Chapter 2
Background Knowledge

To prepare for the later chapters, we would like to start with background

knowledge regarding cosmic rays and‘J [ted topics. The first section will afford
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ves some explanation on in-
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=

teractions between ch
understanding cosmi detailed in Chapter 3.

Next the concept of

317,500'1'%{(%&" ' Emgé- :

intensity of radlatlonﬂilsc arged

various heights up

§

- enﬂle balloon moved higher.
He concluded that the gr &n of the kmds of rays which made electroscopes dis-

st shouﬂ;w % %i&]%@ w;m[ﬁxﬁr 1989; Schlickeiser

2002). Afterwa%ls the rays were n?med ‘cosmic rays T At present we know that
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Earth fr%m outer space. Nevertheless, the term “cosmic rays” is usually used for
just the energetic particles, as we use it in this thesis.

The observed cosmic ray particles are not exotic. They are just ordinary



particles that are accelerated to high energy. Most of them, approximately 85
percent, are protons. About 12 percent are helium nuclei. About 2 percent are
electrons. The remainder are heavy nuclei (Longair 1997). Nevertheless, they are

at very much higher energy than ordinary particles originating on the Earth.

2.1.2 Cosmic Ray Spectra and Origins

Cosmic ray energy spectra span a ide range from 10° eV /nucleon
up to above 10% eV /nucle: sehlickeise hermore, for various cosmic
ray species, the spect Jrgute epresented by power-law
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oy * \‘ \:‘:\ eon. Power-law energy
spectra can be written v as follows: a normal scale, the flux of

(2.1)

Another relation is in a lo - relationship between log j(E)

and log E with siope —7e,

e logi(F) ——-;—-;v,---—~_~--,-.~.__.. . (2.2)
where j(FE) is particl@ux kmetm energy/nucleon), for

an ion species E is exp d in terms of kinetic energy/nucleon (i.e., kinetic
T35S

— dmdeﬂﬂdu%}éa %w § w Mﬂ ‘}onstam, called the

spectral index. qApart from describing spectra 1n terms of energvhe spectra are

oen YR P Wﬂt‘@sﬁ I
n(p) < p~” (2.3)

and in a log scale

log n(p) = —ylogp + const, (2.4)
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Figure 2.1: Energy spectra of various cosmic ray species in the energy range above
107 eV (Picture credit: Simpson 1983)
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where n(p) is particle number/(volume - solid angle - momentum/nucleon) and
for an ion species p is expressed in terms of momentum/nucleon. Actually, n(p)
and j(FE) are the same quantity, but the y and 7. values are not the same. For
nonrelativistic particles, E is proportional to p?. Therefore, v = 27.. However,
~ and 7, are the same for the case of ultrarelativistic particles, because p is
proportional to E (see Appendi \

dition, since the rest mass energy

) have an energy smaller than

Sﬁrgy) could be classified as

nonrelativistic particles. a ‘ ‘ith more than 10'° eV /nucleon (>10 times
p -

of a nucleon is approxima

10% eV/nucleon (< 10%se

of a nucleon rest mass eu : > class ‘as ultrarelativistic particles.

Cosmic Rays fro
0® eV /nucleon that arrive
continuously (are not asgoci traj sient solar or heliospheric events) come

from outside the solar systepi-(with a fe ' ions). The speciral index of

approximately 101%€V /nu 'is constant up to an energy

of about 10'® eV/niitleon; a change in the spectral“index there is called the

“knee.” For FT ‘73) wﬁf e slightly steeper
with a spectraMrgca aboﬁﬂé)eyon ﬁmﬁpe tra are flatter again
RS A g e
eV/ Wmﬁim. inindl | ’

nucleon (
Nowadays, scientists do not fully understood the spectra over the energy
range above the knee yet. Perhaps cosmic rays above the ankle might not be

produced in our galaxy. Nevertheless, there are many reasons to believe that
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Figure 2.2: A h different spectral
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ferences more &asily) (Picture credlt http:// www phys. washmgton edu/~walta)
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Figure 2.3: A supefnoyd /pemnant, which looks like an expanding
bubble with shock®™ wawesf acound . the outer. Tim. (Picture credit:
http://www.astro.columbiadedu /~ben)
cosmic rays in the enefy fange above 10'° eVi/nucleon and up to the knee (=
10% eV/nucleon) shouldimainly originate from the shock acceleration process at
“shocks” in remnants of stiperzova exl)loéiohq__ (see in Figure 2.3) in our galaxy
(see the detailed reasons in Appendix B). Tl_ms, these cosmic rays are usually
called “galactic cosmic rays” (GCRs). Note that a shock is a discontinuity in
fluid (here, space plasma) properties such as flow velocity, pressure, density, etc.,
occurring in fluids colliding together or colliding with“obstacles with a relative
velocity greater{ than ghe sound, speed in.therfluid

In facty \GCRs span into the energy range below 10'° eV/nucleon also,
but they gamnet maintain, the powerlaw speetra, shapesanymore. However, this
does nof, contradict the success of shock acceleration theory, which (in its simplest
form) predicts power-law shapes of spectra, because galactic cosmic rays of £ <
10'° eV/nucleon are subject to some effects from the solar system, called “solar

modulation.”
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Solar Energetic Particles

Apart from supernova remnant shocks, which are well known as the main
origin of GCRs, there are many other places in our universe that can accelerate
particles. In particular, in our solar system, many energetic particles a.re. produced
from many kinds of origins. However, the energies of cosmic rays produced in our

( ; rather their energy range is from
\\\i

~ 10° eV /nucleon to ~ 10* \a\ 20

solar system are not as high as

nsn;y of oxygen from = 300

it. shows the time-integrated

\

: ous types of particles (see

nergy particles also. In ad-

over a wide energy range,
alled cosmic rays. Some of
‘particles from the Sun that form a

ced of the “siow solar wind”

stdnd of solar wind called
oronﬂhole regions” of the Sun.
The fast solar wind hastan,average speed efi~ 702 km/s (Foukal 1990). Though

the energy o fib bt S srp U] S RN B b Finc energy, the st

solar wind is stqll not included in tlie term “cosmic rays.”

ik ol sl LI TaF Y TR

solar wmd above ~ 0.1 MeV/nucleon, because these particles have been accel-

the “fast solar wind,” whicl

erated by some mechanism. As in the case of galactic cosmic rays, the main

mechanism is shock acceleration. Note that in Figure 2.4, three of four kinds of
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Figure 2 4: Time-integrated intensities of oxygen from ~ 300 eV /nucleon to ~ 300
MeV /nucleon (Picture credit: Mewaldt et al. 2001)
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Figure 2 5: Time-integrated intensities of helium, oxygen, and iron from =
eV /nucleon to =~ 300 MeV /nucleon (Picture credit: Mewaldt et al. 2001)
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icture eredit: Cravens 1997)

s /e
bt _
cosmic rays originating in the soﬁyst = be connected with shock accelera-
..----_;.-""I ‘:__,
tion as follows: The;f;rst are solar enagetlc particles acc glé ated by shocks taking
place when mass is'ej f " COI ides with the solar wind

ahead of it (see Flgurﬂ 6). This event is called a cord'blal mass ejection” (CME).

L) i VL3841 S
MK o) a0 Vil 0T

action regions” (CIRs). The collisions between the slow solar wind and fast solar

wind, streaming out from different regions of the Sun, are due to rotation of the

Sun (see Figure 2.7).
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Figure 2.7: A#Shog CIR (F cc._&r c cht\\ Hundhausen 1972)
o \

collision between the solar wind and interstellar medium at the boundary of the
_..-;p-"’_;, . i“'; T

solar system (see Figure 2.8).
s .
2.2 Magnetj} Fi a r@d Particles in

o | Q/
Apart%m;anm ﬂlu:j Miﬂst&]ﬁﬂlgmmagnetic waves,
space is. a 1l of m tic eﬁp ced obj siteh as the Earth,
the Sugq ﬁ‘:“i adq:ﬁ]‘fn ﬂ‘ﬁjﬁﬂﬁj ﬁ:ﬂrt through

space in the presence of a magnetic field, we should understand the interaction

between the magnetic field and charged particles.
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Figure 2.8: The, sol ermination s malous cosmic rays ACRs
(Picture credi %3" eli sﬁclg}s%ov ’O] %
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2.2.1 A Charged Particle in a Magnetic Field

It is a fundamental principle that charged particles must interact with a
magnetic field. The motion of a charged particle under the influence of a magnetic

field, B, is governed by the Lorentz force,

W o

city of the particle (Ruffolo

acting on the partiele becausé F is a‘cross pre 3. In consequence, the

velocity v. Since the

'oﬂand parallel motion, the
result will be helical matien along the magnetic field line (see Figure 2.9).

For t}ﬂ JdeBhodd ! V) IR il scribe the retation

between the cxrcular motion and the parallel mgtion along the field. This is the

on andid iedn e bk Gkl ik hretd v bl ke e

B, calle3 the “pitch angle” and denoted by 6 (see Figure 2.10).

total motion is a su[gpoi 10

In this work, we often use the cosine of the pitch angle, denoted by u,

to describe the ratio of v to v. Subsequently, uv and (y/1 — u?)v are used to



Figure 2.9: Helical Mg article inva uniform magnetic field

B

Il w ’w kR
Fgmadm AR NENAL ..

18



19

paN paN > ) o
= < \)/) = B 6 =30 p= 0.87

9 =120° p=-0.50

—c . , ; 9 = 150 i =—0.87
' & magnetic field with various
——

Figure 2.11: Helical moti cles in
w \\‘*\" the amplitude of v. The cosine
1 %

pitch angles —
/ i

of the pitch angle h: y he, ra : A Of 1 1. If it is equal to 1,

\
(oo]1

represent |vy| and |

that means the parti ! ; thescircular motion does not exist and the

particle moves in a str the u = 0, this means the particle
has only v, ; the motion i§ ci af Juotion: as a negative value, this means

the particle has v in the ©ppgsite dire ith respect to the direction for a

positive value. Helical motion of pe

o

rging Magnetic Tields an@v[agnetic Mirroring

arious pitch angles is illustrated

in Figure 2.11.

Converging and D
The Iﬁh anﬁlleﬁshnsta.nt for pariéle motion under a constant, uniform
9

ql:ﬂegt m&acmx; or is not uniform.

In parﬁicuﬁ for a static magnetid field the ratesef change of pis
q

TARHTUURINGNY

Y A (2.6)

magnetic fiel

where

1 1dB
L= Fd @7
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and z is the spatial coordinate along B. In the case of a converging magnetic field
(dB/dz > 0), the particle tends to accelerate backward, i.e., u will decrease or
may even change sign. Some forward-moving particle will turn around and move
backward when the magnetic field converges. This phenomenon can be called

“magnetic mirroring.”

An adiabatic invariant under a slowly varying magnetic field, the magnetic

moment, can be used to des . netic moment for a charged

particle, M, can be defi rern ng of the particle due to

motion perpendicular to )
A2

wll (2.8)

where m is the mass of iclel The' \\\ .\ e magnetic moment (in

3 .‘- v is also constant for a

static maguetic field (Ruffo i: Using the expression of |vy| in terms of 4,

(2.9)

i

When B is more i V e, u? I ‘ ticle will reflect at a

mirror point where Iﬂs intense enough to make p ecﬁl to zero. Furthermore,
the invariance ‘ﬁil | Wo the tic flux within the
circular path ﬂaﬁ‘ﬁst ﬁﬂmh mot lﬂfl ﬁie in a converging
magneti hould izal Srpoti onstant etic flux (a
const:inﬁj ﬁnﬁﬁiﬂﬁﬁﬁ%ﬁ fjliﬂ‘mirrored”)
backward along the guiding center when it encounters a strong enough magnetic

field, as shown in Figure 2.12. If a particle moves into a less intense magnetic

field, o of the particle will not change sign and |u| will tend toward one, the
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Mirror Point

<

(Pitch angle =90)

Figure 2.12: (a) Motion of*a partidle in a chhmlgmmi‘magnetic field and (b)
magnetic mirroring i argh’s vadiati elts ( re credit: Jackson 1975
backgnd:html)

and http://www.estec g8

particle tend to move irect. . , vhll not encounter refiection by
magnetic mirroring. A}

Irregular Magnetic Fie _‘ ng , magnetic field lead to changes in
motion of the charged partlcle';ﬁ th etic field gradually changes, the

angle of the particle

moving in the magneJc ﬁeld is gradually changed to ébhisfy the magnetic invari-

ant explaine § ﬁ( otion of the particle
moving thr Eu ﬂ Mﬁc ﬂﬂﬁ\ﬁ ﬁat means the pitch
angle @f e_scattering.”

Due q%:jx-a ghﬁ 3 E’Ihﬁ ﬁj direction of

motion along the field line, i.e., the sign of x can change (see Figure 2.13). This

direction changing can also be treated as an elastic collision between the charged

particle and the magnetic field. The strength of the pitch-angle scattering can
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B
Figure 2.13: A charged paztacle ehatg i -\ X sle along an irregular magnetic
field. Furthermore, thedirget _ 1of the charged particle can also change.
be characterized by the basfllé] micanfree p: he A ThlS is an average length
that cosmic rays can move be & changing their direction of motion along the
magnetic field line. Furthg &@6 5 also ¢ \ ‘serpendicular mean free path,”

A1, for describing partic diffusio

2.2.2 Magnetic Field i

Not only ‘VJ_ ~magnett 1cles but on the other

hand, charged particE 3 1d ﬁo when charged particles
have enough energy d(’ilsg. In this casg, | the test charge approach mentioned

beforecmﬂw’mﬂmwa'm'ﬁ

The case of an interaction between hlgh energy-density plasmas and mag-
netic Qk% f]:a \aﬂ Wpu%’}h’}qqnﬂlq aeilhe magnetic
field. A plasma is a balanced collection of ions and electrons, mixed together.
It is a very high electric conductivity fluid. A consequence is that in the frame

of the plasma, there is no electric field, E, inside the plasma. This is because if
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electric field is present, a lot of particles will suddenly move to cancel the internal
electric field. Thus E = 0 in a plasma and V x E = —9B/0¢t, where t is time,
so there is no magnetic field change in the frame of the plasma. From another
point of view, the magnetic field is stuck in the plasma and can be dragged when

the plasma moves. This concept is usually called the “frozen-in-field” concept

' d field are tied together. If the ratio
ﬁity is much less than one, the
) 'm,g‘reater than one, magnetic

charge approach can be

or “flux-freezing” concept. The pl

of magnetic energy density t ‘
field is dragged by the
fields will determine t

used (Kallenrode 20

2.2.3 Cosmic

S —

cosmic rays, usually with low energy dens h can be described using the test
= '
charge approach, lasmas, with hi £ hich the flux-freezing

concept can be applied, otions of plasmas de-

termine configurations‘of magnetic fields. Meanwhile ¢osmic rays move along the

magnetic field str, "ﬂ) ) ) o | of the test charge
approach. Th 013, gl c nﬂﬂjmﬁjsn ys is involved with
space i gﬁ i tﬁ 1 cﬁﬁﬂray along a
magnemjxajﬁeﬂnﬁ: aﬁm omaﬁj;ilj e 2.14. Since the

solar wind is a plasma continuously flowing out from the Sun in all directions,
while the Sun rotates once every 27 days or so, the solar magnetic field line is

dragged out from the Sun and curved by the Sun’s rotation. This magnetic field
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Magnetic Field B
. MeanField (E)
Particle Motion
Solar Wind

|

Figure 214 ﬁ!eu&f) 1810 3B o e i

solar wind. (Picture credit: Chuychm et al. 2003

Qﬁ’]a\ﬂﬂ‘imﬂﬁﬂﬂﬂﬂﬁﬂ




25

line configuration is usually called an “Archimedean spiral.” In addition, field
lines dragged out by the solar wind are not smooth but very irregular, because
the solar wind flowing out from the Sun is highly turbulent. -

In summary, cosmic rays will move along magnetic field lines determined

by plasma flow, as a superposition of two types of motions. The first is the

scattering, a random ch uf | itch angle erlzed by a parallel mean

free path. Because cosmi n \. ons perpendicular to the
¥ " \

magnetic field is sm sume th :\. smic rays do not move across

2.3 Shock Accéleration epts and Mecha-

Studies of r‘l" 1 of cosmic Ta ;i ormed ever since Hess
discovered cosmic raan 91% nﬂa successful theory until
the “shock acceleration;l&ry” was prop(Ee’d by Fermi in 1954. Before explain-

T — ﬂﬁu:@(’% %&Wc}fﬁ W)B qcﬂr‘ﬁxd sbent shess i

introduced.

231Q§§'J;ﬁ\1ﬂimﬂmﬂﬂmﬂﬂ

”

A shock wave, which astrophysicists usually called a “shock,” is a very

thin region in which fluid properties change rapidly (Choudhuri 1998). It can
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upstream
- \ ] \ : p‘, U1 = ]?1

Figure 2.15: A shockgherg'produiced by & bullet; divides a fluid into two regions,
upstream and downstream. Fluid preperties of the twe regions are quite different,
and change sharply at‘theshock. . )

occur when fluids collide together or co.lﬁdan\lvith an obstacle, with a relative
speed greater than the sound speed of the Hmds Usually, a shock is regarded as
a discontinuity in fliid properties, such as d-é—n.sity, pregsure, fluid velocity, etc.,
dividing the fluid int6 two parts. One part is the fluid which has not passed the
shock yet, called “upstream.” The other part is fluidiwhich has already passed
the shock, called,.“downstream.” In this thesis, subscripts ‘1”7 and “2” will be
used to denote any“ariablés involved with the'upstream ‘and downstream sides,
respectively..As an example,.a shock is produced by a bullet moving through any
kind of fluid'with“a'speed ‘greater thar the'sound speed-of the'fluid; as shown in

Figure 2.15. Some examples of astrophysical shocks have been already shown in

Figures 2.6 - 2.8.
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2.3.2 Shock Acceleration Mechanism

Nowadays, it is commonly believed that most cosmic rays are accelerated
and gain their energy at astrophysical shocks, according to the shock acceleration
theory proposed by Fermi in 1954. This theory was based on the concept of a

collision between a charged particle and magnetic field irregularities. Actually,

the first presented acceleration the concept of such collisions was

not shock acceleration, but ation, also proposed by Fermi

__J

rati@m has a low acceleration

in 1949. However, the s
efficiency, and cannot e

As discussed i y harge ing through an irregular
magnetic field c.an ber if i ; suf tly intense magnetic field.
This event can be pict I : ion between the particle of mass
m with an obstacle of ve
collisions can be classified iato tw ves 4 e type is a “head-on collision,”
where the particle with initial velocity ! i es face to face with an obstacle of

fia )
- -.."# "F!' Bl j ':. - . . .« .
velocity U. We ca,llnﬁssume that U <& v; ere is an equipartition

of energy between Su¢h objects. This
with final particle velgty vy = he par@le speed has increased by
2U. The second type is & “fellowing collisién;” where the particle is moving in the

same directio%u &le&uﬁgwtﬂ:l alﬁs with the obstacle

when the particle catches up withfit. In this case, the final particle velocity is

vy = A BN b Plbd M b5 20) @) B 210,
At a shock, the plasma flows from upstréam to downstream of the shock,

and magnetic field irregularities are frozen in the plasma. Then the irregularities

also move from upstream to downstream like the plasma. If there is a particle in



Head-on Collision
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Following Collision

ci

J U
V,
before ® "
m
V, == +20)
after <4+—@

-------
&

on the downstream side as a follo

upstream side again.

.-ﬂﬁ,/r‘;: £

and loses energy.

eam side, U,

flow speed on the u
downstream s
speed increas

when

1s greater thanmasma flow speed on the

BT S
T o R L

lision, the particle

following collision,

The shock acceleration mechanism is often called the “first-order Fermi

acceleration mechanism,” because this mechanism gives an energy change per

particle energy proportional to first order in the small quantity (U; —

Ug)/’vi.
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Following: speed decreased by 2U,
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hat under certain conditions it

Figure

An important point regarding t
gives a power-law spect vations of cosmic rays, as

will be shown in §4.1.
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