Ooog
Jooooooooooogoot:
oodoodoodoodboogdon

Shape and collective motion in biological systems:
active filament complexes and three-dimensional tissues
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gogoobobobooooooob. bbodg,gooooobooboobboog
00000000,00000000000000000 [12, 13].

1.4 OO

000000000000 00000000000000000000000000
0D00000. 00000000000,000000000000000. 00000
00000000000000000000000000000000. 0000000
000000000000000000000000000000000000000
00000000000000000000000,0000000000000000
0D00000000.000000000000000000000000000000
00000000000000. DNA origami[14], 000000 [15), MEMS[16] 0 0 O
00000000000000,000000000000000 invite000000
000000000000000.000000000000000000000000
00000000000000000.
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g,0o00gobbtb liggobboooobb.booobboooobbooon,
gbooboboobooboobobboboobooboobobbobo. 340
00 3000b00b0booboobobOo. sbdUpolar 000D O0boDboOoOoOO
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2.1 OO

gbob,0boboobooboboobobooboobobooboboobo
gbooobgoboobuoobuoo,ggboobooboobuoobo.obooobog
gboobgobgoobgoobuoobooboobo.oboobo,booboobd
gboogboboboobobobooboouobobobobobobobobobobog
gogoo.

gbobogobo,gbbuoggbooobbogobbogobbooobooonn
gooog,20b0000b0b00bboooobooboooooooooobobobobgn
O00000DoO0O0o0O (AFC)DO0D0OOO0OD0ODOOO. 00000 AFCO 2000000
gbooobgoooob,20b00bbobobobboobooboobooboobog
gobb,dggobobbugooboboboooobob.bbuooobbbooon
gddddddobooboooodoodododododdod. oooooooobboboooo
O”moving smectic’ D00 O00O0. OOOOO0OO0ODOOOOODOOOOODOOOOOO
gbbodgbobdobbodobbodboboboobbuboboobboobooobd
gobboboogobobobooogbobooooboon

22 OJ0O0OO0O0OOOOO

221 00OUOOoObOOooObOoOboOoon

gboogboobobodbuoobbooboboobuobogboobooobaoboon
O0,0000000,00,0000000000000000 (17, ODODO,000
gooboboog,obbbbboogoob”bundle” 0000 0O0O0O0OOODODOOO
[18,19,20,21]. 00 O0O0OU0OOOOO0DOOOOODOOOOOOOO,0D00000DOO
gbbuogbbogobboobbuoobboooboooboobbuoo.bbood
gbodg,bodgbbooboobbodob,oboboobbodobo,bbodgbood
gobobooooobob. bbb 1bobbodoooob,bboooobobobboooon
gbbogboboodbbdo.obbooobbobboobboodobboobood



0000,0000000000000000,000000000000000000
000 [22,23,24,25,26. 000,000 invite00000,0000000000
00000000000000000000[27,28,29. 000,0000000000
00000000000 000000000,0000000000000000000
00000000000 [30,31,32,33. 000000000000000000,00
000000000000 00000.0000000000000000000000
000000000 [3,34, 35,4, 6, 7]0

active matter 00000, 0000, active filament 1 0000000000, 0000
00000000000000. KuwweJOOOOOOOOOOOOOOOOOOOO
00000000000,0000000000000000, bundle[36, 37], vortex(O
0), aster(000)[38) 00 000000000000000000O0000.00000
00000000000 (000)000000000000000000000 [39, 40,
41, 42, 43).

Aranson O Tsimring0 00000000 vortexO aster 0000000000000
g0200000000000DO00000O0DO0O0O0ODODO0O0ODODO,D00bODbDO0O0
O0000000000000000000000 [44,45). O000OO0OO0OOOOOOOO
Jo0oodboooboooboouboooboooboooboooobooooon
0000 vortexO aster 0000 0000000O0ODOOOO 46, 0000000000
goooooooooobooo.

gbboodooboodoobooobuooobbooobbooobbooobo MD
00000000000, stripe0000000000O0O HeadD 47/000000O,00
gbogobodgbobogbuobbodgboobbooboobboobuoobobod
8. 0000000000000 0ODOO0ODODODOOODOOODOOOD.

gooopoobbbobobobbobbbbbbogoooooooobobbbboobon
gbbudg.bbuogoboooboobbuobbooobboobboobbood
gobbboogooboob.bog,gbbobbogogbbobboooobbbooon
000,00000200000000000000000000O [48]. 0010000
gb.bobuogdooobobuoodgobobuoooobboooobboooobobo. oo
00000 basal foot OO OODOOOOOOO,000000D0000000DOOO
OO000D0O0. 0D00b00bodDbbasalfoot D00 ODOODOOODOODOODOOODOODO
0000000 10000000000000000000000000 [49,50]. OO
g2000000bbooobobuooobbboooobbooob,ooobbbood
gobbo.goobbbouodgbobbbooodobbboooobbbooobn.

O000,000000000000000000O0COCOOOOOO(@OOOO0OOOd
O [51]),0000000000000000O0O0O000O0OO0O00OOOOO0OOOOO
gobobooogd.

gbbogo,uggbbuogbbboobbooobooobboobobooonn
g,ggbobdogbbooboobuoobbodbboobboooboooboooon.



222 0J0O0OO0OOO0O4Od

O00000000ooooooooboOoO0oO0OO0oOoOooOoooooooooboooOooOooOooOon,
oobooooo2b0b0oo000oooooovooooooooooooboboooooon,
O000oooO0o00obo.0ooooo0ooooOoOoO0ooboooOoOoOoOobooOOOobooOo
000 ( active filament complexes: AFCs) D0 000000. O0000O0O000O00O
oo,oooooooobooooOoOoO,boboobooO00b00200000000O0O0OOOOOO
O00.0000000000000000000000 activeD0O0O00000O0O0O0OO
O0,000000000CO0O0000O0000O0C0COOOOOOOOO00.

O0b0o0o0o0ob0oooO0oboooOobOo,AFCODbO0O0ObOOoDbO,00b0obboOoo
OOoboooooooboobooboooboOo.0bo0bo0obodn”moving smectic”d O
g, ggobobboobobddooooo. oobbbobbboddooooon,d
gogobbbobobbodoood. oo, ooooobbboodoooooo, oo
gobbboooobbboooooboboooooobooo.

OoboooboooboobboobooboooD. 230b00b0o0 AFCooooono
gbobobobobo. 24000,00000000000000000DOCODOODOO
goboo. 26000 2800000,000000000000000O0DbO000,000
gboogboobooob. obb290b000b0000bO0O0b0OO00OD, 00000000
gbb.ggbbuogbobuogobooobooobboobboobbooboboon
gboogoobgo.

23 UO0Oooooo

23.1 0J000O0O0OOO0OO0ODOOOOOOODOOO(@MOOO)
guoooooobbbbuouoooooooon

200000000000000000D0000DOO0OO0O0O0O0O0000, Tanase [52]
ggobboobboodooooooo. opoboob,bbbobood,ououooagn
g,0bouggbobbboooobbboooabbboad.

0000000000000000000000000000000000000. 0
000000000000000000000000000000000.i0000000
000000000000000000R, = (z;,y) 0000000000 ¢; (€ [0,27))
D000 NDODDDDODOODODOOOO3NDOOOOOOOoOO [d. 2.1(a).

0000000000000 0000000000000000000000000
00 R, =C'F, 06 = Col(eFy, —yF,) 000000. 000 F,; = (F,, F,) 0000
D00i00000,x=(z,y)000000000000000D000DO00DO0O0O



00000, (T =¢'UU;+¢'(I-U,U,)0000000000000000000,
U, = (cosh,,sinf,) 0000000000000 0000 (000000)000. ¢,
0¢(«0000000000000000,0000,00000000000000. 0
00000000000000000000 ¢ =¢/200(x=%¢00000000
00.000/000000000,00¢=60000000000000000000
00/¢00000000 [10, 53],

gboogbdboogbbooboobuoobbobobuooboobooboobboon
0¢/0000,0000000200000000¢C=¢~¢ 00000 [45].

D000D0000R,00000000R,=¢'F,000000000000000
gpogoo.

gobooboogdn

(a) (b)

(©) (d)

0 21: AFCOODOOOODOODO. (o) 00000000000, ODoooOoOOooooOo
00 (0D)000. (b)) 0000000000000 (ippering). 000000000
O00000000000000 zy0OD0OD00O0O000. (00000 OOO ¢ nm, O
0006,000AFC.0000D000D0ODO0O0O0O0O0O0OOD L(R)ODODDODODODODOO
0. AFCO0000000000000OD00000O0OO000 (booooooobooo
O00000). (d) AFCO zippering. 0 AFCOOO0OO0O0OOOOOODODO zippering OO
O, ArCO00000000DOODOO0OO00oOo.



/0000000000000 F,0000 T,020000000000.00000
000000000000000000000000000,000000000000
00000000000000000.0000000000000. 00000000
0,00000000000000000000000000000000000000
0. 0000000000000000,000000000000,00000000
00000000000000000.00,0000000000000000000
000000000, 007°070000000000000002000000000
000000000000000000000. 0000000 2000000000
00000000000R.0000000007,0,000000000000000
00 (zippering000)00000 [O.2.1(b)] [54, 18]

gbob200000000.000b0b00bbuooobboobboobboonn
giloooobbgoob. boobbooobboooobbooobbooobbo
O0000000000000000 [45. 00000000000 OODO,0D0000
gbdboobbogbuoouoobbooboobbooboobbooboobobod
gob.ooboobooboo,boobbooboobboooboobbo 00000
gbbugbb.ogobooobbuoobboobooobboobbuoobbood
goboobooogd.

000, zippering000000000000000,000000000000000
000000000000 [d.2.1(a), (b)][52).

gboboboogg,bbobuggobobuoooobobobbuog 200000 .000
gbogobobbobooboobon

R, - z[%uj—m)]w, (2.1
J€eC;
B= %R - R,
JjeC; rot
_ <R0—Ri>y<Uj>x]]+nzOt
S| ELTICIE NN(EAS
jeC; rot
- (Rj—Ri>y(Uj>x]]+nZ"°t- (22)

gobogobog.gbbl1gobodbbodd zipperingl 00, 02000000
ooobOo. boc;o:0bgbooogooobooobooboooooooobobooboo
(0000000000000 00000 10000000 O). D000 O0OOOo,000
gbobbuooobbuooubbbdd zppering 000000000000 NO active
goobooooboood.

gboooooboboobobbbobbbooooooooa,bbbboboobobobbb.
gboog3ob-booboobboob,oobo,obboobo-0bo0bboobog



gobbooggobbogd.

0000000000000 7()0000,0000
mi(t) = m (VU: + - () Vi (2:3)

000000. 000 V; = (—sinb,cos6;)0 i000000000000000000
oooooo. 4, pf000y+0000000000000000000000,

) = (- (8)) = (' (t)) =0,

m " (O () = 2Dyotd(t — 1) (2.4)

00Dy, b,000D,,O0O0OODOD0DDD00000000,0000,0000000
00000000000000.0000k7000000,000000000000
0000000 D=Dy=D, =kgT¢(™", Doy = kpT(y 00000000. 00000
00000000,0000000000000000000000000000.

0(21),(22)000000000,000000000000000O000O0O0O0O0O
000! 0000000000000000000000000. 000000000
2000000000 [0.21(0). 10000000000000000O,0000 20
0000000030000000000002000000000. 20000000
gobbbooooobbobouoooobbb.bboooobbbbooooobob,oo0n
gbuogoboggbbogbbooobbuoobbuooob.boobbobboog
bbb zappering00OO0DO0OOOO. ODDOO, 0000000000000
oooooooo s,

2.3.2 ArCOO000OOQOOO

gbbuoggbbuodgbbuodobbuoobobooobbooobboa,bbooabn
O000o0obOOobOob0oboOob0obooobDoboooOo.obog AFCcobDo,20b000b
gbogboobooboboobgooboboobobbo.bobboobo20000
000000000, 0000000000000 0 [0.21(c)00].0000ODODOO
OO0 1AFCOO200000000D00O00,0000Dv¢00D. 0D AFCOOOO
O0o000000oOo000oooO0oO0 (oo)00oo0oooD LR)-OooOoOooooOo
O00000.0000000000000000O00000000DO0O0oOoOoDOODOO (0O
00)0000000000000000000Y 0004000 k000000000

0000000000000 00000000000000000000. [41, 43]

000 0.1 1.0 pm.

‘0000000000 0000D0O00D00000000000D0OO0D0000000000O0DO0O0
00000000000000000 [49].

‘0000000000000000000000000000000000.A000000

10



0000000 AFCOOOOR,,=R;+Ry)/2000. 00 AFCOODOOOOOOO
gbobbooogobbbuoooobbobodoaad.

00000 AFCOD0O AFCO000000000000000 R,0 AFCOOO
Um=1; =1, 000000000 [0.2.1(d)],
T

5 [Eeu, - uo)
jec, L6
+ (k<—>z’)], (2.5)
>[-2
jEC; 7T<rot

— (Rc - Rm)y(Uj - Ui)xH + ;"

(B~ R.,),(U; - U,

+ (k& i)}

:2[2[

j€C; WCrot
- (R; — Ry, (Uj).
+ [(Ri — Ry).(U; — Uy),

_ (R.Z — Rk)y<U] - Uz)m]/QH + 77;"ot

T

[(R; — Ry).(U;),

+ (ke i)], (2.6)

O0000000.000 (b« 000000000004,k C;000000000O0
OO0k, C,000000DOO0O0O0O00O0D. ¢c;O0.00000000D00O0O000DO
0000000000 (o000 AFCOO0O00OOOoOoooDooon).

OO0O0D0OO0O0b0O0OO0AFCOO0O0ODO0O0ODOOODOOO0. OD00oDOOo 2000000
OO00O. ArCO0000DOO0O0DOO0D0DOO0OO0ODOObOOobObOObbOODbDOODO.OOo
000000000,0000000 LxL=200x200pm?>000.

OobooboooobOobouoooooboobO.ooogbob,0b00oboOoDbo e,
O0O000O00bO0OAFCOOOO0OO0ODOOOOD.ODOD AFCODO NODOODDOO.
OO0 NOOOOODOO/¢=20ppmm00000.0000DOOODOOODDOOODOO
0000000000000000000000 ((=04x10%kg-s™h). 0O0OOO
kpT =4.0x 1072 kg-m?-s7200,0000000000000000000000O0
0000007T,=24x10"ke-m-s20000000000° 000000000
gobobobbboogog,obbbbougooobboobooooo,bbobboooon
gobbboooobbouooobobbbooooobn.

‘0000000000000000000000000,0000 [52,46)0000000000.

11



gbbodgbobugt=1000s00000000000. 000booobboaon
000000 (<100s)000000D0OODOOOOO,

OobooboobooooboobooboobD.e,=00000 AFCO 2000000
0000000000000000000000000 (polarity)DOO. 6, =180°00
goboobobbooogbobobbdogoooboboobuooo,gobobo,bboooag
O.0000000D000D000D0O AFCO apolar0O0000OD0O, 0000000000
AFCOOO 20 pmO00O000ODO.

2.4 ArCOoogogooogd

0000000,00000006,000 p=N/L>um2?000000000000
O0000000000000 [0.22.0.22000 AFCOOO ¢ (i=1,2,---,N)0O
O0000000D000. 00ooooo.22000ooooo,0.22b)0oooo
gobbooooobboog.

000050000000000000000,AFCO00000,004000000
00000000 (0. 2.2(c)~(f)].

globally ferromagnetic O .
e moving smectic [J .
disorder J .

locally nematic [J .

12



(a) (b) 90°

180°

270°

75X
XX S

R\

=\
' :\‘(VB

Z =

022 000000000000000. ()000D0D0OO00OD0OOOO0O. (a)AFCODOO
;0 AFCOD0200000002000000000000000. (b)AFCODODOOO
0000000, (eo)-(f) 0000000000, (c) globally ferromagnetic 0 (6, = 0°,
p=>5 (pm~2)). (d) moving smecticO (6, = 30°, p = 5). (e) disorder O (6, = 90°, p = 5).
(f) locally nematic O (6, = 150°, p = 5).

241 ArFCO0O0O0O0O0OO

AFCO00000000000D00000000000000000. 000000
0000000 (00)0000000000000 Ri(= %[, exp(iy))000,00
0000 (00)0000000000000 Ry(= 4T, exp (2i¢)) 000

13



(2)

~

(m
5
3 04Q3
a2
Q
< 1
< 0° 30°60°90°120°150°180° 0° 30°60°90°120°150°180°
(c) M) b
6
5
4
23 04 < 3
2
1
(¥’30°60°90°IZ?13F1&P (P 30°60°90°IZT15T1&P

07
06
04

0° 30°60° 90° 120°150° 180°

a

— N W B LN

W |

0 23: (a)(d) 6,0 NOOOOOOOOOODOOOOO0O0O0O0O000. (a)Ry. (b)Rs. (c)
Rlec. (d) Rie. (e) 00 000, (f) §=(sin’ys). 00000000 00OOOO0OOO
0000000000 900s<t<1000s00000000000000. 000000
0000000000¢<100s0000000000000000.

Oo00oooooo0oooobooo0ooooooooooooboooooooooon
gogooodoooo. oo ouooooouooa,
0000 RP(= 155 215 %, |Ziy exp (it)|), RY(= 155 212 %, |2 exp (2iv3)) 00 O
O0000. 0000000 10x100000000000°¢% 000000000000
000000000000 0D00O00000D0O0O0 . 004000000000000
D0000000.23()(d)00000000000O0O0O0

00,0000000,AFCO0000000000000,0000000000000
00000000000000[0.22(c). 0000000000000 moving smectic
00000,0000000 S(= (sinys) 00000000, 000000 ()00

‘Opooooo0 1DDDDDDDDDDDD(Kxé[qu])DDDDDDDDDDDDD.DDDD 10
00000000000000000000000000000 RY°~R,000.
"TAFCOD00000000000O0O0ONONOO0O0DD00DD0OO0O0OO.
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0000000000000000000000000000000000 [O. 2.3(e)]?.
000200 AFCO0ODDOO0ODOODODODODOODO,00000000DODODbDOD
ooooooooooooooooog,S=1000. 000oo00ooobogoooogo
O00000.23(f) 00000000000 0ODOO.

gbbogobboobooooobbuogobbobobo,oobbuoobobooann
gbogbod.obboobdgg,bdg 250b000000000000D000D0O0
goooo.

24.2 ArFCO0OO0OO0O0O

(a) globally ferromagneticD. 0000 Ry(= %’Zﬁilexp(i@/}i))DDDDDDDDD
OD000D0DO0O0 globally ferromagnetic 000000, DO0O0OOO0OO0ODOOOOO
(0°<6¢,<80°)000000 ROODCOOUOO0ODODODOODOOOOOOODODO. OO
000000000 disorder J OO globally ferromagnetic0 OO0 O0O0O0000O0O0OO
O[0.22(c)0000.23()]. 000000 RPe(= 1—(1)02]1.201 %j‘zyjlexp(i@bi))DDD
OO0O00000obO0obOOo0obOoO0o,0b00b0b00oo0oboooobooboOoboobOoo
20000000000000 [0.23()). 6,=000000000000000000
O00,0000000000DO00O00DOO00OO0obOooOOobUobObOOobDOobObOn

000000000000 [45, 55].

00,00000000000vortexO aster 00 000000000000 0O0O 19,

(b) moving smecticO . globally ferromagnetic0 000000000000, 0000
000000000 AFCOODOODOOO0DOODOO0ODOOO0DOODOOoOobOOoooOoog
00 (0.22(d). 00000000000000000000000000 [0.24]. 00
godoooouootuootdoooooonooobooouoouoooooooooo
000000 moving smectic 00000 0. moving smectic00 0000 S(= (sin®¢y)
000000000000000000000O0 [0.23(f)]. booboo0oOoooooO
O000000000000000000000000 [3,35,6,0000000000
AFCOOO0OO0ODOO0OO0ODODOOODODOOO0ODOOODODOOODODOOODOOODOO. ObobOOoo
googoo2e60000on.

S00000000000000000000000000000. 0000000 DODDOOOOO00D
o000 sSsoooooooooooo.

‘0000000000000 000 250000.

vopoOoOooD00OO00000000000000000000000000D0000000000000
gb.00b000ooboo0booobooboobooboooooboooobooboooboobooooOo,0boooan
O ArCOO0O0O0O0OOOOOODDODODOODO.

15



t=997.50 (s) t=997.54

0 2.4: moving smectic0 000000000 (6, =30% p=5um™2). 20000000
gbooobgoobg,bgobgobooboob.ogboobooboobooobog
gpoooo.

(c) disorderD. AFCOODO0O000000O0O0O000AFCOOOOOOODOOO0O
00000000000000000.00000000000000000.0000
00000000Odisorder 000000000, 00, AFCO000000O0O000
000000080° <6, <120°000000000000000000000000
(0. 2.2(e), O. 2.3(f)).

(d) locally nematicD. DOOODDO0OO0OO0ODOOOODOO (120° <46, <180°), O
000000000000000000000, RY (= ¢Sl 4[5 exp (2i)])) 0 O
00000000 [0.23(0)0 (d). 00000000000 0000000 AFCOO
OpooooD. 0.22(H0000000000C0O0O00O0O AFCOO0O0O AFCOOOOO
oo, oo ooooogaa

goooo.

243 0OU

gboogbobodgboogbog.25000bogobadg. booobaobooon
gobbboooobbboooobbboooobbobooaob.

16



globally ferromagnetic: Ry > 0.500 S < 0.55.
e moving smectic: Ry > 0500 S > 0.55.
locally nematic 0 : Ry < 0.500 RY® > 0.5.
disorder 0 : 0O O0O0OOODOOOOO.

gbobbboooobbbbooodbbodobbbuoooobbbboooobb,oo0
gbobboogbobobooguobboggbboa2sbbag. o.250b0000bobooagd
00000000,00000000000000000000000O000 1L,

00000006,000000000000000000 (p > 3um™2), disorder/ferromagnetic
OooooooooDo.oono3s0e<e,<80°0bi0bbuunnnnnD moving smectic
Oooob.0boo0ooboooo0oobobboooobboo0og20b0000000 disorder
Ooooooooo.oooooboooooboobooooboobOon 1200 <0, <180°000
0000 locally nematic0 00 0. OO00O000O00D0OO0OOOO 210000000.

O000,AFCO000000000D000O0O0O0OOoOoon ( :5um*2),DDDD
0006,000000000D000000DDODODODOOO0OO0. (000D DODODOOO
0000000, globally nematic 0, moving smectic O, disorder O , locally nematic O [
ooooooe, =0°30°90°, 000 150000000, 00000000 OOODOOO
0.25000000000.)

p: density (um™)
—_— N W B~ WL

0° 30° 60° 90° 120° 130° 1&0°
0,
0 25 AFCOOOOOO0O. (I) globally ferromagnetic O, (II) moving smectic O, (IIT)
disorder O, (IV) locally nematic O .

Hooo00o0o000000000000000000 AFCO000000000000.210000
goocobooboooon.
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‘gboboboogobooon
0O0DdV 0000000000000 0000000000000000000000000000 "'0000000°:T¢ O

g g gooooog god googn
ggbodc 0g goog goognf googoooogn ooooogoopdy 00
goog gooooboogonD | 0oboooooobd | bogobogoobog goooooogn
x x @) O 0000000
o08T — o0¢T o0CT — o08 008 — 50€ 008 — 50 ‘0

olyewou PIOBEIN O1)0USRWOLIOf
Aeoor IOPIOSIp suraow ATreqor8 oooo
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25 Ubo0ooooboogbond

gbbogoboogobbooobboobbo,gbbooobboooboboann
0000000.0000000 p=5pum™20000000000000 L=10,20,0
00 40 ppmO00000.00000000000O000. 26 (a)-(c)000.

ooooooboboobo 000 RRO0ODDODOOOODOOODOD. DDbOoDbOoD
disorder 0 O O globally ferromagneticO 0 00D 0OO0O00ODOOOOO0DOODOOODOODO
0. 00000 Liverpool 000000 (D0O00OO0OOOOOOODOOOOOOOOOO
O000)0000000 [42].

gbo,0bbodbboobto U0l RR,OODUObUOObObOoobbOoobbooo
O0O. 0000, nematic pattern 0 XY-model OO DO OOODODOO0OOOOOODOOO
[35,6]. 00,0000 SOODO0O0ODOOO0O0O0O0OOOOOOOOOOODO.

@9

- b 1.0

0l

0 g 0.01
0 4o = =2 500 23\(}0 8000

“0° 90°  180°

026 000000000000000000.NOLOOOO p=50um20000
0Doooo, (N, L) = (500,10 xm) (O), (2000,20) (O), and (8000,40) (0)O0 0000
0. (a)-(c) Ry, R,, 000 SO0D0006,000000000. (000 (b)O0000
000000006, =120000000000 R,O00 R,O00 (0000O0O000)0
ooooo.

19



2.6 00000000

(a) (b)

[— |
—_—

—_—

1=997.5(s) 997.6

position

present(?)

©] N

|

() %m

| 900

500 -90°
90°| =" |.90°
. frequency [ ]
180°  mean velocity ©

027 AFCOOO0O0O0O0O0O0ODOOO0OOCO () 00000000 0. 0000 AFCO
OoooOg,0,000000000. 000 AFCOt=976s000000000O0O
00000, (b) ¥, ¥, ¥, 000. (¢)-(f) (0) 000000 AFCOOOOD. 1000
AFCO0DO0O00 ()000D0000000. (0)+4, (0)000000 ¢ (0000)
000000000, (c) globally ferromagneticd (6, = 0°, p =5 (um~2)). (d) moving
smectic 0 (6, = 30°, p = 5). (e) disorder 0 (6, = 90°, p = 5). (f) locally nematic O
(6, = 150°, p = 5).

20



00000000 AFCOOO0O0OO0O0O000000000,AFCO0000O0000
000000000000, 0000000000000 (0.27.)00000 100
0AFCOO00000000000[0.27(c)-(f)00]. 00000000000 AFCO
0020000¢0¢++A000000000000000000+, 00000000
0.000,At000001s00000.0000000, 000 moving smecticd 0 0
0000000000000000000,000000 AFCO0000000000
000 [0.24. 000,000000+,000000000000. AFCOOO00O
0000000000000000000000000000 ¢, =t,—¢ 00000
[0.2.7(b). 000000 AFCOOOOOOO0OOO 00000000000000
000000.2.7c)-(f)000o0oooo.

(a) globally ferromagneticO . globally ferromagnetic 000 AFCOOOOOOOOO
000000000000 [0.27c)]. 0000000O0ODOO, AFCO0OO0OODOODOO
O00000000,0000000 (v, ~+£105°)0000000. 0000000000
O00000000. O000000000O0OO0O0OO0OO (Y, ~180°)0D00O AFCOOOO
oo, d0ooooogoo.

(b) moving smecticd . moving smectic0 0000 AFCOOO0O0O0O0OOO globally
ferromagnetic 0 0 00000000 [O0.27d)]. O00,00000 AFCOODOOOO
0000000000000 0D00DO00O00DO0ODO. ODbOobOOo0O0o0OO0 AFCODOD
0000000D0DOO000O,000D000D000 AFCO0ODOOODODO0ODOOOODO
[0.24]. 00D000O0O0ODO0OOO0OO0OOOOOOO0DOOOOO0DOOOOOOOOOOOO
O000000O000DO, AFCODO00O00D0O0O0ODODOO0O0ODODDbOOoOoOoDoODODOoOooDDO
000000.000,00000000000%; 0AFCODODOOOODODOODO
044, 0000000000000000CCODOO00. 0.28 00000000
O, (¥4, 1,) >~ (60°,—45°), (40°,145°)0 200000000000. 000O0O. 2.7(d) 0O
v, =1, —;0 £105°00000000000000000O000O0000O. 000,000
O00000000000000, (Y, ~ (110°,0°),(—40°,70°) 000000000
000000 [O0.28(b)]. AFCODDOOO ¢, ~—45°0000 45°000000000
00,000 AFCODO0OD0ODOOOOY,~0°0r70°0000000000. 00000
00000000b0oDO0o0b0ooOOo0oo0obOOooDoOobOo.bobo,0AFCODODOO
00000000000 DLO0DLO0ODO0ODOO0ODOO0DOO0,0D0D0D AFCODODODOD
O00D0000O00oO0o0ooDOo0ooooOoooooOoooooooDbooo. ogo
O00000DbO0DO0bO00O0,0000b00D00DO0bOO0bO0ObOOoO0ObDObDOoDOD
OAFCO0OO0OO000[0.22(d)]. 0000000000000 0O0OO0OOOOOO AFC
D000D00000D000O0 moving smecticOODOOODO0OODOODO.

21



90° 0°
g OO O
-90° -90°
-180° -180°
-180° -90° 0° 90° 180° -180° -90° 0° 90° 180°
Y Wl

0 2.8: moving smectic000000000. (a)y;0+,0000000. 000000
(i, ) = (60°,—45°), (40°,145°) 00 0. (b) 2, 00D0OO0O00 (pms™!). 000D
O (¢y,%,) ~ (110°,0°), (—40°,70°) 0O 0.

(¢) disorderD . disorder 0 O O globally ferromagnetic 0 O moving smectic 0 000 O
AFCO0000000000DO0ODO,000000000000000O0ODOOO0O (O
00000)000000000000. [0.2.7()].

(d) locally nematic]. 000000000000000000O0000 [3O.2.7(f).
00000000000000000.00000000000,0000000000
00000000000. 0000000000000000000000000000
0oooo (0. 2.2(0)]

27 200000000

AFCOO00D000000000000,00000000000000000000
00000000000,0000000000000000.00000000000
000200 AFCO000000000000000000000000000000
00000. 00000000 AFCO0000000000000000000000
000000000000000000.000000,000000000 200 AFC
0D00000000000000200000000000000000000000
00000200 AFCO00000000000000000000 (d,)000000
0000000000 (dg) 0000 d(=d,+dg pm)00000 [0.29(a)]. 0000,
D00 AFCO00O0000000000000000.2000000000000,0
0000000000d<001000000000000¢=1000s00000000
02 000000000000000000004d0000000000000000
0000000 10,0000000000,0000d00000000000 [0.29]

2000000t~100s00000000

22



0000000,00002000060000 ()-(v)000D0O00. 000000
0.29()000000000. ()0 ((i)000000000000000000000
000000000, 00000000dO0d<1pmO00000000¢/20000
0000000000. 000000006,<10°000, ()0 (§)00000000
00000,00000000000000000 (i)00000000000000.
30°<6,<80°0000,00d000000000O0D0O00O00OOO000,0000
0000000000000000000.6,<120°00000 (v)00000000
0Doo00.6,>80°000,00000000000000 (i)000,6,0000000
000000000000.0000000000000000000000000.0
0105° <6, <150°0000,000000000000 (vi)000000000.

0.29d) 000000001 wmO0000,00000000 ()0 (i)0O000
o0oooooo.4,06,=000000000000000000 ()0 (iv)Do0O0O0O
ooood,e,>10°00000000000000O0O00DO0DO. ODO0O0DDO0ODDOOODOO
0,200 AFCO0O0O000O0O0OO0DODOODODOO0OD globally ferromagnetic 0, moving
smectic , disorder 0 DD O0000OO00OOOO0O. D06 0D00000000O0D00O0
O000d>1000000000000.60,>120000000000 (ivyDOOO,00
0000000 ))00o0000000O00000. 00000000 locally nematic O
00000000000000 )bo0oo0O0o00D0Dooooooooo.

OO0000,0000000002200000000000000000,000000
O00000000Db0OD0OoOogo. globally ferromagnetic O, moving smectic O O O
Odisorder U0 O00O0O0O0OO0O0ODOODOOY, <120000000000, locally nematic [
gooobooobooooo e, <120°000000000O.

23



(a) (b)6

5,

4,

d; g )
~

)| .
d=d,+d, 1 ) )

'(i) (i1)

005 30° 60° 90° 120° 150° 180°

ea freﬂuencz

(©) (d) 001 0.1 1.0
(1) (i) 1

<
a

ratio (d <1 um)
o (=]
[\ ES

(v) (vi) 005 30° 60° 90° 120°150° 180°

VvV N

029:200000000. (a) AFC200000d=d,+drg00000. 000 dr(dg)
00 (0)0oooooooopoooo. (hOOODOoOOdoooOoOOooooooooo

9,00000. ()~(vi) O ()00000,000000000000000. (d) AFC2
0000d01pmO0000000.
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2.8 ArCOogoooooooobbobn

(a) (b)
+ F
ds
(c)
de
180" 0° 00 90°
angular difference
(d) (e)
0.06 : " 0.06 : : .
=61° ¢ =50° ¢
- ’/01=38° s — 7 _ 7g=28° s — 1
E B E‘/
< <
A e
0 ‘ ‘ ‘ 0 ‘ ‘ ‘
-180° -90° 0° 90° 180° -180° -90° 0° 90°
angular difference angular difference
(® (g)
0.06 ‘ ‘¢ 0.06 ‘ : v
=91° ¢ =90° ¢
. ’g=40° os — 7 ’c'Lrt=53° ¢s — 1
s =
<
A
0 ‘ ‘ ‘ 0 ‘ ‘ ‘
-180° -90° 0° 90° 180° -180° -90° 0° 90°

0 2.10: AFCOOO0ODODO0OOOODOODOO. D0000o0oooooooooboooog
00000 (a), ()0 ODODODO0DO0DO00O0O0O0OD,000000000 900 < t<1000s0
O000. ()20 00000000000000000O0O0O ¢o,00000. (b)0OODO
0000 (0, =0°)0 ¢,00000. 00000000 (p=1,255 um™2). |¢,|000
(1)0OOOO (0)000. (¢) D000 AFCO0D000 ¢.00000. (d)(g)¢s 0 b
00000 (@Oooo0ooooooon). (d) globally ferromagneticd (0, = 5°, p = 5).
(e) moving smectic O (0, = 30°, p = 5). (f) disorder O (0, = 90°, p = 5). (g) locally

angular difference

nematic 0 (6, = 150°, p = 5).

2

180°

180°

angular difference

5

180°



OO000AFC20000000000000ODOO. O0D00O0OO0ODOOOOOg AFC
guoododoodoodoooodododododduu,bUUUg 4
O00. 00 (@0 21)000 AFCO00ODOOOO00ODODOOOOO0OODOOOOOOO
0000000, 0000000000 AFCO0D00O0ODO0O0ODOOODOOOD. ODO0OO
ddfd200000000b0b0. 10b0bbbbod000oooooboooboDbDesd, 2
000 AFCO0O0O0O0DO0O0O00 ¢,000 [0.2.10(), (c). AFCO 2000000
000000000, 00000000000000D00DO000. 0000 AFCOODO
go,b0bodooobobo4bdooobob. obbbbooouobbobbooon
O, globally ferromagnetic 0 OO0 3000 100000000000 0OOOODOODOO
[0.2.11(a)]. globally ferromagnetic0 000 40000000000,0000000 6,
goouoobobbuoooooooooob.oubb,bbooooouobob 1oog
O0000,000000 AFCO000000000ODO (LR)ODODODDO RR, LR, RL, O
O0LLOOO0OO0O.00000000ooooooo.21(h)oooo.

a\ s RRemLR =
LRIL RLmm [ ==
0.15

GF MS DO LN GF MS DO LN

1 point 2 point 3 point 4 point
== _— [ ] —

@ 1p 1 (6)0.35

frequency
[
19,
frequency
=
[\
9]

O 211 AFCOO0OD0ODOODDOOO. OD2100000000000000000DO0
00000000000 (a), (h)0ODOOOODO0ODOODODOOOOOO0O0OO,00000
O0000900<t<1000s00000. (o) AFCOOODODODOOODOOODOOODOODOO
OO00. (h)DOOUODODOOOO. RL-OOODOOO AFCOO0O0ODOOOOO00O. GF:
globally ferromagnetic 0 (6, = 5°, p = 5 um~2). MS: moving smectic 0 (0, = 30°, p = 5).
DO: disorder O (6, = 90°, p = 5). LN: locally nematic O (6, = 150°, p = 5).

() 000000000, AFCOOO00OODODOOOOODOO (l,=0°000)000
OO000000o0o0oob0. Doooooooogo o =9, 000, 0000000000
ooo0o. 0.210b)0000,00000000000O0O0O0O0O0O, 00000000
000000000000000000000. 00 p=5pum?0000000000
0 00O globally ferromagnetic 000 0O0. O00O00O000O0O0OODOO,000000
b e¢,=0°00000. 000000O0O0O0DO0O0ODOODOOODOODOODOODOO
O0000000000000000000 (¢ #£0)0000000000O. ODDOODOO
000 |¢| 000 00000 e0,00000000000000 p=66°0=2390
oooooo.

(b) globally ferromagneticD. 0000000000000 O00O0O0OO0OOOOOOO
O0000,00000¢.#0¢,000.0000000000000000 (0. 2.10(d)].
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oo0o0o0o0O0d PO 6. =00000000000C0C0OO. ODODOOOOOOOO
0, #£0)00000000000O0OOO0OODOOO0OOOOOOOOOOOOOODOO
O00.0000 RO0D06U0000000000000O [0.26(a) (00 25000
00000000 [0.25000000000000000000O00O0OO.

(c) moving smecticdD. OO0000000O0O0O0O0OOOOOCOOOOOOOOODOO
globally ferromagnetic0 00000 0000000000000 (u=>50° 0=28°). O
Oooooooooooooboob Arcooobbooboooooooooooo
O0LRRL)DODOODOOOODOOOOOOD [O.211(b)l. 00,¢. 0000 ¢.=0°0
Ooobooobobooooo. obooooo0oobobo0ob Arcooooobooooboono
oooooobodb. cobooboobooboboboboooobooboobooo,booon
gbgbodboobuobbobodobuobbob zappering0000O00OO0OO0OO0
oobdooobobobooboo.obooboobooboobooboo20000000
O00000000000000000 [0.29. 000000000000 OODOOO
oobooboooa.

(d) disorder]. 0000000000000 00000O0O00000O000 ¢,00
00000000 (¢ ~90°). 0000000000000 00000000O0000
0000000000000000([0.210¢)]. 20000000000000000
[0.2.11(a)]. ¢.00000000000000000000000,000000000
00000000 [0.211(b). 0000000000000000000000000,
0000 local 0000000000000000000.

(e) locally nematicO . locally nematic0 00 0000000000000 AFCOOO
O0000bundle000000000OD0O. AFCOOODOODOOOOOO ¢.=00000
0000000000, bundle0 00000000 0O0O0ODOOOODO0OODOO0OOOO0O
0O ([0.2100h)]. 000000000000000000O000O0O0OO0OOOODOOOO
O[0.210Mh)]. O00O0000O0000020000000000000O0DODOOO
000000000 [0 29(b), (¢). 0000 2000000000000000000
00000000 [0.211(c). 00 ¢, =0°00000000000000 LL/RROD
O00000,20000000000 ()D00O0O0.0D000D0OOOOOOOOOO0OO0
0000 (¢s=46,)0000000000000,000000000 LR/RLOODOO
000,20000000000 ()0D0o0O00.00200¢,=0000000000
OO0 20000000000 (vi)DOOOOOO.

29 OD0O0OOObDOoOobOnO

29.1 000000

gbobbbuooogobboboooodab,b,boooobobbboooaabbn
ooooooo0o0o0D 4,7, 000000000000 OOOOOOOO,00000
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goggooooobobobbobbbooooooouoooooboboob. bbb, bboo
O000b0o0o0oob0oboboooobOobObasalbodyO D ODOOOOOOOODOODO.
gbobogobbood,buogobbuooobbuoobbooobbuooobbood
[49,50]. 000000000 0OO0OO0OOOOOOODOOOOOOOOOOOOOOOOO
000 vVOoOOoOoOOo AFCOO0ODOOOOOOO0,0200000000D000O0000O
gbbouogobbodobbdouooob.boobboodobbuoobobooobbood
gobobogg,boboggobobobodaod.

OO000,AFCO0D000D0O00DO0O0O0OO00ODOO0ODO0O0ODOObO400000000
0. 0000000000000 0000000DO00O00000o0O0oOoo,o0ogon
000000000000 00000000 [0.26-28].0.270000020000
00000000 eu0nnoonD (6, >120000 AFCOOODOOOODOOOODOODOO
000000,0000000000AFCO0ODODODO locally nematicO 0000
000000000000, 0000000000 oOo0oooooooooooogon
O0000000000000000 (globally ferromagnetic 0 O O O moving smactic 0 )
O0o000ooooooooo s

gobbbobobbouoduooddd moving smecticU DO O0O0O0O0O0O0OoOO. O
O000000000000000000000O [3,35,6,00000000000000
gbogobuogboboobuoobboobuolooboboobooobuoobood
O0.00000000000bO00obO0obObOOoDOooboOOo,ArCobooooobobooo
Oo0oo0oboooo0oOoooOoo0o0.b0o0oboobooooooboD,000 AFCOo
gbogobuogbbogbboobuoobbogboobbuoobbogboonoobo
gbbuogbbuogobboobbuobboobbo.oobboobbuoobbood
gobobooogbobbuogoobobuoooooboobod.

29.2 0O0OOOO

000000000000000000000000000000000000000
0D00000.000000000000000000000000000000000
00000000.0000000000000000000000000000000
0.000000000000,0000000000000000 bundleD00000
0D00000.00,000000000000000000000000000000
00 [39,40,41,42,43). 00000000 200000000000000000000
0D0000000000000000000000000000. 0000000000
0000,000000000000000000000C0O0. 000000,0000
000000000000000000000000.00MDOOO0O00000000O
D00000000000000000000000000000000000000
00000 [52, 57, 58, 59].

B0000000000000000000000002000000000000000000000
0oooooooo [56).
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O00,0000000 AFCOO0ODOO0OO0ODOOODOOODOOODOOOOOOOOOOO
gbbodgbbuoobboobobooobbo.obboobboobboobbood
000000 00000000, 000000000 oooooooooooooo
gobbbooodobobbooodgbbbooodobbbooa.
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[ O A Heavy Anchor Model

2000 AFCOOCO 2000000000DO00DOODOODOODOOOODOOO
O0bO0o0o0O0obo0obO0oO0oOO0.0ooo0obOoooboOoboDOobobOOoboooobobooo
O000O0C00DOO000O00bDbo00.0ob0oo0 200000 AFCODOO0OD light
anchor model, 0O OO0 0OOOO heavy anchor model U O DOOOOO. DOOOOOO
O00 AFCOOOO0O0OO,

R, - | [ j;i[fgwj—uo} -
n <km>], (A1)
b = [ j;i[ézt[(RC—Rm)x(Uny

- <Rc - Rm>y<UJ’)xH + 77:0t
+ (ke i)], (A.2)

O00.000R,0AFCODODDODOOO, 00000000000 ODDODDOOLO AFC
0000000000000 0000. Oo0O0OoOo0oDoo0OO0O (A2)00 (26)000
Oob0,0b000bo0boooboboobO. light anchormodel D OO O0OOO0DOOOMO
p,00o0booboobooooobooobooooooDoobDobobooboubD,bog
00 60,0000 light anchor model 0 000000000000 O0OODODOO [O.A1].

O0¢, ~5°0000000DO0DO0ODOOOODOOODOODOODODOD,b0O0DODO
O0000000000000000000 aster00000 [O0.AL(a)]. DODDOO 6,0
00000 1°000000,00000D0000 globally ferromagnetic0 OO0 OO
[0.A1Mb). 0006000000 30°000000,0000000 AFCODOOO
O0000000000000000 winding smectic0000000000 [O.A.1(c)l.
000000000 light anchor model DO O OOOOODODO, light anchor model O [
000000000 0DO00D0O0000bO, heavy anchormodel OO0 O0ODOOOO
oobooboobooooooooooDo.
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0 A.1: heavy anchor model 000000 0O0O0O. (a) asterd (0, = 5°, p = 7.5). (b)
globally ferromagnetic O (6, = 15°, p = 7.5). (c¢) winding smectic 0 (6, = 30°, p = 7.5).

light anchor model 1 000 000000000000O002000000. 1000
O000000O0.00000000C0O0000000CO0D0O A20000.000O0O
00, light anchor model 00000000000 ¢, #0°000000000O0O0O
00 [0.210(b)]000O0O, heavy anchor model 1 00000000 ODOOO0OOO, O
O000o0O00000o0oO000b0OoO0000b0O00000. 000 ArFC2000000
Oob0ooboooobooooooobouooooon, light anchor model OO OOOO
200000000,000 AFCO0D0O0DO00OO0OO0DOOOO0DOO0 [O0.A3].
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OO0 AFCODOO0ODOODODOODOODOOD,DO0D00b00ObODOobDOobDOobD. Obooo,
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3.1 U0

gbodgbuogbogboobooboobboobbobbobbobbooboon
O0.00,Manning 0 200000000000000000000000000OO
00000000 (60,61 OO0O0O0O0DO0DO0DO0DO0DODOOO0DO0OOOOOOOOODODOOO
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0000000 diffusive/subdiffusive 0 0 0000000000000 0O00ODO.

3.2 OOOOOOOOO

3.2.1 0OO0OOOO
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(00O0O000000)0000000000000000 (62 00000000000
0,00000000/000000000000. 000000000000 ODOO
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000000000000 (Dbo0O0),000000000000. 000000000
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Oob0ooooooooooobooobobob0oOoddnn packingrateD ODOOOO, O
00000 packingrate D000 0 (00 1)000000000O. Vicsek modelJ OO0
ogo000000ooooooooooOoOoOOOOOO0OO0OO0O0bObOOoOOOOOOO0O00
ocooo,000000000000O0O0DOOCOOO0OO0OODOOOObObOOOn.

goobbbobobboodudg 20bbbodgoooooon. oooobboboo,
OO0 Drosophila DD OO OOO0OO0OODOOOOODOOOOODOOOOO,0000O0
O0000000000000000000000 [63]. 000000000 O0OOOOO
gbobogdb,ggboboboogboboooobbbooobbooobbooobboog
000000 [64]. O0O0OD0O0O0DO0D0O00O0O0O0O0O0O00OO0OOOOODOOOOOOOO
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O000000000000000000000 66, 000000000O0DOOODOOO
0000000000000 000000000ooooooooger. oooooo
O000000000000000000000000000000 PIV (Particle Image
Velocimetry) 0000 0000000000000 O0O0OO0OOOOOO. 00000000
0000000000000 0,000 20000000 cagingJ dynamic heterogeneity
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200000000000 OO
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gob.bogggbobooooooboo.

000000000000 Cellular Vertex Model(CVM) OO O OOO. CVvMO OO
gooboooboboobobo,bobooboboobobboobobuooboonoog
gbg.boobgoobooboboob-.-.0000,

E; = Bi(Ai — Ai)* + &P 4+ P, (3.1)

00000000.000000000000000000000,000000000
000000 (0000000000),0000000'!'000000. 4000400
000000, RO0000000000000. 8,&,+w000000000,0000
0000000000000000000000.00000000000000000
0000000000000 0000000.0000000000000000000
2000000000,00000000000000000000000000000
00 (—v/25)000000000. 0000000000 ~3.720000000000
00000000000000000000000000000. 0000000000
ooooooo.

ggogoobbbbbbbooboououudguuog 20bbbbbbobbobon
gobbbuoooobobobooo. ggbbo,bgoobbobbuoooobbbooon
gbood~3720000000000o000000D0O0ODODO0ODO. ODOODODO
gogggooboobbobboboobbbbboboobobododdoooooooooooon
gobbooogobbbod.

goboooboooobooboboobboob oo boobbooob,oOoon
0000000 CVMOO Self-Propelled Voronoi model(SPVM) 00O O000O0O00O0O.
SsPvMOODOODOOODOOOOODOODODOOOODOODOO.OD0bO0bOobOobOobOoo
oo, oo uuga

0000000000 00000000000000000,000000000000000d.
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O000000000O00ooooOD [O0.321. 000,000000000000 (BOO)
000,00000002%000000000000000000. 000000000
0000, 0b0000o0b0ob0o0obooooboooobooooboboooobooog
oooob.jobgoobg,b0o0obo0booboobooboobouoboooo
0o0obOooooDoooobooooooboobooo. SpvyvMOOOOoOoOooOoDOOD
0O00000oooboOooO,cvMOODOO0ODOO0ODODODODOODODODODODOD
O000000000ooooo/ooooo0o0o0o0o0ooooooo. ooooooo
00000 caging O dynamics heterogeneity 0 DD 00000000000 O0O0O0O
00o0oo0oooooooboooboooo.

031: 00000 (200). 400000000 {x},(i=1,...,n)000.00000
000000000000000000000000000.300000000000
ooo.

3.22 00000

goboboogoobobog,20b0booogobobboooobobobbouooonooboon
gobbobooooobbobooooobobog. bog,gobobbs3bboaoan
gobbobooooobobodoo. g, guobboboo3sggouobooboooon
OO0 (D0DOooO00ooo000ooOo)00DoooU0ooooOoUoDoOo. oooo
000 ManmningO OO QOO 3000000000000 0O00O0DOOODOODOOODOO.

3.3 JU0o0uobouoboooooonbn

Manning OO 2000000000000 000OO0OOOO0OOOO0OODOOOO
O0000000000,000000000000SpPYMOOOOOI6l]. 000000
gbboggbboogbbuooobbooobboo,boogbbooobbood
gboobobooboobgn.

D0000000000000000000000000.
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3.3.1 LOOooon

0003000000000000 (n=216)00000000000000000,
0000000000000000.00000000000000000000000
00000 ([000000], 0000 (=1,2,...,n,000000000)000000
000w O0O00OOO0O0O0OO0000000,000000000000.00:0000
x;, 00000000 p;, 000 v, 0000000 w, 00000,

dXi

dVi
P —(v/m)(vi — viopi) + viow; X Pi — V Eghapes + &i(t), (3.3)
dwi
o =~/ Dwi +1,(0), (3.4)
dp;
= Wi X P (3.5)

0000000003 0(3.3)0000000000,000001000000000
000000000000, 020000000,03000000000000000
000 Egupes 10000000, 040000000000000000000000
0.0 (34)0000000000,00000000000000000000000
0000000000, 0000000000000000000000000000
@i _(, % —)gODD00000. 0000 (33)00000000000000000
000000000000000000,0(3.2),(3.3)00 (3.4),35000000,0
0000000000000000000000,

dXi
dt = VioP; — MvEshapesy (36)

0000000. 000 w0 v00000000000000O00OO0OOOOOYO
O00o00o0Oooooooooon(tyDOoOooooooDoDooooo.ooo,

(i ()0 (8)) = 2D6;;0p16(t — t') (3.8)

O00000ooobO.ooob0pOoO0oooOoOoOOO0bOOoOobooOn. é60:0007
0000000000000, 6 0k000KO0002,y,2000.00000
000000000000 000000. 6t)0¢t0000000ODO0O, 00000000
gbogobodbo.gbbodgboobbuodboob,onbdudobbybibod
gb,buggobbbuogbobbboooobobboooaon.

‘000000000 000000,m:00000,~:0000000, ;000000000000
gooo.v,»oOoOo /0000000000000 0O0000O0O00DOO0OO0ODOODOOOOOOOn0
goooo.

th=m/y,v=1/y
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3.3.2 UUOOOOUOoooon

gogoobbbbbbbbbbbtbotbodddogoooooooobbbbboboo
gbbogbbug.obuogoboogbooobboobboobobooooboog
gbbbuoodbbbdoodgbbboooobboooobboooobbo. o000
gpboobooood g4

E; = Kv;(V; — Vz'o)2 + K4i(A; — Ai0)2 (3.9)

ooooooog.v,o A4 00poo0odbos0boooobooooobooo,boogoo
Ky, 0 Ky,0000000:0000000000O00000. 0000,

Ei = KviVE(Vi = 1)2 + K4V P (A; — Ay)? (3.10)

O0000, Mamming 0000000000000 000DOO0ODOO0OOODDOOOO
000000 4y = Ap/VY?00000. 00000000000000000000
Vi=Vi/Vie, 4 = 4,/V*0000000.00000000000000000000
D0000000000000000000 (Vg =V, A = Ay, Kyi = Ky, Ka = Kj).
00000000000 V,”?=1000. 0 (3.6)00 Fapwg,.00000000000
00000000000000000000000000000000000000. O
0000:00000000000 (w000 Eggpes = e, £: 00000, 000
0360000000000,

dXi 1 ~ ~
=P =V > ((Vi = 1) + (A; — Ag)?/r) (3.11)
jemnb

000. 000 ¢=pKy000r=K,/puKy00O0O.

3.3.3 U

SPVMOOOOOODOOOOOOOOOO0OOO0OO0O0OO. 0002000000000
0000000000000,30000000000000000.00,000000
O000000,0000000 #f,000 #e, 0000 #0000 #f — e+ #v =20
00000000000.0000000000000000 100030000000
0. 00000000000000000000000000200000000000
0,#e=3400000000000000.0000000000000000000
#f—l#e=2000,00000000((@0000000O00000)0000000O0
00000o00oooo.

3.34 UUOOOOOOOOOOOOO

ManningO0 O 200 0000000000000000ODODO (=1000000000
000000 )0000000000,30000000000000ODODODOODODOOO
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gbbbuogogbboooobboodg,buooobbbosgobobuooobbbood
O00000000000000 400(000000DO,00001400,008000
0000000)0 3200000000000 0000000000000 000
gobobogobbooobob,ggbbboo1obobooobbooobbboog
g,gobobb040boobgooboobobbobboboobooboobg.

032 00001400.10000000DO0O0O0O0DOODLDODL.ODOD60O,000
gbubod,dub10boob,0bddo.19s4,05155000000000.

5199400 Weair 1000000000 12000 140000000000000000000000
00000000 [69).
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3.3.5 UUOOOooogg

00000100000 L=600000. 000000000 V,0V,=1L3=nV,
gobobbbbodgooobobobbibooooooooobobobbbbooooon.
Oo00o0o0oUoooooooooOoooooooo, Y, r0p=r=10000,00
goboooobdgpUdD=0100000. vo0OOOO0OO0O0OO ve=0v000000.
gbbogdgbboodgbbuoo,buoodobbbooobbooobbooobbood
gbbuogbobogu.bogubbuoobbooobbooboobbuoobooboog
D0000000000% 0000000000000000 40000000 v0O
00000 (vy=0.002-0.008) 00 00O.

3.4 3000000000 0O0O0O0O0O00OO0

D000000000000000000000000000. 0000, Ay, v00
gbbogbbugobogobooobbodob.boobboobbooobooog
gbbogbboboodobobooob,ugobbuoobbuooobbuooobbood
[0 33. 000000000000000000000O0O000O0O0O0O0O0 (O 34].

@ ®)

Lk orNw
oo
W NP, O, NW

033:300000000000000000. 0000 {x}00000000000
00 (¢t =22000). (a) Ag = 5.1, v = 0.002. (b) Ay = 5.6, vy = 0.008.

‘00000 +=0-220000 IMDOOOOOOOOOOD 0100000. 000000000000
00000000 {«}000050000000000000.
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(a)

T
¢
\
o
W NP, O FR,NW

0 34 000000000, 0000 {x;}0¢t=21850220000 000000000

00. 00000000000000000. (a) 4 = 5.1, vo = 0.002. (b) Ay = 5.6,
vo = 0.008.

3.4.1 00OO0OO0OO0OOO

0000000000000000000,00000000000000000000
0000 (MSD)OOOOO. MSD(t—t')(= S0, |x:(t) —x; (') |2 /n, t = 2000, t = 2001-
22000)000000000000000000000000 350000.000000
D0000000000000000000000 1/100000000000. 000
MSD(t) < 00100000000000000000000000000000000
D000000.0000000000000000 MSD(H) 2000000000
00.0 3500000000000 A(=52)00000000000000 v00
MSDOOOOODODOO0O0O00,MSD(t)<0010000000000 0000000
0000000000000000000000000000000000000000
D000000000.00 MSD(t)>0010000000000000 MSDOOO
000000000.0 35()00000000000 v,=0.0080000 MSD(t) ot
000000000000000000000000000,0000000 40000
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0 350b)0000000000000 (vp=0004)000000000 4,00 MSDO
0D00000000. 00000000 MSD(t) <0.0100000 MSD(t) « 200
0D0000000.0000000000000000000000000000000
D000000000000000000. 0000000000000000000
MSD(t)>001000000000000000000.
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000000000000 Dy =43/3D200000. 000000 (n=1)000
0000000000, 0. 3500000000 MSPOOOOOO0O0O000O000O
D, = limys MSD(t)/6t 0000. 000000000000 00000D00000
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0)0000 .000000000000000000000000000000000
(Dejs = D,/Dy). 0000 D, 0000000000000 diffusive0 0000000
000000.000000000 Deyy>00500000 [0 3.6). 0.370000000
000000000000000000000000,000000000000 diffusive
00000000,000000000000 diffusived 00 (subdiffusive 0 00) 00
000000.00000000000000, A~ 54000 diffusive/subdiffusive [
000000000. 0000000 4000000 4 ~531500000,0000
00000000000000000000000000. 0000000000000
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035 vy=0.006
Vo= 0.008
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038 200000000.00000000000000 (¢=22000000000
D0 {x} 0 xy0DOO0OO0OO0DO0DO0O. (a)subdiffusive 0 (Ay = 5.1, vy = 0.002).
(b)diffusive O (Ag = 5.6, vy = 0.008).

O00000000000000000000000, subdiffusive0 00000000
O0000000. 00000 caging 0 dynamic heterogeneity D OO0 OO0 OO . caging [
01000000000000000000000, dynamic heterogeneity 0 00000
00000o0OoO00ooO0oOobOoO0booO0oobOoOOoboO0oDOoO0.obobboooooo,
00000 200000000000000000 [68). OO0 subdiffusive d O caging
0000000000000 00D00£0), self-intermediate scattering function 0 0 O 0O O .
self-intermediate scattering function 0 intermediate scattering function0 0 OO0 00O O
00000,00000000000000000000. 00000 Fy(k,t) = (e*ar®)
O,Ar()00000000000000000 (Ar(t) =x;(t) —x;(te), (t,eOD0OO0O)),
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0000000000000 00000000000000 [O.3.9]. cagingODOOOO
0000000000000 Fy(k,t)DOODDOODDODDOOOOOODOODO. O.390000
0000000000000 ¢t=100000 F,(k,t)00000000000O,000
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O 3.9: self-intermediate scattering function (Fy(k,t), k= m/ry). t =2000000000
00000000 ¢=2001-220000000000 (¢, =2000). 00O0OOOO vy =0.004
O00000000000000 A 000000.

0000 Fyk,t)~1/200000000 ¢t=21000220000 00000000000
0000, dynamic heterogeneity 00 000000000000 [O.3.10]. cagingD OO
dynamic heterogeneity 0 00 2000000, OO diffusive/subdiffusive 0 00000 O
000000000000 00000bO00oOoooDoog.
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000000 (a)000000diffusive0 000000000 (1510:5.4, vo = 0.004). (b)
00000000 subdiffusive d (Ag = 5.1, vy = 0.002). (¢) 00000000 diffusive

0 (Ay = 5.6, vy = 0.008).
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