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For analyzing turbulence in magnietized plasmas

GyroKinetic Vlasov simulation code: GKV

(] [a] (]

updated 2021-04-28

I ocwex | || moownked ||| pelerence ||| g o

HOME

Brighten your ideas!

GKV is an Vlasov simulation code based on delta-f gyrokinetic equauons in a local flux-tube geometry The oode has been developed for
analyzing plasma turbulence in magnetized plasmas, such as mag fusion and . The rel d version includes several
key features: kinetic electrons/ions/impurities, electromagnetic fluctuations, MHD equilibrium interfaces, and a multi-species collision
operator. The computational performance has been confirmed to achieve excellent strong scaling up to ~0.6 million cores.

https://www.p.phys.nagova-u.ac.ip/gkv/

https://www.github.com/GKV-developers/
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S0 C DI ZE AT ANt IR T — IVt H ] F 3

Fi%E ety AFYRE—0
7 R, ‘ V2D E O~1cm

FiE

~4x 107 core-hour / simulation

R | V RILFR—IVEEBEERDPEFEEL, ILREEL’KE
{ Z 1k [Maeyama, PRL (2015), Maeyama, NF (2017)]

V Lt L RN

[Maeyama, PRL (2017)] 2 AR S AT

[Maeyama, Nature Commun. (2022)] —m— Multi-scale sim.

102 b —A— lon-scale sim.
E —@— Electron-scale sim.

V
[Maeyama, IAEA-FEC 2023]

Alcator C-Mod, DIII-D
[Howard (2016), Holland (2017)]

Electron energy flux Qex/(Ak, o) (Qge)

[Mariani (2021), Mantica (2021)] :'"1'0'_1 — 1(')0 — "'1'61
Poloidal wave number ko4 4 / 40
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[Dar(2001)] MHD

[Mininni(2005),Holland(2007),Cerri(2014),Navarro(2014),Teaca( 2017 ) , €]

XIrME= O’fﬂéﬂ Bﬂ?&
"yF E(a 5 M

P
C
A Energy consistency 'Y B B 0 h g B "y
A Symmetry “Y" Yh ]

A Detailed balance "Y" YN o

A 5" pg Y kpg
K
A [Kraichnan(1952),0hkitani(1992)] [Nakata(2012),Maeyama(2017)] 9/ 40
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IMPORANCENRISYMMENIZalion

An apparent example

Consider a no physical interaction case 'Q  (%q then —  {%6Q %% T
Nothing happens physically. Interactions among three modes ™ Q Q ™Q "Q?

Find new

- Non-symmetrized transfer INEEractions?.

CE 5 B _ No, IctionOg

0 "Q % hQ Qe W %o %o Qe T

No fictitious

- Symmetrized transfer interactions.

o F] p ”n o) w3 o) w3 ’ (b o o W 0 W ’

Y E Q[ %0 NQ /oth]fb ? /oo[/ool’%o %o Pbo ]Q It
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pEdm o= IRESasakiletial B RREEN2020):

Flow patterns in Kelvin-Helmholtz Time evolution of azimuthal
turbulence (extracted by SVD) energy spectrum

Mode A 15 ] 0 B
0.5 10 -5
> - 5 -10
0 0 ._‘__.A__A__A__ -15
3000/ 3200 400 3600 3800 4000
0.2
£— FABCDF
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B:
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() Dy—g = X, DY, (50<t<60)  (C) Dyy = X, Df._, (50<t<60)
B
’O N ’O N

D

Mode k

(b) Apeq = Xp AP (50<t<60) (d) Agq = Yp ALY (50<t<60)

S

= D
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=OMEABEERDOHINME - BRKRWK - v b I\ t, A_kpag, A_gkp, A_pgk,
7 — 7 A{R{LAPythons¥y o —< triadgraph =| ===t

https://github.com/smaeyama/triadgraph/ e
[S. Maeyama, M. Sasaki, et al., New J. Phys. (2022)] ;o : :

-2.31724691220873314;

-2.48039817638415755¢

0 = o smaeyama / triadgraph

Usage
triadgraph requires external packages: numpy, matplotlib, pygraphviz.

from triadgraph import symmetrize_triadtransfer, directional_triadtransfer, \ |'_|;|
triadgraph_symmetric_all, triadgraph_directional_all

. . . . . q
e symmetrize_triadtransfer returns the symmetrized triad transfer function St from the
L . Pq
non-symmetric triad transfer function AT
S_kpq = symmetrize_triadtransfer(A_kpq, time_axis=0) |'_|;|

where S_kpq[time,k,p.q] and A_kpq[time k,p,q] are 4D arrays. 15 / 40
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Set up of time-series data A number
A Aresponse variable "Q (0), which has dimensions of of samples w
the number of samples aand time o. oM s ol
A Explanatory variables || ¢ (¢) can be a vector | T
{ QhQ}‘E hQ } i ‘ . ‘ Response . : ?sf':-c _
A We want to extract how "Q (0) correlates with | ¢(0). variable I3 Ly gt Hiky
Explanatory 3% il
variable | (3| %

-Zwanzig DHEEEFiE
Mori, fATransport, Coll ect i v &hedehys. 83n423 (0650 Br C

P 2> T 1k

Langevin
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Formleition of Vori-ZuweinZie) aorojeaiion oasreiiar rrisineoel (b

A Physical quantities ¢ (9 is governed by 0 7Q 0o 4 (¢ o), withinitialo (6 1 0.

A Response and explanatory variables are represented by some functionals of ¢ (4, i.e.,
o 10RO +(00).

A Assume statistically steady state (0 1 has no special meaning).

We introduce three operators 0 h:
A Prolectlon operator 0 and its complementary projecton 0 p 0
VU U(sothatd 0 Oh0O O O 0 ™). Notspecified here.

A Liouville operator ¥ —2{ s BU (0(©)—
Time evolution of arbitrary functions "QQ0) "O(<> ((‘))) can be rewritten as
(010 (o] .
10 YQoh Qo Q "Q

Qo0
Time evolution operator Q s also called as the Koopman operator.

19/ 40



Formleition of Vori-ZuweinZie) aorojeaiion oasreiiar rrisineoel (2)

qo) Q Q )
Q 0'Q Q v Q ° ° ° Divide initial "Qinto projection and complement.

Q 0Q d )o¥Q 0TI Q 00

where the Dyson formulae Q@ Q Qi ) 0¥Q s used.
Defining
. aQ (o . y -
10 Q uvth ( 'Q(b) o¥i (Oh 1 (1) D"Q)

one yields the M-Z formalism
QO Q 0Q ad ) o¥ (OHQI 1 (0
(Term from projection of initial "Q+(Memory term)+(Uncorrelated term)

Projection of the uncorrelated term is always zero, 0i () Tmforany 6 TU
20/ 40
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E | (%) f.8D T — 2 Y Y 7N OBEE & St = B1Er
[2wanzig(1980), Chorin(2002)] BEER), LU, (&) feORBEERES
AY ( )“Q O/‘Igﬂ ] (a) Scatter plot (b) Probability
- 4 0.07
. Bt . 0.06
v o 27 0.05
- [Mori(1965)] & 7 , 8'83
o o —2 - '
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Formleition of Vori-ZuweinZie) aorojsaiion oasreiiar rrisineoel ()

Now we employ the Mori 6s | i near projectior
variables | [ Mo r i o ateerrPbys],
0o Qo idly il (oD@l 1 to

where & Ois the ensemble average. Then, 01 (0) Ttmeans (i (c‘))l YT

Calculate the terms in the M-Z formalism.

Qo Q¢ dHtql) f dAHtdl) ok m o

Markov
d ) O ({A)Qi d ) (¥t (i )lz)'t'("Z) toQi correlation m

(i (i)%b)'f(llz) th(o DQi

K 3 1 Qo 1)Qi

Memory function 3
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Formnulzeion of Weorl-ZwzinZle) orojsaiion oaosrziior prisinecl (4

Finally, the (extended) generalized Langevin form of I 0 IS
Bo nmi]j©® (i)t o i Qi w0
- AOEBEATAA £ARKHA @Z“MZ«?"Z) h
AT T AOT AP®T IO ot
51 AT OO@A @A AQ O

which has the following properties:

(™0) 1 y 3t (Extended) generalized fluctuation-dissipation
theorem of the 2nd kind
(o *) m Uncorrelated term %) has no corr. with | .

AThis is NOT a theoretical approximation. MZ projection operator method splits a time-series data l(‘)) into correlated
terms and an uncorrelated term »0) with regard to the explanatory variables | (0).

23140
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Cornouiciiior ofF 2 ziriel ¢1(e)) fronn claiizl Sei

A Markov correlation m
The ensemble average is calculated by average over samples,

| B B B ] O"(m, andthenm (@Y TJ1")

A Memory function 3(0)

Multiply 1 t(l I°) ongeneralized Langevin eq. and taking ensemble average,
one yields the memory equation

3 00 s@)i0s Dl
where 00) (o mi] @11 >t(") and'o ) (1 D >t(") are

evaluated from data. One can construct 3 0 successively from 3(mm) 'O().

A Uncorrelated termi 0

o Ko mil©®  s@i] o



EXAM P EFKUTAMOIOESIVASHINSKY AU U ENCEN ey &ha o) 200E

T OOfD T 6 T o T o Time t= 141.00 Time t = 141.00
3 . 4 | | | | T 100 F————m SRR T rrrre
T o fFwlw To 3L i ol b Time average - E
_ 2 - § ]
A simple 1D turbulence model 1l ~J : 3
with small-scale instability > 0 N E
; | ]
2f . :
-3 - 3
4 | | | | | | AT :
0 50 100 150 200 250 300 0.01 0.1 1 10
X Wavenumber k

Procedure for the analysis

1. From K-S turbulence simulation data, evaluate time evolution of low-k fluctuation | (00 O and
high-k contribution term [0 (& &) (0 0)] .

2. Applying M-Z projection of high-k contribution term to low-k, Q0 m"Q(©0 _ 3 (i) Q(0 i)Qi
1 (0), extract physical information from evaluated m ,3 (i) andi (0).

3. If possible, model high-k contribution term and test reproducibility.

25140



EXAM P EFKUTAMOIOESIVASHINSKY AU U ENCEN ey &ha o) 200E

Results Memory function (4 Evaluated coeff|C|ents of
: o O T T T T T TRl —— correlated part gh rg

V The memory term of high-k contributionhas N\ #il-— | .
. . s i Im{<r(t)du/et>/<uu’>] - 005 L(@) A A -
damping effects on low-k in K-S turbulence. ¢ 0 [ovoostsoatsnes
. ‘ | ‘: g 005 b —
. . P S B
V Low-resolution simulation with the M-Z- 5 N S B
. 0 E——— ¥ — =] ~ | ~el- - T i

based sub-grid scale (SGS model T 2o [mby -

. . -0. TR N SN N S S — 0 0.1 0.2 0.2
qualitatively reproduces DNS result. oo e m s w06 w Waveruamber
The uncorrelated term is crucial for Since—é&@m T )6 i,
stochastic forcing of low-k fluctuation. 2 fm 1] mmeans damping.

Test of reproducibility by M-Z-based modeling k-¥ space energy spectrum E(k,¥)

Low-res.
Time t = 200.00 + SGS model
104 1 2 ] 10-4
WMN 500 —_ 1.5 |
102 =90 (/0 SGS model) w 3 1 -
i N=90 (W SGS model) —— > 05 B 10°
> c
o) Q 0 —
(T) o g— 0.5 ]
i o 10°°
i w -1 —
-1.5 —
106 R | S S -2 | | 107
0.01 0.1 ! 10 0051152 0051152

Wavenumber k Wavenumber k Wavenumber k 26 / 40
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Download mzprojection.py from GitHub:

https://github.com/smaeyama/mzprojection

A pip install mzprojection or conda install i c smaeyama mzprojection may also work.

2. Prepare data set.

flnsample,nperiod,nf] # Response variables
g[nsample,nperiod,ng] # Explanatory variables

3. Import mzprojection module and call function.

from mzprojection import mzprojection_multivariate discrete time
omega, memoryf = mzprojection_multivariate_discrete_time(qg, f)

4. That 6s all! You get,
Markov coefficient n  omegalnf,ng]
Memory function 3(0): memoryf[nperiod,nf,ng]

See an example: https://github.com/smaeyama/mzprojection/blob/main/tests/Demo_Oct2021_multivariate.ipynb 27 | 40



https://github.com/smaeyama/mzprojection
https://github.com/smaeyama/mzprojection/blob/main/tests/Demo_Oct2021_multivariate.ipynb

U - 3 min
u 1. - 10 min
u 2. - 10 min

UFES INF 74T VT4 T7—2BMEETET Y - 10 min

u - 7 min
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U Low-fidelity

, 50
1.5
—— Target function
) =sinGr S P vt
\ e [ Ll
U High-fidelity 05 ;
Low -fidelity Q (X ) 2 ) ]
15 low-fidelity 50 0.0
X 15
—-0.5
fl®) = (x = V2) f2(x). 62 .
-1.5

ﬁigh-fidelityﬁﬁ%& (BERIE®R) ZHEEL=V
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V NARGP
Gauss
V

Single GP ((B'&® D GaussiBiE[EE) NARGPIC kB =IF 74T YT 1[IF

1.5
— EXxact 1.0 { = Exact e .°
= = Single GP prediction - = NARGP prediction .
1.0 ® High-fidelity data » Low-fidelity data | g °
» @ - R
05| @ High-fidelity data
0.5 -
0.0 ‘
0.0 A
-0.5
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_1.5 L) - I ] L) Ll ! Ll ] Ll T T T T L ] Ll 1 '
000 025 050 075 100 125 150 175 2.00 000 025 050 075 100 125 150 175 2.00
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@ 100
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E. Narita, et al., Contrib. Plasma Phys., e202200152 (2023) JT-60U

A (12 ):
'R/Ln', 'R/LTe", 'R/LTI', 'ni/ne', 'Te/Ti", 'beta’,' nu ee’ , 'q', "s', "epsilon’
ABZ4T7YT4T—% 9749 Do,
_ _ p\O07sas0] 5 057712032
Dmndel,new=l-zzﬁl(ymax/kﬂ) [U-lfr(]’max/kﬂ) ] (6)
ABZ74TIVT14T—% 170 Deyo
Y
Plasma parameters used Transport coefficients used
for inputs {112 columns) for outputs F columns)
R/L., R/Ly, -+ Cr Cp Cn Cup T ki
306 rows
(JT-60U: 170, JET: 136)

GKW

Group II: " Parameter scan based
15.827 rows

(JT-60U: 9,579, JET: 6,248) | | R group |
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1. [Maeyama, New J Phys. (2021)]
2. [ & : (2023)]
3.

https://qithub.com/smaeyama/
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