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Abstract

This dissertation concentrates on two closely related antesvhat overlapping topics:
particle acceleration, and turbulence transmission edlab shock waves. Emphasis
is on relativistic shocks propagating parallel to a magnééld, and the effect of the
thickness of the shock front is also considered.

Discussion is started with short reviews of the basic prigerof astrophysical
shocks and turbulence, and continued with considering tiedations to particle ac-
celeration. This introductory part is meant to give a noaesglist reader a picture of
current knowledge concerning particle acceleration thewoithin the aforementioned
limitations, as well as sufficient background informaticgeded to understand the con-
text of the research papers discussed in Chapter 5 and pedsarthe end of the thesis.

The research papers included in this thesis present redtisred using both analyt-
ical and numerical methods; for the latter, a numerical $aten code, QSHOCK (for
a description, see Paper IV ahdt p: / / ww. i ki . fi/j oni.tanm / gshock), devel-
oped mainly by the author, has been used. First-order Fazoal@ration, in relativistic
modified shocks, is studied numerically in Papers | and Ithwiur results confirming
those found earlier by other authors, namely that paradliativistic shocks with thick-
ness determined by ion dynamics need a sufficiently stroeggesation mechanism for
the electrons in order to be able to accelerate them efflgiemough to account for
observations. Paper Il presents a way of calculating tlendtream turbulence condi-
tions from those of the upstream, for a relativistic stepckhand demonstrates that for
shocks with low-to-moderate Alfvénic Mach number this keadl increased first-order
acceleration efficiency. In Paper IV the results of Papeatd applied to a numerical
simulation, and this is observed to lead to second-ordezlaation in the downstream
region. This mechanism is also found to be a promising cateitbr the energisation
process required by Papers | and Il. Paper V presents rdsulfgst-order accelera-
tion in modified shocks, taking into account turbulence graission. Results show that
even relatively thick shocks can produce very hard partigectra, if the scattering-
centre compression is sufficiently enhanced. This enhaacemas found to follow
from turbulence transmission analysis with certain ugstreconditions in step-shocks
of all speeds, and for non-to-mildly relativistic thick stks (Paper VI).
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CHAPTER1

Introduction

It is commonly accepted that shock waves have a centralmdleei production of ener-
getic charged particles, observed either directly as cosayis or by the radiation they
produce. The exact physical processes, and the way theiselgsaare accelerated al-
most to the speed of light in shocks is, however, less certaithough the theoretical
understanding of how some of the basic mechanisms work teasib®roving for long,
their details and limitations in more complex cases aredstibated.

This thesis aims at contributing to the answer of the genguaktion: "How are
charged particles accelerated to ultrarelativistic elesrgn shocks?” The particular
guestion we try to answer is: "How is particle acceleratiom parallel relativistic shock
affected if the shock is not assumed to be a discontinuoys atel if the effect of the
shock to the plasma turbulence is taken into account?” Tier lquestion contains the
ideas of non-steplike shocks and turbulence transmissiguaiticle acceleration stud-
ies. Neither of these ideas are new, but both have beenyangelected in relativistic
applications.

Problems in studying particles, shock structure and teree together lie in nonlinear-
ity. Consider the following simplified picture (see Chapt@r4 for detailed discussion
and references). First of all, particles are acceleratezhotks; the basic mechanisms
for this are quite well known (although the general opinidrite applicability of dif-
ferent models in different physical environments is stil from consensus). However,
accelerated particles can shape the structure of the shaek thus affecting their own
acceleration efficiency. Effects of this kind of nonlinéiinave been studied for long,
and its consequences are known to some extent.

Secondly, the transport of particles is controlled by tlghge in the plasma — the
effects and limitations are, again, well known. But the tilelnce also is bound to un-
dergo changes when hit by, and transmitted through, avistti shock wave, and in
certain cases the changes in the turbulence also affecttadeaation of particles. For
non-relativistic shocks this possibility has been studiiedome level, but for relativis-
tic case only a few special cases have been considered. Trheofahe shock front —
whether steplike or modified — has further effects on theuierice transmission, and
these effects are, in turn, reflected in the accelerationge® in addition to the effects
of the modification itself.

Thirdly, in addition to the effect of turbulence on partiléhe particles themselves
can affect the turbulence, or they can even be the sourcesdiutbulence in the first
place. Furthermore, the turbulence can affect the way glastiget injected into the
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Figure 1.1:A sketch of the relations of some basic factors affectingateeleration of charged

particles in parallel shocks when turbulence is taken imimoant. Boxes on the left stand for
general physical processes, ellipses on the right markipdlysomponents, and the different
lines point direction of effects. Thick lines show effeatgluded and studied in the papers of
this thesis, the thin solid line shows the effect of the asmilishock-front modification, and the

dashed lines show relations not included in this work.

acceleration mechanism. Waves can even contribute to thlfioation of the shock
front, thus affecting, again, the transmission of wavesdang in additional sources of
nonlinearity.

At this point, not even taking into account energy lossesadiation, the situation is
extremely nonlinear (for a simplified sketch, see Figurg,lafd far beyond the current
capabilities of any analytical theory or model. The samdiappvidely also to numerical
approaches, excluding maybe the most simple approximatidfor this reason it is
crucial to try to build the picture of a general particle decation theory piece by piece,
starting from the foundation of the most basic and undeglyimechanism, upon which
different, finer pieces, are then laid and interlocked tdheztber.

In the papers of this thesis the interfaces between the pigicghock structure, tur-
bulence, and particle acceleration are tried to fit eachraihd the general picture of
current theories, described in the following introductpart. The key results of the pa-
pers are presented in the scientific context, in Chaptersaididiscussed in more detail
in Chapter 5. Chapter 6 makes some final remarks and generelusmns about these
studies, and after that, the papers are presented in thginarform.

The discussion and the research papers presented in thiertditon are kept on the
theoretical level; we concentrate on the physical proceasesuch, and reserve the inter-
pretation of observations and measurements, as well asdbellimg of real observable
sources, to future work. For general reviews concerningabjwhere particle acceler-
ation and shocks are considered to be present, see, e.gdf@&ld and Eichler (1987),
Axford (1994), Jones and Ellison (1991), Protheroe and Q2804) or Schlickeiser
(2002, Chapters 1-3 and 5-7).



CHAPTER?Z2

Astrophysical shocks

Astrophysical shock waves can be formed, e.g., by an obgegris{der, for example,
a plasma "cloud” denser than the surrounding medium) motlimgugh a medium at
a speed larger than the signal speed of the medium (typisallyd or Alfvén speed).
The matter ahead of the shock has no possibility of "detgttine forthcoming object,
yet it has to have means to adapt to it. Nature has solved tbidgm with a shock
wave: matter piles and compresses in front of the obstauls, forming a denser region
where the heated and slowed matter flows, now sub-sonidaltiie reference frame of
the object. At the boundary of uncompressed and compresseerial a shock front
is formed. Alternatively, e.g., sudden release of large am@f energy into a small
volume, e.g., by an explosion (such as a supernova, fomosjacan cause a different
kind of a shock, a blast wave. In this case, the blast of théoeign expands outwards,
hitting the material, just as the shock wave ahead of a mavirsgacle. Again, and also
generally speaking, the shock wave is the surface betweamthocked material ahead
of the shock and the compressed matter behind it.

The former type of shocks can be formed, for example, irhibtespot<of relativistic
jets of micro- and macroquasars where the jet drills interstellar or -galactic matter.
For the latter, an obvious example is the blast wave of a sopar

2.1 Shock geometry and coordinate systems

When studying physics that take place right around the shbdk very convenient to
change to a coordinate system in which the shock itself igsdt fn thisshock framen
observer, now "flying” along with the shock front, sees thshotked plasma flowing
towards the shock with anpstream flow speeéqual but opposite to the speed of the
shock as seen in the upstream, undergoing compression fabtiteand flowing out at
a slowerdownstream flow speedhe pre-shock region is called thipstreamwhile the
post-shock half-space is called tHewnstreamthe corresponding coordinate frames,
moving in to and out of the shock, are called tipstreamanddownstream rest frames
because in them the upstream/downstream matter is at reser@ly, thdocal plasma
(rest) frameis the frame moving at the same speed as the plasma flow. Hatjave
common convention of denoting different physical upstreprantities with subscript 1
and the downstream ones with subscript 2, we\lisandV- for the up- and downstream
flow speeds, respectively (see Figure 2.1).

The wordshockis here used to mean the region where the flow speed drops fimm t
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Figure 2.1: The flow profile and direction of the flow as meadunethe shock frame.

upstream speed to that of the downstream. The crudest apyatian of the shock front
can be thought of as a discontinuity in the flow parameterss Kind of step shocks,
obviously, quite unphysical in the smallest scales, butesitypically, the transition takes
place on scales much shorter than what is seen by, e.g., teéeeating particles, the
approximation usually simplifies analyses much more thatmiots them. Generalisation
of the step shock picture, the so-callewbdified shoclstructure, is introduced in the
following sections.

This thesis concentrates on parallel shocks, i.e., casesich the normal of the
shock plane is parallel to the large-scale magnetic fieldctivn. Due to the conser-
vation laws for the magnetic field, the magnetic field strngihd alignment remain
constants throughout the shock transition, and, thus,afgeiscale electric field van-
ishes. In general, of course, the anglbetween the shock normaland the magnetic
field directionB is not exactly zero, i.e., the shock is eittwdrique(0 < 8 < 7/2) or per-
pendicular(@ = n/2). However, in certain oblique cases it is possible to makeast
along the magnetic field to the frame where the shock is statyo In this so-called
de Hoffmann—Teller fram@fter de Hoffmann and Teller 195Q0)KIT) the electric field
vahishes and the plasma flows along the magnetic field liné®tnsides of the shock.
Such a boost to thdHT frame is, of course, only possible if the speed requiredss le
than the speed of light, i.e., the speed of the intersectidgheomagnetic field line and
the shock frontV,s = Vgn/ 0S8, is below the speed of light. For relativistic shocks this
means that the shock normal and magnetic field have to aligitath 6 < 1/T';, where

Iy =1/1-V2/c?

is the Lorentz factor of the shock with spe¥d

2.2 Compression ratio

While the physics of the plasma itself is mainly beyond thepscof this Thesis (for a
review of basic plasma physics in shocks in the context digdatacceleration, see, e.g.,
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Figure 2.2: Compression ratio of a parallel shaglas a function of its proper speeg.
From Paper IV.

the review of Jones and Ellison 1991, and for especiallytivgdéic magnetohydrody-
namic shocks, Appl and Camenzind 1988 and references tijettee following must be
emphasised for it is crucial in all shock-related physicspegially for turbulence trans-
mission and particle acceleration: from the fundamentakeovation laws (for a review
see, e.g., Kirk and Duffy 1999) of magnetic flux, energy, motam and particle num-
ber, one can calculate the jump plasma parameters for a sheglsolve the conditions
at a given point from a given upstream state. In generalhellphysical downstream
guantities can be expressed in terms of the velocity diffeedbetween the upstream and
downstream flows (Appl and Camenzind 1988).

The flow speed difference, most conventionally written ia thrm of the compres-
sion ratior = V1/V,, depends on the adiabatic index of the gasyfiich has a value of
5/3 for non-relativistic monatomic gas, and tends {8 4s the plasma gets relativistic.
The consequent compression ratio for a strong parallelkskades between 4 (non-
relativistic) and 3 (ultrarelativistic; its value is plett in Fig. 2.2 as a function of shock
proper speed u= I''V1. Throughout the studies of this thesis the Synge equation of
state, appropriate for dissipation-free ideal gas, is (sed Appendix A of Kirk and
Duffy 1999); for other possibilities for the compressioreKirk and Duffy (1999).

2.3 From steplike to modified shocks

While keeping a distance to plasma physics, we must consiglgain additional fac-
tors known to affect the acceleration-related physicsastiock. One important aspect
concerning the shock is the possibility of modification af #hock front structure. The
thickness and the form of the flow speed profile in this kind of@dified shockeavily
affects the particle acceleration efficiency and, thuspthssible changes in the structure
have to be taken into account when modelling acceleratidthoAgh the particle accel-
eration itself will be discussed in Chapter 4, the basicrattgons including accelerated
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particles are presented here.

Although step shocksind discontinuous transitions from upstream to downstream
are frequently used in modelling, this is, typically, doe $implicity and approxima-
tion; the transition naturally has a finite thickness andoistimuous, but since in many
cases, the spatial extent of the shock front has been sespicbe of the order of the
proton Larmor radius (see, e.g., Parker 1961, Appl and Cameéri988 or Achterberg
et al. 2001; the idea is also supported ibysitu observations of non-relativistic cases
in the interplanetary space, in Earth’'s bow shock, as weithasimerical simulations —
see for instance, Pinter 1980, Smith 1983, Vainio 2003y Hppear thin or even step-
like for those rigid particles. However, as discussed in @&a4, for light-weighted
electrons (with mass only about one two-thousandths ofadhatproton) the mean free
path can be up to orders of magnitude shorter than for heatpms. Consequently, the
spatial scales experienced by protons as discontinuops,stan be seen as wide and
smooth structures by electrons. This leads toghablem of injectionas described in
Chapter 4 and problems with electron acceleration, butnéy, the important thing to
acknowledge is that the steplike velocity profile is not resegily appropriate, especially
for electrons in a plasma where the kinematics are conttdlieheavier particles.

There are also other, perhaps more pressing reasons fandetine step-shock ap-
proximation, namely the back-reactions of acceleratetighes to the shock front (for
example Eichler 1979, Blandford 1980, Drury and Volk 198%fakd et al. 1982, Baring
and Kirk 1991, Kang and Jones 2005, Jones and Kang 2005) eAstticles accelerate
in the shock, the ratio of their pressure to that of thermalgjarts to become important;
at some point the increased cosmic-ray pressure startswaisiwn the upstream plasma
before it hits the shock, thus making the transition widam.tle other hand, if particles
can obtain sufficiently high energies and escape the syst@ycan carry away energy
and reduce the pressure of the cosmic ray gas, thus enalifjhgricompression ratios
than what is expected from basic plasma physics (see, edapleE1984). Accurate
description of a cosmic-ray-modified shock is very compédadue to nonlinear and
counter-affecting processes like these, as well as otlzersed by, e.g., magnetohydro-
dynamic waves (see the next Chapter).

As was mentioned in the Introduction, the shock-affectirjure of these phe-
nomena are taken into account in studies of this thesis,Heuexact mechanisms and
nonlinear behaviour of the shock front structure are beyibredscope of this particle-
acceleration oriented study. In the papers of this thesisnastly use a hyperbolic tan-
gent profile (Schneider and Kirk 1987; for an exception, saeePll) for the flow speed
profile, and include the effects of shock modification in theation of the thickness of
the profile.



CHAPTERS3
Waves and turbulence

Magnetohydrodynamic (MHD) turbulence is ubiquitous in@palasmas. It is found
everywhere in space — either 'frozen in’ the plasma follayits movements, or flowing
as waves through the space —where ionised gas is presehtildnee is also an essential
part of the theory of particle acceleration, for it is the migeesponsible for scattering.
l.e., the nature of waves and turbulence is one of the maiorachat influence the
transport and acceleration of charged patrticles. Espgdiakhocks, the properties of
the turbulence will often dictate the outcome of particleederation (see Chapter 4).
For this reason, a thorough consideration of the turbuléesceeded when building a
comprehensive model to explain the micro-physics behietiservations.

In this Chapter the main features of the scattering turtmdewill be described,
with special emphasis put on the way the waves are affecteshbgk waves travel-
ling through the plasma. The consequent effects the tunbeléas on particle transport
are dealt with in the next Chapter.

3.1 Modelling the turbulence

Magnetised low-density plasmas, such as the plasmas netemaost of the high-energy
astrophysics, contain various MHD wave modes; of these th& nelevant one is typ-
ically considered to be the weakly damped incompressioti@éA wave, although the
use of the fast magnetosonic wave modes could in some cagestified as well (see,
e.g., Yan and Lazarian 2004). The damping and dissipatiahefAlfvénic mode is,
however, in general much weaker than the damping and digsipaf the other low-
frequency modes (see, e.g., Lazar et al. 2003), so contiegten it probably provides
a good and justified starting point without too much loss afegality.

Current knowledge of MHD turbulence is not even near thellefeomplete un-
derstanding. Nevertheless, some success has been madenamtesel of universality
observed, both in observations and theory, and both foo$gtieric and interstellar plas-
mas (e.g., Armstrong et al. 1995, Maron and Goldreich 20@&hwick and Goldreich
2001, Horbury et al. 2005); it has been observed that theikemioe can, in many cases,
be modelled with an energy spectrugfk) o k™9 with the well-known Kolmogorov
spectral indexq = 5/3 in the inertial range of wavenumbeks For a detailed review,
see, e.g., Krommes (2002) or Mac Low (2005).

In the papers in this thesis we apply a simglasilinearapproach to the turbulence
modelling, with the total fieldB being decomposed into a slowly varying large-scale
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field B and a fluctuating small-scale fiedd superposed on the large-scale one. This
approach is particularly handy when dealing with parakelcks, where the background
field By is constant throughout the shock and the large scale @diglil vanishes. The
fluctuations are modelled as Alfvén waves propagating aténfspeed/a (measured

in the local plasma frame) along the steady background fie& In both parallel and
anti-parallel directions.

Within the quasilinear approximation, we make another camnestrictive assump-
tion concerning the amplitude of the turbulence: the tuwrhaoé is assumed to be 'weak’,
i.e., the fluctuating part of the magnetic field is assumedetalivays weaker than the
constant background field. There are a few main reasonsigosithplification, all trying
to keep the modelling relatively simple, yet as general asibte. Firstly, too powerful
turbulence leads quickly to nonlinear effects between thees and the shock, compli-
cating the wave transmission analysis considerably — ioutgent state, the turbulence
theory is not yet ready to account for these effects. Segptith quasilinear treatment
of particle scattering is applicable only if the fluctuatiiigjd remains essentially weaker
than the large scale background field. Lastly, from the olagemal point of view, if
the magnetic field is very tangled, the emission producechbyparticles moving in it
can no longer be modelled with the simple syncrotron modl jtthecomes so-called
jitter radiation (Medvedev 2000) — also this effect has to be taken into adcatien
constructing a general theory for turbulence and radidtiom accelerated particles, but
for now such additional complications are excluded from studies. In the analysis,
the smallness of the fluctuating part of the magnetic fieldeom by requiring the ratio
€ = (6B/Byp)? to be small with respect to unity.

In addition to being already existing in the plasma, the ulebt waves can also
be self-generated by a shock wave and particles, as firstidegdy Bell (1978a) for
Alfvén waves created by cyclotron resonance due to pastisteeaming ahead of the
shock. These waves are then caught by the shock and traedrtotthe downstream,
thus providing a scattering turbulence field throughoutsheck. In the simplest case,
then, the properties of the upstream turbulence, whetheeegpisting or self-generated,
and from that initial turbulence, the properties of the vehsihock and downstream wave
fields are solved. This kind afirbulence transmissioanalysis provides the tools needed
for treating the effects of a shock on the turbulence.

3.1.1 Parameters for turbulence modelling

To clarify the analysis, we define here the main characierigteeds appearing fre-
guently in the transmission calculations. First of all, gi@sma itself streams at a local
flow speed toward the shock (in the upstream) or away fronmit{é downstream); the
flow speed is measured in the shock frame, and its sign is alwagitive. The waves
flow through the plasma at local Alfvén spe¥d parallel or anti-parallel to the flow
speed, measured in the local plasma frame. So, in the shalefthe waves are mov-
ing with speed Viow = Vwave)/ (1 = Viiow Vwave/C%), Where plus is for forward and minus
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Upstream Shock Downstream

plasma frame rest frame plasma frame
US Plasma 0 V1 Vi-V,
flow o)
DS Plasma —(V1—Vy) \3 0
flow — )
US Forward VA,]_ Vi + VA,]_
waves —
US Backward —VA,]_ i VA,]_
waves -~
DS Forward Vo + Va2 Va2
waves — —
DS Backward Vo — VA,2 —VA,2
waves - -~

Table 3.1:Velocities for the plasma flows and for Alfvén waves as meadim the upstream,
downstream and the shock rest frames. A nonrelativistie ashosen for clarity — relativistic
correction has to be taken into account for the general Wglacldition formula. Vyp is the
far-upstream [downstream] speed, anghy is the Alfvén speed in the upstream [downstream]
plasma frame. The Alfvénic Mach number is chosen tdvbe 3, andr = 4 andVa 2 = Va1/ VI
following the assumption of nonrelativistic speeds. Arsostiow relative speed in a given frame
— flow direction in the shock frame is chosen to be the posdivection (cf. Fig. 2.1).

for backward waves. The flow and wave speeds in the case of guasi-Newtonian
Alfvénic Mach number Ms u;/ua 1 (Whereup ; is the the proper speed of the Alfvén
waves in the upstream) are showed for the non-relativigtsedn Table 3.1 for compar-
ison. Note that for this low Mach number the downstream backwvaves are almost
standing in the shock frame.

In super-Alfvénic shock waves the shock speed is alwaystdlgn the wave speed,
as measured in the upstream frame. This is equivalent togdlat in the upstream
region, in the shock frame, both the forward and backwardasave always propagating
towards the shock (see Fig. 3.1), although, depending ow#lre speed, the backward
waves can approach the shock much more slowly than the fdrwaves. The same
applies also in the downstream: restricted by the evolatipargument (see, e.g., Kirk
and Duffy 1999) the Alfvén speed has to stay below the local #peed also in the
downstream. This defines tlogitical Mach number M = +/r below which the shock-
frame speed of the backward waves would exceed the downsfiesr speed, making
it able for the backward waves to propagate back to the wgstregion.

We also introduce here thrmalised cross-helicitfhereafter referred to simply as
the cross-helicityHc(x, k) of the turbulence. It is a practical measure of the turlbcgen
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indicating the relation of the forward and backward waveimsity spectrd®(x, k) as

It —1-

I+ +1-’

having values betweenl (for only backward waves) anel (only forward waves). In

the case of vanishing cross-helicit{ = 0) both the forward and backward waves are
in equipartition.

He(X K) =

3.2 Transmission of turbulence through a shock front

A common approach in particle acceleration studies has Heemssumption of the
turbulence being frozen in to the plasma. This allows onesw the flow speeds for
the speeds of the scattering centres, and enables the alidirag of the complicating
turbulence transmission analysis (i.e., not taking intmaat the effects the shock has on
the turbulence). However, in some cases, the initial assompf frozen-in turbulence
is no longer valid, and one has to take the waves and theisrtresion into account.
This happens when the speed of the waves is hon-negligilnigaeed to the speed of
the plasma flow.

Although the transmission coefficients for finite-ampliguélifvén waves through a
step shock have been known for decades (McKenzie and Weds®@), this particular
field of study has not been subject to large interest, evelndhdy some early applica-
tions of it showed the possible importance and its effecfsatticle acceleration scheme
(see, e.g., Bell 1978a, Achterberg and Blandford 1986,516883).

In the papers of this thesis we solved the transmission af¢h#ering Alfvén wave
field for both the step-like and the modified relativistic gdbgl shocks. The step-shock
case had already been studied quite extensively at thegtativistic limit by Campeanu
and Schlickeiser (1992) and Vainio and Schlickeiser (19989, 2001); the analysis
was then extended to also cover the relativistic case infRHpEurthermore, the trans-
mission in a thick shock was solved for the non-relativistise in Paper V, and extended
to the relativistic regime in Paper VI.

The analysis methods are different for thick and steplilackh (or, for waves shorter
and longer than the thickness of the shock front, respdgjiv&urthermore, while for
nonrelativistic cases the outcome is similar in both cafegelativistic shocks the re-
sults differ remarkably. In the next Sections the main rssate reviewed for step-
and thick shocks separately, and finally a combination otwedifferent transmission
mechanisms are considered.

3.2.1 Transmission in step-shocks

The transmission coefficients for finite-speed Alfvén wawrsshocks whose Alfvénic
Mach number is not extremely large, were solved for paralbei-relativistic step shocks
by Vainio and Schlickeiser (1998), following and corregtithe previous analysis of
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Campeanu and Schlickeiser (1992). They found that whesrréted through a shock
with low-to-moderate Alfvénic Mach numbeM < 10), backward waves were am-
plified much more than the forward waves. In addition, parthaf waves were found
to be reflected by the shock, i.e., a certain fraction of thetream forward waves were
transformed to downstream backward waves, and vice vemasdgjuently, downstream
forward waves [() consist of waves that were forward already in the upstreadwveere
simply transmitted through the shock, and waves that weckvard in the upstream,
but whose propagation direction was reflected at the shaukyie versa for the down-
stream backward waves,|):

15 =T2E + RIS (3.1)

The ratio of theséransmittedandreflectedwaves for both of the upstream wave modes
can be calculated from the transmission and reflection ciefiis, T. andR. respec-
tively, for forward (+) and backward<) waves. In the non-relativistic case, the coef-
ficients depend only on the Alfvénic Mach number and the stomckpression ratio as
(Vainio and Schlickeiser 1998, Paper III)

Vi(Vr+1) M+1 _A(Vr-1) M=x1
> Mz v and R, = > ERG

Ti:

From Equation (3.1) it is easily seen that wheh— M. = +/r, the coefficients that
constitute to the downstream backward waves &ndR,) go to infinity. This means
that right behind the shock front the waves are propagatiadgminantly backwards. It
can be also seen that for super-Alfvénic strong shocks tireralways both wave modes
present in the downstream.

When extended to take into account relativistic jump cood# (Appl and Camen-
zind 1988) the behaviour found by Vainio and Schlickeis&¥9@) for non-relativistic
shocks was found to be present also in relativistic shocapdPlll). For relativistic step
shocks, it was observed, the cross-helicity of the dowastrevave,Hc,, approached
-1 as the Mach number approaches the critical valige= +/r. In other words, as the
wave speedh the downstream increases and approachepldmna flow speeth the
downstream, larger and larger part of the waves were flowirtgparallel to the flow
direction as seen in the downstream plasma frame, i.e. Waadk towards the shock.

The description of transmission can be further extendedngtance, by taking into
account the pressure of the waves. This was done for theeilativistic case by Vainio
and Schlickeiser (1999); they included the waves in the joorglition calculations and
were able to remove the mathematical singularity presetitarearlier analysis (Vainio
and Schlickeiser 1998). In earlier studies it was obserted whenM — M, the
amplified intensity of the backward waves went to infinity.cllrsion of the effect of
the transverse wave fields was shown to affect the compresaim of the gas so that
in the calculation of wave transmission, the singularitpishes, and the transmission
coefficients remains finite and the shock solution evolagrior all M > 1.

A significant effect due to (i) the change in the wavenumbaet iatensity, and (ii)
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the different reflection properties for different wavesthe following: for example, in
a case where the upstream cross-helicity is zero, most oi#lves in the downstream
are propagating backward, following the shock. Exactly $hene was later observed
in Paper 11l for relativistic step shocks. From the partipl@nt of view, this leads to a
situation where the effective scatterer speed,

_ Vj + HCJ‘VAJ'
C(l + HCJ‘VAJ'VJ'/CZ)’

ij

(whereV,; is the Alfvén speed, angl = 1[2] denotes quantities measured in the up-
stream[downstream]), in the downstream decreases, lgaolian increased scattering-

centre compression ratio
Vi
rk = .
Ve
In the case of vanishing upstream cross-helidiy; = 0, the average scatterer speed
in the upstream is simply the flow spe¥d, and the scattering-centre compression ratio

becomes

= Vi(1+ chVAsz/CZ)‘
V2 + HeoVaz

The same phenomenon also occurs in the case of degenerétteaopsross helicity

(He1 = £1); the only exception is the case where all the waves in trstregm are

streaming parallel to the flow into a shock with relativelylproper-speed. In the latter
case the transmission is not able to increase the backward wtensity enough for
high-M cases, and the scattering-centre compression ratio isvéomdower than the

compression ratio of the gas. See the top panels of Fig. 3.1.

Here it is stressed that the results of wave transmissicruledions apply for tur-
bulence right behind the shock; further away in the dowasiréhe wave field can be
dissipated by energy transport from waves to particles.,(&g 1992) or wave—wave
interactions (e.g., Skilling 1975b, Vainio and Spanier 200

3.2.2 Transmission in thick shocks

For those high-wavenumber waves whose wavelength is ésbershorter than the
thickness of the shock front, the transmission model desdrin the previous section
applies no more. For these waves the shock is not a stepliketuate, but instead a
smooth gradual transition in the background flow parameters

While for the step-shock approximation the transmissios walculated over a dis-
continuous change in the wave and plasma parameters, fickastock the transmis-
sion coefficients are easily solved by means of ray tracirgstowly changing medium:
waves are treated as quasiparticles, and the propertié® dluix of these wave quanta
passing through the changing medium are calculated frontéhservations of wave
action and shock-frame frequencies of each 'particle’ &atetailed description of the
method and its applicability to waves in a slowly changingdiom, see, e.g., Dewar
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rk/r

Figure 3.1:Change of the scattering-centre compression ratiue to turbulence transmission
as a function of the Alfvénic Mach numbBt (scaled withM. = +/r) for both steplike (top) and
thick (bottom) shocks. The leftmost panels show results/éishing upstream cross-helicity,
while the panels on the right contain cases of degeneratesaps cross-helicities{Hc | = 1).
Different lines mark different shock proper speeds= ViI';. Lower panels are adapted from
Paper VI.

1970, 1972). This was done for Alfvén waves in parallel sisackPapers V-VI first at
the non-relativistic limit and later extending to fully adlvistic cases.

In the non-relativistic case, the resulting downstreanssi#oelicity behaves similarly
to the step-shock cases: Bls— M. the waves tend to propagate predominantly back-
wards. In the relativistic case, however, due to lack of waflection in thick shocks, the
fraction of backward waves is reduced while the forward msiaets to dominate until,
at the ultrarelativistic limit for low-to-medium Mach nurets, practically all waves are
forward. As a consequence, the scattering-centre compresastio decreases. This is
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Figure 3.2: Schematic depiction of result of wave transmission in atiéstic low-Mach-
number modified shock. The downstream cross helicity foresanf different length is shown
on the left, while on the right the consequent effects to ttadtering-centre compression ratio is
shown as a function of particle energy.

shown in the bottom panels of Figure 3.1 for cases with upstreross-helicityHz, = 0
and+1 separately. In this figurey — co asM — M, but this is due to the mathematical
singularity described earlier and the effect most probalalgishes, if the compression
ratio of the gas is determined taking the wave pressure ctount.

3.2.3 General model for transmission

So far, the wave transmission coefficients have been deatedhfor waves with wave-
length either much larger (Paper 1ll) or smaller (Paper Wart the length scales of
the shock front. We still lack, however, a method for tregitimaves with wavelength
comparable to the shock thickness, in order to have a genmedél for transmission.
Although the transmission coefficients for the intermegliaavelength waves are likely
to be significantly harder to obtain than for the two oppositses found so far, the
existing approximations should still provide a startingrppdor constructing a general
model. In addition to the work presented here, also po##gsilfor wave reflection in
the thick-shock case (e.g., Laitinen 2005, and refererwein) should be considered.

Although such a general model is yet to be created, alreadydea@pplication to
the acceleration of particles in a shock with scatteringt@ecompression ratio depend-
ing on the energy of the particle, could provide interestiagults. Particles with low
energy would be initially scattered off short-wavelengthves (see the next Chapter for
explanation of this relation) that see the shock as a thialcttre, and as the particle
energy increases above an energy corresponding to a réssaeslength equal to the
shock thickness, the particle would continue to scattewaffes for which the shock is a
thin step. Effectively, this would mean that for low-enegprticles the scattering-centre
compression ratio would be different than for the high-gggrarticles (see the discus-
sion in Paper VI). See Figure 3.2 for a sketch of the crossihelof the transmitted
waves with respect to the wavelength (scaled with the shuckress).



CHAPTER4

Particle acceleration

This Chapter concentrates on mechanisms considered tspensble for the acceler-
ation of charged patrticles in relativistic parallel shacksnphasis is given to the Fermi
mechanisms (Sections 4.2 and 4.3) due to reasons explategddther relevant mech-
anisms are discussed in Section 4.4. For a review of the alewveint of shock acceler-
ation theories, as well as for a general view of accelerati@echanisms in parallel and
non-parallel shocks, see, for example, reviews of Drun8g)9Blandford and Eichler
(1987), Jones and Ellison (1991) and Kirk and Duffy (1999).

4.1 Particle transport

A brief review of the basic properties of the transport ofrgjea energetic particles in a
magnetic field and turbulence follows. The description ismeant to be comprehensive,
but just to explain the most essential aspects needed tostadé the underlying physics
for mechanisms discussed in this Chapter. Throughout thi& vurbulence is taken to
consist of Alfvén waves. For a detailed description of shrallted particle transport
and acceleration theory in turbulent plasma of this kin@, geg., Skilling (1975a) and
Schlickeiser (1989 and 2002, Chap. 12 and 16).

4.1.1 Turbulence and the quasilinear theory of scattering

In extremely thin astrophysical plasmas particle collisi@re very rare, and instead of
particle—particle interactions, charged particles imtemwith Alfvén waves. These inter-
actions occur in gyroresonance, and the particle "sees’ewavith wavelengths equal
to its gyroradius (Jokipii 1966). A particle’s gyrofrequssnis inversely proportional to
its energy and, thus, the distance it travels in a constagnet& field during one gyro-
motion increases with energy. This, again, means that gsditiele’s energy increases,
it will see waves with longer and longer wavelengths, legdma clear dependence of
particle transport on the spectrum of turbulence. Thisctffgll have significant conse-
guences, as will be shown later.

Now assuming these resonant interactions with waves tecapsirticle to change
it's direction by some amount, and following the weak-tuemece approximation intro-
duced in the previous Chapter, one can model the scattevieng &/ith a small change
in the particle’spitch angle i.e., the angle between the particle’s velocity vector and
the magnetic field. Alternatively, one can consider a splerdgred on the particle and
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with radius vector corresponding to particle’s momentuhis way the elastic scatter-
ings cause the tip of the particle’s momentum vector to perfandom motion on the

surface of the sphere. If the subsequent scatterings aepémdient of each other, this
will lead to diffusion in pitch angle.

A quasilinear approach to the scattering (see, e.g., Jd@6i6, Schlickeiser 1989,
Schlickeiser and Vainio 1999, for a review) takes the totabmetic field to consist of a
steady large-scale field and superposed small-amplitisterdances (see Section 3.1).
Particle transport in this kind of field is described by a FekiPlanck-type equation,
and the problem of particle transport reduces to solvingrbiker—Planck coefficients
for diffusion in pitch-angle and in momentum (see Schliskeil989). The first one of
these is closely related to the so-calfedt-order Fermi accelerationand the last one to
thesecond-ordeprocess, both named after Fermi for his pioneering work aidgdothe
first to suggest such processes to be capable of accelecatsmyic-rays (Fermi 1949,
1954).

4.2 First-order Fermi acceleration

In the first-order Fermi, a mechanism particle gains enengyfsubsequent shock cross-
ings. In the simplest case, the particle is scattered eddistioff small irregularities trav-
elling with the one-dimensional plasma flow. When a partaiesses the shock front.
e.g., from upstream to downstream, it successively scatterboth sides of the shock
and in the scattering-centre rest frames moving with sulisiity different speeds. Be-
cause of this, when the particle comes in for the secondestagt its energy in the new
scattering-centre frame is somewhat higher than it wasaptbvious frame. As a result,
the particle’s scattering-centre-frame energy has beestbd by an amount depending
on the velocity difference between the scattering centredifferent sides of the shock.

Now, if the scattering in the downstream is sufficiently et in order to turn the
particle around before it gets advected too far away to tivendtream, the particle may
return to the shock and re-cross it back to the upstream,rgitd €scape from the shock
(see Begelman and Kirk 1990, for discussion). However, liedhe speed of a rela-
tivistic shock is close to that of light, the particle wouldve to propagate exactly anti-
parallel to the incoming flow in the turbulent medium in orderescape the following
shock, so basically all particles in the upstream are caagain by the shock and made
to cross back to the downstream. This way these repeatesirmgssand re-crossings can
lead to huge increases of energy for those particles thatrgndnany such cycles (see
Fig. 4.1; although it shows, for simplicity, the mechanigmthe non-relativistic case,
where the particle speed, can be much higher than the flow speed, a similar graph
could be drawn also for the relativistic case). The increzsenergy on shock crossing
is of first order in the quantitAV/v — hence the name "first-order” process.
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Voerp A

Figure 4.1:First-order acceleration process in non-relativistipstbock with scattering cen-
tres frozen-in to the flow. The x- and y-axes show particl&ouity components parallel and
perpendicular to the flow. Arcs centred on the upstream ormdtneam flow speeds show the
total speed of the particle scattering elastically in thepestive flow rest frame. Arrow A shows
speed of a particle coming into the shock with a small infs@llocity in the upstream frame.
Points with odd numbers mark occasions where the particdsses the shock front parallel to
the flow and starts to feel the downstream-scattering-eapieed, while the even numbers mark
returning to the upstream. In this example the particlerretio the upstream twice and after
that, gets absorbed in the downstream. In the end its flomdrapeed (arrow B) has increased
by large amount.

4.2.1 Diffusive shock acceleration

The first-order mechanism was revised in the late 1970’s loipwa authors, who sug-
gested it to work via scatterings off Alfvén waves frozertarthe plasma (Axford et al.
1977, Krymsky 1977, Bell 1978a,b, Blandford and Ostriker8Q It was later extended
to cover, e.g. energy losses due to radiation (Schlick€iggd, Webb et al. 1984, Kirk
et al. 1988), as well as nonlinear modifications (e.g. BlardifL980, Drury et al. 1982,
Drury 1983, Berezhko and Ellison 1999). For non-relatigisthocks, the analysis re-
lies on thediffusion approximationwhich requires the angular distribution of particles
to be close to isotropy in the local plasma frame. When thisiaption is made, the
particle transport equation with only first-order acceliera present can be reduced to
a diffusion equation in space. The mechanism is also reféoesdiffusive shock ac-
celerationand it leads to a simple power-law energy distributias/dE o« E~7 of the
accelerated particles (e.g. Jones and Ellison 1991, Kickuffy 1999) with spectral
indexo determined solely by the compression ratio of the scatjesentresry:

rk+2
o = .
rne—1

(4.1)
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Using the assumption of scattering centres frozen-in toplaema,rx reduces to the
compression ratio of the flow = V1/V,. For non-relativistic strong parallel shocks
(with rg = 4) this yieldso = 2.0.

4.2.2 Extension to relativistic shocks

The assumption of isotropic particle distribution needadtfie diffusive approximation
limits the approach to cases where the particles have ¥esanuch larger than the
shock speed. It is not applicable to e.g. relativistic slspgkhere extreme anisotropies
due to relativistic relative speeds violate the requirenérisotropy. In order to model
acceleration in relativistic shocks, the pitch-angleriistion and energy distribution of
the particles have to be solved either semi-analyticallyh(®ider and Kirk 1989, Kirk
and Schneider 1989, Kirk et al. 2000), by numerical simafeti(e.g. Peacock 1981,
Kirk and Schneider 1987b, Ellison et al. 1990, Bednarz anao@ski 1998, Lemoine
and Pelletier 2003, Meli and Quenby 2003b, and PapersV,iand V of this thesis), or
by developing fully analytical methods to also take the @inigpies into account (Blasi
and Vietri 2005, Keshet and Waxman 2005, Spanier et al. 2006)

Even the basic analysis in the relativistic case is much rooneplex than for non-
relativistic shocks due to the particle anisotropies atatikéstic corrections, and only
recently analytical solutions for particle spectra haverbéound. However, already in
the earlier relativistic studies it was found that there eeetain characteristic differ-
ences between the relativistic and non-relativistic caskativistic shocks were found
to produce spectra flatter than that from non-relativisticederation for fixed (Kirk
and Schneider 1987a,b), and their acceleration timesaadeshorter (Quenby and Lieu
1989, Ellison et al. 1990, Bednarz and Ostrowski 1996).

For the spectral index of the accelerated particles, value2.2 has been observed
to appear from different simulations and semi-analyticati®es (e.g. Bednarz and Os-
trowski 1998, Gallant et al. 2000, Kirk et al. 2000, Achtathet al. 2001) dealing with
ultrarelativistic step shocks. This value was recentlynfibalso from analytical calcu-
lations (Keshet and Waxman 2005) at the ultrarelativistigt) in the case of isotropic
scattering and scattering-centre compression ratio bbiagof the gas. In this case, a
relation similar to the non-relativistic equation (4.1hdae written as

Vf 2I’k— 1

_ g + 2
C? r2(re + 2)

rne—1

o

’

which giveso = 2.22... for V1 —» candry — 3. This is in good accordance with
expectations from earlier simulations and models. Nexisstd# generality — analytical
solutions including also anisotropic scattering — are felaveloped (e.g. Spanier et al.
2006).
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4.2.3 Average energy gain and the effects of a scattering meld

As explained above, a particle’s energy is boosted at theksbimssing. In a relativis-
tic shock, the average change of particle energy for sulesgglownstream-upstream-
downstream cycles depends on the pitch-angle distribudfotiie incoming particles:
those particles who come in for the first time and have moress isotropic distribution
in the upstream plasma frame, get their energy boosted lgrfat ~ Ff, whereas for
latter cycles the energy is only doubled (e.g. Gallant ankitéderg 1999, Baring 1999,
Bednarz and Ostrowski 1999). This decrease in energy gathddatter cycles is due to
the aforementioned fact that the particles that have cdofseshock from downstream
to upstream, are flying ahead of the shock and their pitcteadigtribution in the up-
stream plasma frame is heavily peaked and pointing away tinershock. If the particles
can isotropise in the upstream before the shock catchesdbain, also the latter cycles
could be boosted by higher efficiency. This is easily manageadcon-relativistic shock,
but for relativistic cases very rapid and effective scatgmould be required (see,e.g.
Quenby and Lieu 1989).

Generally speaking, the scattering events can be dividedsmall- and large-angle
scatterings. Scattering off small disturbances leads toallshange in particle’s pitch
angle, but also larger scatterings can occur, for instandadge presence of highly turbu-
lent plasma (see, e.g. Kirk and Schneider 1988). Typicedlgtivistic first-order Fermi
acceleration models assume only pitch-angle scatteringif baken into account, the
large-angle scattering will change the resulting partapectra significantly (e.g. Kirk
and Schneider 1988, Meli and Quenby 2003b). This is becdsstatge-angle scat-
terings isotropise the particle populations more effedyivand dominant large-angle
scattering in the upstream can lead to an energy boost ofrtler ofl“i again, instead
of factor of ~ 2. In addition to flat spectrum, this leads to distinctiveefs” super-
posed on the power-law (see, e.g. Meli and Quenby 2003b).spéetral flattening is
the strongest when large-angle scattering is present dndidés of the shock, but the
effects are also visible if the downstream scattering istdumnly small-angle scattering
(Kirk and Schneider 1988). Although the large-angle scatgehas significant effects on
the acceleration process, it is not likely to be present latirgstic shocks (e.g. Bednarz
and Ostrowski 1996, Meli and Quenby 2003b), and typically small-angle scattering
(or pitch-angle diffusion) is considered in simulationglanodelling.

Another common assumption made in particle transport tations is to assume
the scattering event to be independent of pitch angle. Atihahis is not very accurate
in many cases, it is still a good starting point, and simdifilee numerical treatment
considerably. For this reason this assumption has been aladen all of the papers
presented in this thesis. Inclusion of the anisotropicteday is expected to lead to
mild softening of the accelerated particle spectrum, asntefd by Kirk et al. (2000) and
Lemoine and Revenu (2006).
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4.2.4 First-order mechanism in modified shocks

As described in Section 2.3, the step-shock scenario islynaneapproximation of the
real shock structure and it is not very physical to the srsteales. In order to study
particle acceleration at all relevant spatial scales, tesibility that a shock wave is not
necessarily seen as a plain discontinuity by the partitlas to be taken into account.

For non-relativistic shocks the back-reactions of acegéat particles on the shock
front and acceleration in these modified shocks have bedregtquite extensively since
the first diffusive shock acceleration theories by variouthars (e.g. Eichler 1984, Elli-
son and Eichler 1984, Webb et al. 1985, Webb 1989, Drury arld Y881, Drury et al.
1982, Axford et al. 1982, Drury 1983, Duffy 1992, 1994, Dudfyal. 1994, Jones 1993),
and the study has been later extended to also cover refatigases (e.g. Schneider and
Kirk 1989, Kirk and Schneider 1989, Baring and Kirk 1991,ig€h et al. 1990, Ellison
and Double 2002).

If the mean free path of accelerating particles is comparabsmaller than the thickness
of the shock transition and the flow (or scattering-centpesl changes only a little be-
tween two successive scatterings, the particle receivewer lenergy boost per the two
scatterings than what it would have received had it crossedwvhole shock. In addi-
tion, it is more difficult for an upward-propagating parédio reach the "far-upstream
speed”Vi, because the particle, now, would have to retain its pitafjlea(as measured
in the local plasma frame) very close +48(C° over many scatterings in order to get
feel of the whole velocity differencaV = (V1 — V,)/(1 — V1V»/c?) across the shock.
Odds are that that the particle’s direction is deviated ghdoefore it has managed to
get to the 'far upstream’ (wher€(x) =~ V), and thus the particle sees only a part of
AV on that shock 'crossing’ cycle. This leads to a weaker engegy and a strong de-
pendence of the accelerated particle spectrum and the ghickkess (e.g. Drury 1983,
Schneider and Kirk 1989, for non-relativistic and relatti¢ shocks, respectively). In
some cases, it is possible to solve the relation of the pediparticle spectrum and the
structure of the shock front. Drury et al. (1982) and Drur9§2) applied the diffusion
approximation and were able to write an analytical relatietween the thickness and
the scattering-centre compression ratio, and the spenttak of the high-energy tail of
the particle spectrum. This relation was later found to apply well for relativistic
shocks, provided that the scattering-centre compressita is high (Paper V). Later,
some semi-analytical methods for finding the spectral inderelativistic shocks have
been developed, e.g., by Schneider and Kirk (1987). In imtdib these, various Monte
Carlo based simulations have been applied (see, e.goithisal. 1990, Paper I).

For relativistic modified shocks the particle acceleratdiiciency decreases rapidly
as the shock thickness increases, and shocks wider thamfpastion of particle’s mean
free path do not seem to be able to accelerate low-energglparefficiently enough in
order to produce spectra hard enough to account for obsamgatSchneider and Kirk
1987, Ellison 1992, Paper I). This is problematic especifdl electrons, because, as
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discussed in Section 2.3, if the shock thickness is detexthby ion dynamics, and if
particle back-reactions widen the shock structure everembe transition easily gets
much wider than the mean free path of thermal upstream eletif there is, however,
some mechanisms working in the downstream that heat andisaed¢he particles (Paper
I), or if the compression ratio of the scattering centregssentially higher than that of
the gas (Paper V), the accelerated particle spectra canpdae

The problem of getting low-energy patrticles energised ghadu order to get them
to rise from the thermal bulk and to be injected into the ameion process is also
problematic for step shocks (see, e.g. Kirk and Schneid@® 1Rirk and Dendy 2001).
In the diffusive acceleration scheme, the problem is tolgeparticle speeds sufficiently
high compared to the flow speeds, and for relativistic cdseaiain problem is to get the
particles to resist the relativistic downstream flow in ariere-cross the shock and get to
the first-order process. The role of injection and its relatio the shock structure have
been studied extensively by many authors (see, e.g. Eit8Ig®, 1984, Axford et al.
1982, Ellison and Eichler 1984, Blandford and Eichler 198irk and Schneider 1989),
but the subject is still somewhat open. Some progress hastheless been made (see
Malkov and Volk 1995, 1998, for the diffusion approximaticase), and recently some
possibilities of sufficient energisation from the initig@lativistic crossing (Achterberg
et al. 2001, Ellison and Double 2002) or post-shock accederan the shock-induced
turbulence (Paper 1V) have been suggested.

In addition to being steeper, the spectra from modified skoek also show another fea-
ture different from basic step-shock-accelerated spedteanely if the scattering mean
free path increases with energy, low-energy particlestsestiock transition thicker than
the high-energy ones, thus accelerating less efficienthyth& mean free path of the par-
ticle increases, the effective shock thickness from thégdas point of view decreases.
Above some energy, when the particle’s mean free path is acabpe to the shock thick-
ness, the particle sees the shock as a step. As a result,cilerated particle spectrum
hardens around this energy, and leads to an asymptoticrapiectex corresponding to
the step-shock case (Blandford 1980, Kirk and Schneide®,1Bfison 1992, Paper II).

4.2.5 Effect of turbulence transmission

As was explained in Section 3.2, the compression felt by #régbes is not necessarily
equal to that of the plasma. As was shown by Vainio and Satikek (1998) for non-
relativistic and in Paper Il for relativistic step shocksyd in Papers V & VI for modified
shocks, the scattering-centre compression ratio (anditteuscceleration efficiency) can
be heavily altered if the motions of the waves with respec¢héplasma are taken into
account.
In shocks with a high Alfvénic Mach number, the wave speeds lay definition,

small compared to the flow speed, and the transmission daéswe significant effects.
For lower Mach numbers, sayl < 10M; (M = ), however, the transmission leads
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to intensified first-order acceleration efficiency (PapérlV) due to the increased
scattering-centre compression ratio (see Section 3.Arigxception for this is the case
of relativistic thick shocks, where the scattering-certmmpression ratio was found
to decrease unless the upstream field has a degeneratehefinty; He, = —1 (see
Fig. 3.1). A more general picture of the effects of transinissn modified shocks was
discussed in Section 3.2.3, where the behaviour of theestajtcentre compression
ratio was estimated. The expected change due to the trasiemisas a convex shape
of the spectrum due to the increased effective compressitn above some energy.
This effect is similar to the aforementioned hardening ef $pectrum due to increased
mean free path. Careful study of the effects due to both theesvand particles, and
their relation to the shock thickness, would be a naturalruextension for the work
presented in this thesis.

4.3 Stochastic acceleration

In the first-order Fermi process, the velocity differencaha scattering centres comes
from the velocity gradient at the shock. In presence of eognter-streaming Alfvén
waves, a particle can either gain or lose energy dependirtbeodirection of the wave
with respect to the propagation direction of the particlae probability for the energy-
gaining scattering is, however, slightly larger than tlatthe energy-losing one, so the
net effect of many scatterings is an increase of the meamgmeoportional to factor
(V/v)?, thus making it a 'second-order’ process (see, e.g. Oskioarsd Siemieniec-
Oziebto 1997). Due to the stochastic nature, the natoehastic acceleratiors also
commonly used.

Stochastic acceleration follows directly from the padittansport equation in small-
amplitude turbulence (see, e.g. Skilling 1975a, Schls#eil989), and it is always
present in the turbulent downstream of super-Alfvénic gsd®ung and Schlickeiser
1990, Vainio and Schlickeiser 1998). However, partly bseain many cases the faster
first-order mechanism tends to dominate over the slowerrgkooder one, and partly
due to the rapid development of the first-order acceleratory in late 70's and it's
good agreement with many observations, the second-ordeess received much less
attention for some time. Nevertheless, despite of the sgogkthe first-order process in
explaining some central observations, it fails in beingeabl account for all cases (for
examples, see e.g. Schlickeiser et al. 1993, Ostrowski, Etifireferences therein) and,
indeed, taking the stochastic process into account hasdbesm to improve the models
in certain cases (Krulls 1992, Ostrowski 1994, Schlickesm®d Dermer 2000, Dermer
and Humi 2001).

As was mentioned, stochastic acceleration is unavoidablenever the turbulence is
non-degenerate, i.e. when there are both wave modes, fbravat backward, present
and the normalised cross-helicity¢| < 1 (Chapter 3). Efficiency of the acceleration de-
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pends much on the turbulence, of course: the total energsitgient the turbulence (e.g.
Petrosian and Liu 2004), as well as the flattening of the tertme spectrum (e.g. Krtills
1992, Paper IV) lead to a more efficient stochastic accéberaln general, the stochastic
process is able to produce very flat spectra on its own (Oskioand Schlickeiser 1993,
Ostrowski 1994), and to also re-shape spectra created birsherder mechanism (Pa-
per 1V). Especially the former characteristic makes thelsastic process appealing in
explaining observations requiring spectra much harder Wiaat is possible for the first-
order mechanism, which is not able to produce spectra flétearo = 1. See Section
5.3 for discussion concerning these sources.

4.3.1 Stochastic acceleration in relativistic shocks

Although stochastic acceleration is able to work even innapg shockless plasma
flow (e.g. in AGN jet, see Wang 2002), it becomes especialtgrasting when ap-
plied to shocks. Firstly, as explained in Chapter 3, a stisbmark with low-to-moderate
Alfvénic Mach number can amplify the waves as they cross tuels transition and
produce downstream turbulence with cross-helicity sigtdbr the stochastic acceler-
ation (Krills 1992, Ostrowski and Schlickeiser 1993, Pdp@r Secondly, in addition
to producing flat spectra beyond the capabilities of the-firder process, stochastic
acceleration could also provide relief to the injectionlgemn discussed in the last sec-
tion (Petrosian and Liu 2004, Paper 1V). Namely, as the medwats and accelerates
also low-energy particles, it can raise them to energiesired for the injection into
the first-order process (energy at least a couple times tietrof the thermal particles,
sufficiently long mean free path, etc.). An example of thisdkof phenomenon was
observed in the test-particle simulations of Paper IV (dgareés 6 and 7 of that paper),
where particles injected, with low energy, into downstre#rie shock were accelerated
stochastically and finally propagated into the shock wheeg tvere accelerated further
by the first-order process.

As pointed out by Schlickeiser et al. (1993), the total @ffeness of the stochastic
process in the downstream of a shock depends mainly on taoters: the scattering-
centre compression ratio, the extent of the turbulent Alfwéave field in the down-
stream, and the strength of the momentum diffusion. Alttotigl analysis for the
transport of waves and particles in shocks can be extrenwtypticated and nonlin-
ear, approximative solutions can be found when taking imwoant that two of the
aforementioned factors, namely the scattering-centrepcession ratio and strength of
momentum diffusion, can be solved for, once the magnetid fiehsity, upstream tur-
bulence and the equation of state for the plasma, are knowmRaper IV we studied
stochastic acceleration in relativistic step shocks nically, and included turbulence
transmission (from Paper III). We found the process to balstpof significantly trans-
forming the particle spectra produced by the first-ordercpss at the shock, and also
to produce flat (and even inverse!) spectra from particlgsciad in the downstream
further away from the shock. The study showed the seconerqgmebcess to be capable



30 CHAPTER 4. PARTICLE ACCELERATION

of very strong acceleration within time-scales certairtiprs enough in order to affect
the observable spectrum. Those simulations, however,atithke into account the third
factor of Schlickeiser et al. (1993), namely the extent eftilirbulent region. Including
wave damping and a realistic model for the turbulent dovesastr is likely to change the
results.

4.4 Other acceleration mechanisms

In addition to the collisionless Fermi processes, thereaks®@ other mechanisms related
to shocks, and capable of accelerating patrticles to higrgerse and even power-law dis-
tributions. In this Section we discuss some of these. Wed lmiselves to mechanisms
taking place around parallel relativistic shocks. Thisichaestricts the discussion to
objects like the relativistic jets of micro- and macroquasand blazars, and jets and
blast waves of supernovae and gamma-ray bursts, althowghievhese cases parallel
shocks represent only a minor sub-class.

The most interesting of different mechanisms are thoseltamd producing power-
law energy spectra. One such process, very similar to thediider Fermi process,
on one hand, but still working in a totally different mannisrthe collisionalconverter
mechanisn(Stern 2003, Derishev et al. 2003). It lets the acceleratingrged parti-
cles, e.g., protons or electrons/positrons, in the dowastrto re-cross the shock to the
upstream through temporary change to a neutral form (eegtron or inverse-Compton-
scattered high-energy photon), and get re-injected irdshock after another change of
state back to charged protons or electrons/positrons. €hé&al state particle is free
from magnetic scattering and can easily cross the shock tmatthe upstream before
changing back into the original form. In the upstream, thetigla can again scatter, and
depending how far ahead of the shock itis, it can meet theksividh an incoming angle
much larger than what is possible for a charged particle¢yyo escape the shock to the
upstream. This leads to the possibility of multi;ﬁlfareﬂections instead of the only one
for the first shock encounter. This, then, can lead to venaftatlerated particle spectra,
making the converter mechanism especially promising focks with very high Lorentz
factors.

Particle-in-cell simulations have recently revealed pmkises of effective acceler-
ation due to plasma instabilities caused by colliding andrpenetrating plasmas (e.g.
Nishikawa et al. 2003, Haugbglle 2005). In some cases wlese timstabilities develop
to current channels in which particles can accelerate,lthssbeen observed to lead to
particle acceleration and even to power-law energy digtions (Hededal et al. 2004).
In addition to current channels, electrostatic fields getser by distortion of the Alfvén
waves can also lead to electron acceleration (Tsiklaudi @085).

For a recent review of other different mechanisms appleablcceleration in more
general sources, see e.g. Kirk (2005).



CHAPTERDS
Discussion of the papers

In this Chapter the original papers of this thesis are dseds The papers are here
grouped according to their subject and relation to the gbiagers.

Papers | and Il study acceleration in shocks of differentkinesses (steplike and
modified) when the turbulence is assumed to be frozen-ind@lasma. Paper Il then
develops a way of calculating the turbulence field behindativéstic step shock in the
case where the waves amet static in the plasma frame. These results are applied to
the first-order Fermi acceleration in step shocks in Papeatld to the second-order
process in Paper IV. Paper V then studies the first-ordergssdin thick shocks (cf.
Papers | and Il), but now including the effects from turbglenransmission. Paper VI
finally develops the wave transmission analysis for thiakckls of all speeds.

5.1 First-order acceleration in modified shocks

Paper | Simulations on the effect of internal structure of rdativistic shock fronts

on particle accererationby J. Virtanen & R. Vainiojn High Energy Blazar Astronomy,
ASP Conference Proceedings, Vol. 299, p. 157. Edited by Takalo and E. Valtaoja.
ISBN: 1-58381-146-X (2003)

Paper Il Monte Carlo Simulations of Electron Acceleration in Parallel Relativis-

tic Shocksby J. Virtanen & R. Vainiojn The 28th International Cosmic Ray Conference
proceedings, p. 2023, Edited by: T. Kajita, Y. Asaoka, A. &y Y. Matsubara and
M. Sasaki (2003)

These papers present numerical results from kinetic tastepe Monte Carlo simula-
tions used to study how the first-order Fermi acceleratiorelativistic parallel shocks
is affected by the thickness of the shock front. In addititre effect of the energy
dependence of the particle mean free path was studied.

In Paper | we introduce a simple model for the scatteringuesgy using the quasi-
linear approach. Approximating the shock thickness to hegiéy equal to the mean
free path of an upstream proton with ener@mcz, we wrote the equation for the
shock thicknessV as a function of the spectral index of the turbulence poaet-4,
asW = (mp/me)z_q ~ 183679, wherem, andme are the rest masses of the proton the
electron, accordingly; the unit of length was chosen toegpond to the mean free path
of an electron with Lorentz factor equallq. Simulations were run for thisW depends
on g’ case, and additionally for a case wegavas fixed to the Kolmogorov index/3
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and the thickness was a free parameter.

We then simulated the outcoming power-law of the acceldrpsaticles in a shock
with thicknessw varying over three orders of magnitude in the aforementioueits,
from ~ %oo to 10, using the smooth flow profile of Schneider and Kirk (1)98%he
simulations were run for shocks with speed ranging fraBc@o 0.999c (Lorentz fac-
torsT'; varying roughly from 22 to 224). Test-particles were injected in the upstream
with a small injection energy, and then let to isotropisesnaall-angle scatterings while
drifting into the shock. As for the energy loss mechanists, garticles were taken to
lose energy only via synchrotron emission. The results spaiticle spectral indices
increasing very fast as the shock thickness grows largerjthst a fraction of the mean
free path. This suggests that parallel shocks would have teeby thin in order to ac-
celerate particles to spectra with< 3, and that, in general, a relativistic parallel shock
would not seem suitable for accelerating low-energy ebastito energies high enough to
meet the requirements of observations. We later learndgdElhson (1992) had applied
simulations similar to ours, and that he was led to the samelagsions.

In Paper Il we studied the effects of injection using a newedtipn mechanism. We
injected particles right behind the shock in the downstreeith their initial velocity
towards the upstream. We used two different injection éasrgin the first case the
electrons were given energy equal to the energy of cold egstrelectrons as seen from
the downstream, while in the second case the electrons/egten energy corresponding
to 20% of the downstream proton thermal energy. This lattethad simulates the case
where there exists some downstream thermalisation mesrhahiat heats the electrons
and injects them back into the shock with an energy essintiher than the energy
of the electrons that have just crossed the shock once amch reet the shock without
any further energisation. The shock thickness was keptlaquanity in the above-
mentioned units for all simulations. In addition to the sitolayperbolic tangent profile
presented in Paper |, we applied a modified profile that wasimdd from self-consistent
Monte Carlo simulations of Vainio (2003). The turbulencedpal indexq was given
two values: 33 for comparison of results from Paper I, and 2 for which theigia
mean free path is energy-independent.

It was observed that, in contrast to low-energy injectiorPaper I, in presence of
higher-energy injection the particles can easily accedet@ very high energies and flat
power-law spectra. While for the energy-independent mesan path (turbulence corre-
sponding tog = 2), a spectral index of.2 was obtained, for the case where the mean
free path increased with energy € 5/3) the energy spectrum had a convex non-power-
law form with the high-energy part corresponding to a pover-with oo ~ 2.2 (see
Section 4.2.4). This was the case for both flow profiles usdithofigh there were small
differences in the resulting spectrum between the two flovfiles (cf. Schneider and
Kirk 1987), the exact form of the transition did not seem teehsignificant effect when
compared to the effects of the energy dependence of the meapdth or the injection
method.
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For forthcoming work, a very simple extension to the studiese so far would be
to simulate the particle acceleration in multiple shockseliminary simulations have
shown that subsequent acceleration in two or more shockeasily lead to very hard
particle spectra. Astronomically this kind of modelling wd be of interest when study-
ing internal shocks in gamma-ray bursts or in parsec-seddeif active galaxies, where
the particle population in the upstream of a shock can ajrémdenergised and heated
by a previous shock wave. In this case, even the upstreaiclparbuld have very high
injection energies, so an efficient injection into the foster process even in a thick
shock would not necessarily be a problem.

The greatest restriction of the present model is, howewsitihg the study to paral-
lel shocks. Extending the model to also work for oblique $tgmometries would open a
totally new field of application, and it is also a very natugatension for the current sim-
ulation code. In addition to the well-known basic propertid acceleration in oblique
shock waves (see e.g. Meli and Quenby 2003a, for a review)cdimbination of the
obliqgue geometry and modified shock structure could turnoupetinteresting (see e.g.
Ellison and Double 2004). Namely, while for a step shock tighanent of the upstream
and the downstream magnetic field direction and density gdnamstantaneously at the
shock front, in a modified shock the changes have to be céécltontinuously across
the whole transition. This kind of gradual changes coulcehateresting effects for the
particle transport and resulting spectrum, when comparedsimple step shock case.

5.2 Turbulence transmission in parallel shocks

Paper Il Alfvén-wave transmission and test-particle accéeration in parallel rel-
ativistic shocksby R. Vainio, J. Virtanen & R. Schlickeisestronomy & Astrophysics,
409, 821 (2003); 431, 7 (2005)

Paper V Particle acceleration in thick parallel shocks withlarge compression ra-
tio by J. Virtanen & R. VainioAstronomy & Astrophysics, 439, 461 (2005)

Paper VI Turbulence transmission in parallel relativistic shocks using ray tracing
by J. Tammi & R. VainioAstronomy & Astrophysics, submitted

Paper Il extended the study of Alfvén wave transmissionarajel step shocks (Vainio
and Schlickeiser 1998) to relativistic speeds. Paper Vlitlhidsame for transmission in
thick shocks, previously analysed at the non-relativitigt in Paper \2.

As explained in Section 3.2.1 and shown in Figure 3.1, thestrassion coefficients for
relativistic parallel shocks behave very similarly to tacst the non-relativistic limit.

The main result of Paper Ill was, that regardless of the skpeled, for low-to-moderate
Alfvénic Mach numbers, the wave field is dominated by the &gkl mode. This was
shown to lead to increased first-order acceleration, as wfrmed analytically as well

1Due to a typo there ig? instead ofr® in the denominator of the last term of Eq. (1) in Paper V.
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as by using numerical simulations. Although in Paper IIstiias shown only for van-
ishing upstream cross-helicitH{, = 0), the qualitative effect in the relativistic case
remains the same also for degenerate value$.9&= +1 (see Figure 3.1).

For thick shocks (or for waves much shorter than the shoatkitigss) the non-
relativistic case in Paper V showed exactly the same bebavi resulting backward
wave field, and significantly enhanced acceleration. Thigeoence of transmission for
non-to-ultrarelativistic steplike shocks and non-refatic thicker ones breaks, however,
when relativistic thick shocks are brought in: as the shqmes increases, the down-
stream mean cross helicity for low shocks tends te 1, i.e., the waves flow predom-
inantly forward whenH¢; = 0. In the case oH¢; = +1 all waves in the downstream
are flowing parallel to the flow due to a lack of wave reflectiamig the crossing (cf.
the case of step shocks). In Paper VI the transmission thraubick shock was solved
for relativistic speeds and the main result was the aforeimmeed qualitative difference
between relativistic and the non-relativistic cases.

An obvious shortcoming of this kind of a "infinitely thin sHowes. infinitely thick
shocks” separation, as was discussed in Section 3.2.3. \Woweow that these first
building blocks at the opposite sides of relativistic waamsmission analysis have been
laid, the natural next step towards a general model can lemtdBn this basis additional
'blocks’ can also be constructed. For example, reflectiowafies from smooth gradi-
ents (see e.g. Laitinen 2005, and references therein) iscteqg to change the results
of Paper VI, and including the pressure from the waves toutatitng the shock struc-
ture will probably alter the transmission for the lowest Mammimber shocks (see Vainio
and Schlickeiser 1999). Furthermore, once a general triasgn model for Alfvén
waves in parallel shocks has been achieved, performindasiamalysis for fast magne-
tosonic waves would lead to even more complete descripfittrloulence transmission
in shocks.

It is stressed that the present transmission analyses aegl o the assumption of
strictly parallel geometry. Effort should be put on exterglthe transmission analysis
to non-parallel shocks (both steplike and modified), esfgoivhen the current particle
acceleration model used in this thesis is modified to als&kwothe oblique cases.

5.3 Particle acceleration and turbulence transmission

Paper Il  Alfvén-wave transmission and test-particle accéeration in parallel rel-
ativistic shocksby R. Vainio, J. Virtanen & R. Schlickeisestronomy & Astrophysics,
409, 821 (2003); 431, 7 (2005)

Paper IV Stochastic Acceleration in Relativistic ParallelShocksby J. Virtanen &
R. Vainio, The Astrophysical Journal, 621, 313 (2005)

Paper V Particle acceleration in thick parallel shocks withlarge compression ra-
tio by J. Virtanen & R. VainioAstronomy & Astrophysics, 439, 461 (2005)
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In Papers Ill—V we applied the effect of turbulence transiois to first- and second-
order Fermi acceleration in shocks of different kind.

In addition to the wave transmission calculations, Papeai$b contains results from
numerical simulations of the first-order acceleration iepsshocks, with scattering-
centre compression ratio calculated using the wave trasssom analysis. The results
showed the expected hardening of the particle spectrakimdesn the effective com-
pression ratio was used, and good agreement with the diffisgproximation was ob-
tained for the non-relativistic case. Similar simulationsre later performed for an
extensive set of thick shocks (Paper V). There we comparedimwulation results with
analytical predictions of Drury et al. (1982) for diffusiaeceleration in modified shocks
with thicknesses ranging over four orders of magnitude, elt @ Keshet and Waxman
(2005) for ultrarelativistic step shocks, and found exallagreement with both in the
applicable parts of the parameter space.

The analytical model of Drury et al. (1982) was found to pdaviquite good es-
timate for the high-energy power-law spectral index. In tio®-relativistic cases the
simulations showed a perfect match with the theory, evemdiativistic speeds, where
the use of the diffusion approximation is not justified, theras a good agreement in
those cases where the scattering-centre compressionwasidigh. A clear result for
the thick-shock cases was that in the presence of an inctsaa#tering-centre compres-
sion ratio even very thick shocks are able accelerate pestto power laws witlr ~ 2
(or flatter!), if the scattering-centre compression is sigfitly large.

However, the simple transmission model for relativistioaks does not suggest
these high compressions for very thick shocks. Prelimistugies for the general trans-
mission model, however, do not rule out efficient compres&een in those cases, so
the case of first-order acceleration in low-Mach-number ffinedi shocks remains yet to
be solved until a more general way of dealing with the trassion is available.

Probably the most interesting application was studied ipeP4&V, where we let the
transmitted wave field affect the particles as separateceswnf scattering. This led,
expectedly, to stochastic acceleration. We simulate@mifft cases of relativistic parallel
shocks for different turbulence properties and magnetldgieand demonstrated that in
small-M cases, the second-order Fermi mechanism has remarkabttsedin the first-
order-accelerated particle spectrum. Furthermore, thehsistic acceleration of thermal
particles in the downstream can even provide the high eeefgr particles injected into
the first-order mechanism, thus potentially offering rieleethe problem of injection by
providing the energisation process required in Paper llhigh-energy injection from
the downstream side.

For future work, the Alfvén wave transmission could be wafiplying to some astro-
nomical objects where the observations seem to requirdeaated electron populations
with spectra harder than the "universal’~ 2.2.

As was pointed in Paper IV, plain stochastic acceleratiolowfenergy particles in
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the case of continuous acceleration can lead to very flavgr mverse) particle spectral
indices corresponding to synchrotron spectra with phofmtsal index-0.5 < a < 0
in the GHz-THz regime. This would suggest some flat-spectauices, for instance,
would be interesting objects to model with stochastic aedion. This requires, of
course, the inclusion of more detailed loss mechanismseéet lthe inverse Compton
mechanism in addition to the synchrotron mechanism usede™V) and careful con-
sideration of the source geometry and radiation produciiomddition to light-travel-
time effects. A more realistic model would also require nieshg the acceleration effi-
ciency in the downstream by taking into account the dampirdytarbulent dissipation
of the waves (see e.g. Ko 1992 and Vainio and Spanier 20Q%ectgely).

One thing that has not been considered, so far, is the conhlgfiect of the two
sources for convexity in the particle spectrum from modifsdcks. Namely, as was
discussed separately for wave transmission and partideleration, both the particle
mean free path and the scattering-centre compressioncaticause an upward bend in
the accelerated particle spectrum. How strong an effegtiinbination can have on the
spectrum, and what kind of radiation could be expected froolhsa source (lowM re-
guirement suggests strong magnetic field and low density)j@estions to be answered.
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Conclusions

This dissertation presents studies of particle accetarat first- and second-order Fermi
type in parallel relativistic shocks. Compared to the ‘ttiadal’ approach, two signif-
icant extensions have been made here: we matessumed the shock front to be a
discontinuous step in the plasma parameteos,have we neglected the possibility for
Alfvén waves to have non-negligible speeds compared topbeds of plasma. These
extensions, alone, as well as together, have been showndblédo have significant
effects on the particle acceleration efficiency, when caegbéo results excluding them.
Our results are in accordance with the previous ones foutitkifiterature in those parts
where the comparison is possible; in cases where they extepceviously unknown
parameter space, they show significant results that aredppiicable and extendable in
many ways.

While we have confirmed the inability of moderately thick rfiedi shock to a strong
first-order acceleration of low-energy electrons (Papewh have showed them to be
capable of efficient acceleration in the case of a suffigyesttiong injection mechanism
(Paper Il) and scattering-centre compression ratio higinen that of the plasma flow
(Paper V).

We have also shown that if the speed of the Alfvén waves diffitably from the
speed of the underlying flow, the compression felt by the lacatng particles at the
shock is not necessarily that of the gas, but can be many timgker, or, in some
cases, even lower (Paper lll, Paper VI). This underlinesstgeificance of the turbu-
lence transmission analysis in objects and applicatioreyevthe wave speeds cannot be
safely neglected.

Turbulence transmission at shock waves was also shown tbledgaprovide suit-
able conditions for stochastic acceleration in the doveasir of a relativistic shock
with low-to-moderate Alfvénic Mach number (Paper IV). Tleesnd-order process was
found to be able to significantly change the energy spectriimeqparticles accelerated
in the shock by the first-order mechanism. In addition, it wiagwn to also accelerate
the low-energy particles in the downstream. In the case @hdirtuous injection from
the thermal bulk, this was shown to lead to very hard (or everrse) particle spec-
tra, and even to injection of high-energy particles intofir&-order acceleration at the
shock.
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6.1 Limitations of the current model and some directions for
future work

Although he have omitted the assumptions of static turlmdeand steplike shocks, the
current work is still limited by the assumption of parall@ametry. Both the turbulence
transmission analysis as well as the simulations of partéiciceleration rely on this as-
sumption, and for highly relativistic shocks this requigsmcan become very restricting.
This is because of the Lorentz-booster transverse magdfngtis, which make it harder
to justify the treatment of including only parallel magmetield components for large
values ofl';.

Especially for turbulence transmission analysis, the mggion of parallel shock
geometry sets certain limitations. For example, incraasibliqueness would decrease
the relative speed of the Alfvén waves with respect to thelsmormal, but it can also
lower the gas compression ratio of a low-Mach-number shdble resulting complexity
depending on the shock obliqueness has been avoided inutistsy the assumption of
parallel shock geometry.

Furthermore, it must be stressed that the particle acdidaraimulations and the
wave transmission calculation are based on the test-jgagiad test-wave approaches.
The current model includes the effects the shock has oncfestand acceleration, as
well as the effects the shock thickness and speed have orswavets present stage,
however, the model does not include the micro-physical amdimear effects that par-
ticles have on waves, and that particles and waves have @httok front. The shock-
modifying effects are only taken into account by an assumnpiif the thick shock in an
ad hocmanned. Due to the complicated nature of thisnage a troibetween the shock
structure, particles and waves, complete non-linearrreat is far beyond the scope of
this thesis. Instead, we have limited ourselves by tredtiegshock structure more or
less as a free parameter. This approach has, however, toméabe a practical starting
point for studies concerning the acceleration and turtzden different kinds of shocks.

Due to the simplified test-wave approach in the turbulenaasimission analysis,
the results obtained describe the conditions immediatehyrial the shock; further away
interactions with particles and other waves are likely tiectfthe turbulence spectrum
and, thus, also the properties of particle acceleratiorantiring these effects in detail
is crucial for the forthcoming work.

Throughout this thesis the turbulence is also assumed tsistasf small-amplitude
Alfvén waves. The requirement of small amplitude is, chgaal restriction. However,
because the nature of the turbulence, in cases applicabdatiivistic shocks, is still
a great mystery, it is hard to say how strict a limitation tisis The assumption of the
Alfvénic nature of the turbulence is not a restrictipar se but extending the analyses
to also account for fast magnetosonic waves will offer a ngeneeral foundation for the
future studies of shock—turbulence—patrticles interastio
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