Chapter 2
Theoretical Background and
Transport Equation

Scientists do not e Wstand the acceleration of particles
near the Sun, or their 1nJect ber of particles released into

the interplanetary medlum

1on—-of t» ay to study this is to use
an appropriate transport, ] ‘ /sala rgeti rticles in the interplan-
etary medium. This he
to the acceleration of p
is to fit data in order fo i njection of particles from the Sun as a

function of time and energy, efore. 1 rv.to consider the theoretical

background relevant to the tifins pOTH
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2.1 IrregulagMagnefl ‘Field frena the Sun

There are 3 layﬁ

sphere, and corona. The Qutermost pOl‘th f the Sun, the corona, has a tem-

— aboﬂ1ulﬁjs g wﬁ;ﬂﬁl ightePtharl fhhi3f the surrounding

interplanetary me?('llum The pressuge in the 1ntgplanetary me m is close to
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ference, plasma flows (non-uniformly) from the corona into the interplanetary

e ﬁﬁ photosphere, chromo-

medium with a speed of ~ 400 km/s. This flow is called the “solar wind.”
The energetic particles released from the Sun move at relativistic speeds in

the interplanetary medium, which comprises the solar wind plasma continuously



magnetic field line

Figure 2.1: Solar magnetic field.

moving at a slower speed. : '-?e “wind drags magnetic field lines out from
the Sun while the Sumyis ro The magnetic field lines are
dragged along with the.t _V.“ rly conducting (Roelof

1969). The magnetic ﬁm lines are therefore curved Figure 2.1. Since the
solar wind is highly tu tﬁﬁt e inter W ag tic field which is dragged
out is very irregalu r ﬁ ij ' ntfﬁ ﬁ ‘i |

L) i i cﬁf the time
derivatiaﬂjﬁﬂﬁﬁmMiﬁﬂz y IE],nded by a

closed contour, L, and moving with the plasma. After a small time, A¢, L

propagates with a velocity, i, to a new contour, L', as in Figure 2.2. We define
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Figure 2.2: The propag gh a closed contour, L.
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From Green’s theorem Stokes’s theere apere’s Law,

AEs

B da) . (2.1)

s

where @ is the plasma mlocmy Now E, = = #y E +u@B /c , where E, is the

electric field in t}FTQIJf o W mwmﬁl/ 2 Ifthe plasma
is completely conQictng,T (3_ 0 an /dt is shows that magnetic field
o %mﬂﬁﬂﬁ mwmj ?m El q a %Je magnetic

AsS$uming that the plasma flows radially out from the Sun,
field lines lie along the Archimedean spirals ¢ = ¢ — Qrsinf/u, where 0§ is
measured from the North Ecliptic Pole. We have

dr u
_ . w T 2.3
Ar = ult, A QALt, % Q’ (2.3)



where  is the angular rate of rotation of the Sun. We define ¢ = 0 when r = 0,

so d¢/dt = 0, and

B(r, gy = alr,8) (é’, r813r0d¢ 4,) :

= a(r,0) (é‘, = Smeé‘,,,) . (2.4)
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We must have V - B = 0, so

0

g = (2.5)
If By(8) = B(ro,0) then

(2.6)

Finally, the magnetic field, lying a ong th h i spiral at a distance 7
from the Sun, is y

To Qrsin 6
ﬂﬂ%ﬁﬁh% -
where 7 is the cofiétation radius of the Sun (~ 0. 01 , an e, and € are unit
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Th@ orbit of a charged particle in a uniform magnetic field is a helix
around the magnetic field line with a polar angle, 6, which is the angle between

the velocity of the particle and the magnetic field line. We define

= cosb, (2.8)
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rm@ag@ for various pitch angles.

where p is a constant for otic field, and.can randomly vary in the

Figure 2.3: Particle orbits.i

irregular interplanetary

motion: when 6 < 90°, - thewpa ticles : outward from the Sun,

(2.9)

where q is the spﬁﬂﬂ% ﬂ W%’ Wﬁﬂaﬁﬁ field fluctuations

at wave number Altvithin an interval éik Q.x is the spectral power at a reference

wave“u@W’?*}‘Mﬂ‘im N‘MTJ\‘V]IEI’]@EJ

= 27f sz(kOTL (2.10)

where R is the rigidity of particle, and 7, is the Larmor radius. Thus 8 T A
and ko are parameters of the spectrum of the irregular field (Jokipii 1966; Jokipii
1971; Earl 1973).
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2.2 Transport of Particles: Fokker-Planck Equa-
tion

A major goal of this research is to fit data in order to determine the in-
jection of particles from the Sun as a function of time and energy. Therefore, it

is necessary to consider the influences that affect the transport. We use the the-

ory of focused transport to explai solar energetic particles in the

interplanetary space. In thi owing transport processes:

systematic changes in the d, z, systematic changes

in the pitch angle cosin omentum, p, and ran-

dom changes in pitch to the magnetic field

irregularities. The distri efined as the density of

particles in terms of p, p
(2.11)

3 5 A 2 ) 3
Then the evolution of F' is goveriied by a Fekker-Planck equation,
'\

- _
G—(EM = . + second order term

ot T 0z
(2.12)

L

where ﬁrst-ordeﬁeﬁ ﬂ;ﬁ;ﬂwﬁfﬂ(ﬂwjﬁﬁam second-order

terms correspond o random processes.

d
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transport &f particles in interplanetary medium, including the ettects of the

streaming of particles and the distribution of scattering:

of(t,p, 2) —;waf(t’“’ z) N 0 p(p) 0f (¢, 1, 2)

= SN T 2.13
ot 0z op 2 o’ (1)
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where t is the time since the solar flare occurrence, z is the arclength along
the magnetic field, v is the particle speed, p is the cosine of the pitch angle,
or v,/v, f is the particle distribution function and ¢ is the coefficient of pitch
angle scattering (Jokipii 1971; Earl 1973). This equation explains the cosmic-ray

distribution as a function of the distance along the magnetic and the cosine of

the pitch angle.

Earl (1976a) develope ion further by including the

0 o(u) 0f(t, p, 2)
op 2 on
(2.14)

of adiabatic focusing

ons of the guiding ﬁeld,'

(2.15)
Particles are considered hdeteo pit 5 :;-‘f o] eri Wthh is the effect of
small-scale irregularit ' and focusing, which
is an effect of the large- _7 : I at Ecreasing distance from

the Sun.

Later Rﬁpum KT TPk S

which are the ﬁxed frame and solar wind frame (Figure 2.4). In the fixed frame,
the partu@ ﬂ’] ﬁ\anf(] j ‘gul&l m ’]thMtE;laq ta x&netlc field
is constant and the focusing conserves the magmtude of the velocity, v = |7].
In the solar wind frame, the small-scale irregularities are frozen in the solar-
wind frame, so the scattering conserves the magnitude of the solar wind frame

velocity, v' = lz?’ We consider the effects of focusing and scattering in the solar
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focusing vy vy scattering_
conserves [U] A A conserves |v/|

.' ring in the fixed frame
\- ider scattering in the

locity in the fixed frame

(v), but does not preserve the mé é of the solar wind frame (v').

. B\ I L .
The process of focusing always makes th -,, e he particle in the solar wind
frame closer to the or y— 7 v;' J

We find the (norﬂelatl : deceleration as

quddnsiinens o
and the focuSﬁ in the fixed frame gives the ratesf chanial of p (Barl 1976a) as

AN IUARIING 1A Y

il uz) (2.17)

h= 3

When we substitute i from equation (2.17) into equation (2.16), we find that

'
1 T Uswl

2L(2)

(1 - ). (2.18)

S
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For relativistic particle speeds, the appropriate formula for the rate of change of

the momentum 1is

where p' is the momentum of the particle in the solar wind frame and v, is the

solar wind velocity. From these processes, adiabatic deceleration is a decrease

with the Sun, the solar wi e magnetic field at each
point:

(2.20)
where 1(2) is the angle be ﬁr vind direction nd the average magnetic
field as shown in Figure 2

The change in the m ,‘ T a, P e in the solar wind frame is due

to two effects. One effect is %W‘I 7 batic focusing. From equations

(2.19) and (2.20), welgD I £
e Vi ' X
: (2.21)

Another effect is due to jhe position dependence of v$,. In other words, at

different 1ocamoﬂ g e ’}ﬁql%]m% e 425 B different [moving

with v$, (2) with gspect to the fixed frame], leadmg to “dlﬁ'erentlal convection.”

AR AN R B84 e o

from one pomt to another point along the same field line. The transformation

between the fixed frame and local solar wind frame gives p|| = p“ + (E/c?)ve, or

pj; = p| — (E/c*)v5,. The momentum difference at different points is

Apj = —C—Lva(A sec). (2.22)



13

Figure 2.5: Illust field and (z).

In terms of the distance alongthe field line veen the two different points,
Ap" — -'1'_:; ,'_ \ .- AZ. (2'23)

Substituting A'@rt f"',, the rate of deceler-

ation of the momentum ¢ u nponent alon s field line: J

ﬂu&lﬁmﬁﬂ‘?ﬁﬁﬁﬂ‘i a2

where 4 secy = 08!1/) sect. From the relation & (p|| /o)), we get the rate
= Wond @ 8 ) WT’J NYQY

p = —p'vs (cos z/)— sec zp) (2.25)

Summing the two effects, the total deceleration rate is

P = —p'Usu [2820( )( — i )+Cosw—secwﬂ ] (2.26)
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There are effects of the solar wind on the z-transport solar energetic
particles, in particular because of solar wind convection. Since we consider the
effects of the solar wind on z in the corotating frame and the focusing preserves

v in that frame, we find the velocity along the magnetic field line, v}, from

E
py = o +—vswse<:¢,

(2.27)
From these equations we get the¥até of streaming and convection with the effects
of the solar wind in the cozg '

(2.28)

(2.29)

where the factor E'/E = 2t10 of the particle energy in
the solar wind frame to that1

There are also effects of-ti AL Wi d on the pitch angle. The rate
of change of p, the pité due Lo bie focl ‘ g in the fixed frame
as in equation (2.17) anﬂhe . . ro@the position-dependent

solar wind velocity. For the effect of focusing, we get

| AYHRUSLINEIDT - e
wwmﬂw P Med (115}

the momentum, so we have

i = dﬂ

dpf) =0 = dp?(1-u?)] (2.31)
= 2(1— p?)p'dp' — 24/'pdy (2.32)
g = ¥ p' (2.33)

gy
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From equation (2.33) and equation (2.25), the effect of differential convection is
-1 d ! 2

[ = —vg, | cos 1/)3; secy | p'(1 — p'). (2.34)

Thus the total rate of change of u due to effects of the solar wind is

/

I = -2—;1)(—2)[1+u'v;wsecd) P el sec'gb] (1—u?

(2.35)

nergetic Par-

of \ otal rates of change of z,
atl10 2. 9) (2 35) and (2 26)
We use these formulae in a @Fansp, éqilad n. f ar energetic particles. The

Fokker-Planck equation (2.12 or ~‘ 'c rticles in the interplanetary

medium can be improved by writ ing '
o, ,/J ‘ x/

p in the local solar m ' ed/(or slowly corotating)

frame: V”r N

tion in terms of changes of p and

OF (t, p, 2,p) p) Az 8 Au
aﬁ U ’ﬁl ‘j/g % ']
o 5 W B % R w&l 'ana»&»

wind fra.me to that in the fixed frame, a factor in the pitch-angle scattering term.

(2.36)

We know Az/At, Ap/At and Ap/At from equations (2.29), (2.35), and (2.26),

respectively, so we can get the appropriate transport equation (Ruffolo 1995):
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OF (¢, 1, 2,p) 0
CHBED 2 wF(t, e,
2
- 82 (1 = Nz%) Vsw SeCYF (L, 1, 2, D)
%
: ZLU( ] [1 +u~——seC¢ u———sew] (1 - p*)F(t, 1, 2,p)
+'5; 9
+ 2 £l8) + e 2) F(t, p,2,p),
Jop
(2.37)
where 1)(z) is the angle"be 3 and the radial direction (Figure
2.5), L(z) is the focusingden (1 pifch-angle scattering coefficient, r

speed, vy, is the solar wind
speed, u is the cosine of the pltch 7,p) 1s the density of particles in
terms of p, 4, and 2, theypg » along the o eld, p is the momentum of
the particle, and c is _— ‘F '

’|
This is the equamn we use for simulating the E‘ ergetic particle propa-

gation from the ﬁ\ ﬁ\’ﬁlﬁtﬁ Ej ﬁl%dw%p th of the solar energetic
particles, ), from '

¢ 3D

ammmzﬂwnwmaﬂ o

where D is 4 spatial diffusion coefficient (Jokipii 1966, 1968; Hasselmann & Wib-
berenz, 1968), and

B f 1 (1 _ u2)2
D=1 /_ b (2.39)



	Chapter 2 Theoretical Background and Transport Equation
	2.1 Irregular Magnetic Field from the Sun
	2.2 Transport of Particles: Fokker-Planck Equation
	2.3 Transport Equation for Solar Energetic Particles in Interplanetary Space


