2, to get:
B = K |— (J&P — 2P
2—p min

1 _ _
- u—m(éﬁ_%%% , (2.6)

equation 2.5 can also be solved for the special cage-oR:

Ex=«' {[In(ymax) — In(Ymin)] + [Vﬂa{x_ Vn_m%]]} ) (2.7)

where the subscript®axandmindenote upper and lower energy bounds for the electron energy
distribution. The relations given in equations 2.6 and 27 therefore be used to calculate the
change in the power-law distribution normalization wheeréhis a change in the total kinetic
energy, assuming the power-law index ahf, are fixed.
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A magnetic field is essential to give rise to the synchrotradiation. In the shells, the
magnetic field is assumed to be randomly oriented and cdhstangled in the plasma, leading
to an assumption that the magnetic field is isotropic, arat, ithcan be treated like an ultra-
relativistic gas (Heinz and Begelman, 2000). If the magnetiergy densityHg) is given, the
field (B) can be calculated:

BZ

- 2.8
21 (2.8)

Es

whereL is the magnetic permeability of free space.

Other shell properties include the shell bulk Lorentz fadto and the shell mas®). These
guantities remain constant throughout the lifetime of a&gighell. If there is variability in the
I" of the shells being modelled, then the faster inner shedisable to catch up with the slower
outer ones, causing shell collisions; the shell collisioresate internal shocks, which ultimately
generate the internal energy. The shell bulk Lorentz faatm mass are re-calculated upon a
collision.

2.3.2 Internal shocks

When two shells collide, a shock forms at the contact surf&®me of the steps involved in
a two-shell collision, and the subsequent merger, aretidted in figure 2.4. The collisions
are considered to be inelastic. With many shells preseidertbe jet, the next collision time
between two shells needs to be calculated first: a collissogaid to occur when the outer
boundary of the inner shele’“te’, comes in contact with the inner boundary of the outer shell,
R'j”_”f'. The following relation can be used to calculate the timeril for a two shell collision:
R~ — R

(BG_1)+BG))e+ (Bij) = Bj-n)e’

dteon = (2-9)
where the subscript$ — 1, ] denote the two consecutive shelf$; is the shell longitudinal
expansion velocity (along the jet axis), afidis the shell velocity £ /2 —1/T); dteoy is
calculated for all the shells inside the jet and the minimunthese collision time gaps is
selected, that is, the next earliest collision. The shelyitudinal expansion3®) is due to any
thermal energy the shell may have. We do not explicitly meadilermal electron population;
however, the expansion effects of having such a populatierirgorporated into the model.
The shell expansion velocity is given by (Spadal., 2001):

2B 1
T T (R

wherefs = vi,/c corresponds to the sound velocity in the plasma (in the sesllframe), and:

_ /LB
=13 (2.11)

pe (2.10)
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Figure 2.4: An illustration of a two shell collision leading to a mergda) when the inner
shell, j, comes in contact with the outer shell, j-1, (b) agdbstarts to form; (c) the forward
shock, FS, travels through the outer shell while the reveinsek, RS, travels through the inner
shell; (d) once shock fronts have traversed the two shelieya'merged’ shell is formed.

with E/}, being the shell thermal energy and M is the shell mass. Timeepdenotes quantities
in the shell rest frame.  The Panaitescu and Mészaros (i8&8tment of a shock propa-
gation is followed to work out various quantities assoaatéth the shock itself. The shock
propagation can be split into two shock-fronts: a forwardchtravelling from the contact sur-
face and through the outer shé|l— 1), and a reverse shock travelling through the inner shell
(j) (injected after shel(j —1)). Once the shock-front has passed through, the plasmbishel
considered to behockedS) and will have different physical properties comparethwhe un-
shocked plasma (see figure 2.4). In one of the shells’ ragtdt the shock-front’s (SF) velocity
can be calculated as:

(Ms—(Ms+1)
BTeliMs—1)+1] 7

Ble = (2.12)

y is the adiabatic index aridy corresponds to the shocked plasma and is given by:

Fe=Tml (1-BmB) , (2.13)
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where the subscripin denotes the merged shell properties. A merged shell forres time
shock-fronts have passed through both the colliding shiglés/ing a single combined shell.
The merged shell mass is simply a linear combination of tteerherging shells, that is:

Mm:M(j)+M(j_1) . (2.14)

The merged shell Lorentz factor is given by (Kobayasttal., 1997):

o HOT G+ EG-yM -y VY2
m= ; (2.15)
ey /TGy + Hi-1)/T (j-1)

whereu =M+ /¢ andn is the shell internal energy. However, this is only validi if), [ j_1) >>
1. The exact calculation can be done in the following way. Gtweservation of energy gives
(for convenience of notatiopnand j — 1 have been replaced by 1 and 2):

Fips+ Mopo = Mon(Mim4 Nim/c2) . (2.16)

While the conservation of momentum gives:

101 B1+ T 2t2B2 = Tin(Mim + Nim/€2) B (2.17)

where 8 has the usual meaning and is equahtd — 1/I'2. Combining equations 2.16 and

2.17, we get:
B = Fap1 B+ op2Br
" Maps+ o

which can be used to calculate thg, that is also valid for low 1,I"» as well.

(2.18)

Because the shell collisions are considered to be inelastiertain amount of internal
energy is also generated. This can be given by:

Eint = Etot — Exin
= (Mg +T2pz) — (Tm)[(p1 — N1) + (H2— N2)]
= [apr+Top2 —Fmpls + 1 — Fmplz + iz
= (M—Tmpa+ (F2—Tm)Hz+TmN1+ MmNz (2.19)

wheren); is the internal energy and = M; + n; /c? for the two colliding shells. The efficiency
of such a two-shell collision is given by:
(M1 =Tm)ps+ (M2 —Tm)H2+ FmNa+ T2

£ = 2.20
M+ T oo ( )

The formula given in equation 2.19 has the eXifgfactors which are missing in the internal
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energy formula given in Spads al. (2001):
En = Ni+n02+ e (T1—Tm)+ H(M2—m) . (2.21)

As mentioned earlier, Spadd al. (2001) treatment of internal shocks has been followed pri-
marily, and therefore the equations given in 2.15 and 2.2& h&en used instead of the exact
solutions. The implications of these differences are dised later.

Once the quantities, outlined above, associated with tbeksldl plasma are calculated, we
are able to determine the new merged shell length. The shogagation through the plasma
has a compression effect on the shells. The merged shethléngiven by:

d; d
dp=—+—, 2.22
"o P2 ( )
and the densityp, is:
I'm f/l_’s-|— 1
“TF o1 (2.23)

The Lorentz factorl”, corresponds to one of the two shells involved in the callisivhilel g is
given by equation 2.13. We do not consider the re-energizaif the new merged shell to be
instantaneous. Instead, the energy is dissipated overegamod that the shock-fronts would
take to cross the inner and outer shells i.e.

d; d
- — + -—,
Brs Brs

where the subscrip§R FSandRSdenote the energy release (time), the forward shock and the
reverse shock respectively. Due to limitations in the wayghocks are modelled, the merged

dier (2.24)

shell is given the corresponding length (equation 2.22)@pbint of creation; only the energy
release is delayed over timés@. If adiabatic energy losses are taken into account, then the
merged shell will also be losing energy during the peritgkd

2.3.3 Adiabatic losses

For an expanding conical jet, the adiabatic energy losses bataken into account. These en-
ergy losses are due to the work done by the jet material wkhpamrding. Implicit assumptions
are made about the pressure gradient across the jet bouth@aryould result in a conical jet.
The internal energy for a gas with degrees of freedonl particles, and temperatuiieis
given by:
U= df%NkBT , (2.25)

wherekg is the Boltzmann constant. The degrees of freedom are defatihe adiabatic index

via:
2

(V-1

di = (2.26)
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Therefore, 1
U=———-NksT.
(y—1)

(Atthis stage, using = 4/3 for a relativistic gas can be used to derive a specific caseieMer,

(2.27)

we shall continue to derive a general case.) We also know that

also,

using 2.30,

Using the above and applying to a change in the energy andneplwe get:

PV

— PV

du
du

du

:}d—U
U

— |InU

InU —InUy =

= NkgT

= PV
1)

1)U .

=

—~

V_
y_

—~

—(y—=2)(InV —InVp)

(2.28)
(2.29)

(2.30)

(2.31)
(2.32)

(2.33)

(2.34)
(2.35)

(2.36)
(2.37)

(2.38)

(2.39)

Assuming that all the synchrotron emitting electrons aghlyi relativistic the above relation

can be written as:

with the adiabatic indexy = 4/3; subscripts 0’ denote the quantities before the change in

£

\Y,

Vo

>()71)

(2.40)

volume; the Lorentz factoy corresponds to the power-law electrons accelerated todngi

gies due to the shock-front passing through the plasma.efdrerthe adiabatic energy losses

for the kinetic energy contained in the power-law electrgsirdbution can be calculated using
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equation 2.40. To calculate the change in the power-law abization, k, for a change in
volume, the treatment is followed: {f>> 1 thenEx = (y— 1)meC? can be approximated by
ymec2. The conservation of total number of electrons gives:

(No = )VoKoY, "dyo =Vky Pdy(=N) (2.41)
VoKoY, Pdyo

— ()@ e

which can be solved when equation 2.40 is used to solve forgehan volume. We finally get:

v\ PHY(-p)-2
K = Ko (\70> . (2.44)

Once the initial power-law normalization is calculatedngsiequation 2.6 or 2.7, the above
relation can then be used to calculate the subsequent chamdgige normalization (with an
appropriate adiabatic index, for example, 4/3). If the kiseinvolved in a collision then the
distribution is re-calculated completely. The change artreximum Lorentz factor of the elec-
trons, ymax as the shell volume changes, can be calculated using equat0. The combined
effect of varyingymaxandk is to effectivelyevolvethe power-law electron energy distribution.

Changes in the magnetic energy density can also be detafriming similar manner. |f
we assume that the magnetic field is constantly tangled isnaand treat it is as an ultra-
relativistic gas, we can calculate the changes in magneggspreP(B) using:

PV/ =PV, (2.45)
therefore,
v\ Y
P(B) = Py(B) <—> , (2.46)
Vo

where the adiabatic index is once again = 4/3.

2.3.4 Implications of calculatingl",, and Ej; differently

We can look at the quantitative difference made by the chainge,, andE;; formulae. The
range ofl’s shall be restricted to the kind of regimes we are intecbstethe present work.
Although, as we shall see, the impact of using approximatiostead of exact solutions is
minimal, it is important that any future work carries out ekealculations.

2.3.4.1 Difference in bulk Lorentz factor (BLF)

Figure 2.5 shows the difference between an exact and anxapm@t calculation of the bulk
Lorentz factor of the merged shell. The approximation (¢igna2.15) overestimates the
merged BLF and is particularly poor when the two collidingkhhave very different BLF.
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Figure 2.5: The map shows how the merged bulk Lorentz factors differ dejmg on approx-
imate formula (equation 2.15) or the exact calculation&2.1

2.3.4.2 Difference in merger efficiency

Inspecting equation 2.20, it is clear that the merged BLEG the efficiency of the shell
collisions. Figure 2.6 shows the efficiencies possible foarsge ofl; andl,. The correct
internal energy and , formulae are used to calculate the efficiency. On the handr€ig.7
shows how the collision efficiency changes when equatiob 8.lused to calculated BLF. The
efficiency increases when 2.18 is used to calculateThe collision efficiency presented here
assumes no existing internal energy. Therefore the migsjfgctors, mentioned in sectidi?,

do not have an influence. However, if the colliding shells deehinternal energy present, and
the correct internal energy formula (equation 2.19) is usieel efficiency would be improved
when compared to the formula with tig, factor missing.

2.3.5 Partially self absorbed synchrotron emission

To model the self absorbed synchrotron radiation, we emibleyreatment outlined in Longair
(1994). With only the power-law electrons present, the byotton emission calculation is
simplified; the monochromatic synchrotron intensity isegivby:

IV:53 JV

_a Xl
a1y (1—e X)), (2.47)

The emission coefficient],, and the absorption coefficieny,,, are given by Longair (1994)
(see appendix A for the numerical values)s the shell radiust, = x,r); the Doppler factor,
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Figure 2.6: The map shows how the collision efficiency as a function oftthe colliding
shell BLFs. The formula outlined in equation 2.20 is usedaicw@ate the efficiency.
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Figure 2.7: The map shows how the collision efficiency changes with défitmerged BLFs.
The efficiency calculated using approximate merged BLF Isrsated from the efficiency
using exact merged BLF.
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Oy, is:
8- = [F(1FB(cosd)] *, (2.48)

where, 0 is the jet viewing angle andf’ corresponds to either an approaching or a receding
component of the jet.

If the shell area is given by and the distance to the jet 3, then the flux, &,, from a
single shell has the following form:

oF, = 632

T TV (1 e X
3F47T2D2Xv(1 e, (2.49)

The above relations are used to self consistently calcthateynchrotron spectrum as it varies
with the shell properties. When the shell expands, its aeptiepth with respect to a given
frequency also changes; hence, a shell that is opticaltk tioi a given frequency can become
optically thin to the same frequency, as it moves along theljee emission for a frequenay
usually peaks when the optical depth for that frequency iy §m ~ 1). It should be noted that
some of the relativistic effects, such as the aberratioecgfivhich would affect the shell area
calculation are not taken into account. With the shell eilmispeaking at, ~ 1, the omission
of this effect will only affect the normalization of the oadirspectrum. Also, when calculating
the emission, the optical depths of the neighbouring she#isiot taken into account. Therefore
to minimize the impact of these factors, only jets at rekd{iMarge angle of sight from the
viewer are modelled.

2.3.6 Model parameters

So far, only some of the key physics and the principles betiiadnodel have been outlined. It
is therefore important to list some of the parameters usediimodel to see how they influence
the physical properties of a jet. Appendix C contains thiedisll the model parameters.

The internal energy of the shell is split between the eleckioetic energy (), the shell
thermal energy¢n)and the magnetic energy) i.e.

Eint = Ue+ W+ Ug . (2.50)

With no obvious data available on how such energy may be, sglitipartition between the
electron kinetic and magnetic energy is assumed. It is plesg constrain the distance to the
source D) and the jet viewing angled) from observations. The shell mass on the other hand
is a free parameter. In the case of a massive ejection ebenmass can be set manually. For a
continuous jet (multiple ejections), we have a choice dirsgthe individual shell’s properties
manually or sampling from a pseudo-random distributionhefse parameters. In the pseudo-
random case, if the jet kinetic luminosityy, is known then it can be used to generate the shell



2.4 Demonstrating some of the model capabilities 30

mass values by using:
N
Zl\/l,-r,-c2 = Lwtjet , (2.51)
J:

wheret e is the duration the jet is “on”. Therefore the total relaic mass of all the shells
present in the jet has to correspond to the kinetic lumigasitthe jet being modelled. The
time gap, dj, between any two shells can also be set either manually oplsdnirom a
Gaussian distribution with a given mean and standard dewiafl his time gap and equation
2.51 determine how massive a shell can be:

LWdtinj

(2.52)

that is, a larger time gap means a more massive shell.

The shell bulk Lorentz factor), if not set manually, is picked from a random distribution
of values with the maximum and the minimum valu€s4x I min) set by the user; the bulk
Lorentz factor for a shell does not vary as it moves throughjéh, unless it is involved in a
collision. The shell length (gl and the jet opening angle) can also be set by the user. For
the shell length, attempting to achieve a continuous jeta@mation results in the following
relation:

dl = Iscale dtinj BshellC, (2.53)

wherelscaeis a scaling factor with a maximum of unitiscqe= 1 means no spatial gap between
two consecutively injected shells; in the simulation, heerelscqeis set< 1 in order to avoid
a “pile-up” of shells at the source.

When it comes to the power-law electrons, the power-lawxr(@? is set at 2.1 while the
Lorentz factor limits {min, Ymax) are set at 1 and £0espectively;ymin is kept constant at unity,
whilst ymax is allowed to vary due to energy losses.

The data from the simulation are in the form of flux correspngdo the frequencies being
observed The observed frequency range is logarithmic with the us#ing the minimum
and the maximum frequency, plus the number of bins for thgearnThe data are written at
every time step, where the time step is defined as an “eveh#.event refers to either a shell
injection or a merger: the time step tends to be less than o the mergers are also taking
place. However, if one wishes, the time resolution can becased manually and set to a
desired time step.

2.4 Demonstrating some of the model capabilities

The following section illustrates some of tiehocks capabilities. The simplest scenarios are
used to demonstrate how the model produces self consistena@urate results: the more
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complex scenarios are presented in chapters 3 and 4.

2.4.1 Single ejection

A single shell ejection scenario may be used to simulate thgsive ejection events observed
in X-ray binaries, in the form of radio flares, when the souscgansitioning from a hard state
to a soft state (Fendet al,, 2004) (discussed further in section 3.3). When shellsrgeeied
into the jet, they only start emitting radiation, or “lighp”, when they have been involved in
a collision i.e. the shock front has passed through and emerghe plasma within the shell
(unless they are injected with some internal energy). Incdee of a single shell, however,
no collisions can take place; thus, the shell will requiréiaial lighting-up. This is achieved
by creating ashock-zonat an arbitrary pointXshock along the jet; theshock-zongicture is
reminiscent of the jet models involving a single shock-zomihe jet (see Falcke, 1996, Falcke
and Markoff, 2000, Markofkt al,, 2001, Markoffet al., 2003, Pe’er and Casella, 2009 and the
references therein). In our model, once a shell passesghrthe shock zone it is energized
instantly. A fraction of the shell’s relativistic energy;ac, is used as scaling for the amount
of internal energy given to a shell after energization; thellsvelocity, I', and the masay,
remain unchanged.

2.4.1.1 Without energy losses

Not taking the shell energy losses into account, as it ex@asdimilar to assuming that any
energy losses are continually replenished. With this kih@ set up, a shell is allowed to
propagate down the jet and expand laterally. The shell'gitadinal expansion due to the
thermal energy of plasma is suppressed: the thermal ensrggtito zero. The change in
volume is therefore not associated with any work done by tiedl.s

The emission from a single shell at radio and infra-red fesguies is shown in figure 2.8.
The plot also shows how the shell optical depth for the twoudencies changes as the shell
moves down the jet. The increase in the shell volume causeb&come more optically thin to
lower frequencies. This behaviour is evident in the figusethe radio emission peak is much
further down the jet, compared to the infra-red peak: thession peaks at, ~ 1. Various
shell and jet volume parameters are outlined in table 2.1.

The radio and the infra-red lightcurves, in figure 2.9, iliate how the radio rise time is
much longer than that of the infra-red. These rise times aterthined by the shell energy
density, and how quickly this energy density changes wighctiiange in volume. Therefore in
the case shown here, the shell properties are such thatfther@u peaks soon after injection,
but the radio takes much longer. It should be noted that lsecthe energy losses are not
considered here, only the energy density of the shell isedsing due to the lateral expansion;
the shell’s total energy content remains constant.
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Table 2.1: The parameters used for single ejection scenarios.

Parameter fig2.8,2.9 fig2.10, 2.11

¢ 50 50
C] 4 4
D 2 kpc 2 kpc
M 1x 10" kg 1x 10 kg
r 2.0 2.0
dl 1x10*m 1x10°m
Ue 0.5 0.5
U 0.5 0.5
Uth 0.0 0.0
Xshock 0.21s 0.21s
Efrac 0.3 0.3
Sim. Duration ~ 7x10*s 500 s

2.4.1.2 With adiabatic energy losses

When the adiabatic energy losses are taken into accounicezase in the shell volume causes
a decrease in the shell internal energy. In this particulauktion, as in the previous scenario,

the shell thermal energy is again set to zero. Therefore acrease in the shell volume is

purely due to the lateral expansion of the jet.

The radio and infra-red emission from a single shell, with éldiabatic energy losses taken
into account, are shown in figure 2.10. When compared withethésion with no energy
losses, figure 2.8, two main differences become appareatattio peak is at much lower flux
value, and at much smaller distance along the jet. The nefilapeak flux values, however,
remain relatively unchanged; the peak occurs at smallérwsdetn compared to the case with
no energy losses. These differences can be explained wieeloaks at how the shell energy
density changes with and without the energy losses present.

The shell’s optical depth is a function of the shell’s enedgysity; that is, a shell becomes
optically thin to lower frequencies as the energy densigpdr When energy losses are not
considered, the change in the shell volume solely effe@scttange in the energy density.
However, when the adiabatic energy losses are taken intwuatcthe energy losses along
with an increase in the shell volume drive the change in thedl gimergy density. In such a
scenario, there is a two fold effect on the shell energy dgnsicrease in the shell volume and
the decrease in the shell internal energy. This means thattall optical depth, for a given
frequency, changes more rapidly than when only the volureffésting the change. However,
the emission intensity is also affected by the energy losgéth the adiabatic energy losses
active a shell may be able to peak, for example, in radio feqies at smaller jet radik,
but the peak intensity is lower due to the energy lossesmsuffby the emitting electrons and
the magnetic field. If the longitudinal expansion is alscetalnto account then the energy
losses are accelerated and a shell is able to peak in radieeineies even earlier with a further
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Figure 2.10: Emission from a single shell with adiabatic energy lossasia and infra-red
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the optical depth of unity.
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Table 2.2: The properties of the two shells injected in the doublet&acscenario shown in
figures 2.12, 2.13, 2.14and 2.15

Parameter shell 1 shell 2
Inj. time 1ls 10s
Mass 1x 1P kg 1x 10¥kg

r 2.0 3.0
dl 1x10°m  1x10'm

decrease in flux values. This can be seen in figure 2.10, aidd\R&tere the peak radio flux is
nearly two orders of magnitude lower when compared with thakpradio flux in figure 2.8.
The infra-red peak flux on the other hand has a relatively saofenge. This is due to the
shell becoming optically thin to the IR frequency very guycia both cases, thus not having
the time to suffer much energy loss. When the adiabatic $oase active, the shell starts off
optically thin to IR. This is because the relative changedilume from the moment of injection
to the subsequent time step being sufficient to drop the sheligy density below the limit for
the shell becoming optically thin to the infra-red frequiesc The initial volume of a shell, in
addition to the relative change in volume, also plays a paow quickly that shell becomes
optically thin to a given frequency: a large enough shellldatart off as optically thin to
the infra-red frequencies. The sharp cut off for the intd-flux, in figure 4, is due t@max
dropping below the energy threshold for the power-law etgts to emit in the infra-red.

2.4.2 Double ejection

A double ejection scenario involves two shells being irgddnto the jet volume with a time
interval, di,j, between them. If the second shegl,has a higher velocity than the preceding
shell, j — 1, then the two shells will eventually collide. This scepaiso demonstrates the core
principle of multiple ejections: a large number of two-slualllisions taking place all along the
jet to give rise to multiple shocks.

The shock-zone location, mentioned in the previous sceniiset at zero. This means
that the shells are injected with finite internal energyeast of gaining it after passing through
an arbitrary point. The adiabatic energy losses are alsceiteat] but only due to the lateral
expansion of the jet; the shell thermal energy is set to null.

The properties of the two shells injected into the jet voluame outlined in table 2.2. The
first shell, (j — 1), is not only less massive than the following orje,but also larger. The
combination of these parameters means that ghelll) becomes optically thin to lower fre-
quencies sooner than shgjl). This can be seen in figures 2.12 and 2.13 where the radio peak
for shell (j — 1) is at much smaller jet radii than that for shejlin the case of IR emission,
shell (j — 1) is already optically thin at those frequencies, when it jedted, while shellj
reaches the peak IR flux later. The figures also show the pdiaterthe two-shell collision, or
the merger, takes place: it is marked by a sharp increaselmthe radio and the IR emissions.
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on merge (at-100s) to become a single shell. The properties of the twaiegeshells are
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energy losses due to lateral expansion only are being neztell
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Figure 2.13: The radio (I1x 10° Hz) emission from the two shells injected that later on merge
(at ~100s) to become a single shell. The properties of the twdsshet outlined in table
2.2 while the simulation parameters are outlined in tabB 2Adiabatic energy losses due to
lateral expansion only are being modelled.
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Figure 2.14: The lightcurve for the radio emission. The two arrows on #fedignify injec-
tion of the two shells; the third arrow shows the time of merggtially (after the second shell
injection at 10s) the lightcurve comprises emission frorthtibe shells; later, after merger at
~ 100s, only a single shell exists in the jet. The propertietheftwo shells are outlined in
table 2.2; the simulation parameters are outlined in tal8e Zhe unusudbg(time) is used
for demonstrative purposes.

Table 2.3: The parameters used for double-ejection scenario.

Parameter Figures 2.12, 2.13, 2.14 and 2.15
¢ 5°
6 40°
D 2 kpc
Ue 0.5
Up 0.5
Uth 0.0
Xshock 0.1ls
Efrac 0.2

Sim. Duration x 10% s
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Figure 2.15: The lightcurve for the infra-red emission. The two arrowstba left signify
injection of the two shells; the third arrow shows the timenoérger. Initially (after the
second shell injection at 10s) the lightcurve comprisesssimin from both the shells; later,
after merger atv 100s, only a single shell exists in the jet. The propertietheftwo shells
are outlined in table 2.2; the simulation parameters arénaat in table 2.3. The unusual
log(time) is used for demonstrative purposes.

The infra-red emission had in fact faded away completelyhgytime the merger took place,
thus demonstrating the re-energization aspect of the$isionk/internal shocks.

The light curves shown in figures 2.14 and 2.15 illustrateldgebetween the high and the
low frequency peaks, already seen from the individual she&tkenario. In this case, however,
the light curves show the total emission from the entire getly two shells for this scenario;
the multiple shells case is presented in the following ab@pi he radio emission not only lags
behind the infra-red emission, but also has a much lower fleakvalue, due to the energy
losses. Also, the radio emission rise and decay times aré toager than those corresponding
to the infra-red. For the infra-red, there is a sharp risehie ¢mission at the point of shell
merger. As mentioned earlier, the infra-red fades away strecompletely by the time the
shell collision takes place. The merger, however, has a oessjpn effect, thus increasing
the energy density of the newly formed shell, causing it &mtstmitting in the infra-red. The
internal energy generated at the collision is still not sigfit to make the shell optically thick
to infra-red; therefore we do not see a slow rise in the imé@flux from the merged shell. The
picture is slightly different for the radio: the merged shels high enough energy density that
it becomes optically thick to the radio frequencies, legdima slow rise in the flux. The other
point to note, for the radio emission, is that after the sedcgrell is injected into the jet there is
a delay before the maximum flux value is reached. This is dilegt@elay in the second shell
becoming optically thin to the radio frequency.
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2.5 Conclusions

The focus of this chapter has been to provide the detailssoitiernal shocks modadiShocks.
The chapter also outlines some of the other models arounchawdcertain questions have
remained unanswered. Th&hocks model’s first aim is to address the energy replenishme
problem for the adiabatic jets, discussed in the proceednagpter. However, before delving
into these complex scenarios, some simple setups were asgehtonstrate how the model
works: the single and the double ejection scenarios are algreimplified picture of what
would be taking place inside a multiple ejections jet. Tieiles presented in this chapter show
how the emission processes and the mergers are calculdtedssistently. These scenarios
have also outlined how when the adiabatic energy lossesoaigdered, the spectrum would
become highly inverted.



From the flat spectrum to the flares

The following chapter delves a little further into the X-rajnary jet behaviour and how the
iShocks model can be used to model observations. There igieufsar focus on two aspects
of an X-ray binary jet: the flat spectrum and the flaring bebawi It should be noted that
these two behaviours are generally considered to be assoeidth very different states of the
system.

3.1 The Flat Spectrum

The basics of the flat spectrum and how it is possible to olstadh a spectrum from the super-
position of multiple self-absorbed synchrotron spectraen@utlined in section 2.1. Various
other models outlined in the previous chapter were in respémthe observations of flat spectra
in compact radio cores of AGN.

The spectrum at the radio frequencies for X-ray binarieigegally flat or invertedd > 0)
when observed in the low/hard state. This flat spectrum compiohas been seen to extend
up to mm (Fendeet al., 2000, 2001) and even the infrared (Chatyal, 2003; Kalemckt al,,
2005; Migliariet al., 2007). By analogy to the jet signature in the compact radiexof AGN
(Blandford and Konigl, 1979; Hjellming and Johnston, 198&Icke and Biermann, 1999), this
flat spectrum is also considered to be the signature emi$soom the jet in X-ray binaries.
One would be inclined to believe that with such extensivearskhistory of the flat spectrum,
its origin would be well understood. Unfortunately, thisnist the case. A variety of models,
outlined in the previous chapter, have been suggested, dng nan provide a satisfactory
answer nor reproduce the canonical flat spectrum with thebadic energy losses active.

40
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Table 3.1: The parameters used to demonstrate multiple ejectione@uitenergy losses).

Parameter Figures 3.1, 3.2,3.3,34
¢ 5°
0 40°
D 2 kpc
Lw 1x10°0J/s
r 2.0
Iscale 0.2
Ue 0.5
U 0.5
Uth 0.0
Xshock 0.0ls
Etrac 0.01
dtin ~1s
Sim. Duration 5¢ 10% s

Using ouriShocks model, we reproduce, for the first time, a flat/invkgpectrum (over a
large frequency range) and provide one possible soluticheoe-acceleration conundrum.

3.2 Modelling the flat spectrum withiShocks

The iShocks model is used to simulate a hard state jet. With theredization of the jet,
multiple shell ejections are required to simulate a corgusJjet.

3.2.1 Multiple ejections

The relatively simple single and double ejection scenanese shown in the previous chap-
ter. Here, the multiple ejections set-up is demonstratet amd without the adiabatic energy
losses. When the energy losses are absent, internal sboltikgins are also omitted, because
no energy replenishment is required; On the other hand,dltisions are modelled when the
energy losses are incorporated. When the collisions anesathe shell properties are sampled
from a pseudo-random distribution (as described in se@i8rb).

3.2.1.1 Without energy losses

If the time gap between ejections is kept small, then an dlcmw#inuous jet can be approxi-
mated by the multiple ejections. All the shells here aredigd with the same properties (time
gap, velocity etc.), hence no collisions take place. Thelkition parameters are given in table
3.1

The spectrum in figure 3.1 shows how a flat spectrum (for a 8pdrequency range) can
be recovered when no energy losses are considered. Thig sahlbe compared to a situation
where one assumes a constant replenishment of any eneggg lbg an unknown mechanism



3.2 Modelling the flat spectrum wittfshocks

42

Flux density [Jy]

0.2
=
2
>
‘D
c
3
x 0.04
>
T

le+08 1le+09

1le+10

le+1l 1le+12

le+13

Frequency [Hz]

le+14 1le+15
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Figure 3.2: The infra-red emission of a multiple ejections jet (withenergy losses). Optical
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at the end of the IR spectrum are a numerical artefact.(bée 3al for parameters).



3.2 Modelling the flat spectrum wittfshocks 43

1e-05 1 — — —
1e-06 [ .
1 le+09
_ leO7¢
3 1 £
> | 1 let06 2
2 1e08 e
3 [ S
x o
L_Zl:* L ] o
1e-09 | 7 1000
le-10
1
leld b b—mm——o el
1le+09 le+10 le+11l le+12 le+13

X [m]

Figure 3.3: The radio emission of a multiple ejections jet (without eelosses). Optical
depth corresponding to the radio frequency is also ploti@ag(dashed line); short dashed
line shows where the optical depthl.(see table 3.1 for parameters).

(Blandford and Konigl, 1979). The evolution of a radio amdIR frequency along the jet can
be seen in figures 3.2 and 3.3 respectively. The two freqasrstiow very different behaviours:
the IR spectrum shows a constant decline while the radiotspageaks much further down
the jet. A look at the optical depths for the two frequenciesves that the injected shells, and
ultimately the jet, is optically thin to the infrared( << 1). For the radio frequency the jet
becomes optically thin at a large distance from the souitlee 6ame behaviour was observed
with single ejections as well.) The emission for a range efjfrencies (radiec v < infra-red)

is shown in figure 3.4. The different emissions shown in figBu# follow the Ry~ O v—1
relation [as shown analytically by Blandford and Konigd{®)].

3.2.1.2 With adiabatic energy losses

Internal shocks are a possible way to address the problerapténishing the energy losses
in a jet. In the simulations presented below, the shells gparding both longitudinally and
laterally; therefore the adiabatic losses can be extremfasty making the flat spectrum difficult
to obtain. The spectra from the simulations where shellsnatenjected with any internal
energy can also be compared with those where the shells j@aead with internal energy:
internal shocks are the only source of the internal energglywetion in the former case, whereas
in the latter they serve to replenish the energy losses.

Figure 3.5 shows a highly inverted spectrum, when the slae#isnot injected with any
internal energy. The internal shocks taking place are nfiicent to produce the internal
energy in addition to replenishing the energy losses theataking place.
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0.01 [

0.001 |

0.0001 |

Flux density [Jy]

1e-05 [ ]

' _1n30

|LW_10 |J/S | | | | | |
1le+08 1le+09 1e+10 1le+1l 1le+12 1le+l1l3 1le+l4 1le+l5 1le+l6
Frequency [Hz]

1le-06

Figure 3.5: Time averaged spectrum=( ks) from a multiple ejection jet with adiabatic en-
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not injected with any internal energy. (see table 3.2 foapaaters).
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Figure 3.6: Time averaged inverted/flat spectrag ks) from multiple ejection jets with the

adiabatic energy losses. The three spectra correspondfépedit jet kinetic luminosities.

The shells involved undergo lateral and longitudinal exgi@m. The shells are injected with
internal energy, creating a much different spectrum froensia figure 3.5.(see table 3.2 for

parameters).

Table 3.2: The parameters used for multiple ejections jet with adialEtergy losses.

Parameter fig 3.5 fig 3.6
[0} 50 5°
6 40° 40°
D 2 kpc 2 kpc
Lw 1x100J/s 1< 107830 /s
I min 15 15
I max 2.0 2.0
Iscale 0.2 0.2
Ue 0.33 0.33
Ug 0.33 0.33
Uth 0.33 0.33
Efrac 0.0 0.01
dtin ~1s ~1s
Sim. Duration 5¢< 10% s 5x 10*s
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On the other hand, the spectra given in figure 3.6 illustrate it is possible to obtain
flat/inverted spectra even with adiabatic energy lossesdailace. In order to achieve this,
it is necessary to inject the shells with some internal enetg other words, when the in-
ternal shocks are used to produce the internal energy, phisnish the adiabatic losses, a flat
spectrum cannot be obtained; however, when the internakstare used for the energy replen-
ishment only, the flat/inverted spectrum is recovered. Hection with the internal energy is
not that far from the “real” picture because one would expleejet plasma to be emitting from
the moment it is ejected into the jet. However, the intermedrgy scaling does lead to a free
parameter in the simulation and worth constraining.

We can also note in figure 3.6 that the flux is correlated wighjét kinetic luminosity. This
is becausé& .4 is scaled according to the relativistic energy of the shdtlich is related to the
mass and the bulk Lorentz factor of the shell; the mass isrikgr@ on the kinetic luminosity
(see equation 2.51), which ultimately means that a highddipetic luminosity creates shells
with higher internal energy, thus producing greater fluxe filgher energy density also means
that a shell would be optically thick to higher frequenci&sie effects of the jet kinetic lumi-
nosity on the flux (and the spectrum) are degenerate Bfith. parameter: a lower luminosity
jet, but with higher &4 value can produce similar results. This degeneracy extenday
parameter that influences the internal energy of a shellj@ttion; for instance, the jet open-
ing angle and the shell length,dz¢) Will also influence the form of the spectra obtained. The
spectra show in figure 3.6 conform approximately to the i@at=, 0 L3714, This is in agree-
ment with the relation found analytically by Falcke and Biann (1995); Heinz and Sunyaev
(2003), statingF, O LG,

The flat/inverted spectra produced have shown other irttegesorrelations: both the high
and the low frequency turnover points in the spectrum cpoed to certain jet properties. The
high frequency shifts to higher frequencies with an inceeiaisthe jet power (mainhLyy, but
alsoE¢rac). The high frequency break scales approximatelywgs? L\7V0'6, which is remarkably
close to previously observed and calculated relation,af L\7V°~7 (Falcke and Biermann, 1995;
Markoff et al., 2003; Heinz and Sunyaev, 2003). The low frequency turnarethe other hand,
is also affected by the jet luminosity, but the re-energizaby the internal shocks appears to
play the biggest role: both the number of shells presentéarjghand the collision radii of the
shells influence the low frequency turnover.

3.2.2 Impact of approximations the flat spectrum

Section 2.3.4 showed how the approximations for variousrinatl shock quantities differ from
the exact calculations. Here, we can see what, if any, inthase approximations have on a flat
spectrum. The spectra presented in figure 3.7 show a coropasfhow the flat spectra differ
depending on whether we are using the exact solution ($e2t4) or the approximation for
the merger Lorentz factor. (The simulation parametersdegtical to those used for figure 3.6
when the jet luminosity is £8 J/s.) The “exact” also includes the correction for the nmigsi
Lorentz factors in the internal energy formula. We can seg¢ titre corrections do not change
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Figure 3.7: The plot shows a comparison of the flat spectra obtained wehetsing exact
solutions outlined above or the approximations.

the spectrum drastically and in fact help obtain a flattecspen at lower frequencies. This is
because the corrections have improved the collision effftdés. However, it is worth noting
that the parametdEs,,c, the internal energy which the shells are injected with osparable
to the amount of internal energy generated in the mergerstifl" range of 1.5-2). The
parameterEs 4 therefore requires attention. In other words, if possilthe, dependence on
Etrac Needs to be minimized. This minimization may be a scenarierefb; 5 is much lower
than the internal shocks efficiencies.

3.3 Flares in X-ray binaries

By contrast to the continuous jets modelled in the previaasian, radio flares represent a very
sporadic jet. There are several examples of the radio flargoglations and repeated ejections
behaviour in X-ray binaries (Hjellming and Rupen, 1995; Iljéng et al,, 1999; Pooley and
Fender, 1997; Fender and Pooley, 2000; Ferdeal, 2009, plus more). Radio flares are
usually single events associated with a state transitiom fihe hard state to the soft state.
This is supported by the position of these flares on the hasdimtensity diagrams (Fender
et al, 2009). In the case of the source GRS 1915+105, howeverategbdarge ejections or
radio flares have been observed. A specific episode, showenddf and Pooley (2000), is of
particular interest because simultaneous mm and infraebseérvations exist. The following
section aims to model these observations.
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3.3.1 GRS 1915+105 observations

GRS 1915+105 is one the most widely studied of all the micasqus. Some of the reasons for
this include its high luminosity and variability behavioiMirabel and Rodriguez, 1994). The
source is considered to be at a distance=df1kpc (Rodriguezt al., 1995; Zdziarskiet al,,
2005), powered by & 14M., black hole (Greineet al,, 2001) and at an inclination angle of
~ 70° (Mirabel and Rodriguez, 1994; Fendaral, 1999). Eikenberngt al. (1998) observed a
correlation between the X-ray and the infra-red eventss filti-wavelength connection was
extended further by Mirabelt al. (1998), when they observed the source simultaneously in the
X-ray, the infra-red and the radio.

The observations outlined in Fender and Pooley (2000) wemged out using the United
Kingdom Infrared Telescope (UKIRT) and the James Clerk Makikelescope (JCMT). The
IRCAM3 instrument on UKIRT was used for the 2u2n observations while the SCUBA in-
strument on JCMT was used for the 13pMh observations. The quasi-simultaneous (a few
days before and after the UKIRT/JCMT observations) rad® GHz) observations from the
Ryle telescope were also used.

Fender and Pooley (2000) results show no discernible deldi @n upper limit of~ 4
min) in the rise times for the infra-red and the millimetresebvations; the radio observations
were not simultaneous, hence such comparison is not pessitile JCMT observation show
a series of mm wavelength oscillations with a quasi-peribds @3 min. Figures 3.8, 3.9 and
3.10 show some of the simultaneous mm-IR data, plus the dad@distribution, obtained by
Fender and Pooley (2000).

3.3.2 Modelling the flares in GRS 1915+105

DifferentiShocks model set ups were used to model the mm-IR-Radio 8aoegn in figures
3.8, 3.9 and 3.10. The results presented below are splitdiocpto the set up being explored.

3.3.2.1 Regular interval: without mergers

The simplest attempt at modelling these flares involves alaeg@nd uniform ¢,; between
the shell injections. All the shell properties are identi¢acluding thel” value; hence, no
collisions taking place. The injection time gap was seta#00 s, based on the periodicity of
~23 min in the observations shown in figure 3.9.

The results 0f21400s ejection interval are shown in figures 3.11 and 3. ¥¢cthrespond-
ing parameters are outlined in table 3.3. The first thing tie mothe periodicity of23 min is
achieved, as expected, for the various observing freqasndihe flux rise times are different
for the different frequencies: the lower frequency takesgyker to reach peak flux value. The
infra-red peaks do not have a slow rise. Instead, the IR pas&snstantaneously and then
decay over the=23 min interval. This difference in the rise and decay tinsedue to the initial
shell conditions: the shell size and the energy density nitesreach shell is already optically
thin to the infra-red, hence no slow rise occurs. Increa#fiedg,5c Or reducing thégcqewould
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Figure 3.8: IRCAM and SCUBA observations of the flaring events in GRS 3A1%. The

image is from Fender and Pooley (2000)

Table 3.3: The parameters used to model GRS 1915+105 flares with reigjéation interval

and without mergers.

Parameter Figures 3.11, 3.12
¢ 5°
6 70°
D 11 kpc
Lw 1x 1031 J/s
r 2.0
Iscale 0.3
Ue 0.5
up 0.5
Uth 0.0
Xshock 0.0ls
Etrac 0.15
dtinj ~1400 s
Simulation Duration ~35x10s

Adiabatic Losses

yes
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Figure 3.11: The mm and the IR light curves produced by regular injectitanval (= 1400s)
with no collisions taking place.
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result in a much more energy dense shell, which may be optitatk to the IR frequencies
at the start. Unfortunately, this cannot be allowed in tmeusation shown here without cre-
ating shells with an unphysical energy density. One way tagaund this problem would be
to allow longitudinal expansiorug, # 0.0): this is explored in the later scenarios. However,
the longitudinal expansion needs to be suppressed here mgngers are taking place. Even
though the periodicity is achieved with this simple set te, flux is not high enough to model
the flares observed in GRS 1915+105. The low flux can be at#dibio a couple of factors: the
E+rac Value, and the adiabatic losses without any means of reggaéion. Obtaining higher
flux values with the help of re-acceleration is exploredHartin section 3.3.2.3.

3.3.2.2 SinusoidaMgpe: Without mergers

The previous section showed that it is possible to obtainotiserved periodicity by using
discrete massive ejections (simply hardwired in the patarag The following section ex-
plores the possibility of a more continuous variability iretform of shell mass variations. The
shell mass is varied with the periodicity £f1200 s and the injection frequency is set at 1 Hz
(dtinj ~ 1 s). The shell mass variation is show in figure 3.13, whilegi@ameters are outlined
in table 3.4. The idea behind this sort of variation is that shell injection is continuous, but
the shell mass varies in a way to give the impression of aelisenassive ejection.

The IR-mm-radio variability is illustrated in figure 3.14. nCe again the periodicity is
achieved, plus the similar rise times for the different treqcies. However, the flux values still
remain low and the reasons for this are similar to the onesdir outlined in section 3.3.2.1.
Even with the shortcomings in the flux values, this is an exgitesults as we can see how
it may be possible to obtain similar (and almost simultasg¢aise times for very different
frequencies.

3.3.2.3 Pseudo-Random shell properties: with mergers

The previous two sections (3.3.2.1 and 3.3.2.2) have shawnthe periodicity and the rise
times seen in the GRS 1915+105 flares can be reproduced; agviiee flux normalization
remained too low. The following section attempts to addtlkasproblem.

As mentioned before, larger flux values can be obtained if@coeleration mechanism is
present, in addition to having high&k,c values; the higheEs . values necessitate longitu-
dinal expansion to stop the individual shells from reachinghysical energy densities. These
requirements are reflected in the parameters presentellin3a. The periodicity in this case
is achieved by, once more, settint,dto ~1300s. Also the variation ifi, picked randomly
betweern ,in andl nax Means that the collisions/mergers take place.

The results are show in figures 3.16, 3.17, 3.18, and 3.18tiifiting the mm, IR and radio
light curves respectively. For a comparison with the prasisection, figure 3.15 shows the
mass distribution of the injected shells. It should be naked mass distribution of the shells
in the jet will be different from that of injected due the merg taking place. The first point to
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Table 3.4: The parameters used to model GRS 1915+105 flares with sohalsghell mass
and without mergers.

Parameter Figures 3.16, 3.17, 3.18, 3.19
¢ 5°
C] 70°
D 11 kpc
Mshell ~0—1x 103 kg

r 4.0
|scale 0.3
Ue 0.5
Up 0.5
Uth 0.0
Xshock 0.0ls
Efrac 0.1
dtin ~1s
Simulation Duration ~1x10*s
Adiabatic Losses yes
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Figure 3.15: The shell mass distribution with pseudo-random shell pridge
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Table 3.5: The parameters used to model GRS 1915+105 flares with psandom shell
properties and mergers taking place.

Parameter Figures 3.16, 3.17, 3.18, 3.19
¢ 5°

6 70°

D 11 kpc
Lw 1x10° J/s

I min 2.0

I max 4.0
|scale 0.4
Ue 0.33
Ug 0.33
Uth 0.33
Xshock 0.0ls
Efrac 0.5
dtin ~1300 s
Simulation Duration ~13x10Ps
Adiabatic Losses yes

note about the results presented here is that flux value$iéaditferent frequencies are in the
range that were observed in the GRS 1915+105 repeatedogiectiowever, the peaks are not
uniform. This is caused by the collisions taking place arddifferent merger efficiency results
in different flux values. The mergers also mean that peritydaf the peaks is different from
that of the injected shells: the mm-IR periodicitys4250 s. However, the radio frequency
periodicity is very different. The radio light curve in figriB.18 shows how for the same time-
scale as figure 3.16 and 3.17, the radio peak periodicity ishnanger. The longer time-scale
radio light curve in figure 3.19 illustrates the extremelpdoand quite aperiodic nature of the
radio emission. The radio emission behaviour is influencealvity by the mergers: the re-
energization makes the shells optically thick to the radeégfiencies and with many collisions
taking place, the radio rise times are lengthened gredify l{ght curve is the summed total of
the emission from the entire jet at any given time).

3.4 Conclusions

3.4.1 The flat spectrum

The results presented in this chapter show how it is possilleproduce a canonical flat spec-
trum even when a discretized jet is used. We have also showrtlfeflat/inverted spectrum
is also reproducible if the internal shocks are used for tieggy replenishment. If the internal
shocks are used for the initial electron acceleration, gnatforeplenishing the energy losses,
the spectra become highly inverted £ 0).

The multiple internal shocks created by the multiple efewiinto the jet volume can
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provide a considerable amount of energy to the shells. Thelteeshow that even with an
essentially random distribution of the shell velocitiesd ahe injection times, adequate re-
energization is possible: the flat/inverted spectrum iseaeu. This is an important result in
furthering our understanding of the jet physics. We have aken that the high frequency
break in the flat/inverted spectra is correlated with thegter; the lower frequency turnover
shows dependence on the number of shells present in thegdtition to their collision radii.
Further investigation is required to quantify, fully, thelation that may exist between the jet
properties and the various break frequencies. Howevembitsak frequency correlations seen
thus far, are in agreement with the theoretical predictaswell as the observations.

The results outlined above also hint at being able to tieithimg properties (the X-ray with
the optical in the case of X-ray binaries) to the jet physitshould also be possible to link the
shell properties (such as the time gap between the ejectiothshe bulk Lorentz factor) with
the X-ray timing information. A crude attempt at this was mdzy modelling the repeated
ejections from GRS 1915+105.

3.4.2 The flares in GRS 195+105

Modelling the flaring behaviour gave an interesting insigid just how complex that picture
really is. At face value, the infra-red and the millimetraalgive the impression of large ejec-
tions from the source. The data, however, are not reprotiuvitih this kind of a scenario. The
closest match to the GRS 1915+105 behaviour was seen whehéd¢henasses were made to
vary sinusoidally, rather than with the straightforwardipdicity in ejection times. The main
drawback of the sinusoidal mass picture is the flux normtdinebeing too low. “Correct” flux
values could be obtained with the re-accelerating mergdigsgd place, but the periodicity of
the light curves was lost (especially at the radio frequesici This suggests that the “repeated
massive” ejections scenario is some combination of thesstnpresented here (that is, the
masses could be varying with time, plus the re-energizatikimg place, but perhaps not in the
form of the discrete mergers modelled here).

The jet timing properties and how it may be possible to tieXhmy timing information with
the optical light curves are explored further in the nextptba



Jet timing analysis

The following chapter delves a little further into explagithe timing properties of X-ray bina-
ries and their jets. The salient timing properties of thes&ees are outlined with the current
models for explaining these data. The tools and technigpesifgc to this investigation are
outlined as well. The results from th§hocks simulations are also presented.

4.1 Optical/X-ray Correlations in XRBs

Some of the key X-ray binary timing properties were outlinedhapter 1 (specifically section
1.2.3). The following work focuses on one particular aspédhe various relations exhibited
by the XRBs: the optical/X-ray correlations.

The first question would be: why focus on these correlatidradla The main motivation is
that these correlations are quite likely to be the best wayrabe the disc:jet connection from
the inner parts of the disc, nearest the black hole: the X-aaiginate from inner, hotter parts
of the disc, while the optical emission is from the inner paftthe jet. Thus, these correlations
are a window into the regions very close to the black hole. dther motivation for focusing on
these correlations, in the present work, is the fact thakthee still many unexplained results
of optical and X-ray timing which require attention.

The simultaneous X-ray and optical observations of thesteart source XTE J1118+480
have provided one of the best and earliest examples of theat/ptray correlated variability
(Kanbachet al., 2001) (also see Hynest al, 2006). Similar behaviour has now also been
observed in the source GX 339-4 (Gandhal., 2008). In the case of XTE J1118+480, the X-
rays and the optical show a very distinctive correlatione dptical emission shows a lag (with

59
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Figure 4.1: The optical vs. X-ray CCFs for XTE J1118+480 for a varietyiofé-scales. The
pre-cognition dip and the positive lags can be seen at alatiaie time-scales. The image is
from Malzacet al. (2003).

respect to X-ray) of a few tens of milliseconds. The rapidalzlity of the optical emission
has meant that it is not considered to originate from the optital emitting outer part of the
accretion disc. The re-processing of the X-rays from thesiopart of the disc is also ruled
out on the basis of the auto-correlation functions: if théagbh emission is the re-processed
X-rays, the optical auto-correlation function should bel@ithan that of the X-rays; however,
the opposite is observed.

Among other interesting properties, the optical/X-ray ssaorrelation function (CCF)
show a dip before a sharp rise associated with the positiye—-tathe “pre-cognition dip”.
In other words, the optical emission shows a dechieéorethe rise in the X-rays. This kind
of pre-cognition re-enforces the case against the re-psigg scenario, in addition to present-
ing an extremely interesting problem. The CCFs show the da@h@viour on a variety of
time-scales (Malzaet al., 2003): this is illustrated in figure 4.1.

Even though the source GX 339-4 shows similar behaviourethee also some quite inter-
esting differences (figure 4.2). The main one being that tKe3@9-4 CCF is a mirror image
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Figure 4.2: The optical vs. X-ray CCFs for GX 339-4 on different nightsheTlinset shows
the average CCF. The image is from Ganelhal. (2008).

of the XTE J1118+480 CCF. That is, there is a slow rise and gosihecline in the CCF rather
than the vice versa observed in XTE J1118+480 (see figure 18 pre-cognition dip also
does not appear as distinct, plus there is another dip &ftgodsitive lag peak. The time-scales
also appear to be longer; however, as we saw in the case of XTE3480, a variety of time-
scales were present for the CCF. Gareltal. (2008) on the other hand do not present any such
detailed analysis, but this does not rule out GX 339-4 peasgdonger time-scales as well.
These, however, are not the only sources that exhibit thieaeacteristics; SWIFT J1753.5-
0127 has also been observed to show similar, and quite stitege optical/X-ray correlations
(Durantet al, 2008), demonstrating the possibility that these cori@iatcould be inherent to
the disc:jet geometry rather than a quirk of a particularseu

4.1.1 Current models

Current the most successful explanation of the source XTE8#480 optical/X-ray behaviour
has been provided by Malzaat al. (2004). They suggest an energy reservoir model for ex-
plaining the various optical/X-ray correlations. A verydirdescription of this model is given
below.

Malzacet al. (2004) use a simple analogy of a tall water tank with two dst(ene large
and one small; large outlet has a valve on it) and one inlete [&lge outlet represents the
jet power, the small outlet represents the X-ray power, &edrilet is the power coming into
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the energy reservoir that feeds both the jet and the X-réagspptical emission is assumed to
come from the jet via the synchrotron emission. The jet paiverefore has an influence on
the X-ray output and vice versa; hence, a rather complexetation. The authors state that
the model is independent of the exact nature of the energyvais. However, they propose a
scenario where the magnetic energy constitutes the enesgyvoir.

The time dependent aspect of the model is determined by Hsgpdtion rates, for both
the X-rays and the jet, that link the time-dependent jet pdiard the X-ray power) with the
energy available to these outputs. The dissipation rates ile power input are allowed to
fluctuate randomly and the values that best fit the obsen&twe chosen. The fluctuation is
assumed to have a shot noise profile.

The authors are able to reproduce many of the XTE J1118+486a0/X-ray correlation
behaviours and provide the best fit parameters. This modehbibeen applied to the source
GX 339-4 data, thus the differences between these two sohanes not been explained. The
authors also concluded that these correlations arise iadbjainated regime. In other words,
the jet power is much greater than the X-ray luminosiy(>> Lx) — an exciting and orig-
inal result at the time. However, due to the complexity of thedel, it is not surprising that
the parameter-space exploration was not exhaustive. Tinailel is therefore excellent for
explaining the XTE J1118+480 observations from a phenotogigal point of view, but the
physical interpretation of such a model remains probletnati

Another interesting property of XTE J1118+480 data is thataptical flux scales not only
with X-ray count rate, but also the X-ray variability (Makzat al, 2003). Specifically, the
optical emission is correlated with the rate of change inXhmys. Malzacet al. (2004) are
able to reproduce this with the aide of a randomly fluctuapiagameter that gives their model
the time-dependent property. The optical lags are alsolgimgsumed to occur due to the
matter injected into the jet emitting photons after a givieret The upshot therefore is that the
Malzacet al. (2004) model has been an excellent starting point for abpttenomenological
understanding of these correlations, but more physicalettiad is necessary to complete the
picture.

4.2 UsingiShocks to model optical/X-ray relation

TheiShocks architecture, with the shell structure plus the gharin the shell bulk Lorentz
factor and the shell mass influencing the merger properigegleal for exploring the X-ray
optical correlations. If one considers the X-ray data to beeatated with accretion rate then
this can be translated into the jet properties, and subsdéguiae shell properties. Also, in
order to explore the observed X-rays rate-of-change catioel with the opticaljShocks can
be used to simulate the rate-of-change of the shell prgsednd see how this impacts the
optical.
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Figure 4.3: The flow-chart shows the various steps involved in genegatie shell Lorentz
factor and the shell mass time-series, which is then useldeiiShocks model. The optical
(or the required frequency) data can then be used to cagreldh the simulated X-ray or
the shell properties time-series data. The end resultsabt@min the optical/X-ray(simulated)
correlations.

4.2.1 Generating the time series

The main technique used in the following chapter, which tais/at been outlined, is the time
series (light curve) simulation. Timmer and Koenig (199&sented a very useful method for
the simulation of light curves. The same method is adapteel thegenerate the shell mass and
the bulk Lorentz factor time series (Uttley, 2009).

The first step in the time series generation is obtaining tveep density spectrum (PDS).
An underlying power spectral model and its normalizatioa emosen to model the PDS. The
models can take a variety of forms, such as: Lorentzianseptaw, and/or any combination of
the two. Then at each Fourier frequency, two Gaussianiaiséd random numbers are drawn
and multiplied by the square root of half the power spectrabet value at that frequency.
These two numbers represent the real and the imaginary @fattte Fourier transform of the
simulated data. The Fourier components for the negatipéecies have to be chosen such
that they are the complex conjugate of the positive fregiesncthis is required to produce
real valued time series. The inverse Fourier transform efdimulated data then yields the
simulated light curve. The simulated light curves form ad@m subset of the all the possible
light curves for a given power spectral model. Figure 4.2dvwss the various steps involved in
the whole process.
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Figure 4.4: The XTE J1118+480 X-ray power spectrum. The image data hais &eracted
from Malzacet al. (2003).

The process used for generating the X-ray light curve cam lag¢sapplied to generate the
shell mass and the bulk Lorentz factor time series. Theseewer, require further constraints.
The mass time series is normalized to unity and does not detgwzero. The user-set shell
mass is then used to scale the shell masses for the simul&tf@bulk Lorentz factorl{sp)
is constrained to be greater than unity and then scaledasigniio the shell masd; g, is also
weightedaccording to the mass “flux” in a given time bin. That is, a leigkhell mass also
results in a higher bulk Lorentz factor. This is done due ®riativistic energy relationship
(E = I'shMsic?) between thd s, and the shell mass; without any data on how these quantities
may scale together, this is a first order modelling of suchatiomship. Thd g, and the My
time series can be modelled using separate Lorentzianglotibd to an arbitrary combination
of Lorentzians and broken power-law power spectral comptme

The time series, apart from the two simple set-ups presentsdctions 4.3.1 and 4.3.2,
have been generated in order to model the X-ray PDS obsenvgdk J1118+480 (Malzac
et al, 2003); this is shown in figure 4.4. Such a power spectrum eapproximated using two
Lorentzians (one Lorentzian at 0.01 Hz and another at 0.IJoHaYoroken power-law (with the
high frequency break at 0.1 Hz and the high frequency slode4fthe low frequency break
can be set at 0.001 Hz and the mid-frequency slope of 0.1holild be noted that we do not
aim to do detailed fitting of the power-spectrum, but ratieemiike a qualitative fit to study the
possible links between the X-ray variability and the ogtemission.
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4.2.2 TheiShocks set-up

The previous chapters outline how it is possible to repredine canonical flat/inverted spec-
trum using thaShocks model. The following investigation shows that oudei@an be used
to understand the optical/X-ray correlations better. With shell mass and the bulk Lorentz
factors affecting the flux directly, the model lends itsedfturally to such a study. This study
will be the first attempt to tie the jet physical propertieshathe timing properties.

As mentioned earlier, the optidallux is correlated with the rate of change in the X-rays.
In our model, this rate-of-change can interpreted as thegdan the shell mass or the shell
bulk Lorentz factor, which then may be correlated with théiag flux; the previous section
outlined how thd ¢ and the My, time series can be produced based on the X-ray variability.

It has been shown that the internal energy plays quite an ri@porole in achieving a
flat/inverted spectrum (see chapter 3). The timing propertieing modelled below are gen-
erally found in the hard state of the X-ray binaries: a flagned spectrum is typical of such
a state. Therefore in order to be consistent with the parmmessential for obtaining such a
spectrum, most of the simulations presented below haventeenal energy injection active.
The scaling fractionEs4c, for various simulations are outlined in the respectiveapasters
tables.

Injecting the shells with internal energy, however, leawa timiting, but necessary model
constraint on the shock locatiorsfocy. This is the arbitrary location along the jet which marks
the point of shell energization (for the initial internalexgy injection). In the simulations
presented in the previous chapters, this shock locationset be either zero or kept small
(~ 0.1s in light travel time). In the present simulation this lboa needs to be a little further
along 0.5 light seconds) the jet for a couple of reasons. Firdilyshell sizes are a lot smaller
in the present simulation, compared to flat/inverted spectsimulation due to the smaller
injection interval (diy;). By allowing these shells to move further along the jetytbecome
slightly larger before being injected with the internal ggye thus avoiding the jets reaching
unphysically large energy densities. The flat/inverteccspen, however, is still reproducible
with these parameters; the shell energy (injected andeegezed) influence the high frequency
break in the overall spectrum.

Secondly, the shell bulk Lorentz factors are smaller heme th previous simulations (chap-
ter 3). That is, the maximum value is set be lowl(2). This means that a longer delay is
required for the shells to move away from the source withoei&iting a pile up. By having the
shock location a little further out, the longitudinal expam is delayed as well, avoiding all
the collisions taking place at the source itself. The lowkliorentz factor values are used to
moderate the collisions location along the jet: with the-sabond cross correlation values and
high variability, the collisions need to happen at quite kmnaalii. The lower BLF values for a
jet have also been found by other authors [for example seeddat al. (2009)]

For a more physical interpretation, however, the arbitistrgck location can be thought of

lthe optical here, and other places in this chapter, correpto the wavelength of 450 nm in the visible light
range (frequency of 7 x 104 Hz)
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as the size/location of the jet “nozzle” put forward by vascauthors (Falcke and Biermann,
1995; Falcke, 1996; Marko#t al,, 2001). The jet nozzle is considered the zone where the ini-
tial plasma acceleration takes plac8hocks differs from the other simulations by considering
several other re-energizations via the mergers. Of coatgeently the size of this nozzle or
shock-location cannot be constrained directly from obstons and is a free parameter in the
simulations.

4.3 Results

The following section presents the results obtained foragypcing the kind of X-ray and opti-
cal timing behaviour seen in the sources XTE J1118+48 and 8X43 The main focus shall
be on XTE J1118+480, with a rather brief look at how the pietimoks for GX 339-4.

The sections have been split according to the combinatiggameters used for the sim-
ulation: the shell mass and the bulk Lorentz factor are caetbiin a variety of manners to
explore this parameter space.

4.3.1 Mass variable; constanf s,

The first and the simplest scenario to explore is the one watkhrell collisions taking place:
all the shells are injected with the same bulk Lorentz faetml the thermal (longitudinal ex-
pansion) is suppressed. The adiabatic energy losses ageinedelled. This does mean that a
flat spectrum would not be achievable, but gives an idea oftogwoceed further.

The mass time series was produced using the techniqueseamliin section 4.2.1: two
Lorentzians (0.1 Hz and 0.01 Hz) were used to model the popeatsum (the other simulation
parameters are outlined in table 4.1). The resultant dpticg CCF is shown in figure 4.5. The
first point to note is that the optical light curve lags thelsimass time series by0.95 s with
a strong correlation. This strong symmetric correlationas a surprise as no shell collisions
are taking place. As it will be shown later, shell collisiomse a major source of variability
in the optical light curve. In this simulation, the opticayht curve simply traces the input
mass variation, with the lag reflecting the delay due to tleeklhocation and the time the shell
emission takes to peak at the observed frequency.

4.3.2 T gnvariable; constant mass

Next we consider the case where the shell bulk Lorentz faciog varying. Similarly to the
previous scenario, the shell bulk Lorentz factor distiititis modelled using two Lorentzians
(0.1 Hz and 0.01 Hz); the shell mass in this case is kept conatd x 10! kg. (The variation
in I'sp will also mean variations in the jet powdTssMshc?, similarly to the case where only
the mass is varying.) The other simulation parameters alaed in table 4.2. The optical-
I'sh CCF shown in figure 4.6 display an interesting behaviourrethe not only an expected
positive lag for the optical emission, but also an anti-elation. The cross correlation is also
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Figure 4.5: The optical-Mass cross correlation function with no cadiiss taking place. The
optical light curves lags the mass times seriesJy95 s

Table 4.1: iShocks parameters for modelling the optical variabilitghaio collisions taking

place
Parameter fig 4.5
High Freq. Lorentzian 0.1 Hz
Low Freq. Lorentzian 0.01 Hz
¢ 5°
6 70°
D 1.9 kpc
Lw ~1x10°J/s
I min 13
I max 1.3
dl 1x10°m
Ue 0.5
U 0.5
Uth 0.0
Efrac 0.01
Xshock 0.1ls
dtinj 0.1s

Sim. Duration

x 103 s
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Table 4.2:iShocks parameters for modelling the optical variabilityhwanly the bulk Lorentz
factor varying and constant mass.

Parameter fig 4.6, 4.7, and 4.8
High Freq. Lorentzian 0.1 Hz
Low Freq. Lorentzian 0.01 Hz
¢ 5°

6 7
D 1.9 kpc
Lw ~1x10%%J/s
I ave 1.1
Msh 1x 10' kg
dl 1x10°m
Ue 0.33
Ug 0.33
Uth 0.33
Efrac 0.01
Xshock 0.5I1s
dtinj 0.1s
Sim. Duration x10° s

asymmetric (c.f. figure 4.5). The positive lag can once abaimttributed mainly to the time
taken for the shells to peak at the observed frequency. Tlkellowentz factor will play a part
in that due to the scaling of the internal energy with theltmtativistic energy of the shell.
The anti-correlation behaviour, however, is a bit more claxp

The optical light curve and the bulk Lorentz factor time ssrare shown in figure 4.7. It is
evident from the CCF that an extra level of complexity hashbedded by the mergers taking
place. The shell collisions create extra variability in thsultant optical light curve, which also
shows in the optical periodogram in figure 4.8. There aretamdil time-scales in the optical
light curve compared with the BLF time series, although tareynot obvious in the time series
and the light curve shown in figure 4.7. The average distaeteden the peaks for the bulk
Lorentz factor is~10 s, whereas the optical light curve shows additional paaksilf the time
scale; the time-scales are a little clearer to see in thegegram shown in figure 4.8. The
additional peaks in the optical light curve end up being-aatrelated with theé g, time series.
The additional time-scales in the optical light curve isr@di result of the numerous collisions
taking place in the jet at various length scales. In factctiisions at different radii along the
jet complicate the correlation further as different lengttales correspond to different times
scales. For this reason effort was made to keep the majdrttyeccollisions in the inner parts
(<10 light-seconds) of the jet, by setting the average shéil barentz quite low (for a hard
state jet).
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Figure 4.6: The opticalfF g, cross correlation function with constant mass. The optigat
curves lags thé ¢, times series by1.15 s and an anti-correlationaB.4 s
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Figure 4.8: The figure shows the bulk Lorentz factor and the optical mhrgyams. I'gp
generated using two Lorentzians (0.1 Hz and 0.01 Hz); cahstass

4.3.3 Mass and g, variable; two Lorentzians

The next step in exploring these correlations is to let bbthghell mass and the bulk Lorentz
factor vary. The shell and mass time series are generatedihyg two Lorentzians (0.1 Hz
and 0.01 Hz) to model the power spectrum, similarly to theesgwesented earlier. In the
following, both parameters (mass and BLF) are tied to bottehtzians. The mass and thg,
distribution will have an identical form; this can be seeffigure 4.9 that shows the mass and
the bulk Lorentz factor time series. The resultant OptMalss and Optical~, correlations
from the simulations are shown in figure 4.10.

The CCFs once again show an asymmetric form. The anti-etiwal seen in the previous
set-up is also present, but this time for both the mass anbutkel orentz factor, as they have
identically behaving time series. It is interesting to nitat the anti-correlation appears only
when comparing the light curve from the inner parts of thenih the massgigy, time series.
When the light curve is summed over the entire jet, this eotielation is washed out by the
other time-scales present. The rapid variability in thelshass means that shells with much
different masses are injected on quite short time-scaleswbmpared to the slow variability
in mass. Therefore there is a higher shell mass density imties parts of the jet, that is, more
of the massive shells are injected with a smaller intervdie Tombination of these factors,
plus thel g, variability, means that more collisions take place at senathdii along the jet.
The higher mass shells have a higher longitudinal expansite so the average time gap
between collisions is reduced and the collision radius bé&smmes smaller. The results of this
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jet; the top right figure shows the OpticalsCCF from the entire jet; the bottom left figure
shows OpticaFg, CCF from only the inner<{ 3 light seconds) part of jet; the bottom right
figure shows the Optical-M CCF from only the inner<€ 3 light seconds) part of jet. The
simulation parameters are outlined in table 4.3.
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additional variability can be seen in figure 4.11, in the fayfra broad QPO like structure at
~0.2 Hz, which does not appear in the mass power spectrum.ntheaise in variability time-
scales, when compared with the input parameter variatigings rise to the anti-correlation
seen in the CCF for the inner parts @8 light seconds) of the jet (figure 4.10). The collision
rate is lower (i.e. lower variability) in the outer-@ light seconds) parts of the jet. Therefore
when the light curve from the entire jet is used for the crosselation, the anti-correlation
from the inner parts of the jet is suppressed by the multitoideorrelations (or the lack of)
from the larger length scales.

4.3.4 Mass and g, variable; broken power-law

A similar time-series to the one produced by two Lorentziaas also be modelled using a
broken power-law. Figure 4.12 shows the mass and the bulritpifactor time-series used to
drive the jet and obtain the optical data. Tihg power-spectrum is shown in figure 4.13; the
mass times series has an identical form. The main differeeb&een using a two-Lorentzian
and a broken power-law spectral model is the high frequetmyes which is set to be 1.4
for the broken power-law, while the Lorentzian has a stesfme. This difference, however,
is not sufficient to change drastically the optical flux bebax, hence, the CCFs shown in
figure 4.14 show a very similar behaviour to the one seen ®c#se of two-Lorentzian power
spectrum modelling. The optical power spectrum from theirpart of the jet (figure 4.13) is
also very similar to the one seen for the two-Lorentzian c&s@y the optical-My correlations
are shown in figure 4.14, as the opti¢al has identical form. Just like in the two-Lorentzian

Table 4.3:iShocks parameters for modelling the optical variabilityhadioth the bulk Lorentz
factor and the shell mass varying using two Lorentzians.

Parameter fig 4.10
High Freq. Lorentzian 0.1 Hz
Low Freq. Lorentzian 0.01 Hz
¢ 5°
6 7°
D 1.9 kpc
Lw ~1x10%°J/s
I ave 1.1
AvgMgh 1x 101 kg
dl 1x10°m
Ue 0.33
Us 0.33
Uth 0.33
Efrac 0.01
Xshock 05l1s
dtin; 0.1s

Sim. Duration x 1P s
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Figure 4.11: The optical periodogram (from the inner part of the je8 Is) showing a broad
QPO, at~0.2 Hz, due to the additional variability resultant from thalisions. The shell

mass periodogram is also shown. Two Lorentzians (0.1 Hz &bt I8z) are used to model
the time series, with both the shell mass and the bulk Loractor varying.

setup, the anti-correlation is present only in the innet pathe jet and washed out on longer
time-scales when the entire jet is considered. This demagast not only the similarity in
the shell Mass and the shell bulk Lorentz factor time serigstiver modelled using a broken
power-law or two Lorentzians, but also the optical emissiatependence on the input time
series.

4.3.5 Mass and g, variable; two separate Lorentzians

The previous two sections (4.3.4 and 4.3.3) have preseasedts with thd s, and My, times
series modelled in an identical manner. However, it is fsdb generate the mass and the
bulk Lorentz factor time series by associating these twampaters with different frequency
Lorentzians. Although the separation of these parameatesadh a way complicates the corre-
lation, recent evidence suggests there might be merit ifoerg this scenario. Wilkinson and
Uttley (2009) have found evidence of the disc component sigpwore variability, especially
on long time-scales (i.e. the low frequency Lorentzianyntthe power-law component in the
hard state. This suggests that quite different componénie@ower-spectrum can be varying
separately. This kind of set-up can therefore be explorelinking different power-spectrum
components with different shell properties. Figure 4.18vwghthe bulk Lorentz factor and the
shell mass time series when the mass and thhare tied to separate Lorentzians. The figure
illustrates how the time-scales in the mass and the bulkritariactor are influenced heavily
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Figure 4.12: The figure on the left shows the mass time series; the figura@right shows
the sy time series. A broken power-law is used to model the PDS ameérggée the time
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Figure 4.13: The optical periodogram from the inner pa#t 8 light seconds) of the jet, plus
the shell bulk Lorentz factor periodogram when a broken peaw is used to model the time
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Figure 4.14: The cross correlation functions when a broken power-lansediuto model the
I'sh and the My, time series. The left figure shows the OpticalyMCCF from the entire jet;
the right figure shows the Optical-dMICCF from only the inner< 3 light seconds) part of jet.
The opticalF s, CCF has an identical form. The simulation parameters arinedtin table
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Table 4.4:iShocks parameters for modelling the optical variabilityhadioth the bulk Lorentz
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factor and the shell mass varying using the broken power-law

Parameter fig 4.10
Broken P-Law Mid. freq slope 0.1
Broken P-Law Hi. freq slope 1.4
Broken P-Law Hi. freq break 0.1 Hz
Broken P-Law Low. freq break 0.001 Hz
¢ 5°
0 70°
D 1.9 kpc
Lw ~1x107°J/s
I ave 1.1
AvgMsh 1x 101 kg
di 1x10fm
Ue 0.33
Ug 0.33
Uth 0.33
Efrac 0.01
Xshock 0.5I1s
dtin | 0.1s

Sim. Duration x 103 s

20
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Figure 4.15: Top left: the mass time series when tied to 0.01 Hz LorentZiap right: the
I"shtime series when tied to 0.1 Hz Lorentzian. Bottom left: thesmtime series when tied to
0.1 Hz Lorentzian. Bottom right: thies, time series when tied to 0.01 Hz Lorentzian.

by the Lorentzian frequency.

Figures 4.16 and 4.17 show the CCFs for the two of the possdttaps (when two Lorentzians
are being used): (1) the mass tied to the low frequency Loi@m{0.01 Hz) only and ¢, to the
high frequency Lorentzian (0.1 Hz), (2) the mass tied to igh frequency Lorentzian (0.1 Hz)
only andr g, to the low frequency Lorentzian (0.01 Hz). The CCFs for thesteups elaborate
further the origins of both the positive lag and the antiretation.

WhenT ¢p is modelled with a high frequency Lorentzian andyWith the low frequency
Lorentzian, a certain fraction of the total number of shellision take place at radi3 light
seconds due to the average collision time-gap being infeceioy not only the differences
in the shell velocities, but also the longitudinal expansiate (affected by the shell mass).
This fraction increases when dMlis modelled with the higher frequency Lorentzian instead,
because on average there is a smaller time gap between mesivenahells and their faster
longitudinal expansion velocity results in them collidisgoner. This shift in the collision
radius is reflected in the optical power spectra shown in @gui8. The inner radius collision
are more energetic and can have a large influence on the pohnes, the different power
spectrum shape depending on the where the shell collisrertaking place. The higher optical
variability, as a result of higher M variability, results in the optical~, anti-correlation shown
in figure 4.17. The same anti-correlation is present, bug iat as strong, whehg, has the
higher variability (0.1 Hz) instead because, in this setibpre are fewer energetic collisions
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Figure 4.16: The cross correlation functions when thg, is tied to the high frequency
Lorentzian, while the mass is modelled with the low frequelnarentzian. The top left figure
shows the Optical-s, CCF from the entire jet; the top right figure shows the Optidal,
CCF from the entire jet; the bottom left figure shows OptiCal-CCF from only the inner<

3 light seconds) part of jet; the bottom right figure shows@mptical-Ms, CCF from only the
inner (< 3 light seconds) part of jet. The simulation parameters atined in table 4.5.

at smaller radii (figure 4.16) when compared to the higheiatdity in M gp.

Just the way the opticdls correlation is influenced by the collisions radius, the cgdtiMgp,
correlation is also subject to where (and how often) thel stodlisions take place. The broad
optical-Msn, CCF shown in figure 4.16 is symptomatic of the collisions nigkplace on larger
length-scales, resulting in longer time-scales. Howeter,narrower correlation peak seen in
figure 4.17 shows that fewer collisions are taking place agév time-scales. Interestingly,
the optical-My, correlation from the entire jet (figure 4.17) is the closest o the kind of
correlations observed in XTE J1118+480. Unfortunatelye thuthe highly symmetric nature
of these correlation, it is difficult to consider this “pregnition dip” significant. The lag,
however, remains similar to the observed lags.

Although the looking at the opticdlsy/M correlations can be very informative, a more
physical point of view would be from the optical/X-ray(simulated) €Gnstead; these are
shown in the figure 4.19 for the simulation set-up presentethis section. The simulated
X-ray light curve generation technique was outlined inieect.2.1. The main difference here
is that the X-ray light curve is generated using all the pesmactral components, instead of
being tied to the individual components. The optical/X-@yrelation show that when the
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Figure 4.17: The cross correlation functions when the mass is tied to tpke fiequency
Lorentzian, while thd g, is modelled with the low frequency Lorentzian. The top lejfufie
shows the Optical-s, CCF from the entire jet; the top right figure shows the Optidal,
CCF from the entire jet; the bottom left figure shows Opticgl-CCF from only the inner<
3 light seconds) part of jet; the bottom right figure shows@ptical-Ms, CCF from only the
inner (< 3 light seconds) part of jet. The simulation parameters atkéned in table 4.5.
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Figure 4.18: Left figure: The optical periodogram whdry, is modelled with a 0.1 Hz
Lorentzian and M, with a 0.01 Hz Lorentzian Right figure: The optical periodagrwhen
Mg is modelled with a 0.1 Hz Lorentzian angy, with a 0.01 Hz Lorentzian
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Optical:X-ray CCF

Table 4.5:iShocks parameters for modelling the optical variabilityhaioth the bulk Lorentz
factor and the shell mass varying, but tied to separate lipiars.

Parameter fig 4.16 fig 4.17
Mgh Lorentzian 0.01 Hz 0.1Hz
Ish Lorentzian 0.1Hz 0.01 Hz
¢ 50 50
C] 70° 70°
D 1.9 kpc 19 kpc
Lw ~1x100J/s ~1x10%0J/s
I ave 1.1 1.1
AvgMgh 1x 10?2 kg 1x 10* kg
dl 1x 1P m 1x10°m
Ue 0.33 0.33
U 0.33 0.33
Uth 0.33 0.33
Etrac 0.01 0.01
Xshock 0.5I1s 0.5I1s
dtin 0.1s 0.1s
Sim. Duration x10% s 1x 1% s
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Figure 4.19: Left figure: The optical/X-ray(simulated) cross-corr@at whenr g, is mod-
elled with a 0.1 Hz Lorentzian and {iwith a 0.01 Hz Lorentzian Right figure: The optical/X-
ray(simulated) cross-correlation periodogram whegp i modelled with a 0.1 Hz Lorentzian
andl s, with a 0.01 Hz Lorentzian
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Figure 4.20: A Histogram of the Lorentz factors for the simulations presel above. The
histogram shows how the Lorentz factor distribution changéh different power-spectral
models. Redi” = 0.1 Hz + 0.01 Hz, M = constant; blu€: = 0.1 Hz, M = 0.1 Hz; greenl’
=0.01 Hz, M = 0.1 Hz. The frequencies correspond to the Laiantfrequencies used in the
PDS modelling.

mass is varying rapidly, the correlations that are remdykaimilar to the observed ones can
be reproduced.

4.4 Discussion

The results in this chapter show an array of correlations l@tthviours. Only the relatively
simple cases were presented to show the complexity of tiadareships between the jet pa-
rameters and the output light curves.

Before discussing further the various correlations presgkin the previous section, it is
important to look at the parameters that give rise to theseli® Figures 4.20 and 4.21 show
the bulk Lorentz factor distribution when different powsgrectral models are used to generate
the time-series; figures 4.22 and 4.23 show the distribationthe shell mass. The main point
is to illustrate how the distribution of these parameters loa very different depending on our
choice of the power-spectral model. This therefore leadsdalifferences observed in the CCF
and the light curves presented in the previous section.

When no shell collisions are modelled, there is a very simpteslation between the optical
output and the mass time series, which is a strong symmeaedrielation with a positive lag.
This lag, and others in the more complex scenarios, are aicatiin of the “artificial” lag
introduced by the first-shock position and the “natural” Velgich is the time interval for the
shell emission to peak at the relevant observed frequeridye [ongitudinal expansion was
suppressed in this particular scenario to avoid the shelhBaries coming in contact each
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Figure 4.21: A Histogram of the Lorentz factors time-series generateagua broken power-
law (black) and a double Lorentzian (0.1 Hz + 0.01 Hz; red).
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Figure 4.22: A Histogram of the shell mass when generated with separatentzians af-
fecting the shell mass and the Lorentz factors. Blue: 0.01 Hz, M = 0.1 Hz; redl = 0.1
Hz, M =0.01 Hz. The frequencies correspond to the Lorent&ziggguencies used in the PDS
modelling.
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Figure 4.23: A Histogram of the shell masses for the simulations preskal®ve. The his-
togram shows how the shell mass distribution changes witbrdnt power-spectral models.
Black: M, T = broken power-law; red: M; = 0.1 Hz + 0.01 Hz.

other.) If one considers the X-ray variability to be the diranalogy for the accretion rate ¢yl

in our case), then this lag offers a simple explanation ferdptical emission lagging the X-ray
in the X-ray binaries observations. The optical/X-ray etations, however, are very different
from the ones seen in the case of no-collisions set-up. Tkietore suggests more levels of
complexity, hence the shell collisions were explored.

The opticalf s, CCF, in which the shell bulk Lorentz factor is varying (mdddlwith 0.1 Hz
and 0.01 Hz Lorentzians) whilst the shell mass is kept comsshows that the shell collisions
bring this added complexity to these correlations. Theatation also shows a relatively sharp
positive-lag peak and then a sharp anti-correlation drdge dnti-correlation is caused by the
added time-scales in the optical emission due to the larg&beu of collisions taking place.
This anti-correlation can also be seen when both the masshanioulk Lorentz factors vary
together. However, when the shell mass is also varying, thim foulk of the collisions are
localized to the inner parts of the jet. This gives rise to@@F being quite different whether
one looks at the entire jet or only the inner radii. On the oth@nd, when only thé g, is
varying (shell mass kept constant) the average collisidiugais larger, so the anti-correlation
can be observed even when the light curve from the entiresjeséd. This is good evidence
for the shell collisions being responsible for the antiretation observed.

The picture unfortunately is not that straightforward. BEvkough we see glimpses tife
rate of changef the X-ray (Myhandrl gp) affecting the jet power (optical output), as observed in
XTE J1118+480 (Malzaet al., 2004), the shell parameters such as the longitudinal ekpan
rate also have a significant part to play: higher shell masansme higher expansion rate,
thus more collisions at smaller radii. Various parameters loe altered (for example, the bulk
Lorentz factor), so that the collisions take place at lamgelii, but this does not result in the
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kind of correlations that are observed: the positive catieh lag would remain relatively
fixed, but the anti-correlation lag times would increase.

When CCFs (in the two Lorentzian and the broken power-lawe)case compared with the
optical/X-ray CCF for XTE J1118+480, the most striking elarhmissing is the pre-cognition
dip. In fact the CCF obtained usinghocks are a mirror image of the ones obtained from XTE
J1118+480. This, however, is quite an exciting result — i& dooks at the CCFs from the
source GX 339-4. Although thi&hocks parameters used here are for XTE J1118+480, we can
glimpse into the underlying physical processes by compgédtie results with GX 339-4.

The cross-correlation functions from GX 339-4 also showeaqugnition dip, plus another
dip after the positive lag peak. The pre-cognition dip remainreproducible here, but the slow
rise and the sharp drop after the positive lag is reprodutedst perfectly. The question then
is why are there different correlations from these two sesfc One would expect the same
processes to give rise to these data, no matter what X-ranbsource.

The answer may be that the pre-cognition dips, the slowdesaly of the positive lag, and
the presence/lack of the post positive lag dip are actudtfgrdnt components that combine
to give the impression of a single highly complex relatiapshSpruit and Kanbach (2002)
conducted a principle component analysis of the X-ray amddptical variability in XTE
J1118+480 and found a number of these very different uniggrlgomponents giving rise
to the overall relationship. They were unable to offer a pdglsinterpretation of these com-
ponents, however. It is therefore possible that the refidte are pointing towards a picture
where the shell parameters’ influence gives rise to therdiffiecomponents of the overall cor-
relations. For example, we have shown that the collisiomsgiee rise to the anti-correlation,
whilst the mass leads to a simple positive correlation: theiktion where My andl g, were
modelled using different frequency Lorentzians, this kaficture arose. The bulk Lorentz
factor were showing a strong anti-correlation while the sq@®duced a strong positive corre-
lation. The combination of these two, however, can produteieh more complex correlation.
So the difference in these sources’ correlations could lsirbp due to the slightly different
combination of these parameters.

The separate Lorentzian modelling ofMandr s, shown above is one of the first attempts
in the physical modelling of the disc:power-law varialyiliesults. Wilkinson and Uttley (2009)
have found that the disc component could in fact be the dyifamce behind the variability in
the hard state. Although the simulations presented here weather naive interpretation of
this kind of variability, our results have opened up a largeraie for exploration: the disc
variability can be used to model the optical (from the jetiakility and then the comparisons
made with the power-law components. The pre-cognition diy be a by product of the X-ray
power-law component lagging the soft X-ray component, stttthe optical is also driven by
the soft X-ray component. Thus, any correlations betweempdwer-law and the optical would
give the illusion of the optical being “aware” of the X-rayarigesbeforethey are manifested.

In terms of the optical light curves presented here, theglgmne a long way in explaining
some of the optical/X-ray data. The optical power-specaaehgenerally been found to be
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Figure 4.24: The map shows how the shell merger efficiency as a functiooltifimg shells
BLFs. The BLF range is the kind of range used for investigatire jet timing properties.

flatter than the X-ray ( M, and/orT sp) power-spectra. This has been as a result of the additional
time-scales brought in by the shell collisions. These dgalizs the broad QPOs seen in the
optical for both the two-Lorentzian case and the broken pdawe case are in agreement with
the observations of the XRBs (Gandhi, 2009). This has one;age-enforced the case for
further exploration of this field in the context @hocks set-up, which may ultimately help to
explain the optical/X-ray correlations.

4.4.1 A note on merger efficiency

Figure 4.24 shows the merger efficiency as a function of thielowy shells BLF. It is clear that
when the difference ifi is small, the efficiency is also very low. So if the shells anjedted
with ~ 1% internal energy, that is a significant amount of energy wbtempared with the
amount of energy generated in a collision. Therefore, astiored previous in the previous
chapter,E¢4c is a free parameter that requires further attention to mirenits impact on the
results.

45 Conclusions

This chapter has been an investigation into understantim@ptical/X-ray correlations in the
X-ray binaries from a more physical point of view. An attenmais been made to connect the
X-ray light curve properties with the jet parameters. Thsutes obtained show that quite a
complex combination of parameters would give rise to thellohoptical/X-ray correlations
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observed in XTE J1118+480 and GX 339-4.

Some extremely exciting results were seen which, for thé fiinse, hint at the physical
origin of the variability observed. Even though not all theserved correlations could be
reproduced, the results obtained offer quite a few possiges for any future work. The
outcomes have shown that there is an extremely good passtbifeproduce quantitatively the
variability observations with a few maodifications to the rebdnd to the time series generation
process. The results in this chapter have shown that evénariextensive research into how
the X-ray light curve properties can be used to generate tlile# properties, there are still
numerous combinations possible when it comes to the shel§ miad the bulk Lorentz factor
generation. Some of the key results have hinted at the plitysiif using the disc as the
driving force for the variability rather than the generalgsumed power-law component in the
hard state.

Constraining the simulation parameters would make anyteggicorrelation much stronger.
For example, the effects of the thermal longitudinal expan®n the collisions rate must be
dis-entangled from the bulk Lorentz factor effects. Thisamethat the “inherent” timing prop-
erties of the model (injection rate, thermal expansion erite on the collision times) must
be subtracted from the results. Observationally constrgithe simulation parameters would
improve the results further. For example, using the acunetate and efficiency (among other
possibilities) to derive the shell mass and the shell bulkebtz factor may provide a more
physical connection between the disc and the jet. Ovégiihcks gives us a great springboard
for the future work in this field by showing us that even thetfosder combination of the jet
physics with its timing properties can reproduce some oftlost enigmatic observations.



Electron-positron pair processes

The following chapter outlines the electron-positron ainihilation implementation in the
High Energy Astrophysical Radiative transfer (HEART) codlee HEART code functionality
is also described to put the electron-positron relatedgs®es in context.

5.1 The corona

Thus far the focus of the present work has been on the jetsaimgrfrom BHXBs, plus the
disc:jet connection. The optical/X-ray correlationsgally mentioned, are influenced heavily
by the power-law component of the spectrum, which has alsess#tated the existence of a
corona.

Although the geometry of the corona is unknown, its effectshe spectrum are well stud-
ied. It is a region where the high energy particles (chieflyuased to be electrons/positrons),
up-scatter the low energy photons from the disc via Comptattering. A number of ge-
ometries have been suggested for the corona. These rangetie Advection Dominated
Accretion Flow (ADAF), where the inner optically-thick (gemetrically thin) part of disc is
replaced by this optically thin and geometrically thick fl¢gvg. see Esiet al., 1997), to the
base of the jet giving rise to the high energy X-rays (e.g.Ma&koff et al., 2001. We adopt a
slightly different configuration (see Liang and Price, 1pifirthe following work: the corona
is assumed to sandwich the accretion disc. The soft (lowgghghotons have to therefore
travel through the corona, thus getting up-scattered te gae to high energy component of
the spectrum.

Such a corona is generally assumed to contain an electrarigimm that is responsible for

86
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all the scattering processes. However, one would expedir@os to be present as well, if the
pair production is active. The presence of both electromssitrons would inevitably lead
to certain amount of pair annihilation, which is the subjefcthe study here.

5.2 Electron-positron pair annihilation

For a long while, there has been evidence of an annihilati@ffom the Galactic Centre. It
was first measured via balloon borne experiments using Natilktors (Johnson lllet al,
1972) and put the line at 4766 keV, making the interpretation difficult. However, arath
balloon borne experiment, this time using germanium detscput the line at 511 keV with
only a few keV width (Leventhatt al., 1978). Some of the initial experiments observed varia-
tions in the Galactic Centre annihilation line; hence, iswgaggested that the annihilation line
is time-variable (Riegleet al, 1981; Paciesast al., 1982; Leventhaét al, 1982, 1986). The
more extensive measurements, however, showed no evidéscelovariability (Sharet al,
1988; Gehrelgt al, 1991; Leventhatt al, 1993; Mahonet al., 1994; Teegardeet al., 1996;
Purcellet al,, 1997; Harriset al,, 1998; Churazot al., 2005). This distinct and quite strong
annihilation line from the Galactic Centre is shown in figbré (Churazowet al., 2005). Even
though there is a clear detection of the annihilation lirenfrthe Galactic Centre, its origin
is still not clear. It is mainly the origin of the positron$at could be annihilating with the
interstellar electrons in the Galactic Centre, which isnown. (Weidenspointnest al., 2008).

A number of suggestions have been made as to the origin ofalect® Centre positrons.
These include (Cass# al, 2004; Teegarden and Watanabe, 2006; plus reference#nthere

Nucleosynthesis in massive stai/olf-Rayet (W-R) stars are massive stars with strong
stellar winds. Various radioactive elements, created endbres of the massive stars, can be
convected to the surface and carried into the interstelladiom (ISM) via the stellar winds.
These radioactive elements can subsequently ung&tgdecay, thus producing positrons.

Novae (DNe)A “classical” nova is as a result of burning the built up ated material on
the surface of a white dwarf. These thermonuclear reactiesdt in the production of unstable
isotopes that will emit positrons vig™ decay. This will therefore result in an annihilation
signature from the classical nova as well. However, suclyrasiwill be short lived due to the
nature and the density of the elements decaying.

Gamma-ray burst (GRBAIthough the mechanism behind gamma-ray bursts is nog full
understood, there have been suggestions that with thenmeeséhigh energy photons, photon-
photon pair production could be taking place and addingeaytdactic positron population.

Supernovae (SNepPuring the explosive reaction of a supernova, a varietyagfigactive
elements are produced. The decay of these radioactive etsrman produce positrons for
annihilation with the ISM electrons.

Cosmic-ray interactionsCosmic rays can undergo a number of interactions with the in
terstellar medium that can result in a radioactive nucldie Subsequent radioactive decay of
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Figure 5.1: The annihilation line from the Galactic Centre detectechgs$PI onboard the
INTEGRAL gamma ray observatory. The image is from Churagoal. (2005).

these nuclei emits positrons.

Pulsars Electron-positron pairs may be created by vacuum pairytdn in the strong
magnetic fields in the pulsar magnetosphere. The produggddriergy positrons can escape
and travel far from the source.

Low mass X-ray binaries (LMXRBsJhe jets emanating from LMXRBs are believed to
be leptonic in nature, thus adding to the galactic positroputation. It may also be possible
to produce pairs in the corona of these systems. Also, thave been suggestions of an
asymmetry in the annihilation line distribution from thdayic bulge which can be correlated
with the asymmetry in the X-ray binary distribution(Weidgointneret al,, 2008). To know
whether this correlation is also causation, it is importemsee if these LMXRBs have an
individual annihilation signature.

There is, however, a paucity of evidence for such a signdtare an X-ray binary. The two
most well know examples of an annihilation signature fronompact source are the “Great
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Figure 5.2: The annihilation line from the Great Annihilator, 1E17462B42. The image is
from Bouchetet al. (1991).

Annihilator” 1E1740.7-2942 (Gilfanoet al,, 1991)and the “Nova Muscae 1991” GRS 1124—
684 (Bouchett al,, 1991); the annihilation line observations are shown inrgglb.3 and 5.2.
There also hints of an annihilation line from Cygnus X-1 @ i&and Wheaton, 1989).

With the focus of the present work on X-ray binaries, an efétrall be made to understand
the physics behind the annihilation signature, or lackebgrfrom these systems. There is
a broad consensus on the black hole systems being very semidasimply scaled by mass.
Therefore if the origins of the galactic annihilation linedinked to the central massive black
hole, then it is even more important to understand why, thustfiere are no clear detections
of such a line from the X-ray binaries. A number of processesh as thermal line broaden-
ing (Svensson, 1982), can not only reduce the annihilatima dtrength, but also change its
appearance, making it difficult to detect.

5.3 The HEART code

The HEART code (Collins, 2004) was designed to model thestearof photons in what is com-
monly referred to as the ‘corona’ in an X-ray binary systerhe Exact nature of this corona is



5.3 The HEART code 90

20-21 January 1991

16 -

N gy

&

1072

vy

oountsl(sec-cmz-ch)
1
e

S TL N SN S W W U T W R TR SR SR SN W S— Lot J-I

-

W —

.
“«

t
|
}
r
2
=2 PR

H
o
[«
C
b~
|

Figure 5.3: The annihilation line from nova muscae. The image is fronfic@ibvet al. (1991).

hitherto unknown, but it is considered to be a Comptoniziegjon. The corona can be envis-
aged as a hot plasma, comprising electrons and positratisg filbove a cooler accretion disc.
The disc radiates the blackbody photons, which are injeictiedthe hot coronal plasma. The
corona then reprocesses these low energy, soft, photamsigtt energy, hard, photons. The
corona not only reprocesses the soft photons from the digd, &an also have intrinsic photon
emission from processes such as bremsstrahlung radidati¢hEART the corona can have an
arbitrary geometry . A number of photon-electron interacs are modelled: Compton scatter-
ing, inverse Compton scattering, bremsstrahlung, anddoloilinteractions. The HEART code
originally did not model a positron distribution nor any pess associated with the presence
of both electrons and positrons. The following HEART codsaliption is kept brief and only
the points most salient to the electron-positron proceasesovered. An in-depth discussion
of the code’s other functionalities can be found in Collig®8F) and Rogers (2008).
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5.3.1 Corona structure in HEART

The HEART code models the corona using cubic cells; prdttiaay 3D shape can be approx-
imated using these cells. To save computation time onlytlibpes that have at least one plane
of symmetry are modelled; with little known about its trugure, the corona is assumed to be
spherical. With the symmetrical nature of this assumed replomly the hemisphere above the
accretion disc need be modelled.

All the cells are linked such that a cell is able to transfestphg to its neighbours. Once
the desired 3D shape is achieved, using the cell structueeglectron distributions are added
to each cell. The electron/positropopulations are confined to each cell, but they can ‘evolve’
within that volume.

The accretion disc injects blackbody photons into the béasieeocorona. The bottom face
of the cells adjacent to the disc receives the photons amdsitegtter them into six directions .
The “six directions” are the six faces of the cubic cell; ti®{ons can travel only the directions
perpendicular to a cell face. Each cell behaves the sameiveaythe photons received from
one face are scattered equally in six directions. Comptattesing is the main source of
photon scattering in the cells. It was assumed that the dmmhiscattering direction is the
direction of motion of the electron. Therefore an isotroglectron distribution will lead to an
isotropic photon distribution (Collins, 2004). Strictlpesaking, however, this is not correct:
this is discussed further in section 5.3.4.

The photon and lepton energy distributions are discretizéiae form of logarithmic energy
bins. For the lepton energy distributions, each bin costaformation regarding the number
of particles so that we are able to model power-law, thermalny arbitrary distribution. The
photon energy distribution is also discretized similadythe leptons, except in the case of
photons, it is the intensity in each bin that represents timelber of photons at that energy.

All the modelled radiative processes are calculated at gashstep, where a time step is
the light crossing time for one cell:

width of cell

time-step= (5.1)

That is, a photon not interacting with the electrons willsg@ single cell in exactly one time
step. As a matter of design, photons can interact only oneesimgle cell. In order for this
approximation to be valid, the optical depth of any one ce#ds to be much less than unity.
A high optical depth corona therefore needs to be modellewyusultiple cells.

1in the HEART code only the photons move across the cells. @ph populations are confined to individual
cells.

2As we shall note later, the positron distributions addedhi® ¢ode are treated identically to the electron
distributions.
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5.3.2 Radiative processes

Some of the key radiative processes modelled in the HEARE eod outlined below. These
include bremsstrahlung radiation, and Compton scatterifige radiative transfer modelling
is based on the principles of detailed balance for each psog@Rybicki and Lightman, 1979)
. We can start by looking at the general radiative transfarggrles and develop them for
specific processes. The radiative transfer is a combinatie@mission and absorption. So if
we examine single particle emissivity first , we have:

. de

Jv= Gidv — hvnipvoy , (5.2)
whereh is the Planck’s constan, is the frequencynip is the number of interacting particles;
E is the energyy is the speed of the particles; ag is the interaction cross-section. The

emission coefficientg, is then given by:

de 1 /.
£ = qmavan = an) Y (5:3)

wheren, is the number density of the particles with eneypec?; V is the volume; and? is
the solid angle. Now, the absorption coefficient can be esga@ as:

Using the above two coefficients the following relation floe intensity can be obtained:
() =S, (1-e"), (5.5)

whereS, = ¢, /K, is the source function , ant, is the optical depth (&, xlength); length
refers to the distance photons travel in the absorbing nmedithe absorption and the emission
coefficients can therefore be calculated for each of theatidi processes. Equation 5.5 can
then be used to calculate the changes to the photon disbribinteach cell.

5.3.2.1 Bremsstrahlung

The bremsstrahlung radiation is emitted by the electrongdsitrons) due to acceleration in
the presence of another charged particle. In HEART only tbet®n-electron and positron-
positron bremsstrahlung are taken into account; no othengeldl particles are modelled in the
corona. The electron-positron bremsstrahlung is omittedl its implications are discussed
later. Using the techniques outlined in section 5.3.2 arthion 5.5 we can calculate the
emission associated with the bremsstrahlung radiatioradh e€ell and at every time step. In
order to make the calculations easier, the bremsstrahlurgs cections, as with many radia-
tive processes, are derived in various limiting cases. IRMRE, the bremsstrahlung is calcu-
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lated for the mildly relativistic y < 2) electrons/positrons and the ultra-relativisti¢y > 2)
electrons/positrons. The bremsstrahlung emissivigyar, for the mildly relativistic electrons
interacting with other mildly relativistic electrons isund to be:

jv,mr(y) = hvcrb,mrav,mr(y) . (5.6)

The emissivity for the ultra-relativistic electrons irseting with other ultra-relativistic elec-
tron, in addition to the mildly relativistic electrons, is/gn by:

Jv.me(Y) = hve(Ngmr + 2ngur ) Oy me(Y) & (5.7)

which shows that the emission from the ultra-relativistiecirons interacting with other ultra-
relativistic electrons is twice as large as that from theieraction with the mildly relativistic
electrons (Zdziarsket al.(1990)). Using equations 5.3 and 5.4 the emission and thoatixsn
coefficients are:

& = hve T /Wrna d
v = 411071 T,mrl yOv mray

Ymax

+( TT,mr + 2TT,ur) /

nyo\,,urdy} (5.8)
Yur

and

Ky = 7hc T /Wr&g( Oy mr)d
v — 87TTT190T|V T,mr 1 ypdy yp v,mr y

Ymax ny d

4‘(TT.,mr‘|'2TT.,ur)/yur %@(Vpav,ur)d)’} . (5.9)

The interaction cross-sections for the mildly relatidstegime,o, mr, and for the ultra rela-
tivistic regime,oy yr, can be found in Gould (1980) and Zdziarskial. (1990) respectively.

Gomily) = 1 {Z [20— 6“754} +1n (”Z) X

10mv (1+22)2 1-¢
_7%H2 _72\4
6(1+ %) - a 52()1:532()13 <) ” : (5.10)
_ 3agor 1 2 2’7\ 1
Ovur(y) = om0 ¢ <Z+3_ 5) (In (ﬁ) —§> , (5.11)

wherea; is the fine structure constant agd= 1— (hv)/(ymec?). The contributions from the
non-relativistic electrons is negligible in the frequeneyge being modelled; thus, not taken
into account here.

Swheny = 2 the kinetic energy of electron = rest mass energy; at2 the kinetic energy is dominant.



5.3 The HEART code 94

5.3.2.2 Compton scattering

In the HEART code the photons can also undergo Compton gogde As mentioned in
section 5.3.1, any given cell’s optical depth must remaircimiower than unity. The cells
therefore have to be modelled in such way that a single celpiigally thin (T << 1) and the
following relation applies

ly=ley, (5.12)

wherel is the distance travelled by the photon. The above relaidrue also because there is
no absorption process associated with the Compton scajterhe optical depth requirements
are put in place because the HEART code can model only a gohgi®n scattering per time

step per cell. This does put constraints on the overall aptiepth for the corona that can be
modelled. To model high optical depths, a large number d§ @k required, increasing the
computation times considerably (discussed in 5.3.4).

All the photons present in the cell at the start of the tinepgseed photorjsare scattered
from frequencyvg to frequencyv; in a cell of widthw. The scattered photon distribution is
given by:

Vomax [ Ymax
/y N xFo (X dyIVO . (5.13)

Vo,min fnin
The loss to the seed photons is taken into account by subetie integrated total contribu-
tion over all scattered frequenciag, from each seed frequenoy;

Vimax [ Ymax
I(/O — IVO /); nyX|:C dyl VO . (514)

V1 min fmin

In the context of equation 5.5 and 5.12 the emission coefiti¢cse

Vomax [ Ymax dV
£y, — / nyxFe (X)dyly, °, (5.15)

Vo,min

wherex = vy /(4y?vo) andxFc(x) is the photon redistribution functiorkF ¢(x) is calculated
for three different cases:

1. y < 10 electrons interacting with high energy photoks>(10-2).
2. y < 10 electrons interacting with low energy photoks(10~2)

3. electrons withy > 10.

wherek = yhvg/(mec?). The photon redistribution function can be found in apperili It
should be noted that the photons are scattered evenly inrsntidns available for a cubic cell
(further discussed in 5.3.4).
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5.3.3 Electron/Positron distributions

In Collins (2004) version of HEART the plasma is assumed tedmposed purely of elec-
trons. One of my first additions to the code was to insert thpalodity to model the positron
populations as well. The positrons are treated identicallyerms of the energy distributions,
to the electrons in the code . This includes all the radigtiaeesses, outlined already, that the
electrons are involved in.

In HEART, with the energy distribution discretization, stpossible to model any arbitrary
lepton energy distribution. Our main focus is on the therriia power-law, and a hybrid of
these two energy distributions. The thermal distributi@am de described by the following
Maxwell-Boltzmann equation (in the relativistic form):

n

= ype /%, 5.16
6z(1/00) " (5-10)

Ny
whereny is the number density of the leptons at eneygi, is the modified Bessel function of
order 2,0, = kTe/mec2 is a dimensionless relativistic temperature associatéi tive lepton
distribution. The lepton energy is measured in terms of theehtz factorsy - this is a measure
of the particle energy energy as fraction of its rest massggme.c2. Integrating equation 5.16
over all the energies gives the total number densitgofe’ , ng[m=3].

The power-law distribution, ranging fromin t0 Ymax IS modelled by:

whereng = ne(q— 1)[m~3] is the normalization factor and is the power-law index. The
power-law index is assumed to be in the range: 2 to 2.25.

5.3.4 Limitations of the HEART code

Rogers (2008) has already outlined in detail some of theditioins of the HEART code . | shall
re-iterate some of the findings here and re-examine thests limthe context of the present
work.

As mentioned earlier, a variety of radiative processesrapedmented in the HEART code.
The cell structure, however, puts certain constraints anesof the implementations. If we
look at the Compton and the inverse Compton scattering, ttieoubic cell structure requires
the photons to travel in six directions only, using the agstion of isotropic photon scatter-
ing. An isotropic lepton distribution is assumed to scatker photons isotropically (Collins,
2004). This approximation might be valid for a very limitedse where the electron energy
is much greater than the photon energy (the inverse Comiaitesing angle is energy de-
pendent); if, however, the photon energy becomes compatabbr greater than the typical
electron energies, the photons scattering direction besamore complicated function of the
lepton and photon energies, plus their direction of traltehight be possible to have an initial
isotropic scattering of the low energy disc photons by tlghlenergy leptons, but with each
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scattering the photons will gain energy and the isotropattecing assumption becomes invalid
very quickly. A more comprehensive implementation of Coompscattering should take these
limitations into account .

Any single cell in HEART must be optically thin. This meansittiin order to model the
high optical depth coronae, a large number of cells are redui With the increase in cell
numbers, the computation time increases considerablyelRg¢g008) compared in great detail
the HEART code performance against other available Congdtion codes. The HEARTcode
was able to perform fairly well for the optically thin regisiebut lagged behind the competing
simpler models when it came to the optically thick regimes.

The modelling of the lepton energy distributions in HEARS@fequires a brief discussion.
In order to avoid all the leptons in the corona cooling dowryvapidly, a heating mechanism is
required to maintain a certain temperature. Currently irARE, there is no direct mechanism
for heating the leptons. Instead, the lowest energy leptamsbe removed, to avoid a pile
up at the lowest energy bin, from a cell and the high energjolepare injected to replace
them. The lepton energy distributions can therefore benaitbtoevolveby cooling the high
energye /e". Of course, a balance of the number of leptons removed anacegpwould be
necessary to maintain a certain type of distribution. Itlsassential that effort is made to
conserve the lepton number under sagimamicscenario; however, this is prone to problems
as the fluctuations in the lepton numbers are easily ovegldokhanging the lepton density
changes the optical depth. In fact, with such a set up theebiggause for concern is the
fact that energy conservation cannot be ensured if the iepaive being removed and added
arbitrarily. .

In order to avoid such errors and further complicationsteady-statanodel is used for
the purposes of the present work. With a steady-state doerbe lepton distributions are
kept constant. In effect, such a simulation assumes antmfenergy reservoir constantly
replenishing the lepton distribution; however unreatisthis assumption is necessary to have
a “simple” model for demonstrating other physical processe

5.4 Pair annihilation in HEART

In HEART, the Svensson (1982) treatment is followed to dateuthe annihilation spectrum.
The annihilation emissivityn(k)dk, for the isotropic lepton distributions is given by:

Algdk = nin- [dy. f(v) [ ay £ ()

du yém do
| 2B (ke vy ). (5.18)

%m:\/wv—(l—%ﬁ—u)ﬂ‘ (5.19)

where
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andu = co¥9 and@ is the interaction angle between the electron and the posifr. (y. ) are
the positron and the electron distribution functions. Asitred in section 5.3.3, the electron
and positron energy distributions are discretized loparitally according to the particle en-
ergy (y). Each energy bin contains the information regarding thalmer of electrons/positrons
at that energy. The discrete energy distribution simplifiegters and gives the emissivity per
photon energyK = hv/mc):

n(k) = /dzu yf’“ ch (J Vi, Y-, 1)dk, (5.20)

wheren(y_,, ) is the number density of the electrons/positrons at engrg¥quation 5.20
can be averaged over all interaction angles to give an angleged emissivity for the pair
annihilation. The interaction cross sectiomw; @k, is given by:

do 2 1 |: —4ch
— = G, +G_ 5.21
&~ 2P [ (s v - a2 T C ] 521
where
G, = <2y2 +2— 1> (2y2 dy) ! (5.22)
Yén/ Ut ‘j’[
de = yF(V+y) £k —yv), (5.23)
Us = (CeVomt¥eR)"?, (5.24)
. = (rr—-K*-1, (5.25)
Yem = K(yx+y-—k). (5.26)

The total number of leptons annihilated is given by the nunolb@hotons emitted. This is
illustrated by looking at the annihilation process itself.

e +e" — Vi+ Vo (5.27)

Wherev; and v, represent the two resulting photons. We should note thatisha specific
type of lepton annihilation where two photons are emittetheDtypes, where more photons
are emitted, also exist. However, they are not taken intowatchere, because the higher order
annihilation typically have smaller interaction crossisens when compared with the process
shown in equation 5.27. Using the relation in equation 5r2€his way is only valid if the
electron and positron energy distributions i.e. the nundfelectrons at energy is identical

to the number of positrons also at that energy. To take @iffeelectron and positron energy
distributions into account, the electron and positron nerslare normalized to the total number
of leptons. The photon emissivity thus becomes:

n(k) = E:Zy / d2u yfm 2chc (J Vis Voo )dk, (5.28)
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which gives the total number of photons produced via aratiloih. Because of the nature of
the process (equation 5.2 k) /2 gives the number of electrons or positrons annihilateds Th
kind of normalization is necessary to work with the disciefgton energy distributions.

In effect, equation 5.28 is used to calculate the controutiom each electron and positron
energy bin to each photon frequency bin. This also provitlesnumber of electrons and
positrons to be removed from their respective energy bins.

5.4.1 Results

The first part of the following section presents the pair aifaiion spectra when purely thermal
or purely power-law lepton energy distributions are mcekklThe annihilation spectra are then
further explored with other physical processes, such aspgiamscattering and bremsstrahlung
radiation, present. The model's geometry and set-up aredssentially the same throughout
all the simulations presented here. Only the parametersaaied. The model is set using
a “cool” disc with a “hot” hemispheric plasma above it. Thevlenergy photons from the
disc are injected into the corona where the high energyrelestare able to scatter them. The
annihilation process takes place in the corona only and anih#ation signature is added to
the other flux emanating from the same region.

5.4.1.1 Annihilation from thermal distributions

Various parameters in the HEART code affect the annihiteliloe. The following section out-
lines how factors such as the lepton number density and gteriéemperature (for a thermal
distribution) can affect the annihilation line. These paeters are explored not only to gain
an understanding of the pair annihilation, but also to chéek the process is modelled in a
physically consistent manner.

Figure 5.4 illustrates the spectral energy distributioB[$ obtained from the HEART code
that shows the blackbody spectrum and the annihilation (i€ keV corresponds to a fre-
quency of~ 1.24 x 10°°Hz). No other process are being modelled and only the theleptin
are present. The black-body photons are from the the acordisc. The black-body photons
are required by the model to “pick-up” the photons from anlyeotprocesses. This is purely
due to the way the code is constructed: the blackbody phatiribdition is required in or-
der to have an existing photon population to which the afatibn photons can be added. In
this particular case, the black body photons travel throilnghcorona, i.e. the cells, without
interaction; the annihilation photons are added to thestigimg photons in each cell.

Figure 5.5 shows how the annihilation line behaves witheasing the positron number
density. The electron number density is kept constanta1&2m2.

It can be seen that the annihilation line strength increasethe number density of anni-
hilating pairs is increased. Table 5.1 gives some of the kaarpeters used for the results
shown in figure 5.5. For convenience, the black-body spettsunot shown, but it is included
and remains constant, because the black-body photons lfremiigsc are not interacting in the
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Figure 5.4: Spectral energy distribution obtained from pair annilidatin the HEART code.
Ne = 5x 10?2 andn.: = 5 x 101 The blackbody spectrum as well as the annihilation line
can be seen. With the lepton temperature at 50 keV, thermablioadening is also observed.
The disc temperature is 0.2 keV.
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Figure 5.5: Annihilation line varying with positron number density fibrermal distributions.
Electron numbem,- [m~3], kept constant at 5e22. With increasing line intensigy/m=3] is
changing as % 10 5 x 10,5 x 1016 5 x 10'7,5x 108 5 x 10'°,5 x 1079, 5 x 10?* (bottom
curve to top curve respectively).
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Table 5.1: Key parameters for demonstrating annihilation line bebawvith increasing an-
nihilating pairs number density.

Parameter value

Disc temperature 0.2 keV
Electron temperature 50 keV
Positron temperature 50 keV

Electron number density % 107%[m~3]

1e-06

70 keV
1e-08 80 keV - ———
90 keV ----o-
100 keV - -- - -
150 keV ===
le-10 B
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log(vF,) [W m?]

le-14
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le-18

le-20 + L
le+19 1le+20

log(v) [Hz]

Figure 5.6: Annihilation line behaviour with changing the lepton temgdare. n- = 5 x
10?2 [m~3] andne: = 5x 10¥m~3]

corona. Figure 5.5 also shows another interesting charstiteof the annihilation line; there is
a certain amount of broadening and almost a bi-modal bebairidhe annihilation line for the
lower positron number density. In order to explain thissitonvenient to first look at thermal
line broadening.

Figure 5.6 shows how increasing the lepton temperature]lalefened, narrow annihilation
line is broadened considerably. Svensson (1982) explbres The annihilation line emissiv-
ity is shown in figure 5.7. Increasing the lepton energy, desnthe annihilation emissivity
considerably from the delta function behaviour associati#d the cold annihilating leptons.

Figure 5.5 illustrates that, for fixed temperature, feweddgairs annihilate when the positron
number density is reduced. The broadening effect therefppears to be stronger, because the
distinct narrow annihilation (from the colder leptons)dirs weaker. As the number density of
the annihilating pairs increases, the signal from the lowrgy pair annihilation starts to dom-
inate. Figure 5.6 is also a demonstration of how in HEART th&lailation emissivity behaves
in a way that is a combination of the three cases shown in figutenot only is the thermal
broadening seen, but the bi-modal behaviour (with an irsrea the lepton energy) is seen as
well. The net effect of increasing the thermal lepton terapee is to weaken and smear the
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Figure 5.7: Angle averaged emissivity for mono-energetic particldribiations (Svensson
(1982)) with varying combination of. andy_.
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Figure 5.8: Annihilation spectrum with purely power-lagr /e* distributions. The electron
Ne is kept at 1x 10°2[m~3] while ng: is varying as Ix 10'% 1 x 1051 x 10'6,1 x 10'7,1 x
1081 x 10'°,1 x 10%%nd 1x 107! (bottom to top curve respectively).
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annihilation line.

5.4.1.2 Annihilation from power-law distributions

The pair annihilation line masking and the spectra from asp@} source, presented in later
sections (5.4.1.3 and 5.4.2), are modelled using thernpabitedistributions only. For com-
pleteness the pair annihilation with the power-law energyrithution is also demonstrated
here.

Figure 5.8 has the spectra from a purely power-law leptomggneistributions. The elec-
tron number density is kept constant while the positron nemakensity is varied to change the
annihilating pairs density. It is evident that the annitida spectrum for a power-law distribu-
tion does not behave in the same way as that for the thesm/a" distribution. Before further
inspection of this difference, a look at the thermal and tbeer-lawe™ /e™ distributions can
be useful.

le+25

Thermal, 150 keV
Power-law, p=2.5 -------

1le+20

le+15

log(ne7e") [m™]

le+10

100000

100 1000
log(y)

Figure 5.9: The thermal and the power-law lepton energy distributiothv® =150 keV
(thermal) and the power-law indeg,= 2.5 (power-law)

Figure 5.9 shows the thermal and the power-law energy bigtan for the electrons/positrons
in the HEART code. A temperature of 150 keV would be considierery high for an X-ray
binary corona. However, it is used to illustrate the differes between the power-law and the
thermal energy distributions. The first main differencehis fact that the thermal distributions
have a cut-off, while the power-law distributions do not.eTgower-law distribution therefore
extends to much higher energies, thus contains many mohneshigrgy leptons. Of course, the
power-law index can be changed to vary the number of highggnleptons available. This
would require the power-law index to be much different frerR.5; the power-law index value
of ~2.5 is generally considered reasonable for a power-lavotephergy distributions in sys-
tems such as the black hole X-ray binaries (Liang and Narsy29i/) .
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Table 5.2: Key parameters for demonstrating annihilation line betvavivith Comptoniza-
tion and bremsstrahlung.

Parameter value

Disc temperature 0.2 keV
Electron temperature 50 keV
Positron temperature 50 keV
Electron number density % 107%[m~3]
e /et distribution Thermal only

The differences between the two distributions have a sigaifiimpact on the annihilation
spectra. The annihilation line from the power-law leptdigufe 5.8), shows many oscillations
at high energies. The main reason for these oscillationseigagarithmic binning of the en-
ergy distribution. However, the super-position of the esivity peaks illustrated in figure 5.7
(showing how the annihilation emissivity, with increasipg /.-, produces secondary peaks)
can also play a role.

5.4.1.3 Masking the annihilation signature

The following section takes a brief look at inverse Comptoattering and bremsstrahlung ra-
diation as means of masking the annihilation line. Figuré® and 5.11 show how the annihi-
lation line compares with the two radiative processes: Gompcattering and bremsstrahlung
radiation respectively. Table 5.2 gives the key paramaisesl for both the Comptonization
and the bremsstrahlung radiation with the pair annihifatio

When Compton scattering is active (fig 5.10), the system gdoninas not been changed
from the previous section. That is, a hot hemisphere of am@move a cool accretion disc.
The corona almost completely covers the disc. The only obsage to the lepton density and
the disc temperatures. With the inverse Compton scatteégkipg place, a fraction (which
depends on the optical depth) of the photons are up scattatthen distributed evenly in the
six cubic directions. The reprocessing is not taken accotliherefore any photons travelling
back into the disc are “lost”.

The figures show that with a low positron number density theitalation line is almost
completely hidden. Increasing the electron and the pasithamber density does lead to a
stronger Comptonization component, but that also creastsoag and dominating annihila-
tion line, with many cold pairs annihilating. Only the theahe™ /et energy distributions are
modelled to simulate the “hard state” of an X-ray binary;ghilne presence of a Comptonizing
corona is an inherent assumption. With an increasing legémsity, three humps can be seen
to appear in the SED shown in figure 5.10: the first low energyhnis the blackbody photons,
the second is the “Comptonization hump”, and the third ggoads to the annihilation line.

For the bremsstrahlung, the blackbody photons are noteseditbut only added to by the
bremsstrahlung photons (and the annihilation photons).c&esee that the bremsstrahlung
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Figure 5.10: Annihilation spectrum with Comptonization. The electraimtber density is
5x 1072 The positron number density is varied (ax3.0* (b) 5x 10'° (c) 5x 10%° (d)
5x 10°%.

emissivity (figure 5.11 and 5.12), with the parameters patliin table 5.2, is not high enough,
at relevant frequencies, to mask the annihilation line (Bgul11). Increasing the lepton num-
ber density does not increase the bremsstrahlung emissiiciently. Instead, the annihilation
signature becomes extremely strong. Once again, three hicarpbe seen the spectra: these
correspond to the blackbody spectrum, the bremsstrahlndghe annihilation line. The black-
body photons can be seen to be unaffected (not scatteretigliyremsstrahlung radiation.

Zdziarski (1984) show that the bremsstrahlung emissiaty @mpete with the annihilation
line at plasma temperaturelsT /mec?, ranging from 05 to 316. These temperatures corre-
spond to an AGN environment. For completeness, figure 5.@&show the annihilation line
is almost completely hidden by the bremsstrahlung emtysatithe high lepton temperatures.
The high temperature, necessary for higher bremsstratéamgsivity, would not be consid-
eredrealistic for the X-ray binaries. It appears that unlike Comptoni@atibremsstrahlung
radiation is unable to obscure an annihilation signatutiénx-ray binaries.

5.4.2 Simulating the pair annihilation signature from GRS 1915+105

The previous section outlined how the Comptonization cateaffectively mask an annihi-
lation line signature. This is further explored in the feliog section by simulating an X-ray
binary system GRS 1915+105. The simulated spectra aretapiiadly compared to the data
obtained from the high energy observatdTEGRAL

Figure 5.13 illustrates the Comptonization spectra witifiedént annihilating pair densi-
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Figure 5.11: Annihilation spectrum with bremsstrahlung. The electrarmiber density is
5x 1072, The positron number density is varied (ax3.0* (b) 5x 10'° (c) 5x 10%° (d)
5x 10°%.
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Figure 5.12: Annihilation spectrum with increasing plasma temperatoremsstrahlung.
Ne- = 5x 1072 ngr = 5x 108, The lepton temperaturkT, is (a) 60 keV, (b) 90 keV, (c) 120
keV, (d) 150 keV .

ties. As the positron number density approaches the eteatnnber density, the annihilation
line starts to dominate the spectrum; similar behaviour s&en in section 5.4.1.3. Table 5.3
gives the key parameters used for the simulation. The higtotedensity does mean a strong
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Figure 5.13: Annihilation spectrum simulated in GRS 1915+105. Compation is also
modelled. The parameters used for the simulation are givealle 5.3. The curves show
how the annihilation line gets stronger as the positron nemdiensity is increased.

Comptonization component is present, 5.13, but not suffi¢c@hide the annihilation line.

The question arises: why has no clear annihilation sigeab@en detected from an indi-
vidual binary systems? Figure 5.14 shows 8fel (the spectrometer on boat TEGRAL
composite spectra of the source GRS 1915+105. The authorsl@ids and Jourdain, 2009) fit
a thermal and a power-law component to the results. Thereaapppo be a high energy excess
that has not been fitted. However, the statistics at the highergies,> 100 keV, are quite
poor. The fits are therefore perfectly reasonable withouirtggfitted this apparent high energy
excess. Even with this in mind, if it is assumed that the datatp above 100 keV are “real”,
then figure 5.13 illustrates an interesting alternative.

Figure 5.13 shows the simulated spectra for GRS 1915+10&%tdh the figure shows four
different set-ups: 1) Comptonization only; 2) 3) and 4) Ctongzation + annihilation, with
different positron number densities. When compared withahtire data-set shown in figure
5.14, it is clear that the simulated curve would not providgoad fit for the lower energy
data. This is mainly due to the poorly simulated 20-100 ke¥rgy band. There are number
of reasons for the poor fit in this energy band: different Ctonjzation parameters, plus the
omission of components such as the disc reflection. Detajedtral fitting is not the focus
of the present work, and the HEART code’s ability to do sdttting has been discussed in
detail by Rogers (2008). On the other hand, the high enerxgh00 keV) behaviour of the sim-
ulated curve is remarkably similar to the data. One coulerprit the high energy excess as an
indication of an underlying, and high broadened, annilofatine. Unfortunately, poor statis-
tics mean that we are unable to verify this hypothesis. Withdid of better resolution data, it
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Table 5.3: Key parameters for demonstrating annihilation line in GR$5+105.

Parameter value

Disc temperature 0.2 keV
Electron temperature 50 keV
Positron temperature 50 keV
Electron number density 51072[m~3
BH mass 10 M,

Disc inner radius (Schwarzschild) 3
Disc outer radius (Schwarzschild) 50

Corona diameter 210°m
Inclination angle 70
e /et distribution Thermal only

may be possible to distinguish a highly broadened annibildine from the Comptonization
continuum.

There could be a number of reasons why the annihilation knegains elusive in the X-ray
binaries. If there is a disparity in the number of leptonsimed in the annihilation and the
number responsible for other processes such as Comptiomiztiten the annihilation line can
be broadened to such an extent that it behaves almost likenaam itself. This can make the
annihilation line indistinguishable from the Comptonieatcontinuum, making annihilation
line observation extremely difficult in the X-ray binarieslso the instrument limitations can
have a role to play. Comparing the simulated spectra witnXie&E GRALsensitivity shows
that vast observation times are required to observe a higfdgdened annihilation line. This
is just an indication of how few a high energy photons areaett hence the poor statistics.

5.5 Conclusions

Electron-positron pair annihilation is an important pregevhen it comes to modelling the
high energy emission from the X-ray binaries. It has beemwshihat if an equal number of
electrons and positrons are present in the corona, theitatimh signature is very distinctive.
The fact, however, remains: no clear annihilation sigreatuas been detected from an X-
ray binary. A case was discussed where one possible intatiore of the data involved a
broadened annihilation line. The poor statistics for tighlenergy data meant that no definitive
conclusions could be drawn.

On the other hand, if the lepton numbers are not equal or théhigating pairs number
density is limited by some mechanism, then it is possible &skrthe annihilation line. The
masking is even easier due to the thermal broadening ofrike Bremsstrahlung radiation has
been suggested as a process that may be able to hide thdagioniHine, but it requires very
high coronal temperatures. It should, however, be pointédiat only the electron/positron
- electron/positron bremsstrahlung is taken into accounug (1985) gives a comparison
of the electron-proton, the electron-electron and thetedaepositron bremsstrahlung. The
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Figure 5.14: Top: The spectrum, Droulans and Jourdain (2009), shows ositgpspectrum
from SPI/INTEGRALfor GRS 1915+105. The energy ranges is from 20-500 keV. Tha da
points in blue are composite of two observations with ‘hgsbton index; data points in
red correspond to the ‘soft’ sample, also composed of tweagions. Bottom: Simulated
annihilation and Comptonization spectra for GRS 1915+10& curves show one simulation
without any annihilation taking place and two with annitida, but with differing lepton
number densities. Electron number density in all the casBs 10?2

electron-proton bremsstrahlung can be hugely importattieatow electron (and photon) en-
ergies. Electron-positron bremsstrahlung appears to bevan stronger process at similar
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energies . Neglecting these two processes makes it diffwaitake a true comparison between
the annihilation and the bremsstrahlung emissivities. Aryre work must take these addi-
tional processes into account to better understand théitation signature obscuration by the
bremsstrahlung radiation.

Based on the simulations shown, inverse Compton scattirihg best candidate for mask-
ing the annihilation signature. Even with the limitatiorfdlwe inverse Compton scattering im-
plementation in the HEART code (outlined in section 5.3t49 possible to appreciate how the
Comptonization can be effective in making the annihilatiwgistinguishable from the contin-
uum - this is facilitated by the highly broadened annihdatiine. A more accurate Compton
scattering implementation should, in theory, enhance thagilonization effects; thus, any fu-
ture work that incorporates both the annihilation and then@mnization should support the
present results.

In short, any future analysis in this field must take the issmatlined above into consid-
eration. Future high energy observatories may also be aldbad more light on this puzzle.
Further research is therefore necessary to rule out thesmentation being the only reason for
not observing the annihilation lines from the X-ray binarie



Conclusions

Thus far | have presented an assortment of results relatdtetdisc:jet environment. Much
like this field, the research and the subsequent results ingel/ed quite an array of areas.
The following chapter re-iterates various findings and dasions, plus presents the future
directions for this exciting field.

6.1 iShocks and the flat spectrum

An internal shocks modeiShocks has been presented to address the re-acceleravion pr
lem in the conical geometry jets. The re-acceleration gnobrose out of the explanation for
the flat/inverted spectrum from the compact radio sourcdge dxisting models were able to
explain how such a spectrum would result from the supertiposbdf multiple self-absorbed
synchrotron spectra from different parts of the jet. Howemene of the models could repro-
duce the flat/inverted spectrum whilst taking the adiabases, associated with a conical jet,
into account. ThéShocks model has been used to demonstrate successfullhbase of rel-
ativistic shocks all along the jet can be used to reprodueedmonical flat/inverted spectrum;
the jet is discretized in the form of shells and the shellisalhs give rise to the shocks that
are responsible for the re-energization. The shell coltisiare a result of variation in the shell
velocities (the faster shells catch up with the slower oa@s) the expansion of the shell walls
inside the jet volume.

It was shown that with an essentially random distributiorthef shell properties, it is pos-
sible to achieve sufficient re-energization from the reglatic shocks. However, injecting the
shells with some internal energy at the point of ejectior dlas an important role to play.
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Interestingly, we also found that the high frequency tuerdwreak in the flat spectrum is cor-
related with the jet power by ~ L3\~,6. (The low frequency turnover did not show any obvious
correlation, as a longer jet leads to a lower frequency twend While the flat-spectrum syn-
chrotron flux is correlated with the total jet power bly, ~ L\l,\-,“. Both these relations are in
remarkable agreement with the previous analytical prextist

Although the focus of the present work was on the flat/invkdpectra from the X-ray
binaries, the model is scale independent and can easilydmertito model the AGN jets. The
iShocks reproduction of a flat/inverted spectrum, with thialzatic losses active, has been the
first of its kind and a successful application to larger sgate would simply strengthen its
standing.

6.2 X-ray binary flaring

Flaring behaviour is another interesting property of theay-binaries. This can include a
single massive ejection or repeated ejections. Thesam@jestents have been observed in the
X-ray, the IR, the mm, and the radio simultaneously, but aitha sound understanding of
the underlying physics. The most curious aspect of theseteve the almost flat spectrum
(ranging from IR to radio) and the similar rise times for btfle IR and the radio.

The iShocks model was used to model the repeated ejection evetlte isource GRS
1915+105. The observational data give the impression ol being ejected. Various mod-
els, including ours, are unable to replicate the obsematigith such a setup. The equivalent
IR and radio rise times are not possible from a single engittilectron population. Thi&hocks
results do show an alternative picture: varying the massstircontinuously can give the im-
pression of a massive “blob” becoming optically thin at thserved frequency. This scenario
can reproduce the almost identical rise times for the difierobserved frequencies, but the
flux normalization does not match the observations. The flatsum, as in the case of the
steady jet, requires some kind of acceleration (if the aatialenergy losses are present). Un-
fortunately, in théShocks construct, the periodicity of the flaring obsernvadies not replicable
with the mergers taking place. Based on the results pregenwgcan conclude that the flaring
events are not well modelled by a simple blob ejection petut looks like that the flaring
events are a result of strong variability of the mass presettte jet, plus some form of re-
acceleration that preserves the timing information whdlsing rise to a flat spectrum. The
complex nature of the flaring state is also seen in the X-riaythe form of the hardness-rms
diagrams. An attempt at correlating the X-rays with the eadithis state may elaborate on the
underlying physics.

6.3 Optical/X-ray correlations

The optical/X-ray correlation is another enigmatic bebaviby the X-ray binaries. The cross-
correlation function for the optical and the X-ray show tkiz¢ optical flux drops before the
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rise in the X-rays, in addition to showing a rise after theays rise. In other words, the optical
varies ahead of the X-ray behaviour. This correlation hasdrout the X-ray re-processing
scenario.

The observations have shown the rate of change in X-rays Isascarrelated with the
optical. TheiShocks model was therefore an ideal candidate for this stlitig X-ray light
curves were modelled arichnslatedinto the shell properties: the shell mass and the shell bulk
Lorentz factor. The optical emission from the jet could thencorrelated with the mass and
the bulk Lorentz factor time-series (or the simulated X-igit curves).

A number of interesting results were found from ilshocks simulations. The positive lag
could be explained quite simply if one considers the X-rayisd indicative of the accretion rate
(hence the ejection rate in the jet) and the optical lag b#iagime the plasma takes to become
optically thin at the observed frequencies. While one paldr set-up showed a precognition
dip, a clear explanation of the dip remains elusive. The Etians do show that it is possible to
get an anti-correlation between the optical and the X-rag/tduthe shell mergers taking place,
but the optical emission shows only a positive lag to the y6ra heiShocks model, however,
successfully demonstrated the optical power-spectrurtefiey, when compared to the X-ray
power-spectrum. This is as a result of shocks re-acceteratilding more time-scales.

Although theiShocks modelling of the optical/X-ray correlations was able to explain
and demonstrate all of the observed phenomena, it has daisten a new direction that may
be able to explain these behaviours from a more physicat pbwiew.

6.4 Electron-positron annihilation in the corona

The electron-positron annihilation implementation wagamastigation into the lack of the 511
keV annihilation line signature from the X-ray binariesidtlear that the X-ray binaries have
high energy processes taking place to give rise to the harayX-and every-rays. These high
energy processes are generally considered to happen im{baled corona. By analogy to
the Galactic Centre, from where a strong annihilation sigreahas been detected, one would
expect the lepton populations in the XRBs to give rise to suslgnature as well.

The e /et annihilation was implemented in the HEART code that modelsous other
high energy processes, for example, the Compton scattaridghe bremsstrahlung. The an-
nihilation signature was then compared with the maskingot$f of these processes. In case
of the bremsstrahlung emissivity masking the annihilatioe, we found that this was only
possible for AGN like temperatures in the corona: in the }4p@aary environment the brems-
strahlung would not be able to disguise the annihilatiomaigre. This, however, is only true
of the electron-electron and the positron-positron brérakking. Various authors have found
that the electron-positron and electron-proton bremisktrey are much more effective. There-
fore to truly understand the bremsstrahlung role here, aemode ranging bremsstrahlung
implementation is required.

Inverse Compton scattering on the other hand was more pirggnfer masking such a
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signature. Our results showed that the annihilation, wHezady thermally broadened, can
almost completely disappear into the Compton hump or caatim Even though the Comp-
ton scattering implementation is far from ideal in the HEA&de, these comparative results
are insightful nonetheless. Suggestions of an annihildiie, for GRS 1915+105 witiNTE-
GRAL, were also shown.

Overall, the results may even be suggesting that the reglmravthee™ /e annihilation
takes place is different in the X-ray binaries when compacethe Galactic Centre. It is
possible that the pair annihilation in the XRBs takes placéhe same (or inside) region as
where the Compton scattering occurs, thus masking the éatioh signature; whereas, in
the Galactic Centre the annihilation takes place in a comléer region, resulting in a strong
signature. Higher resolution high-energy observatiomss(durther in-depth modelling) of the
XRBs may solve this mystery.

6.5 Future work

TheiShocks simulations show that more physical interpretatiofithe optical/X-ray correla-
tions are not straightforward. A further exploration of htéwe X-rays can be translated into
the jet properties is necessary. This, however, may need o & slightly different framework.
One of the key results that was left unanswered is the preitog dip in the optical/X-ray
CCFs. The problem may be how we are viewing the situatiotfitg@ditionally the power-
law component or the high energy (of the X-ray spectrum)alality has been correlated with
the optical data. Wilkinson and Uttley (2009) have showt thea disc component varies more,
on longer times scales, in the hard state. This suggestthindisc component is the real driv-
ing force behind the variability, and not the power-law cament. Therefore it makes sense
to correlate the jet properties with the disc variabilitytead. In fact, the pre-cognition dip
conundrum maybe solved by this connection.

TheiShocks model has been a great springboard for increasingnol@rstanding of theses
correlations. It offers a great starting point for furthethancement. These include: the way
synchrotron spectrum, plus the relativistic shocks pls/sie calculated can be implemented
in more detail. This could be necessary to understand thardigs of still quite poorly un-
derstood flaring behaviour in the X-ray binaries. Curreniiyrealistic energy densities would
be required to model the large ejections. The energy dyrathierefore require attention.
The radiative losses implementation is also quite impadytand relatively straightforward to
implement, to have a more comprehensive model.

TheiShocks model's ability to explain the flat/inverted spectrwith the aide of the rela-
tivistic shocks re-acceleration, plus the results of strelks and the bulk Lorentz variability,
also point at how the future jet models may be constructede @hsugeet al. (2009) simu-
lations have shown us how different XRB states can be linkigd thve disc:jet configuration.
In an ideal world we would be able to model the synchrotrorcspen from such a GRMHD
simulation. This may also allow the exploration of the &in-less shocks as a means of re-
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energization. The future therefore my lie in the MHD distgenulations with the radiative
transfer modelling, but tempered with explaining the ptethof XRB and AGN data.
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Synchrotron emission

The numerical solutions for calculating the synchrotronission are stated below (Longair,
1994).

When the synchrotron monochromatic intensity is given by:

4y

(1—e Xy, (A.1)

ly

the numerical solution for the emission and the absorptaefficients are as follows:

(p-1)
7N\ 2
J(v) = 2.344x 10~ %a(p)BPT1)/2¢ (M) Wm3Hz ! (A.2)
and
X(v) = 3.354x 10~°b(p)B(P+2/2k (354 x 1018)Py—(PT4/2 m~1, (A.3)

The energy spectrumd (E) represents the number density of electrons per joule. Thstants
a(p) andb(p) are given by:

VTG + BTG - (E+3)
" VAT (B2 (3e2)r (229
b(p) = 8 1z 12 LI (A.5)
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Thel -function is given by (Abramowitz and Stegun, 1972):

r(n)= /Ow X" le~Xdx, (A.6)

and the numerical calculation can be found in the numeraepes (Press, 2002).



Compton scattering

The photon redistribution functions for the three casesndeffin section 5.3.2.2 are detailed
below.

The solution for case 1 can be found in Coppi and Blandfor®@).9 This is the case of
mildly relativistic electrons ¥ < 10) interacting with high-energy photoris ¥ 10-2),

XFe(X) = 30Tx2/$dz (B.1)
where® s given by:
_ 21,2
dP _ 1 y 2yok—ak2+1+y% 2ayok + ak
dx  (1-Bz2)\/B2+&2+2B¢z a2 — b2

1 , ak’(2b—a) a(1—yo)? + 2k (1 —yp) — ba?k?
-2 [k S PRIyt ey ]} (B.2)
wheree = hvp/(yme?), k = ymec?/(hvy), a=1—Bz— (1—y)/k, b= 5/k and

(e+Bz)(p+ep—1+P2)
p(B2+€2+2Bez)

(B.3)

5 BV(@=2)[p?B*+20e(1—p)(1-B2) — (p—1+B2)’]
p(B2+ €2+ 2B€z)
andp = v1/vp. Vo andv; are the photon frequency before and after scattering résphc
The integration limits are given by:

(B.4)
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z: = maX+1, 1-pl¥ BV dz_l/yz)], (B.5)

whered =1+ & — €p.
EnRlin and Kaiser (2000) treatment is used for Case 2: miklbtivistic electronsy < 10)
interacting with low energy photong € 10~2),

XFe(X) = :;—Z;{—%[1+p(10+8p2+4p4)+p2]+
2 4 2
pa+p) |2 22 ainip+y)- Ine)) |} (e6)

wherep is asincase 1 and=+/y2 — 1.
Case 3 is for ultra-relativistic electrong £ 10) (Jones, 1968),

(o)
(1+2q) + m] } (B.7)

mec?

XFe(X) = 30Tx{2qln(q) +(1-q)

whereq = x/ (1— VR\&2>’ the frequency gaip = v;/vp andp is the electron momentum.



IShocks Parameters

The following section outlines all the customizable partersein our model. With efficiency
and expandability in mind, the model is coded in C++. Eff@slibeen made to minimize de-
pendencies and use GNU software only. Once compiled, trecadread in all the parameters
from a simulation parameters file and a shell parameterdditegny subsequent changes to the
parameters, the code does not require re-compilation.

The customizable parameters for the code are as follows:

Jet Luminosity: Used when shell properties apseuderandom. This determines the shell
mass based on how many shells need to be injected. [J/s]

BLF _max: Used when shell properties apseuderandom. This sets the mean of a Gaus-
sian distribution to be sampled front. Jay

BLF _min: Used when shell properties apseuderandom. This sets the mean of a Gaus-
sian distribution to be sampled front. Jin]

shellLwidth _factor: Sets the initial shell size, along the jet axis using thatreh outlined
in equation 2.53. [no units]

jet_opening.angle The full opening angle of the jet. [degrees]
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source distance Distance to the source being modelled. [kpc]

EThermal_frac: The fraction of the shell internal energy to be given to therinal energy;
causes the longitudinal expansion. [no units]

EelecKin_frac: The fraction of the shell internal energy to be given to tbialt electron ki-
netic energy; determines the power-law distribution pagers. [no units]

EMagnet frac: The fraction of the shell internal energy to be given to thegmetic energy;
affects the magnetic field strength. [no units]

powerlaw_index: The power-law indexp, of the electron power-law distribution. [no units]

e.gammamin: ymin of the power-law electronsy]

e.gammamax: ymaxOf the power-law electronsy]

nu_min: vmi, for the frequencies being modelled; used when logarithityispaced frequency
range is used. [HZz]

nu_max: Vmaxfor the frequencies being modelled; used when logarithitlyispaced frequency
range is used. [Hz]

nu_points: Determines the number of points for the logarithmic fragryegrid. [no units]

individual _frequenciesSwitch to turn on logarithmically spaced frequency rangé&ges min.
and max from above. [take integer values: n=off (then usedt@quencies below; y=on]

nu_1 Used if only two frequencies being sampled. [HZ]

nu_2 Used if only two frequencies being sampled. [HZ]

increasetime_resolution A switch for increasing sampling, for radiative emissiof{tte jet
at the time interval given below. [takes integer values: fh€ia this case the jet is sampled
only at “events”; y=on|]

step_resolution If the above switch is on, this determines the sampling timerval. [s]

total_run _duration Total run time of the simulation. [s]
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shellinj duration The length of time for the shells injection. [s]

avg ejection_gap Sets the mean of the Gaussian distribution for samplingithe interval
between shell injections. [s]

useshellLfile A switch for reading a file with shell properties: injectioome, shell mass,
shell Lorentz factor, shell width. [takes integer valuesoff; y=on (when on, jeluminosity,

BLF_max, shellwidth, shellinj_duration, and avgejectiongap are all deactivated)]

shellfile Name of the file with shell parameters. [should contain 4 mwis with the corre-
sponding shell properties:injection time, shell massll dlwgentz factor, shell width.]

write _results file A switch to activate writing every time step to a file. [takeseger val-
ues: n=off; y=on]

results_file Name of the file for the above switch.

final_time_step A switch to activate writing final time step of the simulatioftakes integer
values: n=off; y=on]

lightcurve_file Name of the file for writing the light curve data. [Always vigh by default]

in_vacuum.expansionA switch to deactivate adiabatic losses.

inj _int_energy A switch to inject the shells with internal energy, afteryheave passed the
“shock location”.

rel_massfrac Scale the amount of internal energy given to the shell by etitma of the of
the shell’s relativistic energy.

shocklocation The shock location. Used when injecting with internal egerflight sec-
onds]

slow_energization A switch to activate slow energization; the shells are netgized instantly,
but given the energy over a length of time determined by tloelsbrossing time. [takes integer
values: n=off, y=on]
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