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Chapter 1. Introduction
Time-reversal of Vlasov-Maxwell’'s equation

O Vf+4qE+vxB)-Vof =0

ot
OE
V x B = pyg (q/dv(vf)—l—eoa)
0B
VxE= T

- Time reversal with the opposite velocity also satisfies the equations

f'= f(—t,r,—v), E = E(—t,r) and B' = —B(—t,r)

- Entropy cannot change in the total system




Chapter 1. Introduction

Entropy can change in a set of system

e Possible reasons to break the time-reversal
in a given system (not total)
of +v-Vf+qE

(1) Collisions: ot

Krook collision operator in Berk model -
f(—t, —v) changes only the left term, so
cannot be a solution

(2) External source for distributions: o
Energetic particles in Berk model = f, is given

(3) External source for fields =2 B, is given
9 B’ 7é _B(_t'~r)

Jﬂ_f x B) - V,(fi @

Applicable to BBP model
— o=[dv fofo

Classical Entropy
Production o = )/, F,

J: Flux (e.g. energy flow,
current)

F,: Force (e.g. V(1/T),
Efield/T) A




Chapter 1. Introduction

Generalization of Quasilinear theory and entropy

* Lagrangian for Vlasov-Maxwell equation [Low 1958]

e OQOscillation Center [Kaufman 1972, Dewar 1973, Dodin 2014], Lie
Transform [Ye 1992, Brizard 2007]

e Lagrangian for Free energy with dissipative term [Morrison 1989]

* Advantage of the use of Free energy or entroov

(1) Find the linear instability H=-73 [ ff,fﬂ avde + 9 [ 662as
[Kruskal and Oberman (1958)] vl B )2

(2) Given the external constraints, find the equmbrlum (Maximum
entropy production principle [MEPP])

(3) Find the positive definite relation

- How useful to understand the Berk model?




Chapter 1. Introduction

Entropy components

* Boltzmann entropy is definedas s = —[ dv f log f
* For different orders,

5, = — /dv(fso + fa) (log fso +log (1 N %))

~ — /dv (fsg log fs0 + fs1(log foo +1) + %fi)

=~ S50 + Ss1 + Ss2,

* Entropy production can be defined as

0 X —fofo — flfl — fzfz

2
* Free energy of the perturbed systemis s; & fdvj;—l o |¢|?
0




Chapter 1. Introduction

* Asimplest model explaining
the nonlinear saturation for an
instability by the energetic
particles

[Berk, Briezman, Pekker, PRL

1996]

Diffusion and drag in collision

[Lilley et. al. PRL 2009]

Fokker-Planck collision

[Duarte 2017]

Frequency Chirping

[Berk 1999, Duarte 2017,19]
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Chapter 1. Introduction

Assumptions for the Berk model

<Assumptions>

e 1-Dinu u=kv—w (0)_8/
» Given background distribution source (energetic particle) 0o v
* Small perturbation but the comparable nonlinear terms ;5 = (ek’E/m)l/Q

wp < YL, YD, Vs 1/t and YL — Yd <YL  Spossible Saturation for

6
2 7L WRpo
(f}/L T fYD)wa) o 41}4 9 o 0

 Artificial fields dissipation by yp
* Single wave spectrum = No stochastic by resonance overlap

E = Eemp(wt) + E*eip(—iut)
f = fo+ fiexp(iut) + frexp(—iut) + foexp(2iut) + f3exp(—2iut)

HYU == :
HANYANG UNIVERSITY




Chapter 1. Introduction

Order equations of the Berk model

<Equations>
* Linear term of O(E) will be
balanced with the nonlinear term
of 0(E?)
* Requiring the order equations for
fOr fll and fZ
* Landau dampingin f;,and f,=2
f, o« e~ HVIE factor in solutions
e Electric fields is calculated by the

energy balance (or Ampere’s law)

2
Owp _

ot

egmk’

HYU

oroFLyOt

HANYANG UNIVERSITY

Q@__(%%aﬁ%;—

Wg afl) —

ot 2  Ou 2 Ou

on Bk WOk
ot +(iutv)fi = 2  JOu 2 Ou
0f2 . _ —wpofi
o TRtV =)

Linear growth

/fld‘U - ’)’DWB —

2
YLWEB 17

2k

NonLinear
Saturation

L dFy du

Linear damping
(External)

/( ) gy

2
—|/DWR

YL = (ﬁegw/Zeomk)dféo)/du



Chapter 1. Introduction
Distribution function solution map

<Couplings> E fields power order

* The coupling between adjacent _ (2) (4)
Sistribution orders fo )éf(l), W  Jo= (0) + fo () + fo ' (t) + ..

* For each coupling, the power of E

fields increases f1 )éf(z) (2)
e Collision, Landau damping factors

a2 Wﬁ o 1 2| 3 | 4
k

,_wf o0 i 1) S5)
— ~H L
: 0 | (O ~(2) 4)
. _n =fdtle(iu+v)(t'—t) 0 —/]0
0 1
1 £ \ /

t
- . . .. ,,,.2 _fdt’e(Ziu+V)(t,—t) 2

oHOFLJ| Ot 1l
Hy U HANYAO:GEII!I!IVERSITY 1 O

distribution order




Chapter 1. Introduction

Entropy production components

* The entropy production is b) a+b is @OWGF order
multiplication of distribution with . (” ’ fc@“
. . . i
the time derivative

* For symmetry in time integral, the
bounce-average of the entropy
production is required [Lee PPCF

5 o= [L= fa
- equivalent to the Kaufmann [1972] UII

quasilinear diffusion form.

Because of the decorrelation time by Q) = [Dq ﬂ]

collision or diffusion, the bounce- aJ! aJt

average is still temporally localized Where (...)x = 2rn)73[ [ [..d6,d6, dé;
compared to the evolution.

CRET
Hy U HANYT\)NGEII!I!IVERSJI:I!; 1 1




Ch2. Entropy change in fO system

0o~ f of 0
e E? E4 Coll
0o 05,00’2) a(g’OO’LL’W) 05%4’11) 0&20’2) 00,coll
01 01(’11’1) 01(,31’1’W) 01(’31’1’11) 01(,11’3’W) 01(’11’3’11) O1,coll
07 0'2(,222) 02,coll




Chapter 2. Entropy Change in fO system
Positive definiteness of entropy by Q and C?

o _

ot
[Question] If (@ and ¢(©) are
positive, how can we have the steady
state solution of the unperturbed fO
system?

[Answer 1] There is a hidden source in
the total fO system

HANYANG UNIVERSITY

(—-,-H-E.u_f; —b;;g*fjfl)ﬂﬁ Flo . 2 O _

) —_— L
atf o d p
= 92y "9

+
2 du 2 Jdu

=Q(fo) +C(fo) +5

(¢ / dt / dv(—log £o)Q(fo)

= —ry(t. ) log fn—b 5(u })f” > (.

(.H L

5) = [ do(~log fo)C(fo)

[n’edr (1+ log fo)BrSfo =0

ﬁ..‘:n'[“] = r {jf'l:— ll’_}g _fn}f; < ()

13




Chapter 2. Entropy Change in fO system

Entropy balance between Q and C

folt) = f3 + f3(t) + fo(t) +
[Question] If (@ and ¢(© are o
positive, how can we have the steady Ofo _ QUfY) +C(f3)
state solution?

[Answer 2] For the higher order, d -C22)\ _
There is non-symmetry, giving the dt \ T %0 ) N

balance of the positive and negative

term
- 2 d s dfg + folt)) .oz L 0(2,2) . (2 4Y
6(D(t) = —ni(t,¢) log(fy + fo (1)) 5~ B*6(u) === = G5 + 2850 () + G5
o } 5'Nt) = - / dvdx(1+log(fy + f5(1))BrA(fd + f5(1)) = 0
~ 002 (0 1: 0 E
60 () =t ) )it ) (t") " > 0
~Q(2.2) (2) o gy £(0) 0
J?;;.}_H“} = —r(t, fu}]”“ Jri(t,t")a (t Jﬁ;.J} <0 l,}t'-'r-_{(]”-—}(fj — /“’”"'!'fi{*iﬂ )e(BfY) = —550 > ¢
6o (1) = —ny(t, 1 fu a(t)ri(t,t")a*(t") fo~ >0 C(2.2)
&5 (t) / mm 3;:, (Bf) = f dv m 3;1? (Bf3) = —°?
~C(2.4)
500 = [dvder (BRINER) 2 0
oHF oty
Hy U HANYAO:GEII!!IVERSJI:; =T




Chapter 2. Entropy Change in fO system

Entropy change in fO (unperturbed) system

 The lowest order entropy change of BBK equation is not positive-definite but

i 5
larger than o) <0, as expected in the open system (e.g. 0 = Ojpreper + TQ)
order Quasilinaer  Collision Source 5(t) + 6O (1) + 69 (1)
1 . C(0.2) S(0)
J{gﬁ) 2 C{(}[},Z)}O JS(G)ﬁTO = 0 |[ Opo +0")
o + 5°)
(2) C(2,2)
g P (4
O geey TRY . '
(2) |
R ° <0 = 0 ~(5) C(2.4)
v | - > 6'7(t) 00 (t)
(4) Q\(;L 2) C(2 4)\ ~ 59 (t) = =562
T G0 9.1 Top0 .7
>0

oroFryot
Hy U HANYﬁGﬂIVERSﬂ; 1 5




Ch3. Symmetry in entropy

internal transfer

fOf()(Q)vS' fl 1(Q)

power
\OfE EZ E4
k
0.2 04W) | (0.4V 2.2
|
1,1)  _WLW) | (31 (L,3W) (1,3,V)
o
1 011 011 011 011 Z)
2.2

Coll
O-O,coll
Ul,coll

02 coll



Chapter 3. Symmetry in Entropy Internal Transfer

Entropy production (lowest order=quasilinear)

power 0 1 2

of E

* The lowest order contribution is the second k
order in electric fields by -1 /:1(1)* f
. . 0 2
cP(t) = 06?62)(75) + ‘|‘ C.C) 0 fo( ) \ fo( )
1 /:1(1) /

1) W ) 2 o

~ (1, / 7,/ /

01,1 (t) =—rp(t, ) fr (L)1 (F)

=yt ) () fo )i (E t")a () fy”)

oroFr oty
Hy U HANYAO:GEII! IIIII JI-'I!; 1 7




Chapter 3. Symmetry in Entropy Internal Transfer

Entropy production (lowest order=quasilinear)

power 0 1 2

* The lowest order contribution is the second k ofE
order in electric fields by -1 /:1(1)* f
. . 0 2
cP(t) = 06?62)(75) + ‘|‘ C.C) 0 fo( ) \ fo( )
1
L it ]
2 (2)
~ (1,1 1)* (1 f.
o5V () ==t ) A (A ) 2

= —ny(t, ) () 3 \(ri (¢ ) (") £)
* symmetry both in time integral (tand t') y, (¢,#/) = [ dpelinu+n(=0
and acceleration Oa(?f) _ w%(t)@/au.

oroFr oty
Hy U HANYAO:GEII! IIIII JI-'I!; 1 8




Chapter 3. Symmetry in Entropy Internal Transfer

Entropy production (lowest order=quasilinear)

power 0 1 2

* The lowest order contribution is the second k ofE
order in electric fields by -1 /f-Ll)&\ f
() o0 () + (61" () + C.C) fo 0
1 (1)
~ (0,2) 40,2+ 0,2 f1 )
00 (t) =(004 )(t) (()0 )( ) 5 (@
2

SHOFL Ot
Hy U HANYAO:GEII! IIIIIIII 1 9




Chapter 3. Symmetry in Entropy Internal Transfer

Entropy production (lowest order=quasilinear)

power 0 1 2

* The lowest order contribution is the second k ofE
. . . _ 1)x*

order in electric fields by 1 f1( ) f

. . | ~ (1, 0 2

o0 =@+ @ m o) 0 LY /fo( |
1 f_(lg_ ]

~ (0,2 00,2+ ~(0,2— 1
05 (8) =(og (O Gop (1) , @
2

=yt ) S () (1 1)) £

oroFryot
Hy U HANYAO:GEII! IIIII JI-'I!; 2 O




Chapter 3. Symmetry in Entropy Internal Transfer
Entropy production (lowest order=quasilinear)

power
k

* By integration by partsin u, o (0,2)
/d ,\(02+) ] ,\(11 0 O'T

dus 2 (¢ / A o 1,1)
/ 0,0 1 0-1,1

* By the symmetry w/o collisions, the entropy production is positive or negative

/ dug i (t)]=o = — / d’“/ dt/ dt" Ao(t')" Ag(t")e" ™) + C.C)
_ / du' f ar Aot
0

* A small collision makes the opposite sign contribution.
For vt ~ 1 4 ut. / dus? (t) - / s ()]0 ~ — / dul / dt'vt! A (t')
0

oroFryot
Hy U HANYAO:GEII!!IVERSJI:I!; 2 1

>0 for v =0 [Ldt ¥ dty + [)de [ dt = [ dt [ d

=

2
<0




Chapter 3. Symmetry in Entropy Internal Transfer

Entropy production (Higher order=nonlinear)

* The higher order contribution is the fourth
order in electric fields by

dO(t)y= a0+l t) + el ) + 6N () + 63D (1) + 0.0

~ (0,4 0)% ;(4 (0,4, (0,4, — . (0,4,V+ 0,4,V —
Ué,o )(t) = —1(t, t’)fé ) é )(tf) = 0[(),0 *) (t) + J[(),0 )(t) + J((],O )(t) T Ut(),o )

SHOFL Ot
Hy U HANYAO:GEII! IIIIIIII 2 2




Chapter 3. Symmetry in Entropy Internal Transfer

Entropy production (Higher order=nonlinear)

power
of E O

_1 (0) /f-u)b\ (?“/f@)‘\ (4)

@ @)
: i h

@ @)
2 f2 fy

. (0.,4) (O £(4 - (0.4, W+) . (0.4,W—= . (0,4,V
doo (t) = — Fb“ t jfn Jrij :I“I} = 'f'Tt[].u " {fj +— Tpo :I[” + T j“]

W shape + part

p— —T‘b(t, t’) éO)# Oé* (t)’f’l (t’, tﬂ)(}f(t”)‘f’o (t”, tl)@(tl)TT (tla tg)(l’* (tg)f[go)

~ (0,4,W+
o)

oroFryot
Hy U HANYAO:GEII!!IVERSJI:I!; 2 3




Chapter 3. Symmetry in Entropy Internal Transfer

Entropy production (Higher order=nonlinear)

e O 1 2 3 4

k
- 1)
(0) (2)
0

0 fy Y
1 fT(l) f1(3)
2 fz(z) f2(4)
oo (t) = —r(tt)fo [fo () E b D) +b5p 0 (t)+a0g (t)
* W shape - part
G T = () S (O ()l () at (t)r (tr te)a(t) £

oroFryot
Hy U HANYAO:GEII!!IVERSJI:I!; 24




Chapter 3. Symmetry in Entropy Internal Transfer

Entropy production (Higher order=nonlinear)

e O 1 2 3 4

k
- 1 * 3 *
0 (0) (2) (4)
0

1 \ (1) fﬁL/

2 Nl
600 ()= —ra(t,t)fo [fo (W) Ebog () +bag (t)+ o (1)

2
e V shape part /[‘U’B (t)0/0u
7

G () ro(t, ) A 0 () (), ) e () ra (87 £ ae(t1)ra (£, B2 )a(t2) £

oHOFLJ| Ot 1l
Hy U HANYAO:GEII! IIIIIIII 2 5




Chapter 3. Symmetry in Entropy Internal Transfer

Cancellation in the higher order

power
. . . of E EZ E4
* By integration by partsin u, ke
0,2 0,4,W 0,4,V
- (0.4) - (3.1) To | ogg ch b ) ch 0 :
dudog’(t) = — [ dudy3 (¢) T f '
1,1)  _®1LW) | (3,1V)
0}
L1041 011 01,1

* However, there is no symmetry in the time integral for O'((())A)

- The sign is likely negative, but not always!, even for no collision

0,4,V
* The resonance condition is not available in the integral range for O'(g 0 )

- No contribution from 05%’4"/)

oroFryot
Hy U HANYAO:GEII!!IVERSJI:II'; 2 6




Chapter 3. Symmetry in Entropy Internal Transfer

Entropy transfer in the system

power
\OfE EZ E4
k
0,2 04wW) | (04v 22
00 |02 @ Il e
T) 0.0 0,
5 &1 wYl G| Ligw)  (1,3V)
1 1014 011 074 2
22
) al, )

* The entropy in the total system (green box) is conserved for any collisions

- Only entropy transfer between sub-systems exists

* The entropy production only occurs for the collision terms

HANYANG UNIVERSITY

Coll
UO,coll
Ul,coll

Uz,coll

21



Chapter 3. Symmetry in Entropy Internal Transfer

Entropy transfer in the system

2 4 FO system
of E E E i Ch Coll

k
' ¥, 1, 3,1,V 1,¢W 1,3,V
04 ( 0-1(1 ) 0-1(1 ) 0'1( ) 01,coll
2,2
) 0] 2 ) Uz,coll
| EM system

* For the electric fields equation, the entropy has a balance for the saturation

/ dus iV + / dua " ¢ / duép =0
~(1,1)

where 0p = —(vp/VL)01 1

OFOFLH O]
HYU e 28




Chapter 3. Symmetry in Entropy Internal Transfer
Entropy transfer in the system

power
\N E2 E4 Coll
k

O (0,2) (0,4W) | (0,4V) (2,2) O
o (3,L,V)| _(,3W) _(1,3,V) o
1 0'1,1 0'1,1 0'1 1,coll
o 2,2) o
2 0] 2 2,coll
|
Op
* For the electric fields equation, the entropy has a balance for the saturation
—> For saturation of the case y; — yp > 0, it requires af’?l‘w) >0

- The non-symmetric entropy component do not guarantee the positiveness




Chapter 4. Numerical Evaluations

Case 1-1. Saturationatv=v/(y; —yp) =5

100 T T T T
—#— Ehat
90 theory
) 0.005 T . : . ,
o 80
% 0 Nu\\_—’— ]
3 70
@
v -0.005
E 60 | '
B
‘g 5 -0.01 /\/ ]
40 -0.015¢ 11 wilo avg
0021 aﬂv‘“ wlo avg
30 - a1 wio avg
1
-0.025 : : : o3y wio avg
0 2 4 6 8 10 2
0.02

Y% O-(g;()(i4,W) O-((:Z(;Z) 0.01}

(L,3W) | _(1,3,V) S ——————————— |
011 0'11

-0.01

0'2(’2’2) 002

O-D -0.03

ailwloavg
31w+

o w/o avg

11
oy wloavg

. I . total w/o avg
0 2 4 6 8 10 12
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HYU e 30




Chapter 4. Numerical Evaluations

1
Case 1-2. Saturation atv = D3/(y; —yp) = 3.0

[Lilley et. al. PoP 2010]

20

151 |

." \ fal p
10 + || [ 1] I". IAY, NN ———

0 10 20 30 40 50 60 70 80 90 100

-14
4 - 1 O T T T T T T T T T
| 024
I I 700 (L)L |
3 ! —_— r:rﬂl”"lr w/o avg
il
2+ I|| .'ln .
| | il
“ | 'II I|I A
it reeoee——
.'II |I. . LY
O .P"l-" Y | 1 | | 1 | 1 |
0 10 20 30 40 50 60 70 80 90 100

tnorm
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Chapter 4. Numerical Evaluations

Case 2-1. limitcycleatv=v/(y; —yp) =3

<]
S

—+—Ehat
theory | |

N ' @
=] o =1

Normalized electric fields
o

14 16 18 20

oroFLyOt

HANYANG UNIVERSITY

HYU

(1,3,V)

!
®,2)
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Chapter 4. Numerical Evaluations

Case 2-2. limit cycle at v = D3/(y,,

Tperiod=3.3

107 | ' ]
ST «’";l. III| IIII III| |I IIII. / III'
} //( |I f I.II I| I'| P / |I
0 |I \_ - I| |II — II
I| \.\_1 ' \ |II
L | |
-5 || \ \
| ' b
0 10 15 20 25 30 35
<107
2 B T fi T ; DZ R i _
([ [\ To0 (L)L
N I I' ﬂw w/o avg
I 1 I|||I 1
i il - |
I II| i i Am| I|I PN .': '.I
) IR | ,“ | Vi [ |
/ \'.I | I'. .'l-, | __.-".'I \'. | I| b I. T .I \II |
/ / I'II ,I [ :.'| | | ’/,-" ' I'.I| | | I',l 'I "II II'III | / I'|I ,
S [ e I R |
|I || | I', | |I
'|| I|| |

-1

0

Yrgyy
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tnorm

35
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Chapter 4. Numerical Evaluations

Case 3. Sudden Burst v =v/(y, —yp) = 2.5

1400 :
eory 3 n:: w/o avg
P 1000 ] 20 _n:13:w+ w/o avg
° ¥
_Té 800 T sl n}?w' wio avg
é " { | — a1V wio avg
& I 10
T 400 1
i
5 ¥
200 E S 51
0 % 1
200 {
0 2 4 6 8 10 12
(77p)'t 5 :
(o} 0 2 4 6 8 10 12
(1)t
EZ E4 | | ‘ | . Burst when
1
o, wlo avg
01 H——afi"" woavg ’ 0'(3’1’W) < 0!
0,2) | _(04W) _(22) o 11 "
o o ey o ) 0.05 total w/o avg 1 ’
0 O; ( )0
0
(3w | (L3D) .
1,1 1, '
017
O'( 2) | | | |
2,2 7 8 9 10 11
(31"t

oroFryot
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Chapter 4. Numerical Evaluations

Case 3: Precursor of the burst?

* The negative a(i’l’w) coincides on the burst timing

—> It cannot makes the saturation for fduéffi” +/dua§i1=”’+) +/du&D _0

* Phase shift of the oscillating components is found = Memory mixing

E()\ [E(t") E(t)) E*(t" — ¢ + t,) _ oy E* () E*(t") E(t,) E(t" +t' —t,) ot
L falt a2 (4t —-2t") 1 1) 0 Ly ooy w2 —21")
( 5 SR 5 (1" — 1) > 5 5 (£ — P)" + 1 — 2t1)e
1.5 4 T T T
—— E(pIntE(PP)ntEL, E(,) (3,1,W) —— E(tp)int(E(tpp)int(Et, JE(t,))) (1,3 V)
—— In(E(PPYINt(E(, (L) 3.5 in in
ot 0'1,1 HE(P)iNt(E(t, (L)) 0'1,1 ﬂ
; E(tp)
3 I
. 25
2
05 : 2l
[ =
2 15}
: /i-li\ \T / | g 1r
L
0.5+
=)
Phase decorrealtion sl
R
0 2 4 6 8 10 -1 ' ' '
() 0 2 4 6 8 10 12

(1)t

oroFryot
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Chapter 4. Numerical Evaluations

Case 4: Chaotic regime with low diffusion : - oi/q, -y =13

10

-10

-15

HANYANG UNIVERSITY

A || || f e 4 1N
\ —

III P |y
/| [ ] RN

f
|||HJ ||N
|_I |

10 20 30 40

Wﬁb ﬁ|“

Al Al .

daywHth _fﬁﬁﬁﬁh
|l | 1|
V| /

10 20 30 40

[Lilley et. al. PoP 2010]




Chapter 4. Numerical Evaluations

Case 4: Why showing tangent bifurcation?

Reason of annihilation?

(0,2)

See the good cancellation between —

— YL—VYD

. - 0,2,W
is larger than L.=Y2 5(0:2W)

o
YL 0,0

it i ..., dE
, it is the decay equation like =

Then, why the nonlinear term becomes larger for this case?

Tperiod=2.3

700 (LR

T w/o avg

3w

HYU

8 10 12
tnorm

Vs [ | ."-'.'-'- ._I \

N B A B N

\\_; I II | I. AN
|




Chapter 4. Numerical Evaluations

Case 4: Decorrelation/asymmetry

C_(lk], 1) CL U6 T7)

 Temporal change of the symmetric terms 20 |,
is dominantly determined by 18 .
dO-(QrSym) dE 16
0 t —
dt dt 4
* For Non-symmetric term: ”
dO.(Q,Non—sym) dE df .
X +..—
dt dt dt s
- Mixed contribution will make the T ST
decorrelation k
* Phase decorrelation due to the collision
is well shown in the a5 "™* Ci(k,t")
Tﬁ 3 2 Tk nlW = 2 i "
01(311 W+) _ dle k2 o= 2/3(DK?)—2vk+iak? / dt kE(t n k)) E(t )E[—m tiak—v)t

/ ‘|£ t — k)E { Dk2 tiak—v)(—t1)
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Chapter 4. Numerical Evaluations

High nonlinear term when the oscillation is well alligned with the decay

” Maximized when k~0.9kdecay
~|k28_(kdecay>1

EME({t—-—KEQ®)E(t+ k)

<Caotic case (V = 1.3)>
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Chapter 5. Conclusions

Conclusions

1-D nonlinear analysis in the given energetic particle source [Berk PRL 1997] is
analyzed using the entropy production/transfer

When the domain is fO system, the entropy can be produced by both collisions
and quasilinear interaction, while the source has the negative entropy production

Entropy is not produced by the wave-particle interaction in total for any collisions,
it is only transferred between the sub-systems

For the entropy transfer, there are symmetric parts, which is likely positive-
definite or negative-definite without collisions

The non-symmetric part can change the sign in time, which can make the non-
saturation or burst for a case of low collisions (long memory). For the annihilation
of the chaotic results, the memory time is well aligned with the field oscillation,
and it results in the larger nonlinear contribution than the quasilinear and
dissipation

CRET
Hy U HANYT\)NGEII!I!IVERSJI:I!; 4 O




Thank you for your attention.
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