Chapter 5

Results and Discussion

5.1 Introduction to and Notes on Results

In this work, we are interested in e flux/(time - area - solid angle
kinetic energy/nucleor is serﬁartlcular we are interested
in the shape of (j), vs. = 1 index; 4 ich is used to indicate the

As discussed in §2. he’spectral inde 1 s a power-law index over

momentum in the relati ogarithm of this relation, it

\\,

slope of the graph. The ef e, Wjﬁﬁ? he a ‘1‘ al power-law index, v, even if
-~ ) 5 "

yields log j = —~ log p™+ const g w-’ 'w g 7 vs logp, —y will be the

the large-scale behavior is not<a 5 Sifole

\ = 7))
p)- : ' A

aw (even if 7 is not constant with

If the vali ‘V ---------------------------------- 7;‘ fijmeans the acceleration
efficiency is high. Olﬁhe other he value i§’ arge, j rapidly decreases
in p, meaning the ac cekmlon efﬁmency ow (see Figure 5.1). Note that, in
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to the first 2- stﬂp (z far downstream), because ge overall partv population is

s R YD U T ) o
lthough the transport equations we use are not written in terms of 7,

the calculated F' can be related to 7. Because F' = 2w Aj, where A is the cross-

sectional area perpendicular to z, and A is constant throughout the simulation
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Figure 5.1: Two graphs of log 0 u‘;u rent y values: —+ is the
slope of the graph, séd to indicate acceleration effick cy at the momentum of
interest, po. For the sanie.particle densityyat po, a higher v at py gives a smaller
particle numﬂcﬁglﬁﬂ'lﬂmw ﬂq}ﬁ it Po gives a greater
particle num f a lower v implies

a greater accel@fation efficiency. ¢
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Figure 5.2: Steady stat WSity n-. - \‘: an energy corresponding
with v/Uy, = 25 in : : e ~\| solving the pitch-angle
transport equation. T ) the quasi-perpendicular case
(Q-Perp; solid line), ed line), and disappears
in the quasi-parallel c

tegion, the shape of (j),Vs. g% b2 st § aled differently. Moreover.
" Ad
the slopes of log(j), vs. log p {0 og p are exactly the same.
Selected results

Appendix D. |7

5.2 Results nd Discussion

In thﬂuﬂhgkmﬂmﬁgwﬂq ﬂ.ﬁlamon results show

a jump in partlcle density from deWwnstream togipstream (see also Ruffolo 1999,
st oV ) ek bt o ) bl eencsom
field angle The jump is highest in the case of a quasi-perpendicular magnetic
field. It is lower in the case of an oblique magnetic field, and in the case of a

quasi-parallel magnetic field, the jump disappears (see Figure 5.2).
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ith an energy corresponding

.\\
» shock (solid line), com-

\§ .-.\ ression region with b/

) e transport equation

transport give a peak at t 5 ey of thé*@ompres

with v/U;, = 25 insfic cdSes ua
pression region with b
= 0.5 (dotted line),

In the cases of n the results from pitch-angle
ion. The peak height is not

as high as the jump height fo C-Ehe COTT Jing shock, and the peak height

___,__;_

decreases when the “¢or -}’ e 5.3). However, the

T e—_—

peak can only be founc AN ansport equation. The
approximate diffusionmonvection equation does not yim a peak in any cases (see

Figure 5.4).

The r% usﬂcq mﬂﬂnj “ﬂeﬂrﬂj angle, and in par-
ticular_th roring e ct 7 e(aken to_acéount, o h-angle trans-
port, %ma‘fj QM ﬁl-j'ﬁt convection-
acceleration) approach. In addition, the peak (and jump) height is stronger

when shocks/compressions are more perpendicular, and compressions are nar-

rower, which is consistent with a dependence on the strength of the magnetic
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Figure 5.4: Steady stat 1 ityjof particles ., an energy corresponding
with v/Uy, = 25 in yrallc sion region with b/ A =
0.2, obtained from solvi \‘:,\,‘ ation (PA; solid linze) and
diffusion-convection \

mirroring effect. Therefo Troning peak.”
Regarding the p sptctrumipi \ 1gle transport does not yield
Prrs ,
the exact power-law spectrum in cases of shocks as predicted by the diffusion-

it 'J s f__,. ._.:'

convection equationijys ales™—+, depend on particle

momentum, especi S s nagnetic field (see Fig-
ure 5.5). Moreover, @m the results for cases o shoc@and narrow compressions

we found thagtﬁte ¥ valie dicatﬁ the déceleration efficiency, is associated with

JdEA. dFHELH QM BLAEI . pictangte trons
port ﬁati ields a harder spectrum ﬁwer eater accelétation efficiency)
oo AR AN SRR IIN AL wneer

from the pitch-angle transport equation and v from the diffusion-convection equa-

the mirrorin

tion is greater when shocks/compressions are more perpendicular and compres-

sions are narrower, corresponding with the mirroring peak height (see Figures
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-Perp; solid line), oblique
ne) shocks, obtained by
hormalized to one at the

Figure 5.5: Particle / i-perpend:
(OB; dashed line) Q4

the pitch-angle trans

5.6 and 5.7). For this re ¢ eb “concluded that the mirroring effect also
contributes to increased efiicie PEYPT art ycceleration.

Additionally, as shovn I Figures and 5.7, a difference between pitch-
angle transport an !,g!- di : ve —e found for cases of wide
7 "‘"‘ because the difference

compressions. This

is clearer when the pressxons are wider (weaker fmrronng effect). Actually,

it is a cons ﬁ % iffusion-convection
approach. ;ﬂ'i{ mﬁ Wﬂlﬁif j(z,p) has to be
indep is not. In
Figurtﬂj ﬁjladgx‘n\aﬁ mﬂlﬁ ﬁmﬂ j &ET downstream

is normalized to be 1) for a lower energy is not the same as for a higher energy.
At a lower energy there is a smaller particle density at the compression center,

which has the highest acceleration rate. Then, under the diffusion-convection
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v/Uy, = 25 versus wid gruptession (shock \ 0 width compression re-
gion) in the cases o endic ompression regions, obtained
from solving the pitch- AL @ squiation ‘1"; olid line) and diffusion-
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Figure %.7. Spectral index, 7, of particles with an energy corresponding with
v/Uy, = 25 versus width of compression (shock = zero width compression region)
in the cases of quasi-parallel shock/compression regions, obtained from solving the
pitch-angle transport equation (PA; solid line) and diffusion-convection equation
(DC; dotted line).



82

12 : g T ST M s
| (a) | (b)
1.0 ] 1.0 T ]
208 \: 208 ‘{
- | -
!\: 0.6 ‘ £ 0.6 :\
s Y 04 '
[solid line: <j>, from PAI\ solid line: <j>, from PA: \
02 T T 0.2 T
dotted line: j, from DC .“v‘\‘. dotted line: j, from DC K
0.0 s M i s s 1 n
-6 -4 ~2 0 2 -4 -2 0 2 4 6
2/M /N

h an energy corresponding
\?5\‘ [ a quasi-perpendicular com-
‘a ) the pitch-angle transport
on (DC; dotted line).

Figure 5.8: Steady Stﬂ( s

with (a) ¢/U;,, = 25

assumption, the particl j slerated from lower energies to an energy of

\ ower than it should be. In

cases where the spatial di ion at different energies is not very different at

the compression center, the d "f; on equation will predict a v value
- .9

Although 49 ,ﬂi:; 1-3,5' give incorrect results
for the momentum d@ibutl and s dex, it sﬁl yields reasonable spatial
distributions when the magnetic mirroringeffect is weak (see Figures 5.8 and 5.9).

o ik ol i i b e atrences o

tained by the pltch-angle transpaft and diffusion-convection ggnations will be
smallﬂwﬁﬁeﬁ?ﬂcﬂnmuﬁa %&hﬂﬁlﬁ%{’mes greater.
Referrmg to Figure 5.5, at least for the clearly eye-catching quasi-perpendicular
case, the spectrum is quite not a power law at low momenta and it has more

power-law characteristics at higher momenta. Furthermore, Figures 5.4, 5.6, and
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Figure 5.9: Steady stateé'sp j articles an energy corresponding
with (a) v/Uy, = 25 angde® A’/ /) " 5( \ \ ._-..L uasi-parallel compression
region with b/A; = 0.2, 9 / ' the piteh-angle transport equation
(PA; solid line) and @ 10 {otted line)

5.7 can be respectiv & //— v S 5. .\ .11, and 5.12 to indicate

ﬁ.’.
the small differences at a motuentu

That means that fof low.€né vy 5, including the majority of solar

s
energetic particles, using the -ff—‘--u - port equation is necessary to obtain

T J,w

an appropriate spati articles, especiaily in cases

of high magnetic ~; ¥ = Y]
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Figure §.11: Spectral inde particles with an energy corresponding with
v/U;, = 50 versus width of compression (shock = zero width compression re-
gion) in the cases of quasi-perpendicular shock/compression regions, obtained
from solving the pitch-angle transport equation (PA; solid line) and diffusion-
convection equation (DC; dotted line).
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Figure 5.12: Spectra
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