National and Kapodistrian University of Athens
School of Sciences
Department of Physics
Section of Astrophysics, Astronomy and Mechanics

Self-Similar Relativistic Magnetized Flows
with Finite Conductivity

MSc Thesis

Argyrios Loules
2019308

Supervisor: Professor N. Vlahakis

Athens
2021



National and Kapodistrian University of Athens
School of Sciences
Department of Physics
Section of Astrophysics, Astronomy and Mechanics

Self-Similar Relativistic Magnetized Flows
with Finite Conductivity

MSc Thesis

Examination Committee

N. Vlahakis A. Mastichiadis M. Petropoulou
Professor Professor Assistant Professor
University of Athens University of Athens University of Athens



Edvixd xou Komodotprond [avemotiuo Adnvov
Yyohh) Octxtyv Emotnuoy
Tufua Puoihc
Topéac Actpoguoinric, Actpovouiog xou Mnyovixrc

Avtodpotec Lyetotinéc MoryynTiougvec
Poéc pe Ilenepaopévn Ayoyuomnta

Awmiopatied) Epyaoto

Apyiptoc Aoukéc
2019308

EmufBiénwv: Kadnyntic N. Bloydone

AdAva
2021



Edvixd xan Komodiotplaxd IavemotAuo Adnvay
Yyohf) Oty Emotnuoy
Turua Puorc
Touéac Aotpoguoinnic, Actpovoulac xon Mnyavixnc

Avtodpotec Lyetiotinéc MoryvnTiopgvec
Poéc pe Ilenepaopévn Ayoyudmnra

Awmiopatied) Epyaocto

TeweAng E€stactixr Enttponn

N. Bhaydmne A. Moo Tuiydone M. Tletponodiou
Kodnyntic Kodnyntic Enixovpn Kodnyrtela
Havemotnulou Adnveoy  Havemotnulouv Adnveoy  Havemotnulouv Adnvoy



Abstract

Relativistic magnetohydrodynamic flows of a finite resistivity are thought
to possess a crucial role in high energy astrophysical phenomena such as,
magnetic reconnection, accretion disks, and particle acceleration in magne-
tospheric charge gaps. This thesis presents a detailed modelling of resistive
relativistic magnetized flows. The equations of steady state and axisym-
metric, resistive, relativistic Magnetohydrodynamics are derived, followed
by the derivation of the system of first order ordinary differential equations
which governs steady-state and axisymmetric, radially self-similar flows of
finite resistivity. Semianalytic solutions of this system of equations are pre-
sented, enabling the exploration of the dynamics of such flows, as well as
of the geometric configuration of their velocity and electromagnetic fields.
The efficiency of the emergent electric field component parallel to the flow’s
poloidal magnetic field as a particle acceleration mechanism is also exam-
ined.

Key words: Relativistic Magnetohydrodynamics, self-similarity, resistiv-
ity, particle acceleration



ITepiAndm

Ot oYeTUo TINEG Loy VNTIOUEVES POEC UE TIEMEQUOUEVT] Ay WYWOTNTA Bploxouy e-
QopuoyT oc Wi TANIOEA Ao TEOPUOIXOY PUVOUEVLY UPNADY EVERYELDY, OTWC,
1 Loy VT ETavaicUVOEST), oL Bloxol TpocadEnomg, xoL 1 ETULTAYUVOY) COUATL
Olwv oe UPNAEC EVEQYEIEC OTIC HOYVITOCQULEES AOTEQMY VETEOVIWY. XTNV To-
polou dimhwpatixt| epyacta mopatiVetan pio Aentoueprc UEAETN POV TETOLOU
TOToL. Apyd mapouctdleTon TO UG TNUA TWV EELOWOEWY TO OTOl0 TEPLYPAPEL
YEOVOUVEEGOTNTES, UELOUUUETOIXES XOl OXTIVIXG AUTOOUOLES CYETIXIC TIXES POEC
TEMEQPUOUEVNC AYWYLOTNTAUC. LTNY CUVEYELN, UECK NULAVOAUTIXWDY AUCEWY oU-
TOU TOU CUCTAUATOC EELICOOENY eEEpeuvATaL 1) ETBPACT) Blapdpmy TEOGiA Xou
TGOV TNG EWOWNE avTioTaoNg 0TNY SUVAUIXT] TETOLWY POV, XOMS XOL GTNY
YEWUETEWT SLopoppwoT Twv Tediwy toug. Télog, eetdleton 1 amodoTxoTNTA
TNG EMTAYUVONG COUATIOWY amd TNV TURIAANAT GTO TONOEWOES Yoy YNTIXO TE-
0lo cLVICTMOOA TOLU NAEXTELXOL TEdlOL TNE EOTC, 1 omtolo eupavileTon AoYw TNS
TEMEQUOUEVNC QY OYLLOTNTOSC TNC.

A€Zeg xAewdio: Xyetuao ) Moyvntoldpoduvouixy|, oautoouoldTnTa, o-
vTioTaon, emTdyUVoT COUATIOIY
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Euyapiotieg

Oo fleha xoTaEydc Vo ELUYUELOTHCL VePUd TOV ETBAETOVTO QUTAC TNG EQYO-
olag xou oOuPovho xodnynty you x. Nextdpio Bhaydmm, yio tmv moAdTun
xododhynon Tou oe Oha Tor Yéuatar Tor omolar TeoExuday XaTd TNV EXTOVNOT
¢ mopoloog epyaciag. Emnlong, ta péhn tne tpyeholc eEETaOTIXAC EMTEOTAC
pou, x. Améctoho MaocTiylddn xou xo. Maplo Iletponoviou, yio Tov yedvo
TIOU APLEPWOCAY OTNV AVAYVWOT AUTHS NS epyactag xou otny alloAdyNnoy| Tng.
O¢hw axdua vo evyaplothow toug I'enyden Katcouhdxo xou Baciin Mmuoxe-
TN, yioe Tig oLNTACELS Xxou TG EVOLOPEROUTES 1OEEC TTOL Uolpdo Trxay uall pou,
xad¢ emlong xou TNy Ltéhha Mmoudd yio Tl GUPBOUAES NG OYETIXE PE TNV
Tapovacioct Tng mapovcog cpyacioc. Euyaplotd eniong toug gihoug you Eu-
yevia, Avdpéa xou Xtopdtn xodde xou Toug Bodwet|, Maviin xou ®ilnro yia
™V uToo THRLEY TOUg XaTd TNV BLdpxela auTAg TNg Ypovids. Euyaplotd mold
xaL TV xo. Loglo Zapunoltn v TRy unoo ol tng. Télog, Yo fleha va
EUYOELOTHOW TOUC YOVELS pou Yden oTtnv otrelln xat Tic Yuoleg Twv onolwy
elyo TNV BUVATOTNTA VoL OAOXATROGCW TIC OTIOUBES UOU.
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Introduction



CHAPTER 1. INTRODUCTION

Magnetohydrodynamic flows have been a topic of study for well over
half a century, ever since the publication of Hannes Alfvén’s paper [1] on
the existence of electromagnetic-hydrodynamic waves, which propagate in
a conducting fluid when it is placed in a magnetic field. In the latter half
of the 20th century, the theory of ideal (perfectly conductive) MHD, both
in the classical and relativistic regimes, has been applied in the study of
flows found in astrophysical environments and often constitute the main
driving mechanism behind observed astrophysical phenomena. Examples of
such flows are stellar winds, most notably studied by Parker (1958) [2] and
Weber & Davis (1967) [3], and astrophysical outflows, namely disk winds
and jets, emanating from the accretion disks of compact objects.

While astrophysical MHD flows of infinite conductivity have been stud-
ied extensively and to great success, both analytically and numerically, the
properties of flows of finite conductivity are not as well understood. The
motivation for a semianalytic exploration of the dynamics of resistive MHD
flows is quite significant, due to both the crucial role of these flows in certain
astrophysical processes as well as the absence of an analytic model describing
them in detail.

One magnetohydrodynamic process in which resistivity is an important
factor is magnetic reconnection. Magnetic reconnection is the process during
which oppositely directed and topologically distinct magnetic field lines con-
nect. This diffusion of magnetic fields in regions where reconnection takes
place is oftentimes aided by the resistivity of the current sheet separating
them. During this reconfiguration of the magnetic field’s topology, magnetic
energy is converted into heat, kinetic energy which accelerates the flow, as
well as particle acceleration. [4]

While traditionally applied in the study of solar flares, the Farth’s mag-
netosphere, and fusion plasmas, the relativistic generalization of the afore-
mentioned theory also finds application in the field of high energy astro-
physics, in which strongly magnetized and relativistic flows are of great
significance. Magnetic reconnection occuring in such extreme environments
may have an important role in both the dynamics of these flows (AGN jets,
magnetized disk winds), as well as in the high energy emission from these
regions, as an efficient mechanism for particle acceleration. [5]


https://ui.adsabs.harvard.edu/abs/1942Natur.150..405A/abstract
http://cdsads.u-strasbg.fr/pdf/1958ApJ...128..664P
http://cdsads.u-strasbg.fr/pdf/1967ApJ...148..217W
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Figure 1.1: The morphology of a relativistic magnetic reconnection site.
Graph (a) depicts the electron z velocity, while graph (b) the x magnetic
field component. The white contours are the magnetic flux lines. [6]

The theory of resistive, relativistic MHD may also be of use in the magne-
tohydrodynamical description of pulsar magnetospheres. While traditionally
described by vacuum or force-free solutions, these two limits can not pro-
vide the full picture regarding high energy emission from pulsars, as they
can not simultaneously determine the behaviour of both the accelerating
electric fields, and the currents flowing in their magnetospheres. Numerical
simulations have shown that solutions assuming a plasma of finite resistiv-
ity have been shown to be able to bridge the vacuum and force-free limits,
by modifying the plasma’s resistivity from an infinite value to zero respec-
tively. [7]
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Figure 1.2: Magnetic field lines for (a) force-free, (b)-(e) resistive, and (f)
vacuum magnetospheres. [7]

One more application of resistive MHD is the study of accretion disks
around neutron stars and black holes, as well as the formation of jets and
their acceleration. The energy dissipated through ohmic dissipation, due to
the accretion disk’s plasma resistivity, may account for the disk’s thermal
radiation. Moreover, numerical simulations of jets of a uniform resistivity
have shown that the jet’s main driving mechanism past the slow magne-
tosonic point is, as in the case of ideal jets, the magnetocentrifugal force,
while the plasma is ejected from the disk due to its thermal pressure. [8] [9]

The effects of resistivity on the accretion rate in disks around black holes
has also been investigated recently. Numerical simulations show that the
accretion rate decreases as the value of the plasma’s resistivity increases. [10]
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Figure 1.3: Accretion rates for various resistivity values n. [10]
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Due to the numerous possible applications of resistive MHD in many
extreme astrophysical phenomena, the motivation for a semianalytic explo-
ration of the dynamics and properties of resistive and relativistic magnetized
flows is strong, as it can shed light on the geometrical configuration of the
electromagnetic and velocity fields, which is significantly modified from that
of ideal MHD flows, as well as on the resistivity’s impact on the flow’s
energetics. Namely, the plasma can heat up significantly due to ohmic dis-
sipation, which as will be shown by the solutions presented in this thesis, is
the mechanism through which energy is extracted from the flow’s electro-
magnetic field and deposited in the fluid.
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CHAPTER 2. THE STEADY-STATE EQUATIONS OF RESISTIVE,
RELATIVISTIC MAGNETOHYDRODYNAMICS

A flat space-time is assumed, as well as the convention n** = diag(—1,+1,+1,+1)
in regard to the metric. When used as indices, greek characters take the val-
ues (0,1,2,3), while latin characters the values (1,2,3), denoting only the
spatial components of a tensor.

2.1 Fundamental Tensors

The fundamental tensors of Relativistic Magnetohydrodynamics, through
which the governing equations are derived, are the particle number density
four-current, or the mass density four-current, the stress-energy tensor, and
the electromagnetic tensor.

2.1.1 The Mass Density Four-Current:

One conserved quantity in a fluid is the particle number density, which
in an arbitrary space-time point in its comoving frame of reference shall be
represented by ng. Assuming the fluid is ideal and consisting of particles
of mean mass m, its mass density in the comoving frame is defined as:
po = nom.

The mass density four-current may now be defined as a four-vector,
whose temporal and spatial components in the fluid’s comoving frame are
respectively:

DY = pyc and D' = 0,

thus creating the four vector:
b:<%ﬂ (2.1)

In the lab frame, or observer’s frame, in which the fluid’s macroscopic
velocity is , the mass density four-current D is calculated through the
Lorentz transformation of D as follows:

Dl = A(—i)“ Dy (2.2)
where
qu
v VY
c
A(—u) =
7 1
v T ait
c U

is the 4 x 4 matrix for a generalized Lorentz boost to an inertial frame in
which the fluid, and the comoving frame, move with velocity . [11]

7
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The temporal and spatial components of D given by (2.2) for u = 0,14
respectively, are:
D" = ypoc (2.3)
D' = ypou'
Equations (2.3) and (2.4) suggest that D can be written as:
DF = poU‘u (25)

with U = (::;,) the fluid’s four-velocity in the lab frame. [11]

2.1.2 The Stress-Energy Tensor

The stress-energy tensor is a symmetric, four-dimensional, second order
tensor, the components of which contain all information regarding the en-
ergy density, energy flux and momentum density flux through the surface
eclosing an arbitrary volume inside the fluid of interest. In the context of
relativistic MHD, it is comprised of a matter component, concerning the
fluid, an electromagnetic component, concerning the electromagnetic field,
and a component describing the flow’s radiative losses. In the comoving
frame, the stress-energy tensor’s matter component is defined as [11]:

T3 = poc® + poe

Ty =0
Ty = Poy;

where P is the fluid’s pressure, and e its internal energy per unit mass.
The above definition suggests that it can be written in the form:

Tugm

T = (poc® + poe + P) + Pnpt (2.6)

c2
Cc

In the above expression, U

is the fluid’s four-velocity in its comoving
0
frame.

The Lorentz transformation of (2.6) will give Ty, in the lab frame:

T = A A5 T (2.7)
By use of the property:
A@@RA(@ 0™ = 1™
and:
equation (2.7) gives:

BT

T;\fly = (p()62 + poe + P)

2 + Pnpt¥
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Assuming the ideal fluid is characterised by an adiabatic index I, its
specific enthalpy & may be defined as:
2 2 2 r
Epoc” = poc” + poe + P = poc +ﬁP:>
r pP
14—
¢ + I — 1 poc?

with I" the fluid’s adiabatic index. An equation of state of the form:
P=Kpj

is also assumed. [13]
With the specific enthalpy £ defined, the matter component of the stress-
energy tensor can finally be written as:

TV, = EpoUrUY + Pyt (2.8)

The electromagnetic component of the stress-energy tensor, in any inertial
frame of reference, is defined as [12]:
v 1 K v 1 V DR
Tpy = —(FMFE, — - FRELy ) (2.9)
a7 4
where F*¥ is the electromagnetic tensor, which will be discussed in the next
subsection. The components of T4, in the lab frame are [13]:

E? + B?
T =~
3
70 _ pi0 :(Exg)izé
EM = 1EM e p

E? + 325“ _ EiE; + BiB;

8r Y 4m
where S; is the i—th component of the Poynting vector, and o;; are compo-
nents of the Maxwell stress tensor. [15]

iy ojt — y
Tpy =Tgy = = —0ij

The final component of the stress-energy tensor, concerning the radiative
losses, is defined as follows:

In the comoving frame, the four-force acting on the flow due to its ra-
diative losses can be defined as:
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The four-force due to radiative losses in the lab frame then is simply:

A
G' = A (—i)G” =

Aii

e

The radiative losses component 7%, may now be defined as:

A
Ty, =—G'=— (2.10)

In conclusion, the stress-energy tensor fully describing the fluid and the
electromagnetic field is:

™™ =Ty + Thy + Thy (2.11)

with T4/, Ty, Thy . as given by equations (2.8), (2.9), and (2.10) respec-
tively.

10
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2.1.3 The Electromagnetic Tensor

In order to properly define the Lorentz transformation of the electro-
magnetic field between two inertial frames of reference, the electromagnetic
tensor F*¥ is introduced. [11]

The electromagnetic tensor is an antisymmetric, four-dimensional, sec-
ond order tensor. In its contravariant form, F*" is [12]:

0 E1 EQ E3
—FE; 0 B3 —Bsy
W = (2.12)
) —Bg 0 B:
—Fj5 By —By 0
or more concisely:
F% =0
FY% = E, (2.13)
Fii = ik,

The electromagnetic tensor is the fundamental tool in the covariant for-
mulation of classical electrodynamics. By use of F**, Maxwell’s equations
may be written in covariant form as:

4T
Bl = ——J" (2.14)
F,u,u;n + FF»:/.L;V + Fl/n;p, =0 (215)

where J* is the current density four-vector:

JO
Jh =
J

Its temporal component J° is simply the charge density multiplied by c,
while its spatial component is the current density J.

Equation (2.14) for v = 0 gives Gauss’ Law, while for v = i Ampere’s
Law. Faraday’s Law of Induction and the conservation of magnetic flux in
their can be retrieved from equation (2.15).

The electromagnetic tensor also provides a way to write the equation
of motion for a charged particle of charge ¢ in an electromagnetic field in
covariant form:

dp*
P gy, (2.16)

dr c

11
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where p# is the particle’s four-momentum, U¥ its four-velocity, and ¢F}'U”
the four-force acting on it due to the electromagnetic field. [11]

It is also noted that the electromagnetic tensor may be defined as the
exterior derivative of the one form A,:

F=dA

or
Fuy = Ay — Apy

A, is the four-potential, defined as:

v-()

where ® and A are the familiar scalar and vector potentials respectively. [12]

2.2 The Generalization of Ohm’s Law in Special
Relativity

In the case of a non-moving conductor, Ohm’s Law takes the familiar
form:

J=0E (2.17)

with o the conductor’s conductivity. [15]

In the flow’s comoving frame, the plasma may be treated as a non-
moving conductor of conductivity . Equation (2.17) then is the appropriate
expression of Ohm’s Law for the system in the flow’s comoving frame, which
will be rewritten as:

-

J=o0

IE

(2.18)

Since the equations that fully describe the system of the fluid and the
electromagnetic field will be derived in the lab frame, Ohm’s Law must be
defined in that inertial frame of reference. This can be achieved by writ-
ing equation (2.18) in a covariant form, and then transforming the result-
ing expression via two consecutive Lorentz transformations. It should also
be noted that the resulting covariant expression of Ohm’s Law should be
Lorentz covariant, as it describes a physical law.

The right hand side (RHS) of equation (2.18) may be written in covariant
form as:
o ~ ~
~—F*,
c

_OC , is the covariant four-velocity of the conductor, in this

case the plasma, in its comoving frame. Indeed, it is simple to prove that

where U,, =

12
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the result of the product Fre, is:
- 0
Fry, = ( 3)
ck

Because the current density .J appears in the LHS of equation (2.18), it is
clear that the covariant form of Ohm’s Law must include the current density
four-vector J# in its LHS. In order to derive a proper expression for the LHS,
two things must be taken into account. The first is that the RHS is a first
order contravariant tensor. The second is that for u = 0: F“U, = 0. The
LHS of the covariant expression for Ohm’s Law must also be equal to the

[11]

current density j for p =1, in the comoving frame.
The expression
- UVUN
JE 4 J,———
satisfies all three of these requirements. First of all, it is a first order con-
travariant tensor, as can easily be seen. Secondly, for pu = 0:

since J,, = (

_ v7170
J0+JUU

2
—JO-S =0
c

S,

0
). Also, for =i it gives:

Fra e

Cc

The covariant expression for Ohm’s Law in the flow’s comoving frame is,
finally:

vITH ~ -
Jr 4+, oo = Zpmg,
C C
or more compactly
G o
Jo (" + CQU ) = gFWU (2.19)

Ohm’s Law in any other inertial frame moving with velocity « with respect
to the comoving frame is given by the Lorentz transformation of the above
expression:

Usg> o

A@) INA@RA@ ™ + A@RA(@D)S ) = —A@)A@SA@), F*Uy

c2

13
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which results in:
Uurgv

Jy (" + 2

)= ZFmy, (2.20)
C

Equation (2.20) is the covariant generalization of Ohm’s Law for flat space-
times, an expression which is indeed Lorentz covariant, as is evident from
the comparison of equations (2.19) and (2.20).

In the lab frame, in which the flow moves with velocity « and its four-

velocity is U* = (3;,), Ohm’s Law is given by equation (2.20). Equation
(2.20) for p = 0 gives:

Jn% +~J,— = —FOU; =
i J i-E
JO—42J0 442 :o”yu =
C
i-J i-E
(72 = 1) =425 — gy " (2.21)
C C
For p =1: ‘
Uur o
S LU = PV, =
Uy i J ul Bk
Ji+ 2;2( T+ =) = oy (Ei + e )=
N T . @xB
T+ 2 (5 = ) = oy(E+ =2 7) (2.22)

It is clear that equation (2.21) is simply the projection of equation (2.22)
along the velocity @. It may then be disregarded, as equation (2.22) is
sufficient as a mathematical expression of Ohm’s Law in the lab frame.

By multiplying both sides of (2.21) with ﬂ, and then adding the resulting
c

expression to (2.22), the following expression for the current density J is
derived: . .
> s - UXB u-Fu
J=J"=+ovy(E + - .
c

(2.23)

cC C

The two terms appearing on the RHS of equation (2.23) are the convection
current:

- U
Jcom; = JO*

c
and the conduction current:
- L, ixB u-Ed
Jcond = 07(E + - *)
c c ¢

[14]

14
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The electric field E, as given by (2.22), generally has three terms:

ixB J ~@,ui-J
+—+
c Yo ocCc C

E=— —J% (2.24)

The first term is the induction or dynamo term, which appears due to the
motion of the fluid, while the second term is the familiar ohmic term, now
divided by the conductor’s (fluid) Lorentz factor v in the lab frame. The last
term is a relativistic correction due to the the relativistic motion of the fluid
in the lab frame. This term becomes practically zero for a non-relativistic
motions (% ~0,v~1).[?]

In the classical limit, equaton (2.23) reduces to:

E=—

ixB J
4 d (2.25)
g

Cc

In the limit of extremely high conductivity (¢ — o0), equations (2.23)
and (2.24) both reduce to the ”frozen-in” condition of Ideal (Relativistic)
MHD:

. axB
E+22Z 9 (2.26)

1]

When the plasma’s conductivity is practically infinite and this condition is
satisfied, the magnetic field lines are frozen into the plasma, following its
motion, a phenomenon known as ”flux-freezing”. Additionally, the electric
field E is always vertical to both the magnetic field B and the velocity . [?]

If, on the other hand, the plasma’s conductivity is finite, this condition
breaks down. The plasma flow is no longer forced to follow the topology of
the magnetic field lines, while the electric field gains components parallel to
the magnetic field lines and the velocity vector.

It is noted that in the previous analysis and in the entirety of this thesis,
the conductivity, and in consequence the resistivity, are assumed to be scalar
quantities, and not tensors.

2.3 Governing Equations

The Governing Equations of Resistive Relativistic Magnetohydrodynam-
ics (RRMHD) are the laws of conservation of mass, momentum and en-
ergy, describing the fluid, Maxwell’s equations describing the electromag-
netic field, and the relativistic generalization of Ohm’s Law, which closes
the system of equations, along with the fluid’s Equation of State (EOS).

15
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2.3.1 Maxwell’s Equations

As described in the previous section, Maxwell’s equations in their familiar
differential form can be derived from the electromagnetic tensor though the

covariant expressions:
47

FIY = —?J” (2.14)
Fuve + Fepw + Fuey =0 (2.15)
Equation (2.14) for v = 0 gives:
F’LlO — 41J0
: c
e
V.oE=2)0 (2.27)
c
since F%9 = 0 and F° = —F;.
For v =1: A
06 ]l B T .
Y +F) =7 >
- . 10E 4rm -
VXB—-—-—=—J 2.28
c Ot c ( )
since F = E; and F7' = J%* B, = —¢+ By,

Equation (2.15) provides the remaining two of Maxwell’s equations:

. . 10B
VXE+-—=0 2.29
X Bt c Ot ( )
V-B=0 (2.30)

[11]

In summary, the four Maxwell Equations describing the electromagnetic
field are:

V-E= ?JO (2.26)
. - 19E Ar -
VXB—-"—=—J 2.27
X c Ot c ( )
- - 10B
E+-2"= 2.2
VX E+ -5 0 (2.28)
V-B= (2.29)
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2.3.2 Conservation Laws

The three conservation laws describing the motion of the fluid are the
conservation of mass (continuity equation), the conservation of momentum,
and the conservation of energy (conservation of four-momentum).

The continuity equation is derived by setting the covariant divergence of
the mass density four-current equal to zero, assuming no sources or sinks of

mass:
DY, =0

The above expression gives:

19(vpoc) | & ﬂ

— . =0

o TV (poid) =0=

0 -
(ng) +V - (ypoil) =0 (2.31)

,the relativistic generalization of the continuity equation. [11]

The conservation laws for the fluid’s energy and the momentum are given
by:
T =0 (2.32)

The temporal component of (2.32) (1 = 0) provides the equation of energy
conservation
Tt + Tearw + TRy = 0=

19 2, o -, 10 E*+B> - ExB_ A _
= (1%p0¢" = P)+ V- (y%€pocil) + - o () + V- (FZ =)=y = = 0=
19 L . ExB A
o (Vpoc® = P+ ————) + V- (v*€pocii + )—v==0 (2.33)
c Ot 87 p

The spatial component (4 = i) of (2.32) will give the conservation of mo-
mentum, in the absence of any external forces and in flat spacetime:

iV i 1z
T +Tenw + TRy = 0=

L0 Y L e JE+JxB A4

L9 e + 9 - (el i) + 9P - LELTXB AT
Lo 7+ ¥ el PB4+ JTxB yad

— (P€pcil) + ¥ - (Pepo(if @ ) =~V P+ Y2 (2.30)

where for the Lorentz force, the relation:
i _ 1 i TV
EM;v — _EFVJ

was used. [11]
Instead of equation (2.33), it is preferable to use the conservation of
entropy (First Law of Thermodynamics) as an energy equation [13]:

UTH =0 (2.35)

17
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The matter component of equation (2.35) is:
UuThr,, = UV (EpoUtUY + Pt) =
ULTL, = €ULUPY (U po) + poUUYV,, (UFE) + U, V#P =

v 0 - . oP . =
UuThr, = —025@(7[)0) + V- (ypod)] + 2175 + (@ V)P

2 ol (6) + (1 TY )] + 200 [ (48) + (& T) (16

The first term in the above expression is the continuity equation (2.31),
and so it is set equal to zero. The matter component of the First Law of
Thermodynamics then becomes:

ULy, = 4o e+ T Pl Epol o )+ 9) (2 4220 [ (060)+ ) (6]

The second term may now be broken down to:

o)+ Q)] e )+ V)] (236)

while the third term may be written as:

P ol (160 + () (260)] = A0 o [ () HTT (O Ho0e Sy [ (NHTT ()]

01 e
YEpoy u-[aﬂu V)u] =
2 2 2
22“ 0 Ry 22U7ﬁ o3 du S I, 2
Ypocy [at(é)ﬂ V(O+Epoc™r” [at(v)ﬂt V(v )]+ Vépw [ 5 +(4-V)u’]
With use of the relation
2 1
215

ot [ () D) (6] = (P 11p0c? o (€T T+ (7~ Ve[ (1) 4TV ()] -
3l () + (@ D)) =

0 L=
(7" = Dvpoc®[ (&) + @ - V(O] +7°€poc’[ 5
Due to (2.36) and (2.37), U, Ty, simplifies to:

v 0 -
UMTJI\iI;U :7[(7+UV)P_pOCZ(

ot

S

18



CHAPTER 2. THE STEADY-STATE EQUATIONS OF RESISTIVE,
RELATIVISTIC MAGNETOHYDRODYNAMICS

Using the definition of the specific enthalpy:

r P
T
¢ +F—1p002

1 0 - r 0 |
1722 e = _ e — Y =
Uiy = ol (g + 8 V)P = ool + 7 V)]
_ L@ aeps (@ gy -
r—1"r e " =i T
I
I BT Y
17l + D)

The electromagnetic component of the entropy conservation equation is:

by Uipipo U

UNTEIJ/W;VZ_EUH«F#JV: c F‘JOJ]—?FéJO—?F;J]:
- - @UxB i E
VJ'(E-l-uC )—’yJouC

Lastly, the component due to the radiative losses:
v 0 ‘ 2 2’
UHTgL;y = —U(]G — UiGZ = — A + v 072/1 =—-A

The First Law of Thermodynamics can finally be expressed as:

= P . o UxB i E
TE V)R =T (Bt =) =T
0

— A (238)

S

Summarizing, the system of equations which fully describes a resistive,
relativistic, magnetohydrodynamic flow in flat spacetime is:

Ohm’s Law:
TR ix B
T+ 2 (5 = ) = oy (B + 225) (2.22)
¢ ¢ c
Maxwell’s Equations:
e
V-E="2)° (2.27)
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B--—=2 2.2

V x o CJ (2.28)

-~ . 10B

VX E+-—o=0 (2.29)
V-B=0 (2.30)

. i) = 2.31
9 + V- (ypot) =0 (2.31)
10 = L JE+Jx B ~Ad
f—(’yQ{pocu) +V- (72§pg(u ®1u))=-VP+ _7 (2.34)
c Ot c c
r . = —
0 oy B g (B e TX B e B
1Pl + T CRI =T (B ) A (23)

2.3.3 The Limit 0 — 0

In the limit of zero conductivity, or infinite resistivity, the current density
J, as given by (2.23), becomes equal to the convection current Jeopny:

J=J'= (2.39)
c
since the conduction current J_;Cmd vanishes.
After substituting J as given by (2.39) in the energy equation (2.38), the
resulting equation is:

r
P19 L aeyPy—_
vl + T = A
or for a non-radiative flow (A = 0)
r
P9 gy Ly
Tl + )= 0
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Ohmic dissipation then vanishes, in the limit of zero conductivity, or prac-
tically, in flows characterized by large resistivities.
The momentum equation (2.34) becomes:

19 L e L - J o ax B, ~Ad
— 5 (%€p0ci) + V- (Y26p0(il 0 0)) = VP + (B + = -

2.4 The Equations of Steady-State Axisymmetric
RRMHD

Upon the hypothesis that the properties of the system flow-electromagnetic
field change on timescales much larger than the timescales of interest, its
behaviour can be assumed to be time-independent (9; = 0), and the afore-
mentioned equations can reduce to:

Ohm’s Law . .
- T TR - UXB
J+ 72 =( —J% = ovy(E + ) (2.22)
¢ c c
Maxwell’s Equations:
|
VE="2,0 (2.27)
c
P
VxB=-—"J (2.40)
c
VxE=0 (2.41)
V-B=0 (2.30)
Conservation of Mass, Momentum, and Energy:
V- (ypoid) = 0 (2.42)

+J°F?+f><§ AT
& C

Ypo(ii - V)(v&il) = =V P

(2.43)
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I - = - A
P - e, P - = UXDB ot FE
. Z ) = (FE — — A 2.44
P V) =T (B4 )~ (2.44)
The term

V- (Y€po(d @ 1))

in the momentum conservation equation, may be written as:
V- (vp0id) @ (v6i0)) = (YEB)V - (vpoid) + vpo(ii - V) (V&) = ypo(ii - V) (i)

by use of the identity:

V(IBo A)=ANV-B)+(B-V)A
and the continuity equation (2.42). After substituting equations (2.27) and

(2.40) in equations (2.22), (2.43), and (2.44), the system of equations reduces
even further to:

V- (vpoii) =0 (2.42)

V-B=0 (2.31)

VxE=0 (2.41)

(6x§)+72§(ﬁ (iXé)—ﬁ E):A‘Z"y(#ﬁté) (2.45)
polid - ) (v€id) = —V P + (V-B)E *5 xB)x B _ VCAf (2.46)
@t = Lo x ) 5+ 28 @ HTE s e
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Equations (2.42), (2.41), and (2.30), along with the assumption of ax-
isymmetry, allow for the velocity field, the magnetic field, and the electric
field to be written, in cylindrical coordinates, as:

V¥ X ¢ . .
U= ——" =1 2.4
U pr—— +ugp = Uy + upd (2.48)
L VAX¢ . .
B= ?qb + Byd = B, + By (2.49)
N - b [}
B vo— 925 92, (2.50)

where i, ép are the poloidal components (w, z) of the velocity and the
magnetic field. The ¢ component of E, Ey, is zero due to the azimuthal
symmetry of the scalar potential &.

The function ¥ is the mass flux function, while A is the magnetic flux
function. These functions can be defined due to the conservation of the
respective fluxes:

— =

V- (dmypoti) = V - (4mypotip) = 0
V-B=V-B,=0
Since these vector fields have a zero divergence, and are both axisymmetric,
they may be generated through the curl of the vector potentials ¥ = ||
and A = |A|¢ respectively.
According to Stokes’ Theorem:

//47r’yp0ﬁp -dS = 27Tw/&ﬁ - pdep = 21|V |
//ép-d§:2ww/ﬂ~g5d¢:2ww|ﬁ|

¥ and A may then be defined as:
o1 I
U =w|¥| = 2W//47Typ0up -dS

. 1 .
A:w|A|=27r//Bp-ds

The poloidal components of & and B then are:

.
. Ux¥w VX9 (Vo) x ¢

i = _ - 2.51
P dmypo 47y po 47y po (2:51)
Y VA) X ¢
Bp:VxA:Vx(wqﬁ):W
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The electric field may be generated through the gradient of a scalar po-
tential @, thanks to its independence on time ¢ (equation (2.41)).
It must be noted that in the case of finite conductivity, the relation
between the poloidal components of the magnetic field and the velocity:

Uy -
— 4 B,
47y po

—

Up

dv
where ¥4 = A= const., is no longer valid. Due to the assumption of a

finite conductivity, ¥ is not a function of A, as is in the case of an ideal
steady-state flow with one ignorable coordinate. [?], [17]

The components of the current density four-vector, in accordance with
Gauss’ and Ampere’s Laws (egs (2.27) and (2.40)), are written as:

0 C = — C — — C 2
_ = E=_—_—_ V)P = ——V°P 2.52
J 47rv 471'(v V) 47Tv (2:52)
J= S x B v x [V x (2t SV x B, =
 Arx  Arn w 47 v
C 2 A’* —
_ — — B
47 (w¢)+ va ¢

by use of the identity:
V x (VxB)=V(V-B)-V?B
and the magnetic field’s vector potential axisymmetry:

- A
V-(54) =0

By use of the vector Laplacian definition in cylyndrical coordinates, the
current density J becomes:

- ¢ A 9, A s = 3
T= e~V et gV x By
5 A
The term V?#(—) can be expressed as:
w
A 10 0 A 1924 1.0, A 0A 1 9%A
2—:—7 —(— _—— ——(—— e _—— =
v (w) waw(waw w)) w 022 waw( w aw) w 022

A 20A 1 0A 10°A 10*°A A 204 1oy
w3 w?0w w?lw wiw? wo? w wliw w
using the definition for the Laplacian of a scalar in cylindrical coordinates.
[15]
Finally, the expression for the current density is:
- ¢ 20A N 6(@*3(75) X ¢
S G v o) N RAIA St VAl
J 47r(w3w v )w+47r w

(2.53)
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After substituting (2.48)-(2.52) into Ohm’s Law (eq. (2.22)), the resulting
expression is:

2 9A b V(wBy) X ¢
(77 _ VQA)Q + M‘i‘
w 0w w w
g @ . S . . o .
v V¥ X ¢ ~ 1 VU X ¢ 204 oy 0 V(wBg) X ¢ 9
— - (—=—-VA4A)————— P =
c 47wp0w+u¢¢)[c(47r7pow ug9) ((w ow v )w+ w Vel
4r . 1 VU X . VAX ¢ .
—oy[-VP + - ——+B
oy =V (2 b ugd) x (T4 Byd)
By defining the flow’s resistivity n as:
_ b
= 4o
the factor 47 on the RHS cancels out, and Ohm’s Law is expressed as:
2 A B )
w 0w w w
V¥ X ¢ V¥ - V(wB 2 9A
HTEXO oy Y VRG] 10 208 gr)h vha] =
Amypocw ¢ 4y pocro? cw w 0w
- ¥ x VA - By V¥
TG4 YEXVA oG, Do V (2.54)
nc Arypocw?  cw cw 41y po

— - = — —

(Ax B)-(Cx D)= (A-C)(B-D)—(B-C)(A-D)
(A x B) x (C x D) = |ABD|C — |ABC|D
and the fact that the gradient of any of the scalar quantities is perpendicular
to ¢, due to their independence on the azimuthal angle ¢.

—

|ABC/| denotes the scalar triple product:
|ABC| = A (B x ()
Before the equations of energy and momentum conservation are derived,

the steady-state material derivative - V must be expressed in terms of ¥
and V:

. VU X -
7V = . (2.55)
dmypoto
or .
- VU XV -
V=X (2.56)
drypoto
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iU X B
C

Also, the term E+ is written as:

. dxB o VIxVA \Y'4 VA
E+252 = Vot - — By Fug——  (257)
c dmypocw 4d7ypocw cw

The equation of energy conservation (2.44), using (2.52) and (2.55), takes
the following form:

0 ( ,og 1 V¥ X VO

—_— . y 2 —_—
r-1 A poo ¢ = (4m)2poww OIV'E — A+

¢ 20A _,. . ¢ ¢ V(wBg)xo, . VIXVA \' VA
E[(E(?TE v A);—’_E w I=ve+ A7y pocto? ¢4W7pgcw+u¢a] =

. P .

P VO xS o S

£ £ )6 = V!PXV@_WVQ@_F%(E%_VQA V¥ X VA~
-1 4w po (47)2 poo 47w Ow 4y poceo®

Ve, = \'% VA V(wBy),

—[(-V® — By——— — )X ——]-¢p— A 2.

47r[( v ¢47rfypocw e cw) % w I-¢ (2:58)

The energy conservation equation may also be written in terms of the specific
enthalpy &:
poc2VE X VW — VP X VW

VU X VP - _, EQ%—VQA V¥ x VA, -

)- o+

( A poo )= (4m)2pow PV gzs+47T(; Oow 4y pocww?
V50— B VY YA V@Be), g
47r[( Ve B¢47r’ypocw +ug Cw) i le-4 (2.59)

Lastly, the momentum conservation equation (2.43), with the help of
(2.51) and the aforementioned vector identities, can be written as:

VW X¢p =, VUX N e
( P V(€ 1o + v€upp) = =V P+
1 . 2 0A VA VAXV(wBy) By
Liwoywe (294 _gra) YA @Bs) _ Bo 5,
47 w Ow w?2 w? w
A VU X ¢ .
g( AT poo T 7us9) (2.60)
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The unit vector defined as:
VA
nAa — —s—
VA
is perpendicular to the poloidal magnetic field lines and defines the transfield
direction, with regard to the magnetic field. Projecting the momentum
equation (2.55) along the transfield direction, gives the transfield equation:

VWX¢p =, NUXD . L
Y2 v, YE 2T — _(VP)-
( Ao v 41 poo )+ a) (VP)-at
1 - 2 9A VA VAXV(wBg) By )
E[(VQQS)V@'F (;% - V2A)§ - 2 ¢ ;(ﬁV(wB(ﬁ)] SRA—
A VU X
2\ drpow nA (2.61)

In the context of Ideal MHD, in which the poloidal magnetic field lines
and the stream lines coincide, equation (2.55) can provide all necessary
information regarding the flow’s collimation and shape [?].

When studying a resistive flow on the other hand, in which case the
plasma’s conductivity is finite and the ”frozen-in” condition does not apply,
the stream lines will in general diverge from the magnetic field lines. In that
case, a second ”transfield” equation is required, one which expresses the
equilibrium of forces perpendicular to the mass flux lines. This equation, in
complete analogy with equation (2.60), is derived by projecting the momen-
tum equation (2.54) on the direction perpendicular to the stream lines, as
defined by the unit vector:

4

4

oy

Similarly, the momentum equation projected on the unit vector:
Y
V|

A~

ne

will give the equilibrium of forces perpendicular to the electric equipotential
lines.

Of these three transfield equations, only the one expressing the equilib-
rium of forces perpendicular to the mass flux lines can provide information
regarding the flow’s collimation.
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In conclusion, the equations that govern a steady-state, axisymmetric
RRMHD flow are:

Ohm’s Law: .
2 0A V(wBy) X
(*7—V2A)9 (@ ¢) ¢+
w 0w w w
VU X ¢ V¥ - V(wB 2 0A
2 MJF%@[ (w 2¢)+%(fi_v214)+v2@]:
dmypocw ¢ 4y pocw cw w 0w
- VU xVA . B, V¥
L Vo — 2 Legy 2 (2.49)
ne drypocw?  cw cw 4Ty po
Energy conservation:
. P .
V(—) X V¥ > = - -
oy (pg) )‘d;_(vw><vgé)vzmﬁ(zginA)(vwXVA g
r-1 A poo N (4n)2pow A1 w Ow 47y pocwo®
Ve, = v VA ﬁ(wB@ ~
TE(=VP - By Fup—) x ——22) = A 2.54
47r[( v ¢47r'ypocw +ug cw) % w I-o (2:54)

or:

2y VU — VP X VU . - VU X VP - 2 9A VU X VA -
(pocV§><V VP xV ).¢:(V XV V2 E( v2A V¥ XV

AT poo (47)2po A7 w 0w Amypoce®
L‘;[(—%_B(%j::cw +U¢z;4) « WZB‘“]-é_A (2.55)
Momentum Conservation:
(i{r;é : ﬁ)(fifp:j +76ug) = —VP+
Liwrargos (204 e VA VAXVEE)  Bogop
Cﬁ(ifp:j +yugd) (2:56)
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Radial self-similarity is a frequently encountered concept in both classical
and relativistic Magnetohydrodynamics, especially in the search of disk-
wind and jet solutions. This assumption was first applied by Bardeen &
Berger (1978) [18], in their construction of a purely hydrodynamic model of
a hot wind emanating from the disk of a spiral galaxy. It was subsequently
popularized by Blandford & Payne (1982) [19], who via the addition of a
rotating magnetic field, showed that an ideal, non-relativistic cold flow may
be accelerated magnetocentrifugally from the plane of an accretion disk, by
following magnetic field lines extending from the disk to large distances,
thus introducing the Blandford-Payne mechanism of energy and angular
momentum extraction. Vlahakis & Tsinganos (1998) [20] then presented a
systematic way of constructing radially self-similar disk wind models. Exact
semianalytic solutions for ideal, cold, relativistic, electromagnetically driven,
radially self-similar jets and winds were derived independently by Li et al.
(1992) [21] and Contopoulos & Lovelace (1994) [22]. This work was later
generalized to a hot, relativistic, radially self-similar flow by Vlahakis &
Kénigl (2003) [13].

The assumption of radial self-similarity, henceforth r self-similarity, is a
powerful tool in the process of finding semianalytic solutions, as it offers a
way, through the separations of variables, of simplifying the Partial Differ-
ential Equations (PDEs) of (R)MHD into Ordinary Differential Equations
(ODEs) of one variable, in this case the polar angle 6. [20]

3.1 Separation of Variables

As a concept, r self-similarity can be simply understood as follows. Firstly,
due to the axial symmetry of the flow and the electromagnetic field, any
scalar quantity G describing the flow is a function of only the radial dis-
tance r and the polar angle 6. If the flow is assumed to be r self-similar, the
quantity G will have the following property:

Suppose a conical surface 6 = 6y, intersecting with the contours of G cor-
respoding to the values G; and (G, at distance r; and r9 respectively. The
values GG1 and G2 must be related through:

G _ (E)p
Gas 1
Additionally, while moving along 6 on any spherical surface of radius r, the
quantity G must have the exact same normalized profile, irregardles of the
radial distance r.

The quantity G then can be expressed as a function of (r, ), by separa-
tion of these variables as follows:

G(r,0) = 1PGo(0) (3.1)
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where r? is its radial dependence, while G(0) is a function of only the polar
angle 6. [23]

The starting point in expressing all of the scalar quantities of the system
flow-electromagnetic field in the form (3.1) is the magnetic flux function
A(r,0). The magnetic flux function may be written as:

Ar,0) = Bow(%(in)FAo(e) (3.2)

where By and w are normalization constants with magnetic field and dis-
tance units respectively. Their introduction allows for the function Ag(6)
to be unitless, which will simplify the process of deriving the r self-similar
equations. The index F' is the magnetic flux function’s radial dependence
and is considered a free parameter.

The gradient of A is:

- 0A | 18AA_ 1 0A 1 GAA_
VA= 0 T gy e
W W

Bowo(—)F 1 [F Ao (0)7 + A)(6)d)]

wo

The poloidal magnetic field, as given by eq. (2.49) with w = wo(L) sin
. wo
is:
- r o g FAO),. . AL(0)
B. = B F-2 0
= Bl D)2 D x ) +

(6 x ¢)] =

sin 6

B, = BO(L)F—z[AEW)f _ FAy(0)

6
w0 sin 6 sin 0 ]

The magnetic field’s ¢ component should follow the same scaling with the
radial distance. It may the be written as:

B, = Bo<wi0>F—2B¢o<e>a3

Finally, the magnetic field is:

—

_ o T raAp(0) . FAg(0)
B_Bo(w(]) [sinﬁ sin 0

0 + Byo(0)9] (3.3)

All components of the electromagnetic field should follow the same scaling
with r, a statement equivalent to the one that both the temporal and spatial
components of the four-potential A¥* should scale the same with the radial
distance, as well as have the same units.

The vector potential A is:
r r_140(0)

A(r, 0) b= Bowo(-)

w rsinf o sin 6

A= }
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Consequently, the scalar potential @ should be expressed as:

&(r,0) = Bowo(—)F~1d,(6) (3.4)

@™o
The resulting electric field is:

E = —V&(r,0) = —Bo(—)F2[(F — 1)@(0)7 + B (0)0]  (3.5)

wo

The separation of variables for all remaining quantities will be performed
based on the demand that all terms of a given equation must have the same
radial dependence, so that said equation can be reduced to an ODE of the
polar angle §. Ohm’s Law (eq. (2.22)) suggests that:

i x B

B = 22

]

with [ ] denoting the radial dependence of the enclosed quantity. Due to
(3.3), (3.5), it follows that:

™ N0

The flow’s velocity then is independent of the radial distance r.
Assuming the stream function ¥ has a radial dependence n:

¥(r,0) = Voeof ()"0 6)

the velocity field may be written, according to (2.48), as:

!
Vo ynz®ol®); mlog . .\ 5)d (3.6)

flj[::

d7ypo  wo sin 6 sin

where V) a normalization constant with appropriate units, and @y = cu¢¢3.

The Lorentz factor v = —— must also be a function of only the polar
U
1— —
2
angle 6.
As is evident from equation (3.6), in order to determine the stream func-
tion’s radial dependence, the density po(r, §) must first be defined. Assuming

the density is:
r m
po(r,0) = p(—)" poo(6)
@0

where p a normalization constant with density units, its radial dependence
m can be calculated from the momentum equation (2.43), by taking the
specific enthalpy £ to be a function of only 6.
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Then: . . .
L 2 e (VX B)x B
ot - (aeD) =[S 252 =
T
ﬁ T m-1 _ Bg T \2F-5
wop o)) B Ao @

where the magnetic field’s curl’s dependence is F' — 3. The constant w
appears in both sides due to ﬁ, while the speed of light appears in order to
preserve the velocity units, which appear squared in the former expression.
The density then is:

Bo_ (1 yor=a500(0) (3.7

 Awe? N wy

100(7"7 9)

After substituting eq. (3.7) in eq. (3.6), the velocity becomes:

%CQ(L)n72F+2 LD(/)(@) N n%(G) é] +cu¢0(0)¢3

'E[ = N T — .
B§ “wo Y(#)poo(0) sin ~(6)poo(6) sin 6

The stream function’s dependence n must then be equal to 2F — 2, in order
for the velocity to be independent of r. So:

B2w2 r _
U(r.6) = S ()2 o) (33)
j”

The constant Vy was chosen to be: Vj = , so that the velocity may be

expressed in units of ¢ as:

Zo0) . (2F = 2)%(0)
Y(0)poo(0) sin® " (0)poo(6) sin 0

0 + ugo(0))] (3.9)

u=c|

The thermal pressure P(r,6) can be defined in accordance with the defi-
nition of the specifc enthalpy as:

P(r,0) = G 1)(I§(9) — 1)po(r, 0)c? =
Pr0) = 2 Lyl LZDEOZD ) o)
P(r,0) = ff(;o)”“‘Po(e) (3.11)
with
Po(0) = - 1)(;:(0) — 1)000(9)
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The radiative losses term A(r,0) will be determined with the help of the
energy equation (2.38). As can be seen from eq. (2.38)

i(ﬁxg).}j]_ﬂ T \2F-5
47

N Aoy W

[A(r,0)] = [
In consequence, A(r, 6) finally is:

A(r,0) = —2 (—)2 =5 44(8) (3.12)

The resistivity n(r,0) remains to be defined. From Ohm’s Law (eq.
(2.22)):

VE c = =
—]=|— B
= (Vx B =
_ W0 T ypa T r T
o = T =
The resistivity is consequently:
r
n(r,0) = ~m(0) (3.13)

Summarizing, after performing the separation of variables, based on the
assumption of r self-similarity, on the scalar quantities describing the system
flow-electromagnetic field with the goal of expressing them in the form given
by eq. (3.1), they were found to be:

A(r,0) = Bowg(;O)FAo(e) (3.2)
ng% T \2F—2

R e e (10 (33)

B(r,0) = BOwO(LO)F—IQSO(e) (3.4)
Bg " \2F—4

po(r.0) = 205 ()2 o (6) (3.7

P(r.0) = 2 Lprl L2000 0) @a0)
CB(z) " \2F-5

A(r,0) = LV2F=5 40(0) (3.12)

4oy W
n(r.0) = “no(0) (3.13)
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The velocity and electromagnetic fields:

W) . 2F-1%(0) 5 o
7(0)poo(0) sinf 7(60) poo(6) Sin09+ ¢0(0) 0] (3.9)

u=c|

" \F-2 ‘16(0) A ! 410(9) N in
— — + B ¢ .
0 Sind r sin 0 ¢0<9) } (3 3)

B = By(

E=-Vo(r,0) = —BO(WLO)H[(F — )Py (0)F + TY(0)0] (3.5

The electric field’s divergence is:

- — 1 1 8 T 1 a
V- E=—[————F(—)E) + ————(sin0Ey)] =
@o ()2 9(L-) " o () sing 99
w0 w0 wo

V-E= —@(L)F—?’[F(F — 1)y (0) + %%(sin 00, (0))]  (3.14)
wo wWo sin

The magnetic field’s curl:

- - 1 1 o, .
(VX B), = w—o(m—(81n93¢)) =
™o
- ., 1 0
(v X B)G - = i 8(L)((;0)B¢) =
wo wo
5 o 1 0 r 0B,
(¥ % Blo = (5 (B0 = )
w0 w0
(V x B), = BZ 7;O)F—?’Snlleje(s,m 0Bs0(0)) (3.15)
(9 % Blo = = 22(L)"3(F = )Bgol0) (3.16)
(9 x By =~ LyroHE_ DA | £ 50y gy
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The thermal pressure gradient:

wp), =~ 0
“oo(—)
wo
- 1 1 9P
(VP)s = %(L)%
@0

2 r _
(FP) = oo (L5 L F — 0(€(0) - Dpwle) (319

(613)9— B(2) 7 oopsl -1

~ 4rwo wo 7 [€©)p0o(0) + (£(0) = Dpno(9)]  (3.19)

The components of the Lorentz force acting on the fluid:

—

V- FE 2
(CBE) B (e )ago) P 1)@+ o & sinoo))
(3.20)
N - FVE 2
<(v4ﬁ7)E>9 = Zj;)(m)”"’%(ﬁ) [F(F —1)®0(6) + M%(sin 08)(9))]
(3.21)
V x B)x B B2 v .
(( ><47r) X )T:_ﬁfﬂo(;o)QF 5[(F—1)B£0(9)—|—
FAo(0) F(F—1)A0(0) d  Ay9)
e e Y Bl Gy )] (3.22)
((v Xﬁ) x5y, - —ji) WLO 25 Imé(sme%o(m”
Ap(0) ,F(F —1)Ag(0) | d ,AY(0)
g sma s ) (3.23)
L ,
<(VX£>XB>¢ = —45;()(% 2 };ﬁl%(g)ci(sineBd,O(H))—
(F = 1)4(0) Bo(0) (324

sin @
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Some more calculations which will simplify the derivation of the r self-
similar ODEs follow:
In Ohm'’s Law (eq. (2.45)):

Vi o iy Bo o ps BO)  d 2(F — 1)*Wo(6) Bso(0)
c (VXB) = wo W poo(0) sin? 9d9( 6B50(0))+ poo(0)
1Oy DO | 4 A, (3.25)

The terms appearing on the RHS of Ohm’s Law (2.45), and of the energy
equation (2.47):

20 (0)2,(0) — ¥(0)Po(0)

< T B (3.26)
(B = e DA/((;)POO((HH)) st?O( HE e
7(6><§)-(E+ﬁ>;§)=
B0 (2 o5 L0 0B 0)(— (1)1 (8)0(0) + 10 D) A0l0)
e sin 0 do sin 0
AL DO (1) Baa(0) (0104 1D 0O D0
2(F - 1>%<e>i§)1<1§>9— FE)(60)40(0) F(F ;&AM jg(f‘orf? D] (3.30)

The LHS of the energy equation may be written as:

r . S -
12 (D) () = Ao D)€~ (- )P
Po

as shown in subsection (2.3.2) of the second chapter. It is preferable to
choose this form of the energy equation, as the terms on the RHS of the last
expression are easier to calculate. These terms are:
Yu, OP v ug OP
e A
w@o wo (__\ 00
(=) = (D)

y(i@- V)P =

wo
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Wi - V)P =
2eB§ 1 op 51— 1((F—2)W6(9)(€(9) — 1) &00) _ (F = 1)%(6)poo () (E(6) — 1))
Aoy o r sin 0 sin ¢ 000(9)(31% f)

2cBF 1 op_5(F —1)%(0)
4mTog g sin 6

Ypoc® (i - V)€ = ¢'(0) (3.32)

The calculation of the momentum equation’s (2.46) inertia terms (LHS)
can be simplified by mutiplying said equation by £() and rewritting the
LHS as:

22,2

5 )+ polV X (£y@)] X (&)

Evpolit - 9)(Exit) = o (S

by use of the identity:

(/Yﬁ)/f:ﬁ(f)—ffx (V x A)
So: . §2'y2u2 1 1 d {2’}/211,2 R
VI 2 ):%(L)@( 2 )0 =
wo
o E2422 A r d £%(9 v (0 2(F — 1)%y(0 A
V(§ 72 )= w0 o _1@ gé ) poo(ggszne i (pgo(G))sir(l)é ))2—1_72(9)%50(9))]9
(3.33)
(9 X (D) = () Lm0 Ou0) (330
(¥ % (€30 = — () '€(O)1(6)ugn(®) (3.35)
e 2 - D)) | d | E00)
(V X (Efyu))d) a WQ(WQ poo(@) sin 0 do poo(@) Sine)] (3.36)
[(V x (&yiD) X (§yid)], =
T a2 2 2(F = 1)%(0)E(0) 2(F — 1)Wp(0)E(0) | d , £(0)¥(0)
wo(wo) £0)r°(6) ¢0(6)+ poo(0) sin @ poo(0) sin 6 dG(pOO(H) sin 6 )
B (3.37)
[(V X (§ya)) X (§vid)]p =
wo | w0 poo(0)sind " poo(0)sind df " poo(0) sind
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YOO) @ ()00 0))] (3.39)

[(V X (&y)) X (£y@)]s =

A 0O (0)T(0) 2AF —%(0) 1 d

@y o poo(0) sin 6 ~ poo(6) sin® 6 sin g ap S 0601 (0)uso(6))]
(3.39)

3.2 The r Self-Similar ODEs

By substituting the relations calculated in the last section in the steady-
state equations (2.45), (2.46), (2.47), a 7 X 7 system of second order linear
differential equations will be derived. Three of these equations correspond to
the three components of Ohm’s Law, with three more corresponding to the
three components of the momentum equation. The last equation is derived
from the energy equation (2.47).

The # component of Ohm’s Law (2.45), using the definitions of the ve-
locity and the electric field (3.9) and (3.5), as well as the relations (3.14),
(3.15), (3.25), and (3.27):

L ixB

Ir =

)
)

2=
)

Bo, 1 \r-3_1 % (0) () d

wo | o sin 6 df wo | To poo(8) sin 0" poo(0) sin? 6 df

2(F — 1)2Wy(0) Bgo(0) F(F —1)Aq(9) i(A{)(G)))
poo(6) sin 6 sin 0 df" sinf

— 7(B)ugo(0)(

F(E -~ 13(0)20(0) + 1 L (00 0))] =
FA0(9>U¢0(9) 2<F - 1)&”0(9)B¢0(9)

[F(F=D@oO)+— 25—~ v(0)poo(0) sin @ 1=

wo) . wo)  d 2(F — 1)2W(6) Byo(0)

d
— % (sin6B 2 (sin6B
sin 0 df (sind ¢0(6))+p00(6) sin ¢ [poo(ﬁ) sin? 6 d6 (sin6B50(6))+ poo(0) sin @

1Opugo()" DA & A pip 1y opeo(0)+ 10 L (simaa o)) -

1 FAo(0)y(O)ugo(0) — 2(F — 1)%(6) Bgo(0)

[=(F = 1)(0)20(9) + sin g ~ poo(f)sinf

] =0
(3.40)
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The 6 component, with the help of (3.5), (3.9), (3.14), (3.16), (3.25), and
(3.28):

r r - d
PP B~y
2(F — 1)*%(0) Baol0) F(F=1)Ao(0)  d A)(0)

poo () sin 0 ~ 7 (O)uso(6)( sin 0 * @( sion9 )

—(sin@Byo(0))+

P = 13(0)0(0) + 2 g 1)) =
Bo, r \p370) ugo(0)Ap(0) — Yp(0) Byo(0)
wo(wo) 770(9)[ Po(0) + sin ¢ () poo(0) sin 6

2P - 1)B(60),  TO) d 2(F — 1Y0(0) Byo 6)
—(F=1)Bgo(6)- p00(0) sin 6 pOO(HO) sinZ 6 dé 265 0Boo(0)+ poo(0) sin 6 B
0(6) 7(0) d

F(F—1)Ao(0) , d AL o) FE(F=1)y(0)2 (9)+ﬁ@(

n 6%5(0))]—

B0 ——g a6 sin
1 / 7(9)%0(9)/1' () _ %(0)Bso(0), _
n0(0) = (O)Po(6) + sin 0 poo(0)sinf 0 (341)
The ¢ component, by use of (3.5), (3.9), (3.14), (3.17), (3.25), and (3.29):
(9 x By + 22X g gy, L5+ 220, 5
By, r g3 F(F—1)Ap(0) d  A}(0)
_;2 ;0 o sin 0 : +@( si0n0 )

2(F — 1)%0(6) Byo(6)

BO T @ (9) d
w0 VOO g g B OB O g

AOugo(e)(E DA A0 e vy 10 (sinaao)) -
o2y 200) AF = WO _FHOG)
|

wo wWo

6

@0 =0 10 (0) poo (0

EE_DAO) 4O L oyugeo)
—1)2 _ ,

- piiéfifJ?“@ A Oao0) O LT P12 0)200)

2(F — 1)0y(8)4(6) — F3(0) Ag(6

~v(0) d , . p 1
sin 6 @(sm 62 (6))]- 10(6) poo(6) sin? @

o6 S8 (WO)(SHI)H p ja (sin@Byo(0))+

) _o (3.42)
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The energy equation (2.47), with the help of (3.12), (3.26), (3.30), (3.31),
and (3.32):

109N (9P = LT x B (B+ 2 F) 9 5T E 4=
2cB2 v s (F=1)¥(0) ,
Tarmm) sme SO
2eB5 1 op_s T — 1 (F = 2)Z(0)(E(0) — 1) — (F — 1)%(8)(ppo(0)(€(0) — 1) + poo(0)€'(6)) _
4oy o r p00(0) sin O
cB2 r r u
(LS im0 (0) (— (F— 1) (0)a )+ L LI
2(F — 1)%(0)Bgo(0), . N sy, Y(O)ugo(0)AG(0)  W5(0)Bgo(6),
POO(Q) sin @ ) (F 1)B¢0(9)( ’Y(g)@()(a)_’_ sin 6 900(9) sin 6
BO(L)2F75(F _ 1) 25!70(0)¢6(0) — EZ/(/](‘g)@()(e) & L)F*3[F(F _ 1)450(0)+

wo poo(@) sin 6 wo TWo

1 d c¢B? r
—(sin 68,(0))] — —>(—)* "° Ao (6
sin 6 dﬁ(bm 0(6))] 47Tw0(w0) o(0) =

I —12(F = 1)%(0)(E0) = 1) ppo(0) I =1 2F - 4)%(0)(§(0) —1) 2(F - 1)%(9)5,(9)_
r sin 0 poo(0) r sin @ I'sinf

0B (0)) (~ (F—1)y(O)o(0)+ RO D

(0)ugo(0)Ap(0)  ¥5(0)Byo(0)
sin 0 poo () sin 0
F(F—1)Ap(0) d  A}(0)

sin @ = @( sion9 )=

(F — 1) Byo(0)(—7(0)}(6) + ~

2(F — 1)00(0)45(0) — F(6)Ao(0)
poo(6) sin”
20, (0) P (6) — W5 (0)Do(0)
poo(0) sin 6

(

(F—l)[F(F—l)@O(G)—i—ﬁd%(sin 08/, (0))]+40(6) = 0
(3.43)
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The 7 component of the momentum equation (2.47), using (3.18), (3.20),
(3.22), (3.37), and the definitions (3.9), (3.12):

2 2u2 . . val o = >3 =4 i
1009 (L) ol x () x (v, =~ Py DT XBVXEB 0T
5 2(F — U(0)E(6) 2(F ~ EO(6)

(== )27 =5[2(8) poo (6)72(0)uZy (6)+

_47rw0 (o)
4 OO B v sl 1
@ sn ) = T )T CF ~ DE@)pm®)(E(6) ~ )+

sin poo(0) sin 6

B (oS5 1)e ()00 (0)[F(F — 1)@0(8) + —— L (sin 6 (6
m(;o) (F=1)£0)P0(0) [ F(F—1) 0()+@@(Sm o( N]—

FAy(9) F(F—1)Ap(0) d  Ay(9)
sin sin @( sin NI=

Bg r ar—58(0)¥5(6)Ao(0)
47T?D(] w ,000(9) sin 6

By (1 paresg()((p-1) B2 (6)+

4oy g

2(F — 1)%(0) 2(F — )% (0)§(60) | d  £(0)%(0)

~&(0)poo(0)7* (0)ug(6)—

sin 0 p00(0) sin 6 df " poo(f) sin 6
o @F —4)000(0)(E(6) 1)~ (F—1)o(8) (P~ 1) (6) + 2 (sin 6 (0))] +
(- 083(0) + L T+ N+ 2 s ~
(3.44)
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The 6 component, with the help of (3.19), (3.21), (3.23), (3.33), (3.38),
and (3.9), (3.12):

L2422
[poV( 72

)+po[V X (EvT)] X (£4@)], = —[E(VP)+E

(L pun(0) ) Oy 2D

a 222 ()]
8r@o @ df poo(6) sin 6 poo () sin § )77 (0)ugo(6))]

B§ T oo Wo(0)  2(F —1)W(0)E(0)  d  £(0)¥(0)
47Tw0(w0) ,000(9)5(9)[/)00(9) sin 6 poo(6) sin 6 d " poo(f) sin 6

v 2 r —
1OWaA0) im0 0y Bhuon(0))] = ol (P> L L)l 0)n(0)+

sinf  dof 4mtog o I

(£(0)=1)po(6)]+

2
By T \oF-5

BS (T a5 0\ () [ F(F—1)B0 (6) 4+ —— L (sin 00 (8
T \mr) SO O)FF-1)Po(6)+ 7 7 (sin 62 (6))] -

Byo(6) d A(0) PP~ 1)Aof6) | d A0

EO)[= 5" 2 (5B (0))+ 5 g 75 ing )

Bg r o5 2(F — 1)£(0)%(0) Ao (0) N
471'@0 wo p00(9> sin 6

4oy g

2(F = 1)%(0)§(0) o (0)
poo(6) sin 6 sin 6

20001 OR0®) 9 i 0y (B)ug09)) -

poo(0) d (2(F— 1)&(0)%0 ()

2¢(6) do poo () sin @

)2+ E2(0)7* (0)ugo (0)]+

LI 0)pon(8)+(€(0) 1) ()]~ P4 0) [ (P~ 1)Bo(0) 4 - (sin 65 (0)] +
/ - / —1)W(8) Ao (6
B0 oy A4 L= D)4 0 2 0
(3.45)
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The ¢ component, by use of (3.24), (3.39), (3.9), (3.12):

2 2u2 . R = . — =, =1 =4 i
1009 () o9 x (i) x (i), = (v Py e LV X B XE 220
B2 7 g EOWL0) 2(F-1)%(0) d , . -
quﬂo (%)QF 5p00§(0)(0)[7(9)u¢0(9)poo (G)gin 0 o) Sin%g =5 (S10E(0)7(0)us0(6))] =
2 r . /
2 (Lo (o) (L) (im0 o (0)) - OB g 0)10000) =
10y DO A 0O e 05 (0100 0))+
A0 @ im0 - T DZ0OB0OL 100010000 = 0

(3.46)

Equations (3.40)-(3.46) comprise the 7 X 7 system of ODEs that describe
the behaviour of a steady-state, axisymmetric, radially self-similar, magne-
tized flow with a finite conductivity. One additional equation for the flow’s
Lorentz factor v(6) is required. This equation will be derived through the
Lorentz invariant: U,U*.

This is:

U, U" = —? = 2P+ = - =

2
U YU Yug Yu
72=1+7202:w=\/1+( TR () (7 0)?

By use of (3.9), the last relation can be written as:

B ! (0) 2F — 1) (0)
7<9>—\/1+<p00(g)sin0>2+< g )T OO0 (347)

In conclusion, the full set of equations to be solved is the 7 X 7 system
(3.40)- (3.46), together with equation (3.47) which determines the flow’s
Lorentz factor as a function of 6, by relating it to the flow’s four-velocity’s
spatial components.
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3.3 Specification of the Flow’s Critical Surfaces

The study of this system of ordinary differential equations with respect
to its singular points is a necessary step to be taken before attepting to
determine any solutions, especially if one’s goal is to determine solutions
describing outflows from disks and central objects. The reason for this
necessity is that the number of singular points of this system of ODEs, as
well as their positions 62, coincide with the number and positions of the
conical critical surfaces of the flow. As will be shown in greater detail, the
polar angles 6%, at which the singular points are located are those angles at
which the flow’s 6 four-velocity becomes equal to the propagation velocities
of the different types of perturbations that may appear and propagate in a
magnetized flow. In order for a solution describing a radially self-similar,
relativistic outflow to have physical meaning, its 6 four-velocity should in
general become equal to these characteristic velocities, modified properly as
a result of r self-similarity, at the respective conical critical surfaces, and take
larger values downstream. In the case of an ideal flow these perturbations are
the Alfvén waves and the slow and fast magnetosonic waves. So, solutions
describing an ideal outflow in general cross these three critical points.

The crossing of the modified fast magnetosonic critical surface is most
important, as it is the limiting surface for the causal connection of the flow’s
source to the flow at infinity (large distances). Any perturbation which starts
beyond this surface, for example at infinite distance form the source, and
propagates downstream along é, will never be able to reach and affect the
base of the flow, as due to the correct crossing of this critical surface, the
flow has a velocity larger than the largest possible propagation velocity of
a perturbation in an ideal plasma, which is the modified fast magnetosonic
velocity. The term modified arises from the fact that the regular expression
for the propagation velocity of fast magnetosonic waves is modified, as a
result of the geometry of a radially self-similar flow. [13], [16], [24]

In the case of a radially self-similar, relativistic, magnetized flow of finite
conductivity, the number and type of critical points changes. From a math-
ematical standpoint, this is due to the fact that the system of equations
describing such a flow is fundamentally different to the one describing a flow
of infinite conductivity.

In order to specify the singular points of the system of equations derived
in the previous section, it should first be simplified into a system of linear
first order ODEs:

Y' =F(,Y)

with Y the column vector of the system’s unknowns, and F' a function linear
with respect to Y. The system may then be further simplified into the form:

Y'=DY 4+ P (3.48)

with D the matrix of coefficients, and P a column vector.
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Due to the complex forms of the equations comprising this system, it is
much simpler for it to be written in the following form:

GY' =H (3.49)

in contrast to the usual way of writing linear systems of first order ODEs in
matrix form (3.48).

The system’s singular points are the points at which the derivatives of
the unknown_functions become indefinite. If the elements of Y’ are written

in the form o then at a singular point:

dy; 0

a9 0

The singular points can be determined by examining the determinant of
the square matrix G. Specifically, the angles 6. at which the determinant
vanishes are the locations of the systems’s singular points.

Before attempting to write the system of equations in the form (3.49), the
equations must be transformed into first order ODEs by properly defining
some of the terms appearing in them as new unknown functions. After that
is done, the elements of Y, GG, and H may be determined. By examining
equations (3.40)-(3.46), it can be made clear that these new functions must
be defined as:

A4(0) = 205 (3.50)
0y (0) = fffe) (3.51)
@1 (0) = sin 6&(0) (3.52)
Equations (3.40)-(3.46) then take the following forms:
7 Ohm’s Law component (eq. (3.40)):

1 vie) | d, . V(O)ugo(0)¥1(0) dA1(0)  ~(0)P1(6) dPi(6)
g™ pgo(é) sing) dg S 0Be0l0)) - —— o A0 poo(0)sind do
_(0) 20F 1)) Buo(6)  F(F —1)y(Ouso(0)Ao(0) .

poo(6) poo(f) sin 0 sin ¢ HEE-D10)2O)+
I FAo(0)y(0)ugo(0)  2(F — 1)¥(60) Bgo(6)
?70(9)[ (F = 1)y(6)o(6) + sin 0 poo(0) sin 0 ]

(3.53)
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0 Ohm’s Law component (eq. (3.41)):

2AF RO oo 2~ DR Ousn(6) d41(0)

p3o(6) sin? 0 do poo(0) sin 0 o

2(F = 1)(0)%(0) do,(0)
£00 (49) Sin2 0 do
F(F = 1)y(8)ug0(0) Ao(6)
sin 6

1 [_7(9)9151(9)
no(0)

i 2(F — 1)%(0) 2(F — 1)*Wy(0) Byo(6)
= (F=DBo(0)+ poo(0) sin 6 poo(0) sin 6

+ F(F = 1)7(0)®0(0)]+

- (B)ugo(0) Ay (8) — LO)Bon(®)

sin poo(0) (359

¢ Ohm’s Law component (eq. (3.42)):

7(?02?35?519@ d%@in 6B40(0))+(~1—77(8)uzo (6))

dA +’Y2(9)U¢0(9) d®,(0)
do sin 6 do

F(F ;52140(9) _7(9)%0(9)[2(}7 —pizif)os(frl)03¢o(9)_F(F— 1)7519£Z¢0(9)A0(9)+

1 2(F — 1)%(0)A1(0) — F Ao (6)%:1(0)
FOE=10)20(0)) + no(0) poo(0) sin ¢

(3.55)

The energy equation (3.43):

_ Sirll (P (0)0(0)+ Fv(e)usqisfl(g)Ao(G) 2AF _polo)(i())(si)jw(e) | %

I —12(F = 1)(§(0) — D% (0) dpoo(0) _ 2(F — 1)¥(0) d£(6)

r poo(0) sin 0 de I'sinf do
2(F —1)¥(0)A1(8) — FAo(0)¥1(0) dAL(6) F —1 20 (0)P1(0) ¥1(0)Po(0), dP1(0)
poo(6) sin @ de sin * poo(6) sin? @ poo(0) de

r—-1 F(F —1)200(0) ,29,(0)P1(0)
T(QF—ZL)(S(G)—U%(@)‘F 00(0) (

(sin@Byo(6))+

20 —¥1(0)Po(0))—

(F — 1)B¢o(9)(—w +v(0)ug(0) AL (0) — M)_
sin 6 p00(0)
F(F —1)Ag(0) 2(F — 1)¥,(0) A1(0) — F Ao(0)¥1(0)
sin 0 poo(0) sin

~Ao(8)  (3.56)
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7 momentum equation component (eq. (3.44)):

2(F — 1)W(6)71(9)(0) dpoo(8)  2(F — L)(6)74(9) dE(6) | FAo(8) dA1(6)

P2, (0) sin 6 do poo () sin @ do sinf  df

2(2;2?;(?;(9) dwée(m & —Siln)jo(a) d@dle(e) = £(0)poo(0)7*(0)uo (0)+

AF = D)23(0)E06) I -1
poo(0) S?n2 0 T (2F —4)(§(0) — 1)poo(0)—

F2(F — 1)A3(0)
sin’ 6

U (60)Ao(0)
poo(0)

— (F = 1)B3y(0) + F(F — 1)*®3(0) — (3.57)

0 momentum equation component (eq. (3.45)):

Peall) im0y (0)) + (€011 O)ol8) ~ EO11(@)uao(6)

d(y(0)ugo(0))
an

(' = 1)) - 1)

(LZDEO =D e e

2F — 1)8(6) o dpool®) T —1 . 2(F — 1)(0)
poo(0) sin 7 do il r + poo(0) sin 6 )Q]poo(H)WjL
d“‘d;”) —iil(fe) ddsdl@w) — oo B0 (B)uZgf ot 0+ 2L —;3@()9;&?9(0)5(9) -
A(F — 1)20(0)¢(0) cotf,  F(F — 1)do(6)d(6)
poo(0) s(;ne (72(8) = %o(6) )+ sin 0 B
F(F—1)Ap(0)A1(0) N 2(F — 1)¥y(0) Ao (0)
sin 6 poo(0) sin 0

A1(0)

sin 6

Beol0) 4 (cinp o0y + L= DEO =D g et
— — 0 dé(0 dA(0 D1(0) dd+(0
ot + U o) 5 + (o) g™ - S )

2(F — 1)%(0) 9, dpoo(0)

2(F = (O (0)£(0) _AF = 1% (0)£(0) cot 0
pon(B)E(O)* (O)uget cot b+ ——— e = (L (O)—%0(®)

)
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¢ momentum equation component (eq. (3.46)):

Fsi(;(g) d%(sm 0B, (0)) — 2= ;)fg(e)é (0) d(’y(e)dl;m(ﬁ)) -
e D&DZS)HW)%O(Q) dfl(:) =2(F - 1)%(9)7(9)%0(0)5(9):ioﬁz_

U1(0)7(0)ugo(0)(0) + (F' — 1) A1(0) Byo(0) — 7(0)ugo(0)Ao(0)  (3.59)

Equation (3.47) will then be rewritten as:

- o), 2(F — 1) (0)
v(0) = \/1 + (,0010(9))2 + (W)2 + (v(@)ugo(0))? (3.60)

3.3.1 The Modified Sonic Critical Surface

In order to calculate the determinant of the matrix GG, its elements must
first be defined, by writing the system of equations (3.50-3.59) in the form
(3.49). Firstly, the matrix Y is defined as the column vector:

v, Ao(6)
Y 7o (0)
Y3 Po(0)
Y sin 6 Byo(0)
_ | Y5 | _ | 7(0)ugo(0)
YR | T ew® (3.61)
Y7 £(0)
Ys A1 (0)
Yy w1(0)
Yio 1 (6)

The unknown functions of the system are the elements Y;-Y1g of the column
matrix Y, as those are defined in (3.61).

Having defined the matrix Y, and in consequence the matrix of the
derivatives Y’, the elements of G and H may then be defined by use of
(3.49), and of the fact that each line of (3.49) corresponds to one equation
of the system (3.50)-(3.59), in the order that these equations appear in the
previous pages. Specifically, the first three lines of eq. (3.49), correspond to
the definitions (3.50)-(3.52), while the fourth, fifth, and sixth line to the 7,
0, and ¢ components of Ohms’ Law respectively (egs. (3.53), (3.54), (3.55)).
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The seventh line is the energy equation (3.56), while the eighth, ninth, and
tenth lines the 7, é, and d; components of the momentum equation (egs.
(3.57), (3.58), (3.59)). Equations (3.50)-(3.59) can then be written in the
more compact form:

> GiyY] = H; (3.62)
j

The first three lines of G, as well as the first three elements of H, according
o (3.50)-(3.52), are:

L] G11 = 17 Glj = O, for j 75 1, and Hl = Sll’l@Al(Q)

o G22 = 1, ng = 0, for ] 75 2, and H2 = sin@%(@)

D(0
o G33=1,Gg =0, for j # 3, and Hy = 1( )
sin ¢
Lines 4, 5, and 6, according to (3.53)-(3.54):
1 wZ(0) 1 YUy oy U (0) uy
= = ]_ =
* Cu sinO( ng(G)) sine( + c %), since poo(0) c’
where 1 = 71(0) , by use of (3.9) and (3.51)
¢ poo(f)
(O ugo(0)1(0)  yug yu,
. Cus= - = LTt
po0(0) c c

with LZ‘f’ = 7(0)ugo(0), according to (3.9)

VO (O) v yur
poo(0)sinf  sinf c

e Gyj =0, for j #4,8,10

e G0 =

T 21() [2( 1)%(0) Beo(0)  F(F — 1)v(0)ugo(9)Ao(0) 4
: ~ poo(0) poo () sin 0 jin 6
FP=19(0)00(0)]+ — (P = Dy (@)n(o) + )
2(F — )0(0)Bio0),
poo(0) sin 0 I=
Hy = =2 (F 1)1 By — (F— 1)1 By — FryEyo) 4+ ——[yEvo —
c c c 770(0)

Yu up
TqﬁBeo + LB¢>0]

FAo(6) yug _ 2(F - 1)%(6)

where E.g = —(F—1)®y(0), Bgo = —
from (3.3), (3.5), (3.9), and (3.51)

)

sin @ c  poo(H)sinf

)

50



CHAPTER 3. RADIALLY SELF-SIMILAR RRMHD FLOWS

2AF — (O (0) _ vur yug

G = — g
* o p3o(0) sin 6 c c
_2(F - 1)%(0)y(0)ugo(6) _ yug yue
o Gsg = . =
poo(0) sin 6 c ¢
o Goro = 2EF =1 (O)%(0) v que
o10 ,000(9) Sin2 0 sinf ¢

e G5; =0, for j #4, 8,10

o s () B (o). 20 = F0(0) 28— 1H(0)Byo(®)  F(F 1) Ao(0)(O)usa(®) |

1pog(9) SES)H@ i poo () sin @ — sin 0
i 1 $0
F(F-1)1(O)20(0))+ o (== g —+7(0)usn(6) 41 (0)-— o=
Hs = (F = 1)Bgo — 22 ((F = 1) =2 Boo — (F = 1) =22 Byo — FyEyo] +
ihan + MBro -2 Byl
0 c ¢
d1(0)

where Fgg = — and Bro = A;(6), according to (3.3), (3.5),

(3.50), and (3.52)

7(9)u¢0(9)l1/1(9): 1 ~yur yug
poo(0) sin 6 sinf ¢ ¢

sin 6

o Gpy =

o Gos = —1-2(0)udy(8) = —1— (122)2

C

. C :72(9)%0(9): Y YU
610 sin @ sinf ¢

o Ggj =0, for j #4, 8,10

F(F — 1) A(6) 2(F — 1)20(6) Byo(6)  F(F — 1)1(8)ugo(6) Ao(6)

o Hs— T—v(wuw(@)[ 00(60) sin 6 B sin 0 i
1 2(F — 1)W(0)AL(0) — FA(0)(0)
F(F = 1)7(0)®0(0)] + : -
( )(0) 0(7)71 10(0) o poo(6) sm@u
Hg = —F By — Tqb[(F - 1)7(1)390 - (F - 1)LCQB¢0 — FyErol +
1 vyu, U
™ Boy — 120 B,y

- c
The seventh line corresponding to the energy equation (3.56):

o Goy = _$[_( F 1)y (8)0(6) +Fv(9>z$(99>140(9> F ;Ot))(agg)(si)jw(e)] _
Yup ]

YU
YE — 2% Byo + — Byo
C C

sin 6
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[ —12(F - D0(6)(EO) —1) (I = 1)(E — 1) yug

* Gro=—F 00(0) sin 0 - r e
o G = _2E=1)%(0) _ pooyue
77 I'sin6 I c
1 _ ,
o G78 _ 2(F )%(Q)Al(ﬁ) FAO(G)%(G) _ YU Bgo _ MBTO
poo () sin 0 c c
o G =1 200)81(0)  ¥1(0)Po(9), _
0 sinf " pgo(6) sin? 6 poo(0)
I yuy Yug
— E, —F
sin0( c ot c »)
o G7j =0, forj#4,6,7, 8,10
-1 F(F —1)2®4(0) 2Ws(0)P1(0)
H; = —(2F -4 0)—1)¥ (0 —
o Hr= T (P = )(E(0) - Din(0)+ L 2R
)P (0 U1(0)Byo(0
01 (0)00(0)) ~(F—1)Bao(0)(— L 22 (9)050(6) 1 (0) - LD D00
0 00 (6)
F(F — 1)Ao(6) 2(F — 1)(60) A1(6) — FAy(0)7(6)
, . — Ao(0) =
sin ¢ poo(6) sin 6
= (o - ) T VEZ D0 g Sy T
U Uy Uy U
(F*1)3¢0(7E90+LC¢B7~0*76 B¢0)+(F*1)Beo(76 BGO*LCQBMJ)*
Ao

The last three lines, which are the three components of the momentum
equation:

. G — 2(F - 1)%(0)¥1(9)§(0) _ _ Ut
86 P2, (0) sinf c c
2(F — 1Y, % r
o Gg7=— ( ) 0(.0) 1(0) - MPoo
poo(0) sin 6 € ¢
FAyO
* Gss = sir(l)(H) = ~Beo
R C2(F - 1)%(0)8(0) 740 ¢
5 poo(6) sin 0 ¢
_ (F-1)(0) B
* Gsio = sin 6 ~ sing

e Ggj=0,for j#6,7,8,9,10

o Hy = £@)pon(0)72(0)u2y(0)+ 2~ VOO T=1iop yyep)

F2(F — 1)A2(6) ool 0 . 1 () Ao (6)
1
3 0 —(F—l)Bzo—kF(F—l)Z@%(H)—W

1)poo(0)—
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PoDEZD sy (r1)(Biy

YU YU
s = Epoo((122)24 (14272 - 2 )
Uy
B%)) + FEZ%) - 'YC Ao

o
_(IT=1EO)-1)  2F - 1)%(9) _
¢ Gos = r — po0(0) sin 6 )E(0) =
(F — 1])_1(5 — 1) _ (%)25

o Gur = puo®)  + U] = ol + (122

e Gogg = A1(0) = Bro
®1(0) _ Epo
sin?f  sinf

e Ggj=0,for j#4,6,7,8,10

o Gogig = —

o Hy = poo(0)E(0)12(8)u2,(0) cot 6+

(F = )% (0) %1 (0)§(0) AF — 1)*W(0)€(0)

poo(0) sin 6 poo(0) sin 6
Py ()

(¥1(0)—

cot§ | F(F = D@o(0)P1(6) F(F ~1)Ae(6)Ai(0) , 2(F — 1)%(6)Ao(60)

I sin @ B sin 0 poo(0) sin 6
E

Hy = poof(w)2 cot 9+POO§M[2(F—3)WUT+E cot 0] —F —" T

c c c c sin 6

sin 6

yugAg

(F' —1)ByoBgo —

29 sin @
2(F — 1Y (60)E(0
o Gios = — ( si)ng( )E0) _ %Poof
2(F — 1Y (0)~(0 0
.« G — — ( )P0 (0)7(0)ugo(6) _ e

sin @ c c

o Hig = 2(F ~ )I(0)1(0)ugo(0)E(6) o g — 11 (011 (6)usn(8)6(0) +

(F —1)A1(0)Byo(0) — v(0)ugo(6)Ao(0) =

A
T (Tl 4 T 0t 0) + (F — 1)ByoByg — L2020
C C C

Hig = —poog

The determinant of G may now be calculated:

Det(G) = (B LM 1y (20 oy (L D)

I'sinf c c 2-IN¢+1I -1
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The angles at which Det(G) = 0 are the locations of the flow’s critical
surfaces. These angles will be determined by setting each factor of the
determinant of G equal to zero.

The first factor:

0

(2= D)+ T = 1vpgol” Yuea _ o Yuo
I'sinf ( c )'=0= c

So, the first critical surface is an arbitrary one found at the angle 6., at

which the flow’s 8 four-velocity becomes equal to zero. When attempting

U
to retrieve disk-wind and jet solutions, 749 _ 0 can be used as boundary
c

condition for the flow’s 6 four-velocity on the midplane ( = T of the disk-

source of the flow. So, the first critical point is located on the midplane at
T
92,,, . 5
The second factor:

1= (Z)(sin 6 - 1)]

is positive for all possible values of 6.
The third factor:

(-1 -1 JUG 2y
[Q—Fﬁ+r—1_(?%}_0

gives the location of the second critical point at the angle 2, at which:

Tug _ \/ (F - 1)(5 - 1) (3.63)

c 2-Ié¢+1I -1

The expression on the RHS of (3.63) is the modified sonic speed:

Cs

%¢U¥U®4) c
c \@2-D)¢+Tr—1 2

1— =2
2

rp
where ¢5 = 4/ Eonc? the regular speed of sound for a hot gas. [13]
poc

The conical surface § = #2, then, where (3.63) is satisfied, is called the
modified sonic critical surface.
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3.4 Specific Cases

Two specific cases of resistive, relativistic, r sef-similar flows, with respect
to the radiative losses term A (6), will be studied in the context of this thesis.
The first is the case of a flow with no radiative losses, for which A4 (8) = 0.
The second case to be investigated is a flow which radiates a percentage
of the total energy dissipated as heat due to the plasma’s resistivity (Joule
heating), with a A given by:

- o @xB i-E

) =]
C C

| =

. . . @xB
A:w(g(VXB)'(E—i-u

S

- o U
) = (V- E)?)
As it will be shown in detail, the system of ordinary differential equations
describing a radiative flow, displays significant differences to the one describ-
ing a flow with an undefined Ay(0) (egs. (3.50-3.59)), presented in section
3.3.

(3.64)

3.4.1 Non-Radiative r Self-Similar Flow

The system of ordinary differential equations describing a flow with zero
radiative losses can be derived by setting the function Ay(f) appearing in
equations (3.56)-(3.59) equal to zero. This flow then is described by the set
of equations (3.50)-(3.59), with Ap(#) = 0.

The system of equations describing a non-radiative flow may be expressed
in a form analogous to (3.62):

Z GlY/ = (3.65)

The elements G?j of GO are exactly the same as the elements of G defined
in the previous section. The elements H?, Hg, Hg , HIOO, are the only ele-
ments of H which differ from their respective elements of H. They can be
calculated by setting Ay(0) = 0, in H7, Hs, Hg, Hio.

3.4.2 Radiative r Self-Similar Flow

The radiative losses term profile Ag(#) of a flow radiating a fraction 7 of
the total energy dissipated due through ohmic dissipation, can be defined
by applying the separation of variables presented in section 3.1 on equation
(3.64). The radiative losses profile Ag(f) is:
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Ao(0) =
1 Fy(0)ugo(0)Ao(6) 2(F — )%( )B¢0( ), d
2(F = 1)¥p(0)A1(0) — FAo(0)¥1(0) dAL(0) | F — 1 2W(0)P1(0) do1(0)
—U1(0)Po (6
poo () sin O do +p00(9) sin? 6 1(6)20(6)) de +
F(F = 1)280(6) 20(0)81 (0) 2(0)81(6)
—U1(0)Po(6))—(F—1)Byo(0)(—————=+~(0 0)A1(0)—
— OO, 0)20(0) (1) Bao(0) (=D 3 0)u(0) 41 6)
B1(0)Boo(60), F(F — 1)A0(8) 2(F — 1)%(6) A1 (6) — FAy(0)%:(6)
- . . ] (3.66)
poo(0) sin 6 poo(0) sin 0
The system of equations describing such a flow is the one that emerges
after substituting Ap(#) in equations (3.56)-(3.59). The substitution can be
made easier by expressing Ag(f) in terms of the elements of G, H, and Y’
appearing in (3.65). To that end:
dYy dYs(6) dY10(0) I'—1
Ao(0) = n[-Gra— 70 1 Grs 10 —Gr10 70 HHr——— (2F—4)(£(0)—1)¥1(0)]

(3.67)
Additionally, the ordinary differential equations describing the flow will be
put in the form:

> GiyY] = H; (3.68)
J

The matrices é H are in essence the matrices G° and H 0 now modified,
due to the existence of Ay(f), as defined by (3.67). The elements of the
new matrices G and H will be defined by substituting (3.67) in equations
(3.56)-(3.59), expressed in the form (3.68).

The energy equation (3.56) then is modified as:

dY, dYs(0)
a0 T

-1

dYi0(0)
do

dYs(9)
df

dY-(0
+ Gy 7( ):

+ G710 70

(1 —m)[Gra ]+ Gre

(2F —4)(£(0) — 1)¥1 (0)+

F(F —1)20¢(0)
poo(6)

7(0)21(6)

sin @

20 (0)21(0)

sin? 6

(1—m)]

( — 1(0)Po(0))—

+v(0)ugo(6) A1 (8) — W B

F(F —1)Ao(0) 2(F — 1)%(0)A1(0) — F'Ao(0)¥:1(0)
sin 6 poo(0) sin 6

(F = 1)Bgo(0)(—

I (3.69)

As can be seen from the previous equation, the elements Gr4, Grs, and G719
of the seventh line of G have been modified:
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. é74 = (1—7T>G74 = —1‘_ F[_(F_1>7(0>@0(0>+ F’Y(G)U¢O(0)AO(9) B

2(F ~ 1)%(6) Buo(6) "1

sin 6

yu Ug
YEr — ?QSB 00 + LB¢>0]

p00(0) sin 0 sin 6
o« Grg = (1—m)Grs = (1 — W)2(F - 1)%(6;)021<16§)9;;0FA0(9)%(0) _
I )
g s

while the elements G7¢, G77 have remained unchanged:

I —12(F — )%(O)(EB) —1) (L= 1)(E—1)qup

* G5 =Cro = r poo(6) sin @ T r e
~ 2(F —1)¥y(0 u

The RHS H7 is also modified :

~ — _1)2
it = T2 or—aye0) - 1)+ (- EE 00 20RO
2 (0)20(6)~(F~1)Bon(0)(~ 2D 45 0 0)00) - 2700
PP~ 1) Ao(6) 2(F = DIG(0)Ar(0) — PANO)I:(6),

sin 0 poo(6) sin 6

r = (1 - m)Hr + m— L 2F — 4)(€(6) — )71 (0)

The system of equations describing a radiative flow is consequently char-
acterized by the new matrices G and H, which differ significantly from the
ones describing a non-radiative flow, as will be shown next.

After substituting (3.67) in the # component of the momentum equation
(eq. (3.57)), the resulting equation in the form (3.62) is:

dYs dYr dYg dYy leO B
Gse—- a0 + Ggr— 20 + Gsg— - 20 + Ggg—— 7 + Gglo—— 7
¥ (0) dy, dYz(6) dYi0(6) -1
Hy=m @) Oy~ —gp G THr— =~ RF-4EO)-Dn0)] =
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o) . dv, . dYe . dvs Lm0, %, dY
T o (@ O ag TGy TG (G o g Grs) g+ Gso gt
") ., i o) . -1
- H—t =L or—a)(e0)- 1) (0
(Gg10— TFPOO(Q)GHO) 70 8 Wpoo(9)( [ ( )(E(0)—1)¥1(0))
(3.70)

The non-zero elements of the eighth line of G appearing in equation (3.69)

are:

5 o wme) ,,  wm(e) Fy(0)ugo(0)Ao(6)
o Ggy = — 000 Gry = Wipoo(e) sine[ (F—1)v(0)Po(6)+ 0
2(F — 1)¥%(0)Byo(0),  ~yuyr Yug M
poo(0) sin 0 I= 7TcsinGhETO ¢ Boo + Bool
¢ Gy = G = 2EZDOOBOE0) 710
PGo(0) sin c c
AP )ROO) ey
¢ Gor=Gyr = - poo () sin 0 c ¢ PO
G W) FA0) I(6) AF — DI(0)A(6) ~ FA0)(0)
88 88 y po%(H) & usin@ poo(0) poo(0) sin @
—Byo — T(hBeo - uBro)
¢ c c
S 2(F = 1)W(0)6(0)  yue
o Ggg = Ggg = — 200 (0)sin 0 — ¢
5 10 _ (F-1DP(0) , W(0) F—1 20(6)P1(0)
¢ Gsio = Gyro=m - Grio = snd " poo(8) sind \poo(0) sin26
U (0)Po(0),  Ero YUy YUy Yy
000 )= sin 0 ﬂcsinG( c ETO+7E00)
The element ﬁg of H:
o o=ty w2 (1 - T L op — ) e(0) - V(o) =
o i mee
~ A(F — 1)202(0)¢
O N
_ 2 2
Lo - a)(60) - Dooo(0) - DA pyp2

0
29y (0)21(0)

W1(0) F(F — 1)280(0). ) )
F(F—1)2@%(9)—ﬂp00(6)[ @ smzg " (O0(0)
(7 = 1800222 o 9)uga(0,(0) - L0, _

sin p00(6)
F(E — 1)Ao(60) 2(F — 1)¥o(0) 41(0) — FA(0)71(0),
sin 6 poo(6) sin 6
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5p00((70¢) + (%)2) — (2F — 4)H1f5_”p00 _
(F — 1)(B}, + B3y) + FE% — 77:7“[ FErO(,Y:TE . %an)

Yy

U
(F=1)Byo(vEs0+"—2Bro— " Byo)+(F=1) Boo( " Bao— 1= B0)]

The 6 component of the momentum equation, after substituting (3.67) in
(3.58), in the form (3.62):

2(F — 1)W(6)
poo(@) sin 6

dY4 dY6 Y 2F — 1) (0) , .dYs

(Goa—m G ) G96 G97 +(Ggg—m PROETT 78)%

2(F — 1)%(0) r-1

(H7— (2F—-4)(£(0)—1)¥1(0))

2P = 1)0(0) o, (dYio
r

(Goro— poo(0) sin 6 ) =g poo(6) sin

The non-zero elements of the ninth line of G:
2F —)%(0) . Bylh)

¢ Gos=Goa—m poo(0) sin 6 "7 Tsing

2P DW0) 1 oo 4 PO A0(0) 2F ~ 1)0(0) Buo(6)

poo(0)sinf  sin 6 I=

B 1

ﬁ - ﬂvch sm@hE 0 7B 60+ Z(’ Bool

S I=DEG) -1 2F - D)w(0)
e Gog = Gog = T poo () sin @
(F-DE-1) v
- (7)25

r-1 2F-1)%0).,  IT-1  ~u
r POO(G)Sir?H )2]_P00[ ia +(7)2]

o Cos = Gog — n 2= %0O0)
poo(6) sin 6
a6 — 2 = D00(0) 20 — )0(0)41(6) — FA(O)1(6) _
! poo(6) sin 6 po0(0) sin 6
Byo + w%(’VZ’“B

sin @ p00(0) sin 6

)%(0) =

o Gor = Gor = poo(0)]

Yug
00 — ?Bro)

e G 2AF = 1)(0) Di(0) 2~ 1)(0) F — 1 2Wo(0)1 (0
= - M— = — i —_
N0 T (@) sin 0T T sin?0 ' poo(f)sind  sind  poo(6) sin
U1 (0)P(0 E r
1(60)Po( )): oo _ ot ET0+’Yu9E00)
000 sin 6 csinf " ¢

The element H 9:

2F —D)%(0) T 1
poo(6) sin 6 ’ r

° ggZHg—i-?T

59



CHAPTER 3. RADIALLY SELF-SIMILAR RRMHD FLOWS

2(F — 1)% ()1 (0)§(0) _ A(F — 1)*Wo(0)€(0)

Hy = poo(0)£(0)7*(0)u3y(6) cot 6+ 200(0) sin T oo(0)sin (¥1(0)—
ot , =t E e,
2
2(5;0(92%(99) o ,000()9) = Q%S(ien)f ) D o)) -
(= 0B )~ 1 0)us0)1(6) - PO D0 -
F(F = 1)A0(8) 2(F ~ )% (6)A1(0) — FA(O) (6) _
sin ¢ poo(6) sin 6
Ty = pon(L22)? cot 0 poo€ T2 [2(F—3) 10+ 12 cot )00 g ) +

u
(F —1)BroBgo — Wu[ FEr0(7 “Eo — 7E90)
YUy

<F_1)B¢0(7E90+?¢B7‘0_ B¢0) (F_1)390< Beo—?Bro

Lastly, the dg component of the momentum equation:

dy, dYs dY-
g9 TG gy T Gur gy

PA0 . iy (0)u0(0) (Hr— T (2P —4)(€(6) 1)1 (6)

So, the non-zero elements of the tenth line of G-

o Gios = Gios — 7y (0)ugo(0)Gra =

dYs
— 7y (0)ugo(8)Grg — > —

(Groa — my(0)ugo(0)Gra)— - de

Ty(0)ugo(0)Gr10

FAo(0) | v(B)ugo(6) Fy(0)ugo(8)Ao(0) 2(F —1)¥%(0)Bgo(0), _
sin? 6 o sin ¢ [=(F=1)7(0)20(0)+ sin 0 a poo(0) sin 6 I=
By YUe Yug
sinf csin@hETO B 7B + 7B¢0]
o Gios = Gios = G ii)fg(e)f(e) MPoof
o Gior = Gior = A 1”21(3)97(9)%0(0) = %Lﬁﬂoo
~ — 0)A1(0) — FAy(0 0
o Gios = —my(0)ugo(0)Grs = —F’Y(H)%o(@)z(F 1)%(/))00(19() iin&F R0 _

yu U ug
e X g — X B4
C C C

F—1 20y(0)P1(0) ¥1(0)Po(0)
sind * poo(6) sin? @ poo (@)

o G010 = —mY(0)ugo(0)Grio = my(0)ugo(0)

Fyud) ( PYU/T
csinf ¢

Ug
E’I‘O + %EGO)
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The element Hio:
-1

o i = Hio = 10 )ugn(0)(Hr — L2 2F — 4)(€(0) ~ ) (0) >
i = 2(F — Do(0)1(0)ga (0)£(0) 0 01 (81O (O)6(0) +
o _ 2
(F=1)41(0)B10(0) -2 Ohuso(0) L= 0D ZOAO)
1 (6)00(6)~ (P~1) Boo(0)( - 2 4 0uca(0) n(0)- 000 -
PP~ 1) 40(0) 2(F — D0(0)41(0) ~ FAOA(0),
sin 0 p00(0) sin 6
_ﬁlo = —Pooé%(% + Lge cot 9) + (F — 1)BT0B¢0 —

Uy U
W’Y(g)%o(@)[—FEro(%Ero — %Eeo) -

u u
(F—l)B¢o(7an+7?¢Bro— VCTB¢0)+(F—1)B‘90( -

U Uug
7o Bgo— 7?Bro)]
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3.5 Field Line Geometry-Energy Fluxes

The flow’s finite resistivity affects its field line geometry, which differs
significantly from that of an ideal magnetohydrodynamic flow. In the case
of a perfectly conductive flow, Ohm’s Law:

. @xB
E+222 9 (2.26)
c
and Faraday’s Law:
VXE=0 (2.41)

dictate that mass flux lines (poloidal velocity field lines), magnetic flux lines
(poloidal magnetic field lines), and equipotential lines of the electric poten-
tial @ (Poynting flux lines) coincide. [17]

It is simple to show that the electric equipotential lines are the Poynting
flux lines. The Poynting vector is defined as:

— Cc = -
S=—FEXB
47

By use of equations (2.49) and (2.50), it may be written as:

-, = e VAX
§=-(=V® X (Bs¢) = VP X (—5—)) =
- c V&) x ¢ V&-VA,
§= (@, YDy )
7 w w

Its poloidal component finally is:

=L, x (L
So, Poynting flux lines are the curves @ = const. on the poloidal plane, in
the same fashion that mass flux lines and magnetic flux lines are the curves
corresponding to ¥ = const. and A = const. respectively.

In the case of a flow of finite conductivity, Ohm’s Law is expressed by
equation (2.22). The aforementioned three families of lines on the poloidal
plane no longer coincide, but each take a unique shape.

Flux line shapes are determined with the help of (3.8), (3.2) and (3.4).
For example, the mass flux lines’ shape is determined as follows:

Suppose that the flow described by the solution of the system of ODEs has
a conical boundary at the polar angle 6;. Then, from ¥ = const. and (3.8):

HO)jor—2iy ) = (10 22 ) (371)

wo wo

(
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With r(6;) = r; and ¥(0;) = W, the shape of the mass flux lines on the
poloidal planes finally is:

1
Ty (9 ) WO@' 2F 2
= - 3.72
” (%(9)) (3.72)
Similarly, the shape of the magnetic fux lines is given by:
1
TA(G) AOi =
= 3.73
=Gt (3.73)
, while for the Poynting flux lines:
0 P
rs 0i
= .74
@) (7

For the three-dimensional plots of the field lines, the azimuthal angle ¢
as a function of # must be determined, by solving the following equation:
Vo Vo dp 1 Vy
snbdp o~ df  sm@V,
with V = u for the velocity field, V = B for the magnetic field, and V = E
for the electric field.

An important quantity that must also be defined is the ratio of the total
energy flux to the fluid’s rest energy flux along the mass flux lines, a quantity
which in the context of ideal MHD is preserved. [16] The matter component
of the total energy flux, which is effectively the flux of energy contained in
the fluid’s volume, is the Op components of the matter stress energy tensor,
where p denotes the poloidal direction.

T = ¢ poc?u, = Ypoupc i p

The electromagnetic component is the Poynting flux projected on the flow’s
poloidal velocity.

LGy, e s o
S- L= _—(ExB)- -2 =1ypoupupu
u, 4w Uy

The ratio then of total energ flux to the mass flux is:

2¢poc? S (ExB)-2
vEpoctup + o ( ) 0

W= WHHD T HEM = 5
YPoUpC

Substituting all quantities from the respective expressions derived in
section 3.1, the resulting expression for y is:

_ Byo(0) sin (P (0)%1(0) + 2(F — 1)*Po(0)%(0))
w2(0) sin? 0 + 4(F — 1)202(0)

which makes it evident that p is independent of the radial distance 7.

n(0) = £(0)v(0) (3.75)
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CHAPTER 4. EFFECTS OF RESISTIVITY IN FIELD LINE
GEOMETRY AND FLOW DYNAMICS

In this chapter the effects of different resistivity profiles and values on
the flow’s dynamical properties, the energy exchange between the plasma
and the electromagnetic field, as well as the fields’ spatial configuration are
explored, assuming a non-radiative flow (A = 0). The two resistivity profiles
examined are:

2
ex?

e(x+x0)07’
parameter controlling the resistivity’s rate of increase as a function
of 6, and 6; the boundary value of 6 at which the integration of the
equations starts.

e an exponential resistivity profile: ng(6) = with y as a free

e a Gaussian resistivity profile: 79(0) = 3€_X(€_90)2, with 0y the middle
of the solution domain (6;,0y).

4.1 Boundary Conditions

The system of equations governing the system flow-electromagnetic field
is solved using the Residual Function Method for systems of Differential-
Algebraic Equations. In all solutions presented in the folowing sections,
Gi = 0.9, 0f = g, X0 = 8.

At 6; = 0.9, the flow is assumed to be in an ideal MHD state. In conse-

quence, the boundary values for the components of the velocity, magnetic,
iU X B

and electric field satisfy the condition: E+ = 0. The components of

c
the magnetic, electric, and velocity field at #; must then satisfy the following
relations:
ugpByg — ugBy

.ET:
C

.« B, — ur By — uy By
c

o u,.By = ugB,

After substituting the field components from (3.3), (3.5), and (3.9), the
above equations give the following boundary conditions:
_ FA(0i)ugo(0i)  2¥0(0;)Byo(0:)

* @O(ei) N (F — 1) sin91- B 7(9@),000(91) sin 91 (4‘1)

!I’l (GZ)B(W (91) sin 91

o 01(0;) = A1(0:)ugo(6;) sin0; — 7(0:) poo(6:)

(4.2)

F 0(6;)

o A1(6;) = 2(F — 1) ¥y (6;)

Ao(0;)  (4.3)
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Equations (4.1), (4.2), (4.3) are used to determine the boundary values of
Do(0), P1(0), and A1(0) at 6;, based on the freely chosen boundary values
of Wy(0:), Ao(6:), ugo(bs), and poo(6;)-

In all solutions presented in the following sections, the boundary values
of the mass density profile pgg(#) and of the specific enthalpy £(0) are:
poo(0i) =1, £(6;) = 1.0000001. The values of the radial dependence F' and

of the polytropic index I are chosen to be: FF =1.1, ' = 3

4.2 Exponential Resistivity Profile

4.2.1 Effects of the Value of y on the Flow

The resistivity’s boundary value at 6; is: e~x08 ~ 15 x 1073, corre-
sponding to an initial value for the magnetic Reynolds number: R, ~ 10%.
The resistivity profile 79(6), as well as the resistivity, in units of — as a

c
function of r along a mass flux line are presented below, along with the mag-
netic Reynolds number profile R,,o(f) and the magnetic Reynolds number
R along a mass flux line.

Resistivity Profile Log;,(110(6)) Reynolds Number Profile Log,(Rmo(6))
6
=2 0 %=2
& x=4 x=4
x=6 x=6
x=8 7=8
0 =10 4 2=10
x=12 y=12
" ¥=14 6 y=14
0.9 10 L1 12 13 14 L5 0.9 1.0 11 12 13 14 15
] 6
Resistivity Log;((n) (along a mass flux line) Reynolds Number Log;,(R,,) (along a mass flux line)
6
i 0
= = —%=2
— =4 — =4
%=6 1=6
—x=8 — =8
— =10 — =10
—y=12 — =12
4
0 —q=14 — =14
6

Figure 4.1: Top: The resistivity profile 79(#), and magnetic Reynolds num-
ber profile R,,0(#) as functions of the polar angle 6. Bottom: Resistivity 7
and magnetic Reynolds number R,, along a mass flux line.

66



CHAPTER 4. EFFECTS OF RESISTIVITY IN FIELD LINE
GEOMETRY AND FLOW DYNAMICS

The magnetic Reynolds number R,, is calculated through the flow’s re-
sistivity as follows. The magnetic Reynolds number’s definition is:

UL
_m

Ry (4.1)
where U is a characteristic velocity scale of the flow, L a characteristic length
scale, and m = c¢?n the magnetic fields diffusivity. By choosing U = ¢ and
L = wy, R,, becomes:

wo T

R, = -2 —
en Cwo’ no(f)

The magnetic Reynolds number profile R,,o(0) then is: Ry,0(6) =
The flow’s Lorentz factor:

Lorentz Factor y (along a mass flux line)

Lorentz Factor y(8)

2.04

- S )

MR R R
&= oo

2.00 — =8

1.98 — =12

Figure 4.2: Left: The flow’s Lorentz factor as a function of the polar angle
0. Right: The flow’s Lorentz factor along a mass flux line.

For x = 2, that is for a resistivity profile whose values remain under
10!, the flow is accelerated over the whole domain of the solution. For all
other values of x, the flow is accelerated up to a maximum Lorentz factor,
located at a smaller values of 6 as the value of x increases.

By allowing the solver to determine a solution in the larger domain
(0.9,2) for 0, it can be seen that the flow characterized by x = 2 will also
reach a maximum Lorentz factor and then begin to decelerate.
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Lorentz Factor y (along a mass flux line)

Lorentz Factor y(0)

2.00

— == 0 Oy N

NURURURUR I
o

1.96

— e 0 RN
g

R R R R RR=
= o

Figure 4.3: Left: The flow’s Lorentz factor as a function of the polar angle
0. Right: The flow’s Lorentz factor along a mass flux line.

As evidenced by the following graphs, acceleration stops at angles 6 at
which the resistivity profile takes values of the order of 1072, or the magnetic
Reynolds number R,,, becomes: R,, ~ 105.

Resistivity Profile Log;(110(6)) Reynolds Number Profile Log;y(Rmo(B))

[ - I N S &

o Y
— == N

R L ([
R R R R R R
L L L | (A 1}
B o

R R R R RR=R

Figure 4.4: For resistivity profile values below, or magnetic Reynolds number
values above the dashed lines in the respective graphs, flow decelaration
occurs.

Plotting the Lorentz factor for values of y larger than x = 10 reveals
that the flow begins to accelerate again after a certain value of 6 for each
value of x.
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Lorentz Factor y (along a mass flux line)

2.005

2.000

Lorentz Factor y(6)
2.005 1.995

—x=14
2.000 — =16
1.990 ¥=18
1.995 1=14 / —y=20
x=16

1980 =18 1.985

=20
1.980
1.980

0.9 1.0 11 12 13 1.4 1.5 0.6 0.7 0.8 0.9 L0

Figure 4.5: Lorentz factor for larger values of x.

This accelaration takes place when the resistivity profile takes values
close to 10°, as shown in the following figures.

Resistivity Profile Log;,(110(8)) Reynolds Number Profile Log;o(Rmo(8))

—_ == 00 O\ B R

=N o
— = = Oy B

LD L (A {1
2R R =
L L T [ [}
oo

RRRRR R

Figure 4.6: For resistivity profile values or magnetic Reynolds number values
between the dashed lines in their respectve graphs, decelaration occurs.

The different values of x have interesting effects on the heating of the
plasma due to ohmic dissipation. The flow’s sepcific enthalpy £ and temper-
ature, assuming a proton-electron plasma, both as functions of # and along
a mass flux line are presented in the following figures.
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Specific Enthalpy &(6)

Temperature T(0)

it 6x 101
5x 101
—y=2 =
1.03 X7 x=2
— =4 4x 101 1=4
=6 <
1.02 . ::8 3x10% ?,g
— =10 21010 %=10
1.01 —y=12 =12
1x 101
=14 i 1=14
1.00 0
0.9 1.0 11 12 1.3 14 1.5 09 L0 11 12 13 14 15
6 6
Specific Enthalpy & (along a mass flux line)
Temperature T (along a mass flux line)
6x10%
1.04
5x10%
1.03
= Xj 4x100 2=2
_ ::6 =4
1.02 x=8 3x1010 1=6
_y= s
=10 ;:10
—x=12 25101
=14 ) =12
1.01 —H 1=14
1x 101
1.00 0

0.5 0.6 0.7 0.8 0.9 10 0.5 0.6 0.7 0.8 0.9 1.0
Figure 4.7: Top: The specific enthalpy and temperature as functions of the
polar angle 8. Bottom: The specific enthalpy and temperature along a mass
flux line.

The flow’s specific enthalpy £ and temperature increase over the entirety
of the solution’s domain for y = 2,4,6,8, with the greatest increase in
temperature, achieved for y = 6. For x = 12, 14 the plasma’s temperature
reaches a maximum value and then plateaus. This is due to the power
dissipated through ohmic dissipation becoming negligible for large values of
the resistivity profile, as can be seen in the next figure.
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Dissipated Power (EBQI )
Unit Vome 47,

0.35

Dissipated Pow, g
v .Profile X,i
0.20 =
0.05 x=6
= —y=38
=2 %
0.04 =i ik _ =10
L —y=12
1=6 x
0.03
1=8 0.10 =14
0.02 7=10
1=12 0.05
0.01
x=14
bin 0.00

Figure 4.8: Left: The dissipated power per unit volume profile. Right:
Power per unit volume dissipated along a mass flux line.

Since Joule heating is the only source of heating for the plasma, when
no power is dissipated through ohmic dissipation, the plasma’s temperature
can no longer increase. As it has been shown, just as in the case of an ideal,
perfectly conductive plasma, ohmic dissipation is negligible for extremely
high values of resistivity.

The behaviour of the flow’s mass density is presented next.

Mass Density p (%) (along a mass flux line)

22

Mass Density Profile py(0)

20

USRI
— = 00 ON W DD

=0 o
|
=
I
©

Figure 4.9: Left: Mass density profile po(6). Right: Mass density along a
mass flux line.

While the mass density’s profile po(6) s a decreasing function of the polar
angle 0, the right figure renders it clear that the flow’s mass density increases
along a mass flux line.

Graphs of the magnetic pressure, the thermal pressure, and of the plasma

71



CHAPTER 4. EFFECTS OF RESISTIVITY IN FIELD LINE
GEOMETRY AND FLOW DYNAMICS

5 follow.
Magnetic Pressure P,, ( %“E) (along a mass flux line)
20
Magnetic Pressure Profile Puo(0) \ —=2
15 = x:4
1=6
= — =8
:;21 =10
%1=6 10 — =12
=8 — =14
¥=10
=12
x=14 5
0.5 0.6 0.7 0.8 0.9 1.0

0 r

Figure 4.10: Left: Magnetic pressure profile. Bottom: Magnetic pressure
along a mass flux line.

Thermal Pressure P ( %%) (along a mass flux line)

Thermal Pressure Profile Py(0)

] r

Figure 4.11: Left: Thermal pressure profile. Right: Thermal pressure along
a mass flux line.
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Plasma f (along a mass flux line)

0.015
Plasma [(6) =2
x=4
0.010 7=6
0.015 e =8
—H=A ¥=10
0.010 7=6 =12
& 0.005 x=14
_ =10
0.005 e
=14
0.000 0:000

0.9 1.0 11 12 1.3 14 15 0.5 0.6 0.7 0.8 0.9 1.0

Figure 4.12: Left: Plasma 8 as a function of 6.
Right: Plasma g along a mass flux line.

The total energy flux per unit volume, over the rest energy flux per unit
volume, both projected on the flow’s mean velocity, u, is presented in the
next figure. u has two components, a hydrodynamic one, ugp, expressing
the total energy carried by the fluid, and the electromagnetic pgas, which
is the Poynting flux projected on the flow’s velocity, i.e. along the mass flux
lines, over the rest energy flux, also along the mass flux lines.

The graphs of p and its components clearly show that p presents a
minimum value for x > 6 in the solution’s domain. This mimimum value
appears at values of the polar angle 6§ where the Poynting flux over the mass
flux pgpr becomes minimum. These values of 6 appear to coincide with the
locations of the dissipated power’s maximums. Additionally, for the same
values of y, the hydrodynamic term ppp appears to plateau. This is an
indication that ohmic dissipation is the mechanism through which energy is
transferred from the electromagnetic field to the fluid, causing the latter’s
heating.
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1t (along a mass flux line)

2.34

o

2.28

Figure 4.13: Right: The total energy flux per unit volume projected on the
flow’s velocity over the mass flux as a function of 6. Left: Along a mass flux
line.

Jgp (along a mass flux line)

()

o - - -}
9
o
5

22 xR R R =
o n
=N o

0.9 1.0 1.1 12 13 1.4 15 05 0.6 0.7 0.8 0.9 1.0
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Figure 4.14: The matter component of p.
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gy (along a mass flux line)

-]
— =4

x=6
— =8
— =10
—x=12
— =14

Figure 4.15: The electromagnetic component of p (Poynting flux projected
on the flow velocity , over the mass flux).
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Figure 4.16: The vertical dashed lines indicate the locations of the dissipated
power’s maximums for each x > 6.

The increase of ugys after its minimum is attributed to two factors. The
first is the increase of its nominator, mostly due to the angle between the
mass flux and Poynting flux lines becoming smaller, The second factor is
the decrease in the denominator which is the mass flux line.
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Figure 4.17: Top: The Poynting flux projection on the poloidal velocity.
Bottom: The mass flux.

The value of y has significant impact on the geometrical configuration
of the velocity, magnetic, and electric fields, as can be seen by the following
graphs of the angle between the electric field and the velocity and magnetic
fields.
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Figure 4.18: Top: The angles between the electic field and the magnetic and
velocity fields as functions of §. Bottom: The angles between the electic field
and the magnetic and velocity fields along a magnetic and a mass flux line
respectively.

The boundary conditions at 6; = 0.9 were given assuming the flow is
in and ideal MHD state, with the electric field perpendicular to both the
poloidal flow velocity and the poloidal magnetic field. This choice of bound-
ary conditions can be seen in the above graphs, where the angles ¥ g and
1y, are equal to 90°. Both angles deviate from this boundary value over the
domain of the solution, even for small resistivity values (y = 2), indicating
that there exists an electric field component parallel to both the poloidal
magnetic field and the poloidal velocity field, leading to the conclusion that
particle acceleration is possible along magnetic flux or mass flux lines.

The mass flux, magnetic flux, and electric equipotential lines are pre-
sented next, for different values of .
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Figure 4.19: Mass flux, magnetic flux, and electric equipotential lines for
x = 2,6,10, 14.

The larger the values of x are, i.e. the higher the resistivity becomes
over the solution’s domain, the lines on the poloidal field deviate more from
their initial ideal state, where all three kinds of lines coincide.

4.2.2 Effects of ¢p; on the Flow

The effects of the flow’s resistivity on its dynamics and field line configura-
tion are modified when the angle ¢ between the otal magnetic field B and
its azimuthal component §¢ changes. The previous results concern a flow
with an initial value of ¢p satisfying: ¢p; ~ 49°.

In order to better understand the way the initial value of ¢p affects the
flow’s dynamics and the field line geometry, solutions for x = 2,6, 10, 14 will
be presented next, with ¢p; as a free parameter. The flow’s initial velocity
in all solutions presented hereafter is the same as the one in the solutions
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presented above.

It is noted that the black dashed line in all graphs for x = 2, represents
the respective quantity in the case that the magnetic and electric field are
configured in such away that the Poynting flux in the direction of the flow
velocity is near zero.

The flow’s Lorentz factor along a mass flux line:
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Figure 4.20: Top: Lorentz factor for y = 2,6. Bottom: Lorentz factor for
x = 10, 14.

For large initial values of the angle ¢p, namely ¢p; = 62.9° and ¢p; =
81.9°, the flow’s Lorentz factor decreases over the entirety of the solution’s
domain, with the greatest increase for x = 2,6. Another interesting obser-
vation is that for x = 2 and ¢p; = 52.2°, the Lorentz factor shows a very
slight increase, remaining relatively steady around a value of 2.

The power per unit volume dissipated through ohmic dissipation is also
modified, with significant impact on the heating of the fluid.
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Figure 4.21: Top: Dissipated power per unit volume for y = 2,6. Bottom:
Dissipated power per unit volume for y = 10, 14.

For an initially strongly azimuthal magnetic field ¢p; = 36.2°, dissipa-
tion is strongest and displays a primary peak near r(6;) = wy, for all four
X values, as well as a secondary one near r(fy), which is more clearly seen
in the graphs corresponding to x = 6,10. For xy = 6, 10, 14, flows with an
initially strongly poloidal field, display only the secondary peak, at the same
r(6) as the flow characterized by ¢p; = 36.2°.

80



CHAPTER 4. EFFECTS OF RESISTIVITY IN FIELD LINE
GEOMETRY AND FLOW DYNAMICS

115

1.00

0.5

Specific Enthalpy £ (along a mass flux line) (y=2)

0.4 0.5 0.6

Specific Enthalpy £ (along a mass flux line) (y=10)

0.7 0.8 0.9 1.0

— $ri=36.2°

— fpi=43.6°
bpi=52.2°

_ $pi=62.9°

— $pi=819°

,,,,, 68i=54.52°

$5i=36.2°
be=43.6°
$pi=52.2°
=629
$5=81.9°

1.05

1.05

1.04

1.01

1.00

Specific Enthalpy & (along a mass flux line) (3=6)

0.5 0.6 0.7
”

0.8 0.9 1.0

Specific Enthalpy & (along a mass flux line) (y=14)

0.7

$5i=36.2°
dp=43.6°
gy =52.2°
$=62.9°
$pi=81.9

$=36.2°
dp=43.6°
g =52.2°
$pi=62.9°
dp=81.9°

Figure 4.22: Top: Specific enthalpy for x = 2,6. Bottom: Specific enthalpy

for

y = 10, 14.

As expected, flows with an initially mostly azimuthal magnetic field show
the greatest increase in their specific enthalpy, since the display the most
intense dissipation, of all the cases examined. Moreover, y = 6 leads to the
most significant heating for all initial magnetic field confgurations.
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The effect of ¢p; on the plasma’s mass density is presented in the next

following figure.

Mass Density p (—B“I—ZJ (along a mass flux line) (y=2)

4 e
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Figure 4.23: Top: Mass density for y
x = 10, 14.
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2,6. Bottom: Mass density for

The flow’s mass density shows the same qualitative behaviour for all

examined magnetic field configurations

Graphs of the magnetic pressure, the thermal pressure, and of the plasma

beta follow.
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Figure 4.24: Top: Magnetic pressure for x = 2,6. Bottom: Magnetic pres-

sure for x = 10, 14.
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Figure 4.25: Top: Thermal pressure for x = 2,6. Bottom: Thermal pressure
for x = 10, 14.
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Figure 4.26: Top: Plasma § for y = 2,6. Bottom: Plasma g for x = 10, 14.

The energy flux along the mass flux lines, especially its electromagnetic
component (Poynting flux over mass flux), displays interesting behaviour for
mostly poloidal initial magnetic fields (large values of ¢p;).
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Figure 4.27: Top: Energy flux along mass flux lines p for y = 2,6. Bottom:
Energy flux along mass flux lines p for y = 10, 14.
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Figure 4.29: Top: The electromagnetic component of y for y = 2, 6. Bottom:
The electromagnetic component of u for x = 10, 14.

For ¢p; = 62.9°,81.9°, the matter component of u decreases, while the
electromagnetic component is negative and displays an increases, resulting
in an increase of the total energy flux along the mass flux lines. For these
same initial values of ¢p, the Poynting flux, projected on the flow velocity,
over the mass flux pgys is negative, meaning that it flows from the equatorial
plane z = 0 towards larger z values, in contrast with the mass flux, and the
matter component of p.

For x = 2 and ¢p; = 54.52°, the Poynting flux along mass flux lines
is nearly zero. So, this initial configuration of the magnetic field leads to
a Poynting vector almost vertical to the poloidal flow velocity, over the
solution’s domain.

This behaviour can be better understood by examining the geometric
configuration of the poloidal fields and the Poynting flux lines.

Plots of the angle ¥ between the magnetic field B and the flow velocity
4 follow.

88



CHAPTER 4. EFFECTS OF RESISTIVITY IN FIELD LINE
GEOMETRY AND FLOW DYNAMICS

v (angle between B and i) (along a mass flux line) (x=2)  (angle between B and i) (along a mass flux line) (y=6)
25
2 20
$pi=36.2°
15 Pp=52.2° 15 — ¢pi=43.6
;=52.
¢ =62.9° ¢Bi=52.2°
L o — ¢pi=62.9°
10 $pi=81.9" g
, 10 — ¢pi=81.9
/’//—— . Bp=54.52
s
5
0
0.4 03 0.6 0.7 08 09 L0 E 05 0.6 07 08 0.9 10
r r
v (angle between B and #) (along a mass flux line) (x1=10) v (angle between B and i) (along a mass flux line) (y=14)
35 40
30
30
25
— ¢Bi=36.2° — ¢pi=36.2°
e — ¢Bi=43.6° — ¢pi=43.6°
bpi=52.2° 2 #pi=52.2°
15 — ¢pi=62.9° — ¢p;=62.9°
— ¢pi=81.9° — ¢pi=81.9°
10
10
0 0
06 07 08 0.9 10 06 07 0.8 09 10

Figure 4.30: Top: The angle between B and 7 for X = 2,6. Bottom: The
angle between B and « for x = 10, 14.

For x = 2 and ¢p; = 54.52°, the magnetic field and flow velocity are
approximately parallel, which is the reason why the Poynting flux is to
a large degree perpendicular to the velocity field (ugpp = 0). Moreover,
the electric field is strongly parallel to the magnetic field, renedering the
Poynting flux much less significant compared to that of the othe magnetic
field configurations, as shown in the following figure.
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Figure 4.31: Left: The angle between E and Bp for x = 2, ¢p; = 54.52°.
Right: The Poynting flux projected on the flow velocity for x = 2, ¢p; =
54.52°.

The mass flux, magnetic flux, and Poynting flux lines are presented in
the next figure, for y = 2 and ¢p; = 52.54° (upy ~ 0).

X=2, dpi=52.54°
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0.0 ]

0.5 1.0 1.5 2.0
X

Figure 4.32: Poloidal mass, mag-
netic, and Poynting flux lines.

The poloidal field and Poynting flux lines are also presented for the case
of x =2, ¢p; = 81.9°.
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Figure 4.33: Poloidal mass, mag-
netic, and Poynting flux lines.

All three lines in figure 4.31 coincide, which is a characteristic of ideal,
perfectly conductive magnetized flows. This is due to the fact that y = 2
does not lead to a strong increas of the resistivity’s value.
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4.3 Gaussian Resistivity Profile

Solutions for x = 70,80, 90 are presented in this section. These values of
x were chosen so that the electric field of the flow, which is perpendicular to
the velocity and magnetic fields at ; = 0, ends up in the same configuration
at 0 f-

The solutions presented below concern flows with the same boundary
conditions at #; = 0.9 as the ones in the first subsection of the previous
section.

The three Gaussian resistivity profiles studied are shown in the next
figure.

Resistivity (in units of %)

Resistivity Profile 1o(6)
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Figure 4.34: Top: The resistivity profile and resistivity along a mass flux line
for x = 70,100,130. Bottom: The Reynolds number profile and Reynolds
number along a mass flux line for xy = 70, 100, 130.
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The flow accelerates before decelarating slightly over a wide region of the
solution’s domain. Decelaration then becomes important as the resistivity’s
value begins to decrease, as can be seen in the following graph of the Lorentz
factor.

Lorentz Factor y (along a mass flux line)

Lorentz Factor y(0)

¥=70
18 ¥=100
1.9 ¥=130
%=70
1.8 =100
X
1=130 L7

0.9 1.0 1.1 12 13 14 15 0.5 0.6 0.7 0.8 0.9 1.0
0 ”

Figure 4.35: Left: The Lorentz factor for y = 70,100,130. Right: The
Lorentz factor along a mass flux line.

The decrease of the Lorentz factor becomes less significant for greater
values of y.

The specific enthalpy and temperature exhibit the greatest increase for
the smallest value of .
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1.1

Specific Enthalpy &(6)

Specific Enthalpy £ (along a mass flux line)
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Figure 4.36: Top: The specific enthalpy and temperature as functions of the
polar angle 8. Bottom: The specific enthalpy and temperature along a mass
flux line.
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The source of the fluid’s heating, is once again the power dissipated
through ohmic dissipation, due to the flow’s finite resistivity.

Dissipated Power
ik Velime: D100

= x:7[)
— y=100
%=130

Dissipated Power (QBQJ)
Unit Volme _“ 4,

0.5

0.5 0.6 0.8

Figure 4.37: Left: The dissipated power per unit volume profile.
Power per unit volume dissipated along a mass flux line.

Right:

The flow’s mass density, magnetic and thermal pressure, and plasma [
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follow.
Mass Density p (ﬂ%) (along a mass flux line)
25
Mass Density Profile py(6)
1.00
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Figure 4.38: Left: Mass density profile pp(€). Right: Mass density along a
mass flux line.

Magnetic Pressure P, ( %) (along a mass flux line)

Magnetic Pressure Profile Ppo(6)
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Figure 4.39: Left: Magnetic pressure profile. Bottom: Magnetic pressure
along a mass flux line.
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Plasma p (along a mass flux line)

0.15
Thermal Pressure P1':_)£l§ Py(8)
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Figure 4.40: Left: Thermal pressure profile. Right: Thermal pressure along
a mass flux line.
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Figure 4.41: Left: Plasma ( as a function of 6.
Right: Plasma f along a mass flux line.
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The total energy flux projected on the poloidal flow velocity, over the
mass flux, u, its hydrodynamic component ppp, and its electromagnetic
component (Poynting flux over mass flux) pgas, follow.

1 (along a mass flux line)

1) 25

26 2=70
¥=100
25 & 2=130
_4=70

24 — =100
%=130 23

22 2.2
0.9 1.0 1.1 12 13 14 L5 0.5 0.6 0.7 0.8 0.9 1.0
[} V

Figure 4.42: Right: The total energy flux per unit volume projected on the
flow’s velocity over the mass flux as a function of 6. Left: Along a mass flux
line.
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Ip (along a mass flux line)
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Figure 4.43: The matter component of p.
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Figure 4.44: The electromagnetic component of p (Poynting flux projected
on the flow velocity u, over the mass flux).

The strong decrease in the value of pgps(6) near = 1.4, and its subse-
quent increase is attributed to the geometric configuration of the mass flux
and Poynting flux lines. This can be seen clearly in figure 4.46 at the end
of the section.

Field line geometry displays interesting behaviour as can be seen in the
following plots of the angles between the electric field and the magnetic and
velocity fields.
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Vg(0) (angle between E and Ti’p) V,,(8) (angle between Eandn )
90 - 20
80 80
70 70
60 —%=70 & —¥=70
—4=100 — %=100
50 %=130 50 x=130
40 40
30 -
09 1.0 al1 12 13 1.4 1.5 0.9 1.0 11 2 13 1.4 15
6 2}
5 (angle between E and B,) (along a magnetic flux line) v, (angle between E and i1,) (along a mass flux line)
90 - . 90
20 80
70 o
60 A=70 60 ¥=70
%=100 %=100
=130 ¥=130
50 x s
40 40
30
30

0.5 0.6 0.7 0.8 09 1.0 0.5 0.6 0.7 0.8 0.9 1.0
r r

Figure 4.45: Top: The angles between the electic field and the magnetic and
velocity fields as functions of 8. Bottom: The angles between the electic field
and the magnetic and velocity fields along a magnetic and a mass flux line
respectively.

The electric field at 8 = 0.9 is perpendicular to both the magnetic and
velocity fields. The angles ¢ and 1, take values smaller than 90°, showing
a significant decrease after the solution’s domain’s middle point, where the
resistivity profile peaks. The electric field then has large parallel components
to both the magnetic and velocity fields, before becoming perpendicular to
both said fields near 6 =

Graphs of the mass flux, magnetic flux, and Poynting flux lines are pre-
sented next.

SE
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Figure 4.46: Mass flux, magnetic flux, and Poynting flux lines for xy =
70,100, 130.
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The effects of two different resistivity profiles, with a wide range of values,
on non-radiative flows was studied in detail in the previous chapter. In
this chapter, the modification of the previously presented solutions due to
radiative losses is examined. The flow’s radiative losses are modeled as
discussed in subsection 3.4.2 of the third chapter. The solutions presented
describe radiative flows characterised by a Gaussian resistivity profile with
x = 100.

5.1 Radiative Flow Solutions

The solutions presented in this section describe radiative flows charac-
terised by m = 0.5,1, with 7 the fraction of the power per unit volume
dissipated through ohmic dissipation escaping the system in the form of
radiative losses. The non-radiative solutions are included for comparison.

Lorentz Factor y (along a mass flux line) (3=100)

Lorentz Factor y(8) (x=100)

2.00 ) 195

1.95

1.90

—n=0 —m=0
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n=1 =1

175 Ea0

1.70

0.9 1.0 11 12 13 1.4 15 175

1.70

0.6 0.7 0.8 0.9 1.0

Figure 5.1: Left: The flow’s Lorentz factor as a function of the polar angle
f. Right: The flow’s Lorentz factor along a mass flux line.

The flow’s Lorentz factor displays similar qualitative behaviour regard-
less of the value of w. Flow decelaration is less significant for m = 1, while

near 6 = E, the Lorentz factor displays a slight increase.
2
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Figure 5.2: Top: The specific enthalpy and temperature as functions of the
polar angle 6. Bottom: The specific enthalpy and temperature along a mass
flux line.

T
As expected, for m = 0.5 the flow’s temperature’s value at 6 = 5 is

only half the respective value for the case of a non-radiative flow, since only
half the dissipated energy is available for the flow’s heating. For m = 1 the
temperature stays practically constant, as all dissipated energy is radiated.
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Figure 5.3: Left: The dissipated power per unit volume profile. Right:
Power per unit volume dissipated along a mass flux line.

As evident in the previous graph, the power dissipated per unit vol-
ume due to ohmic dissipation is not modified significantly due to the flow’s
radiative losses.

The flow’s mass density and magnetic pressure are similarly not signifi-
cantly affected by the radiative losses.
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Figure 5.4: Left: Mass density profile pg(f). Right: Mass density along a
mass flux line.
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Magnetic Pressure ), (%’L;)(along a mass flux line) (x=100)

Magnetic Pressure Profile P, ,(8) (y=100)
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Figure 5.5: Left: Magnetic pressure profile. Bottom: Magnetic pressure
along a mass flux line.

The magnetic pressure specifically is not affected at all by the radiative
losses, as seen in the above figure. On the other hand, the thermal pressure,
as expected, displays the same behaviour as the flow’s temperature, being
practically negligible for m = 1.

Thermal Pressure P ( %“E) (along a mass flux line)
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Figure 5.6: Left: Thermal pressure profile. Right: Thermal pressure along
a mass flux line.
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Plasma p (along a mass flux line) (y=100)

Plasma B(8) (x=100) 9.08

0.10 0.06 — =0
—m=0.5
0.08 qi=1
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Figure 5.7: Left: Plasma (3 as a function of 6.
Right: Plasma [ along a mass flux line.

The total energy flux to mass flux ratio along mass flux lines p dislays
the same behaviour for all values of 7w, but takes lower values as the radiative
losses become more significant.

1 (along a mass flux line) (y=100)

() (x=100)

=0
ons 215 _m=05
n=1
=0 2.10
215 — =05

210 n=1 2.05

Figure 5.8: Right: The total energy flux per unit volume projected on the
flow’s velocity over the mass flux as a function of 8. Left: Along a mass flux
line.

This is due to its matter component pp = v(0)£(6) being less significant
for m = 0.5 and especially for m = 1. In those cases the energy available for
the plasma’s heating is half that of a non-radiative flow for 7 = 0.5, and
practically zero for m = 1.
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Figure 5.9: The matter component of .

The electromagnetic component s is not affected significantly by the
radiative losses.
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Figure 5.10: The electromagnetic component of y (Poynting flux projected
on the flow velocity @, over the mass flux).

As evident in the following graphs of the angles ¢ between the electric
and magnetic fields and 1, between the electric and velocity fields, field
line geometry is also not affected significantly by the existence of radiative
losses.
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Figure 5.11: Top: The angles between the electic field and the magnetic and
velocity fields as functions of §. Bottom: The angles between the electic field
and the magnetic and velocity fields along a mass flux line.
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The solutions presented in the previous chapters render it clear that when
the resistivity becomes high enough that dissipative effects become signif-
icant, the electric field acquires components parallel to both the magnetic
and velocity fields. Especially in the Gaussian resistivity profile solutions,
the electric field becomes mostly parallel before becoming again perpendic-
ular to the aforementioned fields, as seen in Figure 4.45. This parallel to the
magnetic field component of the electric field is able to accelerate charged
particles injected into the flow to high energies. This accelaration of par-
ticles due to the parallel component of the electric field is studied in this
chapter, by solving the equations of motion for a charged particle moving
under the influence of the electromagnetic field determined by the solution
of the equations describing the flow.

6.1 Equation of Motion for a Charged Particle

The equation describing the motion of a charged particle of charge g mov-
ing under the influence of the flow’s electromagnetic field is:

dp* ¢

— = =FM 2.16

dt c v ( )
where p is the particle’s four-momentum and U its four-velocity. Equation
(2.16) will provide four equations, one for the particle’s energy (u = 0) and
three for the three components of its momentum.

t
By using the relation 7 = —, with ~, the particle’s Lorentz factor,

P
between the proper time and lab frame time, the four resulting equations,
in spherical coordinates, are:

d(vpmu ug By — uy By
(Vpdt r) _ (B, + B - ¢

)

d(%mue)
dt

d(’yme¢) quTBg — UQBT

= q(Ep +

quBr — urB¢ )
Cc

dt c

d(ypme) E-a
a e

With v; = y,u; the spatial components of the particle’s four momentum,
the above equations are written as:

du, q vg By — vy By
= =—(B, + —————~ 6.1
L (6.1)
d B, —v.B
o _ 4, , veb:—vB, 6.2)
m YpC
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%ZE’UTBQ—’UQBT (6.3)
dt m YpC '
%:iﬁ'ﬁ (6.4)

dt me Ypc

Equations (6.1)-(6.4) will provide a system of four ordinary differential
equations with the polar angle # as the independent variable, the solution
of which determines the particle’s trajectory and its Lorentz factor as a
function of #. The first step towards deriving this system of ODEs is to
write the components of the particle’s four velocity in the following way:

v = cvpi(6) (6.5)
With the help of (6.5) and (3.3), (3.5), (3.9), equations (6.1)-(6.4) are

written as:

FAy(0)
sin 6 )

dvor  qBo, T g v06(0)Byo(0) + vos(6)
Pl W(;O)F 2(—(F = 1)®o(0) + 2 0)
dvop _ aBo 1 ypoa 21(0) | vos(0)A1(6) — vor(9) Byo(0)
dt  me w sin @ Y (0)

FAy(0)
dvog _ qBo, T Y,

)

+ Uog(@)Al (9)
dt me @y ¥p(0)

(F ~ 1)@y(@)n(0) + 22 g(0)

@: qBo, v \p_o in 6

dt me Wy ’Yp(e)

The derivatives in the equations above must now be transformed into deriva-
tives with respect to the polar angle #. This can be achieved with the help

of the chain rule:
d_rdhd _ @
dt — dt rdd wy’  wodh

The first three of the above differential equations are then written as:

FAy(9)
dvor _ qBo, 1 \p_q1 1p(8) i V0o (9) Byo(6) + vos (9) sin 0
wodd ~ me ) (@) IO W
dvng _ aBo, 7 g1 p(0) | 1(0)  vs(0)A1(0) — vor(0)Baol0)
wOOdH N micg(wio ) 11)09(9) B siln9 + () ) (6.7)
FAyO
dvoy _ _@(L F-1 p(0) vor () sir(i(H) T 0e(6)A4:(6) (6.8)
wodd  mc wy vog(6) Yp(0) '
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It is also assumed that o is the particle’s radial distance at 8 = 6;. The
fourth ODE regarding the particle’s energy, can be replaced by the following
expression for its Lorentz factor:

Yp = \/1+U(2)T+U80+U8¢ (6.9)

, proven for the fluid’s Lorentz factor in section 3.2 (equation 3.47). These
four equations fully describe the kinematics of a charged particle in the flow’s
electromagnetic field.

The three-dimensional trajectory of the particle is determined by the
solution of the two following differential equations:

dr  rdf

— = =

Up Vg
dr vor(6)
R 1
70 r(0) Y00 (0) (6.10)
sin fd¢ _ ﬁ N

() Vo
o _ 1 vos(6) (6.11)

df  sinf vgg(0)

In conclusion, the system of ODEs which descibe a charged particle’s
motion and trajectory under the influence of the flow’s electromagnetic field
is:

FAy(9)
dvoy  qBomo ~1 7p(0) Vo0 (¢) Boo(6) + voy(6) sin 6
do - mec2 (TO(H))F IUOQ(Q)(_(F_1)¢O(9)+ 'Yp(e) (6 6) )
dos _ aBomo orms () D0) | v0s(B)A1(0) ~ v0r () Buo(8),
o ~ me VP vog(0) " sinf Yp(0)
(6.7)
dvoy _  gBowo . o p-1 1p(0) vor(6) F;lﬁ;e) o064, (6) 6.8
o~ mc2 (ro(6)) vog(0) Y (6) (6.8)
Tp = \/1+U8T+U39+U(2)¢ (6.9)
drgf) — r0(0) 529% (6.10)
do 1 wvoe(h)
O~ sinf vy (0) (6.11)
, with ro(0) = (9)
o
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The particle Lorentz factor resulting from the solution of the system of
ODEs presented above, may be compared to the predicted Lorentz factor
for a particle following the magnetic flux lines, meaning that its trajectory’s
projection on the poloidal plane coincides with the poloidal magnetic field
lines. The Lorentz factor of a particle performing this particular motion can
be calculated directly from the solution of the system of ODEs describing
the flow, by solving the following ODE:

dyp  q E-d

dt  mc c

Since the particle’s poloidal trajectory component is assumed to coincide
with the poloidal magnetic field lines, its poloidal velocity may be written
as:

Uy = cpB
. N ~ Ep = N .
,with |tp| ~ ¢ and pp = ﬁ The dot product E - &% may then be written
j

as:
E - i@ =c|FE|cosyp

, with ©¥p the angle between the electric and magnetic fields. The total
derivative of yp with respect to lab frame time ¢ can be transformed into:

dyp _ dspdyp
dt dt dsp

(6.12)

, where dsp is the length traveled by the particle over the time interval dt
along a magnetic flux line. So,

ds B
— =up~c

dt b
and the differential equation for vp is written as:

dys

q —
= —|F
dsp chl |cos ¥

The final step is the calculation of the arc length’s sp derivative with
respect to the polar angle 6. Since a magnetic flux line is a curve on the
poloidal plane, the differential of its arc length is:

dsp = +/(dr)? + (rdf)?

The shape of a magnetic flux line is given by the function:

1

Ao\ (3.74)
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Consequently:
dsp = r(0)d0 | (—= )2 41
B r(0) do
By use of (3.74):
1 ) 1 .
dr 1 Ag; F*l Ag; AO(G) 1 Ag FAl(Q) sin @

a8~ "F A" 200 00 - F a@ A0

The differential of s then becomes:

1
dsp = rodf(—2 )F\/(Al(a) S, 1y

Ao(0) FAo(9)
The derivative of vp with respect to the polar angle 6 therefore is:

dyp  mdf dyp 1 dyp
- . - 1 .
dsp dsp r;do ( Ao, )f (Al(H) sin9)2 o r;df
Ao(0) FAo(0)
Finally, the differential equation for the Lorentz factor of a charged par-

ticle, the poloidal velocity of which is assumed to be i, ~ cpp, moving under
the influence of the flow’s electromagnetic field is:

)2 +1)E(0) cosyp(d)  (6.13)

1
d’yB . qun- A(}L‘ )f (Al(e) sin 0
)

o me? " Ay(f FA(6)
, where:
Eo®) = (7~ 1730 + (20
cos(6) E-B FAo(0)®1(0) — (F — 1)@ () A1 (6) sin 0

|E||B| V(F — 123(0) sin® 6 + B3(6)/ A2(6) sin® 0 + F243(6)

The length constant r; was also assumed to be r; = r(6;) = wy, since the
goal of determining ~yp is its comparison to +,, therefore these two particles
should start their respective motions at the same point.
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6.2 Parameters and Boundary Values

The parameters appearing in the system of ODEs describing the motion of

a charged particle in the flow’s electromagnetic field are the particle’s mass

m and charge ¢, and the electromagnetic field’s strength scaling constant
By.

For positrons and electrons, the two types of particles the motion of

which is studied in the following sections, the values of these parameters
are:

e m =m, = 9.1093897 x 1028 gr
o ¢ = +e = +4.8040425 x 10710 esu

The value of the electromagnetic field scaling constant By, and the scale
of the accelerating region wy were chosen to be:

OB():lG
o wy=10" cm

The boundary values of the particles’s four-velocity components at 6;,;,
the angle at which it is injected into the flow are:

o Vor(0ing) = V0iCri = \/Ypi — LCri
o oo (Binj) = VoiCoi = \/Vpi — 1ci
o v0(0ing) = Voichi = \/ i — Lcsi
® Yp(Oinj) = Vpi

In the expressions above, c,,cg,cy are the particle’s velocity’s directional
cosines, defined as:

. — Uy - Vor
.= -
u? + ug 4 uj \/U(%T + Vg + UG,
Ug Voo
[ ] Ce = —
ug+u3+ui U§T+U39+U8¢
U Vo,
.y 6 ¢

u? + ug + uj \/v(z],, + Vg + Vg,

Also, the magnitude v = cvy of the spatial component of the particle’s
four-velocity is related to its Lorentz factor as follows:

—? = —pc® + g = vy = /72— 1
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So, the boundary value of vg can be expressed in terms of the particle’s

Lorentz factor at 0;,; as:
Voi = 4/ 'Ygi -1

This particular way of specifying the particle four-velocity’s boundary
values was chosen as it allows for all said boundary values to be expressed
in terms of vy;. The system of ODEs may then be solved with the particle’s
Lorentz factor at 0;,,;, Vpi, as a free parameter.

The values of ¢, cpi,cg; are chosen before the process of solving the
equations describing the particle’s motion begins. The choice of their values
has significant impact on the particle’s trajectory, as they control the value
of the pitch angle o at 6;,,;. For example, for:

e o = Bri_ Ay (Oing)
1B \/Af(emj) + (Wﬁ + B3, (0ins)
o B_?i _ sin 0;p,
1B \/A%(einj)+(FM)2+Bgo(9mj)
e ?i _ Bgo(Oin;)
- w&%(emﬂ-) + (F;?I?(Hfj?)? + By (Bing)

the particle’s pitch angle at 6;,; is a; = 0° as its velocity is parallel to the
magnetic field.

For the solution of (6.13), the boundary value of v5 at the injection angle
0inj is vp; and also considered a free parameter.

It is also noted that the electromagnetic field under the influence of
which particle motion is studied, is the one corresponding to the Gaussian
resistivity profile solution for y = 100 and m = 0 presented in chapter 4.

6.3 Equation of Motion Solutions for ¢t and e~

The solution to the system of equations (6.6)-(6.11) for positrons injected
into the flow 6;,; = 0.9 with a velocity perfectly parallel to its magnetic field
is presented in this subsection. The electric field component parallel to the
poloidal magnetic field, which is responsible for the particle acceleration is
presented in the following graph.
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E parallel to B, (G)

0.20

0.15

0.10

0.05

Figure 6.1: Electric field component parallel to the poloidal magnetic field.

The positrons’ pitch angle as a function of the polar angle 6 is demon-
strated in the following figure, for positrons with ~,; = 1.01, 20, 40, 60.

Pitch Angle o (deg) (y,;=1.01) Pitch Angle o (deg) (y,=20)

10 2
0 0
09 1.0 1 12 13 14 L5 0.9 1.0 11 12 13 14 L5
0 [t}
Pitch Angle a (deg) (y,i=40) Pitch Angle o (deg) (v,i=60)
8 8
6 6
4 4
2 2
0 0
09 1.0 TI 7 13 1.4 15 09 10 11 17 13 14 L5
0 [t}

Figure 6.2: Positron pitch angle for v,; = 1.01, 20, 40, 60 as a function of 6.

The pitch angle of a positron with ~,; = 1.01 varies extremely rapidly as
a function of #, as for such low positron kinetic energies the gyroradius is sig-
nificantly smaller than the length travelled by the particle over the entirety
of its motion. Furthermore, in the pitch angle plots for ~,; = 20, 40, 60, the
mounts and valleys of the pitch angle’s graph are not symmetrical, which
is an indication that the motion has a drift component due to the flow’s
electric field.

Graphs of the four-velocity components of positrons with ~,; = 1.01, 20, 40, 60,
are presented next, as well as a graph of the flow’s four-velocity components.
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Figure 6.3: Positron four-velocity components for 7,; = 1.01, 20, 40, 60.

The gyroradial component of the positrons’ motion around the magnetic
field lines is expressed through the oscillating graphs of the spatial compo-
nents of their four-velocities.

The positron Lorentz factors, as determined through both the solution
of (6.6)-(6.9) and (6.13) for ~,; = 1.01, 20,40, 60, follow.
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Positron Lorentz Factor v,

— 7pi=1.01
150 — ¥pi=20
— Vpi=40
— 1pi=60

0.9 1.0 15, 12 143 14 1.5
6

Positron Lorentz Factor y,

Tpi=1.01
— 1pi=20
Tpi=40
1pi=060
vgi=1.01 (along magnetic flux lines)
..... vgi=20 (along magnetic flux lines)
vpi=40 (along magnetic flux lines)
vp;i=60 (along magnetic flux lines)

Figure 6.4: Top: Positron Lorentz factors as determined by the solution of
the equations of motion (6.6)-(6.9).

Bottom: Comparison between the equations of motion solutions and the
solutions of (6.13).

As can be seen in the bottom graph, the dashed line corresponding to
the Lorentz factors given by the solution of equation (6.13) largely coincide
with those determined by the solution of the equations of motion, especially
for ~,; = 20,40. The dashed lines do not display the oscillatory shape of the
equations of motion solutions, seen clearly in the solutions for
Ypi = 40,60, which is a result of the characteristic motion of a charged par-
ticle around magnetic field lines, since equation (6.13) is an ODE describing
only the energy gain of a particle which is assumed to move in parallel to
a poloidal magnetic field line. The two solutions also seem to differ slightly
near the equatorial plane. Another reason for any minor differences between
the two families of solutions is the fact that the particles described by the so-
lutions of (6.13) are assumed to move with a velocity of constant magnitude
~ c.

Nevertheless, equation (6.13) can very accurately predict the energy gain
of a particle injected into the flow electromagnetic field with a zero pitch
angle.

The positrons’ kinetic and electric potential energy variations are pre-

sented in the next figure, in units of meac?.

119



CHAPTER 6. PARTICLE ACCELARATION
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Figure 6.5: Positron kinetic energy and electric potential energy variation
over its trajectory for ~,; = 1.01, 20,40, 60, in units of mec?.
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The graphs of the kinetic and potential energies perfectly coincide as
expected, since the positrons are accelerated only due to the electric field
component parallel to their trajectory on the poloidal plane.

Trajectory Projection on the Poloidal Plane

..... Magnetic Flux Lines
..... Poynting Flux Lines

5010 5.5x10° 6.0x10% 65x10% 70100 75x105

X

Figure 6.6: Positron trajectory projection on the poloidal plane for
vpi = 1.01, 20, 40, 60.

The poloidal component of the positrons’ trajectory coincides with the
poloidal magnetic field lines for all values of 7,;. The trajectories of positrons
for ~,; = 1.01,20,40,60 and a; = 0° are presented in the next figure, along
with the magnetic field, flow velocity field, and Poynting flux lines.
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..... Velocity Field Lines
..... Magnetic Field Lines
..... Poynting Flux Lines

6108

vpi=1.01

[l

— 'Ypi=20
e Ypi=40
— Ypi=60

2108 5108

Figure 6.7: Positron trajectory for ~,; = 1.01, 20,40, 60.

Electrons are also accelerated by the electric field component parallel
to the magnetic field. Due to their negative charge, they must be injected
into this particular flow at 60;,; > 0.9, since their acceleration requires an
increase in their electric potential energy. The figure below depicts the
Lorentz factors of electrons injected at 6 = 5
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Electron Lorentz Factor y,
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vgi=60 (along magnetic flux lines)

Figure 6.8: Top: Electron Lorentz factors as determined by the solution of
the equations of motion (6.6)-(6.9).

Bottom: Comparison between the equations of motion solutions and the
solutions of (6.13).

To summarize, the force acting on positrons and electrons injected into
the flow by the electric field component parallel to the poloidal magnetic
field constitutes an efficient acceleration mechanism, as it can cause an in-
crease to their kinetic energy of about 120 MeV, for an electric field of the
order of 0.1 G and an accelerating region scale wgy = 107 ¢m. The particle
trajectories on the poloidal plane deviate from the poloidal magnetic field
lines by a negligible amount. This allows the calculation of the kinetic en-
ergy increase of positrons and electrons by simply determining the potential
energy difference between the initial and final points of their motion in the
flow’s electromagnetic field.

Suppose that a particle (e™ or e™) is injected into the flow at the polar
angle 0;,; and moves under the influence of the flow’s electromagnetic field
until it reaches 6y. The increase to its kinetic energy AK will then be
equal to the difference in potential energy AU 4 between the initial and final
point, (74(0inj) sin O, 74 (0inj) cos bin;) and (ra(0f)sinf¢,ra(0y) cosby) of
its trajectory on the poloidal plane, with r4(6) given by eq. (3.74). By use
of eq. (3.4):

F—-1 F—-1

AUs = Bomo(—22 )" F @y(0ing)  ( A;“((;f>> F(6y) (6.14)

Ao (Oing)
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The accuracy of this approximation can be seen in the following figure.

Positron AK and AU 4

200

150
AR, 7,=1.01

100 — Potential Energy

Figure 6.9: Kinetic energy in-
crease AK for v, = 1.01 and AUy4
(black) in units of m.c?.
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In this thesis the properties of self-similar, resistive, relativistic MHD
flows have been semianalyticaly explored. Starting from the conservation
laws describing the fluid and Maxwell’s equation for the electromagnetic
field, with Ohm’s Law expressed by equation (2.22) for a plasma of finite
conductivity, the equations of steady-state, axisymmetric MHD were de-

rived. In the next step, by assuming a separation of variables of the form:
G(r,0) = (L)F Go(0), the 10 x 10 differential-algebraic system of equations
w

describing raodially self-similar flows of this class was derived, the solution of
which determined all quantities describing the flow as functions of the polar
angle 6.

By examining the solutions for a flow characterized by an exponential
resistivity profile, the range of resistivity or Reynolds number values be-
tween which the flow decelerates, was determined. This range of values
coincides to a large degree with the range of resistivity values over which
ohmic dissipation is significant, as it is the main mechanism behind the
flow’s deceleration and the conversion of electromagnetic energy into heat.
This is supported by figures 4.3, 4.6, 4.8, 4.7 and 4.15. Dissipative effects
were found to be most significant for intermediate resistivity values. For
very small resistivity values, the flow’s dynamics and geometric configura-
tion resemble those expected of an ideal MHD flow to a great degree, while
for extremely large resistivity values dissipation is again negligible, in accor-
dance with the equations derived in subsection 2.3.3 regarding the infinite
resistivity limit. The reason behind that is that in this limit, the conduction
current J_;(md becomes equal to zero, leaving the convection current J_;O,w as
the only component of the total current density J.

In the case of a gaussian resistivity profile, dissipative effects, as well as
flux line separation was found to be more significant for more slowly varying,
with respect to 6, resistivity profiles (figures 4.36, 4.37, 4.46). Figure 4.46
also clearly shows that flux lines become parallel again, when the resistivity
drops back down to zero, but still no longer coincide, as in their initial
configuration at 6; = 0.9.

Radiative losses, modelled as a fraction of the dissipated power per unit
volume, were found to have significant impact on the flow’s heating, as only
the dissipated power’s not radiated fraction can heat the flow (figure 5.2),
as well as on the flow’s Lorentz factor, since the radiation reaction force can
significantly decelerate the flow. Radiative losses do not significantly affect
dissipation (figure 5.3), or the fields’ geometric configuration (figure 5.11).

Lastly, the electric field component parallel to the poloidal magnetic
field, which appears due the flow’s finite resistivity was examined, as an ac-
celeration mechanism for electrons and positrons injected into the flow with
a zero initial pitch angle. The increase to their kinetic energy due to the po-
tential drop along their poloidal trajectory was determined both by solving
their respective equations of motion, as well as calculating the potential drop
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along magnetic flux lines, between their injection point and their trajectory’s
final point. The two methods fow calculating the increase to positrons’ and
electrons’ kinetic energy lead to very similar results, provided that particle
energies remain low enough that they follow the magnetic field lines. Thus,
calculating the potential drop between two points on a magnetic flux line
was found to be an accurate way of estimating the kinetic energy increase
for particles moving under the influence of the flow’s electromagnetic field
(figure 6.9). Moreover, the electric field component parallel to the flow’s
poloidal magnetic field is an efficient acceleration mechanism, as even a
weak electric field (figure 6.1) acting over a small scale area (g = 107 cm),
can accelerate positrons or electrons to high energies AK ~ 120 MeV.
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