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Vicsek model

2.1 Vicsek model
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=
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2 Vicsek model
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2 Vicsek model
o UL 7p Y k3.0l 27|71 2 F A A= v, = 091 disordered (gas) phase©f 31t}
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2.2 Mermin-Wagner theorem

Mermin-Wagner (52 Hohenberg-Mermin-Wagner) 2]+ 27 2] A3 28511 945 i Ado] e dH I A
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2 Vicsek model
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2 Vicsek model
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2 Vicsek model
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2 Vicsek model
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2 Vicsek model

* homogeneous disordered (gas) phase (v, = 0): Yo} & o] ATTHA| 7} A 5=oh2 0 2 T AJY.

T yFgoR

e polar ordered /homogeneous ordered/flocking (liquid) phase (v, > 0): YA=°] HHFHo =2
=5t WSS Al HLsHA ZESHAT YA R oA 853 th(giant number fluctuation). =,
o] e2el elo] EE Uk 25 neat @ ul, W2 2] Wi} power law scaling (1)) ~ (2" S

o2 m 2210 4] YA A= a = 8/5 (Toner-Tu), 1.67 (simulation)o|t} [MGC19].

* band (coexistence) phase: 7|4 AEje} HA| A2 AR 2] (microphase separation)”} dojdtt. AR H
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Noise strength,

a 2,048

2 Vicsek model
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Gas
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1,024
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Mean density, p, 0
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A2} 715t 9] active matter & 71--d] 71 thE A Q1 A o] self-propelled particles (SPP) 2.8 o]t} Z+ 1 z}9]
o B 54 Ngstol At SEo] A7
& 58] A% v AFIIL, SE0) Y
= &ere] whojuleolct

-
=

=

WA 42

3.1 Self-propelled particle 2

Aule| o} 5wl o] 4 (r,v) 0 2 F0]7] T, o
o) A\7bo] weh Wateich
2 BAIGY &, v = yyn(0)°]1l n(f) = (cos b, sinb)

o
EoHe 4T AEg F1
angle —7t < 6 <
3.1.1 Vicsek-type 2
o discrete time t = 1 x At, continuum space r € R?
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(3.1)
0i(t+1)=Arg | D] eigf(t)] +&(t) (32)
jeN;(ro)
Ni(ro)e 47t iR ele] A2t ro olstel YAHE WEE tehl, G0 72 (-] : §] Aolo] FUskA
Bt AT Gl A2 L

3.1.2 Active Brownian Particle (ABP) 2

e continuous time, continuum space r € R?

94
i opn(6) ~ VoW + V2D
do; Ji Z , (3.3)
= TN sin(6; — 6;) + /2D, &(t)
= NGl B
. U3} Afolo] @AE Hejo] 2

phase separation (MIPS) @4+

reL
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3.2.1 Cell linked-list

Cell linked list B2 cell listE AF8olH ZA Y ATZE AAbo] HQgE AXFS O(N)o2 grjxog &Y &+
AF

Qlct 1. 18] 3.29] 2219 o & K cell linked-list

Al
=] ==

LT

1. 4 x 49] 2319 B7bo] 8719 YA BEs 7 Q.

O

2. AA F= 10 x 10271 9] cellg = FEFIT:. g = 171 4-F- 167 2] Alo] A7t

~

3. 7 Ak A A4S ARG (09 9 109 4, 19 Q47 -4 A, L),

Cell linked listE AF-al 97 io] F 221§ AL S WH-S Pohzt 9] 17 329] 2744 oS o Ashaet

20129 14 304 A 24 3452 POSTECH N A & A|9=}F FA= 2] A-&staloll A v it
T

el
= =
ST §-8T FAANEE LAFA KISTIS FIF SAp] DA 02 A AFE £t

16



3 2A1% A7

%

Figure 3.2: Cell linked-list TH=7].

17



3 218 gy

o QA}i7h 453 celln} 5919 SAI G cell % 974 Tk (= 2019 {0,1,2,4,5,6,8,9,10))
o Aol AE YA vle, Y ME HRE Agste] 97 Ao FH BE Yol WY AZ @k (i = 2

o|HH A ={0,1,2,4,5})
J5 A8 W ro ek 22 AAE 2oF Ni(ro)oll A%k (i = 201

o Aol £T Q7 AL A igke] A7 T

Na(ro) = {1})
S AR 97 2] Aof TgHH Rete] Aguh-g v w5}y] wjio] typical caseol| A & A4S O(N)o]t}.

of

3.3 GPUS 283 Had At

GPUL RLE QIz}9] 2485 7} B4 of| 74 E]2= (parallel update) 52159 3
100H41E 285129 gpuo] hardware 9 259 2] o gt -2 0|37t a5t
t}. o] Z}olof| A= NvidiaAle] GPU| A CUDA (Compute Unified

o]
Pt DAY 4] JRGHS “Hap} ofsfsh Yaloz" Y

o} A4S WA A sl Z 2 stE A4

2]o|t}. GPUZ} 7HA AAtS 28

H] AT A1) QlAFof| A] o] w0 o] He
Device Architecture)E AF&5f] B @ AAHE
& Aot 2.

olo

=
2
e

3.3.1 cpue| =9} 2=
e GPUL LED RUE 2 H438 2= 9} mUE| o] grid A (m, n)uic} Aol Aol 4 91, Nvidiakte] GPU
o= AAE ST 4 Al 179 grid FEH (m,n) 218 4 = %70 9] cuda cores”t
ot

2x}o] E https:/ /sites.google.com /view /jdnoh/lecturesol| A tutorialol] AF&E cuda$} python source codeE T2 ES 4=

52 (I,mn)
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oA Aol it
o ZeE Hu7} Fol AW L E o] 5 A0] Z251520], cuda coresi= AH1°]

a9 E fughS FE5tH ALt

e SPP QA= cuda coreo] LA AFH B} dsH AAE

3.3.2 CUDA kernel
cuda kernel-2 cuda cores”’} £~ 2] o HBZES A5t} 218 Ao = HE q, b9

c=a+b& G528 W, cuda kernel-2 oz}t Z

__global__ void a_plus_b_equal_c(int *a, int *b, int *c)

unsigned int tid = threadIdx.x + blockIdx.x*blockDim.x;

c[tid] = a[tid] + b[tid];

=

S

=5

ool o 55

int nBlock = 1024, nThread = 256;

a_plus_b_equal_c<<<nBlock, nThread>>>(a, b, c);

A AT UGS ARkl AL ofol7hiA.
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3 218 gy

® <<<1024, 256>>>= 1024 x 2567[19] WAl T12|=E 7173 7H4F EYHE A se= 2 Aot} (1 grid = 1024
blocks, 1 block = 256 threads)

o cuda kernelo] TEHW 2t B4 (cuda core)E A419] 2= HEILS AP ARG WA WSt

A= 28 4383ttt (threadldx.x =0, ..., 255, blockIdx.x =0, ..., 1023, blockDim.x = 256)

* blockDim.x(2 §7hol] HEHE 2| E0] %)k 329] WjSz!

3.4 CUDAE 2r83%t 22595t HaE Al pseudo code

pseudo code

# Vicsek_Config.cu or Vicsek_Tseries.cu

initialize()

for t =0, ..., T
Xupdate<<<nBlock, nThread>>>()
linked_cell()
PolarAngleUpdat<<<nBlock, nThread>>>()
Vupdata<<nBlock, nThread>>>()

write_order_parameter ()

20




3 218 gy

write_config()

finalize()

package

OF
=]

20 vicsek_turorial.tgz &0

Vicsek_Config.cu (configurationg &Hot= 0@ =)
Vicsek_Tseries.cu (order parameter A|A|Z2 Z==Hot= QO Z=2H)
VicsekKernel.cu (cuda kernel)

VicsekModel.cu (class A9|)

compile and run (CUDA Version 11.6)

nvcc -02 Vicsek_Config.cu -o Vicsek_Config.exe -1m -lcurand_static -lculibos

--extended-lambda

Vicsek_Config.exe {1x} {1y} {rho} {v0} {eta} {seed} {tmax} {ic=gas or liq}
=> MU=HVicsek_Config _from_{ic}_state_Lx{lx}Ly{ly}Rho{rho}Eta{eta}V{v0}.dat

Vicsek_Tseries.exe {1x} {ly} {rho} {v0} {eta} {seed} {tmax} {ic=gas or liq}
=> MUZ=HVicsek_Tseries_from_{ic}_state_Lx{1x}Ly{ly}Rho{rho}Eta{eta}V{v0}.dat

21




3.5 Python2Z OfjL|0|0|M
Python 2] matplotlib.pyplot packages &85} Vicsek 2 & 9] 58-S animation© & 2215t 4,“— ‘,2111}. Python_OJ
T2 =2 A4l AR loop Al4to] A|=51HA Lt o] & I
loopE C/Crs2 24517 o1 r}lof o] elel = Wad) F pythonol ] el AL MG Aokw gleh.
e package: ¥=TtY VicsekPython.pgz &
anim.py, model.py: Vicsek 2 &1} ojyH|o] A
sub_local_field.c: Z} 4=}2] velocity angle2 Y do] Edl= A4S @5t C subroutine

SConstruct: C T2 1S AHuldslo] gto]H g2 TtEg] D Qs ATHE ot

"scons" software tool-2 A 2|5t &, scons B g o] & A 2l5HH SConstruct AT HE u}d o] 2| A|sF =] 2 sub_local_field.c

74 J_q_cﬂ o]— a-o] H 31 a /\Hkl OH_,_E]-

e A3 python3 anim.py

3.6 &1 A=

e CUDA 32| &5 o]A] https:/ /developer.nvidia.com/cuda-zone

CUDA quick start guide, tutorial, CUDA C/C++ programming guide, ...

¢ Thrust https://developer.nvidia.com/thrust
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3 #AH A7 Y
GPUOJ| A 83} utilities®] 22 sort_by_key, fill, reduce,

e CuPy &H|o]Z] https:/ /cupy.dev/
CUDA with python
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A7t 71ere] Pl tiet B A ol 919) W R &= Bo] chat Fol 2 FHARA Fol 2L scalar field
ol WX p(r,t) = 3. 6(r — ri(t))<} vector field?] polarization p(r,t) = —
(magnetic systemo] Hl§-a4 AStR e} HolrE G m = pp o] e A% FHAE HE5)

4.1 Boltzmann B4 Al

2 3 71&a} BDGOY]. () BHE2Q1 &5 Aol tfet B2 eJulgich. f gt

1 n N
Vjv d’rJ aof(r,0,t) = v = 00 (4.2)
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g

4 47 o7

=

oFZSH} (normalization Z79).

S
=

4.1.1 Time evolution
6to] Tot fok4=0] M3l 6f = f(r,0,t+6t) — f(r,0,t) S FH|E A}

¢ self-propulsion: r — r + vyngdt

ﬂ = f(r —vonedt,0,t) — f(r,6,1) = —vong-Vf. (4.3)
ot s.p. ot
o Ato] BB Yoluhs &% ZHE o] BRIl Shik(self diffusion): 6 X% 6+ ¢ o] T (o] FEREFSL
Py(Z)olct (Bt 0, B4He ).
9 n
5_]; = —Af(r,0,t) H‘f a6’ | dZf(r,0',£)Py()0 mod 2 (6 — (8 +0)) s
s.d. .
7T
=3[0+ [ a0rn R0 -0) @)
7T
e binary collision: =7} Yot Al o]A}9] x}7t FAlof] &0 A S &-85t= AHA-S BAIS 4= Qe &5
ZtE7t (61,62) ) F YA S0 =AY Ao Age AUl obah S ok Py X5 T2 a0
Zrgstcd 7 Qate] $= 7t =
b1 ) 01+ H(6, —61) +, (4.6)
StK(6,—0
62 M 62 — H(QZ _ 91) + gl. (47)
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o] W3 H(p = 6, — 1) AT &1z FFo] Aol yk-2 o] 212k 2ol ch. Viesek-typee] Aol

H(p) =2 (48)
K(¢p)= Zr=atol 7 ¢21 F QA9 total scattering rates _JU]?PE}. o1z}o] A5 28 Ae] 7} rpo] I A& L 9]
3717} vo|ng — mo| = 2vpsin|¢p/2| Y-S TE5HH T3S A2 4 Tk
K(9) = 4ro00Ko(9) (Ko<4>> —sin %)) ®9)
webA,
5—f = — 41’000 JdQ,K()(Q — 9/)f2(’l“, 9,’ T, 9/) (4.10)
ot coll

—+ 41’0?)0 J]f d@ldezdgKo(ez — Ql)fz(’l", 91,’ T, Gz)Pﬂ(g)(Szn(G — (91 + H(Qz — 91) -+ g)) (411)
= - 41’000 JdQIKo(Q — Ql)fz(’l‘, 9,‘ T, 9/) (4.12)
T 4ro00 J d61d6,K (65 — 1) fo(r, 0u; 7, 62) Py (6 — 61 — H(65 — 67)). (4.13)

9] A2 two-particles distribution function f(r1,01; 1,02, t)= Z&otal QItt. U¥EA O 2 n-particles dis-
tribution function®] &= HIA A& (n + 1)-particles distribution function& Z s}l Qlo]A], A B4 A2

2 Bxgteso] ASsAH oz AE Bogoliubov—Born-Green-Kirkwood—Yvon (BBGKY) hierarchy
TE2E e o] ds 6| %ﬁﬁ B+ 24t 52 molecular chaos 7Hg-2 A& 5HA

fa(ry,01;12,02;t) = f(r1,61,t)f (12,02, 1) (4.14)

26



4 )44 o7 gy

T UthE 7Hd& F5i €2 Boltzmann WA A2 o 9f .

ek

4]

i

HE7F WAL A AAF A
7T

otf(r,0,t) +vong - Vf(r,0,t) =A [f(r,@,t) +| do'f(r,0',t)P, (6 —6)
~ 4o, [ £(r,0,) J 46'Ko (6 — ) f(r, 6/, )
+J d61d6:Ko (62 — 61)f (r,61,8)f (7, 02,)) Py (6 — 61 — H(62 — 61)) | . (4.15)

A|Zb e} WEE 2219l wag TASHAE 4] (4.15)0) A

HAEWgtt —» t/A, r —> X, f > pof < E5) A7
A=1=12 =& 5 A3 4 42)ME pp = 12 2 5 Ut F2 w2 oA 4] (4.9)9] total scattering rate
g K(9) = 2mxKo(9)0] H11, £EAY ABHE0] A7l FAY AR ez HoT.
21”07]0()0
= 4.1
- (4.16)

4.1.2 Angular Fourier mode expansion
S oA Bt ZAE HAFEE 75 Boltzmann W42 o5 B34ttt o] 229l L= HsH

one-particle distribution function®] moments, 5-2 Fourier modesE 112 5}A}.

fitrt) = | dofr 0,0 o firon =0 O flrne (4.17)

—7T ——
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o H

Re f;
e op(r,t) = ( ?) 25 U (YA U x polarization) = local flocking order parameter
Im 1
Re fo Im f
* 0Q = % ff f2 : nematic tensorial field (5% WX 9] H]ZHA)
hnfﬁ —Refﬁ
Fourier $4=¢] 3+ convolution 2] (C(0) = {d8’A(6 — 6")B(0') ] Fourier modes= C; = A By)S &85} 0

7o A 2] Boltzmann H}A 4] (4.15)-S Fourier LT Afo] 9] AdtE HFA A 0 7 227 vbE 4= QI 1

Ofr(r, t) + %(@c +i0y) fr—1 + %((%c —i0y) fir1 = —(1=Po)fe+x Y, T fiei(r,t)fi(r,t), where (4.18)

|=—00
i 22/ T 10 1—4T’ u : integer
Po= [P, @) = e, Gy = il g~ L= | doKo(B)eh = { T (4.19)
- m, u : half-integer
4.1.3 FYE 2UM A
FUT AN A S Al Aot A
fi(r,t) = for = oo (4.20)

1939] o]2]7} g1 7% Fourier modesE 2|n|aH="7]55 A5t 7t
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4 A A7 Py
L 2 xul upA Al (4.18) 0] MSt HAMALE| sfjo|th. o] 7} U A%
fe(r t) = for +ex(t)  (Jex] « 1)

of] 5] QFAHA] A B 2} (linear stability analysis). A& AL A k # 091 A%

& = prex + 0(€?) (== — (1= Po)x(Tho + Jik))

S wtE=t}. 2E Fourier modes’| A2 =& Q]

& 4= QJtt. Order parametero]] o=k =1 2T 2] ¢t

O
mo= —(1+8c/3) + (1 +4x)P < 0227 ¥ Ut AN 7} XA = &= Al719] dAG=S +

1+8x/3
elr) = \/ 2108 (4757

S
[y
S
4
4
il
=
o]
@)
Z.
=
o9
o
S
Q.
)
=
o
Q.
]
=+
o))
(g
o

T UE 2 A2 Fa (7 < () FHANA dLd 71AVTEH = 2. o o] BAE S ot

ZIAE7E obd Gl A o] FBE IS T EAL

L L3 (0x = dy = 0) AAVFENofl shFsh= B/3/de (0 = 0) 3l fi(r t)
(1= Po)fry =« ) Tafrpifi
z
& Eo] ARtk XA o2 Fo| REZS [k| <k Q] Y9 & A|FHet &

29
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iteration ¥+

237 4)

o=

od

s
nE

7(

o]
AKX

(4.21)

a3t

(4.24)
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— 2 08

0.6

Figure 4.1: Boltzmann %441 9] 48§ 1 ([Mahl8]of|A ©Hgh 1H Q] ppet 29| k Atolofl= pg = ko] T

7} Slet)
2. ARt AT f koA wave vectorZl g = (qx, 9y) S = IR BT} 85 9] linear stability & £AFSC.

fe(r,t) = frx+ fiq(H)e?” (4.25)

%(5fk,q) = M(q)u(df1q) (4.26)

M(q)i; = —(1—=P)o(1—Py) — % ((9x +1qy)0k 11 + (9x — igy)Oki—1) + 5 (Tt + Tip—i1) frp—1  (4.27)

ol .
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5 2 g FYY WA M(@)9] THAE FoAD, B3 ) FO U A THAF B 2412
th BE go A RE 1.479] A% shET} $40) GAH, FLG QAL PH S} Bk wrek, 4%
W) 4291 53} Shfel EAlghele, 7 elel ) 2% A 2ol

TR 4104 Az Aol B2 54T ¢ 2500 oo LRt AA S 7 B six = ol 7Y =<
o] & 259] wave vectork ¢ # 0910] 5]t [Mahs]. 470] Wah2 oA Ao] Uzt w

o] Bxs} BgUeS Umsln glrk. o JelolA Boltzmann WH4] (4.15)8 SA4RaH oz Sold o
72l band”} {135 = 21 4 Qv [Mahl8]. o]fe g2 ¢2+= Boltzmann W74 c 2 HE wA7 7|4
A (disordered phase), w3t HAALE] (flocking phase), Bw A3+ 5E4TE (bands phase)=

29 (41)2 AL Viesek @] 4G 17 (22) Abole] §AH7 Aol 4L Sl vhgie.

Jots 2

4.1.5 Hydrodynamic equation

Boltzmann W74 02 R APy 17 A2 EAS olsifou, ojdo] 422 H W AuUA|A ¢
2313 glo] AHlo] MAUZE olshalolh olgich. sl A e 9ol B0 BAE 1AL B B A
ZEAOIA A A 2 AAN (4 (423) 02 DIFERE fioy (r,1)0] 2717} DA 02 Fol Aolch. Egh
AOR 1 A9 WS el 018 Aol olel e s 6}04 A Fourier modes 7124
e (4R HE), k=1 2E (polarlization)qt H~7 =
FLofHAF [BDGOI]. fo = p, fi = p(px +ipy) D= AF715HA
2] (4.18)°]] k = 0,1,2F Yot hydrodynamic field p, p%}t leading correction termof|
TS| 2=}

E
<
o,
N
K
In
Al

<
Mo
off
iy
—rl
o,
>
flo
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o H

* particle density (k = 0)
oo+ > (fatfi)+ y(f—l—fl) =0 = dp+V - (pp)=0. (4.28)
* polarization (k = 1)

Ocf1 + %(fo + f2) + %(fo —f)=-A-P)fi+x(To+ Ti1)fofs + k(T2 + T1,-1) faf -1 + O(fik=3)
(4.29)

* nematic order parameter (k = 2)

Oy + 10
5tf2+ - J

fi=-(1-PR)fa+x <jzof2f0 + Jonfi + jzzfofz> + O(fik3) (4.30)

fr+= hydrodynamic fields .t} time scale©]| ZrotA @4 quasi-steady stateo]] -3l AThal 7 oHH 4] (4.30)0f A
OhFE 002 55 5 UL, HLE fot it = T 5 Ut o|FA A3 LB A (4.29)°f] tHYst A e]stH A=t
Mol L5 UE w = pp o] FH B LFRHAL DL 5 9k JAG Bo| LEWH AL F1EE (BDGOY]

o] 4] (27-32))0l14 FHelal| 2 sk, 714 S e ALE She G Awn
dw+y(w-V)w = {y(p) — {;’(p)'wz} w + additional terms (4.31)

H2 Mo g TARE -2 vector order parameterE Zt= A 9] Landau-Ginzburg ©]2o] 53 5t=
¢l Landau-Ginzburg ©]Z0] 4], reduced temperature &S Hol= pu ato] SolA =2 W a2t A=

disordered phase (w = 0)%} ordered phase (w # 0) Ato|of|A AHolE A=t €HPA ¢ Landau-Ginzburg

32



LR
o] Z3}0] zlo] -2 effective reduced temperature p7} local densityo] ¢]&3tth= Holt}. &,
_ p(?") —172/2_% N 1?2

ulp(r)) = 4K—p0 (e 3 (1 e ) : (4.32)
Azte] Wro] 2 a5o] AT p(r) > podl B p(r) < pod) Fele] Lhxl7) Fck W7} o}z ool
=y Zro] ¥4t Blof AREo] Aho g g urgko 2 2 o| 1 whaba] 917+ local density= T T EolAItt.
HhH o Hitf o] g Ao = p ghol &5 Hol YAtso] uftgolzs Aol FHo) S50 local density+= T
< o dopxtth YA} UIof o]E5t= effective reduced temperature”} Vicsek-type R o[ 4] LEFL;= bandso]]
9]3F microphase separation®] H|7IU& Y-S & 4 2t} Hydrodynamic equation®] tfgh zpA|sEaL AT A4S

[BDG09]-S 2} 11 5}2}.

4.2 Smoluchowski 244l

Bolzmann 20| coarse-grain® Vicsek-type W&o At Ao Agtst gt of, 4] (3.3)1 &2 A& A7 &
A4S 2= ABP 7|8F g o] g A2 Smoluchowski B A]o] A gtsltt. o] ®F¥-2 Langevin 595
02+ gA|A 9] 84S F 3 Dean?] o|F [Dea99]& ABP 2 dof A-86h= Zo|tt [GRBSG14]. thA]|A €]
SEYL oA SW6lA 94 molecular chaos 712 T 9ISHH, one-particle distribution functiono| FH=s}
+ Smoluchowski WA 4S FE & 4= I} Boltzmann 44| 7t2] ©2] Smoluchowski B 4]-2 multiplicative
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5.1 Beyond mean field theory

Boltzmann A4 7} Smoluchowski ¥4 4], 1231 I2HE FE%H hydrodynamic 44
chaosE 7}7g %t Bt Oliolﬁr- Hutd o= o2 Viesek-type oA TAst= FAA 714, wHAlS HA,
&0l EA= oh—ié &, 283 ZF AHioll A o] 42 olsie 4= vk AEE 1HENe] oty AR
HHdS AsiA 2= Flolde o] A FFo] dasirt.
A2 HojY= }i;—%}%—% WeshE 55 YA AR 2] FAAH(MIPS, motility-induced phase separation) ™= hydro-
g 5o @l A7HT Ak ARIAGNA olrhe 717-0hA] AR AL model B HF

>
il

S %= molecular

J = MV MV5‘P with F[¢] = {E(P + 4_14) + E|V4,|
Ao Aol A AUz E FREA] v Fe T2 EBF oles ez &Y - A



5 A

A& =°

J/M= -V Bi + A|V¢|2} +(VP9) Ve (5.2)
=2 35 o] 291 active model B+ (AMB+)7} @1th [TNC18]. 9] Alof A #2352 002 =2 Hd o]2tor
0-¢- S| 28 AR 2] JAAS Holtt Hd o] 22 HolAA A2 a7F % 112]% stochastic field theory
of et A7t Bagt AlF otk

Vicsek-type @ ABP 28 9] UH -8 rof sgdsts Sitgzth 0= &S (0 — 0 + ¢)oll tisf A2 o]t}
AL RS St EASG AT IS Ze s EAA S JIAFL o|2H o= ufg Fu|2L AFFA o]t
L HIGFHE] n = (cos §,sin 0) 2] WISFZI T 7} prlj o] A& ¢l gF
2
9:$, (520’1,...,19*1) (53)
© 2 A5 active p-state clock model-S 715 2} [CMR22, SCTT22]. Vicsek 2 8-& p = 03l Z3lof| dfjda}],
7V bt p = 291 2L active Ising model (AIM)] sjdgte} [ST13].
253 o] 2491 1S oA AIME flocking A 0]7} 7] 4- 4] AF7doleh 22 A4S hshit] 244
Q1 71015 gct [SCT15]. L=y, 241011 MEA aE Oﬂ%L A= ZH3 g2 A7 E Rt #ﬁglﬂ Z2] AlgHi7]el

HojZz 19l [BGR+23 WN24]. AIMJ oo 522 7itk a] 14E]OHEX}

x
ne
rlo
M

1. AIM] 52 = flocking /70l 9] Z|A1A — FE8 — AA| AFxdo] o] 22 A = At [SCT15].
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2. Droplet excitationo] AF7 A= F712] AAE 2= HAGH7T metastable Fefzt= Zlo] B H T
olz sl 71A-HA] o] o] 2] ZA7F ARtk [BGRT23].
3.

Motility-induced interface pinning (MIIP) dAto] A&7 HAE It MIPE 28] 22 Al7]17}F 22
A o] Aref 7} A AL} 7} o disordered pinned state”} Ttk [WN24].

4. o]R0] Zo] ohith.

e =
'{' o (1.0,6)0 512

\ lf 7
iy

=

L

Figure 5.1: Band, droplet, and MIIP in the AIM (Z}Z} [SCT15, BGR'23, WN24]o] A 2H-3).

5.3 Chirality

AEA 9 Tt a2 ot Al F A glo]l M= Y= A5t Q. Paenibacillus vortex Bl e 2]of F ek A 24|
o] AAE w2} 52+ edge currentE THE11 [LCST24], molecular motor assay©f| 2] %l microtubles¥} [SNST12]
HHE F2Aol=’5 ¢

Yel|2]o} Serratia marcescens-& AX A Q1 7] (O(1mm))2] vortex arrayS A5} [SNST12,
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XW24], 97} =2 E. coli= A2 252 57154 95 5= e [CLST17]. o] & A o|F &= YAES
chirality 5 231l QlojA], £ A& 2-8-0] Vicsek-type g H o} thefet o5 d A2 Heltt

Speed (ims”)

Figure 5.2: vortices in bacteria (Z}Z} [SNST12, CLS'17, XW24]of| A4 2H]).

Vortex array T &¥1-2 AH5}7] $13) Sumino 52 HA|Z <l chirality S Z 3t R A S A A5 T [SNST12]

r; = 0Ny

. 14
0, =w;+ —— E Sil’l(@j — 91')
; 54

w; = —%(Wi —wo) + &i(t)

Chirality S A4 02 E¢J7] w2 o] BYo| vortex array 1T HejFi 212 meke o] opjck. ¢l Xu
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o Wuk 159 4¢ A1HE th o] RYOR AAT 4 glrkn Hustgck

r; = Uopifing + /2D xi,
ko

éi = Wj + Z sm(0] — 61) + \/2D9§6,i
Ni(rol & (5.5)
w; = —ﬂ + 7kw Z (w] — wi) + sign(w[)e"“’f‘“’o =+ A/ ZDwa i(t)
T |[Ni(ro)] 7o) '

w — —w?| Aol FA| =1L FA|A Q] chirality S &= J5HA] %3kl vortex cello] A thH= A2 A28
O] w « —we] Aol AEH o 2 By & 9]5-2 o|n|dtr}. Chiral active 22| pattern formation2 SH|2-&

A77A|7} B Zloltt.

5.4 Multi-species system

o8 9| 55 A} B AL active matter A7) 2L AL AT Ytk A, B T FO02 o]Fod A4
A%} Aol o] EAY AT AL £4S 2x 28 [ YRR (2, = A, B).

* Chatterjee?t 35 ATA=E2 Jaa = Jpp > 0 ©]aL Jap = Jpa < 021

Sk ThE % QAlels v wreko 2 FEsts A9 ]
+ antiparallel flocking state®} parallel flocking stateE @FAJstH A =25 v Aol = A o2&
s|msl WA o 2 Tk A5G el

A9, 52 F QAL 528 e
=
=

° Jap # Jpall AF F F Ato]9] A5 242 nonreciprocal A& 2k O™ [FHLV21], £5] Jap x Jga < 0
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[3v]

Figure 5.3: Two-species Vicsek X & 2] antiparallel flocking and parallel flocking states (([CMW *23]o] 4] &H3]).
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5 0 25
gap(= —gpa)

-2

Figure 5.4: Non-reciprocal Vicsek model ( [KK24]of| 4] &)
| A, clustering 5 S0|=

© Qo] A7 £ £7]1 chiral AlE]

o] 7
Holth [MSAT23, MCNR24, KK24].
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