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From individual to collective behaviour of coupled velocity
jump processes: a locust example

Radek Erban! Jan Haskovec?

Abstract. A class of stochastic individual-based models, written in terms of coupled velocity jump
processes, is presented and analysed. This modelling approach incorporates recent experimental findings
on behaviour of locusts. It exhibits nontrivial dynamics with a “phase change” behaviour and recovers
the observed group directional switching. Estimates of the expected switching times, in terms of number
of individuals and values of the model coefficients, are obtained using the corresponding Fokker-Planck
equation. In the limit of large populations, a system of two kinetic equations with nonlocal and nonlinear
right hand side is derived and analyzed. The existence of its solutions is proven and the system’s long-time
behaviour is investigated. Finally, a first step towards the mean field limit of topological interactions is
made by studying the effect of shrinking the interaction radius in the individual-based model when the
number of individuals grows.

Key words: Collective behaviour, Stochastic individual-based model, Density-dependent directional
switching, Kinetic equation.

1 Introduction

Individual-based behaviour in biology can be often modelled as a velocity jump process [20]. Here, the
velocity of an individual is subject to sudden changes (“jumps”) at random instants. If the velocity changes
are completely random, this process simply leads to diffusive spreading of individuals in an appropriate
limit [18]. The situation becomes more complicated whenever the velocity changes are biased according to
an individual’s environment. A classical example is bacterial chemotaxis [8]. Individual bacteria change
their frequency of velocity changes according to their environment. If they swim in a favourable direction
(e.g. towards a nutrient source), they are less likely to change their direction. On the other hand, they
are more likely to turn if they are heading away from a foodstuff [9].

In this paper, we modify the velocity jump methodology to model the behaviour of locusts. Our model
is motivated by the recent experiments of Buhl et al [2]. They studied an experimental setting, in which
locust nymphs marched in a ring-shaped arena. The collective behaviour depended strongly on locust
density. At low densities, there was a low incidence of alignment among individuals. Intermediate densities
were characterized by long periods of collective motion in one direction along the arena interrupted by
rapid changes of group direction. If the density of locusts was further increased, the group quickly adopted
a common and persistent rotational direction. Yates et al [24] analysed experimental data of Buhl et al [2]
and proposed that the frequency of random changes in the direction of an individual increases when the
individual looses the alignment with the rest of the group. In this paper, we incorporate this observation
into a stochastic individual-based model formulated as a velocity jump process. We show that this model,
although phenomenologically very simple, has the same predictive power as other modelling approaches
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previously used in this area [7, 2. In particular, it exhibits (i) a rapid transition from disordered movement
of individuals to highly aligned collective motion as the size of the group grows, and (ii) sudden and rapid
switching of the group direction, with frequency decreasing as group size increases.

The individual-based model is introduced in Section 2. The ring-shaped arena, used in Buhl’s experi-
ments [2], is modelled as one-dimensional interval with periodic boundary conditions. Locusts march with
a constant speed and each individual switches its direction randomly. The individual switching frequency
increases in response to a loss of alignment. In Section 3, the corresponding Fokker-Planck equation is
derived for the system with global interactions and possible types of qualitative behaviour of the system
are classified. For the case of ordered group motion, where two distinct metastable states exist, an ap-
proximate analytic formula for the mean switching time between these two states is derived. Then, in
Section 4, the kinetic formulation of the model is obtained in the limit as the number of locusts tends to
infinity. The existence of solutions of the kinetic model is shown in Section 5 and the long time behaviour
is investigated in Section 6. We conclude with analysis of the dependence of collective behaviour on the
size of the interaction radius of the individuals in Section 7.

2 Individual based model

We consider a group of N agents (locusts) with time-dependent positions z;(¢) and velocities v;(t), i =
1,...,N. To mimic the ring-shaped arena set-up of [2], we assume that the agents move along a one-
dimensional circle, which we identify with the interval Q = [0, 1) with periodic boundary conditions, and
move either to the right or to the left with the same unit speed, i.e.

xi(t) € Q, v; € {—1,1} and (ii? (t) = vi(t). (2.1)

We define the local average velocity of the ensemble, seen by the i-th agent, as

N
éoc _ Zmzl w(|xl - CEm|)Um , (22)

S w(|zi — z)

where w is a weight function defined on 2 with the properties:

[A1] w is bounded and nonnegative on (2,
[A2] w(0) > 0.

For example, w(s) = X[0,0](5), Where X[o4] is the characteristic function of the interval [0,0] and o > 0
is a interaction radius, satisfies conditions [A1l] and [A2]. This is a common choice of w in biological
applications [7, 24]. It is worth noting that, due to the assumption [A2], the definition (2.2) always makes
sense and ul¢ € [~1,1].

The agents switch their velocities to the opposite direction (i.e., from v; = 1 to v; = —1 and vice
versa) based on /N independent Poisson processes with the rates

Yi =30+ b&(w; —ul®),  i=1,...,N,

where 79 > 0 and b > 0 are fixed parameters and the “response to disalignment” function £ : [-2,2] —
[0, 00) is assumed to be convex, differentiable and symmetric with respect to the origin. Taking the Taylor
expansion of £(s) around s = 0, we obtain

£(s) = ap + ans® + O(s%).
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Figure 1: An example of the transition to ordered motion as N grows. We use (2.1)—(2.4) with b = 1,
Y0 = 0.2 and w = X[0,0.9]- Shown are the normalized histograms of the group mean velocities u = % Zfil v;
recorded in 10° time steps of length 1072, with N = 5 (left panel), N = 7 (middle panel) and N = 12
individuals (right panel). The system does not prefer any particular state for N = 5. Two quasi-stable
states of ordered collective motion are easily recognizable for N = 12.

We can set ap = 0 without loss of generality, because it can be absorbed in vg. Since the individuals
switch their velocities less frequently when they are aligned ([24]), £(s) has a global minimum at s = 0.
This implies that g > 0. If as > 0, we can set as = 1 by choosing an appropriate time scale. Therefore,
£(s) has the general form s? + O(s®). For the rest of the paper, we choose the form &(s) = s? for
simplicity. Other choices are certainly possible, for example, in the limiting case ag = 0 the leading order
approximation is given by a higher order term, which, however, complicates the analysis. However, it is
worth noting that the derivation of the kinetic equation performed in Section 4 is possible, for example,
also for £(s) = |s|", n > 3.

With £(s) = s2, the turning rate “from the right to the left”, v#~% and the rate for the opposite

turn, YL, are given by
%.R—’L = v+b(l- uﬁ-oc)2 for the switch from v; =1 to v; = —1, (2.3)
%.LHR = y+b(1+ uéoc)2 for the switch from v; = -1 tov; = 1. (2.4)

This velocity jump process describes the tendency of the individuals to align their velocities to the
average velocity of their neighbors. Despite its relative simplicity, the model provides similar predictions
as the Vicsek and Czirék model [7] and its modification [24] and is in qualitative agreement with the
experimental observations made in [2]: the transition to ordered motion as N grows (Figure 1) and the
density-dependent switching behaviour between the ordered states (Figure 2, bottom).
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Figure 2: An example of the behaviour of the model (2.1)—~(2.4) with global interactions (w =1): the large
noise case (top) with N =20, b =1 and 9 = 1.3 and small noise case (bottom) with N =20, b =1 and
vo = 0.3. Left are the histograms of the group mean velocities u recorded in 10° time steps of length 1072,
compared to the plot of the (properly scaled) stationary solution ps of the corresponding Fokker-Planck
equation (solid line). Right are the plots of the temporal evolution of the group mean velocity u during
5 x 10* timesteps. In the small noise case, one can clearly distinguish the two quasi-stationary states and
observe the switching between them.



3 Analysis of the individual based model with global interactions

In this section, we simplify the individual-based model by assuming w = 1 in (2.2), i.e. ul° = u for all
i=1,...,N, where
N
1 2r(t) — N
u(t) = Zlvi(t) == (3.1)
P

where r(t) is the number of individuals which are going to the right at time ¢. Using this simplification,
we will obtain an explicit formula for the mean switching time between the ordered states. However,
for the derivation of the kinetic decription and its analysis (Section 4), we will allow general weights w,
imposing only the assumption [A1l] and a slightly reinforced version of [A2].

Let p(r,t) be the probability that r individuals move to the right (i.e., with velocity 1) at time ¢ > 0.
It satisfies the master equation

0
Ep(r, t) = (r+ D)% Lplr+1,t) — B Ep(r,t)
+ (N =7+ )y p(r = 1,8) = (N —r)y" " Fip(r,t) (3.2)
L—R

where v~ and v are given by (2.3) and (2.4), respectively. The subscript ¢ in (2.3)—(2.4) is dropped
in (3.2) because all individuals have the same turning rates. Using the system size expansion [23] and the
definition (3.1) of the average velocity u(t), we obtain the following Fokker-Planck equation

op(u,t) 0 9 9% (2 9

UL~ 2 (u o — b1~ )] p 1)) + 55 (= o+ =] pwst)) , (33)

where p(u, t) is the probability distribution function of the average velocity (3.1) at time ¢. The stationary
solution ps of (3.3) is

ps(u) = Cexp[-Py(u)] (3.4)
where C' is the normalization constant and the potential @ is given by
N N
Dy (u) = _EUQ + (1 - VOT> In (7 + b(1 — u?)) . (3.5)

The comparision of the stationary probability distribution function ps with the results obtained by long-
time simulation of the stochastic individual-based model is shown in Figure 2. Differentiating (3.5) twice,

we obtain
t Bi0) = <<70 ) (b %>2> (3.6

Consequently, we distinguish the following two cases:

2
(1) Large noise: If 70 >1+ N then @y has the global minimum at v = 0.

b

2
(2) Small noise: If % <1+ N then ®x has a local maximum at uw = 0. The only local and global

minima are at + ug where



It is worth noting that us > 1 if N is small, namely for N < 2b/~y. This is a consequence of approximations
made during the derivation of the Fokker-Planck equation (3.3).

In the large noise case, the system prefers the disordered state w = 0, while, in the small noise case,
the system has two preferred ordered states +us where it spends most of the time and eventually switches
between them (see Figure 2, bottom panel).

Using Kramers theory [15, 13], the mean switching time 7y between the states —us and ug can be
approximated as

N7 exp(Pn(0) — Py (—us))
Yo+b /= (0)F (—us)

which has an exponential asymptotic with respect to large N given by

TN (—us — ug) ~ 27 0 expq N b_%—ﬁln %0
° b=\ 2(y0 +b) 2 b Yo+ b '

This is in agreement with the experimental observations, [2], as well as with the modified Czirok-Vicsek
model of [24], where the mean switching time is as well exponential in N. Finally, it is interesting to note
that with the transform b = yob in (3.7), one has

(3.7)

TN(_us = us) ~

7(N,70,b) = %7(N,b),

i.e., if b/vo is kept fixed, the mean switching time scales linearly with ~g.

In the numerical experiment shown in Figure 2 bottom (small noise case with vy = 0.3, b = 1 and
N = 20 agents), we have two metastable states located approximately at us = 4+0.894. The estimate
mean turning time given by formula (3.7) is 7y (—us — us) = 61.1. Performing 10° time steps of length
1072, the observed mean switching time (defined as a mean transition time between the states v = —0.8
and v = 0.8 or vice versa) was 58.8, showing a very good agreement.

4 Kinetic description

In this section we derive the kinetic description of the system of N interacting agents and formally pass
to the limit N — oo to obtain the corresponding kinetic equation. For this, we have to accept a slight
reinforcement of the assumption [A2] on w, namely,

[A2’] w > 0 on the interval [0,r) for some r > 0.

The state of the system of N agents at time ¢ > 0 is described by the probability density function
pN(t,x1,v1,...,2n,vy) of finding the i-th agent in position x; € Q with velocity v; € {—1,1}, for i =
1,...,N. When convenient, we will use the abbreviation p = p™(t,x,v), with x = (z1,...,2y) € QY
and v = (vy,...,vy) € {£1}". The probability density p(t,x,v) evolves according to

O+ D v = L + 6", (1.1
1 7

where L[pY] (resp. G[p"]) is the loss (resp. gain) term corresponding to the velocity jumps. Using
(2.3)—(2.4), the rate of the switch v; — —wv; is for ¢ € {1,..., N} given by

vi(X,v) =70 +0b (vi — ulx;; %, V])2 )



where u[z;;x,v] = ul is defined by (2.2), i.e. u[z;;x,v] is the local average velocity seen by an agent
located at z; € €2, based on the system configuration [x,v]. Consequently, the loss term is given by

LpMN(t,x,v) Z% x,v)p (t,x,v). (4.2)

We define the operator M; : {£1}* — {*1}F for k € {1,...,N} and i € {1,...,k} by
MZ(V) = (vl,...,vi,l,—vi,vi,l,...,vk), (43)

i.e. M;(v) denotes the velocity vector created from v by changing the sign of its i-th component. Then
the gain term G[p™V](t,x,Vv) is given by

N
GlpN(tx,v) =Y vil(x, Mi(v) p™ (t,x, Mi(v)), (4.4)
i=1
where

i3, Mi(v)) = 70 + b (= v; — ulzi;x, Mi(v)])°.

Consequently, the right hand side of (4.1) is
N
(g - ‘C) [pN] (Xa V) = (ZPN(X’ MZ(V)) - NpN(Xa V)) (45)

+ bZ( = vy =l x, M) 9N (6 M (v) = (v = ulix, v])  V (x,v))

where we dropped the dependance on time t to simplify the notation. Finally, we postulate the so-called
indistinguishability-of-particles: We only consider solutions p~ that are indifferent to permutations of their
(x4, v;)-arguments. Such solutions are admissible, since the equation (4.1) with the collision operator (4.5)
is as well indifferent with respect to interchange of the (x;, v;)-pairs.

4.1 Derivation of the BBGKY hierarchy

To derive an analogue of what is called the BBGKY hierarchy in the classical kinetic theory of gases (see,

for instance, [6]), we define, for k = 1,..., N, the k-agent marginals
PV (xR VR = Z / PN (xF %, vF ¥) dx, xF e QF  vF e {x1}F. (4.6)
ve{r1n-k /9 "

In what follows, the coordinates of x* and X will be denoted as

xk = (af, 2k, ... 2f), X = (T1,Z2,. -

7xN—k) )



that is, x = (x*,x) = (af,25,... ,$£,Tl,52, ..., Tn_g). The same notational convention is used for

velocities, i.e., v = (V¥ %) = (vF, 05, ... ,v,’j,m,@, ...,On—k). Note that, due to the indistinguishability-
of-particles, the marginals are well defined and indifferent with respect to permutations of the pairs of

arguments (x;,v;), i = 1,..., k. Integrating (4.1), we obtain

k
2IUJV’If()ck,v"“) +izlviaixip]v’k(xk,vk) = Z / s (G — L))", %, vF,v)dx. (4.7)

ot
ve{1}N-k

Substituting (4.5) into the right-hand side of (4.7), we get

Z / (G — L)pN](x*, %, vF, ¥) dx

ve{:1}N-k
k
= 50 YV, Mi(vF)) — pYE(E V)
i=1
+ b Z / Z —; —uuvhxlC X, M;(v ),V])2pN(xk,§,Mi(vk),V)
ve{+1}N-k
(vk — ufz;; xF, X,V ,v]) pN(xk,i,vk,v)}
k
= (0 +b) Y (VN M(vF) = pMr (V)
=1
DN Z a5 M (). ] 5 5 M (99),9)
ve{:1}N-k

+ ufzi; xF %, vF V] pN (%P, v v)) dx

k
o Z /QN kZ< x“x X, Mi(v )’V])2PN(Xk’§7Mi(Vk)=V)

ve{+1}N—k i=1

- (u[mi;xk,i, vk,V])ZpN(xk X, vF v)) dx. (4.8)

Since we are interested in the limit N — oo with & fixed, we can rewrite the definition (2.2) as follows

ulzi xF, %, V0] = fon:l w(|zh, — ail)op, +Zm 1w(’$m — Zi|)Um
S wleh, = wil) + 2 w([Tm — i)
_ k
= uflz;X,V]+ 0O (ﬁ) , (4.9)

where we define

N—k — 7
ul[z; X, v] = 2 =1 W([Tm — 2[)Um for z € Q.

>t w([ T — 2)




Substituting (4.9) in (4.8) and (4.7), we obtain the BBGKY hierarchy

k k
%pN,k(Xk7vk) n Zviaipzv,k(xk’vk) = (70 +b) Z (pN,k<Xk’Mi(Vk)> _pN,k<Xk7Vk>)
i=1 ¢ i=1
k
+ 2b vf gV (s xF, M (V) ) 4+ VP (2 xE, VP (4.10)
>t (4 () 0 (s 2 v4) )
r k
+ b; (’I“N’k (xi; xk,Mi(vk)> — TN’k<xi; Xk,Vk>) + O (N) ,
where
qN’k(z; xk,vk) = Z / ulz; X, V] pN(xk X, vF v) dx. (4.11)
ve{+1}N-k
and
Pk (z; xk,vk) = Z / u[z; X, v)2 p (xk,i, vk,V) dx. (4.12)
ve{£1}N -k Q-+

4.2 Passage to the limit N — oo

The usual procedure of deriving the mean field equation is to write the BBGKY hierarchy (4.10) in terms
of p™'* and pass to the limit N — oo to obtain the so-called Boltzmann hierarchy for pF := limy_ o p™'*
[22]. Then, one shows that the Boltzmann hierarchy admits solutions generated by the molecular chaos
ansatz (see below). In our case, however, this strategy cannot be pursued; although we could derive
uniform estimates allowing us to pass to the limit N — oo in the BBGKY hierarchy, we are not able to
express the limiting marginals ¢* := limy_.oc ¢™'* and % := limNHoo Nk in terms of pF. Consequently,
we have no clue what the correct molecular chaos ansatz for ¢* and r* should be.

Instead, we assume the propagation of chaos already at the level of the BBGKY hierarchy, before
passing to the limit N — oo: we assume that, for large N, pV is well approximated by the product of the
limiting one-particle marginals p := limy_.oo p™'!, i.e.

N(t,x,v) Hptw,,v, forallt >0, xe QY ve {1}V, (4.13)

This corresponds to vanishing statistical dependence (correlations) between the agents as N — oo and
is the usual phenomenon observed in systems of interacting particles, see for instance [6] in the context
of classical kinetic theory or [16, 17] in the context of biological systems. Moreover, if one interprets
¢k (resp. r™*) as the first (resp. second) order moment of p”¥ with respect to u[z;X,¥], then one can
understand (4.13) as the moment closure assumption for the non-closed system of moments generated
by (4.1).

The essential point is that now we may insert (4.13) into (4.11) and (4.12) to obtain explicit expressions



for ¢* and r* in terms of p:

" (z;xF vF) = lim ¢V <z; Xk,Vk) =

N—oo

u k Kk . ZZ lfw|33m—z| )Um
Hp(xl’vl) X]\}E)Iloo Z Nek Hp xl? Z

i=1 TE{£1}N—k Zm 1 w(|~"3m —z|)

and

rk(z;xk,vk) = lim TN’k<z; Xk,Vk) =
N—o00

2 N—k
<Hp x;,v; ) XJ\}i—r?oo Z /QN k< mm1; (|(m |))m> Hp(fz',@')di-

ve{+1}N-k

Study of the limit N — oo in (4.14) and (4.15)

(4.14)

(4.15)

We start by setting k = 1, which is the case considered in Section 4.3. To simplify the notation, we drop
the bars over x and v, and, without loss of generality, choose z = 0. First, we explore the symmetry of

the expression (4.14) as follows:

> me 1w($M)Um o) dx
Z /QN 1 N -1)Sy(x) p(wivi) d

ve{+1}V

N-1
w(Tm)
= o P@m, 1) = p(Tm, —1)] p(xi, v;) dx
m=1 /QNI (N - 1)SN(X) ve{izl}N—2 11711
B Sy AR PRP
2 Jov (N =1)Sn G0 1L
- 9 ) TT ol dx
av-1 Sn(x)7 T LD ST
with the notation
o(z) = p(z,1)+p(z,-1),
j(@) = plz,1)-plx,-1),
and
;N
Sn(x) = N _1 2 w(w;) .

(4.16)

Due to the normalization of p, we have fQ o(x)dx = 1. Consequently, in what follows we denote by

P,(t) the time dependent probability measure corresponding to the probability density o(t).

Since w is

bounded and nonnegative by assumption [Al], it is integrable with respect to P, and we may define

I:= /Qw(x) dP,(xz) > 0.

10

(4.17)



The forthcoming analysis will be performed given the assumption I > 0; the case I = 0 will be discussed
in Remark 2.

Lemma 1 Let P, be a probability measure on Q with density o and j € L*(Q) such that |j| < p. Let
w:Q — [0,00) with w € L*(Q) be such that the integral I defined by (4.17) is positive. Define

N-1

_ w(z1)j(@1) 4 .
Qv = /QN_I SnGy 1'[2 dP,(z;) .

Then
lim Qy = - /Q w()i(y) dy .

N—oo I

Proof: We can treat w(y) as a random variable with respect to the probability measure P,(y). The
essential tool of the proof is the law of large numbers, which states that Sy (x) converges to I in measure,
in the sense that for each £ > 0,

A}im Pév_l ({xe Q¥ % [Sy(x) —I| > ¢}) =0, (4.18)

where PéN ~1 denotes the (N —1)-fold tensor product of the probability measures P,. Moreover, the
existence of the m-th order moment of w with respect to P,,

/ ()™ dP,(y) < oo
Q

implies the rate of convergence (see [1])

lim (N —1)" 1PN ({x e Q¥ [Sn(x) — I > €}) = 0. (4.19)
N—o0
Let us denote by An(e) the set {x € QN7 |Sy(x) — I| < ¢} and by AS(€) its complement in QN1
Choosing 0 < ¢ < I/2 and x € An(e), we have the estimate
2e

< ﬁw(xl) .

‘ w(ay)  wlz)
Snx) I

Consequently,

[41\](8)

On the other hand, the integral over A (¢) is estimated with

/A?v(a)

The first term on the right hand side converges to zero as N — oo by (4.18) and the boundedness of w.
Using (4.16), the second term is estimated by

2e 2e

U)(wl) w(m) dPéV_l(X) < ﬁ /QNl w(xl)dPéV—l(x) = 7 .

SN (x) I

w(z)  w(r)

SN (x) I

N—1 w(z1) N-1(y w(z1) N—1(y
s [ PR [ SR .

c
N

/ WD 4PN (x) < (N~ )P (43 (0)
Agy(e) S (x) ¢ Q

11



and vanishes as N — oo due to (4.19) with m = 2. Consequently, we have shown that the term

o1 [wima] = |[ (50 200 o) o T 0Pt

=2
w(zy)  w(x)
< .

Sy(x) I
can be made arbitrarily small, for sufficiently large V.

N—-1
dP, " (x)

The formula (4.15) can be analysed in a similar way as we did for (4.14). Namely, we exploit its symmetry

as follows,
2 N—
T vlaal
/QN1 ( (N — 1)Sy(x H (w:,v1)

=1

ve{il}N_1

ST ) e

i=1 m#i k#i,m

_122/91“

dPN L(x)

(
(z

_ N2 w(z)w(ze)j(x1)j(x2) %T
= ﬁ/ﬂm S (x) dovde [1 dvlon)
w1 2
+N1—1 /QN 1 Sg 3(x )) 450 20

The limiting behaviour of the first term is studied in the following Lemma:

Lemma 2 With the assumptions and notation of Lemma 1, and defining

N—-1
Ry = /QN1 ww wiw)j@)i@s) 4 g, I dPu(zi),

5% (x) a

we have

lim Ry = G [ wiw dy)2 |

Proof: We follow the lines of the proof of Lemma 1. Defining again Ay () := {x € QV~1 |Sy(x) —I| <
e} and A5, (g) == QN 71\ Ay (e), with 0 < e < I/2, we derive the estimates

/ w(zy)w(ze)  w(zy)w(xs) 10e
An(e)

T

dPN1(x) <
S% (x) 12 e ()<
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and

w(z w(zz)  w(z)w(zz)

SJQVA(X) 12

/A?‘v ()

where the first term vanishes in the limit N — oo due to (4.18) and the second one by (4.19) with m = 3.
]

dPN—l(X) < / W(xl)w(xQ)dPN_l(X)
0 (o) 0

+ (N -1 [P AR ()]

By a slight modification of the above Lemma, one obtains the limit of the second term of (4.20), namely

w(z1)?
lim (z1) dPN1(x) = %/Qw(y)2 dP,(y) .

N—oo QleQ() e

Therefore, the limit as N — oo of (4.20) is

I Z / Z% %wxm Um ]i_[ )d lim R 1/ (v)j(y)d i (4.21)
im x = lim == .
N—oo QN-1 ( -1 SN .%'Z,UZ N oo N = T Qw Yy)\y)ay |

ve{£1}N-1 —1

where we used Lemma 2.

Remark 1 Lemmas 1 and 2 were formulated for the case k = 1, however, all the calculations can be
easily generalized for any (fized) value of k.

4.3 Derivation of kinetic and hydrodynamic description
Let us denote p*(¢,z) := p(t,x,1) and p~(t,z) := p(t,z,—1). We define u(t, ), the continuous analogue
of the local average velocity (2.2), by

u(t,x) = fﬂ \x —2))(pt(t,2) —p~(t,2))dz
7 Jow(lz = 2))(p*(t, 2) + p=(t,2)) dz

for = ¢ Solpt,p7|(t), (4.22)

where
Solpt,p](t) := {x € Q; /Qw(\x —z2(pt(t,2) +p (t,2))dz = O} .

We extend the definition of u(t, ) to the whole domain € by setting u(t,z) = 0 for x € Sy[p™, p~|(t), see
Remark 2.

The kinetic equation for p is obtained by setting £ = 1 in the BBGKY-hierarchy (4.10) with the
molecular chaos assumption (4.13) and passing to the limit N — oo. Using Lemma 1 and formula (4.21),
we obtain

¢ (z;2,0) = p(t, z,v)ul(t, ), and r(z;z,v) = p(t, z,v)u(t, z)? . (4.23)

Consequently, (4.10) reduces to the following system of two equations
Opt + 0t = —[o+ b1 —w)?pt + o+ (1 +u)p, (4.24)
Op~ = ep” = —[0+b(1+u)p” + [y +b(1 —u)’p*. (4.25)
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Equivalently, defining the mass density ¢ and flux j by
ot,x) =p*(t,2) +p~(t,w),  jt,z) =p"(t,2) —p (t,2), (4.26)

the system can be written in the hydrodynamic description as

Oo+0z5 = 0, (4.27)
Oj+ 00 = —2[y0+b(L+u)]j + 4bou, (4.28)
Jow(lz —2])j(t, z)dz )
ut,z) = { Jow(lz —zl)e(t,z)dz’ # Sold®), (4.29)
05 CCGS(][Q](t),

with
Slel(t) = { € 9 [ wlle = Dat2)ax =0}

Remark 2 Due to the assumption [A2'], we have p™(t,x) = p~(t,z) = 0 on Sy[p™,p~](t). Therefore,
both ¢l (z; z,v) in (4.14) and vV (x; x,v) in (4.15) are equal to zero by definition. Consequently,

¢ (z;z,0) = lim ¢™Vl(z; 2,0) =0, and ri(z;2,0) = lim rV(2; 2,0) =0,
N—o00 N—o0

and formulas (4.23) remain valid irrespective of the particular choice of the value of u(t,x). This justifies
our extension of the definition of u(t,x) by setting it equal to zero for x € So[p™,p~|(t).

5 Existence of solutions to the kinetic system
The main goal of this Section is to prove the following Theorem:

Theorem 1 Let g > 0, b > 0 and w satisfy the assumptions [Al] and [A2']. Then, for every T > 0
and every nonnegative initial datum (pf,py) € L>(Q) x L>(SY) there exists a nonnegative solution to
the kinetic formulation (4.24)—(4.25) in L>=([0,T] x Q). This also establishes solutions o0 = p* + p~,
j=p" —p~ of the hydrodynamic formulation (4.27)—(4.29) with the corresponding initial condition.

Proof of Theorem 1: The proof is carried out in three steps and is only sketched here, omitting details
where the techniques are standard. For notational convenience, we will work both with the kinetic and
hydrodynamic representation of the system and treat (p™,p~) and (g, j) as synonyms, related by (4.26).

Step 1. First, we consider a linearized version of (4.24)—(4.25), where we solve for p™ and p~ given a
prescribed u € L*([0,T] x Q) with |u| < 1. This constitutes a strictly hyperbolic system with unique
mild, nonnegative solution in C([0,T]; L>°(€2)), constructed by a standard fixed point iteration (see, for
instance, [10], Section 7.3). The solution is given by the Duhamel formula

pr(tx) = p+(079€—t)+/0 QT lp*,p s,z + (s —1))ds, (5.1)
p (t,x) = p_(079€+t)+/0 Q lpT.p7](s,x—(s—t))ds, (5.2)
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with Q*[pT,p~] = F[y0 +b(1 —u)?]p* £ [y +b(1+u)?]p~. Moreover, for any fixed T > 0, we have apriori
boundedness of p* and p~ in L>([0,7T] x ), depending only on the initial condition. Indeed, denoting
h(t) := supyeqp’ (t, ) + sup,ecqp~ (t,x), and remembering the uniform boundedness |u| < 1, we have

h(t) < h(0) + (yo + 4b) /0 h(s)ds,

and the apriori boundedness follows from an application of the Gronwall lemma on the time interval [0, T'].

Step 2. We consider a regularized version of (4.24)—(4.25) where u is substituted by u., defined by

J(x)

ue(x) 1= TR

with  J(x) ::/Qw(|x—z|)j(z)dz, R(x) ::/Qw(|x—z|)g(z)dz. (5.3)

For any fixed € > 0, a solution is found by the Schauder fixed point iteration on the mean velocity u. [10].
The compactness of the corresponding Schauder operator is provided by the Arzela-Ascoli theorem. In-
deed, let us take a sequence u™ with |u”|| Le(or]xe) < 1 and let p™™ and p~™ be the corresponding
mild solutions of the kinetic system, given by the Duhamel formula (5.1)—(5.2) with «™ in place of w,

and let o" = p™" 4+ p~™ and j® = pT™ — p—". As explained in Step 1, for any fixed T > 0 we have

||p+’nHL°°([0,T}xQ)’ Hp+’n||Loo([0,T]xQ) bounded uniformly with respect to n. Defining the function
:/ lw(z) —w(|z — z|)|dz for z € Q,
Q

one has lim,_,gw(z) = 0 (continuity of translation [21]). By Holder inequality,

7" (@) = T (W) <7 | Lo ) Wz = ),

with J"(z) := [, w(|z — 2[)j" () dz. Moreover, we have the uniform boundedness

[T @) < 5" e 1wl

and analogous estimates hold for R"(z) := [, w(|z — z])o(z) dz. Consequently, we have
uz (2) —uc ()l = ZIJ(@) = J"W)l + 1T (@) = J"W)IR"(y) + S |R"(2) = R*W)I|T"(v)]

1, . 2
< M) ( L+ 2 el @) wllpye) ) wiz =)

This uniform equicontinuity together with the uniform boundedness |u?| < 1 allows us to apply the
Arzela-Ascoli Lemma and obtain the compactness of the Schauder operator. Therefore, for every fixed
e > 0, we have a nonnegative solution (pI,p;) of the regularized system (4.24), (4.25), (5.3), uniformly
bounded (with respect to €) in L*([0,7] x Q).

Step 3. Finally, we pass to the limit € — 0. Due to the uniform boundedness, a subsequence of p= — p*
weakly* in L>([0,T]; L>(Q)); we need to show that the limit of the nonlinear terms p.u. and u2j. is ou
and, resp., u?j, with u given by (4.22), or, equivalently, (4.29). The limit passage in the distributional
formulation of the term p.u. with a test function ¢ € C°([0,T) x Q) is performed as follows:

ggu8 — ou)pdx dt‘ QE u)pdadt

-0 ugodmdt‘
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The first term vanishes in the limit € — 0 due to the weak™ convergence of g. towards o with up a valid
test function. Concerning the second term, we will show that [, 0-(u. — u)¢ dx tends to zero for almost
all t € [0,7] and conclude the convergence of the time integral by the Lebesgue dominated convergence
theorem. Let us fix ¢ € [0, 7] and define the set S5 by

Ss:={zx € Q; R(x) <o},

with 6 > 0 and R defined in (5.3). Then, we have

/Qa(ue—uwdx < /Qa\w\dw—>2/ oleldz
Ss Ss e—0 Ss

S5\So §—0

where the second line is due to ¢ = 0 on Sy and because meas(Ss \ Sp) tends to zero as § — 0. Next, for
HASRY) \ Ss,

[Je(@)l|Re(x) — R(z)| | |Je(z) — J(@)]

jus(z) —u(z)| < R(x)R.(z) R(z)
< % (|Be(z) — R(@)| + |Je(z) — J(2)]) |
where J.( fQ w(|z — 2|)je(2) dz and Re( fQ w(|z — 2z|)os(2) dz. Therefore, due to the uniform

convergence of R. and J: to R and, resp., J on Q (implied by the uniform equicontinuity and boundedness
of the families {R:}.~0 and {J:}c>0), we have

[ etw—ueds| < (swpaslu—ul) [ olplds
Q\Ss Q

1
< 3 <||R€ - RHLOO(Q) +||Je — JHLOO(Q)) HQeHLoo(Q) ||80||L1(Q) Q 0

We conclude by passing 6 — 0. The limit passage in the term u2j. is performed similarly (note that

‘]5‘ < Qa)-
| |

It is worth noting that the assumption [A1] of Theorem 1 can be relaxed. In fact, we posed the requirement
[A1] of boundedness of w on €2 in order to establish the definition (2.2) of ul"c in the discrete model and
pass to the limit N — oco. However, at the level of the kinetic or hydrodynamic description, we may
relax this to w € LY(€2). Moreover, formally it is possible to consider even singular weights, in particular
w = dy, which leads to u = j/p and removes the nonlocality. In fact, one can see the choice w = §y as the
limiting case when the interaction radius shrinks to zero: for almost all = € Q such that o(z) # 0, one has

. Joxpe(lz —2)i(z)dz _ j(z)
o=0 [o X[,0) (|7 = 2))e(2)dz o(x)’

where X[g,] is the characteristic function of the interval [0,0]. One can interpret this as a model where
only pointwise local observations of the system are possible.
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By a slight modification of the proof of Theorem 1 it is possible to show that given a sequence of
weights w, converging strongly in L'(f) to w, the solutions (p,,j,) corresponding to the weights w;,
converge weakly* in L>°([0,7; L*°(2)) to the solution corresponding to the weight w. However, we need
the condition [A2’] to be satisfied uniformly; consequently, the question whether and how the solution
corresponding to w = dp can be obtained as a limit of solutions with w, = X9, as ¢ — 0 remains an
interesting open problem. An even more interesting question is what is the limit of the discrete model as
N — oo if the interaction radius is shrinking as some power of 1/N. This question is studied in Section 7
below.

6 Long time behaviour

In this Section we provide several conjectures about the long time behaviour of the kinetic system (4.22),
(4.24), (4.25) or, equivalently, the hydrodynamic system (4.27)—(4.29). To get some insight into the long
time dynamics, we start with a numerical example. We solve the kinetic system using standard semi-
implicit finite difference method with upwinding. The initial condition is p = 2.2 on [0.125,0.375] and
zero otherwise, p, = 1.8 on [0.625,0.875] and zero otherwise. In Figure 6 we show the results for the
choice of parameters b = 1 and 9 = 0.3 and the weight function w = x/g,0.2-

We conjecture that with regular weights w satisfying [A1] and [A2’], the solutions (p, j) to (4.27)—(4.29)
converge to the constants p = 1 and j = j, with some js € R, exponentially fast as ¢ — oo. Moreover,
in the large noise case vy > b, we hypothesize that j; = 0. Unfortunately, we are only able to provide an
analytical proof in the rather special case w =1 and ¢y > b:

Lemma 3 Assuming w = 1, we have u(t,x) = u(t), where u(t) satisfies the ordinary differential equation
i = —2(y0 + b(u® — 1))u, (6.1)
subject to the initial condition u(0) = [, j(0,x) dx. Moreover,
(i) if 0 < b then im0 u(t) = sign(u(0))y/T— 00T,
(i) if vo > b, then limy_,oc u(t) =0 and
[u(®)] < fu(0)]e~00=0 (6.2)

Moreover, j converges to zero exponentially fast in the L?-sense:

/ §2(t,z) dz < ceH0!
Q
for a suitable constant c.

Proof: Integrating (4.28) with w = 1 with respect to € Q, we obtain (6.1). This has the stationary
state u = 0, which is stable if and only if 79 > b. Moreover, if 79 < b, two additional stable stationary
states u = /1 — ypb~! exist. This establishes the first statement. Further, we have

d /1
T <§u2> = —2(y0 + b(u? — 1))u? < —2(y9 — b)u?,
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Figure 3: Numerical results with w = x[90.29;, b =1 and 7 = 0.3: pt and p~ converge to constant states,
the mass density o converges to 1, the flux j (full line) and averaged velocity u (dashed line) converge to
a constant.
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and an application of the Gronwall lemma gives (6.2).
To prove the convergence of j to zero, we consider the identity

1d

—— [ (&® +4%) dz = —2(70 + b(1 +u2))/ §2dx +4bu/ o0j dz . (6.3)

An application of the Cauchy-Schwartz inequality and the decay rate (6.2) yield

4bu/ oj dx §2b/j2dx+2bu2/ 0% dz §2b/j2 dx+2b|u(0)|26_4(7"_b)t/ o?dx.
Q Q Q Q Q

Then, an integration of (6.3) in time leads to

T
/ (T, z)dx < ¢g + 4b|u(0)|26_4(7°_b)t/ / 02 (t,z)dzdt,
Q 0 Q

with ¢g 1= fQ QO ) + ]0( x)dz. Consequently, by the Gronwall lemma, fQ 0? dz is bounded uniformly in
time by a constant c¢; if 79 > b. Inserting this information into (6.3) gives

T T
/ (T, z)dz < ¢o— 4o / / 32(t, ) dz dt + 4bey [u(0))? / e~ 400t gy
Q 0o Ja 0

T
< c—4’yo/ /jQ(t,x)dxdt
0 Q

and an application of the Gronwall lemma yields the second statement.

6.1 The case w = J

In this subsection we briefly discuss the long time behaviour in the singular case w = dg. Again, we start
with a numerical example where we solve the kinetic system with the parameters b = 1 and 79 = 0.3. The
initial condition is chosen as before, see Figure 6 (left panels). In Figure 6.1 we present the time evolution
of p™, p7 p, 7 and u. Based on the numerical observations, we conjecture that, for the small noise case
70 < b, the long time dynamics are given by the travelling wave profiles (pf, p; ), satisfying

ops + 0,5 = 0,
Oips — Orpy = 0,

and P2 +ps € {us, —us} with us = /1 — yb~1. Then, it is a matter of a simple consideration to deduce

that one of the functions, say p;, has to be a global constant, while the other one, p, is a piecewise
constant assuming only two values {p;rl, ij}, satisfying the relations

p+1 1—u 2
and 5 = u .
ps lps 2 (ps ) pIQ (1 + us>

These relations chracterize the dynamic equilibria between the densities of individuals marching to the
left and to the right, in dependence on the parameter values vy and b.
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Figure 4: Numerical results with the singular weight w = dp, b = 1 and v = 0.3: p~ converges to
a constant, while p™ becomes a piecewise constant travelling wave profile and u (dashed line) jumps

between the values +u, with us = /1 — vob~! = 0.8367.
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For the large noise case (y9 > b), we prove that the asymptotic state is again j = 0 and p = 1. In
fact, j converges to 0 in the L?-sense exponentially fast as ¢ — oo. This follows from an application of
the Gronwall lemma to the estimate

1d
Ta @y ?)yde = 2 / (o + b(—1 +u2))7? da
2°dt g,

< —2(70—5)/12d96-

7 The effect of shrinking interaction radius

In biological applications, the weight function w is often chosen as the characteristic function of the
interval [0, o], where o > 0 is the interaction radius. It is important to study the dependence of collective
behaviour on the size of . In this section, we will consider a theoretical limit ¢ — 0. Clearly, letting o — 0
with fixed N leads to a trivial model without any interactions (it corresponds to the choice b = 0). On
the other hand, letting first N — oo, followed by o — 0, we obtain the model with w = ¢y, as mentioned
in Section 5. Consequently, the limits ¢ — 0 and N — oo do not commute. From the modelling point
of view, it is natural to study the limit N — oo with the interaction radius shrinking as N~ for some
a > 0. Indeed, as the space is getting more crowded, the visibility is reduced and every individual can
only take into account its closest neighbours. Actually, taking w = x[g y-«) and letting N — oo, we will
show that a significant limit is obtained with o = 1, leading to a new kinetic model. The results are
summarized in the following Theorem.

Theorem 2 Let w = X[g n-a]- Then, the formal limit as N — oo of the BBGKY hierarchy (4.10) is

(1) For o > 1:

970+ 2(v0 +b) o = 020. (7.1)
(2) For (0 <a<1:
Oo+0;j = 0, (7.2)
-2

Oj+ 00 = —2 ('yo+b<1+‘;—2>>j+4bj. (7.3)

(8) For o =1:
Qo—0:j = —2(v+b1+n))j+4bj(1 —exp(—o)), (7.5)

with
42 42

n=z (1 —exp(—p)) + (1 - ?> exp(—o) [Ei(o) — v —1In(o)] , (7.6)

where Ei(z) = f_zoo s Yexp(—s) ds is the so-called exponential integral function and v = 0.577... is
Euler’s constant.
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We see that for 0 < a < 1, we obtained the kinetic model with u = j/p (i.e., the same as if one would
first pass to N — oo and then o — 0). If @ > 1, we get the model with no interactions (i.e., as if
one would first pass to 0 — 0 and then N — oo) which is described by the telegraph equation for o
[19]. In the significant limit with v = 1 we obtained a new model, which is in fact the hydrodynamic

model (4.27)-(4.28) with the function < (1 —exp(—p)) in place of w and with 7, given by (7.6), in place of

u?.

Proof: All we need to do is to recalculate the limits N — oo in the expressions (4.11) and (4.12) with
w = X[o,N—o]- Let us fix z € {2 and assume that it is a Lebesgue point of ¢ and j, i.e.,

(e

lim - otz pay=o0e). (7.7)

o—0 0

and similarly for j. Moreover, assume that g(z) > 0. In the same way as in Lemma 1, we calculate

On = Z / - Zm 1X[0N a](|Z T |)Um, Hp(ﬁﬂi,vi)dx

ve{+1}V-1 D m= IX[ON }(‘Z_xm’) i=1

Xjo,N—o (]2 — 1) N-1
- (N-1) / S dPN-1(x)
ov-1 SN T xov-a)(z = zm])

_ (N—l)KN/ !

aPY(x).
ov=2 1+ 20 2 xo-(12 — @ml)

e

where we denoted
Iy = /QX[O,N—“}(Q)Q(Z —y)dy,  Ky:= /QX[o,N-a} ®)i(z —y)dy.

Obviously, the sum SV —1 X[o,N—2](|z — Zm|) only takes the values k =0,..., N — 1, and

N-2
_ _ N —2 _o_
P2 ({erN D jX[o,Namz—xml):k}) =( ) >IJ’%(1—IN)N ek

m=1
Therefore,
1 N-2
dPN2(x) = ( )IN(l—I Y2k
/ﬂN21+Zm S XN (|2 — Tml) ¢ Z%’”
1
= ——  (1-(1-I)" ).
(N—l)IN( (1=1n)")

Due to (7.7), we have limy_,oo NIy = 0(2) and limy_.oc N*Ky = j(z). Therefore,

Ky N—1\ _ J(z) .. N-1
Jim Q= Jim 25 (1- (=L)"Y = 2o im (- (1= I
and

1 —exp(—o(z)) fora=1,
lim (1-(1—-Iy)N) = 1 for 0 <o <1,
N—oo
0 fora > 1.
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Using the same technique as above, one calculates that

e 5 (S
N = — p(xi, v;) dx
av-1 \ SN von-a(2 = zal)

ve{£1}N-1 i=1
K3 K3
= (1—( —IN) )+<1—I—>GN(IN)
N N
with
N-1
B LIN—=1\ & . . \N-1-k
Gn(Iy) = ; k( i >IN<1 Iy) -

It is easily shown that G (Ix) vanishes in the limit N — oo whenever a # 1, while with & = 1 the law
of rare events ([11]) gives

i G(I) = expl(—0(=)) Y 255 exp(—o(2)) [Ei(o(=)) — 7~ In(e(2))]
k=1

We assume that ¢ and j be integrable functions, so that almost every z € €) is a Lebesgue point for them.
m

Remark 3 Our analysis can be seen as a first step towards a so-called topological model, where the agent
interactions are based on some connectivity graphs. For instance, one can consider the situation where
every agent interacts only with its nearest neighbour. In this case, we have a different time dependent
weight function w; for every agent, namely w; = X|0,5,] With 0; = min,; |x; — x4 |. Then, the passage to
the corresponding continuum model is a completely open problem; however, let us observe that

—1/p

N -1 Z ‘.%'Z — xm]p p—00 mln ‘xl B xm’

Therefore, it would be interesting to consider the discrete system with w; = X0,
—-1/p

1 1
e g 7.8
7i N —1 4~ |z; — zp|P ’ (7.8)
m%£i

and study the limit N — oo and p — oo (possibly with p = N ). Moreover, let us observe that “on
average”, |x; — x| = N1, Therefore,

=1/p

1 1
~ N7t
N—lz, |Ti — 2 |P '
m£i

so we are in the situation of the significant limit « = 1 described above, and we might believe that the new
kinetic model obtained in this limit can have some connection with the limit N — oo and p — oo of (7.8).
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8 Discussion

We introduced an individual based model with velocity jumps aimed at explaining the experimentally
observed collective motion of locusts marching in a ring shaped arena [2]. The frequency of individual
velocity jumps increases with a local or global loss of group alignment. We showed that our model has the
same predictive power as the model of Czirdk and Vicsek, in particular, it exhibits the rapid transition to
highly aligned collective motion as the size of the group grows and the switching of the group direction,
with frequency rapidly decreasing with increasing group size. Moreover, in the limit N — oo we obtained
a system of two kinetic equations. We proved existence of its solutions and a partial result about the
long time behaviour. Finally, we studied the effect of shrinking the interaction radius ¢ in the discrete
model as the number of individuals, N, tends to infinity. We showed that in the significant limit where
o shrinks as 1/N, one obtains a new kinetic model.

Kinetic approach has previously been used in the literature to understand collective dynamics of
individual based models. Carrillo et al [3] found the double milling phenomena in the kinetic formulation
of the model of self propeled particles with three zones of interactions. The kinetic description of the
Cucker-Smale model was introduced in [14], which can also be be derived from the Boltzmann-type
equation, see [4], or Povzner-type equation, [12]. For the survey of the most recent results see the
review [5].

Several interesting questions remain open, offering space for future investigations. For example, the
kinetic system (4.24)—(4.25) deserves a better analysis, in particular, uniqueness of solutions and more
complete investigation of the long time behaviour. It would also be interesting to know if and how the
solutions corresponding to w = dp can be derived as a limit of solutions corresponding to w = x[p,¢] as
o — 0. Another interesting direction of future research was formulated in Remark 3.
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