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1 Introduction

Collective motion has become an emerging topic in biology and statistical
physics and has a large potential for the applications in other fields, for ex-
ample, opinion dynamics in social science [19] and autonomous robotic net-
works in engineering [23]. Collective motion describes the systemic behavior
of a large group of animals, insects or bacteria. In a collective motion model,
the system has a large number of individuals, expressed as their locations
and velocities, (z;,u;), i = 1,..., N. The movement of each individual is af-
fected by the movements of other individuals in the system, mostly attractive
interactions. Most biologically realistic and mathematically interesting mod-
els suppose local attractive interactions, that is, any individual is affected
only by its neighbors within a limited range. In addition, a collective motion
model generally adds independent, internal or external randomness to the
individuals’ movements.

Two approaches are widely used to model collective motion: self-propelled
particle (SPP) models and coarse-grained (CG) models. In an SPP model
(also known as an individual-based model), the system is viewed as a large
number of coupled stochastic processes describing the evolutions of the in-
dividuals in the system. In an SPP model we can easily build an elaborated
interaction between an individual and its neighbors to match actual biolog-
ical observations. However, an SPP model consists of numerous nonlinear
equations and is difficult to analyze. To obtain the analytical tractability,
further simplifications are usually required [29,14]; otherwise the system be-
havior has to be verified by numerical simulations. On the other hand, a
CG model (also known as a macroscopic or mean-field model) assumes in-
finitely many individuals in the system and considers the evolution of the
distribution of the individuals. Most CG models in the literature lead to
hydrodynamic equations so that the system behavior can be analyzed. CG
models have some limitations. Although some CG models [3,4,18] are indeed
constructed from microscopic dynamics, it is generally difficult to relate the
models to actual individuals’ properties [1]. Another limitation of CG mod-
els is the lack of stochasticity. The hydrodynamic equations only describe
the deterministic evolution and cannot capture and analyze some important
stochastic events like transitions from one order state to another order state
observed for instance in [6].

In the recent years, there is a huge amount of literature concerning the
modeling of collective motion so we mention only a few papers guiding our
own work. Vicsek et al. [27] propose the scalar noise model that is currently
the most well-known SPP model. The Czir6k model [9] is a one-dimensional
model on a torus. It is a simplified version of the Vicsek model and is used to
describe the collective motion of locusts for instance (see [28,1] and references
therein). Buhl et al. [6] experimentally and numerically study the switching
of the alignments of locusts and find that the probability of switching is
exponentially decaying with the number of locusts. In [29,14] the authors
assume global and uniform interactions in the Czirék model and they derive
the nonlinear Fokker-Planck equations for the average velocity and consider
overall stochastic behavior. Some interesting features, like the existences of



leaders or predators are considered in [8] and [21], respectively. Other various
individual-based models related to the Czirék model are discussed in [20,
7,22,2], and [24,13,25,3,4,18,17,26] construct and analyze CG models of
collective motion.

One of the most important goals of the collective motion modeling is to
mathematically reproduce and analyze the ordering phenomenon where the
individuals show a coherence in their movements, such as swarms of locusts,
flocks of birds, or schools of fish. Such an ordering phenomenon is called an
order state of the system and there are generally multiple order states that
represent different directions and rotations. The counterpart of the order
states is the disorder state, where the system does not show such a pattern.
From the perspective of statistical physics, in this paper we address several
interesting questions that are also considered in many of the literature:

1. Existence and number of order states.

2. Quantities that control the phase transition between the disorder state
and the order states.

3. Transition probability from one order state to another order state.

Our contributions in this paper are the following. We interpret the Czirdk
model as an interacting particle system in the McKean-Vlasov framework [10,
11]. In this sense, we characterize the state of the system by the empirical
probability measure of the locations and velocities of all the individuals, and
as the number of individual goes to infinity, the random, empirical measure
converges to a deterministic, probability measure whose density is the solu-
tion of a nonlinear Fokker-Planck equation. Therefore, when the system is
large, we can consider the Fokker-Planck equation instead of all the indi-
viduals. In this way, we are also able to provide a clear connection between
the SPP model and the CG model. This procedure was proved to be very
efficient to study the stationary states and their stability properties in the
case of opinion dynamics models [15]. It turns out that it is still efficient
to address collective motion models, although the framework is different: In
the opinion dynamics model addressed in [15], the Fokker-Planck equation
is non-degenerate while it is degenerate in the collective motion model that
we addresse here, as the external noise affects only the velocities and not
the locations. As a result noise plays a very different role which strongly af-
fects the conditions for the existence and stability of the stationary states.
For instance, the noise has to be large enough to ensure the existence of the
non-trivial stationary states in the opinion dynamics model, while we will see
that the existence of the order states in the collective motion model does not
depend on the noise level and their stability depends in a complicated way
of the noise level. Noise has to be large enough to ensure the linear stability
of the order states, but large noise also triggers frequent transitions from one
order state to another one.

By analyzing the Fokker-Planck equation obtained in the Czirék model,
we find that the system may have one disorder state and two order states
(clockwise and counterclockwise rotations at constant velocity). We find the
necessary and sufficient condition for the existence of the order states. This
existence condition quantitatively describes the phase transition between the
disorder state and the order states. We then perform the linear stability



analysis to examine the stabilities of the order and disorder states, and we
find that the order states are stable when the external noises are sufficiently
strong. Such a phenomenon that the randomness of movement improves the
alignment of collective motion coincides with the observation in [29]. The
linear stability also requires that the interaction between the particles’ ve-
locities is neither too small, nor too strong. Finally, when the size of the
system is large but finite, the empirical measure is still stochastic and has a
small probability to transit from one order state to the other one. This small
probability can be described by the large deviation principle. It increases
with the noise level. It is exponentially decaying as a function of the number
of individuals; this fact is also observed in [6,29]. We confirm our analysis by
extensive numerical simulations.

The paper is organized as follows. The interacting particle model and
its mean-field limit is presented in section 2. The equilibria of the nonlinear
Fokker-Planck equation are analyzed in section 3. In section 4, the linearized
stability analysis of the nonlinear Fokker-Planck equation is performed. We
provide the fluctuation analysis and the large deviation principle in sections 5
and 6, respectively. In section 7, we verify our analytical findings by numer-
ical simulations. We briefly consider the nonsymmetric Czirék model with
normalized influence functions in section 8. We end with a brief summary
and conclusions in section 9.

2 Model and Mean Field Limit

We consider the Czirdk model, a system of N agents moving along the
torus [0, L]. The position x; and velocity u; of particle 4 satisfy the following
stochastic differential equations: for i = 1,..., N,

dx; = u;dt,
du; = [G((u);) — w] dt + odWi (1),

K2

(1)

where {W;(¢)}, are independent Brownian motions and (u), is a weighted
average of the velocities {u; }?’:1:

1 N
(), =~ > ublle; - i), 2)
j=1

with the weights depending on the distance (on the torus) between the po-
sition z; and the positions of the other agents. Here ¢(x) is a nonnegative
influence function normalized so that

1 L
7 ez =1 3)

and G(u) is an odd and smooth function. Note that there is no loss of gen-
erality in assuming (3) since we can always rescale G to ensure that this
condition is satisfied. As we will see in this paper the interesting configura-
tion is when v — u — G(u) derives from a double-well potential, with two



symmetric global minima and one saddle point at zero. For instance, we can
think at

G(u) = 2 tanh(u) (4)
and then u—G (u) derives from the double-well potential u?/2—2 log(cosh(u)),
or

G(u) = 2u —u? (5)
and then u — G(u) derives from the double-well potential u*/4 — u?/2.

We define the empirical probability measure:

(t d:L' du 25@ (t),u; (t))(d.% du) (6)
i=1

Let us assume that px (0, dz, du) converges to a deterministic measure p(z, u)dzdu
as N — oo. This happens in particular when the positions and velocities of

the agents at the inital time ¢ = 0 are independent and identically distributed
with the distribution with density p(z,u). Then, as N — oo, un(t,dz, du)
converges to the deterministic measure p(t,z,u)dxdu whose density is the
solution of the nonlinear Fokker-Planck equation

0 % 0 1 ,0?
6§:—Uag_8u{{ <//u¢|x| x—a u)dudm)—u} }+2 aip

(7)
starting from p(t = 0,2, u) = p(x, u). Note that the Fokker-Planck equation
(7) is degenerate because there is no diffusion in z. The convergence proof is
standard and can be found in [10,16].

3 Stationary Analysis for Order and Disorder States

We look for a stationary equilibrium, that is to say, a probability density
function stationary in time:

_ ((;)z_{{ <//U¢|w| (x—2a u)dudx)—u] }Jrlagp (;))

Proposition 1 The probability-density-valued solutions p(x,u) to (8) have
the following form:

(u—E)z)' )

pelan) = R, Few) = o exn (= Uy

They are uniform in space, Gaussian in velocity, and their mean velocity &
satisfies the compatibility condition:

§=G() (10)

There are, therefore, as many stationary equilibria as there are solutions to
the compatibility equation (10).



Proof Tt is straightforward to check that (9) is a solution of (8). Reciprocally,

let p be a solution of (8). After integrating (8) from u = —o0 to u = 400, we
obtain
—a/oou (x,u)du=0
8x oo p ) - )

which shows that | fooo up(x,u)du = /L is a constant independent of x. Then
Eq. (8) can be written as a linear equation

dp 0 1,8 _

Let F(u) = fOL p(z,u)dz. Then F(u) satisfies

0 1 ,0°F(u)
- 2166 —uPw) + 30 T <o, (12)
which shows that F'(u) is a Gaussian density function:
_ 1 1 2
Fu) = o (= 5= GE)). (13)

The condition & = L [ up(z, w)du requires that

= 11;/0L Edr = /OL /up(x,u)dudm = /uF(u)du =G(¢). (14)

To show that p(z,w) is uniform in z, we first note that p(x, u) is periodic in
x. We expand it as:

0 _ 1 L _
plac) = Y pula)e ¥ ) = [ plose ™ bdn, (15)
k=—oc0 0
From (11) and (10), py, satisfies
i2rk 0 1 ,9%0
_ e — - =0. 1
7w = 5ol —wp] + 5075 5 =0 (16)
We take a Fourier transform in u:
put) = [ prlwye . (1)
From (16), py satisfies the ordinary differential equation
27k aﬁk . 1 9 Q)A
(22T L. - . 18
(L +77> an (Z§n+2077 P (18)

This equation can be solved. Let k& < 0. For any n € (—oo, —27k/L) we have

-1z ( 0_2,'72 N 7.(.]{0.277>
ex —
p 4 I )




which goes to +oc asn ' —27k/ L if p(0) # 0. However |pi(n)| < [ |pr(uw)|du <

(1/L) [ fOL p(z,u)dzdu = 1/L is uniformly bounded, which imposes pg(0) =
0 and therefore pi(n) = 0 for any n € (—oo,—2mk/L). Similarly, for any
n € (—2nk/L, o) we have

L . o? 21ko? Atk
)] = [p(=amh/ D)1+ 7| e (= T+ T (0 T0) ),
which goes to +oo as n N\, —27k/L if pp(—4wk/L) # 0. The bounded-
ness of py imposes pr(—4nk/L) = 0 and therefore pr(n) = 0 for any n €
(—2mk/L,00). Moreover, py is continuous by the Riemann-Lebesgue lemma
and therefore pg(n) = 0 for any n € R and k < 0. Since p_r(—n) = pr(n), we
also find that pg(n) = 0 for any n € R and k& > 0. Therefore pp(u) = 0 for any
u € R and k # 0 and the stationary solution is equal to p(z,u) = po(u). O

When G is such that u—G(u) derives from a double-well potential, such as
the two examples (4) and (5), there are three ¢ satisfying the compatibility
condition (10): 0 and +&., with & > 0. The equilibrium pg(z,u) is the
disorder state and pi¢, (z,u) are the two order states of the locusts marching
on the torus, the clockwise and counterclockwise rotations. The existence
of the nonzero solution +£, and hence the stationary states pie,(z,u) is
independent of the value of the noise strength ¢. This observation is unusual
and in fact inconsistent with the conclusion in many models in statistical
physics and opinion dynamics [10,15]. We will see, however, that the noise
strength plays a crucial role in the stability of the stationary states.

4 Linear Stability Analysis

In this section, we assume that the compatibility condition (10) has solutions
and we use the linear stability analysis to study the stability of the stationary
states. Let & be such that G(§) = £ and consider

1
p(t»x»u) = pg(x,u) + p(l)(t,x, u) = ZFE(U) + p(l)(t,x,u), (19)

for small perturbation p(!). By linearizing the nonlinear Fokker-Planck equa-
tion (7) we find that p(!) satisfies

apH opH o
Zals i il (20

_l i ’ 1 (1) o ! 300 / 128210(1)
LG(S) {//uqﬁ(m)p (t,z — ', u")du'dx Fg(u)—l—QU R

Our goal is to clarify under which circumstances the linearized system is
stable.



4.1 Expressions of the linearized modes

The perturbation p(!) is periodic in . We expand it as:

1 [* ,
(1)(t x,u) Z pk (t,u)e —zkaw/L P](Cl)(t’u) — E/ p(l)(t,l’,u)eﬂ‘"kx/de.
0

k=—o0
(21)
The mode pg) satisfies
8pl(€1) 27k (1)_& [(5_ ) (1)} (22)
ot L Pr T oy 4Pk
(1) 1,0y
! ! ! ! /
~ @@ | [l | Fi + 502
where the discrete Fourier coefficients
1 r i2nkx/L
= [ olaherl (23)
0

are real-valued (because |L — x| = |z|) and bounded by one (because |¢g| <

fo (|z|)dx/L = 1). We note that the equations are uncoupled in k and
the system is linearly stable if all modes are stable. We then take a Fourier
transform in wu:

pr(t,m) :/ pg)(t,u)e_m"du. (24)
From (22), py, satisfies the following first-order partial differential equation:

+77>(;9 pr = (—%é“n— ~o’n )ﬁk +G’(£)¢k[ Pr(t, 0)}771*—’5,

(25)

gA n (27Tk
ot T\ L

starting from an initial condition that is assumed to satisfy

11250, )l + 112£(0, ) loo + 18751 (0, )]0 < 00

We say that the kth-order mode is stable if

bup{\lpk M+ 12x(E Moo + 105k (t, oo } < 00

By the method of characteristics, we can obtain the following implicit ex-
pression for py(¢,n) that is useful for the stability analysis:

Lemma 1 Let wi(t) = 0ppx(t,0). pr(t,n) has the following expression:
pr(to) = e 0, (0,¢7n = Dy(1 - 7)) (26)

t
+ G/(f)m/ eIy, (s) Hy (e_(t_s)n — Dy(1 - e—(t—s)))ds,
0



where Dy, = 2rk/L, He(n) = nFe(n) and
2

ge(tn) = "0+ D)’ (1= ¢ ) + (i€ = ”Di) (n + D)L =) (27)

. o?
n ( — €Dy, + ?Dk)t.

Proof The function pg(t,n) satisfies (25). We consider the mapping 7(t) =
noet —2rk/L so that n'(t) = n(t) + 2rk/L. By the method of characteristics,

Gntn(®) = (= ign = 30 ultn) + G (€6 51 pu(t.0) nFeCo)

Then by using the method of integrating factors, we have
pi(t,n(t) = e Jo 995y (0,9 — 27k/L)

t
. o .
FG(©an [ o[ 2Ly (5,0)| ) Feln(o))ds,
0 an
where g(t) = ién(t) + 30°n%(t). We note that fstg(w)dw = gr(t — s,n(t)),
where g, is defined by (27) and Dy, = 27k/L. By letting He(n) = nFe(n) and
wi(s) = Onpr(s,0), pr(t,n) can be written as (26). O

4.2 Stability of the Oth-order mode

In this section we find a necessary and sufficient condition for the stability
of the mode k = 0. For k =0, pél) satisfies

oy’ _ 0 M _ v 1D Nl | F L 20
b~ I Jie— ] - /upo (4, | FL(u) + 507 7L
(28)

We use the method of moments. We let m&)), méli denote the zeroth and

first moments of pél), respectively:

w0 = [ e, w0 = [l ot (@)
From (28), we get
0 0 1 1 1
@m(),()) =0, am((l,; = gm((),()) - m((],% + Gl(ﬁ)’”f},?

The first moment m((H is stable if and only if G'(§) < 1. More exactly, if

G'(&) = 1 then the first moment grows linearly in time. If G’(£) < 1 then the
first moment is bounded. Once mgg has been shown to bounded, then the
solution pél) of (28) can be seen as the solution of a linear parabolic equation
and it can be shown to be smooth and bounded as explained in the following
proposition.
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Proposition 2 The Oth-order mode is stable if and only if G'(§) < 1.

Proof We know that m( )( t) is uniformly bounded in ¢ if and only if G'(§) <
(1)

1. From (26) in Lemma 1 and noting that wo(t) = 9,p0(t,0) = —zmo (t),
we have the following expression for pg(t,n):

) ) ~ . 1 _
po(t,n) = po(0,me™") exp ( —ién(l—e") — 102772(1 —e 2t)) (30)
t
. . —s 1 —2s
~i [ Fotneymi(e = s)exp (= ign(1 - ) - JoP (- ) s
0
with Fy(n) = G'(€)nF:(n). We find that, for any ¢ > 1,
150 (t,m)] < 1900, )[loce™ 7 M (=67

1 —zS
+ Hmo ||oo/ |Fo(n exp(— ZJ (1 — e 2 ))ds

1

< (1600, ) Joce™ 57 (1 2>+||m(”\loo / [Fo(ne™)|ds
, 1
+ I oo |G (©)1 1 Felloc |n|e exp(—zanu—e ?))ds

< [1p0(0, ) loce™ 571 )+||m HOO/ [Fo(ne™)]ds
0
~ 152,201 g2
+ 1§ oo |G (€| Felloo mle™ 777" =),

Therefore, there exists a constant C' that depends only on G, £ and ¢ such
that

1p0(t, )1 + 1[o(t; ) e < C.

We can proceed in the same way after differentiating with respect to n the
expression (30) of pg to show that |0;00(t, )|/ is bounded uniformly in ¢.
O

Remark 1 When v — G(u) derives from a double-well potential, such as the
examples (4) and (5), then, as soon as there exist nonzero solutions &, to
the compatibility equation & = G(§), we have G'(£¢,) < 1. Therefore, from
Proposition 1 and Proposition 2, the existence of the order states p+¢, in (7)

is equivalent to the stability of the 0-th mode p( ) | n (28). In addition, the
condition that the equation £ = G(£) has the nonzero solutions +£, implies
G’(0) > 1, and therefore the disorder state pg is an unstable equilibrium to
the nonlinear Fokker-Planck equation (7) when the order states pi¢, exist.

4.3 Sufficient condition for the stability of the kth-order mode

In this section we find a sufficient condition for the stability of the kth-
order modes for k # 0. We show that all the nonzero modes are stable for
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sufficiently large o. From (26) in Lemma 1, w(t) = 0,px(¢,0) satisfies
wi(t) = (—8ngk(t, 0)px (0, Dk(e_t — 1))+ anﬁk(o, Dk(e_t - 1))€_t) e~ 9k(t,0)
t
+ G'(€) . / [ — Ongi(t — s, O)Hg(Dk(e*(tfs) —-1))
0

+ H{(Dy(e™ ) — 1))67(1&78)} e~ 9k (t=30) 4, (5)ds.

If we let
Bi(t) = Dip(1 —e™h), (31)
U(t) = (—0ngk(t,0)pr (0, —Br) + 0y pr (0, —Br)e ") e~ (:0), (32)
Ry (t) = G'(§)bn [—Ongn(t,0)He(—Bx) + Hi(—Bx)e™ ] 790 (33)

then wg(t) can be rewritten as

wi(t) = i (t) + /0 Ry (t — s)wg(s)ds. (34)

The strategy is to show that ¢, € L>(0,00) and that [ |Ry(t)|dt < 1, and
thus wy, € L]0, 00) by (34). Once it is known that wy, is uniformly bounded,
it is not difficult to show that the kth mode is stable by the inspection of the
formula (26).

Lemma 2 vy, defined by (32) belongs to L>[0,00).

Proof We have
a® —at ) 2 —t . o o
gx(t,0) = ZDk(l —e )+ (i€ —0°Dg)Dr(1 —e™") + (—ilDy + ?Dk)t

2
~ (—ifDy + %D,%)t, as t — oo,

2 2
Ok (t,0) = %Dk(1_e*2t)+(i§—02pk)(1_64) ~ (ig—%Dk), as t — 00.

Since px (0, -) and 0,px(0, -) are bounded we find that 1 (t) decays exponen-
tial in time as exp(—o?D3t/2), which gives the desired result. O

Lemma 3 Let Ry (t) be defined by (33). [;° |Re(t)|dt <1 if

3var 3¢ e”! )1. (35)

|Gl(€)¢k‘< 1+ + = 2
oDyl G |Dy| 1+ %D}

Proof We can show that Rj(t) € L'[0,00) because it is the product of a
bounded function with e=9+*9 which decays exponentially as ¢t — co. Note
that it is important that k # 0 and ¢ > 0 to ensure the decay. Recall that
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Dy, = 27k/L and B, = Dy(1 — e~ *). Then we can write gi(¢,0), 9,9x(t,0),
He¢(—Bk), and H¢(—f) in terms of Dy and f:

1 1 1
gr(t,0) = *102513 - §Usz5k + &Pk — 1§Dyt + 502Dﬁt7
1
Ongr(t,0) = 502(e*t — 1B +ic(1 —e™h),
~ . 1
He(=Br) = —Brle(—Pr) = —Br exp (1551@ - 1025@,
1Ay . 150 . P
He(—pBk) = (1 + &Pk 5 ﬁk) exp <Z€5k 1° 5k)~
Therefore,
1 , - . 1
0491, 0) He (~Bu)+e " HL(~B) = (—50° B +i€Bure ™) exp (i6h—10°67 )
and we can also write Ry(t) in terms of Dy and fSj:
Ry(t) = G'(§)pk [—Ongr(t,0)He (—Br) + e "Hy(—pBy)] e 910
1 2 2
= G'(€)on ( — 50% B+ i€hk + e*f) exp [%Dkﬁk €Dyt — %th].
The L'-norm of Ry, can be written as

> ’ <1 202 - —t o’ o’ 2
/ |Ri(t)|dt = |G (€)¢k|/ ’—50 B +ilPr+e”"| exp {?Dkﬂk—?Dkt} dt.
0 0

(36)
Because B = Dy(1 — e~ "), we use the following bounds for (36):
1 . _ o? _ _ _
|- 5o +igh+ et < TDH1— e 2 gDl — e et

CDA2 4 |¢]|Dilt+1, 0<t<1,
T\ %D} + €Dyl +e 1<t

o? o? o? _ 5 D
exp [?Dkﬁk—gDﬁt} = exp [7D§(l—e t—t)} < 2 2

We have the following estimates:

1 2 /
g o2 21,2 2T 2 |§| 1
— D32 Dyt 1) T D=1t gt < (1 \[ 7)7
/0(2 W+ €l Delt +1)e = 700,] -3

0, 2 o -1
| (DR 1D+ ) E P00 =1 A
1\ 2 Z|Dy| 1+ %D}

Then (35) is a sufficient condition to ensure that fooo | Ry (t)|dt < 1in (36).
O
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By the fact that |Dg| = 2x|k|/L is increasing in |k|, we can have a sim-
plified sufficient condition from (35).

Lemma 4 Let Ry (t) be defined by (33). [ |Re(t)|dt <1 if

—1
3vV2r 3| e !
G < |14 + 5+ - ) 37
(ol ( 5t 2t T (37

We can now show that the kth mode is stable for k # 0.

Proposition 3 Let k # 0. If the condition (35) or (37) is satisfied, then the
kth-order mode is stable.

Proof First we write pi(t,n) as the form (26). Because (35) or (37) is satisfied,
wg(t) € L*®[0,00) and thus we can show that ||pr(t, )1 + |4kt )]lec +
|00 px (¢, ) ||loo is uniformly bounded by the estimate similar to the proof of
Proposition 2. a

4.4 Sufficient condition for the instability of the kth-order mode

The linear stability analysis that we have presented reveals that the stability
of the k-th mode (k # 0) is determined by the behavior of the function wy
solution of (34). The k-th mode is stable if and only if the function wy is
bounded. We have shown that the condition fooo |Ri(t)|dt < 1 is a sufficient
condition for the stability of the k-th mode, which is not, however, necessary
as we will see in the numerical section. It is also possible to give a sufficient
condition for the instability of the k-th mode. This condition is that

Cr = {7 € C st Re(y) > 0 and / R(edr=1}  (39)
0
is non-empty. If this happens, then the Fourier-Laplace transform of wy:

W(y) = /000 wy(t)e "dt

must blow up when the complex frequency v goes to an element in Cy, so we
can conclude that |wg(t)| grows exponentially with the growth rate v,.(k) =
sup{Re(y), v € Ci}. If there exists a unique v(k) € Cj with Re(y(k)) =
~r(k), then we can predict that the k-th mode grows like exp(y(k)t). The
real part v,.(k) is the growth rate of the k-th mode, the imaginary part ~; (k)
describes the dynamical behavior of the unstable mode as follows.

The mode with the largest growth rate is the one that drives the insta-
bility. If we denote kpax = argmax; (v,(k)), then the instability has the form
(up to a multiplicative constant):

exp[—i(2mkmax®/L — Vi (kmax )t)] €xp[Vr (kmax )t]- (39)

For a fixed time, its spatial profile has the form of a periodic modulation with
the spatial period L/kmax. This modulation moves in time at the velocity
Yi(kmax) L/ (2mkmax) and grows exponentially in time with the rate v, (kmax)-
This shows that the initial uniform distribution of the positions is not stable
and that spatial clustering appears.
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4.5 Conclusion

If ¢ = G(&) and G'(§) < 1, then the Oth-order mode of the stationary state
pe is stable. If, additionally, |G’(£)¢x| < 1 for all k # 0, then the stability
of all the kth-order modes for k # 0 is ensured by Eq. (37) for a sufficiently
large 0. Under these conditions the stationary state p¢ is stable. When G
is such that v — G(u) derives from a double-well potential, such as the two
examples (4) and (5), this means that the order states

(uF 56)2

oo (- ) 6 =G >0,

T

1
pe, (T, u) = I

are stable equilibria to the nonlinear Fokker-Planck equation (7), while the
disorder state
1 2

polw,u) = m% exp (~25) (40)

is an unstable equilibrium. This shows that the noise strength o improves
the stability of the order states pi¢, (x,u). Such a phenomenon that the
randomness of the movements establishes the alignment of collective motion
is also found in [29] both numerically and experimentally.

Note, however, an interesting phenomenon: if G’'(£§) < 1, then the Oth-
order mode is stable, but for some k # 0 the kth-order mode may be unstable.
This instability is very different from the instability that results from violat-
ing the condition G’(§) < 1, because it manifests itself in an instability in
the distribution of the positions of the particles which cannot stay uniform.
This situation happens when u — G(u) derives from a double-well potential
and the wells are very deep, as we will see later in the numerical section.
The prediction that the order states become unstable when the depths of
the wells are too deep seems counterintuitive and indeed this never happens
when the interaction is uniform ¢ = 1, but it happens when the interaction
is local.

5 Fluctuations Analysis

In this section, we consider the fluctuation analysis for the interacting sys-
tem of agents around the stationary state. Recall that py is the empirical
probability measure of the locations and velocities:

N
1
pn (t, de, du) = > 0as (1)) (e, ). (41)

=1

Here we consider a solution & to the compatibility equation £ = G(§) and we
assume that pn (0, dz, du) converges to the stationary state pg(z,u)dazdu in
(9) as N — oo. Therefore, un(t,dz,du) converges to pe(x,u)drdu for all ¢
as N — oo by (7). We define the fluctuation process around p¢(z, u)dzdu:

Xy (t,de, du) = VN[un(t, dz, du) — pe(z, u)dzdu),
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and study its dynamics as N — oo.
We define, for any test function f(z,u) and any measure X (dz,du) (in
the space of tempered Schwartz distributions):

(X, f)= /OL /_Z f(z,u) X (dz, du).

(N (t) NZf

First, at time 0, we assume that tho 1n1t1al positions and velocities of the
agents are independent and identically distributed with the distribution with
density p¢(x,u). This ensures that py (0, dz, du) converges to the stationary
state p¢(z, v)dedu, and also that X n(t = 0, dx, du) converges weakly as N —
oo to a Gaussian measure X (¢ = 0, dz, du) with mean zero and covariance

We have

E[<X(t = 0)7 f1><X(t = 0)7 f2>] = fl(x,u)fg(x, u)pg(x,u)dxdu

RZ
—/ fl(x,u)pg(x,u)da:du/ fo(z,u)pe(x, w)dzdu, (42)
R? RQ

for any test functions f; and fs.
Second, by Itd’s formula,

N

Ao £) = 5 S df (e, )

i=1

0 , 0
= <MN7U6Tf>dt + (pn, [G((pn (8, da’ du'), u' o (" — ) — ] %)dt
1 28 f of
+ (i 5 Yt + Zéwul (dz, du)dWi(t), 0 5.
By integration by parts, we can write
8
e =~ — DG (e (o, ) — ) — o
N
1 8 UN 8 1
+ 505 i —o nggamﬂﬁw%dmdwxw]
Therefore X satisfies
dXy = VNd[un(t,dz, du) — pe(x, w)dzdu]
— &XJ ﬁ 4 / ! /
= K dt = 5= { G 612’ — al). (8, da’ du))) = VN puy }
1 82X
2 (0(€) ~ upNpeldt + 30?2

2 Ou?

Y9
Z;%MMMWU
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that is to say

dXy = ag(N ——{[ ((w'(J2" — al), pn (b, da’, du'))) —u] X'} dt
+ TAVN[GE) ~ G0l — ), ot o’ )] pe s
+ %02 6;22]\] dt — odW™ (1), (43)

where W (t) is the measure-valued stochastic process

WN () = — /t L XN: 0 oy (d, du)dWi(s).
0 VN = Ou """

The measure-valued stochastic process W (¢) is such that, for any test func-
tion f(x,u),

= [ [ fmfigwdm)dwu
/fz () dWi(s).

It is a zero-mean martingale whose quadratic variation is, for any test func-
tions f and fs,

. ], = [+ Zafl ) (D) 22 5), i) s
/<88J;1 %fQ N(Svdxvdu»d‘s?

which converges to the deterministic process

0f10f>

N—oco
[<f1aWN>7<f27WN>]t — t< ou Ou

52 (e, u)dudu).

Consequently, as N — oo, WV converges to a Brownian field, and this implies
that Xy converges to an Ornstein-Uhlenbeck process, as explained in the
following proposition.

Proposition 4 Let py(t,dx,du) = %Zivzl Oy (#),us (1)) (dz, du) and & be
a solution to & = G(&). If un(0,dz,du) converges to the stationary state
pe(x,u)drdu as N — oo and X n (0, dz, du) converges to the Gaussian measure-
valued process X (0,dx,du) with mean zero and covariance (42), then as
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N — oo, Xn(t,dx,du) converges to the Gaussian measure-valued process
X (t,dx,du) satisfying

dX = — %th - E[(G(g) — w)X]dt (44)

—G(¢ ‘9p5 l/ / o2’ — ) X (¢, da’, du)

where We(t, z,u) is a space-time Gaussian random noise with mean zero and
covariance

Cov (/ / We(t, z,u) fi(x, v)dedu, /L /_Z Wg(t',x,u)fg(x,u)dacdu>

= min(t, ¢') / / Tf(x,u)pg(x,u)dxdu, (45)

for any test functions fi and fs.

1 9
2" Ou?

Proof We only provide a formal derivation of Proposition 4. The rigorous
proof is lengthy but standard. We first note that the solution Xy of (43)
is the solution of a martingale problem. To prove the existence, we need to
prove that the set {Xn}3_, solution of (43) is weakly compact and thus the
sequence {Xy, N =1,2,3,...} has limits. To prove the uniqueness, we need
to prove that the infinitesimal generator of X converges to the infinitesimal
generator of X as N — oo, and then the uniqueness of the limit is ensured by
the uniqueness to the solution of the martingale problem. Note that, because

G(&) = G((pedadu, v ¢(|2" — x]))),
we have
[G((un(t,da’, du'), v/ ¢(|2" — z))) — u] Xn N=2go [G(¢) —u] X
and

VNIG(E)~G({pn(t,da’, du'),u' (|2’ )] T25° G/ (€)(X (¢, da'du’), o' §(|a’ —z])),

when X weakly converges to X. For the details of a rigorous proof for such
a type, readers can see the classical work [10] by Dawson. O

The equation (44) for the fluctuation process X involves the same lin-
earized operator as in (20), which is not a surprise. So the linear stability
analysis carried out in the previous section can be invoked to claim that the
system (1) is linearly stable when the initial empirical distribution is initially
close to pg, where ¢ is such that G(§) =&, G'(§) < 1, |¢xG'(§)| < 1 for all
k # 0, and o is large enough. When G is such that u — G(u) derives from
a double-well potential, such as the two examples (4) and (5), this means
that the order states pi¢, are stable equilibria, in the sense that if the initial
empirical distribution is close to one of them, then the empirical distribution
will remain close to it, with small normal fluctuations, while the disorder
state pg is an unstable equilibrium, in the sense that if the initial empirical
distribution is close to it, then the empirical distribution will quickly move
away from it.
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6 Large Deviations Analysis

Here we assume that two order states p4¢, exist and are stable and that the
initial empirical measure py(t = 0, dz, du) converges to pe, . By the mean-
field theory, the empirical measure

N
1
FLN(tv dz, d’LL) = N z_; 5($i(t)7ui(t)) (d‘r’ du)a

converges to pg, (x,u)dzdu as N — oo and the stability analysis ensures that
pn(t,dr,du) is approximately pe, over the time interval [0,7]. However,
when N is large but finite, the empirical measure py is still stochastic and
there is a very small probability that, eventhough un =~ pe, at time t =
0, un = p_¢g, at time ¢ = T. Here we use the large deviation principle
(LDP) to formally write down the asymptotic probability of a transition
from one stable order state to the other one. The empirical measure py
satisfies the large deviation principle in the space of continuous probability-
measure-valued processes as the following: for a set A of paths of probability
measures p = (u(t,dx, du))co,r], we have

1
_522 I(p) < 1}\1[215101" N logP(un € A)

1
< limsup — log P(un € A) < — inf I(p),
N—o00 N nEA

where A and A are the interior and closure of A, respectively, with an ap-
propriate topology. The functional I is called the rate function:

dt,

I(p) = 952 sup

1 /T <%(taa) _LZ(t7.7.)u(tv'v')af>2
0 flau):(u(t,),(2L)2)0 (u(t, ), (31)2)

(46)
where L, is the differential operator associated to the Fokker-Planck equa-

tion:

* _ %_g / / ! ! ! / _ 12827”
Lhp= U B {(G(//u¢(|x|)u(m ' u')du'dx u | p +20 St

We are interested in the rare event A which corresponds to the transi-
tion from one order state p¢, (x,u)dzdu to the other one p_¢, (z, u)dzdu. We
therefore assume that the initial conditions correspond to independent agents
with the distribution pe, (x, u)drdu and we consider the event

A= {(M(t7dx7du))t€[O,T] : H/’L(Ta dx7du) - p_gc(x,u)dxduH < 6} ; (47)

for some small §, where || - || stands for the metric of the space.

Roughly speaking, for large but finite N, the probability of transitions
from one stable state to the other is an exponential function of N whose
exponential decay rate is governed by the rate function I:

P(uny € A) Mt exp (—N irelf4 I(M)> . (48)
m
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The transition probability (48) of the switching of the alignments of locusts
is experimentally and numerically observed in [6].

Remark 2 In this section we have only provided a formal large deviation
description, because the classical large deviation result [11] requires that the
noise must be non-degenerate. Therefore, the result of [11] can not be directly
applied to our model and we are not able to well define the space for our
case until the rigorous large deviation is proven. However, a rigorous large
deviation principle could be possibly constructed by the technique in [5].

7 Numerical Simulations

We use the numerical simulations to verify our theoretical analysis. The spa-
tial domain is the torus [0, L] = [0, 10], the influence function is

é(|z]) = 5 x Ijo,1. /101 (|2]),
which is such that fOL ¢(Jz])dx/L =1 and ¢y, = sinc(wk/5), and we let
_h+1 h o

G(u) 5 U ﬁu,

which is such that u — G(u) derives from the potential %uQ + ﬁu‘ﬂ that
is a double-well potential as soon as h > h. := 4. The parameter h allows
us to quantify the depths of the two wells of the double-well potential when
h > he.

We discretize the time domain: t, = nAt, n = 0,1,2,3,... and use the
Euler method to simulate (1):

n+1 n__.n
i —a = ui At

ult = [G((u)) — ul] At + e AW,

3

where {AW};,, are independent Gaussian random variables with mean 0
and variance At, and (u); is a weighted average of the velocities with respect
to ui':

W = 5 S wollar -t (49)

7.1 Existence of the Order States

From Proposition 1, the number of stationary states (7) is equal to the num-
ber of solutions ¢ for the compatibility condition (10). When h < h, = 4,
the function v — G(u) is increasing and 0 is the unique solution of the com-
patibility equation (10). When h > h., the function u — G(u) derives from a
double well-potential and there are three solutions 0, £&, to the compatibility
equation (10), with
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Fig. 1 The empirical average velocity 4" = & SN ul at each time step t, for
h =2,4,4.1, and 6. The critical value to have the nonzero equilibria is h. = 4. The
red and yellow thick dashed lines are the theoretical average velocities £, and —¢&e,
respectively. When h < h. (top figures), the empirical average velocity oscillates
around zero and when h > h. (bottom figures), it oscillates around either &. or

_ge-

We test the cases of h = 2, 4, 4.1, and 6 and show the empirical average
velocity @ = & S w? in Figure 1. The initial locations and velocities

{(29,uf)}N, are sampled from the distribution po(z, u)dzdu, the stationary
state in (9) with ¢ = 0. That is, {7}, are uniformly sampled over [0, L]
and {u?}Y | are sampled from the Gaussian distribution with mean 0 and
variance 02 /2. The parameters used for Figure 1 are At = 0.5, N = 100, and

o=35.

When h < h. = 4, the only solution of £ = G(€§) is £ = 0, and G'(0) =
(h+1)/5 < 1 which means that pg is stable. Indeed, we can see in Figure 1
that the empirical average velocity u™ is oscillating around zero.

When h > h,, the order states pie, exist. In addition, G'(&) = (13 —
2h)/5 < (13—2h.)/5 =1and G'(0) = (h+1)/5 > (h.+1)/5 = 1. Therefore,
po is an unstable state while pi¢  are stable states in the point of view of
their zeroth-order modes, and therefore, in the point of view of their average
velocities. Under these circumstances 4™ oscillates around either &, or —&,
as can be seen in Figure 1.
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Fig. 2 The Kolmogorov-Smirnov test for the null hypothesis that {27}, is uni-
formly distributed on [0, L] for each time step ¢,. We plot the empirical average

velocity " = & SNl (left), the p-value (center) and the counts of the null

hypothesis test with the significance level 0.05 (right) for ¢ = 5, 4.3, 1.5, and 1.2
(from top to bottom). When o > 1.2 we are not able to reject the null hypothesis
for most t,.

7.2 Linear Stability

Here we assume that h > h, = 4 so that there are three stationary states
po; p+¢,- Then we have G'(0) = (h+1)/5 > 1, G'(£&.) = (13 — 2h)/5 < 1,
and thus the Oth order mode of pg is unstable while the Oth-order modes of
p+¢, are stable. An immediate conclusion is that pg is an unstable state for
the nonlinear Fokker-Planck equation (7), and the empirical distribution of
{(z,u?)}, cannot stay close to the distribution pg.

The zeroth-order mode of p4¢_ is stable. However, the stabilities of p1¢,
requires that all the nonzeroth-order modes of pi¢, are also stable. From
Proposition 3, we know that, for |G’ (&.)dr| < 1 for all k # 0, that is to say,
for h < h¢ = 13/2 + 5/[2sinc(r/5)] ~ 9.2, and for a sufficiently large o,
all the nonzeroth-order modes are stable, and the conditions (35) and (37)
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Fig. 3 Same as in Figure 2. We test the cases o = 1.1, 1, 0.5 and 0.2 (from top to
bottom). When ¢ = 1.1, we are able to reject roughly half of the null hypotheses
and when o < 1, we are able to reject the null hypothesis for most t,.

suggest how to find the critical value of ¢ for the stability. We note that p¢,
and p_g, are symmetric and we only need to analyze pg, .

In order to analyze the impact of o to the stability of p¢, for fixed h,
we consider a sufficient condition slightly stricter than (35) so that we can
obtain the algebraic tractability:

3v2m 3| et
+ 2 2
olDil -~ IDi| - 5D}

G'(€e)onl < | 1+

where Dy, = 2nk/L. To satisty (50), h must be between 4 and 9.2 (so that
|G'(§)dr]| is less than one for all k& # 0) and o should be greater than the
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Fig. 4 The Kolmogorov-Smirnov test for the null hypothesis that {27}, is uni-
formly distributed on [0, L] for each time step ¢,. We plot the empirical average
velocity " = & SNl (left), the p-value (center) and the counts of the null

hypothesis test with the significance level 0.05 (right) for h = 7, 9.2, 12 and 13
(from top to bottom). When h < 13 we are not able to reject the null hypothesis
for the majority of ¢,.

critical value o:

_3Vam -\ 3VED 4G (6)ul = D616 1Di] +2e7)
77T 2ADA (G E)oe T = 1) o

By the fact that |¢r] — 0 and |Dy| — oo as |k| — oo, the condition (50)
becomes easier to satisfy for large |k|, and thus it is sufficient to find the
maximum over 0 < |k| < K for an appropriate K. In our case, if h = 6, then
0. = 4.3. We find from our simulations that p¢, is stable when ¢ > o, and
becomes unstable when o is small. We note that o. = 4.3 is derived from
the sufficient condition (50), which is not a necessary condition. Therefore,
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Fig. 5 Same as in Figure 4 for h = 14, 15, 16, and 17 (from top to bottom). When
h = 14, we are able to reject roughly half of the null hypotheses and when h > 15,
we are able to reject the null hypothesis for the majority of ¢,.

0 > 0. = 4.3 ensures the stability of pe, (z,u), but when o < o, = 4.3, it is
still possible that pe, (x,u) is stable.

To see the instability of pe,, it is not enough to see the empirical average

velocity u" = < Zfil ul', because the marginal distribution fOL pe. (x,u)dz,

which is the zeroth-order mode of p¢,, is always stable as soon as h > h..

Instead, we observe that if pe, is not a stable state then {(z7,u?)}Y, will
not follow the distribution pg,. In particular, {z7}¥; will not be umformly
distributed on [0, L], and then we can use the Kolmogorov—Smlrnov test to
quantify the instability of pe,. We use the Kolmogorov-Smirnov test to com-
pute the p-value and to perform the hypothesis testing. For each time step
tn, we will reject the null hypothesis that {z7}¥ , is uniformly distributed
on [0, L] if the p-value is lower than the significance level o = 0.05. For the
details of hypothesis testings and the Kolmogorov-Smirnov test, readers can
see [12], for example. With h = 6, we have o, = 4.3 in (51). We test the cases
o > 0., 0= 0. and o < o.. We compute the empirical average velocities
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u™ at each time step t,, the p-value from the Kolmogorov-Smirnov test at
each time step t,, and the counts of the null hypothesis tests. The initial
locations and velocities {(z9,u?)}Y ; are sampled from p¢,. The parameters
used for the simulations are At = 0.5, N = 1000 and h = 6. Here we use a
larger N to achieve a better performance of the Kolmogorov-Smirnov test.
From Figures 2 and 3, we find that when o > 1.2, we are not able to reject
the null hypothesis that {z7'}¥ , are uniformly distributed on [0, L] for most
t,. 0 = 1.1 is close to the critical case and roughly half of time we can reject
the null hypothesis with significance level 0.05. When o < 1, the p-value is
almost 0 and we are sure with a very high probability that {z?}}¥ are not
uniformly distributed on [0, L] and therefore p¢, is unstable in this case. Here
we see that 0. = 4.3 is obtained from a sufficient condition and is larger than
the actual critical value (o = 1.1) in our simulations.

To see the impact of h to the stability of pg,, for fixed o, we first observe
that if b € (he, hY) ~ (4,9.2), then |G'(€.)¢r| < 1 for all k # 0 and the
sufficient conditions (35) or (37) for stability are satisfied if o is large enough.
We therefore use the Kolmogorov-Smirnov test to perform the hypothesis
testing that {#7}}¥, is uniformly distributed on [0, L] for h < h®, h = h®
and h > h®. In Figures 4 and 5, we see that when h < 13, we cannot reject
the null hypothesis that {z?}}, are uniformly distributed on [0, L] for the
majority of t,, when h = 14 we can reject the null hypothesis for roughly
one half of {z'}Y¥,, and when h > 15, we can reject the null hypothesis for
the majority of {z7}¥ ;. When h > 17, the empirical average 4" begins to
frequently switch between &, and —&. so that the results cannot be used to
compare. This illustrates out theoretical finding that the order states become
unstable when the depths of the wells become too large. We can see that the
theoretical threshold value h® = 9.2 has been obtained from a sufficient
condition for stability and is smaller than the critical value (h ~ 14) in our
simulations.

Finally, we study the sufficient condition for instability studied in Sub-
section 4.4. This allows us to clarify the instability mechanism: the average
velocity of the particles is stable, but the uniform distribution of the positions
of the particles is not stable and a modulation grows that gives rise to one
(or several) cluster. If h = 6, then the theory in Subsection 4.4 predicts that
the sufficient condition for the instability of the system is that o should be
smaller than 0.8 and that the most unstable mode is the first one k. = 1.
Note that Figure 3 indeed shows that the uniform distribution of the posi-
tions is not stable when o is smaller than 1. Figure 6 plots the predicted
growth rate 7, (1) of the first mode and the coefficient ;(1). For ¢ = 0.5 for
instance, the formula predicts that the growth rate is 0.07, the spatial period
of the modulation is L = 10, which means that there should be one growing
moving cluster. The apparent velocity for the cluster is predicted to be ap-
proximately equal to 2.15x 10/(27) ~ 3.4 by (39), which is close to, although
slightly larger than, the average velocity of the particles & = 2.9. There is
no contradiction as the apparent velocity of the cluster can be interpreted
as a “phase velocity” while the average velocity of the particles can be inter-
preted as a “group velocity”. The growth of the first mode giving rise to the
moving cluster can be observed in the simulations (see Figure 7). Moreover,
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Fig. 6 The real and imaginary parts of the complex growth rate of the first mode
(the most unstable mode) as a function of 0. Here ¢(|z|) =5 x 19,1)(|z]), L = 10,
h =6.
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Fig. 7 The empirical average velocity (left), the trajectories of the particles for
t € [0,100] (center) and for ¢ € [80, 100] (right). Here ¢(|z|) = 5x 1(0,1)(|z|), L = 10,
N =100, h =6, 0 =0.5.

we can see in the right picture of Figure 7 that the particles in the tail of
the moving cluster are transfered to the front of the "next” cluster (which is
the same one, by periodicity), which indeed allows the cluster to apparently
move faster than the average velocity of the particles: in the simulations, the
average velocity of the particles is about 2.8, while the velocity of the cluster
is about 3.6, very close to the predicted value.

7.3 Large Deviations

In this subsection we assume that the conditions are fulfilled so that pg, and
p—¢, exist and are stable. We consider the transition probability from one
stable state to the other:

P(un € A) N2t exp (—N inf I(u)) ,
HEA

where the rare event A is the set (47) of all possible transitions from pe, at
t=0to p_¢, at t =T, and the rate function I is defined in (46).

In Figures 8, 9 and 10, we qualitatively examine the effects of N, h and
o to the transition probability P(uny € A) by checking the frequencies of
transitions of the empirical average velocity a"™ = % ZZV:I u;’ between the
two stable order states pi¢ . In Figure 8, we can observe that the system
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Fig. 8 The empirical average velocity a" = % Zf\’: L u; at each time step ¢, for
N = 80, 100, 120 and 140. The frequencies of the transitions between the two stable
order states decay when N increases. The system has less transitions with a higher
number of agents.

has less transitions as N becomes larger. In other words, the probability of
transition P(uy € A) becomes smaller as N becomes larger; this is consistent
with the fact that the large deviation principle predicts that P(un € A) is an
exponential decay function of N. In Figure 9, we can observe that the system
experiences more transitions as o becomes larger. Therefore, P(uy € A)
becomes larger as ¢ becomes larger and this is confirmed by the fact that
the rate function is approximately proportional to 1/02 (note, however, that
o is in the operator £*). In Figure 10, we find a non-trivial behavior. The
probability of transition first decreases as h increases and then increases
again. This shows that the rate function I is not a monotone function of h.
We note that the critical value o, defined by (51), which is related to the
linear stability of the system, is also a non-monotone function of h.

8 The Nonsymmetric Case

Let us briefly revisit the previous analysis when the average velocity has the
form

1 N .
= > cuid(|lr; — x;]), if N; >0,
(= {év, Tl ol =), N> 0 62
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Fig. 9 The empirical average velocity a" = % Zf\’: L u; at each time step ¢, for
o =3,4,5, and 6. The frequencies of the transitions between the two stable order
states increases when o increases. The system has more transitions with a higher
0.

where NV, is the weighted number of agents in the neighborhood of the ith

agent:
N

Ny =Y |y — ). (53)
j=1

If un (0, dx, du) converges to a deterministic measure p(z, u)drdu, then py (¢, dz, du)

converges to the deterministic measure p(t, 2, u)dxdu whose density is the so-
lution of the nonlinear Fokker-Planck equation

@ 6p 0 [( (ffu’gb (|='])p x—x/,u’)du/dx/>_ ) ]_’_10@

ot~ "ox ou [ o(|2')p(t, z — o', w')du' dz’ ou?’
(54)

starting from p(t = 0,2, u) = p(x, u).
The nonlinear Fokker-Planck equation (54) has stationary states that we
describe in the following proposition.

Proposition 5 Let = be the set of solutions of the compatibility condition
equation

§£=G(&). (55)
For any € € =, the state

pg(x,u)zipg(u), Fe(u) = \/%exp <—@> (56)
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Fig. 10 The empirical average velocity 4" = + SN ul at each time step t,, for
h = 6, 8, 10, and 12. The frequencies of the transitions between the two stable
order states first decays and then increases with h. There is an optimal well depth
to enhance stability in a bistable situation.

is a stationary solution of (54).

Note, however, that we could not prove that any stationary state is of the
form (56). It is possible to prove that any stationary state that is uniform
in space is of the form (56), but we could not prove that a stationary state
must be uniform in space.

The linear stability analysis of the stationary states listed in Proposition
5 follows the same lines as in the symmetric case (2). Let £ € = and consider

1
Pt 2, u) = pela,u) + pV(t 2,u) = L Fe(w) + p V(L 2,0), (57)

for small perturbation p(*). We linearize the nonlinear Fokker-Planck equa-
tion (54)

(1) (1)
W7 2D (e uy] (55)

ot "oz  ou
1 ,0%pW

£ 10 [ €= wiste st ot trawas | Pt + 50250
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The perturbation p(") is periodic in z and can be expanded as (21). The

Fourier coefficients [),(fl) satisfy uncoupled equations

(9,021) _2rk 0 1)
o =T~ g L€l
1 82 (1)
@0 | [l6 - | Few + 50 Tl (o)

The necessary and sufficient condition for the linear stability of the Oth order
mode is

G'(€) < L. (60)

The sufficient condition for the linear stability of the other modes is that
|G'(&)¢pr| < 1 for all k& # 0 and the noise level o should be larger than a
threshold value o., which is, however different from the threshold value of
the symmetric case (1-2).

9 Conclusion

We have analyzed the Czirok model for the collective motion of locusts.
The mean-field theory is used to obtain a nonlinear Fokker-Planck equation
as the number of agents tends to infinity. We analyze the phase transition
between the disorder and order states by the existence condition for the order
states. We then perform the linear stability analysis on the stationary states,
and prove that the order states are stable for a sufficiently large noise level
and when the interaction between the velocities of the particles is neither
too small nor too strong. We provide the formal result of the fluctuation
analysis and the large deviations principle. For a large but finite system we
calculate the asymptotic, exponentially small transition probability from one
order state to the other, which is known experimentally and numerically. Our
analytical findings are verified by the extensive numerically simulations and
are found in agreement with the experimental observations.
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