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Numerical simulation of quantum fluid turbulence

oo ouououot
Kyo Yoshida and Toshihico Arimitsu

(Department of Pure and Applied Sciences, University of Tsukuba)

g0

O00000C0ODO0O0O0O0OD00OO Bose-EinstemnOOOOBECODOOOOODO
O Gross-Pitaevskii OO OO0 O0O00000D0O0O0OCCOOOO0O0O0O0OOODOOOO
gboboobooboboooobooobobooobuoobooooobooaoo

1 00O

O00000000000000 Bose-EinsteinOOOOBECOOOOOOOOOOO
O O O Gross-Pitaevskiil GPO O O O

o _

O _
T

- (v u) v oo (1)
0000000000000 40 bosonDd 0000 ¢:= (000000000004
0000000000¢g0000000000000000 n:= 0000 0 p=gn
000000000-000000000000 MadelungD O ¢ = \/p/mexplip) 00
0ooo@1)o

0
— . = 2
S+ YV (pv) = 0, @)
0
pTad +(v-V)v = —Vp, (3)
gogd
h RV

v:=—Vop, Dq =
m

Com2 N



O0000p0vOODOOOODDOODOOODOOO0DOOOOOOOO((2)0D @B ODOoODOOOO
gbobbuoooobbbuoobobboooobbobuoooobbogao
OO0000OD00ONavier-Stokes 00000000 O0ODOO0O0ODO0OOOOODOODOOODOO
O0D0p#40000vOOOODODOUOOODOD w:=Vxv=000O0OO0OOO0O0OO
O Jodl-v=[qdS-w (C=05)0C00p=0000000000000000000
O000000CO p=00000000000000¢(mod2r)00000000O0OO

h
dl-v =n— =0,+1,4&£2,--- 4
/C v=mn_ (n=0,+1,42,---), (4)

gbooooogn

0000000000000 000000000000ODO00 1JDoooooooDOoo
0)2000000000000000000000000000O0O0O0OO Kolmogorov
DE(k)ock_5/3[]DDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD
gbogbboobuodgboboobuooboobbodgboobboobuooboon
goobooooon

oobooooboooboboooboooobooobo GpobbOobDOobbOOoOoDOoQ
goboboooobbboooobbbooooobobooon

2 OoOoobooboo

OO0i=gnt/h, ¢ =4¢/mO0000000000000(1)0

o -
S = VA -+ 9P, )

goobogd

goboboooobbboooobobooooboboobooon

pi=t = [y, (7)
nm qn

00000000000000000000000000000000°000000
0 (5) 0 0 Fourier 0 0 00O

0 . . :
St = i€kt i — i [ dpdadrd(k +p — q = D)Uput
+ Dy + Fi, (8)



Odo0ooooonog f(X)DDDDDDDDDDDDDkaDDD Fourier O OO O
QW / dxf(x)e*  f(x) = / Ak free™™ 9)

OO0000000Dy0 RLODOOOOOOOOOoooOoobooboooobooboooogoo

ooooobooobbooobooobobooobbooobbooobboobo
000000000000000000000000000 EY0000000ooa
ooog E™QO

fi=

L w1 ,
g e = [ax? Ve, B = [ ax(p)? (10)

00000000000y =p—p00000000VOODODODOODOOOODOODO
guooooooog
_ﬁv (11)

V2
0O00D0000EQ

Ekin —_ Ewi —|—EWC 4 Eq’ (12>
. 1 . 1 1
szﬁj@m% m%iﬁ/awﬁ m:v/wawm%ua
030000000000000000000w'0weOO
w=w + W V-w =0, V x wt=0 (14)

0000wOOOODOOOOO0OO0O0OO00000000000000 Bk, gt pvi gyve pa
00000000000000000000000

Ekm /dk’5 k/2|wk ’2 Emt /dk’(S |pk|2 (15>
B (k) = 5 RS WP, B / dK5(K — k)|wil*,  (16)
(k) = [ o~ WER (VP (17)

00000000 E° = [°dkE°(k)(o = kin, int, wi,we,q) 000000000

3 Ubouboogbood

0000000000 ((r)*000000000000000000000O0000O0
O0O000obooboobobo0obobo0obboboboo0obd 400 Runge-Kuttal O
gooo



0 1. 000000000000000
N kmax & w(x107%) k; At D
RUN128 [ 128 60  0.05 25 25 001 0.998
RUN256 | 256 120 0.025  0.625 2.5 0.01 0.999
RUN512 | 512 241 0.0125 0.15625 2.5 0.01 0.998

00000 GPOOOOOOOOOOOOOOOY :=¢—900000000000
0000000000000000000000000000000000000000
0000000000000 Laplacian 00O

Dk = —V]{Zzl/Jk, (18)
goouooooo
Oﬂ/]k (l{ < k‘f)
k= 19

0000000k 000000000000000000 «(>0)0000000000
p000000000000000
00000000000 ND 128,256,51200000000000000000000
0 RUN1280RUN2560RUN5120 0000 000000000000000000000
0000 10000000000000k.00000000At000000O0O0OOO
000¢000000000000000000000000000000000000
0 kmaxé ~3000000¢000000000000»000000000000000
0G)0y=1+60000006)000000000000006 « expli(ksx —wt)]
D000000w==4/(&k2+12-100000000000000000 (k)™ O
0000000000000k~>¢'0000000000000000000000
000000 » % 2000000000 (¢)"'00000000000000v~&20
000000000000000000ry=¢000000

4 OO0OooOOoooooo

00 O0RUNI280RUN2560 RUN51200000000000000 RUN5I20000
00000000000

01000000000 E= Ekn4 pint pkin pint) pwin) pve pa 0000000
000000t=16000000000000000000000000000000
0000000000000000 EOO08%0 En0000000n 15%0 EkNQ

4



100

0.01 F e e

0.001 &

1e-04
0

O 1. 000000000000RUNbG1I20

EYOE™“OERI00000000000000 0.3%, 13%,1.3%0000000FEY0 EY©
00 1/400000000000 EYO0OO EY00 4-5000 Kobayashi and Tsubota
2000 KTOOOO GPOOOUOOOODOODOODOOODODOOOOODOOOODOOOO

0200000¢t=16000000000000000 ENY(k)D E(k)D E™(k)D
Ev(k)0E(k)DOODODDODOOKTOD E%(k)00000000 Kolmogorovd OO0
D00000 xk®000000000000000000000000000EY (k)
0D0000000000000000000000000000 (300000

D000000000000000000E™(k) x k3200000000 k~70
00000 (02000000000 «xk®00000000000000O000O0
gooogn o<k73/2DDDDDDDDDDDDDDDDDDDkf:2.5DDDDDDD
D000 1/£~800000000000000E™(k) xk?200000000000
D0000000000000FY (k00000 xk 4 0000000000000
ooo

5 0O

0000000000 p»E*“O0KTOOOODOOODOOOODOOODOOODOOO
Oooobooobobooboob0 hOobooboboooKTOODDODOooboooo
Oobodxp0b000obo0bb0ob0 kOODOOODOOOOOOooooooooboogo
0(19000w0000000000000000000000000000000wW!
00000000000FY(k)0D0O00000000000000000000

DDDDEim(/{)ock_3/2DDDDDD\,O’]<<ﬁDDDDDDDDDDDDDDDDD
000 B000000000000000000 p0 pYOO0O0DOOOOO0OOOODOO



0.1 F 0.1 E9(k) oo 1

0.01 F 0.01 |
0.001 | 0.001 |
1e-04 | te0a [
16-05 by te0s L

1e-06 + 1e-06 +

1e-07

1e-07

0 2: RUN5120t=160 000000000000 00 00 E9 (k)0 E™ (k)0 0 0E (k)0
EYe (k)0 BY(k)D

Ooboooooob GpOOODbOO0ODOOOOOUODODODOODObDOODOODOD
D00000000000EY (k) k¥ 000000000000000000000
gbooooog

oboboboobooboobooboobon

Ooon

[1] J. Maurer and P. Tabeling, Local investigation of superfluid turbulence, Europhys.
Lett. 43, 29 — 34, (1989).

[2] M. Kobayashi and M. Tsubota, Kolmogorov spectrum of quantum turbulence, J. Phys.
Soc. Jpn. 74, 3248 — 3258, (2005).

[3] S. Dyachenko, A.C. Newell, A. Pushkarev, and V.E. Zakharov, Optical turbulence:
weak turbulence, condensates and collapsing filaments in the nonlinear Schrodinger
equation, Physica D 74, 96 — 160, (1992).



