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Chapter 0. Introduction to my research group in Hanyang univ.

Hanyang University (HYU)

•Hanyang
= Old name of Seoul

• 15K students, 52 departments

Downtown
HYU

Gangnam
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Chapter 0. Introduction to my research group in Hanyang univ.

Nuclear Fusion and Plasma Computation Group

• Established in 2018

• Nuclear Engineering Dep.

• 9 graduate students, 4 un
dergraduate students

• Research on Nuclear fusio
n theory and computation 
(Heating, Transport, MHD, 
..), and semiconductor pla
sma application

• Collaboration with KFE, G
A, SNU, KAIST, UNIST, MIT, 
PPPL, Columbia U, SEMES.
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Chapter 0. Introduction to my research group in Hanyang univ.

Ongoing Project 1 – ECH V&V and ML

• KSTAR ECH vs. NBI heating
- Twice larger Wmhd increase for NBI

• ECH Power absorption verification by 
GENRAY and ECE temperature change

à Power absorption could be fine
à Larger Electron channel transport? Density 
Pump out?

• Power absorption estimation by ML 

[Jiho Park, IFPC conference (2024)]
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Chapter 0. Introduction to my research group in Hanyang univ.

Ongoing Project 2 – 4-D Fokker Planck code

l Development of 4-D FP heating and current drive code (FP4D) to 
parallel and drift physics (c.f. 3-D bounce-averaged FP, CQL3D)

[Yunho Jeong, APS conference (2024)]

<latexit sha1_base64="9u0P10tK21mZP8sw3j7LNdNIMmw="></latexit>

@f(r, ✓, v?, vk)

@t
+ (vk + vD) ·rf = C(f) +QRF (f) + EDC(f) + SNB(f) + ...

l Possible applications
(1) Interplay between the neoclassical 
current and RF driven current
(2) Synergy between NB and RF
(3) Neoclassical transport change driven 
by RF (e.g. Tungsten impurity mitigation 
by ICRF)
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Chapter 0. Introduction to my research group in Hanyang univ.

Ongoing Project 3 – Poloidal inhomogeneity in transport

l Effect of poloidal inhomogeneity 
in tokamak transport code –
Development of ToTal-PI code

l A poloidal inhomogeneous 
particle source threshold for 
Hassam Spin-up instability 
[Young-Hoon Lee, et. al. PoP
(2023)]

l A new GAM (QGAM) by poloidal 
inhomogeneous heat source 
[Young-Hoon Lee, et. al. NF (2024)]
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Chapter 0. Introduction to my research group in Hanyang univ.

Ongoing Project 4 – Impurity transport

l KSTAR Tungsten injection 
experiment, and a new wall 
(2024)

l For a high flow (MW~4), the non-
monotonic dependency is found 
in the neoclassical transport

l 2-D impurity modeling with 
FACIT and TGLF in multi-time 
scale (short: parallel physics 
+long: transport) is being 
developed

Hyojong Lee, APS (2024)

[Farjado, et. al. 2023 PPCF] [Hyojong Lee, PoP (2022)]
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Chapter 0. Introduction to my research group in Hanyang univ.

Ongoing Project 5 – MHD equilibrium/stability

l Tokamak MHD equilibrium 
code: ECOM

[J.P. Lee, Cerfon, CPC (2015) ] 

l n=0 resistive wall mode for 
vertical instability: AVSTAB 
[J.P. Lee, Freidberg, NF 
(2017)] 

l Analysis on the maximum 
elongation of negative 
triangularity plasmas 
(betap, li, wall)

[Junhyuck Song, Paz-soldan, J. P Lee, NF (2021)]
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Chapter 1. Introduction to entropy applications for fusion

Entropy: A good fluid measure

l Boltzmann entropy is defined as 𝑆(𝑥, 𝑡) = −∫ 𝑑𝑣 𝑓 log 𝑓

l Several good properties in a quasi-equilibrium system
(1)A state. Conservativity à d𝑆(𝑥, 𝑡)/𝑑𝑡 = 0 , ∮𝑑𝑆 = 0,  𝑆 P, T

(2)Energy or heat exchange (1st thermodynamic law)

(3)Irreversibility (2nd thermodynamic law) 

-Force*Flux and quasilinear theory
-Boltzmann Collision (H-theorem)

<latexit sha1_base64="nM/ubu2nQYz09KEnvmhrRj6EleE="></latexit>

�Q = hE · Ji = �T

Z
dv log fMqE · df/dv = TdS/dt

𝜕𝑆
𝜕𝑡 ∝ Γ ⋅ 𝐹 = ∫ 𝑑𝑣𝐷

𝜕𝑓
𝜕𝑣

!

> 0
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Chapter 1. Introduction to entropy applications for fusion

Time-reversal of Vlasov-Maxwell’s equation

à Time reversal with the opposite velocity also satisfies the equations 

àEntropy cannot change in the total system

+v, +t

-v, -t
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Chapter 1. Introduction to entropy applications for fusion

Entropy can change in a part of system

• Possible reasons to break the time-reversal 
in a given system (not total)

(1) Collisions: 
Krook collision operator à 𝑓 −𝑡,−𝑣
changes only the left term, so cannot be a 
solution

(2) External source for distributions: 
Energetic particles  à𝑓0 is given

(3) External fields is given or dissipation is 
given à

àThe wave-particle 
interactions can change the 
entropy of a small set of 
system (e.g. zero-k, or low-
k), while its positiveness is 
not determined yet.
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Chapter 1. Introduction to entropy applications for fusion

Entropy Application on Fusion Plasma Physics 

l MHD equilibrium by maximizing magnetic field energy [Taylor (1974)]
l Free energy balance for drift/MHD turbulence [Sugama (1996), Schekochihin (2009)], 

Self-organized transport, Turbulent equipartition [Yankov (1994), Hahm (2007)]
l A large system efficiency [Hasegawa (2014)] – EC input, Alfven wave output?

“A new concept of a fusion device as an open system is presented in which the desirable plasma 
structure is produced by continuous injection of negentropy (or free energy) from and ejection of 
increased entropy to external environment.”

l Controversy of usefulness for an open, nonlinear, non-equilibrium 
system.

(1) Transport by entropy balance [Property 2 ] à Chapter 2
(2) Nonlinear saturation of Energetic particle instability (Berk-Breizman

model) by maximizing entropy [Property 2 and 3] à Chapter 3
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Chapter 2-1. Entropy analysis for TEM turbulence saturation : entropy balance

Free energy balance for drift-kinetic turbulence

l Turbulence by zonal and non-zonal components [Sugama (1996, 2009)] 

Ohmic heating Collision

𝑇
d𝑆"# 𝑥, 𝑡

𝑑𝑡 = ∫ 𝑑𝑣𝑓"! 𝐸"!$""
𝜕𝑓""
𝜕𝑣

= −𝑇
d𝑆"! 𝑥, 𝑡

𝑑𝑡 = −∫ 𝑑𝑣𝑓"" 𝐸""$"!
𝜕𝑓"!
𝜕𝑣
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Chapter 2-1. Entropy analysis for TEM turbulence saturation : entropy balance

Free energy reservoir is captured

l For the plasma perturbation by electromagnetic fields, the field and kinetic 
energy can be expressed by [Kruskal and Oberman (1958), Morrison (1990)]

l Non-resonant wave-plasma interaction can be captured in the entropy part

l Related with the non-linear saturation by the sub-dominant modes [Hatch 
(2011)] instead of the saturation by zonal flow shearing

l Nonlinear saturation by negative mode [Fried (1971), Dewar (1973)] !"
!#

< 0
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Chapter 2-1. Entropy analysis for TEM turbulence saturation : entropy balance

Some TEM turbulence show weak zonal flow interplay

• Trapped electron mode (TEM) cases in CGYRO nonlinear simulations 



17

Chapter 2-1. Entropy analysis for TEM turbulence saturation : entropy balance

Some TEM turbulence show weak zonal flow interplay

• Weak ZF in Trapped electron mode (TEM) case:   𝑻𝒆/𝑻𝑫 = 𝟐 , 𝜼𝒆 = 𝟑(𝒂/𝑳𝒏 = 𝟏 , 𝒂/𝑳𝑻𝒆 = 𝟑) 

TEM (𝜼𝒆 = 𝟑) TEM (𝜼𝒆 = 𝟏) ITG (STD)

Where the effective growth rate by ZF 𝛾!"",$!
%&

𝛾!"",$!
%& =#

'

𝑡',$! /2#
'

𝛿𝑆',$!

Zonal Potential

Non-Zonal Potential

à Electron heating dominated case 

à TGLF saturation 
is not good for this case
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Chapter 2-1. Entropy analysis for TEM turbulence saturation : entropy balance

Excitation: Strong electron channel 𝑇01,2
l Velocity space integral and field line average of G.K. eq. [Sugama (2009), Nakata (2012)]

l Nonlinear entropy transfer from non-zonal flow components to zonal flow (ZF)

l Where ZF excitation is weak, 𝑇)*,, largely remains.

𝑑
𝑑𝑡 &

$

𝑆$ +𝑊%&
'(

=&
$

𝑇'(,$ + 𝐷'(

<Free energy balance>

𝑇)*,- = ∑./)*∑0/1)*∑2/1)* 𝑇-
3
4
𝑏 A 𝑘0×𝑘2 ∫

#
!**+

𝑅𝑒[𝛿𝜓0ℎ-,2ℎ-,. − 𝛿𝜓2ℎ-,0ℎ-,.] 𝑑5𝑣
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Chapter 2-1. Entropy analysis for TEM turbulence saturation : entropy balance

Excitation: 𝑇!" does not excite the fields much

𝜒
𝑑
𝑑𝑡
𝜙)* = 𝑔 𝑎6𝜙7𝜙6 − 𝑎$𝜙7𝜙$

𝜖7
2
𝑑
𝑑𝑡 𝜙)*

! =
𝑑
𝑑𝑡𝑊,- =R

-

𝑁)* +R
-

𝐿)* + 𝐷)*8

<Vorticity modeling>

<Field energy balance>

l Entropy balance eq. can be compared with the 
Poisson eq. [Ishizawa (2019)]

l For high 𝜂,, the contribution to the field 𝑁)* by 
electron channel is small. Most entropy is 
transferred to the kinetic part.

[Jiheon Song, PRE (to be submitted)]

[Chen  (2022)]
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Chapter 2-1. Entropy analysis for TEM turbulence saturation : entropy balance

Saturation: Energy transfer to Non-zonal components

l In terms of the free energy, 
𝛾,99 = 𝛾,99)* + 𝛾,991)*+ 𝛾,99:;--

l High ratio of 𝛾,991)* stands for the 
perpendicular diffusion for high 
𝜼𝒆

l Quantitative ratio can be useful 
for the saturation model 
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Chapter 2-2. Entropy analysis for turbulence: Positiveness

Positiveness of turbulent diffusion

l As in neoclassical transport, the turbulent transport by linear gyrokinetic equations has 
the Onsager symmetry [Sugama and Horton (1998)],

𝑖𝐺-. 5𝐻-. = 𝑖 ∑-/𝑊-.,-/𝑋-.,-/ where

𝐹-. = 𝑅𝑒 −𝑖𝑛-. 5𝐻-.∗𝑊-.,-/ = ∑2/ 𝐿-.,-/,2/ 𝑋-.,2/

𝐿-.,-/,2/ = 𝑅𝑒 −𝑖 𝑊-.,2/𝐺2.34
∗𝑊-.,-/

𝐿-.,-/,2/ 𝑩, 𝑽𝟎, 𝜙 𝑡 = 𝐿-.,2/,-/ −𝑩,−𝑽𝟎, 𝜙 −𝑡

l With the Hammett-Perkins closure in Gyro-Landau-fluid code, the symmetry is broken 
à Corrected form the positive-definiteness in the coefficients of the moments 
[Staebler et. al (2023)]

𝑋;-,;< = −
𝜕 ln 𝑛;-
𝜕𝑟 , −

𝜕 ln 𝑇;-
𝜕𝑟 , …

à Hermition matrix does not gurantee 
the positiveness of the single diffusion coeff.

à Time dependency can be ignorable 
for a bounce average
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Chapter 2-2. Entropy analysis for turbulence: Positiveness

Quasilinear Onsager symmetry

l If a resonance broadening kernel is considered, the diffusion coefficient could be 
positive. in QuaLiKiz [Bourdelle (2016)]

Γ. =D
𝒏,#

𝐼𝑚
1

𝜔 − 𝒏 ⋅ Ω7 + 𝑖𝜈89
𝒏 ⋅

𝑑𝑓:,.
𝑑𝐽 𝑒.; 𝜙 ;

l For Kubo number<1, the decorrelation time is shorter than the eddy turn over 
time à Valid random walk model . The QL approach shows 15% RMS error in 
temperature profile reconstruction [Bourdelle (2016)] 

l Then, how much does the nonlinear coupling affect the positiveness? Any 
kinetic structure, which is preferential to the positiveness?

𝜈=> ≃ 𝛾
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Chapter 3-1. Entropy analysis for energetic particle instability : entropy balance

l Berk-Briezman model: A 1-D model 
explaining the nonlinear saturation 
for an instability by the energetic 
particles by dissipation

[Berk, Briezman, Pekker (1996)]

l Diffusion and drag in collision
[Lilley et. al. (2009), Duarte (2017)]

l Frequency Chirping.
[Berk (1999), Duarte (2019)] 

Nonlinear saturation of energetic particle instability

<Comparison between JET TAE measurement
and BB model [Fasoli (1998)] 

𝑓# = `
?,

?
𝑑𝑠# 𝑒;@ ?$-! 6A ?$-!

1
4𝜔4

!∗ 𝑠#
𝜕 𝐹7 + 𝑓7(𝑠#)

𝜕𝑢 and
<latexit sha1_base64="ZRCswFQHmR1r9wMb03avpkzWQxQ=">AAACAXicbVBNS8NAEN3Ur1q/ol4EL8Ei1EubFFEvQqkIHivYD2hj2Wyn7dLdJOxuhBLixb/ixYMiXv0X3vw3btsctPXBwOO9GWbmeSGjUtn2t5FZWl5ZXcuu5zY2t7Z3zN29hgwiQaBOAhaIloclMOpDXVHFoBUKwNxj0PRGVxO/+QBC0sC/U+MQXI4HPu1TgpWWuuZBJ+AwwN3qZQFG8XVS4if3sVMqJ10zbxftKaxF4qQkj1LUuuZXpxeQiIOvCMNSth07VG6MhaKEQZLrRBJCTEZ4AG1NfcxBuvH0g8Q61krP6gdCl6+sqfp7IsZcyjH3dCfHaijnvYn4n9eOVP/CjakfRgp8MlvUj5ilAmsSh9WjAohiY00wEVTfapEhFpgoHVpOh+DMv7xIGuWic1Z0bk/zlWoaRxYdoiNUQA46RxV0g2qojgh6RM/oFb0ZT8aL8W58zFozRjqzj/7A+PwBuLaVxg==</latexit>

!B = (ekE/m)1/2where
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Chapter 3-1. Entropy analysis for energetic particle instability : entropy balance

Entropy partition and energy balance

<latexit sha1_base64="j3pQodxZP4Xmi4AzNfopyE2l+3w="></latexit>
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c ḟc
(b) (a+b) is the order of the electric fields (not necessary)
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• Entropy can be partitioned for each Fourier component

• Entropy change by wave-particle interaction and collisions can be partitioned 

<latexit sha1_base64="sbnJB53RolDH3cvkCwPmYo/4qEg="></latexit>

@ÛE

@⌧
+ �̂D = (�̂Q(0,2)

0 + �̂Q(0,4)
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Field evolution equation (Ampere’s law)

h𝑈C =
j𝜔DE

4𝜋

l𝜎: = 𝛾F
j𝜔DE

2𝜋

where                      and
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Chapter 3-1. Entropy analysis for energetic particle instability : entropy balance

Free energy balance given by F0 and fields

l A new equation for the free energy balance is defined by

l Normalized entropy − P𝑆:
; represent kinetic energy, while the change of 

total entropy of the non-oscillating mode is given by 𝑆:
(;) + 𝑆:

(>)

l is an equivalent temperature for BB model 
due to the given distribution 𝐹: = 𝑐: + 𝑐4(𝑣 −

#!"
?
)
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where                 
is the entropy source from energetic particle
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Chapter 3-1. Entropy analysis for energetic particle instability : entropy balance

Kinetic energy decreases and electric fields increases

• In a steady state, n𝑆7
! increase 

(kinetic energy decrease), giving the 
field energy  𝑈C increase

• Saturation occurs when ( l𝜎7
= 7! +

l𝜎7
= 7E = l𝜎#:)

• In a periodic case, n𝑆7
! and 𝑈C are 

also periodic.

<high collision, 𝜈/𝛾> = 0.3> <low collision, 𝜈/𝛾> = 0.18>

• The low ratio of n𝑆7
! /𝑈C for the high 

collision is good for high conversion from 
kinetic energy to fields (e.g. alpha 
channeling)
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Chapter 3-2. Entropy analysis for energetic particle instability : entropy increase

Entropy equipartition

l For two microstates for n particles, maximizing possible states numbers (entropy)

results in x=0.5 when the number of particle is constrained. 

l Maximizing entropy L = −∫𝑑𝑣 (𝑓log𝑓) + 𝜆(∫ 𝑑𝑣 𝑓 − 𝑛)

- with the Lagrange multiplier for density constraints à uniform distribution
- with the Lagrange multiplier for energy and density constraints à Maxwellian

distribution

l The reason of the maximum entropy can be originated from H-theorem in the 
quasi-equilibrium @A

BC
> 0

𝑆 ∝ log G!
IG ! #$I G !

= -xlogx+(1-x)log(1-x)
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Chapter 3-2. Entropy analysis for energetic particle instability : entropy increase

Quasilinear (bilinear) diffusion in a velocity space

l For the wave-particle interaction, the bounce-averaged quasilinear diffusion is 
positive-definite [Kaufman (1972), Jungpyo Lee (2019)]

à
J9*
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= #

E
𝜔4!∗ 𝑡

J
J@ ∫?,

? 𝑑𝑠 𝑒;@ ?$- 6A ?$- 𝜔4! 𝑠 J **69*69"
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+ 𝑓# 𝑡8 𝑒;@ ?$?, 6A ?$?, + 𝐶(𝑓7)

à
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F? D
≃ ∫?$?012
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∗
∫?$?012
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l Invalidating the positiveness could be due to the collision in phase, weak decorrelation from 
𝑓# 𝑡8 , and the contribution from  𝑓!
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Chapter 3-2. Entropy analysis for energetic particle instability : entropy increase
Frequency Chirping = Flattening + Collapse + Energy 

Dissipation 

l Process of the frequency 
chirping [Berk (1997) PLA]

(1) Plateau is formed
(2) As the plateau width becomes 

large, the sharp gradient 
makes the negative wave 
mode makes the collapse.

(3) The energy dissipation make 
the move of the plateau 

à Like BGK mode, action variable can be 
used by 𝑔(𝐽) = 𝑓 𝐽 − 𝐹7(𝜔7 + Ω#)

à
J/
JN

<0  

à
JO P
J?

= 𝐶 𝑔 − FQ! P
F?

J**(N*)
JQ

à
FQ! P
F?

∝ 𝑡
Ω #
/(
2𝜋
)
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Chapter 3-2. Entropy analysis for energetic particle instability : entropy increase

Semi-adiabatic chirping with "h ≠ 1

<latexit sha1_base64="vz5sq9kT2JnKptJOE7oteUyY3xA=">AAACD3icbZDNSsNAFIUn/tb6V3XpJliUurAmIupGKLpxIVjBVqEJ4WZ6WwdnkjAzEUroG7jxVdy4UMStW3e+jdM2C61eGObjnHuZuSdMOFPacb6sicmp6ZnZwlxxfmFxabm0stpUcSopNmjMY3kTgkLOImxopjneJBJBhByvw7vTgX99j1KxOLrSvQR9Ad2IdRgFbaSgtOVdCOxC4B5XvHhAO6MryBLsb+96XRACgvOgVHaqzrDsv+DmUCZ51YPSp9eOaSow0pSDUi3XSbSfgdSMcuwXvVRhAvQOutgyGIFA5WfDffr2plHadieW5kTaHqo/JzIQSvVEaDoF6Fs17g3E/7xWqjtHfsaiJNUY0dFDnZTbOrYH4dhtJpFq3jMAVDLzV5veggSqTYRFE4I7vvJfaO5V3YOqe7lfrp3kcRTIOtkgFeKSQ1IjZ6ROGoSSB/JEXsir9Wg9W2/W+6h1wspn1sivsj6+Adi8m+w=</latexit>

⌦1 = (! � !pe)/�L

F7 + 𝑓7
l For a low collision 

𝜈/(𝛾9 − 𝛾B) < 0.8, the 
hole and clump formation 
and frequency shift

l Adiabatic action-angle 
variable analysis results in 
]h = 1 and Ω4; ∝ 𝛾B𝑡 [Berk 
(1999)]

l For the chirping case, the 
entropy balance still works 
by time average

zh =
h
Δ𝐹

BOT [Lilley (2009)] simulation

<latexit sha1_base64="HQvccq1/7Ilfga7uT/O6PRU/DQ0="></latexit>

@

@⌧
(ÛE � Ŝ(2)

0 ) = �̂S � �̂D
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Chapter 3-2. Entropy analysis for energetic particle instability : entropy increase

Finding "ℎ by the entropy maximization

l Objectives: Using the model, find ]ℎ and Ω4, 𝛿Ω
by maximizing the entropy of 𝑆:

(;) + 𝑆:
(>)

Three constraints by Lagrange multipliers:
(1) Particle number
(2) Energy balance (Long time response by dissipation )
(3) Frequency change (Short time response by Ampere’s law) 

< Variational method for Equipartition>

h=1 (adiabatic)
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Chapter 3-2. Entropy analysis for energetic particle instability : entropy increase

Agreement between simulations and variational method

l Using BOT simulations, the results for the average ]h agrees with the 
variational method results

𝛼 is the ratio between the entropy transfer 
from n=1 to n=2 to one from n=1 to n=0

zh
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Chapter 3-2. Entropy analysis for energetic particle instability : entropy increase

Quasilinear, Nonlinear, Collisional contributions
<latexit sha1_base64="FJWLKShgwNDXn8W2VI9WBXuH5Zc="></latexit>

@f0(v, t)

@t
=

|e|
2m

E⇤(t)
@

@v

✓
f1(t

0)e�iv(t�t0)+⌫(t�t0)

<latexit sha1_base64="Uunb3Lih8a+GTL1tyTmF28jBhfY="></latexit>

+

Z t

t0
dse�iv(t�s)+⌫(t�s) |e|

2m
E⇤(s)

@

@v

✓
F0(v, s) + f0(v, s) + f2(v, s)

◆
+ C.C

◆
+ ⌫

@2f0
@2v

<latexit sha1_base64="kw+g2NCnCRQD7dmcPLE1q7jk3mc="></latexit>Z T

0
dt�Q = �

Z T

0
dt

Z
dv(F0 + f0)

@f0(v, t)

@t
=

n
�̂(0,2)
0,QL + �̂(0,4)

0,QL + �̂(2,2)
0,QL

o
+

n
�̂(0,4)
0,NL + �̂(2,2)

0,NL

o
+RC +RDecorr

<latexit sha1_base64="1970DCdcqjReh0N50XVwgRL3hhs="></latexit>

�̂(0,2)
0,QL + �̂(0,4)

0,QL + �̂(2,2)
0,QL =

✓
|e|
2m

◆2 Z
dv

 Z T

0
dte�ivtE(t)

@(F0 + f0)

@v

!⇤

⇥
 Z T

0
dt0e�ivt0E(t0)

@(F0 + f0)

@v

!
> 0
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Chapter 3-2. Entropy analysis for energetic particle instability : entropy increase

Why the entropy maximization works with nonlinear terms? 

<latexit sha1_base64="wZWSHmKBCNDvlySTs7jwjL8r3XY=">AAACJHicbVDJSgNBEO2JW4zbqEcvjUEQhDAjooIIQS8egiRoFsiEUNPpSZr0LHT3CGGYj/Hir3jx4IIHL36LnUXUxAcNr96rorqeG3EmlWV9GJm5+YXFpexybmV1bX3D3NyqyTAWhFZJyEPRcEFSzgJaVUxx2ogEBd/ltO72L4d+/Y4KycLgVg0i2vKhGzCPEVBaaptnjieAJE4EQjHg+AanP4WjIE7xOXYk6/rQTiql9OCbX5fStpm3CtYIeJbYE5JHE5Tb5qvTCUns00ARDlI2bStSrWS4jXCa5pxY0ghIH7q0qWkAPpWtZHRkive00sFeKPQLFB6pvycS8KUc+K7u9EH15LQ3FP/zmrHyTlsJC6JY0YCMF3kxxyrEw8RwhwlKFB9oAkQw/VdMeqBTUzrXnA7Bnj55ltQOC/Zxwa4c5YsXkziyaAfton1koxNURFeojKqIoHv0iJ7Ri/FgPBlvxvu4NWNMZrbRHxifX1NkpTk=</latexit>

@S

@⌧
= �QL + �NL

<latexit sha1_base64="aQ9KzRVKM45k3BBbQy9CMdRPiik=">AAACGHicbVDLSsNAFJ34rPUVdelmsAiiUBMRdSMUdeFCpAX7gCaGyXTaDp1JwsxEKKGf4cZfceNCEbfd+TdO2gi29cDAuefcy517/IhRqSzr25ibX1hcWs6t5FfX1jc2za3tmgxjgUkVhywUDR9JwmhAqooqRhqRIIj7jNT93nXq15+IkDQMHlQ/Ii5HnYC2KUZKS5557Eja4chLKneDx8Oj3+o+rS5voMMYnOjwzIJVtEaAs8TOSAFkKHvm0GmFOOYkUJghKZu2FSk3QUJRzMgg78SSRAj3UIc0NQ0QJ9JNRocN4L5WWrAdCv0CBUfq34kEcSn73NedHKmunPZS8T+vGav2hZvQIIoVCfB4UTtmUIUwTQm2qCBYsb4mCAuq/wpxFwmElc4yr0Owp0+eJbWTon1WtCunhdJVFkcO7II9cABscA5K4BaUQRVg8AxewTv4MF6MN+PT+Bq3zhnZzA6YgDH8AWtEn18=</latexit>

�⇤
QL + �⇤

NL = D ⌧ �⇤
QL

• For this chirping case, the quasilinear term is larger than the dissipation term  

Kubo =
𝑎𝑢𝑡𝑜𝑐𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒

𝑎𝑑𝑣𝑒𝑐𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒
~
𝐷
𝜎=>

~
1/𝜈
𝜕Ω#
𝜕𝑡

$#~
1
zℎ
1
𝜈

𝛿Ω!

𝛾F𝑡 #/! ≪ 1

• Postulation: Consider a stability of the entropy balance equilibrium

• Long time entropy change is determined by external dissipation
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Chapter 3-2. Entropy analysis for energetic particle instability : entropy increase

A stability of the equilibrium solution of entropy balance

<latexit sha1_base64="ycS7gLN4B3O2AZxUE968/1NVn0M="></latexit>

@(S � S⇤)

@⌧
= (�QL � �⇤

QL) + (�NL � �⇤
NL)

<latexit sha1_base64="qaEtUcI4oqWAPRLRGUmb7cWPpLk="></latexit>

@(S � S⇤)

@h

@h

@⌧
=

 
�⇤
QL + �⇤

NL

�⇤
QL

@�⇤
QL

@h
+ �⇤

QL

@(�⇤
NL/�

⇤
QL)

@h

!
�h

<latexit sha1_base64="VX23E1tbh4qXF/u3+3THNuQIRQk=">AAACJnicbVDLSgMxFM3UV62vUZdugkWoLuqMiLpRim5ciLRgH9AZSybNtKGZB0lGKMN8jRt/xY2Liog7P8VMO4q2Hgice869Se5xQkaFNIwPLTc3v7C4lF8urKyurW/om1sNEUQckzoOWMBbDhKEUZ/UJZWMtEJOkOcw0nQGV6nffCBc0MC/k8OQ2B7q+dSlGEkldfRzy+UIx9AKEZcUMViyBO15qBPf3iT3B4ffVS2t9pP4p6+fwAujoxeNsjEGnCVmRoogQ7Wjj6xugCOP+BIzJETbNEJpx+mdmJGkYEWChAgPUI+0FfWRR4Qdj9dM4J5SutANuDq+hGP190SMPCGGnqM6PST7YtpLxf+8diTdMzumfhhJ4uPJQ27EoAxgmhnsUk6wZENFEOZU/RXiPlK5SZVsQYVgTq88SxpHZfOkbNaOi5XLLI482AG7oARMcAoq4BpUQR1g8AiewQi8ak/ai/amvU9ac1o2sw3+QPv8ApHSpTI=</latexit>

@(�⇤
NL/�

⇤
QL)

@h
> 0(1)                                   makes unstable equilibrium and increases 𝛿ℎ  until

                                   
    (2)                                   could be equivalent to the maximizing entropy with the constraints

<latexit sha1_base64="dsLfShnKt5a98NTQnxYUzrXTFR0=">AAACJ3icbVDLSgMxFM3UV62vUZdugkWoLuqMiLpRim5ciLRgH9AZSybNtKGZB0lGKMP8jRt/xY2gIrr0T8y0o2jrgcC559yb5B4nZFRIw/jQcjOzc/ML+cXC0vLK6pq+vtEQQcQxqeOABbzlIEEY9UldUslIK+QEeQ4jTWdwkfrNO8IFDfwbOQyJ7aGeT12KkVRSRz+zXI5wDK0QcUkRgyVL0J6HOvH1VXK7t/9d1dJqN4l/+voJPIVGRy8aZWMEOE3MjBRBhmpHf7a6AY484kvMkBBt0wilHaeXYkaSghUJEiI8QD3SVtRHHhF2PNozgTtK6UI34Or4Eo7U3xMx8oQYeo7q9JDsi0kvFf/z2pF0T+yY+mEkiY/HD7kRgzKAaWiwSznBkg0VQZhT9VeI+0gFJ1W0BRWCObnyNGkclM2jslk7LFbOszjyYAtsgxIwwTGogEtQBXWAwT14BC/gVXvQnrQ37X3cmtOymU3wB9rnF/xWpVs=</latexit>

@(�⇤
NL/�

⇤
QL)

@h
= 0

• The perturbation from the 
equilibrium determines the 
parameter change  in a short time 

<latexit sha1_base64="dsLfShnKt5a98NTQnxYUzrXTFR0=">AAACJ3icbVDLSgMxFM3UV62vUZdugkWoLuqMiLpRim5ciLRgH9AZSybNtKGZB0lGKMP8jRt/xY2gIrr0T8y0o2jrgcC559yb5B4nZFRIw/jQcjOzc/ML+cXC0vLK6pq+vtEQQcQxqeOABbzlIEEY9UldUslIK+QEeQ4jTWdwkfrNO8IFDfwbOQyJ7aGeT12KkVRSRz+zXI5wDK0QcUkRgyVL0J6HOvH1VXK7t/9d1dJqN4l/+voJPIVGRy8aZWMEOE3MjBRBhmpHf7a6AY484kvMkBBt0wilHaeXYkaSghUJEiI8QD3SVtRHHhF2PNozgTtK6UI34Or4Eo7U3xMx8oQYeo7q9JDsi0kvFf/z2pF0T+yY+mEkiY/HD7kRgzKAaWiwSznBkg0VQZhT9VeI+0gFJ1W0BRWCObnyNGkclM2jslk7LFbOszjyYAtsgxIwwTGogEtQBXWAwT14BC/gVXvQnrQ37X3cmtOymU3wB9rnF/xWpVs=</latexit>

@(�⇤
NL/�

⇤
QL)

@h
= 0

Kubo ≪ 1
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Chapter 3-2. Entropy analysis for energetic particle instability : entropy increase

The entropy analysis is useful to understand h

l Chirping frequency rate generally 
increases by the reduced h

à less time and energy loss to develop h

l Electric fields (trapping width) 
maximized by a certain h

l Larger 𝛼 makes the decrease of h, 
and the increase of the chirping 
frequency
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Chapter 3-2. Entropy analysis for energetic particle instability : entropy increase

Implications of the smaller h
l The smaller h is the increase of the negative energy mode [Fried (1971), Dewar 

(1973), Lilley (2014)], which is the nonlinearly unstable.
!"
!#

∼ 1 − D#EFD
GH

D#EFD $EI%
$

D#EFD $

;
< 0 can be more likely negative 

àEasy access of the plateau collapse

l Advection (frequency chirping) could be faster for the smaller h.

Kubo =
𝑎𝑢𝑡𝑜𝑐𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒

𝑎𝑑𝑣𝑒𝑐𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 ~
1/𝜈
𝜕Ω4
𝜕𝑡

34~
1
]ℎ
1
𝜈

𝛿Ω;

𝛾B𝑡 4/;

à in the long time, it becomes quasilinear (Kubo <1). However, a smaller h makes the 
Kubo number larger (strong turbulence)
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Chapter 4. Summary

Conclusions

l Even in the open, nonlinear, non-equilibrium plasmas, the entropy can be 
useful to understand the energy transfer and the preferential direction for 
equipartition. 

l In TEM turbulence, the perpendicular diffusion as well as the zonal flow 
saturation can be described by the entropy calculation 

l The energetic particle instability by the BB model can be explained by the 
free energy balance by defining the effective temperature and heat transfer.

l The entropy change of f0 system shows the strong equipartition, which is 
likely positive-definite. Maximizing the total entropy with the energy balance 
and Ampere’s law constraints results in the height of the hole and clump,
which is useful to understand the BB model in the quasi-adiabatic process.
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