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ABSTRACT
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Doctor of Philosophy

A Theoretical Study of Relativistic Jets and Accretion Processes

by Omar Jamil

The following work explores different aspects of the disc:jet connection in X-ray binaries.

There is a detailed description of a new jet model (iShocks) that is used, firstly, to address

the re-energization problem in the conical jet geometries.The adiabatic energy losses suffered

by conical jets are successfully countered to reproduce thecanonical flat/inverted synchrotron

spectrum associated with compact radio jets.

The iShocks model uses discrete packets of plasma, or shells, to simulate a jet. The shell

collisions give rise to the shocks that are used to re-energize the emitting electrons. Multiple

internal shocks, all along the jet, are shown to be necessaryto achieve sufficient re-acceleration.

The flat/inverted spectrum (ranging from the infra-red to the radio) is successfully reproduced

and the high frequency break for such a spectrum is shown to becorrelated with the jet power:

νb ∼ L0.6
W . While the flat-spectrum synchrotron flux is also correlatedwith the jet power via:

Fν ∼ L1.4
W . Both these correlations are in agreement with the previousanalytical predictions.

The model is also used to explore the massive ejections scenario in the source GRS 1915+105.

VariousiShocks set-ups are used to model the data that display the flaring behaviour observed

in different frequencies (IR-mm-radio).

The X-ray binary timing properties are also investigated with the aide of theiShocks model.

In particular, the optical/X-ray correlations are the focus of the present study. These correla-

tions have been observed to show some interesting behaviours, such as: the optical lagging

the X-rays, and the optical emission showing awareness of the X-ray emission in the form of

pre-cognition dips. A number of these correlations are successfully reproduced by translating

the simulated X-ray light curves into the jet parameters used as the input for theiShocks model.

In addition to relativistic jets, a study of the electron-positron pair processes is also in-

cluded in the present work. The electron-positron pair annihilation is implemented in an ex-

isting Comptonization code (simulating the corona) to explore the possibility of masking an

annihilation line from the X-ray binary sources. The results show that radiative processes such

as inverse Compton scattering and bremsstrahlung radiation, in addition to thermal line broad-

ening, can be very effective in making thee−/e+ annihilation line indistinguishable from the

rest of the high energy spectrum.
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1
Introduction

The following chapter describes some of the key features that provide the background for the

relativistic jets model and the electron-positron pair processes work presented later. These

two topics on first sight may appear to be distinct in many respects, but they are simply an

endeavour in gaining a better overall understanding of the astronomical 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 astrophysics in general, is interested in

what are referred to as thecompact objects. This is a general term that encompasses quite

different astronomical objects: White Dwarfs, Neutron Stars, and Black Holes. These are the

densest1 objects in the universe and their interaction with other objects/matter (in addition to

studying the object itself) are some of the most active areasof research today. The compact

object’s interaction with other matter, through accretion, can release a considerable fraction

of the matter’s rest mass energy (discussed later). This energy release, when in the form of

radiation, can make these systems very bright in a variety ofwavelengths. Therefore studying

these systems is an indirect way to the compact objects.

These compact objects can also exist in stable binary configurations. If the second object in

a binary system is a star, and depending on the geometry of thesystem, the compact object can

accrete matter from the star. The X-ray binaries, describedbelow, are a subset of this group of

1here, the traditional concept of density is applied to the white dwarfs and the neutron stars only. The black
hole density is more arbitrary: this can either be volume-averaged density of the event horizon, or the hitherto
unknown density of a singularity.

1
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objects and the main focus of the present study. The primary aim here 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 collapse any massive body onto itself, making

it denser in the process. In most objects the gravitational force is opposed by some other

physical mechanism, be it the thermal pressure or the particle degeneracy. However, if a star

is sufficiently massive (and dense), its gravity can overcome all the other forces, and collapse

it to a singularity — a black hole (BH) is born. Although very exotic, black holes are quite

simple objects and can be described entirely by their masses, spins and charges. Any charge

that might build up would be neutralized by the accretion of oppositely charged matter, leaving

us with just the mass and the spin to describe any astrophysical black hole.

The singularity, presumed to lie at the heart of a black hole,is concealed by theevent

horizon. Once past the event horizon, nothing can escape. That is, noinformation can be

passed from inside the event horizon to the outside universe. There is an innermost stable

circular orbit (ISCO) outside of the black hole where matter, if it has angular momentum, can

remain free of the black hole’s pull; beyond this point the matter will plunge towards the BH.

This concept can be better understood by looking at the motion a body in a strong gravitational

field 2:
1
c2

(

dr
ds

)2

+V2(r) = E2 , (1.1)

wheres is the proper time and is related to the co-ordinate timet via:

dt
ds

= E(1−2GM/rc2)−1 . (1.2)

The effective potential is given by:

V2(r) = (1−2GM/rc2)(1+h2/c2r2) , (1.3)

wherer denotes the radial position of the particle in orbit around amassM and h is the rela-

tivistic angular momentum per unit mass of the orbiting particle. We can see that as

r → 2GM
c2 , (1.4)

equations 1.1 and 1.3 start to break down. The radius given inequation 1.4 is where the event

horizon lies and is referred to as the Schwarzschild radiusrS (or two gravitational radii 2rg). As

noted earlier, circular orbits (dr/ds= 0) are possible: these occur at radii such that∂V/∂ r = 0.

The stable circular orbits are therefore possible at:

r =
GM
2c2

[

H2+(H4−12H2)
1
2

]

, (1.5)

2a gravitaional field is considered strong ifGM/rc2 ∼ 1, implyingGMm/r ∼ mc2 for a body of massm.



1.2 X-ray binaries 3

whereH = c2h/GM, if h≥ 2(3)1/2GM/c2 (Franket al., 2002)3. It should be noted that even

if the matter has finite angular momentum, it would still fall-in once past the minimum of all

the possible circular orbits (ISCO); for a non-spinning black hole (SchwarzschildBH) this is

given by 3rS, whilst for a prograde orbit around a maximally rotating black hole this (and the

event horizon) are reduced to 0.5rS. 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 long asit possesses sufficient angular

momentum (h≥ 2(3)1/2GM/c2). Accumulation of matter in various orbits around an accreting

object is the basis of an accretion disc; angular momentum istransported outwards in an accre-

tion disc (due to viscous interactions), causing the matterto occupy progressively lower orbits

until it reaches the ISCO. During this process of in-fall andviscous interactions, gravitational

potential energy is extracted, and converted into kinetic and thermal energy. The position of

the last stable orbit also has an impact on the amount of energy liberated from the in-falling

matter. The smaller the ISCO (for example spinning black hole), the higher is the energy lib-

erated. By the time matter reaches ISCO, a significant proportion of its binding energy can be

radiated away: 0.057mc2 if around a Schwarzschild black hole, and 0.42mc2 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 an accreting compact object. As

the matter is accreted onto the compact object, X-rays are emitted. The emission properties of

these systems are determined by various factors, such as: the nature of the compact object i.e.

a black hole or a neutron star, the accretion flow mechanism, and the magnetic field strength

(in the case of neutron stars). Accreting white dwarfs form aclass of objects known as the

cataclysmic variables.

If the donor star in an X-ray binary system is low-mass (.1 M⊙) then the system is referred

to as a Low Mass X-ray Binary (LMXB). On the other hand, if the donor star is high-mass (&10

M⊙), then the system is classified as a High Mass X-ray Binary (HMXB). As one might expect,

there is another class that encompasses the intermediate masses (.10 M⊙ and&1 M⊙): the

Intermediate Mass X-ray Binary (IMXB). Apart from the mass of the donor star, these systems

can also differ in the way the compact object accretes. Generally, in LMXBs the low mass

donor star fills the Roche Lobe (figure 1.1) and the main mode ofaccretion is via the accretion

disc. Also if the low mass donor star is main sequence or sub-giant star then it has a weak

stellar wind. The donor stars in the HMXBs have strong stellar winds and do not fill their

Roche Lobes (there are some exceptions: HMXBs with small orbital periods show evidence of

Roche lobe overflow, for example, SMC X-1 and Cen X-3). The strong stellar winds mean that

the HMXBs compact objects can have high accretion rates. Theangular momentum carried in

the wind results in an accretion disc forming around the compact object, unless the matter is

3this the minimum angular momentum required to stay in orbit greater than the innermost stable circular orbit
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captured by other means (e.g. strong magnetic fields). The accretion disc also forms in LMXB

systems; figure 1.2 shows an impression of such a system. In fact, it is these very discs that

give rise to the X-ray emission that has defined these systemsin the first place.

The different accretion mechanisms also have an impact on the observed population of X-

ray binaries: most of the X-ray binaries are either HMXBs or LMXBs, with very few being

IMXBs. The donor star in the IMXBs is not massive enough to generate strong stellar winds

for creating a strong X-ray source. The IMXB systems can evolve and go through a Roche

lobe overflow stage. However, this stage can be very short forthe IMXBs. Therefore there is a

natural selection effect against the IMXB detection.

The nature of the compact object can further categorize the X-ray binaries. The X-ray

spectral properties of systems with black holes can also be found in neutron star systems e.g.

soft spectra, fast variability, high-energy power-law spectrum, which can make distinguishing

the neutron stars from the black holes quite difficult. An X-ray binary system is generally

considered to be a BHC if the compact object exhibits mass greater than 3M⊙; no stable neutron

stars are believed to exist with M> 3M⊙. The neutron star systems can also offer distinguishing

features: these include the presence of coherent pulsations (pulsars), and type I X-ray bursts

(thermonuclear ignition on the surface of the neutron star). There are numerous other more

subtle effects that are present in the X-ray spectra that canalso help distinguish different types

of LMXBs (see Lewinet al., 1997 for many detailed reviews)

The following work focuses mainly on the LMXB sources harbouring black hole candi-

dates. The artist’s impression seen in figure 1.2 encapsulates the believed geometry of such

systems: the Roche lobe filling donor star providing matter to the accreting black hole via

an accretion disc, with an intermittent relativistic jet (discussed later). The picture, however,

does not show the “corona”, because there is still a lot of contention 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 binaries (or AGN) can take a variety of

forms. The presence of an accretion disc and a relativistic jet is a well established picture for

an accreting compact object.

A large body of theoretical work exists on the nature of accretion discs. The simplest

treatment of an accretion disc assumes the disc converts thegravitational potential energy into

kinetic and thermal energy via the viscous stresses. Also, it is geometrically thin, but optically

thick (many other variations on the geometry exist, however). The viscous dissipation rate per

unit disc face area of such a disc is given by (Franket al., 2002):

D(r) =
3GMṀ
8πr3

[

1−
( rS

r

)1/2
]

. (1.6)

Using this relation, we can also work out the disc luminositybetween radiir1 andr2. This is
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Figure 1.1: An illustration of the Lagrangian, designated with ‘L’, points (where various
forces are in balance) in a binary system. The equipotentialcurves that meet at the L1 point
encapsulate theRoche Lobes.

given by:

L(r1, r2) =
3GMṀ

2

{

1
r1

[

1− 2
3

(

rS

r1

)1/2
]

− 1
r2

[

1− 2
3

(

rS

r2

)1/2
]}

, (1.7)

and whenr1 = rs andr2 → ∞, we obtain the total disc luminosity:

Ldisc =
GMṀ

2rS
=

1
2

Laccretion . (1.8)

The disc temperature can also be calculated by combining thedissipation rate relation given in

1.6 with the black-body flux:

σT4 = D(r) , (1.9)

whereσ is the Stefan-Boltzmann constant. Using thers = 2GM/c2 relation and assuming

r >> rS, the temperature of the disc can be expresses as:

T(r) =

[

3c6

64πσG2

]

1
4

Ṁ
1
4 M− 1

2

(

r
rS

)− 3
4

. (1.10)

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

affect the disc temperature. It also shows how an accretion disc around a super-massive black

hole is cooler than one around a stellar-mass black hole. That is, the dissipation per unit area

for stellar mass black hole is higher than that of a super-massive black hole.

Although the viscous stress is at the heart of the energy dissipation in an accretion disc,

its exact nature is still not fully understood. However, Magnetic Rotational Instability (MRI),

which couples differentially rotating disc components, has proved a good candidate for the

origin of the viscous stress (Balbus and Hawley, 1991; Hawley and Balbus, 1991; Balbus and

Hawley, 1998).

The Shakura and Sunyaev (1973) solution for an accretion disc in a black hole binary sys-

tem remains one of the most successful and used disc models. The Shakura-Sunyaev disc is

generally modelled as a geometrically thin disc that converts the gravitational potential energy

into heat via the viscous stresses. They characterize the efficiency of the transfer of angular

momentum outwards (by the viscous stresses), through what is referred to as theα-parameter.

More recent observational and theoretical works have shownthat the accretion discs cannot be

the idealized picture of the Shakura-Sunyaev disc. A numberof groups are carrying out the

general relativistic magneto-hydrodynamical (GRMHD) simulations to obtain a better physical

understanding of the accretion discs (see Franket al., 2002 for a detailed physical analysis of

the accretion processes). Not only are the accretion discs are better modelled now, but also

their relationship with the ejection processes is becomingincreasingly clearer.
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The ejections or the outflows from the black hole systems can take a variety of forms (e.g.

winds), with relativistic jets as one of the most energetic of these outflows. The jets from

AGN sources have been observed since the beginning of the 20th century (Curtis, 1918). The

later radio observations showed that the spectra of such sources could be fitted with optically

thin synchrotron spectrum. Such a spectrum has a power-law form (Sν ∝ ν−α , whereα is the

spectral index) and can be used to calculate the power-law (p)index of the underlying electron

energy distribution that would give rise to such a spectrum:α = (p−1)/2. Various other radio

observations also gave rise to the label ofcompact radiosources and the associated flat/inverted

spectrum was subsequently explained with the aid of a synchrotron jet model (Blandford and

Königl, 1979).

Even with a long standing understanding of the relationshipbetween accretion and ejection

(jets), it was only relatively recently that the systematicstudies on this connection have been

carried out. Thedisc:jet connection, as it is now commonly called, appears to be getting

stronger with every new endeavour in this field. In many ways this systematic study has been

kick started by a better understanding of the X-ray binary jets. The discovery of jets in the X-ray

binary sources SS 433 (Fabian and Rees, 1979) and Cygnus X-3 (Geldzahleret al., 1983), and

the apparent super-luminal motions in the outflows from the source GRS1915+105 (Mirabel

and Rodrı́guez, 1994; Fenderet al., 1999), showed that highly relativistic jets emanate from the

black hole X-ray binaries — similarly to the AGN jets; many more examples exist now of the

jets from the BHXBs. As for the disc:jet connection, it is further strengthened by the BHXB

spectral spectral states studies (see section 1.2.2) and the scaling relations encompassing the

stellar-mass and the super-massive black holes (see section 1.3).

Although jets are ubiquitous in accreting sources, their launch and formation mechanisms

have not been fully understood. The Blandford and Payne (1982) model is one of the earliest to

suggest how a jet may be formed via the large-scale poloidal magnetic field lines threading the

accretion disc: the magnetic field lines are wrapped around (as they considered to be frozen in

plasma), and the matter from the disc plane (for example, electrons travelling along the mag-

netic field lines) is centrifugally propelled outwards due to the disc rotation. More recent sim-

ulations have ruled out this particular mechanism (Fragile, 2008). The Blandford and Znajek

(1977) model, on the other hand, showed how it is possible to launch a jet by extracting energy,

electromagnetically, from a spinning black hole. This analytical model has been extended into

a GRMHD simulations, showing a jet formation using only a weak dipole magnetic field in the

form of the poloidal loops contained within the disc (McKinney and Blandford, 2009).

Some recent work by Ohsugaet al. (2009) has made great progress in showing how the

disc:jet picture looks in different states. Although they have been unable to model in detail the

different black hole binary states, their work has once again shown the close-knit nature of the

accretion and ejection mechanisms.

The BHXB picture gets a little more complicated when, in addition to the disc and the jet,

one considers the “corona” — so far only a theoretical construct to explain the observations

better. Just like the disc:jet models, there are numerous models for the corona that address
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Figure 1.3: A selection of GRO J1655-40 states from the 2005 outburst. VHS: very high
state; TDS: thermal dominant state; USS: ultra-soft state;LHS: low hard state. The right
panel shows that assumed associate geometry for the different states. The image is from Done
et al. (2007).

various issues. Regardless of the geometry, the corona is generally considered to contain the

high energy electrons/positrons that scatter the soft X-ray photons from the disc to much higher

energies by the inverse Compton process. The necessity for such a region 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 varying states of being. Theirstateclassifica-

tion has traditionally been based on the multi-wavelength spectra, as well as the X-ray power

spectra (see McClintock and Remillard, 2006 for a detailed review). The spectral energy distri-

bution (SED) of an X-ray binary can vary depending on the state. Figure 1.3 shows (left panel)

a compilation the source GRO J1655-40 data exhibiting the typical SEDs for the various states.

The panel on the right renders the believed geometry changesthat give rise to the states. The

SED changes are also accompanied by the changes in the timingproperties. Some of the state

classifications and the associated spectral and timing behaviours are discussed below:

Quiescent State: Not shown in figure 1.3, but generally a low mass black hole X-ray binary

will spend most of its life in the quiescent states: so named due to the extremely faint X-ray

spectrum. The spectrum in such a state is also characterizedby its power-law appearance.

Low Hard State (LHS): This state tends to be at lower luminosity than the high softstate

and the spectrum can be modelled with a power-law function. Extensive work has been done,

and now a well accepted picture exists on the link between thehard state and the presence of

a compact radio jet. This link forms the basis of the disc:jetconnection. Figure 1.4 shows the
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Figure 1.4: The source GX 339-4 power spectrum density in different spectral states. The
images was compiled from McClintock and Remillard (2006).

power-spectra for GX 339-4 in various states. The LHS power-spectrum is typically flat topped

band-limited noise (BLN), as shown in the far left panel of figure 1.4. The characteristicνb, or

break frequency, can also be seen at∼0.1 Hz. The strong Comptonization component of the

SED is assumed to originate from the corona. The presence of the Comptonizing corona, plus

the recessed disc (as the disc component is weak in the SED), are shown 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 the hardand the soft state). These states

are normally associate with a steeper spectrum than the Low State, and exhibit quasi-periodic

oscillations (QPOs) in the X-ray power-spectra. These QPOsare typically in the range of 3-12

Hz. The power spectrum in figure 1.4 shows these QPOs. The SED for this state shows a strong

disc component, and the presence of a Comptonization region(figure 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 power-law component. Fitting the

strong disc component leads to the conclusions that the discextends all the way to the ISCO.

The weak power-law component suggests the presence of a partial corona. The jet is believed

to be quenched when in this state. The power-spectrum in thiscase exhibits a weak power law

noise with a smaller, compared to LHS, characteristicνb.

Ultrasoft State (USS): This state is quite similar to the thermal dominant state, except the

power-law component in the SED is now completely missing. This therefore does not change

the disc geometry (still near or at ISCO), but the Comptonizing corona is believed to have

disappeared. Figure 1.3 shows the SED and the associated geometry for such a state.

The above classification, however, should be viewed as a snapshot of many source be-

haviours. In other words, an X-ray binary can exhibit very different properties whilst moving

through the mentioned states fairly quickly. This kind of movement track is illustrated in figure

1.5. The figure illustrates how a given source can transitionfrom one state to another along a

permittedpath. A large number of X-ray binary sources have been observed (see Fenderet al.,

2009 for a large number of source exhibiting similar behaviour) to give rise to a similar track
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Figure 1.5: A Hardness-Intensity Diagram (HID) showing the unificationof various X-ray
binary states and the associated disc:jet behaviour.Γ represents the jet Lorentz factor. (i) and
(ii) would be associated with the Low Hard state, the source would increase in Luminosity
when moving from (i) to (ii). The horizontal transition to the High Soft state (iii) is associated
with flaring(massive ejection events) and the cessation (crossing the jet-line) of the steady jet.
The source can then transition back to the low state via (iv);no jet is believed to exist when in
state (iv). Crossing the jet-line again on the route back from (iv) to the LS has been associated
with radio outburst (ejection events). The arrows the indicate the only path the sources take.
The image is from Fenderet al. (2004).

when transitioning from one state to another. Interestingly, all these sources only take the path

indicated by the arrows in figure 1.5, giving rise to the suggestion that any given sourceknows

its state history. Such figures are referred to as Hardness-Intensity Diagrams (HID), because it

plots the X-ray hardness4 vs. the intensity (count rate).

The hardness-intensity diagram portrays a unified picture of all the different spectral states,

plus indicate the role played by the jet. A steady jet (Γ < 2) is present in the hard state. Some

models have been presented that do away with the corona in this state and suggest the base of

the jet for the disc photon up-scattering (Falcke and Markoff, 2000; Markoffet al., 2001). The

source spectral evolution can be traced by moving along the HID. The source transitions to the

soft state via the very high state. Highly relativistic jets(Γ > 2) are associated with the very

high state before the source crosses the “jet line”. The jet is believed to be quenched after this

point and the transition is made to the soft state. The very high state also shows some very

interesting timing properties that are not observed in any other state. These timing properties

4thehardnessmeasurement can be arbitrary, but is generally defined as themeasure of how dominant the power
law component is over the blackbody, for example, the ratio:(6.3-10.5 keV count rate)/(3.8-6.3 keV count rate).
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Figure 1.6: The classification of PDSs based on certain characteristics. 1: associated with the
hard state (right hand side of the HID; 2: typical of intermediate states (horizontal branch of
the HID); 3: also in intermediate hardness, but a narrower range than PDS-2; 4: found in even
lower hardness than PDS-3; 5: associated with the soft state(far left 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 nextsection.

1.2.3 BHXB Timing Properties

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

ray binaries change with the state. Figure 1.4 illustrated how the power-spectrum differs, in GX

339-4, depending on the source state. In fact these properties are so prevalent that the power-

spectra can be classified, and the source states, according to the presence (or the absence) of

certain characteristics. This PDS classification is demonstrated in figure 1.6. The classification,

corresponding to the labels in figure 1.6, is described below(Belloni, 2009).

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

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

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

increase with the source flux

2. PDS-2 type is generally observed at intermediate hardness (the horizontal branches of

HID). It is modelled with multiple Lorentzians, including the QPO peaks. The QPO

centroid frequencies vary between∼0.01 and∼20 Hz. All the Lorentzian components,

including the QPOs, vary together and are strongly correlated with the hardness: the
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softer spectra correspond to the higher frequencies and lower integrated rms (root mean

squared) variability. Also, only a specific type of QPO, a “type-C” (see Casellaet al.,

2005 for low frequency QPO types), is observed in this type ofPDS. A weaker band

limited noise component is also present.

3. PDS-3 is found over a small range in hardness where the hardness is intermediate. It is

characterized by the presence of a “type-B” QPOs. The BLN component is replaced by

a steeper power law component. The QPOs show a harmonic structure similar to type-C

QPOs (peak at 1/2 the frequency of the main peak is observed).The QPO frequency

range is also limited to 1-6 Hz.

4. This is observed at even lower hardness than PDS-3. A “type-A” QPO is associated with

this PDS type. This type of QPO is much broader and weaker thanothers, and restricted

to a very narrow range of 6-8 Hz.

5. This PDS corresponds to the soft state of the black hole X-ray binaries (far left of HID).

PDS 5 is characterized by a weak steep component with an occasional weak QPOs at

frequencies>10 Hz.

Although the above classification is quite comprehensive itdoes not cover all the different

types of PDS. Variations in the PDS shapes have been observedespecially in theflaring states.

As the source transitions from the hard state to the soft state, it can go through flaring (asso-

ciated with radio-band flares). The flares observed in these states can be related to the highly

relativistic massive ejection events (Fender and Pooley, 2000).

The massive ejection events, radio flares, have been observed in a number of sources (see

Fenderet al., 2009 for examples). A radio flare generally signals theendof the steady-state

jet and the source makes a transition to the soft state (crossing the jet line along the top hor-

izontal branch of HIDs). Some interesting correlations have been found when one looks at

the hardness-rms diagrams (HRD). The hardness-rms diagrams typically show a monotonic

decrease in the rms variability as the spectrum gets softer.A particular area of this diagram,

referred to as the “zone”, indicates a dramatic change in theX-ray timing properties. This

change is in the form of a sharp decrease in the rms variability. The findings by Fenderet al.

(2009) hint at a correlation between the radio flare and the X-ray timing displaying the zone-

characteristics; however, no clear causal connection could be found. This demonstrates that

the X-ray timing properties are intimately linked with the jet behaviour, but require further

investigation to clarify, even more, the disc:jet connection.

1.3 Scaling up for the AGN

As mentioned earlier, black holes are relatively simple objects that can be described by a hand-

ful of their properties. With this in mind, one would expect that the black holes would behave

the same way, no matter what size they are; this should include any systems that harbour black
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Figure 1.7: The Disc-Fraction Luminosity Diagram (DFLD) for a 4963 SDSSquasars with
ROSAT detections. The far left of the x-axis corresponds to “all disc”, while the far right
corresponds to the “all power-law”.R is the radio-loudness parameter. The figure is taken
from Kördinget al. (2006b).

holes (i.e. BHXB and AGN). If a super-massive black hole at the heart of a galactic centre

starts to accrete, and consequently radiate, an active galactic nucleus is born (AGN). Then the

question is whether the kind of relationship presented in figure 1.5 also exists for the AGN.

Of course, the main problem with observing such a behaviour in AGN is the time-scales on

which changes are seen; an AGN cannot be observed to transition from one state to another.

Population studies, however, can indicate how the AGN mightevolve. Kördinget al. (2006b)

show how it is possible to construct an analogous (to HID) relationship for the AGN.

A Disc-fraction Luminosity Diagram (DFLD) is constructed which compares total lumi-

nosity, LD + LPL, with the power-law fraction,LPL/(LD + LPL), whereD andPL signify the

disc and the power-law respectively. Kördinget al. (2006b) demonstrate that when a DFLD is

constructed for a simulated X-ray binary population, the same behaviour is observed.

The stellar-mass:super-massive black hole scaling also works remarkably well when one

looks at thefundamental plane of black hole activity(Merloni et al., 2003). The fundamental

plane links the radio luminosity with the black hole mass andthe X-ray luminosity via

LRadio∝ L0.6
X M0.8. (1.11)

The radio luminosity acts as a tracer for the enormous jet power. It would therefore be more

useful to demonstrate the fundamental plane with the jet power itself, rather than use a faint
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tracer like the radio luminosity. The later refinements of the plane (Falckeet al., 2004; Körding

et al., 2006a, 2007; Gültekinet al., 2009) do just that and show the same relation as the original

fundamental plane, but with the jet power and the mass accretion rate replacing the radio lu-

minosity; the accretion rate is an indicator of the rate at which the jet is being “fed” and scales

linearly with the jet power.

The scaling up also applies to the variability. McHardyet al. (2006) have shown that the

break frequency scales (νb) with the black hole mass and the accretion rate. This and allthe

other such relations re-iterate the relatively simple nature of 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 I present a new internal shocks model (iShocks) that is used to model

X-ray binary jets. Although I have focused primarily on the X-ray binary scales during the

development and the testing of this model, its structure is such that it is scale independent,

making it easily adaptable to model AGN jets. The reader shall find the disc:jet environment

the general theme of the present work, with the hope of extending our comprehension of these

systems.

Chapter 2 describes theiShocks model, and demonstrates some of its capabilities. Chap-

ter 3 focuses on application of the model and showing how a solution to the long stand-

ing flat/inverted spectrum (with adiabatic energy losses) problem has been found. Chapter

3 also shows the application ofiShocks to the repeated giant ejections from the source GRS

1915+105.

Chapter 4 explores the X-ray/optical correlations in blackhole X-ray binaries. Once again,

the iShocks model is applied to this scenario with the aid of translating the X-ray variability

into jet parameters and studying the resultant ”X-ray”/optical correlations.

Chapter 5 is a slight digression from thejet themeof the other chapters: I have implemented

pair (electron-positron) annihilation in the high energy radiative transfer model (HEART). The

lepton pair annihilation is modelled in a corona, in addition to other radiative processes (Comp-

ton scattering, bremsstrahlung), to study the presence (orlack) of the 511 keV line in X-ray

binaries. This type of study gives us great clues to the conditions present in these coronae, and

ultimately in the X-ray binary systems.



2
An Internal Shocks Model

The details of our internal shocks model (iShocks), developed for simulating relativistic jets,

are outlined in the following chapter. The first part describes some of the other jet models and

any of associated drawbacks. The rest of the chapter is concerned with our model and how it

improves upon the existing picture. The general focus of thefollowing work shall remain on

X-ray binary jets.

2.1 Previous models

With an array of relativistic jet models available, it is important to understand the underlying

assumptions and any drawbacks these models may have. Due to the inherent complexity of

the systems being modelled, AGN and X-ray binaries can only be simulated by having some

simplifying assumptions. For this reason, different models have 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 source;“flat” refers to

the shape of the spectrum (α ∼ 0 if the spectrumSν ∝ ν−α ). This flat spectrum is generally

considered to be as a result of self-absorbed synchrotron radiation from a conical relativistic

jet. However, previous models have had to make a number of keyassumptions in order to

reproduce these observations.

One of the most successful and influential jet models was introduced by Roger Blandford

and Arieh Königl in 1979 (Blandford and Königl, 1979). Their model showed how it is pos-

sible to obtain a flat spectrum via the self asbsorbed synchrotron radiation originating from a

relativistic jet. The flat spectrum results from the super-position of many self absorbed syn-

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

chrotron spectra from different parts of the jet. The higherfrequencies are emitted from the

inner parts of the jet, while the lower frequencies originate from the outer parts of the jet. This

is illustrated in figure 2.1. The figure shows how the individual synchrotron peaks are shifted to

lower frequencies as we move along the jet. (The details of synchrotron emission are discussed

in section 2.3.5.) The synchrotron peak frequency is influenced heavily by the volume of the

emitting region: a larger volume means a lower peak frequency. However, this is where the

Blandford and Königl (1979) model also has a drawback: the adiabatic energy losses, due to

increase in the volume, are neglected. The authors assume a constant re-acceleration all along

the jet. In other words, a constant replenishment of any energy losses suffered by the emitting

electrons.

Alan Marscher introduced another jet model (Marscher, 1980). The jet geometry in his

model includes a “nozzle” region which leads to a conical part of the jet. In the nozzle the

emitting electrons go through a single acceleration episode to a power-law energy distribution.

These electrons subsequently give rise to the synchrotron spectrum. The model also take the

adiabatic energy losses into account. Unfortunately, thismodel is unable to reproduce a flat

spectrum because a single acceleration episode does not appear to be sufficient. Falcke and

Biermann (1995) present a more complicated model that has a similar geometry. Their model is

applied mainly to quasars [although microquasar application has also been explored by Markoff

et al. (2001)], with the jets also contributing to the X-ray emission. The focus of Falcke and

Biermann (1995) and Markoffet al. (2001) models is on the higher energy emission, and no

real effort is made to reproduce a flat spectrum ranging from the radio frequencies up to the
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Figure 2.2: An electron will take a helical trajectory in a straight magnetic 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 explain the observations of the

source SS433. They modelled the jet in the form of a “twin-jet”. They model the jet in the

form of a two-flow, or in other words, a jet inside a jet. Different layers within the jet then give

rise to different emissions. They are able to reproduce a flatspectrum, but require aslowed

lateral expansion of the jet. The slowed expansion helps to control the adiabatic losses. Once

again we can see it is difficult to reproduce a flat spectrum whilst self consistently taking the

adiabatic losses into account.

More recently, models by Kaiser (2006) and Pe’er and Casella(2009) further explore the

flat spectrum and the involvement of the adiabatic and radiative energy losses. Kaiser (2006)

showed how it is possible to obtain a flat spectrum with a conical jet, if only the radiative energy

losses are considered; the presence of the adiabatic energylosses produces a highly inverted

spectrum (unless a non-conical jet geometry is assumed).

All these studies therefore lead us to conclude that either the assumed conical jets do not

suffer from adiabatic energy losses or some mechanism replenishes 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 describe the physical processes that

are essential and inherent to the workings of our, and many other, jet models. Two of the main

processes are the synchrotron radiation and the acceleration of high energy particles.

2.2.1 Synchrotron radiation

A treatment of synchroton radiation can be found in Rybicki and Lightman (1979). However,

some of the key principles are outlined below.

An electron accelerating in a magnetic field,B, radiates. Figure 2.2 demonstrates the princi-
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ple of electron acceleration in a magnetic field. The electron takes a helical trajectory with the

acceleration perpendicular to the velocity. If the particle is non-relativistic then the radiation is

referred to as the cyclotron radiation, where the emission frequency corresponds to the gyration

frequency. However, if the particle in question is relativistic, then the emission is referred to as

synchrotron radiation. The emission frequency calculation in this case is more complex. The

emitted radiation has a particular profile: it is beamed intoa cone along the direction of motion.

Due to this beaming effect, and when the radiation cone matches the observer direction, an ob-

server sees pulses of radiation from such an electron. The period of these pulses can be much

smaller than the gyration period (by a factor ofγ3, whereγ is the electron Lorentz factor).

With the pulse being quite narrow (temporally), the synchrotron spectrum is quite broad,

due to the relation:

∆t∆ω > 1 , (2.1)

whereω is the frequency (= 2π f ). The broad synchrotron spectrum, however, has quite a

sharp cut off after the critical frequency:

ωc =
3γ2qBsinα

2mc
, (2.2)

with q and m representing the charge and the mass of the emitting particle. Typically, the

spectrum is peaked at the critical frequency. If the spectrum is calculated for a single electron,

then this can be generalized to a whole distribution. There is a particularly simple relationship

between a power-law electron energy distribution and the spectral index of the synchrotron

spectrum:

α =
p−1

2
, (2.3)

wheres is the spectral index andp is the power-law index of the electron distribution. As

mentioned earlier, our focus is on the self-absorbed synchrotron spectrum. The spectrum in

that case looks different.

In addition to emitting a photon, an electron can also absorba photon in the presence of

a magnetic field. This self absorption results in the spectrum taking the peaked shape (see

the individual peaks in figure 2.1). For a power-law energy distribution of electrons,the self

absorbed, optically thick1, part of the spectrum follows the relationν5/2 whilst the optically

thin part followsν−(p−1)/2. The spectrum calculation is discussed further in section 2.3.5.

2.2.2 Shock acceleration

Enrico Fermi proposed a stochastic acceleration mechanismby which the particle collisions

with the interstellar clouds would result in the colliding particles being accelerated to higher

energies (Fermi, 1949); he suggested this as the origin of the high energy cosmic rays. This

1true for a power-law energy distribution of emitting electrons; therefore the electrons emitting at different
frequencies are actually at different effective temperatures. The thermal emitting population at a single temperature
would give rise to a different spectral index.
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original acceleration process is now referred to as theFermi second order acceleration: the

reason for this is that only the second order term in the energy of the particles sees a gain. This

process involves the particles “bouncing” off a large molecular cloud. Depending on whether

the collision is head-on (this results in maximum energy gain) or tail-on, the energy gains

vary. Blandford and Eichler (1987) later expanded on this process and gave a more thorough

treatment of the process. Once accelerated, the particles end up in a power-law distribution.

However, the Fermi second order acceleration is still not the most efficient method for acceler-

ating particles.

TheFermi first order acceleration(Blandford and Ostriker, 1978; Bell, 1978) on the other

hand holds more promise for higher acceleration efficiencies. In this case, a shock is viewed

as passing through a medium with different plasma properties in front of and behind the shock

front. In this process, particles gain energy at every crossing of the shock front. In other

words, we end up with repeated “head-on” collisions for particle acceleration. The first order

acceleration therefore is a lot more efficient and still produces a power-law energy distribution

of electrons.

The shocks in our model, although not modelled in detail, areanalogous to the Fermi first

order acceleration; the passage of shock front through a shell results in the re-energization of

the electrons and the magnetic field.

2.3 TheiShocks Model

Our model (iShocks) is based on the Spadaet al. (2001) internal shocks model for radio-

loud quasar. Many modifications have been carried out to makethe model more flexible, and

applicable to different scales and scenarios. The jet is simulated using discrete packets of

plasma orshells. Only the jets at relatively large angle of sight are modelled: this is because

the Comptonization effects and the influence of radiation from one shell on another shell are not

taken into account. Each shell represents the smallest emitting region and the spatial resolution

in the model is limited to the shell size. While the simulation is running, the jet can “grow”

with the addition of shells at the base while the previously added shells move further along

the jet. If the time interval between consecutive shell injections is kept small, a continuous-jet

approximation can be achieved. Variations in the shell injection time gap and velocity cause

the faster shells to catch up with the slower ones, leading tocollisions: the internal shocks,

discussed later, are a result of these shell collisions. A schematic of the model set up is shown

in figure 2.3. The two conical frusta shown represent the shells.

2.3.1 Shell properties

The shell volume is based on a conical frustum (cone opening angle = jet opening angle,ϕ).

As a shell moves along the jet, it can expand laterally as wellas longitudinally (figure 2.3). The

emitting electron energy distribution is assumed to be power-law in nature; each shell contains
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Figure 2.3: An illustration of shells in our jet model. If the outer boundary of the inner shell,
(j), contacts the inner boundary of the outer shell, (j-1), acollision is said to occur. The lateral
expansion is due to jet opening angle; the longitudinal expansion is due to the shell walls
expanding within the jet. The illustration is not to scale.

its own distribution. The power-law energy distribution isof the form:

N(E)dE = κE−pdE , (2.4)

whereE = γmc2 is the electron energy,p is the power-law index andκ is the normalization

factor. If the total kinetic energy density of electrons,Ek, and the electron energy is expressed

in terms of the Lorentz factor, thenκ ′ can be calculated for the two cases of power-law index:

p 6= 2, andp = 2. (κ andκ ′ are related viaκ = κ ′(mec2)(p−1)). We have:

Ek =
∫ γmax

γmin

κ ′γ−p(γ −1)dγ (2.5)

which can be solved in general whenp 6= 2, to get:

Ek = κ ′
[

1
2− p

(γ(2−p)
max − γ(2−p)

min )

− 1
(1− p)

(γ(1−p)
max − γ(1−p)

min )

]

, (2.6)

equation 2.5 can also be solved for the special case ofp = 2:

Ek = κ ′{[ln(γmax)− ln(γmin)]+ [γ−1
max− γ−1

min]
}

, (2.7)

where the subscriptsmaxandmindenote upper and lower energy bounds for the electron energy

distribution. The relations given in equations 2.6 and 2.7 can therefore be used to calculate the

change in the power-law distribution normalization when there is a change in the total kinetic

energy, assuming the power-law index andγmin are fixed.
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A magnetic field is essential to give rise to the synchrotron radiation. In the shells, the

magnetic field is assumed to be randomly oriented and constantly tangled in the plasma, leading

to an assumption that the magnetic field is isotropic, and, that it can be treated like an ultra-

relativistic gas (Heinz and Begelman, 2000). If the magnetic energy density (EB) is given, the

field (B) can be calculated:

EB =
B2

2µ0
, (2.8)

whereµ0 is the magnetic permeability of free space.

Other shell properties include the shell bulk Lorentz factor, Γ, and the shell mass,M. These

quantities remain constant throughout the lifetime of a given shell. If there is variability in the

Γ of the shells being modelled, then the faster inner shells are able to catch up with the slower

outer ones, causing shell collisions; the shell collisionscreate internal shocks, which ultimately

generate the internal energy. The shell bulk Lorentz factorand mass are re-calculated upon a

collision.

2.3.2 Internal shocks

When two shells collide, a shock forms at the contact surface. Some of the steps involved in

a two-shell collision, and the subsequent merger, are illustrated in figure 2.4. The collisions

are considered to be inelastic. With many shells present inside the jet, the next collision time

between two shells needs to be calculated first: a collision is said to occur when the outer

boundary of the inner shell,Router
j , comes in contact with the inner boundary of the outer shell,

Rinner
j−1 . The following relation can be used to calculate the time interval for a two shell collision:

dtcoll =
Rinner

( j−1)−Router
( j)

(β e
( j−1) + β e

( j))c+(β( j)−β( j−1))c
, (2.9)

where the subscriptsj − 1, j denote the two consecutive shells,β e is the shell longitudinal

expansion velocity (along the jet axis), andβ is the shell velocity (=
√

Γ2−1/Γ); dtcoll is

calculated for all the shells inside the jet and the minimum of these collision time gaps is

selected, that is, the next earliest collision. The shell longitudinal expansion (β e) is due to any

thermal energy the shell may have. We do not explicitly modela thermal electron population;

however, the expansion effects of having such a population are incorporated into the model.

The shell expansion velocity is given by (Spadaet al., 2001):

β e =
2β ′

s

Γ2

1
1− (ββ ′

s)
2 , (2.10)

whereβs = v′s/c corresponds to the sound velocity in the plasma (in the shellrest frame), and:

v′s =

√

1
3

E′
th

M
, (2.11)
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j j−1

(a)

j j−1

(b)

(d)(c)

RS FS

j j−1

Figure 2.4: An illustration of a two shell collision leading to a merger:(a) when the inner
shell, j, comes in contact with the outer shell, j-1, (b) a shock starts to form; (c) the forward
shock, FS, travels through the outer shell while the reverseshock, RS, travels through the inner
shell; (d) once shock fronts have traversed the two shells, anew ‘merged’ shell is formed.

with E′
th being the shell thermal energy and M is the shell mass. The prime denotes quantities

in the shell rest frame. The Panaitescu and Mészáros (1999) treatment of a shock propa-

gation is followed to work out various quantities associated with the shock itself. The shock

propagation can be split into two shock-fronts: a forward shock travelling from the contact sur-

face and through the outer shell( j −1), and a reverse shock travelling through the inner shell

( j) (injected after shell( j −1)). Once the shock-front has passed through, the plasma/shell is

considered to beshocked(S) and will have different physical properties compared with the un-

shocked plasma (see figure 2.4). In one of the shells’ rest-frame, the shock-front’s (SF) velocity

can be calculated as:

β ′
SF =

(Γ′
S−1)(γ̂Γ′

S+1)

β ′Γ′
S[γ̂(Γ′

S−1)+1]
, (2.12)

γ̂ is the adiabatic index andΓ′
S corresponds to the shocked plasma and is given by:

Γ′
S = ΓmΓ(1−βmβ ) , (2.13)
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where the subscriptm denotes the merged shell properties. A merged shell forms once the

shock-fronts have passed through both the colliding shells, leaving a single combined shell.

The merged shell mass is simply a linear combination of the two merging shells, that is:

Mm = M( j) +M( j−1) . (2.14)

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

Γm =

( µ( j)Γ( j) + µ( j−1)Γ( j−1)

µ( j)/Γ( j) + µ( j−1)/Γ( j−1)

)1/2

, (2.15)

whereµ = M+η/c2 andη is the shell internal energy. However, this is only valid ifΓ( j),Γ( j−1) >>

1. The exact calculation can be done in the following way. Theconservation of energy gives

(for convenience of notationj and j −1 have been replaced by 1 and 2):

Γ1µ1 + Γ2µ2 = Γm(Mm+ ηm/c2) . (2.16)

While the conservation of momentum gives:

Γ1µ1β1 + Γ2µ2β2 = Γm(Mm+ ηm/c2)βm , (2.17)

whereβ has the usual meaning and is equal to
√

1−1/Γ2. Combining equations 2.16 and

2.17, we get:

βm =
Γ1µ1β1 + Γ2µ2β2

Γ1µ1 + Γ2µ2
, (2.18)

which can be used to calculate theΓm, that is also valid for lowΓ1,Γ2 as well.

Because the shell collisions are considered to be inelastic, a certain amount of internal

energy is also generated. This can be given by:

Eint = Etot −Ekin

= (Γ1µ1 + Γ2µ2)− (ΓM)[(µ1−η1)+ (µ2−η2)]

= Γ1µ1 + Γ2µ2−Γmµ1 + Γmη1−Γmµ2 + Γmµ2

= (Γ1−Γm)µ1 +(Γ2−Γm)µ2 + Γmη1 + Γmη2 (2.19)

whereηi is the internal energy andµi = Mi +ηi/c2 for the two colliding shells. The efficiency

of such a two-shell collision is given by:

ε =
(Γ1−Γm)µ1 +(Γ2−Γm)µ2 + Γmη1 + Γmη2

Γ1µ1 + Γ2µ2
(2.20)

The formula given in equation 2.19 has the extraΓm factors which are missing in the internal
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energy formula given in Spadaet al. (2001):

Ein = η1 + η2+ µ1c2(Γ1−Γm)+ µ2c2(Γ2−Γm) . (2.21)

As mentioned earlier, Spadaet al. (2001) treatment of internal shocks has been followed pri-

marily, and therefore the equations given in 2.15 and 2.21 have been used instead of the exact

solutions. The implications of these differences are discussed later.

Once the quantities, outlined above, associated with the shocked plasma are calculated, we

are able to determine the new merged shell length. The shock propagation through the plasma

has a compression effect on the shells. The merged shell length is given by:

dlm =
dl1
ρ1

+
dl2
ρ2

, (2.22)

and the density,ρ , is:

ρ =
Γm

Γ
γ̂Γ′

S+1
γ̂ −1

. (2.23)

The Lorentz factor,Γ, corresponds to one of the two shells involved in the collision whileΓ′
S is

given by equation 2.13. We do not consider the re-energization of the new merged shell to be

instantaneous. Instead, the energy is dissipated over a time period that the shock-fronts would

take to cross the inner and outer shells i.e.

dtER =
dl1
βRS

+
dl2
βFS

, (2.24)

where the subscriptsER,FSandRSdenote the energy release (time), the forward shock and the

reverse shock respectively. Due to limitations in the way the shocks are modelled, the merged

shell is given the corresponding length (equation 2.22) at the point of creation; only the energy

release is delayed over time dtER. If adiabatic energy losses are taken into account, then the

merged shell will also be losing energy during the period dtER.

2.3.3 Adiabatic losses

For an expanding conical jet, the adiabatic energy losses must be taken into account. These en-

ergy losses are due to the work done by the jet material while expanding. Implicit assumptions

are made about the pressure gradient across the jet boundarythat would result in a conical jet.

The internal energy for a gas withdf degrees of freedom,N particles, and temperatureT is

given by:

U = df
1
2

NkBT , (2.25)

wherekB is the Boltzmann constant. The degrees of freedom are related to the adiabatic index

via:

df =
2

(γ̂ −1)
. (2.26)
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Therefore,

U =
1

(γ̂ −1)
NkBT . (2.27)

(At this stage, usinĝγ = 4/3 for a relativistic gas can be used to derive a specific case. However,

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

PV = NkBT (2.28)

∴ U =
1

(γ̂ −1)
PV (2.29)

=⇒ PV = (γ̂ −1)U . (2.30)

also,

dU = −PdV (2.31)

dU = −PV
dV
V

(2.32)

using 2.30,

dU = −(γ̂ −1)U
dV
V

(2.33)

=⇒ dU
U

= −(γ̂ −1)
dV
V

(2.34)

=⇒ lnU = −(γ̂ −1)lnV . (2.35)

Using the above and applying to a change in the energy and volume, we get:

lnU − lnU0 = −(γ̂ −1)(lnV − lnV0) (2.36)

=⇒ ln(
U
U0

) = −(γ̂ −1)ln(
V
V0

) (2.37)

=⇒ ln(
U
U0

) = ln(
V
V0

)−(γ̂−1) (2.38)

=⇒ U
U0

= (
V
V0

)−(γ̂−1) (2.39)

Assuming that all the synchrotron emitting electrons are highly relativistic the above relation

can be written as:

γ
γ0

=

(

V
V0

)−(γ̂−1)

, (2.40)

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

volume; the Lorentz factorγ corresponds to the power-law electrons accelerated to highener-

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

for the kinetic energy contained in the power-law electron distribution can be calculated using
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equation 2.40. To calculate the change in the power-law normalization, κ , for a change in

volume, the treatment is followed: Ifγ >> 1 thenEk = (γ −1)mec2 can be approximated by

γmec2. The conservation of total number of electrons gives:

(N0 = )V0κ0γ−p
0 dγ0 = Vκγ−pdγ(= N) (2.41)

κ =
V0κ0γ−p

0 dγ0

Vγ−pdγ
(2.42)

=⇒ κ =

(

V0

V

)(

γ0

γ0

)−p(

dγ0

dγ

)

κ0 , (2.43)

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

κ = κ0

(

V
V0

)p+γ̂(1−p)−2

. (2.44)

Once the initial power-law normalization is calculated using equation 2.6 or 2.7, the above

relation can then be used to calculate the subsequent changes in the normalization (with an

appropriate adiabatic index, for example, 4/3). If the shell is involved in a collision then the

distribution is re-calculated completely. The change in the maximum Lorentz factor of the elec-

trons,γmax, as the shell volume changes, can be calculated using equation 2.40. The combined

effect of varyingγmax andκ is to effectivelyevolvethe power-law electron energy distribution.

Changes in the magnetic energy density can also be determined in a similar manner. If

we assume that the magnetic field is constantly tangled in plasma and treat it is as an ultra-

relativistic gas, we can calculate the changes in magnetic pressure,P(B) using:

PVγ̂ = P0V
γ̂
0 , (2.45)

therefore,

P(B) = P0(B)

(

V
V0

)−γ̂
, (2.46)

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

2.3.4 Implications of calculatingΓm and Eint differently

We can look at the quantitative difference made by the changes in Γm andEint formulae. The

range ofΓ’s shall be restricted to the kind of regimes we are interested in the present work.

Although, as we shall see, the impact of using approximations instead of exact solutions is

minimal, it is important that any future work carries out exact calculations.

2.3.4.1 Difference in bulk Lorentz factor (BLF)

Figure 2.5 shows the difference between an exact and an approximate calculation of the bulk

Lorentz factor of the merged shell. The approximation (equation 2.15) overestimates the

merged BLF and is particularly poor when the two colliding shells have very different BLF.
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Figure 2.5: The map shows how the merged bulk Lorentz factors differ depending on approx-
imate formula (equation 2.15) or the exact calculation (2.18).

2.3.4.2 Difference in merger efficiency

Inspecting equation 2.20, it is clear that the merged BLF affects the efficiency of the shell

collisions. Figure 2.6 shows the efficiencies possible for arange ofΓ1 andΓ2. The correct

internal energy andΓm formulae are used to calculate the efficiency. On the hand, figure 2.7

shows how the collision efficiency changes when equation 2.15 is used to calculated BLF. The

efficiency increases when 2.18 is used to calculateΓm. The collision efficiency presented here

assumes no existing internal energy. Therefore the missingΓm factors, mentioned in section??,

do not have an influence. However, if the colliding shells do have internal energy present, and

the correct internal energy formula (equation 2.19) is used, the efficiency would be improved

when compared to the formula with theΓm factor missing.

2.3.5 Partially self absorbed synchrotron emission

To model the self absorbed synchrotron radiation, we employthe treatment outlined in Longair

(1994). With only the power-law electrons present, the synchrotron emission calculation is

simplified; the monochromatic synchrotron intensity is given by:

Iν = δ 3
∓

Jν

4πχν
(1−e−χν r) . (2.47)

The emission coefficient,Jν , and the absorption coefficient,χν , are given by Longair (1994)

(see appendix A for the numerical values);r is the shell radius (τν = χν r); the Doppler factor,
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Figure 2.6: The map shows how the collision efficiency as a function of thetwo colliding
shell BLFs. The formula outlined in equation 2.20 is used to calculate the efficiency.
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Figure 2.7: The map shows how the collision efficiency changes with different merged BLFs.
The efficiency calculated using approximate merged BLF is subtracted from the efficiency
using exact merged BLF.
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δ∓, is:

δ∓ = [Γ(1∓β (cosθ)]−1 , (2.48)

where,θ is the jet viewing angle and ‘∓’ corresponds to either an approaching or a receding

component of the jet.

If the shell area is given byA and the distance to the jet isD, then the flux, dFν , from a

single shell has the following form:

dFν = δ 3
∓

A
4π2D2

Jν

χν
(1−e−χν r) . (2.49)

The above relations are used to self consistently calculatethe synchrotron spectrum as it varies

with the shell properties. When the shell expands, its optical depth with respect to a given

frequency also changes; hence, a shell that is optically thick to a given frequency can become

optically thin to the same frequency, as it moves along the jet. The emission for a frequencyν
usually peaks when the optical depth for that frequency is unity (τ ∼ 1). It should be noted that

some of the relativistic effects, such as the aberration effect, which would affect the shell area

calculation are not taken into account. With the shell emission peaking atτν ∼ 1, the omission

of this effect will only affect the normalization of the overall spectrum. Also, when calculating

the emission, the optical depths of the neighbouring shellsare not taken into account. Therefore

to minimize the impact of these factors, only jets at relatively large angle of sight from the

viewer are modelled.

2.3.6 Model parameters

So far, only some of the key physics and the principles behindthe model have been outlined. It

is therefore important to list some of the parameters used inour model to see how they influence

the physical properties of a jet. Appendix C contains the list of all the model parameters.

The internal energy of the shell is split between the electron kinetic energy (ue), the shell

thermal energy (uth)and the magnetic energy(uB) i.e.

Eint = ue+uth +uB . (2.50)

With no obvious data available on how such energy may be split, equipartition between the

electron kinetic and magnetic energy is assumed. It is possible to constrain the distance to the

source (D) and the jet viewing angle (θ ) from observations. The shell mass on the other hand

is a free parameter. In the case of a massive ejection event, the mass can be set manually. For a

continuous jet (multiple ejections), we have a choice of setting the individual shell’s properties

manually or sampling from a pseudo-random distribution of these parameters. In the pseudo-

random case, if the jet kinetic luminosity,LW, is known then it can be used to generate the shell
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mass values by using:

N

∑
j=1

M jΓ jc
2 = LWt jet , (2.51)

wheret jet is the duration the jet is “on”. Therefore the total relativistic mass of all the shells

present in the jet has to correspond to the kinetic luminosity of the jet being modelled. The

time gap, dtin j , between any two shells can also be set either manually or sampled from a

Gaussian distribution with a given mean and standard deviation. This time gap and equation

2.51 determine how massive a shell can be:

M j =
LWdtin j

Γ jc2 , (2.52)

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

The shell bulk Lorentz factor (Γ), if not set manually, is picked from a random distribution

of values with the maximum and the minimum values (Γmax,Γmin) set by the user; the bulk

Lorentz factor for a shell does not vary as it moves through the jet, unless it is involved in a

collision. The shell length (dl ) and the jet opening angle (ϕ) can also be set by the user. For

the shell length, attempting to achieve a continuous jet approximation results in the following

relation:

dl = lscaledtin j βshellc , (2.53)

wherelscaleis a scaling factor with a maximum of unity.lscale= 1 means no spatial gap between

two consecutively injected shells; in the simulation, however, lscale is set< 1 in order to avoid

a “pile-up” of shells at the source.

When it comes to the power-law electrons, the power-law index (p) is set at 2.1 while the

Lorentz factor limits (γmin,γmax) are set at 1 and 106 respectively;γmin is kept constant at unity,

whilst γmax is allowed to vary due to energy losses.

The data from the simulation are in the form of flux corresponding to the frequencies being

observed. The observed frequency range is logarithmic with the user setting the minimum

and the maximum frequency, plus the number of bins for the range. The data are written at

every time step, where the time step is defined as an “event”. The event refers to either a shell

injection or a merger: the time step tends to be less than dtin j , if the mergers are also taking

place. However, if one wishes, the time resolution can be increased manually and set to a

desired time step.

2.4 Demonstrating some of the model capabilities

The following section illustrates some of theiShocks capabilities. The simplest scenarios are

used to demonstrate how the model produces self consistent and accurate 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 the massive ejection events observed

in X-ray binaries, in the form of radio flares, when the sourceis transitioning from a hard state

to a soft state (Fenderet al., 2004) (discussed further in section 3.3). When shells are injected

into the jet, they only start emitting radiation, or “light-up”, when they have been involved in

a collision i.e. the shock front has passed through and energized the plasma within the shell

(unless they are injected with some internal energy). In thecase of a single shell, however,

no collisions can take place; thus, the shell will require artificial lighting-up. This is achieved

by creating ashock-zoneat an arbitrary point,xshock, along the jet; theshock-zonepicture is

reminiscent of the jet models involving a single shock-zonein the jet (see Falcke, 1996, Falcke

and Markoff, 2000, Markoffet al., 2001, Markoffet al., 2003, Pe’er and Casella, 2009 and the

references therein). In our model, once a shell passes through the shock zone it is energized

instantly. A fraction of the shell’s relativistic energy,Ef rac, is used as scaling for the amount

of internal energy given to a shell after energization; the shell velocity, Γ, and the mass,M,

remain unchanged.

2.4.1.1 Without energy losses

Not taking the shell energy losses into account, as it expands, is similar to assuming that any

energy losses are continually replenished. With this kind of a set up, a shell is allowed to

propagate down the jet and expand laterally. The shell’s longitudinal expansion due to the

thermal energy of plasma is suppressed: the thermal energy is set to zero. The change in

volume is therefore not associated with any work done by the shell.

The emission from a single shell at radio and infra-red frequencies is shown in figure 2.8.

The plot also shows how the shell optical depth for the two frequencies changes as the shell

moves down the jet. The increase in the shell volume causes itto become more optically thin to

lower frequencies. This behaviour is evident in the figure, as the radio emission peak is much

further down the jet, compared to the infra-red peak: the emission peaks atτν ≈ 1. Various

shell and jet volume parameters are outlined in table 2.1.

The radio and the infra-red lightcurves, in figure 2.9, illustrate how the radio rise time is

much longer than that of the infra-red. These rise times are determined by the shell energy

density, and how quickly this energy density changes with the change in volume. Therefore in

the case shown here, the shell properties are such that the infra-red peaks soon after injection,

but the radio takes much longer. It should be noted that because the energy losses are not

considered here, only the energy density of the shell is decreasing due to the lateral expansion;

the shell’s total energy content remains constant.
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Figure 2.8: Emission from a single shell: radio and infra-red frequencies are shown. The
shell optical depth,τν , is also shown; the horizontal line marks optical depth of unity.
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Figure 2.9: Infra-red and radio lightcurves for a single shell without adiabatic energy losses.
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Table 2.1: The parameters used for single ejection scenarios.

Parameter fig 2.8, 2.9 fig 2.10, 2.11
ϕ 5o 5o

θ 40o 40o

D 2 kpc 2 kpc
M 1×107 kg 1×107 kg
Γ 2.0 2.0
dl 1×104 m 1×104 m
ue 0.5 0.5
uB 0.5 0.5
uth 0.0 0.0
xshock 0.2 ls 0.2 ls
Ef rac 0.3 0.3
Sim. Duration 7×104 s 500 s

2.4.1.2 With adiabatic energy losses

When the adiabatic energy losses are taken into account, an increase in the shell volume causes

a decrease in the shell internal energy. In this particular simulation, as in the previous scenario,

the shell thermal energy is again set to zero. Therefore any increase 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 the adiabatic energy losses taken

into account, are shown in figure 2.10. When compared with theemission with no energy

losses, figure 2.8, two main differences become apparent: the radio peak is at much lower flux

value, and at much smaller distance along the jet. The infra-red peak flux values, however,

remain relatively unchanged; the peak occurs at smaller radii when compared to the case with

no energy losses. These differences can be explained when one looks 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 energydensity; that is, a shell becomes

optically thin to lower frequencies as the energy density drops. When energy losses are not

considered, the change in the shell volume solely effects the change in the energy density.

However, when the adiabatic energy losses are taken into account, the energy losses along

with an increase in the shell volume drive the change in the shell energy density. In such a

scenario, there is a two fold effect on the shell energy density: increase in the shell volume and

the decrease in the shell internal energy. This means that the shell optical depth, for a given

frequency, changes more rapidly than when only the volume iseffecting the change. However,

the emission intensity is also affected by the energy losses. With the adiabatic energy losses

active a shell may be able to peak, for example, in radio frequencies at smaller jet radii,x,

but the peak intensity is lower due to the energy losses suffered by the emitting electrons and

the magnetic field. If the longitudinal expansion is also taken into account then the energy

losses are accelerated and a shell is able to peak in radio frequencies even earlier with a further
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Figure 2.10: Emission from a single shell with adiabatic energy losses: radio and infra-red
frequencies are shown. The shell optical depth,τν , is also shown; the horizontal line marks
the optical depth of unity.
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Figure 2.11: Infra-red and radio lightcurves for a single shell with adiabatic energy losses.
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Table 2.2: The properties of the two shells injected in the double-ejection scenario shown in
figures 2.12, 2.13, 2.14and 2.15

Parameter shell 1 shell 2
Inj. time 1 s 10 s
Mass 1×106 kg 1×1010 kg
Γ 2.0 3.0
dl 1×105 m 1×107 m

decrease in flux values. This can be seen in figure 2.10, and 2.11, where the peak radio flux is

nearly two orders of magnitude lower when compared with the peak radio flux in figure 2.8.

The infra-red peak flux on the other hand has a relatively small change. This is due to the

shell becoming optically thin to the IR frequency very quickly in both cases, thus not having

the time to suffer much energy loss. When the adiabatic losses are active, the shell starts off

optically thin to IR. This is because the relative change in volume from the moment of injection

to the subsequent time step being sufficient to drop the shellenergy density below the limit for

the shell becoming optically thin to the infra-red frequencies. The initial volume of a shell, in

addition to the relative change in volume, also plays a part in how quickly that shell becomes

optically thin to a given frequency: a large enough shell could start off as optically thin to

the infra-red frequencies. The sharp cut off for the infra-red flux, in figure 4, is due toγmax

dropping below the energy threshold for the power-law electrons to emit in the infra-red.

2.4.2 Double ejection

A double ejection scenario involves two shells being injected into the jet volume with a time

interval, dtin j , between them. If the second shell,j, has a higher velocity than the preceding

shell, j−1, then the two shells will eventually collide. This scenario also demonstrates the core

principle of multiple ejections: a large number of two-shell collisions taking place all along the

jet to give rise to multiple shocks.

The shock-zone location, mentioned in the previous scenario, is set at zero. This means

that the shells are injected with finite internal energy instead of gaining it after passing through

an arbitrary point. The adiabatic energy losses are also modelled, 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 volumeare outlined in table 2.2. The

first shell, ( j − 1), is not only less massive than the following one,j, but also larger. The

combination of these parameters means that shell( j −1) becomes optically thin to lower fre-

quencies sooner than shell( j). 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 shellj; in the case of IR emission,

shell ( j − 1) is already optically thin at those frequencies, when it is injected, while shellj

reaches the peak IR flux later. The figures also show the point where the two-shell collision, or

the merger, takes place: it is marked by a sharp increase in both the radio and the IR emissions.
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Figure 2.12: The infra-red (1× 1014 Hz) emission from the two injected shells that later
on merge (at∼100s) to become a single shell. The properties of the two injected shells are
outlined in table 2.2 while the simulation parameters are outlined in table 2.3. Adiabatic
energy losses due to lateral expansion only are being modelled.
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Figure 2.13:The radio (1×109 Hz) emission from the two shells injected that later on merge
(at ∼100s) to become a single shell. The properties of the two shells are outlined in table
2.2 while the simulation parameters are outlined in table 2.3. Adiabatic 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 the left signify injec-
tion of the two shells; the third arrow shows the time of merger. Initially (after the second shell
injection at 10s) the lightcurve comprises emission from both the shells; later, after merger at
∼ 100s, only a single shell exists in the jet. The properties ofthe two shells are outlined in
table 2.2; the simulation parameters are outlined in table 2.3. The unusuallog(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
ϕ 5o

θ 40o

D 2 kpc
ue 0.5
uB 0.5
uth 0.0
xshock 0.1 ls
Ef rac 0.2
Sim. Duration 1×104 s
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Figure 2.15: The lightcurve for the infra-red emission. The two arrows onthe left signify
injection of the two shells; the third arrow shows the time ofmerger. Initially (after the
second shell injection at 10s) the lightcurve comprises emission from both the shells; later,
after merger at∼ 100s, only a single shell exists in the jet. The properties ofthe two shells
are outlined in table 2.2; the simulation parameters are outlined in table 2.3. The unusual
log(time) is used for demonstrative purposes.

The infra-red emission had in fact faded away completely by the time the merger took place,

thus demonstrating the re-energization aspect of these collisions/internal shocks.

The light curves shown in figures 2.14 and 2.15 illustrate thelag between the high and the

low frequency peaks, already seen from the individual shells scenario. In this case, however,

the light curves show the total emission from the entire jet (only two shells for this scenario;

the multiple shells case is presented in the following chapter). The radio emission not only lags

behind the infra-red emission, but also has a much lower peakflux value, due to the energy

losses. Also, the radio emission rise and decay times are much longer than those corresponding

to the infra-red. For the infra-red, there is a sharp rise in the emission at the point of shell

merger. As mentioned earlier, the infra-red fades away almost completely by the time the

shell collision takes place. The merger, however, has a compression effect, thus increasing

the energy density of the newly formed shell, causing it to start emitting in the infra-red. The

internal energy generated at the collision is still not sufficient to make the shell optically thick

to infra-red; therefore we do not see a slow rise in the infra-red flux from the merged shell. The

picture is slightly different for the radio: the merged shell has high enough energy density that

it becomes optically thick to the radio frequencies, leading to a slow rise in the flux. The other

point to note, for the radio emission, is that after the second shell is injected into the jet there is

a delay before the maximum flux value is reached. This is due tothe delay 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 details of the internal shocks model,iShocks.

The chapter also outlines some of the other models around andhow certain questions have

remained unanswered. TheiShocks model’s first aim is to address the energy replenishment

problem for the adiabatic jets, discussed in the proceedingchapter. However, before delving

into these complex scenarios, some simple setups were used to demonstrate how the model

works: the single and the double ejection scenarios are a greatly simplified picture of what

would be taking place inside a multiple ejections jet. The results presented in this chapter show

how the emission processes and the mergers are calculated self-consistently. These scenarios

have also outlined how when the adiabatic energy losses are considered, the spectrum would

become highly inverted.



3
From the flat spectrum to the flares

The following chapter delves a little further into the X-raybinary jet behaviour and how the

iShocks model can be used to model observations. There is a particular focus on two aspects

of an X-ray binary jet: the flat spectrum and the flaring behaviour. It should be noted that

these two behaviours are generally considered to be associated with very different states of the

system.

3.1 The Flat Spectrum

The basics of the flat spectrum and how it is possible to obtainsuch a spectrum from the super-

position of multiple self-absorbed synchrotron spectra were outlined in section 2.1. Various

other models outlined in the previous chapter were in response to the observations of flat spectra

in compact radio cores of AGN.

The spectrum at the radio frequencies for X-ray binaries is generally flat or inverted (α ≥ 0)

when observed in the low/hard state. This flat spectrum component has been seen to extend

up to mm (Fenderet al., 2000, 2001) and even the infrared (Chatyet al., 2003; Kalemciet al.,

2005; Migliari et al., 2007). By analogy to the jet signature in the compact radio cores of AGN

(Blandford and Königl, 1979; Hjellming and Johnston, 1988; Falcke and Biermann, 1999), this

flat spectrum is also considered to be the signature emissionfrom the jet in X-ray binaries.

One would be inclined to believe that with such extensive useand history of the flat spectrum,

its origin would be well understood. Unfortunately, this isnot the case. A variety of models,

outlined in the previous chapter, have been suggested, but none can provide a satisfactory

answer nor reproduce the canonical flat spectrum with the adiabatic energy losses active.

40
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Table 3.1: The parameters used to demonstrate multiple ejections (without energy losses).

Parameter Figures 3.1, 3.2, 3.3, 3.4
ϕ 5o

θ 40o

D 2 kpc
LW 1×1030 J/s
Γ 2.0
lscale 0.2
ue 0.5
uB 0.5
uth 0.0
xshock 0.0 ls
Ef rac 0.01
dtin j ≈1 s
Sim. Duration 5×104 s

Using ouriShocks model, we reproduce, for the first time, a flat/inverted spectrum (over a

large frequency range) and provide one possible solution tothe re-acceleration conundrum.

3.2 Modelling the flat spectrum with iShocks

The iShocks model is used to simulate a hard state jet. With the discretization of the jet,

multiple shell ejections are required to simulate a continuous jet.

3.2.1 Multiple ejections

The relatively simple single and double ejection scenarioswere shown in the previous chap-

ter. Here, the multiple ejections set-up is demonstrated with and without the adiabatic energy

losses. When the energy losses are absent, internal shocks/collisions are also omitted, because

no energy replenishment is required; On the other hand, the collisions are modelled when the

energy losses are incorporated. When the collisions are active, the shell properties are sampled

from a pseudo-random distribution (as described in section2.3.6).

3.2.1.1 Without energy losses

If the time gap between ejections is kept small, then an almost continuous jet can be approxi-

mated by the multiple ejections. All the shells here are injected with the same properties (time

gap, velocity etc.), hence no collisions take place. The simulation parameters are given in table

3.1.

The spectrum in figure 3.1 shows how a flat spectrum (for a specific frequency range) can

be recovered when no energy losses are considered. This set up can be compared to a situation

where one assumes a constant replenishment of any energy losses by an unknown mechanism
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Figure 3.1: Spectrum of a jet modelled using multiple ejections (without energy losses). An
almost flat spectrum is achieved over a large frequency range. It should be noted that the
low frequency turn over point is dictated by the duration of the simulation: longer simulation
means a longer jet which means a lower frequency turnover. (see table 3.1 for parameters).

 1e-09

 1e-08

 1e-07

 1e-06

 1e-05

 0.0001

 0.001

 0.01

 0.1

 1e+09  1e+10  1e+11  1e+12  1e+13

 1e-15

 1e-12

 1e-09

 1e-06

 0.001

 1

F
lu

x 
de

ns
ity

 [J
y]

O
pt

ic
al

 d
ep

th

x [m]

1014 Hz
τ(1014 Hz)

Figure 3.2: The infra-red emission of a multiple ejections jet (withoutenergy losses). Optical
depth corresponding to the infra-red frequency is also plotted (long dashed line). The wriggles
at the end of the IR spectrum are a numerical artefact.(see table 3.1 for parameters).
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Figure 3.3: The radio emission of a multiple ejections jet (without energy losses). Optical
depth corresponding to the radio frequency is also plotted (long dashed line); short dashed
line shows where the optical depth≈ 1.(see table 3.1 for parameters).

(Blandford and Königl, 1979). The evolution of a radio and an IR frequency along the jet can

be seen in figures 3.2 and 3.3 respectively. The two frequencies show very different behaviours:

the IR spectrum shows a constant decline while the radio spectrum peaks much further down

the jet. A look at the optical depths for the two frequencies shows that the injected shells, and

ultimately the jet, is optically thin to the infrared (τν << 1). For the radio frequency the jet

becomes optically thin at a large distance from the source. (The same behaviour was observed

with single ejections as well.) The emission for a range of frequencies (radio< ν < infra-red)

is shown in figure 3.4. The different emissions shown in figure3.4 follow theRτ≈1 ∝ ν−1

relation [as shown analytically by Blandford and Königl (1979)].

3.2.1.2 With adiabatic energy losses

Internal shocks are a possible way to address the problem of replenishing the energy losses

in a jet. In the simulations presented below, the shells are expanding both longitudinally and

laterally; therefore the adiabatic losses can be extremelyfast, making the flat spectrum difficult

to obtain. The spectra from the simulations where shells arenot injected with any internal

energy can also be compared with those where the shells are injected with internal energy:

internal shocks are the only source of the internal energy production 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 shellsare not injected with any

internal energy. The internal shocks taking place are not sufficient to produce the internal

energy in addition to replenishing the energy losses that are taking place.
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Figure 3.4: The emission as a function of the jet radius for a range of frequencies in a multiple
ejections jet (without energy losses). (see table 3.1 for parameters).
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Figure 3.5: Time averaged spectrum (≈1 ks) from a multiple ejection jet with adiabatic en-
ergy losses. The shells involved undergo lateral and longitudinal expansion. The shells are
not injected with any internal energy. (see table 3.2 for parameters).
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Figure 3.6: Time averaged inverted/flat spectra (≈2 ks) from multiple ejection jets with the
adiabatic energy losses. The three spectra correspond to different jet kinetic luminosities.
The shells involved undergo lateral and longitudinal expansion. The shells are injected with
internal energy, creating a much different spectrum from seen in figure 3.5.(see table 3.2 for
parameters).

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

Parameter fig 3.5 fig 3.6
ϕ 5o 5o

θ 40o 40o

D 2 kpc 2 kpc
LW 1×1030 J/s 1×1028−30 J/s
Γmin 1.5 1.5
Γmax 2.0 2.0
lscale 0.2 0.2
ue 0.33 0.33
uB 0.33 0.33
uth 0.33 0.33
Ef rac 0.0 0.01
dtin j ≈1 s ≈1 s
Sim. Duration 5×104 s 5×104 s
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On the other hand, the spectra given in figure 3.6 illustrate how it is possible to obtain

flat/inverted spectra even with adiabatic energy losses taking place. In order to achieve this,

it is necessary to inject the shells with some internal energy. In other words, when the in-

ternal shocks are used to produce the internal energy, plus replenish the adiabatic losses, a flat

spectrum cannot be obtained; however, when the internal shocks are used for the energy replen-

ishment only, the flat/inverted spectrum is recovered. The injection with the internal energy is

not that far from the “real” picture because one would expectthe jet plasma to be emitting from

the moment it is ejected into the jet. However, the internal energy 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 with the jet kinetic luminosity. This

is becauseEf rac is scaled according to the relativistic energy of the shell,which is related to the

mass and the bulk Lorentz factor of the shell; the mass is dependent on the kinetic luminosity

(see equation 2.51), which ultimately means that a higher jet kinetic luminosity creates shells

with higher internal energy, thus producing greater flux. The higher energy density also means

that a shell would be optically thick to higher frequencies.The effects of the jet kinetic lumi-

nosity on the flux (and the spectrum) are degenerate withEf rac parameter: a lower luminosity

jet, but with higher aEf rac value can produce similar results. This degeneracy extendsto any

parameter that influences the internal energy of a shell at injection; for instance, the jet open-

ing angle and the shell length (lscale) will also influence the form of the spectra obtained. The

spectra show in figure 3.6 conform approximately to the relation: Fν ∝ L≈1.4
W . This is in agree-

ment with the relation found analytically by Falcke and Biermann (1995); Heinz and Sunyaev

(2003), stating:Fν ∝ L≈1.4
W .

The flat/inverted spectra produced have shown other interesting correlations: both the high

and the low frequency turnover points in the spectrum correspond to certain jet properties. The

high frequency shifts to higher frequencies with an increase in the jet power (mainlyLW, but

alsoEf rac). The high frequency break scales approximately as:νb ∝ L≈0.6
W , which is remarkably

close to previously observed and calculated relation ofνb ∝ L≈0.7
W (Falcke and Biermann, 1995;

Markoff et al., 2003; Heinz and Sunyaev, 2003). The low frequency turnover, on the other hand,

is also affected by the jet luminosity, but the re-energization by the internal shocks appears to

play the biggest role: both the number of shells present in the jet and 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 various internal shock quantities differ from

the exact calculations. Here, we can see what, if any, impactthese approximations have on a flat

spectrum. The spectra presented in figure 3.7 show a comparison of how the flat spectra differ

depending on whether we are using the exact solution (section 2.3.4) or the approximation for

the merger Lorentz factor. (The simulation parameters are identical to those used for figure 3.6

when the jet luminosity is 1030 J/s.) The “exact” also includes the correction for the missing

Lorentz factors in the internal energy formula. We can see that the corrections do not change
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Figure 3.7: The plot shows a comparison of the flat spectra obtained whether using exact
solutions outlined above or the approximations.

the spectrum drastically and in fact help obtain a flatter spectrum at lower frequencies. This is

because the corrections have improved the collision efficiencies. However, it is worth noting

that the parameterEf rac, the internal energy which the shells are injected with, is comparable

to the amount of internal energy generated in the mergers (for the Γ range of 1.5-2). The

parameterEf rac therefore requires attention. In other words, if possible,the dependence on

Ef rac needs to be minimized. This minimization may be a scenario whereEf rac is much lower

than the internal shocks efficiencies.

3.3 Flares in X-ray binaries

By contrast to the continuous jets modelled in the previous section, radio flares represent a very

sporadic jet. There are several examples of the radio flaring/oscillations and repeated ejections

behaviour in X-ray binaries (Hjellming and Rupen, 1995; Hjellming et al., 1999; Pooley and

Fender, 1997; Fender and Pooley, 2000; Fenderet al., 2009, plus more). Radio flares are

usually single events associated with a state transition from the hard state to the soft state.

This is supported by the position of these flares on the hardness-intensity diagrams (Fender

et al., 2009). In the case of the source GRS 1915+105, however, repeated large ejections or

radio flares have been observed. A specific episode, shown in Fender and Pooley (2000), is of

particular interest because simultaneous mm and infra-redobservations 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 microquasars. Some of the reasons for

this include its high luminosity and variability behaviour(Mirabel and Rodrı́guez, 1994). The

source is considered to be at a distance of≈ 11kpc (Rodriguezet al., 1995; Zdziarskiet al.,

2005), powered by a≈ 14M⊙ black hole (Greineret al., 2001) and at an inclination angle of

≈ 70◦ (Mirabel and Rodrı́guez, 1994; Fenderet al., 1999). Eikenberryet al. (1998) observed a

correlation between the X-ray and the infra-red events. This multi-wavelength connection was

extended further by Mirabelet 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) were carried out using the United

Kingdom Infrared Telescope (UKIRT) and the James Clerk Maxwell Telescope (JCMT). The

IRCAM3 instrument on UKIRT was used for the 2.2µm observations while the SCUBA in-

strument on JCMT was used for the 1350µm observations. The quasi-simultaneous (a few

days before and after the UKIRT/JCMT observations) radio (15 GHz) observations from the

Ryle telescope were also used.

Fender and Pooley (2000) results show no discernible delay (with an upper limit of≈ 4

min) in the rise times for the infra-red and the millimetre observations; the radio observations

were not simultaneous, hence such comparison is not possible. The JCMT observation show

a series of mm wavelength oscillations with a quasi-period of ≈ 23 min. Figures 3.8, 3.9 and

3.10 show some of the simultaneous mm-IR data, plus the radiodata distribution, obtained by

Fender and Pooley (2000).

3.3.2 Modelling the flares in GRS 1915+105

Different iShocks model set ups were used to model the mm-IR-Radio flaresshown in figures

3.8, 3.9 and 3.10. The results presented below are split according to the set up being explored.

3.3.2.1 Regular interval: without mergers

The simplest attempt at modelling these flares involves a regular and uniform dtin j between

the shell injections. All the shell properties are identical, including theΓ value; hence, no

collisions taking place. The injection time gap was set at≈1400 s, based on the periodicity of

≈23 min in the observations shown in figure 3.9.

The results of≈1400s ejection interval are shown in figures 3.11 and 3.12; the correspond-

ing parameters are outlined in table 3.3. The first thing to note is the periodicity of≈23 min is

achieved, as expected, for the various observing frequencies. The flux rise times are different

for the different frequencies: the lower frequency takes longer to reach peak flux value. The

infra-red peaks do not have a slow rise. Instead, the IR peaksrise instantaneously and then

decay over the≈23 min interval. This difference in the rise and decay times is due to the initial

shell conditions: the shell size and the energy density meanthat each shell is already optically

thin to the infra-red, hence no slow rise occurs. IncreasingtheEf rac or reducing thelscalewould
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Figure 3.8: IRCAM and SCUBA observations of the flaring events in GRS 1915+105. The
image is from Fender and Pooley (2000)

Table 3.3: The parameters used to model GRS 1915+105 flares with regularinjection interval
and without mergers.

Parameter Figures 3.11, 3.12
ϕ 5o

θ 70o

D 11 kpc
LW 1×1031 J/s
Γ 2.0
lscale 0.3
ue 0.5
uB 0.5
uth 0.0
xshock 0.0 ls
Ef rac 0.15
dtin j ≈1400 s
Simulation Duration ≈ 3.5×104 s
Adiabatic Losses yes
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Figure 3.9: Simultaneous IRCAM and SCUBA observations of the flaring events in GRS
1915+105. The image is from Fender and Pooley (2000)

Figure 3.10: Radio observations, using Ryle Telescope, of the flaring events in GRS
1915+105. Each top panel corresponds to 0.2d; the bottom panel shows the UKIRT/JCMT
observations distribution. The image is from Fender and Pooley (2000)
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Figure 3.11:The mm and the IR light curves produced by regular injection interval (≈ 1400s)
with no collisions taking place.
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Figure 3.12: The radio light curve produced by regular injection interval (≈ 1400s) with no
collisions taking place.
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result in a much more energy dense shell, which may be optically thick to the IR frequencies

at the start. Unfortunately, this cannot be allowed in the simulation shown here without cre-

ating shells with an unphysical energy density. One way to get around this problem would be

to allow longitudinal expansion (uth 6= 0.0): this is explored in the later scenarios. However,

the longitudinal expansion needs to be suppressed here as nomergers are taking place. Even

though the periodicity is achieved with this simple set up, the flux is not high enough to model

the flares observed in GRS 1915+105. The low flux can be attributed to a couple of factors: the

Ef rac value, and the adiabatic losses without any means of re-energization. Obtaining higher

flux values with the help of re-acceleration is explored further in section 3.3.2.3.

3.3.2.2 SinusoidalMshell: without mergers

The previous section showed that it is possible to obtain theobserved periodicity by using

discrete massive ejections (simply hardwired in the parameters). The following section ex-

plores the possibility of a more continuous variability in the form of shell mass variations. The

shell mass is varied with the periodicity of≈1200 s and the injection frequency is set at 1 Hz

(dtin j ≈ 1 s). The shell mass variation is show in figure 3.13, while theparameters are outlined

in table 3.4. The idea behind this sort of variation is that the shell injection is continuous, but

the shell mass varies in a way to give the impression of a discrete massive ejection.

The IR-mm-radio variability is illustrated in figure 3.14. Once again the periodicity is

achieved, plus the similar rise times for the different frequencies. However, the flux values still

remain low and the reasons for this are similar to the ones already outlined in section 3.3.2.1.

Even with the shortcomings in the flux values, this is an exciting results as we can see how

it may be possible to obtain similar (and almost simultaneous) rise 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 shown how the periodicity and the rise

times seen in the GRS 1915+105 flares can be reproduced; however, the flux normalization

remained too low. The following section attempts to addressthat problem.

As mentioned before, larger flux values can be obtained if a re-acceleration mechanism is

present, in addition to having higherEf rac values; the higherEf rac values necessitate longitu-

dinal expansion to stop the individual shells from reachingunphysical energy densities. These

requirements are reflected in the parameters presented in table 3.5. The periodicity in this case

is achieved by, once more, setting dtin j to ≈1300s. Also the variation inΓ, picked randomly

betweenΓmin andΓmax, means that the collisions/mergers take place.

The results are show in figures 3.16, 3.17, 3.18, and 3.19, illustrating the mm, IR and radio

light curves respectively. For a comparison with the previous section, figure 3.15 shows the

mass distribution of the injected shells. It should be notedthat mass distribution of the shells

in the jet will be different from that of injected due the mergers taking place. The first point to
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Figure 3.13:The sinusoidal shell mass distribution.
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Figure 3.14: The radio, the mm, and the IR light curves produced by sinusoidal shell mass
variation with no collisions taking place.
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Table 3.4: The parameters used to model GRS 1915+105 flares with sinusoidal shell mass
and without mergers.

Parameter Figures 3.16, 3.17, 3.18, 3.19
ϕ 5o

θ 70o

D 11 kpc
Mshell ≈ 0−1×1013 kg
Γ 4.0
lscale 0.3
ue 0.5
uB 0.5
uth 0.0
xshock 0.0 ls
Ef rac 0.1
dtin j ≈1 s
Simulation Duration ≈ 1×104 s
Adiabatic Losses yes

 3.5e+16

 4e+16

 4.5e+16

 5e+16

 5.5e+16

 6e+16

 6.5e+16

 7e+16

 660000  665000  670000  675000  680000  685000  690000  695000  700000

S
he

ll 
M

as
s 

[k
g]

Time [s]

shell mass

Figure 3.15: The shell mass distribution with pseudo-random shell properties.
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Figure 3.16: The millimeter wavelength light curve with pseudo-random shell properties.
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Figure 3.17:The infra-red light curve with pseudo-random shell properties.
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Figure 3.18: The radio light curve with pseudo-random shell properties.
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Figure 3.19: The longer radio light curve with pseudo-random shell properties to show the
radio flar periodicity.
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Table 3.5: The parameters used to model GRS 1915+105 flares with pseudo-random shell
properties and mergers taking place.

Parameter Figures 3.16, 3.17, 3.18, 3.19
ϕ 5o

θ 70o

D 11 kpc
LW 1×1031 J/s
Γmin 2.0
Γmax 4.0
lscale 0.4
ue 0.33
uB 0.33
uth 0.33
xshock 0.0 ls
Ef rac 0.5
dtin j ≈1300 s
Simulation Duration ≈ 1.3×106 s
Adiabatic Losses yes

note about the results presented here is that flux values for the different frequencies are in the

range that were observed in the GRS 1915+105 repeated ejections. However, the peaks are not

uniform. This is caused by the collisions taking place and the different merger efficiency results

in different flux values. The mergers also mean that periodicity of the peaks is different from

that of the injected shells: the mm-IR periodicity is≈1250 s. However, the radio frequency

periodicity is very different. The radio light curve in figure 3.18 shows how for the same time-

scale as figure 3.16 and 3.17, the radio peak periodicity is much longer. The longer time-scale

radio light curve in figure 3.19 illustrates the extremely long and quite aperiodic nature of the

radio emission. The radio emission behaviour is influenced heavily by the mergers: the re-

energization makes the shells optically thick to the radio frequencies and with many collisions

taking place, the radio rise times are lengthened greatly (the light 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 possibleto reproduce a canonical flat spec-

trum even when a discretized jet is used. We have also shown how the flat/inverted spectrum

is also reproducible if the internal shocks are used for the energy replenishment. If the internal

shocks are used for the initial electron acceleration, on top of replenishing the energy losses,

the spectra become highly inverted (α > 0).

The multiple internal shocks created by the multiple ejections into the jet volume can
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provide a considerable amount of energy to the shells. The results show that even with an

essentially random distribution of the shell velocities and the injection times, adequate re-

energization is possible: the flat/inverted spectrum is achieved. This is an important result in

furthering our understanding of the jet physics. We have also seen that the high frequency

break in the flat/inverted spectra is correlated with the jetpower; the lower frequency turnover

shows dependence on the number of shells present in the jet inaddition to their collision radii.

Further investigation is required to quantify, fully, the relation that may exist between the jet

properties and the various break frequencies. However, thebreak frequency correlations seen

thus far, are in agreement with the theoretical prediction,as well as the observations.

The results outlined above also hint at being able to tie the timing properties (the X-ray with

the optical in the case of X-ray binaries) to the jet physics.It should also be possible to link the

shell properties (such as the time gap between the ejectionsand the bulk Lorentz factor) with

the X-ray timing information. A crude attempt at this was made by modelling the repeated

ejections from GRS 1915+105.

3.4.2 The flares in GRS 195+105

Modelling the flaring behaviour gave an interesting insightinto just how complex that picture

really is. At face value, the infra-red and the millimetre data give the impression of large ejec-

tions from the source. The data, however, are not reproducible with this kind of a scenario. The

closest match to the GRS 1915+105 behaviour was seen when theshell masses were made to

vary sinusoidally, rather than with the straightforward periodicity in ejection times. The main

drawback of the sinusoidal mass picture is the flux normalization being too low. “Correct” flux

values could be obtained with the re-accelerating mergers taking place, but the periodicity of

the light curves was lost (especially at the radio frequencies). This suggests that the “repeated

massive” ejections scenario is some combination of the scenarios presented here (that is, the

masses could be varying with time, plus the re-energizationtaking place, but perhaps not in the

form of the discrete mergers modelled here).

The jet timing properties and how it may be possible to tie theX-ray timing information with

the optical light curves are explored further in the next chapter.



4
Jet timing analysis

The following chapter delves a little further into exploring the timing properties of X-ray bina-

ries and their jets. The salient timing properties of these sources are outlined with the current

models for explaining these data. The tools and techniques specific to this investigation are

outlined as well. The results from theiShocks simulations are also presented.

4.1 Optical/X-ray Correlations in XRBs

Some of the key X-ray binary timing properties were outlinedin chapter 1 (specifically section

1.2.3). The following work focuses on one particular aspectof the various relations exhibited

by the XRBs: the optical/X-ray correlations.

The first question would be: why focus on these correlations at all? The main motivation is

that these correlations are quite likely to be the best way toprobe the disc:jet connection from

the inner parts of the disc, nearest the black hole: the X-rays originate from inner, hotter parts

of the disc, while the optical emission is from the inner parts of the jet. Thus, these correlations

are a window into the regions very close to the black hole. Theother motivation for focusing on

these correlations, in the present work, is the fact that there are still many unexplained results

of optical and X-ray timing which require attention.

The simultaneous X-ray and optical observations of the transient source XTE J1118+480

have provided one of the best and earliest examples of the optical/X-ray correlated variability

(Kanbachet al., 2001) (also see Hyneset al., 2006). Similar behaviour has now also been

observed in the source GX 339-4 (Gandhiet al., 2008). In the case of XTE J1118+480, the X-

rays and the optical show a very distinctive correlation. The optical 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 variety of time-scales. The
pre-cognition dip and the positive lags can be seen at almostall the time-scales. The image is
from Malzacet al. (2003).

respect to X-ray) of a few tens of milliseconds. The rapid variability of the optical emission

has meant that it is not considered to originate from the cooloptical emitting outer part of the

accretion disc. The re-processing of the X-rays from the outer part of the disc is also ruled

out on the basis of the auto-correlation functions: if the optical emission is the re-processed

X-rays, the optical auto-correlation function should be wider than that of the X-rays; however,

the opposite is observed.

Among other interesting properties, the optical/X-ray cross correlation function (CCF)

show a dip before a sharp rise associated with the positive lag — the “pre-cognition dip”.

In other words, the optical emission shows a declinebeforethe rise in the X-rays. This kind

of pre-cognition re-enforces the case against the re-processing scenario, in addition to present-

ing an extremely interesting problem. The CCFs show the samebehaviour on a variety of

time-scales (Malzacet al., 2003): this is illustrated in figure 4.1.

Even though the source GX 339-4 shows similar behaviour, there are also some quite inter-

esting differences (figure 4.2). The main one being that the GX 339-4 CCF is a mirror image
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Figure 4.2: The optical vs. X-ray CCFs for GX 339-4 on different nights. The inset shows
the average CCF. The image is from Gandhiet al. (2008).

of the XTE J1118+480 CCF. That is, there is a slow rise and a sharp decline in the CCF rather

than the vice versa observed in XTE J1118+480 (see figure 4.1). The pre-cognition dip also

does not appear as distinct, plus there is another dip after the positive lag peak. The time-scales

also appear to be longer; however, as we saw in the case of XTE J1118+480, a variety of time-

scales were present for the CCF. Gandhiet al.(2008) on the other hand do not present any such

detailed analysis, but this does not rule out GX 339-4 possessing longer time-scales as well.

These, however, are not the only sources that exhibit these characteristics; SWIFT J1753.5-

0127 has also been observed to show similar, and quite interesting, optical/X-ray correlations

(Durantet al., 2008), demonstrating the possibility that these correlations could be inherent to

the disc:jet geometry rather than a quirk of a particular source.

4.1.1 Current models

Current the most successful explanation of the source XTE J1118+480 optical/X-ray behaviour

has been provided by Malzacet al. (2004). They suggest an energy reservoir model for ex-

plaining the various optical/X-ray correlations. A very brief description of this model is given

below.

Malzacet al. (2004) use a simple analogy of a tall water tank with two outlets (one large

and one small; large outlet has a valve on it) and one inlet. The large outlet represents the

jet power, the small outlet represents the X-ray power, and the inlet is the power coming into
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the energy reservoir that feeds both the jet and the X-rays; the optical emission is assumed to

come from the jet via the synchrotron emission. The jet powertherefore has an influence on

the X-ray output and vice versa; hence, a rather complex correlation. The authors state that

the model is independent of the exact nature of the energy reservoir. However, they propose a

scenario where the magnetic energy constitutes the energy reservoir.

The time dependent aspect of the model is determined by the dissipation rates, for both

the X-rays and the jet, that link the time-dependent jet power (and the X-ray power) with the

energy available to these outputs. The dissipation rate, plus the power input are allowed to

fluctuate randomly and the values that best fit the observations are chosen. The fluctuation is

assumed to have a shot noise profile.

The authors are able to reproduce many of the XTE J1118+480 optical/X-ray correlation

behaviours and provide the best fit parameters. This model has not been applied to the source

GX 339-4 data, thus the differences between these two sources have not been explained. The

authors also concluded that these correlations arise in a jet-dominated regime. In other words,

the jet power is much greater than the X-ray luminosity (Pjet >> LX) — an exciting and orig-

inal result at the time. However, due to the complexity of themodel, it is not surprising that

the parameter-space exploration was not exhaustive. Theirmodel is therefore excellent for

explaining the XTE J1118+480 observations from a phenomenological point of view, but the

physical interpretation of such a model remains problematic.

Another interesting property of XTE J1118+480 data is that the optical flux scales not only

with X-ray count rate, but also the X-ray variability (Malzac et al., 2003). Specifically, the

optical emission is correlated with the rate of change in theX-rays. Malzacet al. (2004) are

able to reproduce this with the aide of a randomly fluctuatingparameter that gives their model

the time-dependent property. The optical lags are also simply assumed to occur due to the

matter injected into the jet emitting photons after a given time. The upshot therefore is that the

Malzacet al. (2004) model has been an excellent starting point for a better phenomenological

understanding of these correlations, but more physical modelling is necessary to complete the

picture.

4.2 UsingiShocks to model optical/X-ray relation

The iShocks architecture, with the shell structure plus the changes in the shell bulk Lorentz

factor and the shell mass influencing the merger properties,is ideal for exploring the X-ray

optical correlations. If one considers the X-ray data to be correlated with accretion rate then

this can be translated into the jet properties, and subsequently the shell properties. Also, in

order to explore the observed X-rays rate-of-change correlation with the optical,iShocks can

be used to simulate the rate-of-change of the shell properties and see how this impacts the

optical.
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Figure 4.3: The flow-chart shows the various steps involved in generating the shell Lorentz
factor and the shell mass time-series, which is then used in the iShocks model. The optical
(or the required frequency) data can then be used to correlate with the simulated X-ray or
the shell properties time-series data. The end results is toobtain the optical/X-ray(simulated)
correlations.

4.2.1 Generating the time series

The main technique used in the following chapter, which has not yet been outlined, is the time

series (light curve) simulation. Timmer and Koenig (1995) presented a very useful method for

the simulation of light curves. The same method is adapted here to generate the shell mass and

the bulk Lorentz factor time series (Uttley, 2009).

The first step in the time series generation is obtaining the power density spectrum (PDS).

An underlying power spectral model and its normalization are chosen to model the PDS. The

models can take a variety of forms, such as: Lorentzians, power-law, and/or any combination of

the two. Then at each Fourier frequency, two Gaussian-distributed random numbers are drawn

and multiplied by the square root of half the power spectral model value at that frequency.

These two numbers represent the real and the imaginary partsof the Fourier transform of the

simulated data. The Fourier components for the negative frequencies have to be chosen such

that they are the complex conjugate of the positive frequencies: this is required to produce

real valued time series. The inverse Fourier transform of the simulated data then yields the

simulated light curve. The simulated light curves form a random subset of the all the possible

light curves for a given power spectral model. Figure 4.2.1 shows 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 has been extracted
from Malzacet al. (2003).

The process used for generating the X-ray light curve can also be applied to generate the

shell mass and the bulk Lorentz factor time series. These, however, require further constraints.

The mass time series is normalized to unity and does not drop below zero. The user-set shell

mass is then used to scale the shell masses for the simulation. The bulk Lorentz factor (Γsh)

is constrained to be greater than unity and then scaled similarly to the shell mass;Γsh is also

weightedaccording to the mass “flux” in a given time bin. That is, a higher shell mass also

results in a higher bulk Lorentz factor. This is done due to the relativistic energy relationship

(E = ΓshMshc2) between theΓsh and the shell mass; without any data on how these quantities

may scale together, this is a first order modelling of such a relationship. TheΓsh and the Msh

time series can be modelled using separate Lorentzians or both tied to an arbitrary combination

of Lorentzians and broken power-law power spectral components.

The time series, apart from the two simple set-ups presentedin sections 4.3.1 and 4.3.2,

have been generated in order to model the X-ray PDS observed in XTE J1118+480 (Malzac

et al., 2003); this is shown in figure 4.4. Such a power spectrum can be approximated using two

Lorentzians (one Lorentzian at 0.01 Hz and another at 0.1 Hz)or a broken power-law (with the

high frequency break at 0.1 Hz and the high frequency slope of1.4; the low frequency break

can be set at 0.001 Hz and the mid-frequency slope of 0.1). It should be noted that we do not

aim to do detailed fitting of the power-spectrum, but rather to make a qualitative fit to study the

possible links between the X-ray variability and the optical emission.
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4.2.2 TheiShocks set-up

The previous chapters outline how it is possible to reproduce the canonical flat/inverted spec-

trum using theiShocks model. The following investigation shows that our model can be used

to understand the optical/X-ray correlations better. Withthe shell mass and the bulk Lorentz

factors affecting the flux directly, the model lends itself naturally to such a study. This study

will be the first attempt to tie the jet physical properties with the timing properties.

As mentioned earlier, the optical1 flux is correlated with the rate of change in the X-rays.

In our model, this rate-of-change can interpreted as the change in the shell mass or the shell

bulk Lorentz factor, which then may be correlated with the optical flux; the previous section

outlined how theΓsh and the Msh time series can be produced based on the X-ray variability.

It has been shown that the internal energy plays quite an important role in achieving a

flat/inverted spectrum (see chapter 3). The timing properties being modelled below are gen-

erally found in the hard state of the X-ray binaries: a flat/inverted spectrum is typical of such

a state. Therefore in order to be consistent with the parameters essential for obtaining such a

spectrum, most of the simulations presented below have the internal energy injection active.

The scaling fraction,Ef rac, for various simulations are outlined in the respective parameters

tables.

Injecting the shells with internal energy, however, leads to a limiting, but necessary model

constraint on the shock location (xshock). This is the arbitrary location along the jet which marks

the point of shell energization (for the initial internal energy injection). In the simulations

presented in the previous chapters, this shock location wasset to be either zero or kept small

(≈ 0.1s in light travel time). In the present simulation this location needs to be a little further

along (≤0.5 light seconds) the jet for a couple of reasons. Firstly, the shell sizes are a lot smaller

in the present simulation, compared to flat/inverted spectrum simulation due to the smaller

injection interval (dtin j ). By allowing these shells to move further along the jet, they become

slightly larger before being injected with the internal energy, thus avoiding the jets reaching

unphysically large energy densities. The flat/inverted spectrum, however, is still reproducible

with these parameters; the shell energy (injected and re-energized) influence the high frequency

break in the overall spectrum.

Secondly, the shell bulk Lorentz factors are smaller here than in previous simulations (chap-

ter 3). That is, the maximum value is set be low (∼1.2). This means that a longer delay is

required for the shells to move away from the source without creating a pile up. By having the

shock location a little further out, the longitudinal expansion is delayed as well, avoiding all

the collisions taking place at the source itself. The low bulk Lorentz factor values are used to

moderate the collisions location along the jet: with the sub-second cross correlation values and

high variability, the collisions need to happen at quite small radii. The lower BLF values for a

jet have also been found by other authors [for example see Malzacet al. (2009)]

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

1the optical here, and other places in this chapter, corresponds to the wavelength of 450 nm in the visible light
range (frequency of∼ 7×1014 Hz)
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as the size/location of the jet “nozzle” put forward by various authors (Falcke and Biermann,

1995; Falcke, 1996; Markoffet al., 2001). The jet nozzle is considered the zone where the ini-

tial plasma acceleration takes place:iShocks differs from the other simulations by considering

several other re-energizations via the mergers. Of course,currently the size of this nozzle or

shock-location cannot be constrained directly from observations and is a free parameter in the

simulations.

4.3 Results

The following section presents the results obtained for reproducing the kind of X-ray and opti-

cal timing behaviour seen in the sources XTE J1118+48 and GX 339-4. The main focus shall

be on XTE J1118+480, with a rather brief look at how the picture looks for GX 339-4.

The sections have been split according to the combination ofparameters used for the sim-

ulation: the shell mass and the bulk Lorentz factor are combined in a variety of manners to

explore this parameter space.

4.3.1 Mass variable; constantΓsh

The first and the simplest scenario to explore is the one with no shell collisions taking place:

all the shells are injected with the same bulk Lorentz factorand the thermal (longitudinal ex-

pansion) is suppressed. The adiabatic energy losses are being modelled. This does mean that a

flat spectrum would not be achievable, but gives an idea of howto proceed further.

The mass time series was produced using the techniques outlined in section 4.2.1: two

Lorentzians (0.1 Hz and 0.01 Hz) were used to model the power spectrum (the other simulation

parameters are outlined in table 4.1). The resultant optical-M sh CCF is shown in figure 4.5. The

first point to note is that the optical light curve lags the shell mass time series by∼0.95 s with

a strong correlation. This strong symmetric correlation isnot a surprise as no shell collisions

are taking place. As it will be shown later, shell collisionsare a major source of variability

in the optical light curve. In this simulation, the optical light curve simply traces the input

mass variation, with the lag reflecting the delay due to the shock location and the time the shell

emission takes to peak at the observed frequency.

4.3.2 Γsh variable; constant mass

Next we consider the case where the shell bulk Lorentz factors are varying. Similarly to the

previous scenario, the shell bulk Lorentz factor distribution is modelled using two Lorentzians

(0.1 Hz and 0.01 Hz); the shell mass in this case is kept constant at 1×1011 kg. (The variation

in Γsh will also mean variations in the jet power,ΓshMshc2, similarly to the case where only

the mass is varying.) The other simulation parameters are outlined in table 4.2. The optical-

Γsh CCF shown in figure 4.6 display an interesting behaviour: there is not only an expected

positive lag for the optical emission, but also an anti-correlation. The cross correlation is also
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Figure 4.5: The optical-Mass cross correlation function with no collisions taking place. The
optical light curves lags the mass times series by∼0.95 s

Table 4.1: iShocks parameters for modelling the optical variability with no collisions taking
place

Parameter fig 4.5
High Freq. Lorentzian 0.1 Hz
Low Freq. Lorentzian 0.01 Hz
ϕ 5o

θ 70o

D 1.9 kpc
LW ∼ 1×1031 J/s
Γmin 1.3
Γmax 1.3
dl 1×106 m
ue 0.5
uB 0.5
uth 0.0
Ef rac 0.01
xshock 0.1 ls
dtin j 0.1 s
Sim. Duration 1×103 s
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Table 4.2: iShocks parameters for modelling the optical variability with only 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
ϕ 5o

θ 70o

D 1.9 kpc
LW ∼ 1×1029 J/s
Γave 1.1
Msh 1×1011 kg
dl 1×106 m
ue 0.33
uB 0.33
uth 0.33
Ef rac 0.01
xshock 0.5 ls
dtin j 0.1 s
Sim. Duration 1×103 s

asymmetric (c.f. figure 4.5). The positive lag can once againbe attributed mainly to the time

taken for the shells to peak at the observed frequency. The bulk Lorentz factor will play a part

in that due to the scaling of the internal energy with the total relativistic energy of the shell.

The anti-correlation behaviour, however, is a bit more complex.

The optical light curve and the bulk Lorentz factor time series are shown in figure 4.7. It is

evident from the CCF that an extra level of complexity has been added by the mergers taking

place. The shell collisions create extra variability in theresultant optical light curve, which also

shows in the optical periodogram in figure 4.8. There are additional time-scales in the optical

light curve compared with the BLF time series, although theyare not obvious in the time series

and the light curve shown in figure 4.7. The average distance between the peaks for the bulk

Lorentz factor is∼10 s, whereas the optical light curve shows additional peaksat half the time

scale; the time-scales are a little clearer to see in the periodogram shown in figure 4.8. The

additional peaks in the optical light curve end up being anti-correlated with theΓsh time series.

The additional time-scales in the optical light curve is a direct result of the numerous collisions

taking place in the jet at various length scales. In fact, thecollisions at different radii along the

jet complicate the correlation further as different lengthscales correspond to different times

scales. For this reason effort was made to keep the majority of the collisions in the inner parts

(<10 light-seconds) of the jet, by setting the average shell bulk Lorentz quite low (for a hard

state jet).
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Figure 4.6: The optical-Γsh cross correlation function with constant mass. The opticallight
curves lags theΓsh times series by∼1.15 s and an anti-correlation at∼3.4 s
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Figure 4.7: The figure on the left shows the bulk Lorentz factor time series; the figure on
the right shows the optical light curve corresponding to thesame time interval.Γsh generated
using two Lorentzians (0.1 Hz and 0.01 Hz); constant mass
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Figure 4.8: The figure shows the bulk Lorentz factor and the optical periodograms. Γsh

generated using two Lorentzians (0.1 Hz and 0.01 Hz); constant mass

4.3.3 Mass andΓsh variable; two Lorentzians

The next step in exploring these correlations is to let both the shell mass and the bulk Lorentz

factor vary. The shell and mass time series are generated by using two Lorentzians (0.1 Hz

and 0.01 Hz) to model the power spectrum, similarly to the cases presented earlier. In the

following, both parameters (mass and BLF) are tied to both Lorentzians. The mass and theΓsh

distribution will have an identical form; this can be seen infigure 4.9 that shows the mass and

the bulk Lorentz factor time series. The resultant Optical-Mass and Optical-Γsh correlations

from the simulations are shown in figure 4.10.

The CCFs once again show an asymmetric form. The anti-correlation seen in the previous

set-up is also present, but this time for both the mass and thebulk Lorentz factor, as they have

identically behaving time series. It is interesting to notethat the anti-correlation appears only

when comparing the light curve from the inner parts of the jetwith the mass/Γsh time series.

When the light curve is summed over the entire jet, this anti-correlation is washed out by the

other time-scales present. The rapid variability in the shell mass means that shells with much

different masses are injected on quite short time-scales when compared to the slow variability

in mass. Therefore there is a higher shell mass density in theinner parts of the jet, that is, more

of the massive shells are injected with a smaller interval. The combination of these factors,

plus theΓsh variability, means that more collisions take place at smaller radii along the jet.

The higher mass shells have a higher longitudinal expansionrate, so the average time gap

between collisions is reduced and the collision radius alsobecomes smaller. The results of this
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Figure 4.9: The figure on the left shows the mass time series; the figure on the right shows
the Γsh time series. Two Lorentzians (0.01 Hz and 0.1 Hz) are used to model the PDS and
generate the time series.
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Figure 4.10: The cross correlation function when a double Lorentzian is used to model the
Γsh and the Msh time series. The top left figure shows the Optical-Γsh CCF from the entire
jet; the top right figure shows the Optical-Msh CCF from the entire jet; the bottom left figure
shows Optical-Γsh CCF from only the inner (≤ 3 light seconds) part of jet; the bottom right
figure shows the Optical-Msh 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 formof a broad QPO like structure at

∼0.2 Hz, which does not appear in the mass power spectrum. The increase in variability time-

scales, when compared with the input parameter variations,gives rise to the anti-correlation

seen in the CCF for the inner parts (< 3 light seconds) of the jet (figure 4.10). The collision

rate is lower (i.e. lower variability) in the outer (>3 light seconds) parts of the jet. Therefore

when the light curve from the entire jet is used for the cross-correlation, the anti-correlation

from the inner parts of the jet is suppressed by the multitudeof correlations (or the lack of)

from the larger length scales.

4.3.4 Mass andΓsh variable; broken power-law

A similar time-series to the one produced by two Lorentzianscan also be modelled using a

broken power-law. Figure 4.12 shows the mass and the bulk Lorentz factor time-series used to

drive the jet and obtain the optical data. TheΓsh power-spectrum is shown in figure 4.13; the

mass times series has an identical form. The main differencebetween using a two-Lorentzian

and a broken power-law spectral model is the high frequency slope, which is set to be 1.4

for the broken power-law, while the Lorentzian has a steeperslope. This difference, however,

is not sufficient to change drastically the optical flux behaviour; hence, the CCFs shown in

figure 4.14 show a very similar behaviour to the one seen for the case of two-Lorentzian power

spectrum modelling. The optical power spectrum from the inner part of the jet (figure 4.13) is

also very similar to the one seen for the two-Lorentzian case. Only the optical-Msh correlations

are shown in figure 4.14, as the optical-Γsh has identical form. Just like in the two-Lorentzian

Table 4.3: iShocks parameters for modelling the optical variability with both 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
ϕ 5o

θ 70o

D 1.9 kpc
LW ∼ 1×1029 J/s
Γave 1.1
Avg.Msh 1×1011 kg
dl 1×106 m
ue 0.33
uB 0.33
uth 0.33
Ef rac 0.01
xshock 0.5 ls
dtin j 0.1 s
Sim. Duration 1×103 s
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Figure 4.11: The optical periodogram (from the inner part of the jet,<3 ls) showing a broad
QPO, at∼0.2 Hz, due to the additional variability resultant from thecollisions. The shell
mass periodogram is also shown. Two Lorentzians (0.1 Hz and 0.01 Hz) are used to model
the time series, with both the shell mass and the bulk Lorentzfactor varying.

setup, the anti-correlation is present only in the inner part of the jet and washed out on longer

time-scales when the entire jet is considered. This demonstrates not only the similarity in

the shell Mass and the shell bulk Lorentz factor time series whether modelled using a broken

power-law or two Lorentzians, but also the optical emission’s dependence on the input time

series.

4.3.5 Mass andΓsh variable; two separate Lorentzians

The previous two sections (4.3.4 and 4.3.3) have presented results with theΓsh and Msh times

series modelled in an identical manner. However, it is possible to generate the mass and the

bulk Lorentz factor time series by associating these two parameters with different frequency

Lorentzians. Although the separation of these parameters in such a way complicates the corre-

lation, recent evidence suggests there might be merit in exploring this scenario. Wilkinson and

Uttley (2009) have found evidence of the disc component showing more variability, especially

on long time-scales (i.e. the low frequency Lorentzian), than the power-law component in the

hard state. This suggests that quite different components of the power-spectrum can be varying

separately. This kind of set-up can therefore be explored bylinking different power-spectrum

components with different shell properties. Figure 4.15 shows the bulk Lorentz factor and the

shell mass time series when the mass and theΓsh are tied to separate Lorentzians. The figure

illustrates how the time-scales in the mass and the bulk Lorentz factor are influenced heavily



4.3 Results 74

 4e+11

 6e+11

 8e+11

 1e+12

 1.2e+12

 1.4e+12

 1.6e+12

 1.8e+12

 2e+12

 2.2e+12

 0  100  200  300  400  500  600  700  800  900  1000

M
as

s 
[k

g]

Time [s]

 1

 1.05

 1.1

 1.15

 1.2

 1.25

 1.3

 1.35

 1.4

 1.45

 0  100  200  300  400  500  600  700  800  900  1000

Γ s
h

Time [s]

Figure 4.12: The figure on the left shows the mass time series; the figure on the right shows
the Γsh time series. A broken power-law is used to model the PDS and generate the time
series.
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Figure 4.13: The optical periodogram from the inner part (< 3 light seconds) of the jet, plus
the shell bulk Lorentz factor periodogram when a broken power-law is used to model the time
series. Both the shell mass and the bulk Lorentz factors are varying



4.3 Results 75

-0.05

 0

 0.05

 0.1

 0.15

 0.2

 0.25

 0.3

 0.35

-20 -15 -10 -5  0  5  10  15  20

O
pt

ic
al

-M
sh

 C
C

F

Optical lag [s]

-0.1

-0.05

 0

 0.05

 0.1

 0.15

 0.2

 0.25

-20 -15 -10 -5  0  5  10  15  20

O
pt

ic
al

-M
sh

 C
C

F

Optical lag [s]

Figure 4.14: The cross correlation functions when a broken power-law is used to model the
Γsh and the Msh time series. The left figure shows the Optical-Msh CCF from the entire jet;
the right figure shows the Optical-Msh CCF from only the inner (≤ 3 light seconds) part of jet.
The optical-Γsh CCF has an identical form. The simulation parameters are outlined in table
4.4.

Table 4.4: iShocks parameters for modelling the optical variability with both the bulk Lorentz
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
ϕ 5o

θ 70o

D 1.9 kpc
LW ∼ 1×1029 J/s
Γave 1.1
Avg.Msh 1×1011 kg
dl 1×106 m
ue 0.33
uB 0.33
uth 0.33
Ef rac 0.01
xshock 0.5 ls
dtin j 0.1 s
Sim. Duration 1×103 s
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Figure 4.15: Top left: the mass time series when tied to 0.01 Hz Lorentzian. Top right: the
Γsh time series when tied to 0.1 Hz Lorentzian. Bottom left: the mass time series when tied to
0.1 Hz Lorentzian. Bottom right: theΓsh 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 possibleset-ups (when two Lorentzians

are being used): (1) the mass tied to the low frequency Lorentzian (0.01 Hz) only andΓsh to the

high frequency Lorentzian (0.1 Hz), (2) the mass tied to the high frequency Lorentzian (0.1 Hz)

only andΓsh to the low frequency Lorentzian (0.01 Hz). The CCFs for theseset-ups elaborate

further the origins of both the positive lag and the anti-correlation.

WhenΓsh is modelled with a high frequency Lorentzian and Msh with the low frequency

Lorentzian, a certain fraction of the total number of shell collision take place at radii≤3 light

seconds due to the average collision time-gap being influenced by not only the differences

in the shell velocities, but also the longitudinal expansion rate (affected by the shell mass).

This fraction increases when Msh is modelled with the higher frequency Lorentzian instead,

because on average there is a smaller time gap between more massive shells and their faster

longitudinal expansion velocity results in them collidingsooner. This shift in the collision

radius is reflected in the optical power spectra shown in figure 4.18. The inner radius collision

are more energetic and can have a large influence on the power;thus, the different power

spectrum shape depending on the where the shell collisions are taking place. The higher optical

variability, as a result of higher Msh variability, results in the optical-Γsh anti-correlation shown

in figure 4.17. The same anti-correlation is present, but it is not as strong, whenΓsh has the

higher variability (0.1 Hz) instead because, in this set-up, there are fewer energetic collisions
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Figure 4.16: The cross correlation functions when theΓsh is tied to the high frequency
Lorentzian, while the mass is modelled with the low frequency Lorentzian. The top left figure
shows the Optical-Γsh CCF from the entire jet; the top right figure shows the Optical-Msh

CCF from the entire jet; the bottom left figure shows Optical-Γsh CCF from only the inner (≤
3 light seconds) part of jet; the bottom right figure shows theOptical-Msh CCF from only the
inner (≤ 3 light seconds) part of jet. The simulation parameters are outlined in table 4.5.

at smaller radii (figure 4.16) when compared to the higher variability in M sh.

Just the way the optical-Γsh correlation is influenced by the collisions radius, the optical-Msh

correlation is also subject to where (and how often) the shell collisions take place. The broad

optical-Msh CCF shown in figure 4.16 is symptomatic of the collisions taking place on larger

length-scales, resulting in longer time-scales. However,the narrower correlation peak seen in

figure 4.17 shows that fewer collisions are taking place at longer time-scales. Interestingly,

the optical-Msh correlation from the entire jet (figure 4.17) is the closest yet to the kind of

correlations observed in XTE J1118+480. Unfortunately, due to the highly symmetric nature

of these correlation, it is difficult to consider this “pre-cognition dip” significant. The lag,

however, remains similar to the observed lags.

Although the looking at the optical-Γsh/M correlations can be very informative, a more

physical point of view would be from the optical/X-ray(simulated) CCF instead; these are

shown in the figure 4.19 for the simulation set-up presented in this section. The simulated

X-ray light curve generation technique was outlined in section 4.2.1. The main difference here

is that the X-ray light curve is generated using all the power-spectral components, instead of

being tied to the individual components. The optical/X-raycorrelation show that when the
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Figure 4.17: The cross correlation functions when the mass is tied to the high frequency
Lorentzian, while theΓsh is modelled with the low frequency Lorentzian. The top left figure
shows the Optical-Γsh CCF from the entire jet; the top right figure shows the Optical-Msh

CCF from the entire jet; the bottom left figure shows Optical-Γsh CCF from only the inner (≤
3 light seconds) part of jet; the bottom right figure shows theOptical-Msh CCF from only the
inner (≤ 3 light seconds) part of jet. The simulation parameters are outlined in table 4.5.
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Figure 4.18: Left figure: The optical periodogram whenΓsh is modelled with a 0.1 Hz
Lorentzian and Msh with a 0.01 Hz Lorentzian Right figure: The optical periodogram when
Msh is modelled with a 0.1 Hz Lorentzian andΓsh with a 0.01 Hz Lorentzian
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Table 4.5: iShocks parameters for modelling the optical variability with both the bulk Lorentz
factor and the shell mass varying, but tied to separate Lorentzians.

Parameter fig 4.16 fig 4.17
Msh Lorentzian 0.01 Hz 0.1 Hz
Γsh Lorentzian 0.1 Hz 0.01 Hz
ϕ 5o 5o

θ 70o 70o

D 1.9 kpc 1.9 kpc
LW ∼ 1×1030 J/s ∼ 1×1030 J/s
Γave 1.1 1.1
Avg.Msh 1×1012 kg 1×1012 kg
dl 1×106 m 1×106 m
ue 0.33 0.33
uB 0.33 0.33
uth 0.33 0.33
Ef rac 0.01 0.01
xshock 0.5 ls 0.5 ls
dtin j 0.1 s 0.1 s
Sim. Duration 1×103 s 1×103 s
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Figure 4.19: Left figure: The optical/X-ray(simulated) cross-correlation whenΓsh is mod-
elled with a 0.1 Hz Lorentzian and Msh with a 0.01 Hz Lorentzian Right figure: The optical/X-
ray(simulated) cross-correlation periodogram when Msh is modelled with a 0.1 Hz Lorentzian
andΓsh with a 0.01 Hz Lorentzian
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Figure 4.20: A Histogram of the Lorentz factors for the simulations presented above. The
histogram shows how the Lorentz factor distribution changes with different power-spectral
models. Red:Γ = 0.1 Hz + 0.01 Hz, M = constant; blue:Γ = 0.1 Hz, M = 0.1 Hz; green:Γ
= 0.01 Hz, M = 0.1 Hz. The frequencies correspond to the Lorentzian frequencies used in the
PDS modelling.

mass is varying rapidly, the correlations that are remarkably similar to the observed ones can

be reproduced.

4.4 Discussion

The results in this chapter show an array of correlations andbehaviours. Only the relatively

simple cases were presented to show the complexity of the relationships between the jet pa-

rameters and the output light curves.

Before discussing further the various correlations presented in the previous section, it is

important to look at the parameters that give rise to these results. Figures 4.20 and 4.21 show

the bulk Lorentz factor distribution when different power-spectral models are used to generate

the time-series; figures 4.22 and 4.23 show the distributions for the shell mass. The main point

is to illustrate how the distribution of these parameters can be very different depending on our

choice of the power-spectral model. This therefore leads tothe differences observed in the CCF

and the light curves presented in the previous section.

When no shell collisions are modelled, there is a very simplecorrelation between the optical

output and the mass time series, which is a strong symmetric correlation with a positive lag.

This lag, and others in the more complex scenarios, are a combination of the “artificial” lag

introduced by the first-shock position and the “natural” lagwhich is the time interval for the

shell emission to peak at the relevant observed frequency. (The longitudinal expansion was

suppressed in this particular scenario to avoid the shell boundaries coming in contact each
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Figure 4.21:A Histogram of the Lorentz factors time-series generated using a broken power-
law (black) and a double Lorentzian (0.1 Hz + 0.01 Hz; red).

Figure 4.22: A Histogram of the shell mass when generated with separate Lorentzians af-
fecting the shell mass and the Lorentz factors. Blue:Γ = 0.01 Hz, M = 0.1 Hz; red:Γ = 0.1
Hz, M = 0.01 Hz. The frequencies correspond to the Lorentzians frequencies used in the PDS
modelling.
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Figure 4.23: A Histogram of the shell masses for the simulations presented above. The his-
togram shows how the shell mass distribution changes with different power-spectral models.
Black: M, Γ = broken power-law; red: M,Γ = 0.1 Hz + 0.01 Hz.

other.) If one considers the X-ray variability to be the direct analogy for the accretion rate (Msh

in our case), then this lag offers a simple explanation for the optical emission lagging the X-ray

in the X-ray binaries observations. The optical/X-ray correlations, however, are very different

from the ones seen in the case of no-collisions set-up. This therefore suggests more levels of

complexity, hence the shell collisions were explored.

The optical-Γsh CCF, in which the shell bulk Lorentz factor is varying (modelled with 0.1 Hz

and 0.01 Hz Lorentzians) whilst the shell mass is kept constant, shows that the shell collisions

bring this added complexity to these correlations. The correlation also shows a relatively sharp

positive-lag peak and then a sharp anti-correlation drop. The anti-correlation is caused by the

added time-scales in the optical emission due to the large number of collisions taking place.

This anti-correlation can also be seen when both the mass andthe bulk Lorentz factors vary

together. However, when the shell mass is also varying, the main bulk of the collisions are

localized to the inner parts of the jet. This gives rise to theCCF being quite different whether

one looks at the entire jet or only the inner radii. On the other hand, when only theΓsh is

varying (shell mass kept constant) the average collision radius is larger, so the anti-correlation

can be observed even when the light curve from the entire jet is used. This is good evidence

for the shell collisions being responsible for the anti-correlation observed.

The picture unfortunately is not that straightforward. Even though we see glimpses ofthe

rate of changeof the X-ray (MshandΓsh) affecting the jet power (optical output), as observed in

XTE J1118+480 (Malzacet al., 2004), the shell parameters such as the longitudinal expansion

rate also have a significant part to play: higher shell mass means a higher expansion rate,

thus more collisions at smaller radii. Various parameters can be altered (for example, the bulk

Lorentz factor), so that the collisions take place at largerradii, but this does not result in the
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kind of correlations that are observed: the positive correlation lag would remain relatively

fixed, but the anti-correlation lag times would increase.

When CCFs (in the two Lorentzian and the broken power-law case) are compared with the

optical/X-ray CCF for XTE J1118+480, the most striking element missing is the pre-cognition

dip. In fact the CCF obtained usingiShocks are a mirror image of the ones obtained from XTE

J1118+480. This, however, is quite an exciting result — if one looks at the CCFs from the

source GX 339-4. Although theiShocks parameters used here are for XTE J1118+480, we can

glimpse into the underlying physical processes by comparing the results with GX 339-4.

The cross-correlation functions from GX 339-4 also show a pre-cognition dip, plus another

dip after the positive lag peak. The pre-cognition dip remains unreproducible here, but the slow

rise and the sharp drop after the positive lag is reproduced almost perfectly. The question then

is why are there different correlations from these two sources? One would expect the same

processes to give rise to these data, no matter what X-ray binary source.

The answer may be that the pre-cognition dips, the slow rise/decay of the positive lag, and

the presence/lack of the post positive lag dip are actually different components that combine

to give the impression of a single highly complex relationship. Spruit and Kanbach (2002)

conducted a principle component analysis of the X-ray and the optical variability in XTE

J1118+480 and found a number of these very different underlying components giving rise

to the overall relationship. They were unable to offer a physical interpretation of these com-

ponents, however. It is therefore possible that the resultshere are pointing towards a picture

where the shell parameters’ influence gives rise to the different components of the overall cor-

relations. For example, we have shown that the collisions can give rise to the anti-correlation,

whilst the mass leads to a simple positive correlation: the simulation where Msh andΓsh were

modelled using different frequency Lorentzians, this kindof picture arose. The bulk Lorentz

factor were showing a strong anti-correlation while the mass produced a strong positive corre-

lation. The combination of these two, however, can produce amuch more complex correlation.

So the difference in these sources’ correlations could simply be due to the slightly different

combination of these parameters.

The separate Lorentzian modelling of Msh andΓsh shown above is one of the first attempts

in the physical modelling of the disc:power-law variability results. Wilkinson and Uttley (2009)

have found that the disc component could in fact be the driving force behind the variability in

the hard state. Although the simulations presented here were a rather naive interpretation of

this kind of variability, our results have opened up a large avenue for exploration: the disc

variability can be used to model the optical (from the jet) variability and then the comparisons

made with the power-law components. The pre-cognition dip may be a by product of the X-ray

power-law component lagging the soft X-ray component, whilst the optical is also driven by

the soft X-ray component. Thus, any correlations between the power-law and the optical would

give the illusion of the optical being “aware” of the X-ray changesbeforethey are manifested.

In terms of the optical light curves presented here, they have gone a long way in explaining

some of the optical/X-ray data. The optical power-spectra have generally been found to be
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Figure 4.24: The map shows how the shell merger efficiency as a function of colliding shells
BLFs. The BLF range is the kind of range used for investigating the jet timing properties.

flatter than the X-ray ( Msh and/orΓsh) power-spectra. This has been as a result of the additional

time-scales brought in by the shell collisions. These data,plus the broad QPOs seen in the

optical for both the two-Lorentzian case and the broken power-law case are in agreement with

the observations of the XRBs (Gandhi, 2009). This has once again, re-enforced the case for

further exploration of this field in the context ofiShocks 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 the colliding shells BLF. It is clear that

when the difference inΓ is small, the efficiency is also very low. So if the shells are injected

with ≈ 1% internal energy, that is a significant amount of energy when compared with the

amount of energy generated in a collision. Therefore, as mentioned previous in the previous

chapter,Ef rac is a free parameter that requires further attention to minimize its impact on the

results.

4.5 Conclusions

This chapter has been an investigation into understanding the optical/X-ray correlations in the

X-ray binaries from a more physical point of view. An attempthas been made to connect the

X-ray light curve properties with the jet parameters. The results obtained show that quite a

complex combination of parameters would give rise to the kind of optical/X-ray correlations
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observed in XTE J1118+480 and GX 339-4.

Some extremely exciting results were seen which, for the first time, hint at the physical

origin of the variability observed. Even though not all the observed correlations could be

reproduced, the results obtained offer quite a few possibleroutes for any future work. The

outcomes have shown that there is an extremely good possibility to reproduce quantitatively the

variability observations with a few modifications to the model and to the time series generation

process. The results in this chapter have shown that even with an extensive research into how

the X-ray light curve properties can be used to generate the shell properties, there are still

numerous combinations possible when it comes to the shell mass and the bulk Lorentz factor

generation. Some of the key results have hinted at the possibility of using the disc as the

driving force for the variability rather than the generallyassumed power-law component in the

hard state.

Constraining the simulation parameters would make any resultant correlation much stronger.

For example, the effects of the thermal longitudinal expansion on the collisions rate must be

dis-entangled from the bulk Lorentz factor effects. This means that the “inherent” timing prop-

erties of the model (injection rate, thermal expansion influence on the collision times) must

be subtracted from the results. Observationally constraining the simulation parameters would

improve the results further. For example, using the accretion rate and efficiency (among other

possibilities) to derive the shell mass and the shell bulk Lorentz factor may provide a more

physical connection between the disc and the jet. Overall,iShocks gives us a great springboard

for the future work in this field by showing us that even the first order combination of the jet

physics with its timing properties can reproduce some of themost enigmatic observations.



5
Electron-positron pair processes

The following chapter outlines the electron-positron pairannihilation implementation in the

High Energy Astrophysical Radiative transfer (HEART) code. The HEART code functionality

is also described to put the electron-positron related processes in context.

5.1 The corona

Thus far the focus of the present work has been on the jets emanating from BHXBs, plus the

disc:jet connection. The optical/X-ray correlations, already mentioned, are influenced heavily

by the power-law component of the spectrum, which has also necessitated the existence of a

corona.

Although the geometry of the corona is unknown, its effects on the spectrum are well stud-

ied. It is a region where the high energy particles (chiefly assumed to be electrons/positrons),

up-scatter the low energy photons from the disc via Compton scattering. A number of ge-

ometries have been suggested for the corona. These range from the Advection Dominated

Accretion Flow (ADAF), where the inner optically-thick (geometrically thin) part of disc is

replaced by this optically thin and geometrically thick flow(e.g. see Esinet al., 1997), to the

base of the jet giving rise to the high energy X-rays (e.g. seeMarkoff et al., 2001. We adopt a

slightly different configuration (see Liang and Price, 1977) in the following work: the corona

is assumed to sandwich the accretion disc. The soft (low energy) photons have to therefore

travel through the corona, thus getting up-scattered to give rise to high energy component of

the spectrum.

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

86
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all the scattering processes. However, one would expect positrons to be present as well, if the

pair production is active. The presence of both electrons and positrons would inevitably lead

to certain amount of pair annihilation, which is the subjectof the study here.

5.2 Electron-positron pair annihilation

For a long while, there has been evidence of an annihilation line from the Galactic Centre. It

was first measured via balloon borne experiments using NaI scintillators (Johnson IIIet al.,

1972) and put the line at 476±26 keV, making the interpretation difficult. However, another

balloon borne experiment, this time using germanium detectors, put the line at 511 keV with

only a few keV width (Leventhalet al., 1978). Some of the initial experiments observed varia-

tions in the Galactic Centre annihilation line; hence, it was suggested that the annihilation line

is time-variable (Riegleret al., 1981; Paciesaset al., 1982; Leventhalet al., 1982, 1986). The

more extensive measurements, however, showed no evidence of such variability (Shareet al.,

1988; Gehrelset al., 1991; Leventhalet al., 1993; Mahoneyet al., 1994; Teegardenet al., 1996;

Purcellet al., 1997; Harriset al., 1998; Churazovet al., 2005). This distinct and quite strong

annihilation line from the Galactic Centre is shown in figure5.1 (Churazovet al., 2005). Even

though there is a clear detection of the annihilation line from the Galactic Centre, its origin

is still not clear. It is mainly the origin of the positrons, that could be annihilating with the

interstellar electrons in the Galactic Centre, which is unknown. (Weidenspointneret al., 2008).

A number of suggestions have been made as to the origin of the Galactic Centre positrons.

These include (Casséet al., 2004; Teegarden and Watanabe, 2006; plus references therein):

Nucleosynthesis in massive stars: Wolf-Rayet (W-R) stars are massive stars with strong

stellar winds. Various radioactive elements, created in the cores of the massive stars, can be

convected to the surface and carried into the interstellar medium (ISM) via the stellar winds.

These radioactive elements can subsequently undergoβ+ decay, thus producing positrons.

Novae (DNe): A “classical” nova is as a result of burning the built up accreted material on

the surface of a white dwarf. These thermonuclear reactionsresult in the production of unstable

isotopes that will emit positrons viaβ+ decay. This will therefore result in an annihilation

signature from the classical nova as well. However, such a signal will be short lived due to the

nature and the density of the elements decaying.

Gamma-ray burst (GRB): Although the mechanism behind gamma-ray bursts is not fully

understood, there have been suggestions that with the presence of high energy photons, photon-

photon pair production could be taking place and adding to the galactic positron population.

Supernovae (SNe): During the explosive reaction of a supernova, a variety of radioactive

elements are produced. The decay of these radioactive elements can produce positrons for

annihilation with the ISM electrons.

Cosmic-ray interactions: Cosmic rays can undergo a number of interactions with the in-

terstellar medium that can result in a radioactive nuclei. The subsequent radioactive decay of
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Figure 5.1: The annihilation line from the Galactic Centre detected using SPI onboard the
INTEGRAL gamma ray observatory. The image is from Churazovet al. (2005).

these nuclei emits positrons.

Pulsars: Electron-positron pairs may be created by vacuum pair production in the strong

magnetic fields in the pulsar magnetosphere. The produced high energy positrons can escape

and travel far from the source.

Low mass X-ray binaries (LMXRBs): The jets emanating from LMXRBs are believed to

be leptonic in nature, thus adding to the galactic positron population. It may also be possible

to produce pairs in the corona of these systems. Also, there have been suggestions of an

asymmetry in the annihilation line distribution from the galactic bulge which can be correlated

with the asymmetry in the X-ray binary distribution(Weidenspointneret al., 2008). To know

whether this correlation is also causation, it is importantto see if these LMXRBs have an

individual annihilation signature.

There is, however, a paucity of evidence for such a signaturefrom an X-ray binary. The two

most well know examples of an annihilation signature from a compact source are the “Great



5.3 The HEART code 89

Figure 5.2: The annihilation line from the Great Annihilator, 1E1740.7–2942. The image is
from Bouchetet al. (1991).

Annihilator” 1E1740.7–2942 (Gilfanovet al., 1991)and the “Nova Muscae 1991” GRS 1124–

684 (Bouchetet al., 1991); the annihilation line observations are shown in figures 5.3 and 5.2.

There also hints of an annihilation line from Cygnus X-1 (Ling and Wheaton, 1989).

With the focus of the present work on X-ray binaries, an effort shall be made to understand

the physics behind the annihilation signature, or lack thereof, from these systems. There is

a broad consensus on the black hole systems being very similar and simply scaled by mass.

Therefore if the origins of the galactic annihilation line are linked to the central massive black

hole, then it is even more important to understand why, thus far, there are no clear detections

of such a line from the X-ray binaries. A number of processes,such as thermal line broaden-

ing (Svensson, 1982), can not only reduce the annihilation line strength, but also change its

appearance, making it difficult to detect.

5.3 The HEART code

The HEART code (Collins, 2004) was designed to model the transfer of photons in what is com-

monly referred to as the ‘corona’ in an X-ray binary system. The exact nature of this corona is
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Figure 5.3: The annihilation line from nova muscae. The image is from Gilfanovet al.(1991).

hitherto unknown, but it is considered to be a Comptonizing region. The corona can be envis-

aged as a hot plasma, comprising electrons and positrons, sitting above a cooler accretion disc.

The disc radiates the blackbody photons, which are injectedinto the hot coronal plasma. The

corona then reprocesses these low energy, soft, photons into high energy, hard, photons. The

corona not only reprocesses the soft photons from the disc, but it can also have intrinsic photon

emission from processes such as bremsstrahlung radiation.In HEART the corona can have an

arbitrary geometry . A number of photon-electron interactions are modelled: Compton scatter-

ing, inverse Compton scattering, bremsstrahlung, and Coulomb interactions. The HEART code

originally did not model a positron distribution nor any process associated with the presence

of both electrons and positrons. The following HEART code description is kept brief and only

the points most salient to the electron-positron processesare covered. An in-depth discussion

of the code’s other functionalities can be found in Collins (2004) and Rogers (2008).
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5.3.1 Corona structure in HEART

The HEART code models the corona using cubic cells; practically any 3D shape can be approx-

imated using these cells. To save computation time only the shapes that have at least one plane

of symmetry are modelled; with little known about its true nature, the corona is assumed to be

spherical. With the symmetrical nature of this assumed sphere, only the hemisphere above the

accretion disc need be modelled.

All the cells are linked such that a cell is able to transfer photons1 to its neighbours. Once

the desired 3D shape is achieved, using the cell structure, the electron distributions are added

to each cell. The electron/positron2 populations are confined to each cell, but they can ‘evolve’

within that volume.

The accretion disc injects blackbody photons into the base of the corona. The bottom face

of the cells adjacent to the disc receives the photons and then scatter them into six directions .

The “six directions” are the six faces of the cubic cell; the photons can travel only the directions

perpendicular to a cell face. Each cell behaves the same way;i.e., the photons received from

one face are scattered equally in six directions. Compton scattering is the main source of

photon scattering in the cells. It was assumed that the dominant scattering direction is the

direction of motion of the electron. Therefore an isotropicelectron distribution will lead to an

isotropic photon distribution (Collins, 2004). Strictly speaking, however, this is not correct:

this is discussed further in section 5.3.4.

The photon and lepton energy distributions are discretizedin the form of logarithmic energy

bins. For the lepton energy distributions, each bin contains information regarding the number

of particles so that we are able to model power-law, thermal or any arbitrary distribution. The

photon energy distribution is also discretized similarly to the leptons, except in the case of

photons, it is the intensity in each bin that represents the number of photons at that energy.

All the modelled radiative processes are calculated at eachtime step, where a time step is

the light crossing time for one cell:

time-step=
width of cell

c
. (5.1)

That is, a photon not interacting with the electrons will cross a single cell in exactly one time

step. As a matter of design, photons can interact only once ina single cell. In order for this

approximation to be valid, the optical depth of any one cell needs to be much less than unity.

A high optical depth corona therefore needs to be modelled using multiple cells.

1In the HEART code only the photons move across the cells. The lepton populations are confined to individual
cells.

2As we shall note later, the positron distributions added to the code 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 HEART code are outlined below. These

include bremsstrahlung radiation, and Compton scattering. The radiative transfer modelling

is based on the principles of detailed balance for each process (Rybicki and Lightman, 1979)

. We can start by looking at the general radiative transfer principles and develop them for

specific processes. The radiative transfer is a combinationof emission and absorption. So if

we examine single particle emissivity first , we have:

jν =
dE

dtdν
= hνnipvσν , (5.2)

whereh is the Planck’s constant;ν is the frequency;nip is the number of interacting particles;

E is the energy;v is the speed of the particles; andσν is the interaction cross-section. The

emission coefficient ,ε , is then given by:

ε =
dE

ddνdVdΩ
=

1
4π

∫

jνnγ dγ , (5.3)

wherenγ is the number density of the particles with energyγmec2; V is the volume; andΩ is

the solid angle. Now, the absorption coefficient can be expressed as:

κν =

∫

nγ σνdγ . (5.4)

Using the above two coefficients the following relation for the intensity can be obtained:

Iν(τν) = Sν(1−e−τν ) , (5.5)

whereSν = εν/κν is the source function , andτν is the optical depth (=κν×length); length

refers to the distance photons travel in the absorbing medium. The absorption and the emission

coefficients can therefore be calculated for each of the radiative processes. Equation 5.5 can

then be used to calculate the changes to the photon distribution in each cell.

5.3.2.1 Bremsstrahlung

The bremsstrahlung radiation is emitted by the electrons (or positrons) due to acceleration in

the presence of another charged particle. In HEART only the electron-electron and positron-

positron bremsstrahlung are taken into account; no other charged particles are modelled in the

corona. The electron-positron bremsstrahlung is omitted and its implications are discussed

later. Using the techniques outlined in section 5.3.2 and equation 5.5 we can calculate the

emission associated with the bremsstrahlung radiation in each cell and at every time step. In

order to make the calculations easier, the bremsstrahlung cross sections, as with many radia-

tive processes, are derived in various limiting cases. In HEART, the bremsstrahlung is calcu-
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lated for the mildly relativistic (γ < 2) electrons/positrons and the ultra-relativistic3 (γ ≥ 2)

electrons/positrons. The bremsstrahlung emissivity,jν ,mr, for the mildly relativistic electrons

interacting with other mildly relativistic electrons is found to be:

jν ,mr(γ) = hνcne,mrσν ,mr(γ) . (5.6)

The emissivity for the ultra-relativistic electrons interacting with other ultra-relativistic elec-

tron, in addition to the mildly relativistic electrons, is given by:

jν ,mr(γ) = hνc(ne,mr +2ne,ur)σν ,mr(γ) , (5.7)

which shows that the emission from the ultra-relativistic electrons interacting with other ultra-

relativistic electrons is twice as large as that from their interaction with the mildly relativistic

electrons (Zdziarskiet al.(1990)). Using equations 5.3 and 5.4 the emission and the absorption

coefficients are:

εν =
hνc

4πσT l

[

τT,mr

∫ γur

1
nγ σν ,mrdγ

+(τT,mr +2τT,ur)

∫ γmax

γur

nγσν ,urdγ
]

(5.8)

and

κν =
hc

8πmeσT lν

[

τT,mr

∫ γur

1

nγ

γ p
d
dγ

(γ pσν ,mr)dγ

+(τT,mr +2τT,ur)
∫ γmax

γur

nγ

γ p
d
dγ

(γ pσν ,ur)dγ
]

. (5.9)

The interaction cross-sections for the mildly relativistic regime,σν ,mr, and for the ultra rela-

tivistic regime,σν ,ur, can be found in Gould (1980) and Zdziarskiet al. (1990) respectively.

σν ,mr(γ) =
α f σT

10πν

{

ζ
[

20−6
1+ ζ 4

(1+ ζ 2)2

]

+ ln

(

1+ ζ
1−ζ

)

×
[

6(1+ ζ 2)− 7(1−ζ 4)2 +3(1−ζ 2)4

2(1+ ζ 2)3

]}

, (5.10)

σν ,ur(γ) =
3α f σT

2πν
ζ

(

ζ +
1
ζ
− 2

3

)(

ln

(

2γ2ζ
1−ζ

)

− 1
2

)

, (5.11)

whereα f is the fine structure constant andζ = 1− (hν)/(γmec2). The contributions from the

non-relativistic electrons is negligible in the frequencyrange being modelled; thus, not taken

into account here.
3whenγ = 2 the kinetic energy of electron = rest mass energy; atγ ≥ 2 the kinetic energy is dominant.
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5.3.2.2 Compton scattering

In the HEART code the photons can also undergo Compton scatterings. As mentioned in

section 5.3.1, any given cell’s optical depth must remain much lower than unity. The cells

therefore have to be modelled in such way that a single cell isoptically thin (τ << 1) and the

following relation applies

Iν = lεν , (5.12)

wherel is the distance travelled by the photon. The above relation is true also because there is

no absorption process associated with the Compton scattering. The optical depth requirements

are put in place because the HEART code can model only a singlephoton scattering per time

step per cell. This does put constraints on the overall optical depth for the corona that can be

modelled. To model high optical depths, a large number of cells are required, increasing the

computation times considerably (discussed in 5.3.4).

All the photons present in the cell at the start of the time-step (seed photons) are scattered

from frequencyν0 to frequencyν1 in a cell of widthw. The scattered photon distribution is

given by:

Iν1 = w
∫ ν0,max

ν0,min

∫ γmax

γmin

nγ xFC(x)dγ Iν0

dν0

ν0
. (5.13)

The loss to the seed photons is taken into account by subtracting the integrated total contribu-

tion over all scattered frequencies,ν1, from each seed frequency,ν0:

I ′ν0
= Iν0 −w

∫ ν1,max

ν1,min

∫ γmax

γmin

nγxFC(x)dγ Iν0

dν1

ν1
. (5.14)

In the context of equation 5.5 and 5.12 the emission coefficient is:

εν1 =
∫ ν0,max

ν0,min

∫ γmax

γmin

nγxFC(x)dγ Iν0

dν0

ν0
, (5.15)

wherex = ν1/(4γ2ν0) andxFc(x) is the photon redistribution function.xFc(x) is calculated

for three different cases:

1. γ < 10 electrons interacting with high energy photons (k > 10−2).

2. γ < 10 electrons interacting with low energy photons (k≤ 10−2)

3. electrons withγ ≥ 10.

wherek = γhν0/(mec2). The photon redistribution function can be found in appendix B. It

should be noted that the photons are scattered evenly in six directions 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 to becomposed purely of elec-

trons. One of my first additions to the code was to insert the capability to model the positron

populations as well. The positrons are treated identically, in terms of the energy distributions,

to the electrons in the code . This includes all the radiativeprocesses, outlined already, that the

electrons are involved in.

In HEART, with the energy distribution discretization, it is possible to model any arbitrary

lepton energy distribution. Our main focus is on the thermal, the power-law, and a hybrid of

these two energy distributions. The thermal distribution can be described by the following

Maxwell-Boltzmann equation (in the relativistic form):

nγ =
ne

ΘeK2(1/Θe)
γ pe−γ/Θe, (5.16)

wherenγ is the number density of the leptons at energyγ ; K2 is the modified Bessel function of

order 2;Θe = kTe/mec2 is a dimensionless relativistic temperature associated with the lepton

distribution. The lepton energy is measured in terms of the Lorentz factors,γ - this is a measure

of the particle energy energy as fraction of its rest mass energy mec2. Integrating equation 5.16

over all the energies gives the total number density ofe−/e+ , ne[m−3].

The power-law distribution, ranging fromγmin to γmax, is modelled by:

nγ = n0γ−q (5.17)

wheren0 = ne(q− 1)[m−3] is the normalization factor andq 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 the limitations of the HEART code . I shall

re-iterate some of the findings here and re-examine these limits in the context of the present

work.

As mentioned earlier, a variety of radiative processes are implemented in the HEART code.

The cell structure, however, puts certain constraints on some of the implementations. If we

look at the Compton and the inverse Compton scattering, thenthe cubic cell structure requires

the photons to travel in six directions only, using the assumption of isotropic photon scatter-

ing. An isotropic lepton distribution is assumed to scatterthe photons isotropically (Collins,

2004). This approximation might be valid for a very limited case where the electron energy

is much greater than the photon energy (the inverse Compton scattering angle is energy de-

pendent); if, however, the photon energy becomes comparable to or greater than the typical

electron energies, the photons scattering direction becomes a more complicated function of the

lepton and photon energies, plus their direction of travel.It might be possible to have an initial

isotropic scattering of the low energy disc photons by the high energy leptons, but with each
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scattering the photons will gain energy and the isotropic scattering assumption becomes invalid

very quickly. A more comprehensive implementation of Compton scattering should take these

limitations into account .

Any single cell in HEART must be optically thin. This means that in order to model the

high optical depth coronae, a large number of cells are required. With the increase in cell

numbers, the computation time increases considerably. Rogers (2008) compared in great detail

the HEART code performance against other available Comptonization codes. The HEARTcode

was able to perform fairly well for the optically thin regimes, but lagged behind the competing

simpler models when it came to the optically thick regimes.

The modelling of the lepton energy distributions in HEART also requires a brief discussion.

In order to avoid all the leptons in the corona cooling down very rapidly, a heating mechanism is

required to maintain a certain temperature. Currently in HEART, there is no direct mechanism

for heating the leptons. Instead, the lowest energy leptonscan be removed, to avoid a pile

up at the lowest energy bin, from a cell and the high energy leptons are injected to replace

them. The lepton energy distributions can therefore be allowed toevolveby cooling the high

energye−/e+. Of course, a balance of the number of leptons removed and replaced would be

necessary to maintain a certain type of distribution. It is also essential that effort is made to

conserve the lepton number under suchdynamicscenario; however, this is prone to problems

as the fluctuations in the lepton numbers are easily overlooked; changing the lepton density

changes the optical depth. In fact, with such a set up the biggest cause for concern is the

fact that energy conservation cannot be ensured if the leptons are being removed and added

arbitrarily. .

In order to avoid such errors and further complications, asteady-statemodel is used for

the purposes of the present work. With a steady-state scenario, the lepton distributions are

kept constant. In effect, such a simulation assumes an infinite energy reservoir constantly

replenishing the lepton distribution; however unrealistic, this assumption is necessary to have

a “simple” model for demonstrating other physical processes.

5.4 Pair annihilation in HEART

In HEART, the Svensson (1982) treatment is followed to calculate the annihilation spectrum.

The annihilation emissivity, ˙n(k)dk, for the isotropic lepton distributions is given by:

ṅ(k)dk = n+n−

∫

dγ+ f+(γ+)
∫

dγ− f−(γ−)

∫

dµ
2

γ2
cm

γ+γ−
2βcmc

dσ
dk

(k,γ+,γ−,µ)dk , (5.18)

where

γcm =

√

γ+γ−(1−β+β−µ)+1
2

. (5.19)
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andµ = cosθ andθ is the interaction angle between the electron and the positron; f±(γ±) are

the positron and the electron distribution functions. As mentioned in section 5.3.3, the electron

and positron energy distributions are discretized logarithmically according to the particle en-

ergy (γ). Each energy bin contains the information regarding the number of electrons/positrons

at that energy. The discrete energy distribution simplifiesmatters and gives the emissivity per

photon energy (k = hν/mc2):

ṅ(k) = n(γ+)n(γ−)

∫

dµ
2

γ2
cm

γ+γ−
2βcmc

dσ
dk

( j,γ+,γ−,µ)dk , (5.20)

wheren(γ−/+) is the number density of the electrons/positrons at energyγ . Equation 5.20

can be averaged over all interaction angles to give an angle averaged emissivity for the pair

annihilation. The interaction cross section, dσ/dk, is given by:

dσ
dk

= r2
e

1
4βcmγ3

cm
π

[ −4γcm

((γ+ + γ−)2−4γcm2)1/2
+G+ +G−

]

, (5.21)

where

G± =

(

2γ2
cm+2− 1

γ2
cm

)

1
u±

+
1
2

(

2γ2
cm−d±

) 1

u3
±

, (5.22)

d± = γ∓(γ+ + γ−)±k(γ+− γ−) , (5.23)

u± = (c±γ2
cm+ γ∗2

cm)1/2 , (5.24)

c± = (γ∓−k)2−1 , (5.25)

γ∗cm = k(γ+ + γ−−k) . (5.26)

The total number of leptons annihilated is given by the number of photons emitted. This is

illustrated by looking at the annihilation process itself.

e− +e+ −→ ν1 + ν2 (5.27)

Whereν1 andν2 represent the two resulting photons. We should note that this is a specific

type of lepton annihilation where two photons are emitted. Other types, where more photons

are emitted, also exist. However, they are not taken into account here, because the higher order

annihilation typically have smaller interaction cross-sections when compared with the process

shown in equation 5.27. Using the relation in equation 5.20 in this way is only valid if the

electron and positron energy distributions i.e. the numberof electrons at energyγ is identical

to the number of positrons also at that energy. To take different electron and positron energy

distributions into account, the electron and positron numbers are normalized to the total number

of leptons. The photon emissivity thus becomes:

ṅ(k) =
n(γ+)n(γ−)

n(γ+)+n(γ−)

∫

dµ
2

γ2
cm

γ+γ−
2βcmc

dσ
dk

( j,γ+,γ−,µ)dk , (5.28)
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which gives the total number of photons produced via annihilation. Because of the nature of

the process (equation 5.27), ˙n(k)/2 gives the number of electrons or positrons annihilated. This

kind of normalization is necessary to work with the discretelepton energy distributions.

In effect, equation 5.28 is used to calculate the contribution from each electron and positron

energy bin to each photon frequency bin. This also provides the number 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 annihilation spectra when purely thermal

or purely power-law lepton energy distributions are modelled. The annihilation spectra are then

further explored with other physical processes, such as Compton scattering and bremsstrahlung

radiation, present. The model’s geometry and set-up are kept essentially the same throughout

all the simulations presented here. Only the parameters arevaried. The model is set using

a “cool” disc with a “hot” hemispheric plasma above it. The low energy photons from the

disc are injected into the corona where the high energy electrons are able to scatter them. The

annihilation process takes place in the corona only and any annihilation 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 annihilation line. The following section out-

lines how factors such as the lepton number density and the lepton temperature (for a thermal

distribution) can affect the annihilation line. These parameters are explored not only to gain

an understanding of the pair annihilation, but also to checkthat the process is modelled in a

physically consistent manner.

Figure 5.4 illustrates the spectral energy distribution (SED) obtained from the HEART code

that shows the blackbody spectrum and the annihilation line(511 keV corresponds to a fre-

quency of∼ 1.24×1020Hz). No other process are being modelled and only the thermallepton

are present. The black-body photons are from the the accretion disc. The black-body photons

are required by the model to “pick-up” the photons from any other processes. This is purely

due to the way the code is constructed: the blackbody photon distribution is required in or-

der to have an existing photon population to which the annihilation photons can be added. In

this particular case, the black body photons travel throughthe corona, i.e. the cells, without

interaction; the annihilation photons are added to the traversing photons in each cell.

Figure 5.5 shows how the annihilation line behaves with increasing the positron number

density. The electron number density is kept constant at 5×1022m−3.

It can be seen that the annihilation line strength increasesas the number density of anni-

hilating pairs is increased. Table 5.1 gives some of the key parameters used for the results

shown in figure 5.5. For convenience, the black-body spectrum is not shown, but it is included

and remains constant, because the black-body photons from the disc are not interacting in the
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Figure 5.4: Spectral energy distribution obtained from pair annihilation in the HEART code.
ne− = 5×1022 andne+ = 5×1014. The blackbody spectrum as well as the annihilation line
can be seen. With the lepton temperature at 50 keV, thermal line broadening is also observed.
The disc temperature is 0.2 keV.
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Figure 5.5: Annihilation line varying with positron number density forthermal distributions.
Electron number,ne− [m−3], kept constant at 5e22. With increasing line intensity,ne+ [m−3] is
changing as 5×1014,5×1015,5×1016,5×1017,5×1018,5×1019,5×1020,5×1021 (bottom
curve to top curve respectively).
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Table 5.1: Key parameters for demonstrating annihilation line behaviour with increasing an-
nihilating pairs number density.

Parameter value
Disc temperature 0.2 keV
Electron temperature 50 keV
Positron temperature 50 keV
Electron number density 5×1022[m−3]
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Figure 5.6: Annihilation line behaviour with changing the lepton temperature. ne− = 5×
1022[m−3] andne+ = 5×1018[m−3]

corona. Figure 5.5 also shows another interesting characteristic of the annihilation line; there is

a certain amount of broadening and almost a bi-modal behaviour in the annihilation line for the

lower positron number density. In order to explain this, it is convenient to first look at thermal

line broadening.

Figure 5.6 shows how increasing the lepton temperature, a well defined, narrow annihilation

line is broadened considerably. Svensson (1982) explores this. The annihilation line emissiv-

ity is shown in figure 5.7. Increasing the lepton energy, changes the annihilation emissivity

considerably from the delta function behaviour associatedwith the cold annihilating leptons.

Figure 5.5 illustrates that, for fixed temperature, fewer cold pairs annihilate when the positron

number density is reduced. The broadening effect thereforeappears to be stronger, because the

distinct narrow annihilation (from the colder leptons) line is weaker. As the number density of

the annihilating pairs increases, the signal from the low-energy pair annihilation starts to dom-

inate. Figure 5.6 is also a demonstration of how in HEART the annihilation emissivity behaves

in a way that is a combination of the three cases shown in figure5.7; not only is the thermal

broadening seen, but the bi-modal behaviour (with an increase in the lepton energy) is seen as

well. The net effect of increasing the thermal lepton temperature is to weaken and smear the
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Figure 5.7: Angle averaged emissivity for mono-energetic particle distributions (Svensson
(1982)) with varying combination ofγ+ andγ−.
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Figure 5.8: Annihilation spectrum with purely power-lawe−/e+ distributions. The electron
ne− is kept at 1×1022[m−3] while ne+ is varying as 1×1014,1×1015,1×1016,1×1017,1×
1018,1×1019,1×1020and 1×1021 (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 a physical source, presented in later

sections (5.4.1.3 and 5.4.2), are modelled using thermal lepton distributions only. For com-

pleteness the pair annihilation with the power-law energy distribution is also demonstrated

here.

Figure 5.8 has the spectra from a purely power-law lepton energy distributions. The elec-

tron number density is kept constant while the positron number density is varied to change the

annihilating pairs density. It is evident that the annihilation spectrum for a power-law distribu-

tion does not behave in the same way as that for the thermale−/e+ distribution. Before further

inspection of this difference, a look at the thermal and the power-lawe−/e+ distributions can

be useful.
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Figure 5.9: The thermal and the power-law lepton energy distribution with Θ =150 keV
(thermal) and the power-law index,p = 2.5 (power-law)

Figure 5.9 shows the thermal and the power-law energy distribution for the electrons/positrons

in the HEART code. A temperature of 150 keV would be considered very high for an X-ray

binary corona. However, it is used to illustrate the differences between the power-law and the

thermal energy distributions. The first main difference is the fact that the thermal distributions

have a cut-off, while the power-law distributions do not. The power-law distribution therefore

extends to much higher energies, thus contains many more high energy leptons. Of course, the

power-law index can be changed to vary the number of high energy leptons available. This

would require the power-law index to be much different from∼2.5; the power-law index value

of ∼2.5 is generally considered reasonable for a power-law lepton energy distributions in sys-

tems such as the black hole X-ray binaries (Liang and Narayan, 1997) .
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Table 5.2: Key parameters for demonstrating annihilation line behaviour with Comptoniza-
tion and bremsstrahlung.

Parameter value
Disc temperature 0.2 keV
Electron temperature 50 keV
Positron temperature 50 keV
Electron number density 5×1022[m−3]
e−/e+ distribution Thermal only

The differences between the two distributions have a significant impact on the annihilation

spectra. The annihilation line from the power-law leptons (figure 5.8), shows many oscillations

at high energies. The main reason for these oscillations is the logarithmic binning of the en-

ergy distribution. However, the super-position of the emissivity peaks illustrated in figure 5.7

(showing how the annihilation emissivity, with increasingγe−/e+ , 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 Compton scattering and bremsstrahlung ra-

diation as means of masking the annihilation line. Figures 5.10 and 5.11 show how the annihi-

lation line compares with the two radiative processes: Compton scattering and bremsstrahlung

radiation respectively. Table 5.2 gives the key parametersused for both the Comptonization

and the bremsstrahlung radiation with the pair annihilation.

When Compton scattering is active (fig 5.10), the system geometry has not been changed

from the previous section. That is, a hot hemisphere of corona above a cool accretion disc.

The corona almost completely covers the disc. The only changes are to the lepton density and

the disc temperatures. With the inverse Compton scatteringtaking place, a fraction (which

depends on the optical depth) of the photons are up scatteredand then distributed evenly in the

six cubic directions. The reprocessing is not taken account. Therefore any photons travelling

back into the disc are “lost”.

The figures show that with a low positron number density the annihilation line is almost

completely hidden. Increasing the electron and the positron number density does lead to a

stronger Comptonization component, but that also creates astrong and dominating annihila-

tion line, with many cold pairs annihilating. Only the thermal e−/e+ energy distributions are

modelled to simulate the “hard state” of an X-ray binary; thus, the presence of a Comptonizing

corona is an inherent assumption. With an increasing leptondensity, three humps can be seen

to appear in the SED shown in figure 5.10: the first low energy hump is the blackbody photons,

the second is the “Comptonization hump”, and the third corresponds to the annihilation line.

For the bremsstrahlung, the blackbody photons are not scattered, but only added to by the

bremsstrahlung photons (and the annihilation photons). Wecan see that the bremsstrahlung
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Figure 5.10: Annihilation spectrum with Comptonization. The electron number density is
5× 1022. The positron number density is varied (a) 5× 1018 (b) 5× 1019 (c) 5× 1020 (d)
5×1021.

emissivity (figure 5.11 and 5.12), with the parameters outlined in table 5.2, is not high enough,

at relevant frequencies, to mask the annihilation line (figure 5.11). Increasing the lepton num-

ber density does not increase the bremsstrahlung emission sufficiently. Instead, the annihilation

signature becomes extremely strong. Once again, three humps can be seen the spectra: these

correspond to the blackbody spectrum, the bremsstrahlung and the annihilation line. The black-

body photons can be seen to be unaffected (not scattered) by the bremsstrahlung radiation.

Zdziarski (1984) show that the bremsstrahlung emissivity can compete with the annihilation

line at plasma temperatures,kT/mec2, ranging from 0.5 to 3.16. These temperatures corre-

spond to an AGN environment. For completeness, figure 5.12 shows how the annihilation line

is almost completely hidden by the bremsstrahlung emissivity at the high lepton temperatures.

The high temperature, necessary for higher bremsstrahlungemissivity, would not be consid-

eredrealistic for the X-ray binaries. It appears that unlike Comptonization, bremsstrahlung

radiation is unable to obscure an annihilation signature inthe X-ray binaries.

5.4.2 Simulating the pair annihilation signature from GRS 1915+105

The previous section outlined how the Comptonization can quite effectively mask an annihi-

lation line signature. This is further explored in the following section by simulating an X-ray

binary system GRS 1915+105. The simulated spectra are qualitatively compared to the data

obtained from the high energy observatoryINTEGRAL.

Figure 5.13 illustrates the Comptonization spectra with different annihilating pair densi-
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Figure 5.11: Annihilation spectrum with bremsstrahlung. The electron number density is
5× 1022. The positron number density is varied (a) 5× 1018 (b) 5× 1019 (c) 5× 1020 (d)
5×1021.
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Figure 5.12: Annihilation spectrum with increasing plasma temperaturebremsstrahlung.
ne− = 5×1022, ne+ = 5×1018. The lepton temperature,kT, is (a) 60 keV, (b) 90 keV, (c) 120
keV, (d) 150 keV .

ties. As the positron number density approaches the electron number density, the annihilation

line starts to dominate the spectrum; similar behaviour wasseen in section 5.4.1.3. Table 5.3

gives the key parameters used for the simulation. The high lepton density does mean a strong
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Figure 5.13: Annihilation spectrum simulated in GRS 1915+105. Comptonization is also
modelled. The parameters used for the simulation are given in table 5.3. The curves show
how the annihilation line gets stronger as the positron number density is increased.

Comptonization component is present, 5.13, but not sufficient to hide the annihilation line.

The question arises: why has no clear annihilation signature been detected from an indi-

vidual binary systems? Figure 5.14 shows theSPI (the spectrometer on boardINTEGRAL)

composite spectra of the source GRS 1915+105. The authors (Droulans and Jourdain, 2009) fit

a thermal and a power-law component to the results. There appears to be a high energy excess

that has not been fitted. However, the statistics at the higher energies,≥ 100 keV, are quite

poor. The fits are therefore perfectly reasonable without having fitted this apparent high energy

excess. Even with this in mind, if it is assumed that the data points above 100 keV are “real”,

then figure 5.13 illustrates an interesting alternative.

Figure 5.13 shows the simulated spectra for GRS 1915+105. Intotal, the figure shows four

different set-ups: 1) Comptonization only; 2) 3) and 4) Comptonization + annihilation, with

different positron number densities. When compared with the entire data-set shown in figure

5.14, it is clear that the simulated curve would not provide agood fit for the lower energy

data. This is mainly due to the poorly simulated 20-100 keV energy band. There are number

of reasons for the poor fit in this energy band: different Comptonization parameters, plus the

omission of components such as the disc reflection. Detailedspectral fitting is not the focus

of the present work, and the HEART code’s ability to do spectral fitting has been discussed in

detail by Rogers (2008). On the other hand, the high energy (> 100 keV) behaviour of the sim-

ulated curve is remarkably similar to the data. One could interpret the high energy excess as an

indication of an underlying, and high broadened, annihilation line. Unfortunately, poor statis-

tics mean that we are unable to verify this hypothesis. With the aid of better resolution data, it
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Table 5.3: Key parameters for demonstrating annihilation line in GRS 1915+105.

Parameter value
Disc temperature 0.2 keV
Electron temperature 50 keV
Positron temperature 50 keV
Electron number density 5×1022[m−3]
BH mass 10 M⊙
Disc inner radius (Schwarzschild) 3
Disc outer radius (Schwarzschild) 50
Corona diameter 3×106 m
Inclination angle 70o

e−/e+ distribution Thermal only

may be possible to distinguish a highly broadened annihilation line from the Comptonization

continuum.

There could be a number of reasons why the annihilation line remains elusive in the X-ray

binaries. If there is a disparity in the number of leptons involved in the annihilation and the

number responsible for other processes such as Comptonization, then the annihilation line can

be broadened to such an extent that it behaves almost like continuum itself. This can make the

annihilation line indistinguishable from the Comptonization continuum, making annihilation

line observation extremely difficult in the X-ray binaries.Also the instrument limitations can

have a role to play. Comparing the simulated spectra with theINTEGRALsensitivity shows

that vast observation times are required to observe a highlybroadened annihilation line. This

is just an indication of how few a high energy photons are detected, hence the poor statistics.

5.5 Conclusions

Electron-positron pair annihilation is an important process when it comes to modelling the

high energy emission from the X-ray binaries. It has been shown that if an equal number of

electrons and positrons are present in the corona, the annihilation signature is very distinctive.

The fact, however, remains: no clear annihilation signature has been detected from an X-

ray binary. A case was discussed where one possible interpretation of the data involved a

broadened annihilation line. The poor statistics for the high energy data meant that no definitive

conclusions could be drawn.

On the other hand, if the lepton numbers are not equal or the annihilating pairs number

density is limited by some mechanism, then it is possible to mask the annihilation line. The

masking is even easier due to the thermal broadening of the line. Bremsstrahlung radiation has

been suggested as a process that may be able to hide the annihilation line, but it requires very

high coronal temperatures. It should, however, be pointed out that only the electron/positron

- electron/positron bremsstrahlung is taken into account.Haug (1985) gives a comparison

of the electron-proton, the electron-electron and the electron-positron bremsstrahlung. The
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Figure 5.14: Top: The spectrum, Droulans and Jourdain (2009), shows composite spectrum
from SPI/INTEGRALfor GRS 1915+105. The energy ranges is from 20-500 keV. The data
points in blue are composite of two observations with ‘hard’photon index; data points in
red correspond to the ‘soft’ sample, also composed of two observations. Bottom: Simulated
annihilation and Comptonization spectra for GRS 1915+105.The curves show one simulation
without any annihilation taking place and two with annihilation, but with differing lepton
number densities. Electron number density in all the cases is 5×1022.

electron-proton bremsstrahlung can be hugely important atthe low electron (and photon) en-

ergies. Electron-positron bremsstrahlung appears to be aneven stronger process at similar
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energies . Neglecting these two processes makes it difficultto make a true comparison between

the annihilation and the bremsstrahlung emissivities. Anyfuture work must take these addi-

tional processes into account to better understand the annihilation signature obscuration by the

bremsstrahlung radiation.

Based on the simulations shown, inverse Compton scatteringis the best candidate for mask-

ing the annihilation signature. Even with the limitations of the inverse Compton scattering im-

plementation in the HEART code (outlined in section 5.3.4) it is possible to appreciate how the

Comptonization can be effective in making the annihilationindistinguishable from the contin-

uum - this is facilitated by the highly broadened annihilation line. A more accurate Compton

scattering implementation should, in theory, enhance the Comptonization effects; thus, any fu-

ture work that incorporates both the annihilation and the Comptonization should support the

present results.

In short, any future analysis in this field must take the issues outlined above into consid-

eration. Future high energy observatories may also be able to shed more light on this puzzle.

Further research is therefore necessary to rule out the instrumentation being the only reason for

not observing the annihilation lines from the X-ray binaries.



6
Conclusions

Thus far I have presented an assortment of results related tothe disc:jet environment. Much

like this field, the research and the subsequent results haveinvolved quite an array of areas.

The following chapter re-iterates various findings and conclusions, plus presents the future

directions for this exciting field.

6.1 iShocks and the flat spectrum

An internal shocks model,iShocks has been presented to address the re-acceleration prob-

lem in the conical geometry jets. The re-acceleration problem arose out of the explanation for

the flat/inverted spectrum from the compact radio sources. The existing models were able to

explain how such a spectrum would result from the super-position of multiple self-absorbed

synchrotron spectra from different parts of the jet. However, none of the models could repro-

duce the flat/inverted spectrum whilst taking the adiabaticlosses, associated with a conical jet,

into account. TheiShocks model has been used to demonstrate successfully how the use of rel-

ativistic shocks all along the jet can be used to reproduce the canonical flat/inverted spectrum;

the jet is discretized in the form of shells and the shell collisions give rise to the shocks that

are responsible for the re-energization. The shell collisions are a result of variation in the shell

velocities (the faster shells catch up with the slower ones)and the expansion of the shell walls

inside the jet volume.

It was shown that with an essentially random distribution ofthe shell properties, it is pos-

sible to achieve sufficient re-energization from the relativistic shocks. However, injecting the

shells with some internal energy at the point of ejection also has an important role to play.

110
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Interestingly, we also found that the high frequency turnover/break in the flat spectrum is cor-

related with the jet power by:νb ∼ L0.6
W . (The low frequency turnover did not show any obvious

correlation, as a longer jet leads to a lower frequency turnover.) While the flat-spectrum syn-

chrotron flux is correlated with the total jet power by:Fν ∼ L1.4
W . Both these relations are in

remarkable agreement with the previous analytical predictions.

Although the focus of the present work was on the flat/inverted spectra from the X-ray

binaries, the model is scale independent and can easily be adapted to model the AGN jets. The

iShocks reproduction of a flat/inverted spectrum, with the adiabatic losses active, has been the

first of its kind and a successful application to larger scalejets would simply strengthen its

standing.

6.2 X-ray binary flaring

Flaring behaviour is another interesting property of the X-ray binaries. This can include a

single massive ejection or repeated ejections. These ejection events have been observed in the

X-ray, the IR, the mm, and the radio simultaneously, but without a sound understanding of

the underlying physics. The most curious aspect of these events is the almost flat spectrum

(ranging from IR to radio) and the similar rise times for boththe IR and the radio.

The iShocks model was used to model the repeated ejection events in the source GRS

1915+105. The observational data give the impression of “blobs” being ejected. Various mod-

els, including ours, are unable to replicate the observations with such a setup. The equivalent

IR and radio rise times are not possible from a single emitting electron population. TheiShocks

results do show an alternative picture: varying the mass almost continuously can give the im-

pression of a massive “blob” becoming optically thin at the observed frequency. This scenario

can reproduce the almost identical rise times for the different observed frequencies, but the

flux normalization does not match the observations. The flat spectrum, as in the case of the

steady jet, requires some kind of acceleration (if the adiabatic energy losses are present). Un-

fortunately, in theiShocks construct, the periodicity of the flaring observations is not replicable

with the mergers taking place. Based on the results presented, we can conclude that the flaring

events are not well modelled by a simple blob ejection picture. It looks like that the flaring

events are a result of strong variability of the mass presentin the jet, plus some form of re-

acceleration that preserves the timing information whilstgiving rise to a flat spectrum. The

complex nature of the flaring state is also seen in the X-rays,in the form of the hardness-rms

diagrams. An attempt at correlating the X-rays with the radio in this state may elaborate on the

underlying physics.

6.3 Optical/X-ray correlations

The optical/X-ray correlation is another enigmatic behaviour by the X-ray binaries. The cross-

correlation function for the optical and the X-ray show thatthe optical flux drops before the
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rise in the X-rays, in addition to showing a rise after the X-rays rise. In other words, the optical

varies ahead of the X-ray behaviour. This correlation has ruled out the X-ray re-processing

scenario.

The observations have shown the rate of change in X-rays was also correlated with the

optical. TheiShocks model was therefore an ideal candidate for this study. The X-ray light

curves were modelled andtranslatedinto the shell properties: the shell mass and the shell bulk

Lorentz factor. The optical emission from the jet could thenbe correlated with the mass and

the bulk Lorentz factor time-series (or the simulated X-raylight curves).

A number of interesting results were found from theiShocks simulations. The positive lag

could be explained quite simply if one considers the X-rays to be indicative of the accretion rate

(hence the ejection rate in the jet) and the optical lag beingthe time the plasma takes to become

optically thin at the observed frequencies. While one particular set-up showed a precognition

dip, a clear explanation of the dip remains elusive. The simulations do show that it is possible to

get an anti-correlation between the optical and the X-ray due to the shell mergers taking place,

but the optical emission shows only a positive lag to the X-rays. TheiShocks model, however,

successfully demonstrated the optical power-spectrum flattening, when compared to the X-ray

power-spectrum. This is as a result of shocks re-acceleration adding more time-scales.

Although theiShocks modelling of the optical/X-ray correlations was notable to explain

and demonstrate all of the observed phenomena, it has pointed us in a new direction that may

be able to explain these behaviours from a more physical point of view.

6.4 Electron-positron annihilation in the corona

The electron-positron annihilation implementation was aninvestigation into the lack of the 511

keV annihilation line signature from the X-ray binaries. Itis clear that the X-ray binaries have

high energy processes taking place to give rise to the hard X-rays and evenγ-rays. These high

energy processes are generally considered to happen in the so-called corona. By analogy to

the Galactic Centre, from where a strong annihilation signature has been detected, one would

expect the lepton populations in the XRBs to give rise to sucha signature as well.

The e−/e+ annihilation was implemented in the HEART code that models various other

high energy processes, for example, the Compton scatteringand the bremsstrahlung. The an-

nihilation signature was then compared with the masking effects of these processes. In case

of the bremsstrahlung emissivity masking the annihilationline, we found that this was only

possible for AGN like temperatures in the corona: in the X-ray binary environment the brems-

strahlung would not be able to disguise the annihilation signature. This, however, is only true

of the electron-electron and the positron-positron bremsstrahlung. Various authors have found

that the electron-positron and electron-proton bremsstrahlung are much more effective. There-

fore to truly understand the bremsstrahlung role here, a more wide ranging bremsstrahlung

implementation is required.

Inverse Compton scattering on the other hand was more promising for masking such a



6.5 Future work 113

signature. Our results showed that the annihilation, when already thermally broadened, can

almost completely disappear into the Compton hump or continuum. Even though the Comp-

ton scattering implementation is far from ideal in the HEARTcode, these comparative results

are insightful nonetheless. Suggestions of an annihilation line, for GRS 1915+105 withINTE-

GRAL, were also shown.

Overall, the results may even be suggesting that the region where thee−/e+ annihilation

takes place is different in the X-ray binaries when comparedto the Galactic Centre. It is

possible that the pair annihilation in the XRBs takes place in the same (or inside) region as

where the Compton scattering occurs, thus masking the annihilation signature; whereas, in

the Galactic Centre the annihilation takes place in a coolerouter region, resulting in a strong

signature. Higher resolution high-energy observations (plus, further in-depth modelling) of the

XRBs may solve this mystery.

6.5 Future work

The iShocks simulations show that more physical interpretations of the optical/X-ray correla-

tions are not straightforward. A further exploration of howthe X-rays can be translated into

the jet properties is necessary. This, however, may need to be in a slightly different framework.

One of the key results that was left unanswered is the pre-cognition dip in the optical/X-ray

CCFs. The problem may be how we are viewing the situation itself: traditionally the power-

law component or the high energy (of the X-ray spectrum) variability has been correlated with

the optical data. Wilkinson and Uttley (2009) have shown that the disc component varies more,

on longer times scales, in the hard state. This suggests thatthe disc component is the real driv-

ing force behind the variability, and not the power-law component. Therefore it makes sense

to correlate the jet properties with the disc variability instead. In fact, the pre-cognition dip

conundrum maybe solved by this connection.

The iShocks model has been a great springboard for increasing ourunderstanding of theses

correlations. It offers a great starting point for further enhancement. These include: the way

synchrotron spectrum, plus the relativistic shocks physics, is calculated can be implemented

in more detail. This could be necessary to understand the dynamics of still quite poorly un-

derstood flaring behaviour in the X-ray binaries. Currently, unrealistic energy densities would

be required to model the large ejections. The energy dynamics therefore require attention.

The radiative losses implementation is also quite important, and relatively straightforward to

implement, to have a more comprehensive model.

The iShocks model’s ability to explain the flat/inverted spectrum with the aide of the rela-

tivistic shocks re-acceleration, plus the results of shellmass and the bulk Lorentz variability,

also point at how the future jet models may be constructed. The Ohsugaet al. (2009) simu-

lations have shown us how different XRB states can be linked with the disc:jet configuration.

In an ideal world we would be able to model the synchrotron spectrum from such a GRMHD

simulation. This may also allow the exploration of the collision-less shocks as a means of re-
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energization. The future therefore my lie in the MHD disc-jet simulations with the radiative

transfer modelling, but tempered with explaining the plethora of XRB and AGN data.



APPENDICES



A
Synchrotron emission

The numerical solutions for calculating the synchrotron emission are stated below (Longair,

1994).

When the synchrotron monochromatic intensity is given by:

Iν =
Jν

4πχν
(1−e−χν r) , (A.1)

the numerical solution for the emission and the absorption coefficients are as follows:

J(ν) = 2.344×10−25a(p)B(p+1)/2κ
(

1.253×1037

ν

)

(p−1)
2

Wm−3Hz−1 (A.2)

and

χ(ν) = 3.354×10−9b(p)B(p+2)/2κ(3.54×1018)pν−(p+4)/2 m−1. (A.3)

The energy spectrumN(E) represents the number density of electrons per joule. The constants

a(p) andb(p) are given by:

a(p) =

√
π

2

Γ( p
4 + 19

12)Γ( p
4 − 1

12)Γ( p
4 + 5

4)

(p+1)Γ( p
4 + 7

4)
, (A.4)

and

b(p) =

√
π

8

Γ(3p+12
12 )Γ(3p+2

12 )Γ( p+6
4 )

Γ( p+8
4 )

. (A.5)
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TheΓ-function is given by (Abramowitz and Stegun, 1972):

Γ(n) =

∫ ∞

0
xn−1e−xdx, (A.6)

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



B
Compton scattering

The photon redistribution functions for the three cases defined in section 5.3.2.2 are detailed

below.

The solution for case 1 can be found in Coppi and Blandford (1990). This is the case of

mildly relativistic electrons (γ < 10) interacting with high-energy photons (k > 10−2),

xFC(x) = 3σTx2
∫

dP
dz

dz (B.1)

wheredP
dz is given by:

dP
dx

=
1

(1−βz)
√

β 2 + ε2+2βεz
×

{

2y0k−ak2 +
1+y2

0−2ay0k+a2k2

√
a2−b2

+

1
k2(1−βz)

[

k2 +
ak2(2b−a)

(a−b)
√

a2−b2
+

a(1−y0)
2 +2kb2(1−y0)−ba2k2

(a2−b2)
3
2

]}

(B.2)

whereε = hν0/(γmec2), k = γmec2/(hν1), a = 1−βz− (1− γ0)/k, b = δ/k and

y0 =
(ε + βz)(ρ + ερ −1+ βz)

ρ(β 2 + ε2+2βεz)
, (B.3)

δ =
β

√

(a−z2)[ρ2β 2 +2ρε(1− p)(1−βz)− (ρ −1+ βz)2]

ρ(β 2 + ε2+2βεz)
(B.4)

andρ = ν1/ν0. ν0 andν1 are the photon frequency before and after scattering respectively.

The integration limits are given by:
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z± = max[±1,
1−ρ(d∓

√

d2−1/γ2)

β
], (B.5)

whered = 1+ ε − ερ .

Enßlin and Kaiser (2000) treatment is used for Case 2: mildlyrelativistic electrons (γ < 10)

interacting with low energy photons (k≤ 10−2),

xFC(x) =
3σT

8p5

{

−|1−ρ |
4p

[

1+ ρ(10+8p2+4p4)+ ρ2]+

ρ(1+ ρ)

[

3+3p2 + p4

γ
− 3+2p2

2p
(2ln(p+ γ)−|ln(ρ)|)

]}

(B.6)

whereρ is as in case 1 andp =
√

γ2−1.

Case 3 is for ultra-relativistic electrons (γ ≥ 10) (Jones, 1968),

xFC(x) = 3σTx

{

2qln(q)+ (1−q)

[

(1+2q)+

(

4γq hν0
mec2

)2

2
(

1+4γq hν0
mec2

)

]}

(B.7)

whereq = x/
(

1− hν1
γmec2

)

, the frequency gainρ = ν1/ν0 andp is the electron momentum.



C
iShocks Parameters

The following section outlines all the customizable parameters in our model. With efficiency

and expandability in mind, the model is coded in C++. Effort has been made to minimize de-

pendencies and use GNU software only. Once compiled, the code can read in all the parameters

from a simulation parameters file and a shell parameters file;for any 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 arepseudo-random. This determines the shell

mass based on how many shells need to be injected. [J/s]

BLF max: Used when shell properties arepseudo-random. This sets the mean of a Gaus-

sian distribution to be sampled from. [Γmax]

BLF min: Used when shell properties arepseudo-random. This sets the mean of a Gaus-

sian distribution to be sampled from. [Γmin]

shell width factor: Sets the initial shell size, along the jet axis using the relation 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 the thermal energy;

causes the longitudinal expansion. [no units]

EelecKin frac: The fraction of the shell internal energy to be given to the total electron ki-

netic energy; determines the power-law distribution parameters. [no units]

EMagnet frac: The fraction of the shell internal energy to be given to the magnetic energy;

affects the magnetic field strength. [no units]

powerlaw index: The power-law index,p, of the electron power-law distribution. [no units]

e gamma min: γmin of the power-law electrons. [γ ]

e gamma max: γmax of the power-law electrons. [γ ]

nu min: νmin for the frequencies being modelled; used when logarithmically spaced frequency

range is used. [Hz]

nu max: νmax for the frequencies being modelled; used when logarithmically spaced frequency

range is used. [Hz]

nu points: Determines the number of points for the logarithmic frequency grid. [no units]

individual frequenciesSwitch to turn on logarithmically spaced frequency range; takes min.

and max from above. [take integer values: n=off (then uses two frequencies 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 emission, of the jet

at the time interval given below. [takes integer values: n=off (in this case the jet is sampled

only at “events”; y=on]

step resolution If the above switch is on, this determines the sampling time interval. [s]

total run duration Total run time of the simulation. [s]
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shell inj duration The length of time for the shells injection. [s]

avg ejection gap Sets the mean of the Gaussian distribution for sampling the time interval

between shell injections. [s]

useshell file A switch for reading a file with shell properties: injection time, shell mass,

shell Lorentz factor, shell width. [takes integer values: n=off; y=on (when on, jetluminosity,

BLF max, shellwidth, shell inj duration, and avgejectiongap are all deactivated)]

shell file Name of the file with shell parameters. [should contain 4 columns with the corre-

sponding shell properties:injection time, shell mass, shell Lorentz factor, shell width.]

write results file A switch to activate writing every time step to a file. [takes integer 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 simulation. [takes integer

values: n=off; y=on]

lightcurve file Name of the file for writing the light curve data. [Always written by default]

in vacuum expansionA switch to deactivate adiabatic losses.

inj int energy A switch to inject the shells with internal energy, after they have passed the

“shock location”.

rel massfrac Scale the amount of internal energy given to the shell by a fraction of the of

the shell’s relativistic energy.

shock location The shock location. Used when injecting with internal energy. [light sec-

onds]

slow energizationA switch to activate slow energization; the shells are not energized instantly,

but given the energy over a length of time determined by the shock crossing time. [takes integer

values: n=off, y=on]
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Done C., Gierliński M., Kubota A., 2007, The Astronomy and Astrophysics Review, 15, 1

Droulans R., Jourdain E., 2009, Astronomy and Astrophysics, 494, 229

Durant M., Gandhi P., Shahbaz T., Fabian A. P., Miller J., Dhillon V. S., Marsh T. R., 2008,

Astrophys. J. Lett., 682, L45

Eikenberry S. S., Matthews K., Morgan E. H., Remillard R. A.,Nelson R. W., 1998, The

Astrophysical Journal Letters, 494, L61+

Enßlin T. A., Kaiser C. R., 2000, Astron. Astrophys., 360, 417

Esin A. A., McClintock J. E., Narayan R., 1997, The Astrophysical Journal, 489, 865

Fabian A. C., Rees M. J., 1979, Mon. Not. R. Astron. Soc., 187,13P

Falcke H., 1996, The Astrophysical Journal Letters, 464, L67+

Falcke H., Biermann P. L., 1995, Astronomy and Astrophysics, 293, 665

Falcke H., Biermann P. L., 1999, Astronomy and Astrophysics, 342, 49

Falcke H., Körding E., Markoff S., 2004, Astronomy and Astrophysics, 414, 895

Falcke H., Markoff S., 2000, Astronomy and Astrophysics, 362, 113

123



Bibliography 124

Fender R. P., Belloni T. M., Gallo E., 2004, Mon. Not. R. Astron. Soc., 355, 1105

Fender R. P., Garrington S. T., McKay D. J., Muxlow T. W. B., Pooley G. G., Spencer R. E.,

Stirling A. M., Waltman E. B., 1999, Mon. Not. R. Astron. Soc., 304, 865

Fender R. P., Hjellming R. M., Tilanus R. P. J., Pooley G. G., Deane J. R., Ogley R. N., Spencer

R. E., 2001, Mon. Not. R. Astron. Soc., 322, L23

Fender R. P., Homan J., Belloni T. M., 2009, ArXiv e-prints 0903.5166

Fender R. P., Pooley G. G., 2000, Mon. Not. R. Astron. Soc., 318, L1

Fender R. P., Pooley G. G., Durouchoux P., Tilanus R. P. J., Brocksopp C., 2000, Mon. Not. R.

Astron. Soc., 312, 853

Fermi E., 1949, Physical Review, 75, 1169

Fragile P. C., 2008, inProceedings of the VII Microquasar Workshop: Microquasarsand Be-

yond. September 1 - 5, 2008. Foca, Izmir, Turkey. Published online at http://pos.sissa.it/cgi-

bin/reader/conf.cgi?confid=62, p.39, pp. 39–+

Frank J., King A., Raine D. J., 2002,Accretion Power in Astrophysics: Third Edition

Gandhi P., 2009, Astrophys. J. Lett., 697, L167

Gandhi P., Makishima K., Durant M., Fabian A. C., Dhillon V. S., Marsh T. R., Miller J. M.,

Shahbaz T., Spruit H. C., 2008, Mon. Not. R. Astron. Soc., 390, L29

Gehrels N., Barthelmy S. D., Teegarden B. J., Tueller J., Leventhal M., MacCallum C. J., 1991,

The Astrophysical Journal Letters, 375, L13

Geldzahler B. J., Johnston K. J., Spencer J. H., KlepczynskiW. J., Josties F. J., Angerhofer

P. E., Florkowski D. R., McCarthy D. D., Matsakis D. N., Hjellming R. M., 1983, The

Astrophysical Journal Letters, 273, L65

Gilfanov M., Syunyaev R., Churazov E., Pavlinskii M., Grebenev S., Kremnev R., Sukhanov

K., Kuleshova N., Goldwurm A., Ballet J., Cordier B., Paul J., Denis M., Bouchet L., Barret

D., Roques J. P., 1991, Soviet Astronomy Letters, 17, 437

Gould R. J., 1980, The Astrophysical Journal, 238, 1026

Greiner J., Cuby J. G., McCaughrean M. J., 2001, Nature, 414,522

Gültekin K., Cackett E. M., Miller J. M., Di Matteo T., Markoff S., Richstone D. O., 2009, The

Astrophysical Journal, 706, 404

Harris M. J., Teegarden B. J., Cline T. L., Gehrels N., PalmerD. M., Ramaty R., Seifert H.,

1998, The Astrophysical Journal Letters, 501, L55+

Haug E., 1985, Astronomy and Astrophysics, 148, 386

Hawley J. F., Balbus S. A., 1991, Astrophys. J., 376, 223

Heinz S., Begelman M. C., 2000, The Astrophysical Journal, 535, 104

Heinz S., Sunyaev R. A., 2003, Mon. Not. R. Astron. Soc., 343,L59

Hjellming R. M., Johnston K. J., 1988, The Astrophysical Journal, 328, 600

Hjellming R. M., Rupen M. P., 1995, Nature, 375, 464

Hjellming R. M., Rupen M. P., Mioduszewski A. J., Kuulkers E., McCollough M., Harmon

B. A., Buxton M., Sood R., Tzioumis A., Rayner D., Dieters S.,Durouchoux P., 1999, The

Astrophysical Journal, 514, 383



Bibliography 125
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