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E P:: L Gyrokinetic and drift-kinetic model

= Splitting of fields

Expectations...
¢ = ¢pk + dak, Both perturbations

¢pk ~ €Te, PGk ~ €590k, ”
€1~ ps|Viingpk| <1,
ps|Viindek| ~ 1, s
Fa ~ Fapk + Fack

— oK
— ok
T
1

0.5 I I
DK: drift-kinetic ordering o e
(long-wavelength limit) rlps
GK: gyrokinetic ordering GK 4-f fields are global
(6-f GK) No flux-tube approximation
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[ -~ Intermezzo
: |- Notation and ordering S 2
Velocity integral: For DK variables (e.g. N;),

oo o8] 2w B )
11l = / dV||/ d,u/ do—f N; ~ No, N1 ~ €] No,
—00 0 0 ma

Characteristic frequency
Gyro-average:

L o ok w ~ e€e | Q;

(Flr = 27 0 aF = ( 35) f Parallel wavenumber

Adjoint gyro-average: ki ~ ek
I rel = Hf @Ll: (Nr={(NL  lon-ion collision frequency

F=f—{(fp v ~ €,82;
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c P L R

Starting from single-particle one-form, deriving Euler-Lagrange

equation to find R, v, and ¢pk, dck
Variation with ¢¢k, require validity for all €, €5

Qeg: Ni—Ne=0
1
eieg . Ne]_ — N,'1 = mNiVi(ﬁDK + Q2 V2 PJ_,,

ek dof —oNe =L |9, (Der) a)

_ﬂ‘
B
Q:GK— K¢ :GK> /FiGK”iGK

(Variation with ¢pk gives long-wavelength (for k| gk) limit)
Equation for distribution function through Boltzmann equation
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=P

(P.J)
FaDK (VH7/~'L7 R7 t) = Z aDK R t) H J (Sa||7Xa) FMI (Sa||,Xa) 9
(p.)=(0,0)

(P.J)
Figk (v, Rot) = D N (R t) HY (sq,xa) Fui (Saf: %a)
(p.)=(0,0)

j Hp (s, Xa vy — Uy, (R,
HP (s,,%:) = M’ - w’

V2Pp! | VThao
B . .
X = “ . / dvHP H¥ Frye = 605,

aDK—NDK, N =0, |f|? = ||HFf||

Higher collisions, fewer moments!
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- - Ordering
: [ Boltzmann equation projection

Ot (Fapk + Fack) =

We define a small scale average

<gaDK>5C = 8aDK <FaGK>SC =0,
(Vildek)r)sc = Videk, (V|{¢6K)r)sc =0,

Only a small-scale perpendicular electric field affects the large-scale
dynamics

Removes gyroaverage to satisfy the DK quasi neutrality V- J =0
Separate Boltzmann equation:

(O0tFa)sc = OtFapk, 0¢Fa — (0:Fa)sc = 0tFack
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Electrostatic limit, constant magnetic field

- P - vorticity equations

1
0:Q =V, <J||—|— P iok V3 Ui) + TVLSN -V1opk

1

1
-V (V” (NipkwUj;) + 5 90k + dek, /ViDKw])

1 5 1
+m (Ve Priok] — QB [NiokV 19k, V1 épk].
1 1
= — - Piipk, Q=V-(Nw),
w BinJ_QZ)DK + miQ,?NiDKVJ_ LiDK V- (Njw)

Jj = Nepk (Ujin — Ujer) ,
Constraints

Nipk = Nepk + O (Nepre? ), VUi = VjUje + O (V) Ujecl),
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- P - vorticity equations

Electrostatic limit, constant magnetic field

Nipk = Nepc + O (Nepkel ), VUi = ViUje + O (V) Ujecd),
Impose
Uji = Uje,
Total momentum equation (lowest ¢2 order)
m,-NeatU”,- + meNeOtU”e = ...
Jj is evolved as dynamical field, imposes (truncation)

e 1 1
—Nepk V| ¢pk — — V| Plepk + — V| Pjipk = O (Nepk 0 Uje€? )
m me mj

e

Parallel acceleration balance for retaining quasi neutrality
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= P - L B T

DK electron Drift-reduced Braginskii (critical balance)

_1j 1 ;
ONZy + Vi [l + V2P |s1ise” V1 Uy + 5 [0k + b, N
V2PN 1

—— YV Pjipx = C,. + 57,
Nopi v [I71liDK iDK iDK

¢pk evaluated through Q evolved with J; as dynamical fields
For vii > w and ¢k = 0, Drift-reduced Braginskii is recovered
Blue: parallel advection, acceleration, Landau damping

Red: E x B-like terms

Orange: collision and sources
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E P :: L Complete model 10/ 27

o Dj 2p L p—1j 1
Tl \/ R wu+ 9|77 o
atMGK + — H DK1 VU + V- iDK1 p— ” I|| iDK1

2P 2p Py
v IGK ot UH + \/> RH
Thi VThi

Pj Pj
- CICK + SICK’

R ZKI'VUH = % [bx V ((¥)g — (bcK)r) Hf-’éK'VUu 5 Hb X V<$Gvf<> Hpj VU,

2P |y o=
VThi ” iGK

v. H H *7V-Hb><V(<w>R7<¢GK>R)|‘DK+ lg. beV<¢GK> H

iDK1
o |
nmmm+mm;:—ﬁﬂwmwmﬂ&+N&va>

V. HRH”J =V vy [I%x + [¢DK,N,«”GJK} + %v- 116 % ¥ {$erc) |2y

(¥)gr = (PeK)p + 2,:: ((¢>GK <¢GK>R) qQa <(b X V¢GK) VQTGT<>R
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E P :: L Complete model 11/ 27

Adiabatic GK electron response

oYels
— Fepks
TeDK

* e¢GK qi 1
SO0, G YR Ha
Giek — 7 NeDK B || ((P6K)R) x

oiek = I{Fick) g / Fick Il ok

FeGK:

iDK

For Fapk (R, v,t) = Fpma (R, v), and ¢pk = 0, 6-f GK is recovered
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E P :: L Numerical implementation 12/ 27

= DK fields

| 2

| 2

At max 2. order
derivatives

Finite differences for
Y works

Invert

V1 - (NepkV1)
Poisson operator

Arakawa scheme for
['7 ]

Finite differences in
perpendicular plane

m GK fields

>

| 2

Higher order L
derivatives

Finite differences for
V| works

Invert

S AY 120+
jZViDK " 1LGK

Poisson operator

(Vr=Jo(vik/S)-

in Fourier

Fourier in
perpendicular plane
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=PrFL

With GK fields on
Nepk/No Ji/NoCso
1.0

0.5
0.0
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=PrFL

Ji/NoCso

1
g 0
>

-1

e¢pi/Teo

0.05
2
2 0.00
>
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= P L B

With GK fields on

Nepk/No
1.0
0.8
0.5
3 0.6
g.: 0.0
0.4 -05
0.2 -1.0
edpk/Teo
0.10 10
0.05 05
o
Q.: 0.00 0.0
—0.05 -0.5
~0.10 -1.0

z/IR
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DK fields

Animations

With GK t=489.87cso/R
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DK fields

Animations

With GK
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DK fields

Animations

With GK t=1489.87c;0R

t=435.29¢50/R
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| | DK field
: P l- L Powerlespesc,:trum

(o= meQe i(md—wt) at r = X2 _|_y2 — 20P50
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| | DK field
: P l- L Powerlespesc,:trum

Q=30 Qeilmithkez) at r = | /x2 4 y2 = 20pso
1.0

0.8

Rk, Rk,
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GK fields
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[ I: Linear model
= P [

1D radial

Full GK
40
<
2
g 20 g
N
0
0.0 0.5 0.0 0.5 0.0 0.5

» DK: KH modes dominate
» Full: amplified KH
> GK: ||8; (¢ck) gl modes
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c PrL B

vijw 4
_ DRB
» GK fields cause slight - .
increase in high psk, |g(;<refz.15||3g
modes e
» High vj; diminishes 1 >

GK effect
Ciick ~ pk? Fick

» Go to tokamak
geometry (large apect 5-f GK

ratio, By > By) M

»
T >

1 Ps kJ_
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E P :: L Collision operator and sources

Si = (An () g Fai + (Ae () (sﬁ,- xim g) Neok Fus.
Ste = A1 (R),
Co—’/l[ (p+2/) N, +(TIDK_1)
((EIE -2
c? —u,o[ p+2j) ,GK+T, Tiok V3 N +(Tipk — 1)
( p(p— DN p2J_2JN'pJ 1)}
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