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Abstract

This thesis is a set of research outputs that theoretically discuss mechanics of quantum tur-

bulence in superfluids. The mechanics is widely called Bose-Einstein condensation(BEC).
It refers to the turbulent motion that appears under the macroscopic quantum state phase
of cold atoms. In a turbulent system regardless of whether it is a classical fluid or a
quantum fluid, it splits from a large-scale vortex to a small-scale vortex, and the kinetic
energy of the fluid propagates cascaded from the low wavenumber to the high wavenumber
spectrum. This is called an energy cascade during turbulence. In the small inertia region,
the motion of the fluid due to the turbulence is dominant and the effect of viscosity is neg-
ligible. As a result, the energy spectrum is determined only by the energy dissipation and
vortex-scaled wavenumbers. For classical turbulence, Kolmogorov discovered that it takes
a statistical distribution of E(k) = c€?/3k~>/3, where E(k) is the energy spectrum of a tur-
bulent system, € is the energy input rate and c is an arbitrary constant, and many studies
have subsequently confirmed it. It is now called the Kolmogorov’s law (KK41) because of his
report in 1941. In recent years, Kolmogorov’s law has also been investigated for quantum
turbulence, and research results have been widely reported in both experiments and the-
ories, such as two-dimensional systems, three-dimensional systems, and multi-component
systems. Quantum fluids are composed of macroscopic quantum-state atomic groups that
are in phase with each other as matter waves in an extremely low temperature environ-
ment, and have no viscosity. Due to this feature, it is easy to verify and reproduce between
theory and experiment with fewer elements than classical fluids. The attention is being
paid to the elucidation of the physical phenomenon of turbulence, which is considered to
be one of the unsolved problems. The outline of the thesis is as follows.

1. 7Orthogonal and antiparallel vortex tubes and energy cascades in quantum turbulence”
In the developed turbulence, large-sized vortices are split to generate small-sized vortices,
and the mechanism is gradually repeated and the ends of the small vortices are dissipated
by viscosity. In classical turbulence, Richardson recorded the process as a picture of the
size of the vortex ring, known as the Richardson Cascade. Kolmogorov theoretically con-
sidered the turbulent cascade mechanism from the viewpoint of energy spectrum, and the
Kolmogorov’s law became known based on the velocity correlation in turbulence. In re-
cent years, Goto et al. have conducted a theoretical study on the dynamics between each
wavenumber spectrum of the vorticity distribution, and visualized and clarified the cascade
mechanism in which small scales orthogonal to large scale vortices are generated. On the
other hand, in quantum turbulence, the energy spectrum of the power law of —5/3 has al-
ready been confirmed, so it is expected that a cascade mechanism of vorticity distribution
will appear by the same mechanism. Therefore, we investigated the elementary process of
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the cascade mechanism of the same vorticity distribution, and based on the same result as

the classical fluid, we further studied the vorticity distribution in the quantum turbulence.
In the field of quantum turbulence, there has been no research focusing on the kinetic
mechanism of vorticity distribution related to the energy cascade. From the results of this
study, it was found that the process of generating small-scale vortices from large-scale vor-
tices in turbulent flow is same as that of classical fluids. The above results can be expected
to help elucidate turbulent dynamics across classical and quantum domains by visualizing
the mechanism of turbulent motion in the energy cascade.

2. ”Kolmogorov-Hinze scales in turbulent superfluids”

In turbulent flow of two fluids such as water and oil, which do not dissolve and each
naturally splits into a uniform droplet. The separated droplet size quantitatively corre-
sponds to the injection energy for the external force causing turbulence. If the energy
is large, the turbulent flow is fast, and the water and oil droplet sizes are small, and if
the energy is small, the flow is slow and the droplet size is large. Studies by Kolmogorov
and Hinze show that scaling the energy injection rate and drop size by external force in
classical turbulence universally shows the power of —2/5. This universality is called the
Kolmogorov-Hinze(KH) scales. We investigated KH scales for quantum turbulence is by
superfluids. It was found that there are two dominant regions, the same scale as the clas-
sical fluid and the scale with the characteristics of the quantum fluid when the repulsive
interaction between the two components is regarded as the interface between water and oil.
For relatively large repulsive interactions, the classical fluid scale is the power of — 2/5,
and for relatively small values, the quantum mechanical power of —1/4 is dominated by
momentum uncertainty. It was found that there are two tendencies. These studies will
be conducted in the future by analyzing the cascade region based on the energy injection
rate and determining whether the quantum nature of the turbulent system is dominant
based on the interaction of the quantum turbulence of the multi-component system. It is
expected to be applied in the turbulent system.
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H= /mwf Ln—VQ+%m(ﬂ&&%ﬂ/ﬁ%WﬂW@ﬁWﬁ—ﬂW&%ﬂﬂﬂA&

THOLEIND, mIIKTFOER, (r) FBOEETO(r) = 32, Ur(r)ar ap 3ERMSHIH
HF ag|ng,ny, - ng) = \/n_k|n0,n1,---nk—l),auno,nl,---nk} = /ng + L|ng,ny, - - np+1)
TH5, Ulr—r) FMHAEEHZDODTHRART >y L U(r—7)=go(r—7') TH %, g
BREEER g = Tlhas | o 3R - T O S WEELE. M IZEMEREERT, BOWET
O(r,t) DRFRIFERICOVT, NI =7 ¥ (1.48) ZHWTAA X ¥ ~L 27 R OES 5
FE

o - .
ihsbrt) = [dr1). 4],
h2

= g Vel 4 [t e - i) G

(1.49)

BB HEFISOWTP(r,t) = ¢(r,t) + 4/ (r,1) L8R ZNLULOEBIC )T 5.
HHUGIIEIE (e t) = (P(r, 1)) TEHET 5, MKIE T T BEER EHEL kot
A=K F ORI E 2D, (1.49) Z GO FEETEM L,

m%lb( ) = {—%Vz + Vexe(r) +g\w(r,t)|2} U(r,t), (1.50)

D, R=R T4 r¥ak4 YEEEOEH ZENT S 7B R - XL T XF— (GP)
TR ERTS [45),

1.7 [EEE

GP /7R (1.50) OEFHZ AN F—DHEMAEHART V¥ v VOHED A & HE K
(healing length) & \WHH 2 FiHY72 & S D HL,

h

ES N, BIEFTROERTTLR EITHW SN S o ng IZEHRHEDEEE np = [¢]? TER

5, £ BREAOEB T A LF DRI OMAEFEHRT Yy VORESITELT
LEDHA X LT,
ﬁ2
2mg?

MHLDOEINDS,
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1.8 EFRAEANDFCEFA
Bk = 0 1EEE U 72 BIREARDEEE ng = [Y? BRFE 8T X=X L BN TTC, Hillo

W e AERERORE A4 7 —FRADF LN, Z2rLEBHAINIZFTLET
W 0D [46], FHEDI=D )(r,t) = fERE L. GP SR (1.50) & £ DEFIHLE

—z'hgwT = {—h—2v2 + Vexe (1) + g\zﬂ]Q} il (1.53)
ot 2m . ’

DENEFIUS, A2H YL Y 2T TEZE 5,

I 2 o
Gy = (<inu) = g (vruw| - |- (7]

2m 2m
_'_V:axt (T)wa - V:sxt ("‘)%W
+glo Pyt — gl

S t ;
I, HEY
_ h YTV — VT

EEHL. BFEATA—KR% = /me® 52,

0

DHEARDRIGFEN D, HEG (1.55) h 5.
OIVY Vel = [V +iyin(V)e’] Ve — [Vige ™ —iyin(V)e ] Ve,

DEAREHWT,

v L2iGy Ny (1.58)
m

2mi ng

CIRTIENTES, /o0 RZMLOREETERINITAE w CTRZLDSEMFw =0
i))g\

h
w:EVxﬁwﬁﬂ, (1.59)
BHOLOLTIENTE, HEGTHUERY FLOKICIRS AT CERINBERT.

['= j{ v-dr, (1.60)
c
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VNN

h h
F:]{v-dr:—j{VQ-dr:%rqE:q—, (1.61)
C m Jo m m

DIFROBETDE LN D, BT ¢ [FEE (winding number) £ W5, GP X (1.50)
W T A =& ) = /nge” ZRA L. REDHEZHEZH L.

90 R , V*/no
Gt =g | (90 = | )~ g (162)

R ERS, WUOAL YV 22D,

2

2m./ng

DEREARD A 4 7 —FHREADBF OIS, HHRKROEES v, RIKDOEE p. MMEER v,
JEHpTHobTFro - 2 h—27 2558

g—;} +(v-V)v= —%Vp — vV?v, (1.64)
LHARZ . (1.63) IITKEDIED 2 K, ALOFHEATHICETENEIH D, Hilly & FIC
BOWHRD D, (1.62) TEIRFERE ng =0 CEFEHENPFEL., 0 WO AJEETR  FFE
R D AERMC X 2 BT D 5b s, $MEROPDE L2 EFIMOME v = L
EFEET 20, BE [P =0tkD, EHET 3L —IIFEBLIZW,

BAEOHl e LTH. 1.712, E4KS OEEREMAICET 2 A~ YiddlEnRs [53),
(z,y) = (0 ~ 64,0 ~ 32) D KILZER O—RR R BIREARO IS, FIHFEIROIMNEERT > >+
NADBEFBEN—ERETHEE L TV TH 3, BEFEBRT V¥ vy VLA TERI T
HET 22 el Wflofife LTXHERE TR NS X5 b~ Viad e R s
%, HEREMAD v~ IRFIOFEENL, HHTRRICB T 2RI X 21EHORD D & LT,
B O EHERHEER LT b,

0 1
ma—:: =—gVny — V§mv2 —VVeu(r)+V (—

V%ﬁﬂ, (1.63)
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(a) 32 2
" 1.5
i T e LA SR 1 JyP

x O

¢—>~<

(b)

1.7: (a) FEBEROMEREE, (b) IZFANLOMNHEERT, (z,y) = (0 ~ 64,0 ~ 32) D _XILZEMO—R@REAOFIZ, [
FROHEER T > & 2 ADEHAN—ERETHIH L TWLIRNTDH 5, KT V> vy VEF RTINS ER SN2 S, dRET
Ronz Xo5ahn~  myloEsRonsg 53], (b) OUHOKTRERFROBEGFANLEDMET, K DPALKRT > v
PHER LTV EEFRbL 5,

K. Sasaki, N. Suzuki, and H. Saito,

Bénard—von Karmén vortex street in a Bose-Einstein condensate,

Phys. Rev. Lett. 104, 150404 (2010).

BFREOME LT F 7y THICBIT 2B FROKTZR. 1.81TRT, (r,y) = (8, £8)
DRILHR T, BREAIER 10D TS 7 VBN Z v TRT Vv Uz & D 0.7 DElEE
HCEILSEMAT, 6 [loEFRN=MAETFORE CERRIREL & 5, BUEFHHEIZEAR
R MVEZHW, FEE A5 (A) TRT, M55 2 HEREATIEA SN S LK 5 RERDE
R4 20K E R AHBCHRARONEZ & 25, BIREATIIMEE D 2wz r
NF =R NSRIAPERZ N, BEEZOHL S FIRICHES %, K. 1.8(a) 3%
W2 EBHOLHLLYE—27MED 025 2RT, B FROBIMIEBMICEEMEONVIRETH 3
ZEDHERTE S, K. 1.8(b) Tid. BEL2» SRR FTCEMETORBETH S Z 2D
%, M. 1.8(c) IBRELZH5b L 6 HORTIHENZNLKIEE D THED, 24T
REEEHEI D OEEEEZRL TWa, K. 1.8(d) IXfitH%E H &b L 6 HATCH % & i CHiHD
0~ 27 AL TWB Z e D3bd b,
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(c) (d).

-7

N

L e
t —)?-6-4—202468

SR IS e TG IS S
T

1.8: (a) WEE |v|2 2H5bLYE— 27D 0.25 2T, ELBETROEIIAMICEEMEUNVRETH 2 Z L PHERTE S, (b)
T, BE»LRERTCEABRTORBTH 2 Z bbb, (c) ILEESEZH DL 6 HORTHZAZNAKEEHED TE D,
2T HKEEE D OEHEERLTW5, (d) ENitHEH 5D L 6 FEiMCH 2B FIRTHMED 0 ~ 27 KEFELTWS Z 2 3bh 5,
(z,y) = (£8,£8) DZRXITHRTER 10 DV 7 VHRT Vv U2 E D b7 v FIn@BREEAE. 0.7 OREEETHE LG50
6 D& FIH =FAts T ORCE TE W RIRBBIC /2 2 R CRUER R 217 50 BUEGTRIZR AR PAEEZHWTHEB L, Fiflicown
T 48 (A) ITTRT,

1.9 BANOBEERE

ZICOBREADIIIHEREE Y 0T, MBOER TSR EENR 2 b D7D
FULDHIWTHI L 50, K. 1.9 0BT, 14 S O TR EIRENAI BT 2 iRt o EE)
ZRT 496 (z,y) = (64,32) D _RITO—FRIZEREMAICERE 5. KEX 5D _2D5]7)
KT Vv b% (z,y) = (0,11.2),(0.20.8) DALED S (z,y) = (0.5,11.2), (0.5.20.8) DLE
FCTHEZ 001 TEDRL., KT Uy LD LETFIENEZAERSE 5, RKFGHED & K&t
[FDDR7 Dz 2dD2Ee VS, K. 1.9(a) T, (z,y) = (40, 16) DAIEIZ
Eff2, KEX 1050 (FHf) K7y L 2EE L. BEL T X -2 7@ o ik
PR IET, M#EXE S, M. 1.9(b) T, (7,y) = (40,16) DI EICER 2, KEX —1
DFH () KT vy L 2EE L, B L TE & T olMEERZ & 8T, 3



Bl R—RTAV¥aRA U EHE 29
WEE L, WNEOEREY d 32 . BEIEEIX vy o logl/d THHIT 2, KORER
7 & T BEBE S FENE EHE R E I H N Z 2 b2 B,

@) 3

t*O 64

Ly

[ |

1.9: THDED S TRE L 72MEE. A PRRRI—=TD XS —EDXA I V7 TERZN, (z,y) = (64,32) D_XILD
— R ERENAICER 5. KEX 5 D205 hRT V¥ v L% (z,y) = (0,11.2),(0.20.8) DAED S (x,y) = (0.5,11.2), (0.5.20.8)
DN B ETHE 0.01 TEHH L, KT ¥ Y LOM»SRETFENEAERIE S, Z0O% (a) T (x,y) = (40,16) OFIEICERE 2. K
XX 103 (F) £7 2o v ARREL, BILTE R PRt OBMEEELE S 8T, MESE 5, (b) T (z,y) = (40, 16)
DfEICHERE 2, KES -1 OFN (Ffr) K7V v VREEL, BELTELRFROMEERZ RSB T, BHESE S, (a)
TREFEDEINRT Vo v V2@l U721, R 2L LBEIRED L35, (b) TREFESFIRT V> v 2@l
7otk AREERAEAIA < 2L LR T35 [49],

T. Aioi, T. Kadokura, T. Kishimoto, and H. Saito,

Controlled generation and manipulation of vortex dipoles in a Bose-Einstein condensate,

Phys. Rev. X1, 021003 (2011).

1.10 B&
BTN BT 2850 (1.56) & 44 7 —FHER (1.63) 225
e A C 19
DGO NGHDOE _IHD 4 ROZER-M I %2 0 1ERIL,
D o= AV, (1.66)

ot?
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DOEHFEXED 5T, Z 2T,

c:u%g, (1.67)
SHETRENARICB T 2 B c ZRT

fFle LT 1.101&. (2,y) = (£1, £1) D =RKITO—FR/BIREIAICERR 0.2 DMERT

¥ N% (z,y) = (0,0) ICECE L. EH SAICAD > TERISIWRNZ 5 2 7T 2R
T K. 1.10(a) XEE Y Z2H5b L. KT v LOKRFIEEEIZIEEY 0 OERH
HY. WD oRIDBITICHED > THEDDOWEBEDKEZEHAEL TV, K. 1.10(b)
DAL HIFEFIRPFEL TOWRW I E RIS, K. 1.10(c) DHEELTIX. FE
RT V¥ v MEFH DEEIV/NS W NS © THRENZ MLHRAE | HEH/NZ W
WA TW2 Z bbb s, BUEFHEIZRA XY MVEZHWTHER L, FHflliconT
AR (A) ITTRT,
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1.10: Zhzh (a) FEE. (b) BARZIONMNME, (c) 3EEHZ2HODLT, (v,y) = (£1,+£1) O ZRTO—HLBIREMMAICERE
0.2 DMERT > ¥ V% (z,y) = (0,0) ICAE L. K2 bAIZMb > THEEMNEDIINE 5 AT 2R T, (a) TRRT YTy
OB EEMNZE LR OIS H D, HiHCEAEDOOWEEDORELREIET TS, (b) OMHTIEERFRITEEL TV
WZ EDEREEI NS, (c) DHES TR, FIERT ¥ v VR OBEINS WHFNH D o THRER Y PV E, BEINZWTT
MU T WS Z e db 5, B EIRRARY MUVEZHWTEN L, FElicoVTE 8 (A) ITTR T,
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1.11 EFIAFCIRILF—HIXT—FK

. T1EETFIRAEDFEE U —RE A HEELIRICE 2 £ TORMFEREOK T2~ 3, RiZ
(z,y,2) = (£64, £64, £64) O = KITZEH TRAMIERSEMEZHR L TH 5, K. 1.11(a)-(c) I
B TEIRP OIS () & 7 Y X LART V¥ v L OEER (FH) ORFEFRE, K. 1.11(a')-
() WEERZH DT AN F — 2R bb, K. 111(2") (") WX FERZI OHESRZL T |2 D WiiH
(2 =0) DkETo TV RLET YT vARDL DETHANT L THkD L E TSN, F
ELEFILROIREBICR D TANLF — AR MU —5/3NEFDaLEIn 7H|Z &
%, M. 1.11(c) DEHEIMDIRE TR, EFEHNZEMAICS ¥ X 2 ITGEH T 2T R 60
%, BTREELRICEB T 2 BEEEBRO AL X —h 25 — FTEEREZEZ2HOZ b
Molze INRT = IIRDERGEFE Y T4V F—H X7 — FOFMICOWTIX 3ETIENS,
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(@")

1x10%°

1x10°

1x107

0.1

1x101° |

1x10°

1x10° |

1x107

1x101

1x10%0 -

1x10°

- .
1x107 1 R = | (MY I I ol
01 05 1 n
K -60 -40 -20 0 20 40 60
X

1L.11: (a)—(c) IEFARTOIN () & 50 X aRT vy v VOSMEE (H) OREIEE. (a/)-(¢) &FA LRz ¥—
ZRZ B, (a) (") 1R U DOHEREE ]2 O (2 = 0) DT RE (,y, 2) = (£64, 164, £64) O = RKIC2MH TR
BRAZMHEERLTH D, FYRLART Iy ABDL DEFTHNCE D, RELLETELROREBICRZ 2, TALF—ZART PLE
—5/3NEFDANLETO AL KB, EWEFICL D BTFIRNS ¥ X 2E88% T %, SRR O 3 Ersi, b=
RZ MAEERACTEH LR (R (A)).

1.12 ©IY

CDETIE. AMETREERIHEDR—Z « 74 V¥ a XL VIRMORBRHNE R
EO-HE Y . BARA. BHELROBEICOWTRR Tz, A TIZRTFERICBIT %
REORBHEERZ 0T 2 LT, =3 LF—2AR7 ML X ZESHEBRTOZ ALY —2
24— R OEZRDIED. WESMAEZMEIC X 3 KN — L OMERGROSH. #Eton]
FLIC X BTN FALDH AT — FDEA F 27 ZADBEERZ CLZHMNRIT LYHEOEE
2Rz, FhME A4 X, TXIAVXF—FARDERSHTIZELETTORITTHELNL
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FiEED LICET., BEETo72, B2 BPETIHHMRA D SO -ELIRDLITIZE. Hi
WTETERICOWTAIHEDNE & Z DRI OWTIHRRTW L,
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2.1 FZHE

HHTRARDELRDFEFKIC OV T, HIEKL 2.1(2) IZH 2 K572, 16 THACDO A Y L A D
W2 A7y FORFE L. HBRFORAICBWTHERONRTH - 72 Z L 25HIT %, K. 2.1(b)
WZH 2 K5 BIETBHREDIEVFAROBRZHRLAIZHIZT S Z e TE 5, HLRHED
JEEPNHEA, LA 2 IVREH 7 AEWZRBPNE KA 7 2R L, AIftick - TER
WZsdAEEfThI, B ERED D S ETRD HELRDOBEE Z RT L A IV ABDIER
SNz VF v — KV & B O KEEE 2 & /NI DS A B S L 2 @8 2 V) HE
PR e TR L, aLEan 721X 28t e HOZELIRO =RV F = X7 — FDFE
RIZE 2, IEFETIEZRITR =RIT. BN 72 £ 2 - 7R3 TThATw 5

(a)

by .C R Dol o i ok e
e e o g R

"

¥4 Ay apendtiting

¢ ».&MMM
i

Y

,.I )\ -i «l

i ort tef] 1;'7-'* <4 rinket

wn T/B ).;ll un.+-h~ " T" o w#« et vad] A '
% 1 -

"ll":' 47\’)‘;" ‘,.,, vuwd-v . e ' P T N... »-\vl -1 3
§ ah apemod, e -
Py 1 e o i RS PR -G '"’" sty egie

2.1: (a) AV VA - HV L ADBRT v F LEELRORE, JoKiEr SHLEN 2 KA 7 — oK, Kotz & =
WERZED L TV 2 T2 TWw 3, "Turbolenza”, The ‘blob’ drawings of Leonardo Da Vinci, Italy, (1508),
https://lebbeuswoods.wordpress.com/2010/12/03/da-vincis-blobs/ (b) 1&Z &)l % F 7z SR AMIC D 2 kL E—BKMED
Bk, &DPRAETHNEFT XS RBEERL LN TE S,

e UTKL 2.2 1IEREMAICE T 2 EHELIRZ RS, (v,y) = (L, L), L = 64 D_KJL
22 D AR SRS 2R L 721 LT B L 72 [ Pr|y(r)]? = 1 O—KRR IR
o, BEXZLMADHAZXDT Y RLART Vv T LB 3NF—%FEALIRKDE
BT AL X —DVERICIR 2 ETHORERARE L I2IRETH 2, (a) ZEBEEDHERL,
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BLIRIC X DELMEZIRRETH 2 Z e 30 %, (b) XFRIUKRAIOEES R L, HENRY b
TR T 2 L ELHER 20 6. KDDRAPIRMN R ZTL 3, ZLTEEZM»S X
D EEBNZEEDIEREHLZ L TR F—DONMBAEL 725, SV X LRT Vv
N DFANTONTIE 5% (B) I TR,

[wI?

2.2: (a) WEHILROMREE |v|2, (b) BRI CRLOBESORY MV, (z,y) = (L, L), L = 64 O - RITZEM ORISR
HEBRLZRIH LT, BEE L/4A DV A XDT Y ELART VY vy M X BT A VF—2FEALREOER TR LF —DEFHICK S
F T RIRARE LRI T H 5, EFHREOERFTIEIARND Ry — LR R oh 3, FUEEHRIEARY MLkEH
WTHH L7, BB ORI oOWTIE 5k (A) ITTRT,
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BLRIZ MO R T <. —R5 2 E @M T I3RS LT LE SBRF2 6.
HEP L ALY —RETRIRIEREE 2 2 e CHRUIMSERIZ RS Tth s, 22
TIIAWZLICEE S 2 HHELR & B FELIRO BTt OVWTL a2 —%2 3 %,

2.2 HHREICE T BELRASE

FERATIX, BLIRIREEDIRIE Y LTL A4 VAV XE Re VT, 2L OEBHERT
Re > 2000 OHIPATH SN TV S [18,51], FEERAFLSL LA TIEL A4 2 VX OEEIER
ZETMILUT, IREARYED R 7 —eliifkoETERLEhTVWE, LA /X
ik oEH iR, Fex - 2 b= Z2BKX G + (v Vo = -1 Vp + vV Ot
H Y RHIEO I (Re = U = W) BERTTETER SN D, 0,t,p,p, v IFENLNIFAD
WY, KL TRIROEE, . BifiMERTH 5, Re > 2000 OELFIREETIZ T REOK
PIE X D b0 FIc 21EBWEIXEN E 25, BHEED (v- Vv IZ2OWT—RILDET IV
FRET 3 b, BLIRIREEORISEE OLE % v(z) = o cos(kr). EEZER % b, EZEM% «
IRELTZE &,

oV’ cos(kx)
Ox

ritE A, EHEN TN L R 3GATRIEEDORZXDE,I S, 2MEDERBA 7 —
NDHDTARFCTHEMBINIERA L LT DA T — VOB ERINE, ZDIEFELEICE-
T, GLIRHFICB O TR R 7 — LV OEND &SR 7 — NV OELIUC TR, X7 —FL
TW B TE % 4, AN, LR Okl = 2 KR E 2@, /DI & @by
IFHRLTVWGEREEZ, SEFEDVF ¥ — Y UPEHER L, VFy—FY Y AR
F—ReLTHISATWS [16], K. 2.3(a) 132 OBEMEERTRIDHEL TV EED A
X =V TH %, EEICHELFARTIEIKREVWRT —LOTRADOERED, JEFHOEEPE
RHBDOMNDONLZEMIC X o TiE =, KBNS RIEERAN DR UREIiEn
WO T ANF =R T 5, HEMELROFCR TIIMMEIC L 2BUCE a3, ZoBEEs:
IHVXF—=H AT =RV, ELRTIEL A VX Re = (vl) /v. (LIEFT AT L% 4 X)
DIEFITKE WD, TRICH DR AR S 72 5, K. 2.3(b) (I k.
AT AN F—ZART MV Ek) Z2H6bT 7T 7 TH %, FLIVIRED T AL F — 2R
7 POV LT —5/3 DREZFFICNE D TANF — AT ML 3 EEREE (Ef(k))
HBH D Z ORI DREEM (ki) TIEZALF—FA L. @EEE (kd) TZRL¥ —HGRS
%o M ED X5 M BONBEROBTFICOVT, =X —0fllE» & E BN RIE
WEBEONE 2 BH2DIC, AR TEETIROZ ALY —H X7 — RIZOWTH
HELROMIL FS LEDE TRELZED 7,

(v-V)v =10 cos(kz) - = —v?kcos(kx)sin(kz) = —v?ksin(2kx),  (2.1)
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@ (>,

(b) 1x1011§ : e

el 5./3. ===
1x1010 _\_,,,";*_>\ Ef(k) _
F A \\\ : > ]
=< 1x10° F
L
1x108 |
1x107 : e vis :
0.1 ki 0.5 1 kd n

k

2.3: (a) WFELFUIREE OB EEIBICB I 2 KA 7 — VDRI NR T — VDA H 25— F T 24 X =YK, (b) IZOERDFR
DIFNF—ZARY MV E(k) 2T (a) DA XA =TI THI L RMOARP T ANF - 2R PV OEMEHETEE TV, K
BEGEI Ki(induction) TZALF —25FEA SN, ELIROEMERIR Ef (k) (energy flux) TIE TR AF =3 A X7 — F L. EEEGEE
kd(dissipation) TZALF —DHERI N B, FHNT2T 7 DFRIZ 128% O =JUC THRIREIAIEFHELITCE L TV 3 2ZEH O T 51
X2 oEM U, F#MEARID 3.4.2 Hizk B8,

2.3 dJLEIO7ER

VeI ZIFEIRICBOWTKERN e R A2 YBEZHSE L. ORI RIEKDORTHE
L7ELROBRRDEH 5bTWA/NERREICEH Lz, ZOXEOEFRIZ—HETELT
HY, THICKRELRRDEARE DO T A I =X LDFHIC X SR WE B YERETH
5rEZ. ZODRMZIL T (1], —2HDORHIXZ DXEOD—HTH YR ELTR T AL
MEYHEEIX, SRATLHA X1, ZIAF—DPEADLSERBD AT — AR —
FEWR ST 2 L ZOFEENR T AN F - — b e, L TIZRAF—DRBERT 22137
LLAEMER Yy THEE Lz TNHOYHETHHD L2y, Rl 7,0 EE v,. IR
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REE p, =1, ZHXALF—L— b e=((py})/m) &

n o= (/)
T, = (ev)t/4
v, = (/e (2.2)

TRENS, ¥/, TOHMNZRDL A LI

Un _

y_1 (2.3)
PELNDE, LA AXET 1 ey BN ek oo 5, FELELR TR
LAILVZEDR 1L ED BT RERMETHZ 26, ZHSOBRIFELTRICBIT 2&D
INERRT—AEBHEDLTVES, ZOHEMADEET 3L F -3,

Re, =

E(k) oc vy, (2.4)
TREND, ThZkve L BEE=n" OYHETHODT L,
0377 _ 61/41/5’)/4(k/7771)n — 61/41/5/4(1€671/4V3/4)n (25)

#1835, (ke VAN IZEIOTED n BCHEO N B,

“OHORFHIE. LA VRO K Z R EZ R T ELIR OB M TSR R B R Y >
AT LA R NI AL F — L — b el & o TIRE SN, BIREER v 1k S 1w,
ZDZEeMB, vIKERWERICE (ke V43N ="/ 3ggE &, Z DR & b HEE) T
FIF =13,

E(k) = Ck=>/3 (2.6)

2185, CREEERTH S, ThAZaLEITO 7D —5/3NEIFAL VWV, £ DEE
BRI ECHERR STV 5 [1-8,17,18], file LTK. 2.3(b) Tld, ICEIRDRD T4 ILF —
ARY MNVERT, MEBERIELRF DR — VBT 1L ¥ — 2k S 2 HiH Bf(k) %
EMEREE e D, EEEE L D R K T AL F —EAI N, SR kd THOR X
N5,

2.4 BEOVRILICLKDRIRILFEF—HRT—RDER

HHELRICBIT 22X —H X7 — RIZOWTERE S IZELRT O~ Ao R
WEHL. VFr—FY Ui &5 BRRBEIRE D & SiETREA A R 7 — 3§ 2 HiE
Wb Z e ZRMEFRR U [17-19,47], FEIRFER LT, RO NN Y Rub o &k
BOWANY FADPERINE L&, BERXLEEEBEL L 5 2 PRIz, ZOERED
TERIR IS, ARESEZ W TN Y R O AR O/ NMEZ D E&bE /-
B\HRLOWERE S, KNBRT —LDH 27— Rz, Zhz2hoiEFDnoltEd 5
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R MHRERE R W CTHEE Lz, DT ORERD & KEED: & @EEAN A Y F L
DA R — RERT 2B, ZOWBIEERMCEREEZRLTWE Zebhrotz, K. 2.4
DFITIE. (a) WRTRRT —LOIRE W, 226, /NAT — IV DIRE Wy DERITER S 1,
ZDEBEDOAEDHICOVTORHHERS (b) DL WCERTHS 2R LTV,

(b)

i
e B
0.8 / \
/ \
< { \
Y f \\
» / \
Q \
(&) \
K 04 / \
il
\ N
0.2 N\ AN
\ / N
| / N
L !
-1 0.5 0 0.5 1
cos B2

2.4: (a) WERAT — L OME Wy 2 B/NRT — L ORE Wo PERSINIMT, KRENTREDEIROME (GFR) 255D T, (b)
F (a) THRONLMBMED Wi & W OBOAESMEEL, HBEREK cosfis =0 =0 DH2Z00 Wi & Wo ORLEZNS
ERASERUETH 2 2 e h3bh %, FHEARYD 3 BE2SH,

ARWEZETRERENAZ S RICFERRD T 2170, ARBER DAY RAELE D 5 DI
A FEZE L FFTELIRISN LT H RO o 2t e, BFELTICIH T 2 i O R EME
ZIHE L. BFIETIIAAERMIC X 2B FIRMEENTTFES 5720, KA 7 —ILOJHAN
YR BINRT = AN R — R L TWL BRI P22 e TE 2,

2.5 ZHRAEAERICHITBRIRILF—FAREARBYALX

IKEHD X S REWVCIBETEDRODHE L 72 RIS LT, RLy sy vy 7 REESE
HTHEDL O AT —2EAT B &, LI FEAE LK & T 22 TR 7R L 72 RE
TADRL %, ZLTHEDZANF—D KRN BHT 2T A4 X DBIRIE— NN
6T %, TANLF—DBREZVGETIE, REPRKIRY A ATHE T2 20 TS, T
WAL K DHT 2, THAAF=2VNZWGETEDHT 2720010355 i< mHL
AW, ZLTCZANF =2 R LTLES EXRFERZFURTED LBFE FoTVE,
TIRRIZEERER O DK E R MEBIC O EET B,

2LEITR 7L kPR IOREERICBWTY 2 — =056, Aoz ¥ —
EAR L Y 4 XOBEFREEZE N (20,210 ¥ = — =8 We IZHERTTEL

We = : (2.7)
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THobIN%, p,u,D,old. ZNENREDEE, HE, REY A4 X, REKRITZTRT,

TASHEE D Z 3 (u?) &, BLIRHIC B 2 AR YEE O T V¥ —F AR ¢ L i
P4 XD ZEZNFRDRICITONWT,

# 2.1: KICEMT
YIFRE Rt
TR D g (u?) [L*T?]
THINF—TFEAR € (LT3
VR A4 2 D (L]
]

(u?) DRTE% e & D THODHLT C(eD)¥? [LPT3LYY3 = [L2T?

TRd, CIMEEER. X21H056
(W?) = C(eD)*?, (2.8)
THOLDOLT ZEMNTE (2.7) ITRA L,

p{u®) D

We = — (2.9)
2/312/3 2/3 195/3
_ opel DD e (2.10)
o o
We\ (o
pis — [ 1S Z) 23 2.11
()G 1)
3/5 -3/5
o We
D — (%) o - (We 2.12
o7 e
AN
o\ 3/5
D(e) (—) e /5 (2.13)
p

PEONIINF —FAR e LY A XD OBFRZLTUDT 5, HMFRKICET 2 2
NEITRT - UE (KH) A7 —%2H 5, CIIMEREEBKH A7 — L OFMCOWTIE 4
HETibR%,

TR RO EMELTRDEE O T AL F —FEARIIH T BT A XDBRIEICOWT,
LA—BIEERIC K > TZHIDZENZND L DBEMAINTHE L TLE S D% fHIET 51
THFWRFEHL, KHR =)L (2.13) 23 L ICBUEFTE 2 HWTHHA L 72 [91,93], Hle L
T 2.5, ZRUTETREIRC & S ELIORFFEREOHI T2 DT 2R, HKid L° = 128°
DZEMETHEIIERSZEZER L TH 5, K. 2.5(a) 225 (d) DA (without forcing) Tl
7 Y R LZRE 5 72RO I LT 5 D Z 3 L F — 2 5 2 I WKL D 72 D
fQE’N\. E—DDRELR R IEEST 5, K. 2.5(a)) 205 (d') DIHGE (with forcing A) T

I, o —EDZANFX -2 52 2RI LD, —(mﬁ‘ﬁ)*ﬁODj(% ST L 72K
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RRZHEREL T3, K. 25(a") 205 (d") DA (with forcing B) Tld, iR 77HE L 72
PIEREED &, AL —ED T NF -2 52, REINCK. 2.5(d) 2 [FA CEEDOITEY A
R THLIRDIRE Z MEFF 5 2 %nnrmt LT, Aoz NF—DA VL FI1T AN Lo
TR LRED &, BHRT 2T A X —BINIHIGT 28 MR H 5 Z Lvb
%,

(a) I (b) l (c) l (d) l
||| |||| (d") |||

time —>

without forcing

with forcing A

with forcing B

B 2.5 THRAF—EADHEIZOWT, VIR, & O REROETERT, SXT HMORO L3 = 1283 0ZRCRAMINER %
HRBLTH B, (a)(d) ZINED B DT I F—EASR D RADKE BT 20 () (d) IETHAF—EAIC & D EHE
RELFIRIE Y 72 . —E DV A RBHEET 2. (27)(d7) B RE DML 7= RIED 5 7 LIRS DIMBZ I L F—ZEA L, (d)
Y U WY A X CEBIRELIRIE L 72 5. BEIZAR LD 4 E2 B,

MERBE |Y? 27— ) TEHL, ART MO HRBNRTREY A XD —2 %
Bonsd, M. 2.6(a)ldX. 2.5 DEFELICERES 5 £ THEY 4 XOKHERZ RS,
TIHTE VGG (without forcing) I E A DHE L. AT L% A XCTHFTHIZR S, F7]
DD 5555 (with forcing A/B) 13, BR2MIKETH - TH, FLANTHNI—EDIR
Y A R HERE U772 5, (D) IR A4 XOEE T, A1D370Wi5E (without
forcint) IFMEPENC ' — 27 D30Mi L. 3D 2356 (with forcing A/B) ZRED AT b
NCE =TI RDHDbNDL, TDXKIIT, MERFEETHE SN A HYRERD & i A X
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PO TARIEMNTES,

@ (b)

“without forcing ——— without forcing  ——
with forcing A —— with forcing A ——
with forcing B 1020 with forcing B

10%| //f*“’"“””_*_

D(t) Ll
10'|
10° ' - : ' ' : :
0 2000 4000 6000 0.1 1 6

t k

2.6: (a) K. 2.5 DN ETIhOKMFERZ TS, (b) XA U KX t = 5000 DY A XDOHBSEED RRY PG ERT, Ft
NPBCBEZZRIPKRELSBEL T L E > TV 3 20RERBICE — 2035 205, N0 H 258X N2 ORI D —E DT
P A XTHHELE— 27 ONED k = 0.3 BiERDOBEIARY bVITHHET 2,

2.6 =EFRIFICEITBEFRMAS

FRETFEROITHEICOWTOHRL 2GS 5, BiEEEZHWABEEmIFE TR,
T BIFTAT— 7)) = ViROREERL SRERES S, BIRERC X 2 B FELIREJE
Rl BTEROZANLF -2 7 bridarean 7HZ#Z LTV [97], /IMAS
DEBIFRENMA ‘*He ZE L2 =XtB FELRICBWT, BEERO 2L — 27 FLZ
JEFEFEERADER T 2L F —0 5, 2)LET0 Z7HIZH L, SR A L RO 2L
¥F—HRT— RERBT 2 BN TWNWS [99], V—7 RS RITORIRENIAD—E72 iR
ACHBWT, HEESTERINZBFiRAY FADSELFICIRENZLT 3 SICEH L.
BRI X R0 o B TERICBI B LA VAR ERL TS [54], FEHGIZE
TFIENFOEEN R EAD» &, BEFELR. RET L. GPAEXET L, aLrEaD
78I, Bk DAY > 2 —78 =12 X 3B FELIRICOWTIART WS [48,63], BEAS
E A RICBI BERICONVWTZ AL F —ZARY MLERE L (117,

FERC X 2% TlE. N7 F— PO YR AT Z2IERROWS N 7 v FICBALAD, Z
D =RICZERN U Clolls » IRE % 52 5 Z & THREIC X 2 & FELIRAEREZ MR L7 [142],
FARYBIERb HFDR—RAT A4 > a XA VEHEL BB EHELIR 2 R4 X
B, HHREECOMT IRERFELOZANF —ZART MLEERL, —5/3NEXFED
LEIBR 72 LT0WE e 2FHA L 9. ¥ u— b 51 Hel [ FOREIRENA Z [HlHEX
Fr N=2HOTEHRZ BRES IRV F —ARY PLH —5/3REFDANLEITR T
iz LTW5 Z & 2R L7z [143).
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BETTAORHE L LTid, ME»72 <. BoRIZEEBEET 5. ZD-DELRA
OHMFRIC BT 2RI L 2 B0RIE. BT ROFEMESICX 2EEOMFERTE LI 5
N3, EFLHBBAEATIZIEOEOEEZ LRV, BFREATIHHEXKGZ X 252 b 212
Z OEHPUMM BT N TE 3,

2.7 LIY

ARETIX, ELIRORARIE QRS . AT & B S 2 HHRE, 2 FRAEOH S D
FATHIRIC O W T & BN T2, EERRBER TN T & 241 AASEE TIXEHEBE O £l
WELLESR L, BEFTEZHOTKHEZERDO X I = X LPRHI N TE TS, &
FEIROME TIE, BERNARICBWTHIREKE R CREER B RR5 D, BTRP
FEED N Z R DETFIRMICEHE L e BB RO BEERE SN TWVW5E, ik,
Z L DELRMFATZ AN F =AY ML ZHEL L TV AHENZE L, HFEEIELTIREET
HB)EMD B —oDFErEZ 55,



45

B3IE EFIERICHEITRIRESHDME
fBis

3.1: (a) AR —LOWE W1 LR — L OWBEE W AEE L. WIS HORBHE 2R L TV AT ETT, (b) XA LK
ZoRFiERT, HAMOIEE, BT 5L TROMAHOIEHSHES N TWS, WE W OIRMERIC X D EBITIGEL
Wod o ER SN, B RE W, ORER Y ax sy a Y ERI L, BRUERBORE W PEREN S, KA7—1Li|
DONRT —VIBPERT 2V F v — KV ¥« A7 — Fofilgn, BFREPTEETWS, FHllk 3.4.1 Hiz 5,

Tsuyoshi Kadokura, and Hiroki Saito,

Orthogonal and antiparallel vortex tubes and energy cascades in quantum turbulence,

Phys. Rev. Fluids 3, 104606 (2018).

3.1 FZAHEF

AL IEEREMADELIRREIC BT B L ANF —H R — FORX =X L ZHPITT 2
HIT, WEZAHL Z0MEIMOMBEMEICOVWTHE LD TH 5, @iRBEIK
D~ 7R ER T %5 GP AR E AW EEEL N X 2 BEFEEZB 2 Wz Dt
MZEDH Uiz DI TOZODOFIETHED 72, 1 EUDHIT, ZRITZEED 4 » ik R
T DAY FVERLE LIIASE» SRR S 5, BBZEME 7 — ) &L,
BEARY MIVOTREDNBREGREZ WS 5, Kz, KEEEBO 7 > X LKRT V> % LD
% 5 2 7 BRI — R T HELTRIREE IO W T, I UDDOFIETELALERE XD
XORMERDD 20 ZFE CHETHEZITOWERT %, ABDOMRIL. KXT—1D
8N FOVZELE L 701G D & ORI RE O FITOWT, 7= ZZHUT K 2
ZEEIDNY KRR T 4 VR TERAT = VOMEHZAHET 22T, KX7—LOif
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NY RADPHERLT/NZAT =V DN RAADBERINEEIEDRD B Z DB o 7,
ZAFRDO DNV, KRR T — L OEE T XL X =D/ NR T — LD FaANAD S FE R
BRIFNF—HRr—ReHEHE LTS ERBTE S, KR TIEE A LEINLEEDL
A4 F I 7 ZADAHRLIC X B, KA — VD &/NR 7 — VIR O 2l 72 04T B fEE TR
N5,

BLIRHP T L A 2 VXD & D, BIROBADEN AL EEZEN D 5% &
XELRICHE T 5 [51]o ZDOHEET XN F —IIKR T =L DD H/NZ T — L O FD -
THEEH, WA — M mZESIND, TORFIZOVWTEHELIELAF LR - X v F 038
IKED IR Z7KRT, o d 5 KRERME/NSRIGE R v FIIHIPNLTNE, Z
DD TIE. KREEDVF v — FY UDPERD X =X LI DWTKRER AT —)L
DIV NE IR R T — N OIGNFEEHN THET 287 2 K. 3.2 [16] 1CH B LETERL TV 2,

On the other hand we find that convectional motions are hindered by the formation
of small eddies resembling those due to dynamical instability. Thus C. K. M. Douglas
writing of observations from aeroplanes remarks: “The upward currents of large
cumuli give rise to much turbulence within, below, and around the clouds, and the
structure of the clouds is often very complex.” One gets a similar impression when
making a drawing of a rising cumulus from a fixed point; the details change before
the sketch can be completed. We realize thus that: big whirls have little whirls
that feed on their velocity, and little whirls have lesser whirls and so on to viscosity—

in the molecular sense.

3.2 VFo— RV OEENSDIIH " KE R Z DHEIC T - 7/ NS RIATAE L. DS ZIICIE X DS RIS o
THET B, " [16]

F /MR IIE» S, aLETe 7I3ERPTEZ 2 XL X —H R — FD AR
7 WD —5/3 DNEFRIIHED LR E LTz Z DIRGE SZAE L 72 F7E0 5w, EhR e
BIEZL H D [1-8,17,18], —H. BEFMAICIZE T LIN 2 BESKEIENZ LY,
HHMTARE B 2R EP D 212800065, W D2DHE L AR ZRL T
% [53-59], ELIBIRICOWVWTSH ., EREANY v ARMHIE T R K 3B FRAEICEWL
T, TRVF—H AT — FPMFET S [9,60]c EFIRMERDELIRICIB VT b IEEHEIE D HEE)
IANF—=DARY MLH —5/3 DREFEDaLEI 7HIZ/RLTWVWS [10-13], ZD
e d B FIRADOMER T, Ma2 REII2EIC OV TDIRNF —ARYT MUBIHFEE N TWY
% [61,62,64-81,97,98,100,101],

3.2 HHIERICEITIEGHNES

HHELTR O TS e LT, B I ZME M2 r b3 20lED2 &, BUEETHEIC X %
IANF—Hh AT — ROHEERNRFAEI M TbITz (17,18, ELIRIREED R OIESZ=M %
T—YIEHL, NV FRZAT 4 AR —FHWT, FART FILDOKR/NDIGEE 4 % i
T2HbDTH2, FOFER, KFATOKRKAT —LOE» 6, BERLUZEBED/NRT — Vi
PEREINEA DX LDHE e BHRA LR, HoOHTIE., THRLF—2ART bL
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DIEMEIHTIERRA 7 — LV OIREMIRIC K D/NR T — LV OIEPERI N, ZDOZEDME
JEREEDR V) F v — RV YDFERTEZIANF—H AT — RIZHFEGLTWB bR TWVW3,
ZLTRAT=ADENRT =BT 2 AV X —H R T — KD -5 /3 NEFD AL
Eau AR RIERTHE 2 RmB L, ZNHDEREZ D LA TIX, BT
DRIV IRA LT 2BME b oz e 22D iIc, BFELAICBVW TS Hilt
ELIR & IR D BIE 21 OB IR D 5 L HEH LIAE 2 ED 7,

WXL HDFIET, EFIRERO =T ZEMF T, MESHOMBMEEDHN 2 »DflE%:
Tolze BN X =X L ZHMEICH 2 FBE LT, —RRICOA LTV 3 @REIDR
12, ROATOMAN Y L2 ERIICEE L. 2 OREFEBEZERI L. KD %
ARYT PNVDANY RARZT 4 VR EZHAOCTHH L, TREOKIEANY FLZRE & LT
b7z ZDMEER. MOETOMWMED HER LI/NRAT — L OENH LN U < SKOEAT
THEREINTVWE ZehRbrolk, DEDOFIET, —5/3REFFDa)VET T 7HIEH
TREL—RRESLRETEIICH LT, L FEBEOBEHRARY LDANY KRR T 4V
I X B FIETHE L. KANORIE DM FHDOMED 2 7H U7F6R, di ik
THN S NBR e AR, BFRAICBOLTHRU R 7 — L OISO CIE R TS
RU. KPR —LHOBWETIIEREZRLTWS Z & 2R Lz, A, 3.3 T
BRI IR F OBIERTEICOWT, 341 TERRAT—1LDRKFATORANY FL %
BLE U 7= WIHHIRRE D & DRFRIFERIC O W T, 3.4.2 TIE—RREAINCHE L 2B FELIRD
BEWTOWT, 35 INoDEZE L DDOMKTHERTS %,

3.3 AiE
ABFZETIILL TR T =Rn 2 M O B EIC K 2 mdiEiiEh Z25dh 3 5 GP R
DOREFREZ T MIGABERIT - 72,
, ov R _, )
(i=)hgr = =5 VW +U (rH) ¥ +g[UPY, (3.1)
U (r, t) IXERNZIEEIREE. m 3N FOEE, U(r, t) 130K T o vl gl 3faER %
T3 I (3.1) 1. ZORDERGRMNIZ T ANF—HkE LTI X—RyEEA [10-12],
RIS BT 2 B BOR L AR, TR LX—H 20— Rk b FIEBEE T Eok
5, BUEFIRZRARY P AEZHOWTER Lz, BAEMIZE 5 (A) TR3, v=0
DEE. TAINF—ART — FIZX 2 HEBEBO =¥ —pER SN, BLRIRETa
NEITa ZHIDRIL LR 725, AR TIEZ R LF—FuEE LTy = 0.004 ZHW,
WEIEOE O = ng /P02 UTHIBLT 2, no = |V EET V> v L U BRWEETD
JRT- DR FHRETH D, F72Z2E0 ¢ = h/(mgne)'/? Kl T = h/(gng) & L THIKILSL %
MY, HRME LT (3.2) TRIEFTE 21T 5,
: 822 leo | 7 72| 7,
O A 2
<2fwm §7+U+W|¢, (32)
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T VE=£V2 U=U/(gn) TH 5%,
IANF —ZARYT FILIZREROET) T L X —

1 - -
Exinetic = §dr|V¢|2 (3.3)

7 — ) AU RBZERCIEEMER D 2 L TR o b, ERDFEMICOWTIE {Jik
(C) TR,
FEERREIULTORXTE RO S,

1 /i o e - .
J = 5 (#1V = Vi) = [0ve, (3.4)

VRIS ) DA TH % TBE QIGEH. BESOEELQ = VX (J/|[Y]?) = VxV¢
TERINDD, ZOHE. B2 LI NN LOBENE TR OMREELIZX D,
KEALTHBLTLES, ZORESZEITE7-0, ZZTIXEERDOM\ME L LT,

W =V xJ, (3.5)

BEHRT Do ZOI e THRRFEENET OIS EOMETS, F L 137k o Y L H
2 DBUEICHR D WG R B, ERELTE G X BHANCIT v ELRT Yo v VT %
W2, 7YX LRT V> y LOFMICOWTIE 48 (B) ITTRT,

3.3.1 BEDIANRY FILEH

FHEDWIARY FLOREZ T 272912, UT OHRBER DAY R 7 4 LR
ZHWS

[W(r t)em*rdr (k./vV2 < |k| < V2k.)
W (k,t: k) = , (3.6)
0 (otherwise)

k lZNY KSR 7 4 VR THH T 2R EDOHEE T, i X -iREx2 BE L -RE D
e T XS12hsbd (18,19

1 ~ .
W(r tike) =5 > Wik, )e™, (3.7)
k

V=L ROV A XTH%, ZITRNMNDZODRT —ILEDWDH W (r t; k) 2L 5
&5twqunpkgtqupkg%téowantkgwmm\wunpkgib
bEPE LT %,
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3.3.2 REDIARY MLEOAERHDAH
NY RRRT 4N R=IZE D L7 RART MLOTREDL S, Wi(r,t: k) & Wy(r+

Ar,t: k) OREIOERMEICONWT, AE 0, 215570, RREHREHWTAELZEH LT
EOTHEBO HBSEE D S AE DD,

Wi(r,t: ko) - Wa(r + Ar,t: k)
(Wi(r,t: k) ||Wa(r + Art: k)|

cos B9 =

(3.8)

ZEFRT Do FLARY FVOMEDRKFATHEIZOWT, Wi(r,t: k) & Wi(r+Ar,t: k)
D DAL 0,5 2155 72D,

Wi(r,t:k.) - Wi(r +Ar,t: k)
(Wi(r,t: k) |[Wi(r+ Art: k)|

cosfy; = (3.9)
ZERT Do FTz. coslip & cosOi &, TR |Ar| ICHIR L7z r & Ar DIRERZ FLET
HINT 2, UEDOSFHZRZERTHNT 0 Pia(costis) & Piy(cosbiy) &, r DPERELET
DIRESE Ar OHPAITHE LN AEOHENMEH 5T, BEMNEr & r+ Ar D
B DIE T W, DNDRAEATHE DM D 258, cosly = -1 IE¥—7%/RL., ¥/
TEDMDRR T =D Wi (r) D BAERININR T =L Wy(r + Ar) ORI TIZERLED
MDD 2555, cosly =01 —=2RRT I LIlRd, Wi & Wy DZHDIEANZD
WTRERETER S,

M EDHFEED I, —lDB L DALJTR [P = 128 O REIANGER SR L 72 =0T
ZERIT, FRRAEDS Az = Ay = Az = 1 DRIT K ZFARY MLIEE AW RUEET B 21T
W (3.2) D% D 5, BUERHEOFMICOWTIE T8k (A) ITTRTS
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3.4 RRCEE

3.41 RETBANVRIDEBICEZBEDRDAHRYT— FI1BIE

(a) =0

© @
0.9

o

3.3: 4 DDA P X 2 WIHIIRED 5 DB T NIIMED XA F I 7 2% R T, WK BIREBOMAED 27 1EEE L 72
BB LA L TH 2, (a) —HRARFRIC, K (3.10) TEFRLHE 16 O 6 RTHERI NI WAL FAZHLMNE (2,y) =
(64, 64), (108, 64), (64,108), (108,108) @ 4 2FNCALE, [HEZDRENII Y FADEEZGFMER L, £y ORANE, WY FLVH
BOBEIT 2 HAERT, (b) 3Kt =160 DR F v T ay b, ZDODOWNY RADRTH pmy HANTEEIL TW L 2k, Bime
B L IHEDEED RSN S,

WL DI, RAT—ILDIANY FABRED & SIWNAT — LD EERT 202 8IHF
270, fiREZHVTTDORR T — L DMWY FAZEE L-VIREZHEL 2D X 4
FITREHME L, K. 3.3 (a) DX DT, —HRO=FITHEMIT, 4 DDKRAT—1LD
AN RAVERE S 2 (82, ZRFNDIANY FuE, MTOERITRT 6 RO THE
X3,

- n:i: n
le o £y = Yn) (3.10)
]x—:vn:l:z — UYn)|
Tn rbcos(%§ i:%%)
= , (n=0,1,---.,5), (3.11)
Yn rysin (% + 22)

B (3.10) D o EIBIBIEZ R L. ry 138 FADERY 4 X, IS0 EEE A + 15
BTERT %, ZORTEERX 32 IKBVWT, KFyo vy L U=0LTH53,
4. 3.3, EEREOED SMNEED T — 2 28 N LInHOERZMH LD TH 5,



9 3. BTELIRICEB T 2 EE S O EiEE
BARNCIZLL FOFIETEHE T 3,
1. BUEETHE EOZEM XY Z = 128 I A B IKEIBE O 7 — X I3ER M TRFEZI N3,

X. Y., Z\ZIEEEAEDED A B 22 D PERE D FEEME 0 ~ 127 T\
LMD > TEEHA S,
2. FEAREAIEZHULE U7z [EHaH Lo JE B 8 » FR DiMHZEZ DL T ofkic &R T 5,
X. 3.4 D)
V(X —1,Y =1, Z+ 1), (X 1Y, Z+1), 3(X —1,Y +1,Z +1),
(X, Y —-1,7 )N Hl, (X, Y+1,7Z7 ).
Vi X 4+1,Y =1, Z—1) (X +1,Y,Z—1). 5(X +1,Y +1,Z—-1)

o1

Osum = arg(yn1/va) + arg(we/13) + arg(vs/vs) + arg(va/vs)
+arg(vs/vs) + arg(ve/1vr7) + arg(i7 /1) + arg(vs /1), (3.12)

BET U T2 Oum D3 2 D272 UT2HD D PEEEZ 1,
ZFRLSN 2 0 & LT o B Iz HE LA S 2.
3. EHRZOEFEZFLE LT, BEZEHOM X 2 U T D 9 515 & A DHE TN 5,
ZENCER TS —y M, cECERT Sy — 2 H. yHICERT % v — 2 [H.
2 JIMNT 45 FEE W o — y [l 2 FNT 135 FBEfEW 72 2 — o [,
x FTANE 45 BNz y — 2 T, 2 J7 NS 135 JEEHW 72 y — 2 [,
y JITANC 45 Wz o — 2 TH, y J7 NS 135 EE Wz © — 2 [,
X. 3.4 T EFLOTFIED, = HANC 135 EEWz y — : HDOHBETH %,
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: o

ys @

3.4: RZEMZER L. EEMEZHDE 3 5 BERHEH O 8 » FTOIREIBIE D 7 — X h S MitHAE 2 &5 S 2, A3t 2r DHE, i
BHY LHET B, BHRHE DA Z IR 9 HAr st et s 2,
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RRAT = IVIEE Wio DA =L idld Wo IHIB s %, K. 3.10(a) OARIE. B HIFH
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4.2: y HEDE 64 DFRART > > v Grta) 75 ¢ i L2 EHETHEEL, EFNLREMIREEZRELEZE 2, (a),(b) BEhZH
t = 20007 DL EDFHDEI 1|2 & WD |[Y1]? + (2|2 D 2 =64 D o — y WHERT, RKRT > v ABEHICHEE L,
(a) TEFAHDRDD Dmax = 10 ~ 20 BEOREXIZHHLTWVS, (b) TR IRET ¥ > v %55 & LR E WaBER S h
TV, () 1& —5/3 davean 7z 3 2 L 28, 7. HORSZ X —& v =1.0001,1.0002, 1.0003 DI TIRIBEGEIR
WCHOR T 3L F — BB L TWARW I L 2. (d) 13, (02) = (eD)?/® TELRIKEEZ IR, (o) XM, 4.3 DIFRISEORT 2R T,
(f) WEHZI 7 = 2000 DRI A XOFEHE %2 RT,
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AR TIE A BEC 220 ZIRETHE LLEFEIREI O K S, K. 4.2(a) 1IFES
By =1.5T, WOFET B34 27D tpjare = 0.0050 D& ED b2 & |1ho|? DEEEH
RS ¢ MIREDEDLRVWSEN (4.4) 27T 720, ZRmEEhZh i LTIk
%o F72K. 4.2(a) 22 51E. (4.6) DRI W ~ (1.5 - 1)72 ~ 1.4 DEMFITBIF 510K
TR 4 X D > 10 DFEDEITRIRETW < D TH 5, Lo TIDHED KH 2
= (BFIREOTHEED (4.2) TI37%<) 4.1) OHEREROTHIBOFHIETH 2 & H
N D, MO OVWTIEBRT %, K. 4.2(b) & (c) 1&. »ZRE ZRIE SN -
TWVWREED, ZNEIEED || & [i1]? + 1] OWTHZ RS, —I72 T DX, 4.2(b)
TlE. |0 P(FE 720 o ?) D3R X 2 RERZEMPALNZ D, 5T DK 4.2(c) Tl
PEREDRDE TIE—FRICAHLTWVWS, K. 4.2(c) TRAZ/NIREEDOUE, KT
V¥ v VORDEZET DIFIFEFNEIC L > THALEFHTH %, arean 7 %k
L7ELIRDRTH 20 2l 272012, K. 4.2(d) TRIZANAF—ART MV E(k) %Z
B L7, TXINVF—HEROFEEZ ZHh 24y = 0.0001,0.0002,0.0003 T, FEEHMEEES
Dt = 1500 — 5000 D% & 72 b DTH % [97], HEZEMDOEMEFIR (k < 0.2) T-5/3
NZROaANLEITR ZANZ—HLTW5, K. 4.2(d) H7R BRI O HiPH CLEEGE v 12
X BMMEDNFIER N Z DR TE 2, THUE, y DEIC K D 1L F —HoRA, BIEHE
BUCHER 5 Z TN VRET A XDRT — L THELTWE Z e ERLTWS, KIS
TIXRGRER T v = 0.0001 TEEFHEZ1T o720 KH X7 — I3 5 TV F —HuRD

IEEICOWTIZE | EEFEFTH 5,
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5 g'=1.5 g'=1.001
(d) ssnmereya (C )
10° o o s
Bl 20 | o S
10° it i
. 1
d(io 1° D(t)
10°1 ] 10
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10° oG
0.1 k1 6 0 2000 4000 6000
t

4.3: (a) BHZ t = 1, FBEER ¢’ = g12/9 = 1.5 DEEDMHERT, BRLRUL (b) & ¢t = 5000, ¢’ = 1.5, (c) & t = 5000,
g’ = 1.001 DEENMERT, (d) 1F ¢’ = 1.5, vplate = 0.01 DFEOEEZEH P OSHENT d(k) ORFHIFEREZ R T, RERI
YA ¥ — 27 ED 5tk 101 ORO 78— FRSHERT, (e) & (1), (ID), (II), IV) O&EZEH (¢, uplate) = (1.001, 0. 006)
(1.5,0.005), (1.5,0.008), (1.5,0.01) TORKRNRIREY 4 XHPEHEINCR 3 ETORNBFERERT, MEER., FEAZILE—
KMz & b‘{m(ﬁ“ﬁ'/f RF—BITIET %,

. 4.3(a)-(c) &y d(r) DAADRAF v T2 ay b RRT, EXEMd(r) 27—V TEHUT &
D IRZER kIR, AADEERE LD, ChEdE) EH 5D, K. 4.3(d) 13X, 4.2(c)
D d(k) DREIFREE HHHT, 7 X AHOYIPREEIC X D, d(k) 1& ko L—R7%25
i blhE %, 0%, dk) DOIMEBEICHE D > T — 2 HBE L. K%t > 1500 T
TELTEDICERET 2, LEdio T, d(k) DOTRIZHIHPHRREICKE LW Z L b B,

REM LTI 4 X DIXEES d(k) D—KIER,

/%ﬂmﬁy/dwmkz@» (4.7)

e, FEOREMEE KD ZDIEE L 708D
D = 27/ {k) (4.8)

TEERT 5,



94 RO RBRIMEOEHERICB T 2HEY A R 23 F—TEAR 70
. 4.3(e) 1% g’ = 1.5 DFEDRRDEMHD vypare 1< X BTV A X D ORFFFEEZ R
Fo ZOFMERND. ¢ ITKDFERS (4.5) & RO vyjae 18K 2 ZANF—TFEART
T A XD —BENICREE Z bbb,
IANF—FARIUT OIS WTERT 5, IRKORT Vo ¥ VIEN. 4.2 TRT LD
12 Tplate(t) CHEE S AL, o HIANIHEEE T2, RT ¥ > v LHEENC X o TRk
BT 5 I3,

F”Z-—aﬂaxmmJu/‘éaOﬁxmmJH¢dTH2+W¢ﬂTNﬂdr (4.9)

TheOoNhb, Ldo TZRAF—FARI

€= —F%xplate (4.10)
ThEzZb6h 5,
E7. (D DET) OfEIZ, FLIRD T > & L EENC & D FEZHT 2, K. 4.3(c) 29RT
EOWHIRD AR T > v VOEENC X 2 AN ZFB R 6N 5, LiedioT, EEZR
ELIMIREE D R E RO RIS O D F L6 = (¢) & D = (D) DfEZIHICHV %,
. 4.4(a) &, ¢ =15 & 1.001 D & ZDIRDIKE vpjape W C Tz T F —TFE AR ORFH
e kR T,
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' j i g =1.5 O
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g=1.1 O
1d' g={0s o i

g =1.01 O
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ﬁ/w gi=1:001 i &

10° }
102 10° 10 10°  10° 107 10
W'E

4.4: (a) WEFENRETIREICBIT S ¢/ = g12/g=1.5 ¢ ¢’ = 1.001 DREBWRFFE YA X D ¥ T3 LF —EAR € ORRETEY
L7z dric7my b Lz KH A7 —b, Bt T (4.1) & (4.2) OBRe BT 27200EMR —2/5, —1/4 DlEEX:2H 0D
Fo WEDZ T 71 nuplate PEE LTHED L € BiRT, (b) 1&g DT XA—X L TREEX W ZHWTHR L Wie
WZxtd B D/W ERT, 7Ry MEEER LB ECH IV, $EEED o TWw3, Hf. MRxzhzh —2/5, —1/4 OEZ %25

50,

MEDHET, (41)t (42) TEZLNLHMEBFDOKH RS —LIZOWTHET %

S TE/Z TR 5,
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4.4 HRrER

AWFEDFEE 2 R ZK. 4.4127F, K. 4.4(a)ld ¢ = 1.5 1.001 DHFED, T3
NE—FAREHNT 2RELTREI A XD %25 7 TRL, ¢ =1.5 Tl o« e/’
DREFRIHEV,  (4.1) TRITHHBAED KH 27 — M ic—® Lz, 2 iREO S
DA Bish T, MO A4 REHERFT 2 X 7 = X 203 MRk SR
NOHEHTH %, ¢ = 1.001 T, o e/ DREFIZHED, (4.2) TRTETHRED KH
A== LTze ZHUITARY A X2 MRS 2 X H = X A FITREE R 4
CABTHENCES, ZORT—ATIED < W =0.001""2 ~ 32 X b i A X570
SVWDICHARNZERT S I B TERL,

(4.1) D51, (4.2) DEHE, K. 4.4(a) I X2EHMERICE D, FREY A4 XD &7
DEZXW = (¢ —1)"V2OZ0oDREXILGU T, BERIZRNEZFADLEHNS Z e 23bh o
72 DEWIEY A X% D/W ORI Z 5, (4.2) KWEW DREERTVWARWVWED, &
FWAED KH R — LT, D =ce /"% D/W = c(Wie)~V/* TEEZIRZ 2, FciX
WIHELBRWVEEERTH 5, D/WITHIGT 2 Wie OBIfRIZ. —1/4 DX ZEOHIPH
THBEIIC T2y b &, D/W ~ 10°fHE T, —2/5 DRNEROHFHE 7 1 A4 ——F
%, £D/H, ZOTay MIHGOHFTE RN TH S RN,

. 4.4(b) 1Z. LEIFZ 70y M350 EER g ZBEIL D/W KIS LT Wie D
ETH 5, [LHPATHEH LR, —2/5 & —1/4 DXNEFEDO O OHFFIIHEN L 72 @M
oA TRy FEINBZehbhotz, D2 IBMERE L, o O 2P WHiE
THH XN ZH, K. 4.4(0b) THRT 222 TD Lk e FLHEHEICTm vy X, dELHRAE
DKH R — L BFHAED KH 27 — LD ~DDRERADEFEELZEMNITF TV S,

DL EDAERITOWTERIC X 2 HHOAIREMHICOWTHRR S, FifIRT > vy L DIE
— BB Y 1) 4 [P e BET B T YN T Y ARE T 272012, FREORT VY v
AR NS, DEREZZDDORT VY ¥ UEL —F — DI & B X B4R 3
%, NN Ty THOEHEEZHOCTHELTIKEZIED T Z e TE 5 (9], RV
A ROFHHINIZ =TT M O W R S, #HEEDATREE & Z b b [140], =L
F—FEARPEENET 223 LV EbNS, 20H, K. 44(a) DX SITRT ¥
X NDEH E TANVF —EAROBRERL T 2 BEAROY R— PR ETH 5,
BEB g12 ICOVWTIET 29 & a Ny AHIEZFAWTELI® 2 ZEHTE S,

4.5 ©LIY

AL TIEEREMA D IEEME KR D, FE L ZELIRIRRBIC BT 2 KH A7 — 2o
WCHHEDT Lz, GO F—h A7 — FOEWHEE T, KH X7 — oWt
iR . BEFNFENRANEEEDI XN E R 2B FRERO _BEORNZIFENRDH L %
ME L, ZGr ok z il 3 2 GP AR EZHWT, AR T vy Mk &
WALz AT 2 BEFEZITV. BLURFE T T—EDFEA IR F —IZ e X LT, Tiif
Y4 X D(e) BKH AT —VIZHED 2 8 #HER LTz0 X512 D/W & Wie DFFRD R 7 —
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VY2 &oT, Brehifie b ZheNE@NVE KH RS — e i) 7 a2t —nN—1F
B2 ebholz, FROBEL LTR=HILL EICOWTHIRIZATEET, FROME®
D& 55| EFE SR EZHED %,
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FHE i

A DOEFEIRICB T 2 WE D OFEE/EICOWTIE, 8N FLoMHER S % s
TRFMMNCEREZ B 72500 o & FIRPERI N, ZOUDPKRA T — 1Oy Rk )
axrZTaryRREIL, NAT =LY FARHERT 2 Z e hbholz, iR LT,
KNDIEWER UTMiE% & D @O AN LN H L A R — 35, ZORE
DH AT — RIZOWTIEHHEEIR e Ak TH D, ELIROBEHEFEIRTD —5/3 DREFED T
FINF—=ZART FILOEREZREL TW5, A, BTHRA L & EHEEETOANG
DERT 2 WEPHFETH 2 Z e p b, SROELRMFL TIIRRE R R Y OHREIC X -
TIZINF—H AT —FDRX I =X LD LD FMRFHABTEZED W,

TR RBREAOEIR TIE I AL X —H A7 — FOBRIZBWT, \onZHofiz—
TEZENZNDODHDES, EHEERDOZRTHRIEY 4 X 2L F —FAROBRER.
HEEEHORINC X h HHELR, BETELROREVEZ T2 50 KH A7 — LOEEL H
B5ZeMbhrolzs KHRAT7r—iL%dH &I, A DOmMMIERERT R ToNn 2 A
TERORIERIC L D, GRS T T GP HREXOHEEAERIED ¢ > 1.05 OFEER Tl A
YEED —2/5 DNEIFEH, ¢ < 1.05 DFEIRTIEAHILTHR Uz E F 1N RIER D
AL 2 —1/4 DNEZFANHES 2 2 RA LTz ZOMREI S, ZREOELR THEA T2
IVF—ITHET AR A D0, KHRAZ — L% b L ICHMTH 3 0BFNTDH
20:DHFI7Z E DT HINF — AT MDD THN,. EHNTEZ2EZ 6N 5,
SRE. ZRBE EORDIRZEENCOWT B EED B,

Wiy —REH e BN 2ELRHRIC, EENRIRGZ L TERNICONT 52T
TN BADH AT — RS, TR, & TFRAEOFRHEDS & NELIRZFENYHNE A
TWBZ e Wbh o, BLIRSTOWMRIIYHEZORRRMEE L L THRENZ L (15 5
BB R 2 X H =X LPREHX TV L HAREIET S,
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FEOE (IR

t& (A)BESAEDHE

AFEDOEMEFHETCIZ T ARY FLERHWTWS, UTIZBR - PRIZI7AF—F
BROBEI RO B OWTRT, ZXtERMO 7R - Y217 2% 77183 (1.50)

0 h?
iggotrt) = |- (527) + Veul) + gl = v, )
(1) OFEBDKD > ZENIN =TV HEBE,
2D _ e )

L HHDT, ZH L HEOFIIEE ro,to ¥ L CRBIBES.
W(r,t) = exp (<iflt) ¥(ro, to) 3)

2155, (3) DXt Z R ¢ + dt \CE X R,

Ylrt+dt) = exp[—ii(t+d)] viro,to) (4)
= exp (—iﬁdt) exp <—i1flt) Y(ro, tg) = exp (—f[dt) (7, t) (5)
ThHobED, NIN =T VOEFHTAILF - 2N 27T 5 L.

1 9

Y(r,t+dt) = exp [—i {Vex(r) + glto(r,1)|*} dt] exp [—2’ (—§Wdt)} P(r,t) (6)

exp [—i (—%%dtﬂ G(rit) = F :J-" {exp [—z (—%aa—;dt)] w(r,t)H (7)
— F! :exp {—i (%k@) dt} ;Ek(t)] (*=-1) (8
_ :exp [— (%kZ) T} qzk(t)} (r=idt)  (9)
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(7) 58> (8) N3 exp {— ( ;aaqudtﬂw( 1) = exp(A)(r,t) L BELTOFA 5 —ER
EHWV S,

exp(A)i(r, 1) = {1 VA& +} ) (10)
YRL. 77—V A H
Flexp(A)i(r,0)] = Flwr,0] + F [dv(r,0)] + F {%fﬁw(r, t)] tee (1)
2185, WEIRMBEOEMMA D7 — v T F [20] = ik, OBIFD 5.

F [exp(/x)zp(r,t)] = d(t) + <—i%k2dt> Di(t )+% <—i%k2dt)2;5k(t) b (12)

= exp [—i (%k?) dt} Up(t) (13)
L7228 o TR BRI D R I F .
Y(r,t+dt) = exp [—i {Vexs(r) + glo(r, t) P} dt] - F~ [exp {— (-/&) T} ]—"[Qp(r,t)}] (14)

ZROWT=J0r =R o BEAAE 21T 5,

98] (B)ZVALRTUIYIORRERERICKLDIEFIELRE
%

— R CE TR EFEREERTAEDICT VR LART Iy L2 WS, GP HER
DRT VY ILDIEEIRXATH 5D,

— Z Cr(t)e®T. (15)

77—V I Cp(t) DRFEIFREIZ 7 VY a NV AEX»HENXN S,
dCk(t)

= —kCult) + fult), (16)
ER L >0R3RT Yy VORMZ# 252 %, fi(t) 3HTVe7Y - 74X
(fu(t)) =0, (17)

THZ, 20 F3E¥nTH 5,

(fe() fiw () = Arbrwo(t —t). (18)



56, fIHk 79
O HCOHMBEREE RS 5, IRIE A 13,

Ay = Age (1K) (19)

THEZoN5, L I3EALHOHBENTT VX LART vy LOREN R KEZX2RD 5,
7Y a VRN (15) 0% FHWT, FEEHER

A iy
(Ce(t)Ci (') = 2—:(5kk/e =, (20)
PEFRIN, FVRLRT VT vV,
(U(r, U@ 1)) o e rlt=tlen=r?/E (21)

182, 3A2HOBMERETIZ. 7Y anyHER (16) IS BRI Cu(t) TH S5 bt
%, (15) D7 —) T ZPNC X DRI, K k! DR =V TREMD T VX LRT >V
Py N5 Z 5,

98 (C)IEEMEREDIRILF—IART ML

ILARICBII R ANAF —H X7 — FRHES DIZ., [BHEB THRADZEE D —EDIEEHE
DIMNTH 3, BEFIAEFHOEFHZAALF—EILLTOISCHObES,

Elinetic = —%/d’l"l;*@21;, (22)
_ %/ﬂﬂ@&ﬂ (23)
BB ) (r) = /p(r)e"), ZHWTEB T XL ¥ —DIEE ~ D173 b b,
1 - .
Ekinetic = §/dr [P(Vﬁb)Q"‘(v\/ﬁ)Z]v (24)
= E,+ E,, (25)
Ey =1 [drp(Ve)? Eiiififk e L TOEH T XL ¥ —r, E = %fd(\/)m FH
HHEHET 2 TINF—DETH %, EEETORENZ b w(r) = /p(r)Ve(r) LI
B COMMENY Pl LT7— U B,
= /w(’r)e‘ik”’dfr. (26)
ZEFRT D, LT ORI, HEY; w %2 i & IEEMIC T %,
~ k- w(k k k
w(k) = ;(%+(>tfx, (27)
k- w(k
Wy, = —%?lh (28)
oy — (ExW)xk (20)

k2
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EE) T I F — 2R LY ORI TE SRR 5,
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5 [ drlwl

1
2

TR DHEE) T 4L F — D IFEMRL T D A2 it L.

ic
El

1
— 5 [fwntrar,

1 dk

= E/QT)Q’wT(k)‘wﬂ_k)’

::t/dkE%L

1 / dr [Jwp(r)]? + Jeon(r)]

Z. EEMRARICET 2 AL F —ARZ ML E(k) Y EFET %,
4. 14, EREMAICE T 2 HE L E LM OIFENE. EMiZ 2o T 3L F— X

7y OB E RS,

(a) 1x1011 ¢ — (b) 1x1011 - —
t=1000 — incompressible
o~ 5.3, - -~ m~o compressible
T~ S~ total
1x1010 DS s 4 1x1010 f—— S 5/3 --- 7
E \‘\ ] \\,\ =J. .
E - 2
\\\\\ AN
- <3 < \ R
X o L 4 1x10° £ R
= 1a0° \ | = ‘ \
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(30)

(31)

1: (a) lEK. 1.11(c") @ t = 1000 DIEFEMED T HLF = 2R M LERT, (b) EFARRID, HOMHIEEM, MEOMMHEM, K
BBZD P —ZNDIZINF —ARY PVETRT, IFEMRNDRT DTN F =AY bH —5/3 NERDaET0 7AZRT,
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