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Brighten your ideas!
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YAT- ’"'-” !-.‘2 GKV is an Vlasov simulation code based on delta-f gyrokinetic equations in a local flux-tube geometry. The code has been developed for
L xR~ 5ON analyzing plasma turbulence in magnetized plasmas, such as magnetic fusion and magnetosphere. The released version includes several
ORIHADZL 22Uk, R ANV ORRLRFORR key features: kinetic electrons/ions/impurities, electromagnetic fluctuations, MHD equilibrium interfaces, and a multi-species collision
m:;’f-::"”x‘f“m“ E. RN B ¥ bt operator. The computational performance has been confirmed to achieve excellent strong scaling up to ~0.6 million cores.
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= S S https://www.p.phys.nagoya-u.ac.jp/gkv/
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S0 C DI ZE AT ANt IR T — IVt H ] F 3

M | 13k« R T — LR EICED S E— X7 — LT

FE | BF A A VERITILFRT—ILEARYI2L—> 3V
SR IZHEX 7 T3EIR ~4 x 107 core-hour / simulation

FLR | vV IVFRT—IVIBEERLPEFEEL. ILREELSKE

{ Z 1k [Maeyama, PRL (2015), Maeyama, NF (2017)]

V BFRT—LADPXENGT—RE, ZHREEEENE
[Maeyama, PRL (2017)]

vV IRt 7 A= BRIBRA-5T, - 287 7 A<M
[Maeyama, Nature Commun. (2022)]

v BRCKHEEICLDZTIILFRT—LEARICET 54—
/N— E 21 — [Maeyama, IAEA-FEC 2023]

K[E D Alcator C-Mod, DII-DEEEH < )LF X —JL
MEVEA D EZEM % T FF [Howard (2016), Holland (2017)]
RN T H BT ANESD S 41D [Mariani (2021), Mantica (2021)]

Electron energy flux Qe/(Aky 1) (Qge)
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> HafEIT - 3 min

> FiEL = OHAHEERAOXIFRME &L BMERE - 10 min

[ 11

> FiE2. PR BEEFEICE D KHETRIR R T — X84 - 10 min

[ 11

>FEI VN TF 74T VT4 T —XBEETY Y - 10 min
> F &S EEERM - 7min
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0 (0.36 10K,9.7K) (b)
Fourier B4 [Nakata'12PoP] 15 NI
(b)vva lllllllllll Yx LMt J ) 0 5 SVDﬁg*ﬁ \ '_-" y : " "
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[Maeyama, NF (2017)]
> BT EBEDHE(SVD)IZKT T B T 1)L F —{RIZEMNT [Maeyama, New J. Phys. (2021)]
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=ORDFEFIZIEIS 3 5 =29 H H1H a1 EH

o TROFEBEMEDETILVHIER (CF. ;‘ﬂ%r‘ﬁ&ﬁm@mlﬁ)

afgtt’ x) (0.1 {I*)L:Y:_{%ﬁﬁu j_dx =0 ( Jf{ﬁb;f}dx = O)}

- EEFZEXRERICEY E— FIZHT 5 (CF Fourier, SVD, ...)
£(t, %) = sz(t, %) where ffifjdx — Ofor i #j
k
¢« FEE—RFOIRILF—OEBEREIR

dE,
k_T
dt ~ "
ZZC
T, = Z 2 A (Total transfer to the mode k)

Ap q _ f fildp, fo} dx (Transfer via the coupling among k, p, q)
8 /40



= DiH MBI ZI DX H G

el e N
Ay = [ fetdp 1) x

.« A=A OUEBEN S, AVE [E—FpENLT, gh HkADITRILF —(REL
ﬁﬁﬂj @“%T%?é [Dar(2001)] L/{|§¢\ 77 AR DEFTIEIMHD - SERIELREET IZL < A
Wb NTET: [Mininni(2005),Holland(2007),Cerri(2014),Navarro(2014),Teaca(2017), ...]

Hinb= ’J’fﬂ&( ZRE

SP9 =~ (A2 + AT7) = f Fel(@ fi} + (0o f}] dx

- Energy con3|stency T =Xp2g At =2, 2,57

«  Symmetry Sp7 =8P

+ Detailed balance SP'7 + S + 577 = 0

o EWREEICHS LAVAYTOp,gREIRD Z Rz, SpTE Tkp,g=2HAEEE
FBIZ& Y E—FkAZITER D EBR T )L F — Ei_l

o RN [Kraichnan(1952),0hkitani(1992)]. < v 4 M & Ef) 3/ [Nakata(2012),Maeyama(2017)] 9/ 40




IMPORANCENRISYMMENIZalion

An apparent example

Consider a no physical interaction case f = c¢, then = ={¢,f} =cld o} =0.
Nothing happens physically. Interactions among three modes f=Ff+ fp + fq

Find new

Interactions?

- Non-symmetrized transfer s
No, it’s fiction.

AP = [ felp fiydx = ¢ | duldy dgddx = 0

No fictitious
- Symmetrized transfer interactions.

sP = j ol (@ i} — (p fi}] dx = = f ou[(Dpr 0} — (bpr do}] dx =

10/ 40
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FEXF FFzIEBIEX
o« AP kD LI 1RE
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= DHEABEDTEIRD
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Not recommended.
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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
0 ., MHEERZ=
B S HEIER
| BICLYEE
FA,
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(CONSISTENCYANVIHNTISICILECTHT R AINERESENTAN G

> FriRE DB MKRIER & WPMURE & DB E % HERR,
> —7. [CROIEMFMERBIL, e lTRL D, FALBROEREICKER
LT, FHERICE Y 77 7D EDYNED, — VEBEDRERDERKRNL,

FEXIIMEERTEL (REKFIE) LU A rreE ETE ERERR FREFE)
B:m iRt
A EB=
BCD ) &, o
AD,D
C D
C:Kelvin- D: XA R t= 70- 80
Helmholtz INA ZIVIES

T—F
AC,D

t= 70- 80 13 /40



Corirzaisel rnecls=te-=rnecls trarsSisr
BrRFXRIR L., IVMUIEZETIZITA AW

P__(50<t<60)  (c) Dy = X, DY, (50<t<60)
EER SRR EERBENT 75 & DR =,

(a) Dk<—q = Zp Dk{_q
2
Dreq = z Dl;ci—q

SENPMZEL IFER Y . EA T OmE
% BRIt

D

Mode k

(b) Apq = Xp AZP (50<t<60)  (d) Areq = ¥ AP (50<t<60)

B>

» D
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A AR ONVA =2t (i el O leph

=OMEABEERDOHINME - BRKRWK - v b

7 — 2 a]{84{L FAPython/3y o — < triadgraph &
SNG/NE = : : : s
https://github.com/smaeyama/triadgraph/ e
[S. Maeyama, M. Sasaki, et al., New J. Phys. (2022)] : :

t, A_kpa, A_gkp, A_pgk, -

(i

-2.31724691220873314;

CRIFHV7R 2 RDIEAFIMEIC L B2 = DA E/EA
%ﬁﬁjﬁ_ L/ 7L: \z\jj—\ 3'55(?,'-%1&\1% Ai’q 0) 7__\\_ Q 73?375 = o smaeyama / triadgraph
NIFEBT O L THEET

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 . AP
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


https://github.com/smaeyama/triadgraph/

> HafEIT - 3 min

> FEL Z DA MBEIEROIME & BEZERIE - 10 min

> FiR2 RHEBEBEFEICED L BETHRBRINT— 2T - 10 min

>FEI VN TF 74T VT4 T —XBEETY Y - 10 min

> F O E iR - 7 min

16 / 40



it

FnﬂEEI TREEETILTIE, BEMET AN T—ILIESTOMREZFRET AL,
BFEFE . RiEETL RIVF R —IELREE{EH

g 10° ” 100 E
2 s N\ % o %x/%
H 7 BRRIEET Y H 1 / Z /é
103 = > Illlp/ 1073 F ‘5
10 ;\&1%& 10 10 ;\&1;& 10
Fix \ TILTFRT—IIBEERE. ELA5RXT—IL BRINT—2T7H9 7N
DIES EMOBEEEE L TRAL BT,  ar” b

u(t)
Eﬁ_%l > B EEFEICED L HBINBERINT—2 /J\x?—MWMM %WWM
WEAR £ BIRE, MBI L £ U v SIS MhB0

Maeyama, JPSJ (2020); 81L& =4 —, st (2023) =710 BRIt WAt EAt
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Stelli St Cal R Al SISIO IRl MEES ENESHG el

Set up of time-series data A number
« Aresponse variable £ (t), which has dimensions of of samples
the number of samples [ and time ¢.

- Explanatory variables g¥(t) can be a vector g =

1 N WWErE

;.
{u
S
Rar
W
i

{gO, want gn_l}. . Response : | :
- We want to extract how f((t) correlates with gV (t). variable 7(0) |{L i uth | Hihy
variable g(t)| ™

Fx-Zwanzig DHEEEFiE
H. Mori, “Transport, Collective Motion, and Brownian Motion”, Prog Theor. Phys. 33, 423 (1965).
o FEFEIEETYIE CRE AN, BELWEREFH & I 7 OREE N 0BT 2 HEEF L

« RERNGEFHHIEND 0 ERPL —MItLangevin A2 =15 5 7575

18 / 40



Formleition of Vori-ZuweinZie) aorojeaiion oasreiiar rrisineoel (b

« Physical quantities u(t) is governed by du/dt = N(u(t)), with initial u;(t = 0) = u;.
« Response and explanatory variables are represented by some functionals of u(t), i.e.,
f(&) = F(u(®)), g = 6(u(®)).

* Assume statistically steady state (t = 0 has no special meaning).

We introduce three operators P, Q, A:
« Projection operator P and its complementary projection Q =1 —P
PP = P (sothat QQ = Q, PQ = QP = 0). Not specified here.

du(t) 0 _ d
Frairwi ZiNi(u(t))a_ui

Time evolution of arbitrary functions f;(t) = F; (u(t)) can be rewritten as

T 0@, Fi© = et

Time evolution operator e'? is also called as the Koopman operator.

« Liouville operator A =

19/ 40



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

= e!Pf;, + eQf; - - - Divide initial f; into projection and complement.
= e!\Pf; + J (t=)ApAeSQAQ fids + etQAQf,

where the Dyson formulae et = @A + fo dse(t=S)ApAes@A s ysed.

Defining

r;(t) = e™?2Qf;, (‘E’ d:iiit) = QAr;(t), 1;(0)= in)

one yields the M-Z formalism
t
f;(t) = e Pf; + j e E=)APAr (s)ds + r;(t)
0
(Term from projection of initial f;)+(Memory term)+(Uncorrelated term)

Projection of the uncorrelated term is always zero, Pr;(t) = 0 forany t > 0.
20/ 40



=yl D4R

CZETRIEREMIETONEETIEDOERS & L D — RIS,
EEANLGEHAEZEDSICIE, HAREETPEFRNICERT 2L4EDDH S,
ZITIH. BRNEB 2 H55HZRQgICHET L7 7 RADERTZ2ZEA DI EICT D,

B EEHEES5ZSHER T3,

SR SEISERBETH 5, (£) gD T —2Y > 7N DR & St = HHER
[zwanzig(1980) Chorin(2002) BEER), LU, () LeORBREREES
:P(nonlinear)fi = E[ﬁlg] (a) Scatter plot (b) Probability
- Lo s 4 - 4 0.07
BENICIIREGHETZD. BIROD _ _ 0.06
TRty b OEETIOERE, o 2] g 4 ’ 0.05
S 0- S 0- '
B & DR 5T 2 Mori(1965)) & 2 8 2 g.gg
_ @ —2 - X —2 7 '
plneanf, = (fig*)-(99") " - g _ BT S - 000
X, ZEAEFEICT T 2 RERE S 0 10 0 10
ﬁ%’lﬂ’( x 2 ] Explanatory g Explanatory g

211/40



Formleition of Vori-ZuweinZie) aorojsaiion oasreiiar rrisineoel ()

Now we employ the Mori’'s linear projection to the initial values of the explanatory
variables g [Mori'65Prog. Theor. Phys ],

PO = (/i(Dg") (99" g =) D (fi(D)g)) - (99" je -
where (:--) is the ensemble average. Then, Pr;(t) = 0 means (r;(t)g*) = 0.

Calculate the terms in the M-Z formalism.

e™NPfi = e™fig") - (9g") " - g = (fig") - (99" - 9®) = ) 09,0
J

Markov

t t
f e E=)APAr (s)ds :j e =M Ay (s)g*) - (gg*)~" - uds correlation )
0 0

d
- f (n(S)—g> (9g°)" - gt — s)ds

r z Fl](S) g](t — s)ds

;

Memory function I'

22 140



Formnulzeion of Weorl-ZwzinZle) orojsaiion oaosrziior prisinecl (4

Finally, the (extended) generalized Langevin form of f(t) is
t
f© =090 - | 1) gt~ )ds + 70
0
Markov coefficient: Q = (fg*) - (gg*)~ 1,

*

d
Memory function: I'(t) = (r(t) d—'z y-{(gg*) L,
Uncorrelated term: r(t) = et?AQf

which has the following properties:

(r(t) %*) =TI(t) -(gg”) -+ + (Extended) generalized fluctuation-dissipation
theorem of the 2nd kind
(r(t)g*) =0 -+ + Uncorrelated term r(t) has no corr. with g.

T This is NOT a theoretical approximation. MZ projection operator method splits a time-series data f(t) into correlated
terms and an uncorrelated term r(t) with regard to the explanatory variables g(t).

23140



Comotitziiion of O el F(o)iirorm el se

« Markov correlation
The ensemble average is calculated by average over samples,

(fg")y = ——y sample™ £(D)(0) gD+ (0), and then Q = (fg*) - (gg")~?

Nsample =0

* Memory function I'(t)
Multiply % -(gg*)~! on generalized Langevin eq. and taking ensemble average,

one yields the memory equation
t

I'(t) =E()+ j I'(s)-H(t —s)ds

0
where E() = ([f(©) — - (01 ) - (gg"y™" and H(t - 5) = (g(t — )% ) - (gg") " are
evaluated from data. One can construct I'(t) successively from I'(0) = E(0).

* Uncorrelated term r(t)
t

r(©) = F() — Q- g(®) + j [(s) - g(¢ — s)ds
0

24 1 40



EXAM P EFKUTEM OIOESIVAS TN SKYAU U ENCENMEeyZmaz00pss]

ou(x,t) du 0%u d*u Time t = 141.00 Time t = 141.00
’ +u + 2+ 4_: 4 | | | | I 100 F———m T T T Ty
ot dx 0x ox 3L i ol b Time average - E
: 2 § ]
A simple 1D turbulence model =~ ;| | ~J : 1
with small-scale instability > 0 m | :
1 H __
2F . i
3 F . =
4 | | | | | | AT :
0 50 100 150 200 250 300 0.01 0.1 i 10
X Wavenumber k

Procedure for the analysis

1. From K-S turbulence simulation data, evaluate time evolution of low-k fluctuation g(t) = u%; and
high-k contribution term f(t) = —[(ud,u) — (ud, u)].

2. Applying M-Z projection of high-k contribution term to low-k, f, (t) = Qi g, (t) — fot [ (s)gx(t —s)ds +
. (t), extract physical information from evaluated Q,, I',(s) and 7 (t).

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

25140



EXAM P EFKUTEM OIOESIVAS TN SKYAU U ENCENMEeyZmaz00pss]

Results Memory function L(t) Evalulate(iI coeffsi;:ients of
_ _ _ 0.004 —— O AL S correlated part Q, —y,
v' The memory term of high-k contribution has |\ Wi =— oy
. . s ; Im{<r(t)du/dt>/<uur>] - 005 @) T ]
damping effects on low-k in K-S turbulence. ¢ 0 [ovoostsoatsnes
. | | - g 005 b —
o o YR B N
v Low-resolution simulation with the M-Z- 5 N S B
. 0 S : S =] ~ | ~&l- -0 i
based sub-grid scale (SGS) model BEEEEEEE ZoLmEg 2
. . -0. { NN N S 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% ~ (Q — v + T
stochastic forcing of low-k fluctuation. Re[Qy — yx] < 0 means damping.

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

Low-res.
Time t = 200.00 + SGS model
104 ™ 2 ] 10-4
WMN 500 —_ 1.5 |
102 =90 (/0 SGS model) w 3 1 -
i N=90 (W SGS model) —— > 05 B 10°
S c
o o 0 ]
(T> =)
T, 7 g 0.5 — 106
i w -1 —
-1.5 —
106 M | S S i P -2 | | 107
0.01 0.1 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

1 pip install mzprojection or conda install —.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's all! You get,
Markov coefficient Q:  omegalnf,ng]
Memory function I'(t):  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

> HafEIT - 3 min

> F &L = DHAMBEIEROXIME & BREFKRIF - 10 min
> F 52 W EE FRICED RETHIRERS 7T — X BT - 10 min

>FEICIVF 74T VT4 T—2ETTY Y - 10min

> F O E iR - 7 min

28 140



fRE | MR SFRR TId. ERIC O L TR L A Ex

EEAAME

J—FAREVLN, ZDEEEIIREXET VICKE,

T
/) ) ‘

FE B 2L F 74T VT4 T —2REFEDIREEETY Y INDEFE

(BFF 77 XT /NI XA =R SENET T 7 ZAOBEMRAEY 7=U)

LA L. VILFRT—=ILELRYI a2 L — 3 VIFKA
BT ECNIA—ZFABETCEST, —a—7)Lxv b
T—O R EOREETIIVEERLE L U,

« Low-fidelity data: {BEf5E - ZH DT — &
 High-fidelity data: &/BE «- PEDELNT-T — X

— Low-high fidelity 7 — 2 IO MEEZEY AN 5 Z & TFRABEZNET 5,
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3Eﬁﬁ/ E EIE”H?GaUSS *EIE}'FFJ' (NA RU& P) [Parelilciris (20:107)

ANAx EHNy, DT —R 4y Xo Yo X1 Y1 Xhigh  Yhigh
MO BB T7A4TYUTA
l=01,-)YBILHBET 5, [ 1T e e T
yi = filx)
> BIEX7 47U T 4(1=0) - - FHOEDE S —FIVEEk,D L7 RBERELTERT,
fo"'GP(fo|0; ko(x,x'; 90))
> SR74TYUTA4(1>0) - - - FIRDFBED S 1 ZBRY ANTcH T Z@RE LTEKRT,

filx) = gl(x, f*l—1(x))
91~GP (£il0, ki, (3, GO), (' fur a6 50) )

ki, =k, (x,x’; sz) ki, (f*z—1(x)»f*l—1(xl)i Hlf) + kg (x, x5 6,)

NARGPIZ. ZEEDH 7 R BEEIFIZL Y Low- to- high fidelity 7— 2 B D IELREAZAEET & A Hx
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