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Individual-based models for bacterial chemotaxis in the diffusion
aymptotics

Mathias Rousset* and Giovanni Samaey'

We discuss velocity-jump models for chemotaxis of bacteria with an internal state that
allows the velocity jump rate to depend on the memory of the chemoattractant concen-
tration along their path of motion. Using probabilistic techniques, we provide a pathwise
result that shows that the considered process converges to an advection-diffusion pro-
cess in the (long-time) diffusion limit. We also (re-)prove using the same approach that
the same limiting equation arises for a related, simpler process with direct sensing of
the chemoattractant gradient. Additionally, we propose a time discretization technique
that retains these diffusion limits exactly, i.e., without error that depends on the time
discretization. In the companion paper 2!, these results are used to construct a cou-
pling technique that allows numerical simulation of the process with internal state with
asymptotic variance reduction, in the sense that the variance vanishes in the diffusion
limit.

MSC: 35Q80, 92B05, 65C35.

Key words: bacterial chemotaxis, velocity-jump process, diffusion approximation.

1. Introduction

Generally, the motion of flagellated bacteria consists of a sequence of run phases,
during which a bacterium moves in a straight line at constant speed. The bac-
terium changes direction in a tumble phase, which takes much less time than the
run phase and acts as a reorientation. To bias movement towards regions with
high concentration of chemoattractant, the bacterium adjusts its turning rate to in-
crease, resp. decrease, the probability of tumbling when moving in an unfavorable,
resp. favorable, direction 223. Since many species are unable to sense chemoat-
tractant gradients reliably due to their small size, this adjustment is often done
via an intracellular mechanism that allows the bacterium to retain information on
the history of the chemoattractant concentrations along its path 4. The resulting
model can be formulated as a velocity-jump process, combined with an ordinary
differential equation (ODE) that describes the evolution of an internal state that
incorporates this memory effect "8, This model will be called the “fine-scale” or
“internal dynamics” model in this paper.

The probability density of the velocity-jump process evolves according to a ki-
netic equation, in which, besides position and velocity, the internal variables appear
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November 21, 2011 15:45 WSPC/INSTRUCTION FILE limits

2 Individual-based model of chemotaxis

as additional dimensions. A direct deterministic simulation of the density distribu-
tion of all the variables of the model is therefore prohibitively expensive. Hence,
it is of interest to study the relation of this model with simplified, coarse-level
descriptions of the bacteria dynamics.

In chemotaxis, a first coarse description is obtained by neglecting velocity and
internal variables and considering the bacterial position density on large space and
time scales. One then postulates an advection-diffusion equation for this bacterial
position density, in which a chemotactic sensitivity coefficient incorporates the effect
of chemoattractant concentrations gradients on the density fluxes. This assumption
leads to the classical Keller—Segel equations (see
cal references). Several works have also considered the motion of a bacterium to be

, and 314 for numerous histori-

governed by a velocity-jump process corresponding to a kinetic description for the
phase-space density 1720, In these models, the velocity jump rate of the bacteria
depends on the local chemoattractant gradient. In the present paper, the model
corresponding to such bacteria will be called a “coarse” or “direct gradient sens-
ing” model. Unlike the limiting Keller-Segel equation, see e.g. >119 the kinetic
description does not exhibit finite-time blow-up (which is believed to be unphysi-
cal) under certain biologically relevant assumptions on the turning kernel . These
models also converge to a Keller—Segel equation in the appropriate drift-diffusion

6,12,18 Tp 8 the kinetic equation associated to a model with internal

limit, see e.g.
state (similar to the model considered here) has also be shown to formally converge
to a Keller—Segel equation using moment closure assumptions and an appropriate
(diffusion) scaling; a similar result using an infinite moment expansion has been
obtained in ?5. Then, the parameters of internal dynamics appear in the expression
for the chemotactic sensitivity 8. Existence results when the model is coupled to
a mean-field production of chemo-attractants are also available 2, and analysis of
the long-time behavior is carried out in '°. Moreover, some recent studies have as-
sessed the biological relevance of such a model through experimental validation of
travelling pulses 22.

The present paper contributes to the analysis of velocity-jump processes for
chemotaxis of bacteria with internal dynamics, and their numerical discretization,

in the diffusive asymptotics. The main contributions are twofold :

e From an analysis point of view, we consider (fine-scale) velocity-jump pro-
cesses with internal dynamics (2.5), with jump rates satisfying (2.4) and
internal dynamics satisfying the two main assumptions (3.2) and (3.3) as
well as other technical assumptions contained in Section 3.3. We rigor-
ously prove, using probabilistic arguments, the pathwise convergence of the
velocity-jump process described above to the stochastic differential equa-
tion (SDE) (4.1) in the long time limit (see Proposition 4.11). The technical
steps of the proof are given in the beginning of Section 4. We also recall a
convergence result for the (coarse) process with direct gradient sensing, see
Proposition 4.3. For an appropriate choice of the model parameters, both



November 21, 2011 15:45 WSPC/INSTRUCTION FILE limits

Rousset and Samaey 3

limits can be made identical.

e From a numerical point of view, we introduce a time-discretized model (see
Section 5) for both the fine-scale and the coarse velocity-jump processes.
When discretizing the fine-scale process with internal dynamics, particular
attention is paid to the time discretization errors due to the approximate
solution of the ODE describing the evolution of the internal state. As a
result, the asymptotic analysis of the time-continuous case still holds in
an exact fashion, ensuring that the advection-diffusion limits are preserved
after time discretization.

Due to the possibly high number of dimensions of the kinetic model with inter-
nal state, the evolution of the bacterial density away from the diffusive limit may
rather be simulated using a stochastic particle method. However, a direct stochastic
particle-based simulation suffers from a large statistical variance, even in the diffu-
sive asymptotic regime, raising the important issue of variance reduced simulation.
In the companion paper 2!, we will use the results of the analysis presented here
to construct a numerical scheme that couples the fine-scale model for bacteria with
internal dynamics and the simpler, coarse model for bacteria with direct gradient
sensing to obtain a variance-reduced simulation of the fine-scale process. We show
that the variance reduction is asymptotic, in the sense that the statistical variance
scales as the error between the fine-scale and coarse description.

This paper is organized as follows. In Section 2, we discuss the velocity-jump
processes that will be considered, introducing both the fine-scale process with inter-
nal state and a simpler, coarse process in which the internal state has been replaced
by direct gradient sensing. We discuss the relevant asymptotic regimes in Section 3,
and analyze the limits of the considered processes in these regimes in Section 4.
Section 5 discusses a discretization scheme for the velocity-jump processes that re-
tains the diffusion limit of the continuum processes. Section 6 contains conclusions

and a more detailed discussion of the relation with the companion paper 2!.

2. Particle-based models for bacterial chemotaxis {sec:particle}
2.1. Model with internal state {sec:model-internal}

We consider bacteria that are sensitive to the concentration of m chemoattractants
(pi(z))i~,, with p;(z) >0 for z € R While we do not consider time dependence of
chemoattractants via production or consumption by the bacteria, a generalization
to this situation is straightforward. Bacteria move with a constant speed v (run),
and change direction at random instances in time (tumble), in an attempt to move
towards regions with high chemoattractant concentrations. As in 7, we describe this
behavior by a velocity-jump process driven by some internal state y € Y C R” of each
individual bacterium. The internal state models the memory of the bacterium and
is subject to an evolution mechanism attracted by a function 1 :R™ —R" of the
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chemoattractants concentrations,

S(x)=(p1 (), pm(x)) €R™,

where x is the present position of the bacterium. A typical choice is 2m=mn,
Y(p1s-eeyPm) =(pP1,---,Pm,0,...,0), and the internal mechanism being such that the
m first internal variables are memorizing the concentrations of chemoattractants,
while the m last internal variables are computing the variations of concentrations
along a bacterium trajectory (see Section 2.2). S and its two first derivatives are
assumed to be smooth and bounded.

We use (Is,tx) as a reference for length and time, where

e [, is the typical length of the chemoattractant concentration variations
(which we assume similar for all the different species of chemoattractants).

e t) is the typical time between two changes of the bacterium velocity direc-
tion (tumbling).

We also introduce the time ¢, that indicates the typical time on which a bacterium
observes changes in chemoattractant concentration; the typical speed of a bacterium
is thus l4/t,. Anticipating the time-scale analysis in Section 3, we already introduce
a small parameter

t
=21, (2.1)
2%

indicating that we assume the typical time between two velocity changes to be much
smaller than the typical time on which we observe macroscopic movement of the
bacteria.

The model is now presented directly in dimensionless form. The evolution of
each bacterium individual position is denoted as

t’—)Xt,

with velocity

dX,
d—t’f:evt, V,eV=841

where S~ represents the unit sphere in R?. The evolution of the internal state is
denoted by t+Y;. The internal state adapts to the local chemoattractant concen-
tration via an ordinary differential equation (ODE),

av;
dt

which is required to have a unique fixed point y* =S (z*) for every fixed value z* €
R?. We also introduce the deviations from equilibrium 2 = S(z) —y. The evolution

=Fe(Y:,5(X4)), (2.2)

of these deviations is denoted as
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The velocity of each bacterium is switched at random jump times (7},),>1 that are
generated via a Poisson process with a time dependent rate given by A(Z;), where
z+ A(z) is a smooth function satisfying

0 < Amin <A (2) < Amax- (2.3)
We will denote its expansion for small z as
Az)=do—bT 24O (|z|k) , (2.4)

with k>2, b€R"; the constant c) is used to keep track of the nonlinearity of A in
the analysis.
The new velocity V,, at time T}, is generated at random according to a centered

probability distribution M (dv) with / v M(dv) =0, typically
M(dv) = oga-1(dv),

where ogga—1 is the uniform distribution on the unit sphere.
The resulting fine-scale stochastic evolution of a bacterium is then described by
a left continuous with right limits (lerl) process

tH(Xtv‘Gvn)v

which satisfies the following differential velocity-jump equation:

dt (2.5)
Tn+1
/ A(Zt)dt:9n+1, with Zt:S(Xt)*}/t

‘/t:vn

for te [Tn,TnJrl] y

with initial condition Xo,Vy € R, Yy € R™ and Ty =0. In (2.5), ((9")7121 denote i.i.d.
random variables with normalized exponential distribution, and (Vn)n21 denote
i.i.d. random variables with distribution M(dv).

Remark 2.1. In one spatial dimension, assuming that M(dv) = 32(841+0_1), the
system (2.5) is equivalent to the following system:

W p(xes ) (2.6)

Tn+1
/ NZ)dt =20, 41,

V;f:Vn

for te [Tn,Tn+1] with V,, = — n—1,

{eq:lin_rate}

{eq:process_noscale}

{eq:processid}
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in the sense that both processes have the same probability path distribution. This
can be checked on the Markov infinitesimal generator of probability transitions,
see (3.5) and discussion below. (Note that, in this process, the velocity is always
reversed. This is compensated by a factor 2 in the equation defining the jump times.)

2.2. Example

For concreteness, we provide a specific example, adapted from 7. We consider m=1,
i.e. there is only one chemoattractant p; (z). We first describe a cartoon dynamics ex-
hibiting an excitation-adaptation behaviour. The internal state is two-dimensional,
ie. n=2, and y=(y1,y=2) satisfies the following ODE:

dyi(t)  pi(z)—yi(t)

dt ta )
dya(t) _ —pr() +91(t) —ya(t) (2.7)
de te )

in which t,, resp. t., represent an adaptation, resp. excitation, time; and gy,
resp. y2, represent the adapting, resp. exciting, variable. This model has a single
fixed point y* = (y7,y3) = (p1(x),0) =: S(x), and the deviation variables are given by
z={(z1,22)=5(x) —y=(p1(z) —y1,—y2). When the excitation time is much smaller
than the adaptation time, t. < t,, the variable y; therefore adapts “slowly” to the
environment and memorizes it, while yo computes “faster” the lag y1 — p1(x), giving
the response to changing environments. In the asymptotics ¢./t, — 0, the internal
dynamics reduce to a scalar equation
dyi(t) _ pr(z)—wn

- 2.
& P (2.8)

while the exciting variable reduces to the difference y2 =y — p1(2) = —21 which is
instantly learned by the bacteria. In this limit, we may eliminate the second internal
state variable, and write y=y; and S(z):=p;1(x), and z=S(z) —vy.

For the turning rate z— \(z), we choose a nonlinear strictly decreasing smooth
function, depending on a scalar ¢ that aims at measuring the difference between
the chemoattractant concentration and the memory variable. When considering the
two-dimensional internal dynamics, we choose ( = zo = —y», while, in the scalar case
(=z. As a consequence, ¢ >0, resp. ( <0, give the information to the bacterium
that it is moving in a favorable, resp. unfavorable, direction. A specific choice of

A(¢) is
AQ) =220 ( 5 — ~arctan | =3¢ 5>0 (2.9)
=2Xo | 5 — —arctan " , . .
Note that this turning rate satisfies

A=) =20 —8¢+0 ().
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2.3. Model with direct gradient sensing

We now turn to a simplified model, in which the internal process (2.2), and the
corresponding state variables, are eliminated. Instead, the turning rate depends
directly on the chemoattractant gradient. The process with direct gradient sensing
is a Markov process in position-velocity variables

b (XE, V),

which evolve according to the differential velocity-jump equations

axe
TR
T7i+1
/ A(XE,VE) At =011 (2.10)
T:

VE=Vn for te| " 75-1—1]7

with initial condition Xo,Vp € R%. In (2.10), (0,,),~, denote i.i.d. random variables
with normalized exponential distribution, and (V;) n>1 denote ii.d. random vari-
ables with distribution M (dv). The turning rate of the process with direct gradient
sensing is assumed to be of the form

A (z,0) =X —e AL (z)v+ O (€%), (2.11)
and to satisfy
0</\min§)\(zav)§>\max- (212)

The vector field A (z) € R? is usually a linear combination of the columns of V.S(z) €
RI*" and, as a consequence on the smoothness assumption on S(z), satisfies that,
for e — 0, both A, and its derivatives approach a limiting vector field Ag in uniform
norm.

The model (2.11) may describe a large bacterium that is able to directly sense
chemoattractant gradients. In the case n =1, the turning rate (2.11) is proportional
to VS(x)v € R, which can be interpreted as follows: the rate at which a bacterium
will change its velocity direction depends on the alignment of the velocity with
the gradient of the chemoattractant concentration VS(z), resulting in a transport
towards areas with higher chemoattractant concentrations.

3. Asymptotic regimes and kinetic formulation
3.1. Notation

Throughout the text, the Landau symbol O denotes a deterministic and globally
Lipschitz function (with @(0)=0). Its precise value may vary from line to line, and
may depend on the parameters of the model. However, its Lipschitz constant is
uniform in e. In the same way, we will denote generically by C >0 a deterministic
constant that may depend on all the parameters of the model except e.

{eq:cprocess}

{eq:control_rate}

{eq:rateboundc}

{sec:asympt}



November 21, 2011 15:45 WSPC/INSTRUCTION FILE limits

{eq:F}

{sec:ass_ass}

{a:1}
{eq:tau_eps}

{a:2}

{eq:tau_scales}
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3.2. Definition of time scales

Recall that we have introduced two time scales, characterized by (i) the typical
time t, on which a bacterium observes changes in chemoattractant concentration;
and (ii) the typical time t) between two changes of the bacterium velocity direction
(tumbling). We have assumed a large time-scale separation between these two time
scales by introducing the small parameter e =t /t, < 1.

Let us now turn to the typical time ¢, associated with the dynamics of the
internal state. In principle, several typical time scales (t1,>>t2,>>...) may be
required to describe the evolution of the internal state; ¢, :=t; , is assumed to be
the largest one. The vector field driving the ODE (2.2) of the internal state is thus
of order

and we will assume that
t
Foro 2 =0 (3.1)
ty
with § > 1/k, where k is defined by (2.4).
Consequently, we will consider three time scales :

o A fast time scale of order O(1) given by the rate of change of the velocity
direction.

e A time scale of order O(1/e'~%) with § >1/k given by the internal state
evolution; depending on §, this time scale can be very fast, fast or interme-
diate.

e A slow time scale O(1/e€) given by the evolution of the chemoattractant
concentration as seen from the bacteria.

3.3. Asymptotic assumptions

The loose assumption on the scale, equation (3.1) for the internal dynamics (2.2),
needs to be made precise by the following set of assumptions. First, we assume that
the ODE (2.2) driving the internal state is well approximated by a near-equilibrium
evolution equation :

Assumption 3.1. We have
F.(y,s)=—1c (y—s)+e PecrO(s—y|), (3.2)

where 7. € R™"*" is an invertible constant matrix. The constant c¢g is used to keep
track of the dependence on the non-linearity of F, in the analysis.

We now formulate the necessary assumptions on the scale of the matrix 7 :
Assumption 3.2. There is a constant C' >0 such that for any ¢ >0, one has
He_”;1 H < Ce—te' /€, (3.3)

{sec:asympt_time}
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Assumption 3.2 is used to ensure exponential convergence of the linear ODE

with time scale at least of order €' ~%. When 7.~ !

is symmetric, Assumption 3.2
follows from the assumption that the eigenvalues of 7.~! are strictly positive, with

a lower bound of order O(e!~?).
Assumption 3.3. There is a constant C' > 0 such that {a:3}

suthTE_le_tT;l H <Ce L
t>0

Assumption 3.3 is necessary for technical reasons in Lemma 4.8. When 7.7 ! is
symmetric, then Assumption 3.3 follows from the assumption that the eigenvalues
of .71
Finally, we assume that the solution of the ODE driving the internal state in

(2.5) satisfies the following long time behavior :

are non-negative.

Assumption 3.4. Consider a process ¢+ S such that supyc( 4o [dSt/dt|=O(e),
and assume |Sp — Y| = O(e®). Then the solution of
dYy

ﬁ:Fe(Yt,St),

{ass:0DE}

satisfies

sup  |Y;—Si|=0(¢%).
te[0,4o0]

Assumption 3.4 is motivated by the case of linear ODEs; indeed, in that case,
Assumption 3.4 is a consequence of Assumption 3.2, as is seen from the following
Lemma :

Lemma 3.5. Assume that
Fe(yas) = _7-6_1(9_ S)a

then Assumption 3.2 implies Assumption 3.4.

Proof. Denoting Z;=S5;—Y; in Assumption 3.4, Duhamel’s integration formula
yields

t
- (t_4"), 1 dSy
Z,=e"'™ ' 7, / (t=t')7e de’
t € 0+ ) (S dt’ ’

so that by Assumption 3.2, we have
t 7\ 1-6
|Z:| < |Z0|+C'e/ e (=) /Cqp,
0

<|Zo| +Cex et (1 fe*telfé/c) :

and Assumption 3.4 follows. O

In a similar fashion, Assumption 3.3 implies the following technical bound :



November 21, 2011 15:45 WSPC/INSTRUCTION FILE limits

10 Individual-based model of chemotaxis

Lemma 3.6. Consider a process t— S; such that supc(o 1 o0 |dSt/dt|=O(¢). As-
sume that |So—Yo|=0(1), and that Assumption 3.1, Assumption 3.2, Assump-
tion 3.8 and Assumption 3.4 hold. Then, we have

{lem:techbound}

sup
t€[0,+o0]

TeflefTﬁilt(St — Y})‘ =0(1). (3.4) {eq:techbound}

Proof. Let us denote A; ::Tflefﬂflt(St —Y;), which satisfies

dd—/it = or. VA pr e <@ — F.(Y;,8) + 1 1Sy Yt)) )

dt
Here again, Duhamel integration yields

-1 t ’ —1 —1,7 d ’
At:eftQTe AO+/ ef(tft )2'rE Teflef'rg t < C‘;;i Fe(Yt’7St’)+Tel(St/Yt’)> 4.
0

From Assumption 3.1 and Assumption 3.4, ’Fe(}Q/,St/)—Te_l(Str—Y}/)

O(e'+?) < O(e) so that
¢
Te_le_nflt”/ He_(t_t/)T;I
0

1 gel-d
tel—0 (1—e™ /C)O(f)

<O1)+0(eHO(e)=0(1),

| A < Ao+ O(e)dt’

—1
< Ao+ HtTgle*Te ¢

where we have used in the above Assumption 3.2 and Assumption 3.3. |

In the remainder of the paper, we will assume that the solution of (2.5) satisfies
|Zo| = O(€°),
as well as:
|71 Zo| = 0(1),
which implies, according to Assumption 3.4 and Lemma 3.6, that

sup  (|Z:])=O(),
t€[0,4+00]

as well as

sup ( T(le*“fltZtD =0(1).
te[0,4+o0]
Note that all the assumptions of the present section hold in the following case: (i)
the ODE is linear (F is linear), (ii) the associated matrix 7. is symmetric positive
and satisfies

7'6_1 > 061_6,

for some ¢ >0, (iii) the initial internal state is close to equilibrium in the sense that
7. 1Zy=0(1). The assumptions of the present section can be seen as technical
generalizations to non-linear ODEs with non-symmetric linear part.
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3.4. Kinetic formulations

The probability distribution density of the process with internal dynamics at time
t with respect to the measure dz M (dv)dy is denoted as p(z,v,y,t), suppressing
the dependence on € for notational convenience, and evolves according to the Kolo-
mogorov forward evolution equation (or master equation). In the present context,
the latter is the following kinetic equation

Op+ev-Vyp+divy (Fe(y,S(x))p) =A(S(x) —y) (R(p) —p), (3.5) {e:kinetic}

where
R@)= [ plw) M)

is the operator integrating velocities with respect to M. Similarly, the distribution
density of the process with direct gradient sensing at time ¢ with respect to the mea-
sure dz M(dv) is denoted as p°(z,v,t), and evolves according to the kinetic/master
equation

Op°+ev-Vyp® = (R(A(z,v)p) — AL (z,0)p). (3.6) {e:kinetic_control}

We refer to ? for the derivation of master equations associated to Markov jump
processes, and to 12:7:26:6:18 for an asymptotic analysis using moment closures.

4. Asymptotic analysis of individual-based models {sec:adv-diff}

In this section, we investigate in more detail the asymptotic behavior of the pro-
cess with internal dynamics and the simplified process with direct gradient sensing.
We rigorously prove pathwise convergence to an advection-diffusion limit of both
the process with direct gradient sensing (Section 4.1) and the process with inter-
nal dynamics (Section 4.2). Choosing the model parameters appropriately, both
advection-diffusion limits can be made identical. The two proofs are based on an
asymptotic expansion of the jump times (the time between two tumble phases), and
a comparison with a simpler random walk. They can be split into 4 steps.

Step (i) Consider the evolution of the bacterium indexed by the number of tum-
ble phases (jump times), as well as a proper Markovian random walk
approximating the former. Show tightness of the coupled sequence (in
fact their time continuous version obtained by linear interpolation).

Step (ii) Show, using a Gronwall argument, that the two processes have the same
advection-diffusion limit. This step relies on an asympotic expansion of
the jump times in e.

Step (iii) Compute the advection-diffusion limit of the Markovian random walk.
Step (iv) Use a random time change to transfer the result to the bacteria position
process itself.
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4.1. Diffusion limit of the process with direct gradient sensing

We first derive a pathwise advection-diffusion limit of the process with direct gradi-
ent sensing (2.10) when € — 0 using classical probabilistic arguments. It should be
noted that this diffusive limit as already been extensively studied in the context of
bacterial chemotaxis, see, e.g.,'? for justifications of Hilbert expansions at the PDE
level, and ?* where the diffusive limit of some more general class of stochastic pro-
cesses is suggested. However, we give the probabilistic arguments in extenso since
they will be of interest for the analysis of both the model with internal state, and of
the coupling in the variance-reduced numerical scheme, discussed in the companion

paper 21. Moreover, they do not seem to appear as such in the literature.

Diffusive times are denoted by
t:=te>

)

and the process with direct gradient sensing considered on diffusive time scales by

Ge . C
X{ = t/€2'

This section shows that this process converges for ¢ —0 towards an advection-
diffusion process, satisfying the stochastic differential equation (SDE)

DAY(XEY) _ /2D\'?
de’0:<$dt+(>\—o) dWs |, (4.1)

where t— W5 is a standard Brownian motion, and the diffusion matrix is given by
the covariance of the Maxwellian distribution:

D= v@vM(dv) eRI*, (4.2)
Sd—l

In particular, this result implies at the level of the Kolomogorov/master evolution
equation, that the position bacterial density

nc’e(x,f)::nc(x,f/GQ)::/Vpc(x,v,f/g)/\/l(dv) (4.3)

satisfies the advection-diffusion equation
1
oV = )\—divz (DVn? — D Ag(2)n*°) (4.4)
0

on diffusive time scales as e — 0.
The proof relies on a perturbation analysis of the jump time differences, which
is given by the following lemma :

Lemma 4.1. The difference between two jump times of the process with direct
gradient sensing satisfies

9n+1 € 9n+1
Ao A2

ATﬁ-ﬁ-l = 7§+1*T7§: AZ(X%S)Vn+9n+1O(e2). (4-5)

{sec:limit-control}
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Proof. Using (2.11), we get
N(XE,VE) =N — e AT (XE)V, +O(€2)
=X — €A (X7 )Va + (VA o +1)O(e?)
:/\OfeAZ(X%ﬁ)VnJrO(eQ),

where we have used differentiability of A.(z), and the property || X7 — X5.| <e(t—
T). Integrating on the time interval [T, T, ] yields

Ot = A5 (ho—eAT (X )Va +O()).
so that

9n+1
ATY
T o —eAT (X5 )V +O()
0, 1
= (14 e— AT (X5 )V | + 0,01 0(62). 0
Ao Ao "

We also need the following technical lemma :

Lemma 4.2 (Random time change). Let (> ac(t)) >, a sequence of contin- {1:techrandt}
uous, strictly increasing random time changes in RT, which, for e—0, converges
in distribution (on any time interval for the uniform convergence topology) towards
the identity function t—t. Let (t— X(f)) s, a sequence of continuous random pro-

cesses, such that
t— X, N0

converges in distribution when €¢—0 (on any time interval for the wuniform
convergence topology) towards a continuous process t— X?. Then the sequence
(f—> X§)€>O also converges in distribution when e —0 (on any time interval for

the uniform convergence topology) towards t— XEO.

Proof. Since by assumption (£ a“(f))e>0 converges to a deterministic limit, the
coupled process t+— (X, ﬂ,ae(f)) also converges in distribution to £+ (X?,f), and
we can consider a Skorokhod embedding (a new probability space) associated with
a e-sequence where this convergence holds almost surely. Then we can write (A
denotes the minimum, and 1 the identity function):

sup | X5 —XP|A1

t€(0,T
< sup ‘X - X0 o= 1(D) A1+ sup ‘XO Xofl
te[0,T] te[0,T
< sup ’X;E(g)—Xg sup ’Xas(g)*Xg Al
5€[0,a7 1 (T)] 5€[0,a: M (T)]
< sup ‘Xas(s - X7 ‘Xge(ng? ac(21)<T

5€[0,27) 5€[0,2T]
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14 Individual-based model of chemotaxis

and the right hand side converges almost surely to 0 using the (uniform) continuity
of t— X7 O

Then the following result holds :

Proposition 4.3. Consider the gradient sensing process described in Section 2.3.
The process t+ th"’ertc/62 converges in distribution (with respect to the topology
of uniform convergence) towards t Xg’o, solution of the SDE (4.1). As a conse-
quence, the density n®¢ of the process with direct gradient sensing defined in (4.3)
converges weakly towards n®°, solution of (4.4).

Proof. The proof requires the definition of some auxiliary processes. First, we
perform a random time change on the process of positions of the bacterium, so
that the jump times become deterministic, and will occur on regular time instances
separated by €2/\g on the diffusive time scale; the randomness is then transferred
to the jump size. The auxiliary process is thus defined as
[Aof/e?|—1
Xof=X5+ Y

n=0

ATy Vn+ (Mot /€ — [ Mot /€2]) AT}, 1/c2) 11V roF/e2) -

T1

(4.6)
The latter will be compared with a classical drifted random walk defined by the
Markov chain
= =X

—c en—i-lvn 2 en—i-lvn
2. =B+ +e
+ ) A2

0
—_ 9n+1 1 —_
—= 1+ e—AT(ES)Vn ) | Va
n+e< " < +6)\0 (E5)V, >)V,

to which we can associate a continuous process defined on a similar diffusive time

=c

AT(ZE )V,

n

(4.7)

scale by interpolation,

[XoE/e?]—1

D

n=0

(Eha1—E5) | + (Not/e2 = [Nt /€?]) (ETAot’/ez J+1 = Elotre) ) :

T2

(4.8)
Now the computation of the diffusive limit of the sequence of processes

(t_r—> f(ge) for € — 0 relies on four steps.

€

Step (i) Show tightness of the coupled sequence (fr—> ( ~§’6,§§—)) . To this end,
e>0

decompose the leading terms in these processes into a “martingale” term
and a drift term.
Step (ii) Show, using a Gronwall argument, that the process describing the bac-

terial position at jump times X;*“ and the classical Markovian random

walk é% have the same advection-diffusion limit.
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Step (iii) Compute the advection-diffusion limit of the Markovian random walk é%
(and hence of the process at jump times X7 ).

Step (iv) Use a random time change to transfer the result on bacteria position
process X; ¢ itself.

Step (i). Tightness of the coupled sequence #— (X, Z¢).
Let us recall that according to Kolmogorov’s criterion, a sequence of continuous
processes (£ w§)6>0 is tight in the space C([0,T],R?) of continuous processes en-
dowed with uniform convergence if there exists a constant C' independent of € such

that
E|w§ *W§|4 <C(t— 5)2 ) (4.9) {eq:Kolmogorov}

for any 0<5<#<T. In our case, checking (4.9) for the coupled process f+
(X729 is highly standard (see 2°). Remark that it is sufficient to check the
criteria for each of the two separately. We recall the computation for the process
t— =9, the case of £+ X7 being similar using (4.5). First, one can check (4.9)
when £ —5< \ge?. Indeed, in the latter case, only the rest ro (see equation (4.8)) is

involved and

=c =c,€ 4 (E_ §)4 4 I 22
E\Z-25° <C 5 € <C(t-3)",
where we have used that
}ETAOE/EQJJA _ETAUE/EZJ <Ce. (4.10) {eq:est-eps-here}

Assume now that £— 5> \ge2. The terms coming from 75 can be easily controlled,
since, again using (4.10),

Elro|* <Ce*<C(E—5)°.

The terms of order € in the definition (4.7) (defining a martingale) can be controlled
by expanding the sum and eliminating the terms with null average. It yields:

[Mot/e? |1 0 v 4

n n = _ 2
El ) e% <Ce ([hof/e?] — [ No5/e?])
n=|Ao5/€2]

<Cé' (t/€ —§/62)2 +Cet
<C(f-3'<C(-5)>.
In the last line, we use the fact that (f— 5)2 <4T?<C. Finally the terms of order €2
in the definition (4.7) (defining a drift) can be controlled as

[Xot/e?] -1 IR !
Bl 3D STRATEV <06 (af/e) = Los/et )’
n=|Ao5/€?]

<Ce (/e —5/62)4—1—068
S C(t_i ‘§>27
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where we again use the fact that (f— 5)2 <4T?< (. We conclude that

—cC,€ - 4 T =2
EPC-E5 <C(t-3)7,

E

c,€e
s

and hence the sequence is tight.
Step (ii). Comparison of the limits.

We can now use a Gronwall argument to show that £+ th’e and t+— ég— have the
same limit (in distribution) when e — 0. First, since the coupled process is tight, we
can use the Skorokhod embedding theorem, and consider a new probability space
where an e-sequence converge almost surely (in uniform norm) towards a limiting
process t (XC 0,:0) Then, we compare the two processes using (4.5) and (4.7).
Incorporating the terms ry (see equation (4.6)) and ry in the sum, we get

[XoE/e?] 0

v CE —me n+1 c —=c

‘Xf —:E’g 3 (62 );2: ‘(AG(XTﬁ)_Ae(:n))‘+9n+10(€3))’
n=0

so that taking expectation yields

N of/e2)
E‘Xf’e

21@‘( (Xfp)— A(Z5)) |+ 0()

Then, since the velocity of both processes is of Oe¢, and using the fact that A is
Lipschitz uniformly in €, we get

(n+1)€? /Ao
che

S

(x5 - A=) | < 0 / —Zt| d5+0,110(0).

62/)\o

Finally we get

t
E|Xp-E gc/ E[Xe 5| ds+0(),
0

and applying a Gronwall argument yields

€ =€
E| X -5

<O(e).

Taking the limit ¢ —0 shows that X7 ==Y almost surely.

Step (iii). Computation of the limit.
Standard results (see %) show that the sequence of processes f+ = ¢ satisfying (4.7)
converges in distribution for the uniform norm towards the process solution to the
SDE with diffusion matrix

02, .V, @V, 2D
=B | A —" ) =
G ( oY ) Ao’
and drift vector field
DA(x)

b(z) = \E (9";1 v, AT (x)Vn> = ,
A3 Ao
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with D given by (4.2), which yields the SDE (4.1). By Step (ii), the same holds true
for £+ X7°.

Step (iv). Random time change.
It remains to show that ¢ — Xf’e and t— X7 converge in distribution to the same
limit. Let us introduce the random time change

Oécﬁe(l?) = EQTLCAO{/sz + 62 (T\_c)\of/€2j+1 - T\_c)\o{/ﬁzj) ()\0{/62 — LA0{/€2J) (411) {eq: timechange_c}

[Mot/e?]
— Z EATE+ €2 (AT["AOE/ng) (Not/€* = [Not/€%]), (4.12)

n=1

which is exactly the linear interpolation of the jump times (75),~,, and by con-
struction is almost surely strictly increasing and continuous. Using (4.5), we get

€2 [Aot/€?] O(e) [Aot/e?]
- 1
e.el) =3 nz::l bt = z:jl (6 +1),

so that ¢+ . (f) converges in distribution on any time interval [0,7] for the uni-
form convergence topology towards the deterministic function £+ # (see e.g. 1¢). By
construction,

X;vf @ :X{Cﬁ (4.13) {eq:alphatilde_c}

so that we can apply the technical Lemma 4.2 to conclude. O

Remark 4.4. In one spatial dimension, one can describe the evolution of the
distribution density p®(z,v,t) of the process with direct gradient sensing as fol-
lows 7. We introduce the distributions of left-moving and right-moving particles
P (z,t) =p°(x,v==£1,t), and write, using (3.5):

C

Oupfy + €Dy = — SS 4 ST
. 4.14 : hydroild
) Ca(ml) L A(a—1) ( ) {eq:cprocess_hydro
OipZ — €0xp” = Ph— p-
2 2
If we assume A¢(z,v) to be a linear function,
AE(z,v) =g —eA(x)v, (4.15) {eq:lin-turn-1D}
is easy to see that equation (4.14) is equivalent to
7N+ NOyn® =0, (20,n° — € A(z)n®) (4.16)

which, on diffusive time-scales £ =te?, is equivalent to (4.4) in the limit when ¢ — 0.
Note, however, that the assumption (4.15) requires |A(z)| < Ao/€ to retain positivity
of the turning rate. For e small enough compared to A(z) (containing VS(z)) this
requirement is always fulfilled.
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4.2. Diffusion limit of the process with internal state

In the same way, a standard probabilistic diffusion approximation argument can be
used to derive the pathwise diffusive limit of the process with internal state (2.5).
We denote by

X{E :Xt/eza

the process with internal state on diffusive time scales. We will show that this
process converges towards a solution of the same advection-diffusion SDE (4.1) as
the process with direct gradient sensing (2.10) for ¢ — 0, provided A(zx) is chosen
according to

Ap(x) =b" lim Te

T 41
e ria S @ (4.17)

assuming that the limit exists. The parameters b, 7., and A\ in equation (4.17)
were introduced in (3.2)-(2.4) as parameters of the process with internal state, and
Id e R™*™ is the identity matrix. If we introduce the bacterial density as

n(x,t):/Y/Vp(:c,v,y,t)./\/l(dv)dy, (4.18)

this implies that n satisfies (4.4) on diffusive time scales as e — 0.

The proof proceeds along the same lines as the proof of Proposition 4.3. However,
the derivation of an asymptotic expansion of the jump time differences becomes
more involved. We need the following auxiliary definitions and lemmas :

Definition 4.5. We denote by m:R —R"*" the function
m(t) :==t7.— (Id—eftTefl)TSQ, (4.19)
whose derivative is given by
m'(t) =T, (Idfeft“il) .

Lemma 4.6. For all t R, we have

[m’ ()] <t,
as well as
t2
< —.
Imll <5

Proof. We have m(0)=m’(0)=0 and m”(t)=c¢~"™ . By Assumption 3.1 on 7,
we have

Im" ()] <1,

so that

t
§/ ds=t,
0

I’ (8)] = H / ! (5)ds

{sec:limit-internal}
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as well as
t t t2
o= [ mras] < [(sas=5. ]
0 0 2
Lemma 4.7. Let us denote (V? denotes the Hessian) as {len:DTasynp)
cs = HVQSHOOa (4.20) {eq:nonlin_signal}

as well as the error term due to non-linearities of the problem as (recall that by
assumption § <1/k)

1“(6) = CAGM + CF€1+6 + CS€2 < 0(6), (4.21) {eq:nl_err}

where the constants are defined in resp. equations (2.4), (3.2), and (4.20). The
difference between two jump times,

ATn—i—l = Tn+1 - Tna
satisfies the equation

9n+1 = )\OATnJ,_l - bTm/(ATn+1)ZTn

—eb"m(AT11)VS(X1,)Vn + (952“ +9n+1) O(x(e)). (422) {eq:DT1}

Proof. Throughout the proof, we will use the estimate |AT,1|<C0,41, with-
out always mentioning explicitly. Duhamel’s integration of the ODE in (2.5) on
[TannJrl] yields

t
Zy :e_(t—Tn,)T67 ZTn +6/ e—(t—t )TS’IVS(Xt,)V%,dt/
Tn

t
+/ o (=) (2. 2, — FL(Y, S(X0)) . (4.23) {eq:Duhamel_lin_2}
T,

Since Xy = X1, +€(t' = T),)Vn, with ¢/ <T, 41, we get,
IVS(Xy) = VS(X1,)|=0nt1c50(e),

using cg as defined in (4.20) and the estimate ¢’ — T, < AT, 41 < C0,,41. Moreover,
Assumption 3.1, combined with Assumption 3.4, ensures that

T 2y — F.(Yy,S(Xp)| =€ PcrO(| Zy|*) = cpO(e' 7).

Inserting these two estimates in (4.23), yields

¢
Zy = e_(t_T")T;lZTn +e/ e (t=t)re” dt'VS( X1, )Vr, + (0%, 1 +0,41)0 (CF€1+6 +cs€e?)
Tn

=e =TT 7, 4 e (Idf e’(t’T")T;l) 7V S(X1, )V, + (0241 +0,11)O (cpe' T2 +ese?).
(4.24) {eq:key_Duhamel}
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Integrating again, we get

Tn+1 1
| zt= (1a- e T Y 12, - en VS (X, V)
Tn

+6(Tpgr — Tn) 7 VS (X7, )WV, + (03 1 +02,)O (cpe' ™ +cs€?)
=m' (AT 41)Z7, +em(AT, 1)V S(X1, )V, + (03,1 +60%, )0 (crpe T +cge?),
with m(t) and m/(t) defined as in Definition 4.5. Finally, (2.4) gives

Tn+ 1

Ops1=NoAT, 1 —bT / Zydt+ 04100 (%),

T’Vl

and the result (4.22) follows. O

The following estimate of jump times then follows :

Lemma 4.8. The jump time variations can be written in the following form :

ATy =AT)  +eAT) 4 (0%, 1 +0,41)0 (r(e) +€°), (4.25)
where
0 On+1 " / 0
AT, =———+—m (AT, 1) Z71,, (4.26)
Ao Ao
1
AT!, = bI'm(ATC, VS(X1, )Vy, 4.27
n+1 Ao—bTeiATT?*lTeilZTn m( n+1) ( Tn) ( )
or, for short,
Or
AT, = T“ +0,410(e%) (4.28)
0
1 0,
AT}, = )\—bTm < A“ > VS(Xr1, Vi +02,,0(e%), (4.29)
0 0
where the term of order €® in (4.28) is independent of V,,.
Proof. Let us first introduce the functions
Uo(t) =Nt —bTm’ (t) Z7,
\Ill(t) = —bTm(t)VS(XTn )Vn,
Using these functions, we can rewrite the result (4.22) of Lemma 4.7, as
Ont1="To(ATi1) +€W1 (AT p1) + (02 11 +0n41) O(x(€)). (4.30)
Also, the definitions (4.26)-(4.27) of (AT, ,,AT, ) can be written as
Uo(ATY 1) =0nt1
U (AT, ) (4.31)

AT}

T W (AT )
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Taking the first line, add € times the second line, and rearrange, one has
{eq:why_this} Oni1=To(ATL, )+ eV (AT, VAT, +eT1 (AT, ). (4.32)
We then consider the expansion
AT, 1 =AT? ni1 HeAT +1 +Rpq1.

The proof of the Lemma then reduces to showing that R, 11 is small. Anticipating
the result, the idea is to Taylor expand Wo(AT,+1) and Uy(AT,11), use these
Taylor expansions in (4.31), and compare to (4.32). We start by using a double
Taylor expansion at order 1 for Uo(AT,+1) :

\Ifo(ATn+1) \Ifo(AT +1 +Rn+1)+€AT +1\I// (AT +1+Rn+1)
i (GATﬁH)

2
=Uo(AT9, )+ Ry OO (AT, + 71 Rpg1) + AT UG (AT, )

( ATn—i—l)
2

V(AT + Roy1 +73€AT ),

+eAT, +1Rn+1‘1]0 (ATO-H +y2 1) + ‘I’(/)/(ATOJ,-l + Rpt1+y3eA n+1)a

and a simple Taylor expansion at order 0 for ¥ (AT, 11):
U1 (AT 1) = (ATn-',-l) (6AT1+1 + Rp1) ¥ (ATO-H +ya(eAT, 11T Rnt1)),

where v; €]0,1],i=1...4 are used to apply the intermediate value theorem to the
rest of the Taylor expansions. Inserting the Taylor expansions in the identity (4.30),
and comparing to (4.32) simplifies to

V(AT + 71 Rpt1) Rt

AT,
%\IJ”(ATSH +Ryq1+73€AT, )

+ (e 2AT1+1 +ely 1)V (ATOJrl +71(eAT, 1+ Rog1)) + (93+1 +9n+1) O(x(e)),
(4.33) {eq:DTiter}

+€AT +1Rn+1\P0 (ATn+1 +72Rn+1)

We now need some estimates on the terms involved in (4.33) to control R,,1.
First of all, we need some crude bounds on jump times. Since rates are bounded
above and below by Apin and Apax, we have

AT 1| < COpyr.
Then, ¥((t)=MNo —XobTe=t" " Zr  so that, using Assumption 3.4, there is a con-
stant C' such that

1 3
X< sup  Ui(t) <=,
2 t€[0,400] 2

for e<1/C. As a consequence, AT ; is well-defined by the implicit definition (4.26)
and one has obviously

AT, | <l



November 21, 2011 15:45 WSPC/INSTRUCTION FILE limits

{lem:av_m}

{eq:av_m}

22 Individual-based model of chemotaxis

In the same way
}ATQ+1| < Cm(ATS-l—l) < 097214-1,
and thus by definition:
|Rg1| S C(Ons1+eb ).

Then we need some bounds on the derivatives of ¥y and ¥;. Using Lemma 3.4, we
get

[ ()| =X |77 Le™ ™ 2y | < C.
Eventually, for any ¢ >0,
W (1) <Cm'(t) < C#2,
Inserting all the previous estimates in (4.33) to control R,,4+1, we get
By | SO 4 +02,)+ (621 +0,00) O (2(c)).
Inserting a second time in (4.33) to control R,41, it yields:
|Rys1| SC(0 41 +07 1)+ (Ons +0n11) O(x(e)),

and the result follows. O

Remark 4.9. Tt is crucial to note that the term of order € in (4.26)-(4.28) is
independent of V,,. This will ensure that the latter contributes to martingale terms
in sums of the form ) AT, V,.

Finally, the drift of the limiting diffusion (see Proposition below) will be com-
puted using the following lemma :

Lemma 4.10. Let 0 be an exponential random variable of mean 1. Then:
0 1 Te
E — || = 4.34
<m (Ao>> Ao T+, (4.34)

Proof. It is a straightforward computation:

(o () e

Te Hoo oo oo 7(Id+T€71)t
=— te_tdt—T€2/ e_tdt—i—TEQ/ e o tdt
Ao Jo 0 0
Te 2 2 -1 -1
=T + 7% (Id+7 "/ Xo)
0

T, 1
=—°¢ [ = (Id+Xo7) (Id=Xo7e) + AoTe?
Id+)\on(>\0( +2076) (Id=Ao7e) + Ao )

1 Te
B )\0 Id+>\07’€ '
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O

Using these lemmas, we can prove the following result on the diffusive limit of
the process with internal state :

Proposition 4.11. Consider the process with internal state define in Section 2.1,

-
and the assumptions of Section 8.3. Assume lim._,o~———— exists, and that
)\07'5 +Id

d0>1/k. Then, the process f»—)Xf:Xt/€2 converges in distribution (for uniform
convergence topology) towards ¢+ XEO solution to the SDE (4.1) with drift coef-
ficient (4.17). As a consequence, the density n of the process converges weakly
towards ntQ:ng’O solution of (4.4) with drift coefficient (4.17).

Proof. Since the proof is very similar to the proof of Proposition 4.3, we will skip
similar arguments and refer to the latter whenever possible. As in the proof of
Proposition 4.3, we perform a random time change on the process of positions of
the bacterium, so that a jump (tumble phase) become deterministic, and will occur
on regular small time interval of length €2/\g. The latter is thus defined as:

[Aot/e? | -1
X§:X0+ Z GATn+1Vn+ ()\05/62— \_)\Of/GQJ)GAT\_)\()E/€2J+1VI_A0{/€2J .
n=0

T1

(4.35)
To compute the diffusion limit X £, we will compare it to a classical drifted random
walk defined by the Markov chain

EOZXO_ bV 2yt o (4.36)
:n+1::n+e—”f\0 L te /\—Zb m(—’/’\z YWVWS(En)Vn.

To the latter, we can associate a continuous process defined on diffusive time scales
by interpolation

[Aot/e?|—1
E§:X0+ Z EnJrl*En +()\0t7/627 LAof/E2J) (EL)\OE/CAZJ‘F:[*EL)\O{/EZJ)'

n=0

r2
(4.37)
Now the computation of the diffusive limit of the sequence of processes #+— X £ relies
again on four steps.

Step (i). Tightness of the coupled sequence ¢+ (Xf,é%)
The proof of tightness is strictly similar to the proof in Proposition 4.3, so we leave
it to the reader.

Step (ii). Comparison of the limits.
We can now use a Gronwall argument to show that t+— th and t— é% have the
same limit (in distribution) when e — 0. First, since the coupled process is tight, we
can consider a new probability space where a e-sequence converges almost surely

{eq:sum_X}

{eq:Markov_int}

{eq:sum_Xi}
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(in uniform norm) towards the limiting process £ (X?,Z%). Then, we compare the

two processes using (4.25)-(4.35) and (4.36)-(4.37). For this purpose, we incorporate
the rest terms r1 and rg in the sum in (4.35) and (4.37), and we get the estimate

e ;
82| 5 (o 52)
n=0 0
I_A()f/ezj bT 0 " I_A()f/ezj
+ 7;) €V, (ATQHA—Om( ¥ )VS(En)Vn>+ 7;0 (051 +0,1)O( +ex(e)).

Denoting
M, =V, b"m/ (ATY, ) Zr,

and using the estimates in Lemma 4.8, we get

~ R [Aot/€?]
[%i-z]<| S em,
n=0
[Xot/€?] 0 0 [ Mot/
n+l ;T n+1 _ s
+ 7;) €2 i b m(_)\o‘) ‘VS(XTﬁ)*VS(:n)’+ 7;0 (92+1+9n+1)0(63+62+ +er(e).

Taking expectation and using Jensen’s inequality, as well as the fact that S is
Lipschitz, then gives

) o\ 1/2
[Mof/e?]
E‘Xf—é;—g E| 3 eM,
n=0
[Mof/e?]
+Cé? Z E‘XTﬁ—En‘—i—(’)(e—i—e‘;—i—e*lr(e)).
n=0

Using |M,,| <C,41€® (which follows from Assumption 3.4) and the independence
of the random variables (V,,)n>0, we get

[Aof/e?] 2

E Z eM,| <C|Xot/€*] x € xe* =0(e¥).

n=0

Controlling the derivative of both processes on the time interval [ne?/Ao,(n+

1)e2/\o] yields
(n+1)e?/ o
S )\06_2/

62/A0

X2 d5+0,410(e).

In the end, we get

t
E\ngég gc/ E‘XfE d5+O(e+¢ +e11(e))
0
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and applying a Gronwall argument yields (expliciting r(e)):

]E’Xf*éi’ =O((1+cs)e+(1+cp)e’ +ene™ ™). (4.38)

Taking the limit € — 0 shows that X tQ = ég almost surely.
Step (iii). Computation of the limit.

Standard results (see 2°) show that the sequence of processes t — é% satisfying (4.36)

converges in distribution for the uniform norm towards the process that is solution

of the SDE with diffusion matrix :

02, 1 Vn®Vy

a)\oE< )\3

) =2D/Xo,

and drift vector field, using (4.34), see Lemma 4.10 :

BT Vn T 9n+1
b(m)—l%AoE (/\_ob m( " )VS(m)Vn)

Te

Id+Mo7e
9 DA(x) /Ao,

=1lim D <bT

e—0

vS(a)) o

with A(x) defined in equation 4.17, yielding the SDE (4.1). By Step (ii), the same
holds true for ¢+ th

Step (iv). Random time change.
It remains to show that £— Xf’e and t— X converge to the same limit. We
introduce the random time change

ac(t) =T ri/e2) + € (Tirgisez)+1 = Tinotse)) (Mot /e = [Xot/e?]) (4.39)
[Aot/€?]
— Z EAT, +€ (AT i/e2 1) (ol /€2 — [ Aot /€7]), (4.40)
n=1

which is the linear interpolation of the jump times (7},),~, and by construction
is almost surely strictly increasing and continuous. Lemma 4.8 implies that AT, =
97)‘\% + (05 11 +0n41)O (e+ €0 +1(e))). Therefore, we get

2 L)\Og/CQJ 2446 3 2 L)\OHEZJ
€ O(e*T° + e +€°r(e)) 6
af(ﬂ_ )\0 nzl 977/+ )\O 7;1 (9n+9n+1)5

so that ¢ — a ((t) converges in distribution on any time interval [0,7] for the uniform
convergence topology towards the deterministic function £+¢ (see, e.g., 1). By
construction,

X5 =Xt (4.41)

so that we can apply the technical Lemma 4.2 to conclude. O

{eq:timechange}

{eq:alphatilde}
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Remark 4.12. In one spatial dimension and with internal dynamics given by (2.8),
Erban and Othmer argued on formal arguments (a moment expansion) that the
evolution of the density n(x,t) on hyperbolic time-scales satisfies
Ofn+XoOn =0, | €20 n—ﬁS'(ac)n (4.42)
t ot T T 1+ )\07_5 ) .

in the limit when e —0 7. It is easy to see that equation (4.42) is equivalent to (4.1)
in this limit when choosing A(z) in (4.1) according to (4.17).

Remark 4.13. Another relation between the process with internal dynamics and
the process with direct gradient sensing is obtained when, for fixed ¢, the bacteria
learn the value of the chemoattractants concentrations infinitely fast. To investigate
this limit, we may construct a sequence (7.%)?° |, such that limy_ ||7*|| 1t = o0,
and show that, for k— oo, the process with internal state converges to a process
with direct gradient sensing, with jump rate given by A¢(z,v)=A(VS(x)v), i.e.
the turning rate for the process with internal dynamics, evaluated for the deviation
z2=V8(z)v.

5. Discretization of velocity-jump processes

To observe the asymptotic behaviour in numerical simulations, the time discretiza-
tion should approach the same diffusion limit as the time-continuous problem. This
requires, in particular, that the discretized jump times are computed sufficiently
accurately. In this section, we propose a time discretization of (2.5) and give a con-
sistency result. The process with direct gradient sensing (2.10) can be discretized
similarly. For ease of exposition, we consider the scalar equation (2.8) for the internal
state; generalization to nonlinear systems of equations is suggested in Remark 5.1.

5.1. Linear turning rate

First, assume a linearized jump rate
Mz)=Xo—bT 2. (5.1)

When the chemoattractant profile is linear, S(x)=Sy+(VSp)-z, the ODE (2.8)
can be explicitly solved for Z;. For t € [T},,T),+1), i.e. between two jumps, we then
have

Xe=X1, +€Vi (t-T),)

t—T,)re ™t t—T,)r ! (5.2)

Zy=e~ T g L er (Id—e’( ~T)7e )(VSO)Vn.
Similarly to the computation in the proof of Lemma 4.7, we get, using AT, 11:=
TnJrl - Tn7

Tni T —ATp 17t
/ A(Z)dt = Ao (ATps1) —b (dee n1Te )TEZTn

T’Vl

—eT (ATM@ . (Id—e’AT"“T;l)TeQ) (VSo)Vn. (5.3)

{eq:process_hydro}
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The jump time T),4;1 can be calculated exactly from (5.3) by solving

Thi1
/ AN Zy)dt =0,,41, (5.4)
Tn

using a Newton iteration. Hence, no time discretization error is made.

When S(x) is a nonlinear function of z, exact integration of Y; is no longer
possible. We therefore define a numerical solution (X2, V,2¢,Y;%!) as follows. Between
jumps, we discretize the simulation in steps of size 6t and denote by (ngk,Zf:k)
the solution at t,, ; =72t + kdt. The numerical solution for t € [t,, x,tn k1] is given
by

X=X 4+ eV (t—tng)
Zt = exp(—(t—tn )7 ) 20 4 ere (Id—exp(—(t —tnp) 7)) VS(X2) Vi
(5.5) {e:discr-nonlin}
We denote by K >0 the integer such that the simulated jump time T,‘fﬂrle

TJt
[tn, i tn,kc+1]. To find T%,, we first approximate the integral [.;" A(Z{")dt us-
ing n
-1

Tgil K tn, k41 Tgil
/ NZMdt = Z/ )\(th)dt+/ N Z0dt, (5.6)
tn,k

TSt k=0 tn, K

n

and then compute:

tn, k41 .
/ A(Z8)dt = Aot — bT (Idf o0t ) T Z8t

tn,k

—aT (51576 - (Id—e—“fe’l)ff) VS(X )V (5.7)

The jump time 7%, can then be computed as the solution of

TSfH K-1 tn k+1
/ AZP)dt= 0,11 - / NZ3%)dt, (5.8) {e:lin-Newton}
k=0 “tn.k

tn, K

again using a Newton procedure. The use of (5.5) as a discretization scheme has
a crucial consequence: the analysis performed in Section 4 for the continuous time
case still holds in an exact fashion in the time discretized case. This is mainly due
to the fact that the key estimate (4.24) still holds. It is left to the reader to check
that all the proofs performed in Section 4 are not affected by this discretization.

Remark 5.1. The discretization scheme (5.5) can be generalized to a non-linear {rem:nonlin_num}
evolution equation for the internal state. It is however necessary to check that a

time discrete version of Assumption 3.4 still holds in this case, and also that (4.24)

remains true.

We also give the following consistency property, which is of independent interest :
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Lemma 5.2. Assume T.'=T,, X, =X, V=V and Y =Yr, , then, using
the time discretization (5.5), we have

Toi1— TP | < CE6t02 (5.9)

and consequently,
‘XTM - X%, <o, (5.10)
(5.11)

Proof. Using the assumption T}, =T?! and X1, = X%’i, we get straightforwardly
Xi=X", Vte[Tn, T AT,
so that
§
’VS(Xt) — VS (an\_(tn,,o—t/)/(stj) ‘ S 05t€

Consider Duhamel’s formula (4.23), and write a similar expression for the time
discretized case for t € [T}, 7% ] :

t
-1

th:e_(t_Tn)Te Z%i_’_e/

T’Vl

—(t—t")r 7t )
€ (t t ) VS (anL(tn,U*t/)/(stJ) Vndtl (512)
Using the assumption Z ‘51 = Zr,, the difference between the two Duhamel’s integrals
then yields
|2, — Z < Ce*5t0, 41, (5.13)

for t€ [T, Tni1 /\Tgil].
We now proceed to find a bound on ’Tn+1 —T,fﬁrl‘. We start by writing

Tt T
/ N Z,)dt = / MNZ)dt =0, 1;
T T3t
and using the assumption T}, = T%!, we obtain

Trt1ATRG To4a Tnt1
f/ T (thth)dt:/ /\(Zt‘”)dtf/ N Z,)dt

T, Tn1 AT Tn1 AT
(T8 Do AT YA & (T s AT )N
for some values of t; € [T,41 AT, T34 ] and t5 € [T01 ATSY 1, T3 Since Amin <
A2) < Amax, We get
ot
8T <0 [ - 2t
Tn
<CO2, 6t
Finally, note that
| X — X)!| <e(t—Tn)

{lem: jump-lin}
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for t>T,, to get the estimate on |Xr, —X%‘;t
n+1

. This concludes the proof. O

Note that the dependence in €36t shows, at least at the consistency level, that
the error due to discretization remains of a higher order in e than the difference
between the process with internal state and its advection-diffusion limit.

5.2. Nonlinear turning rate

We now consider the nonlinear turning rate as defined in (2.9). We again discretize
in time to obtain the time-discrete solution (5.5). The jump time Tgil is now
computed by linearizing (2.9) in each time step,

dA(Z3%k)

A% (thvzg?k) :A(ngk)ﬂL 1z

(th — thk) (5.14) {eq:nonlinrate_disc}

and approximating the integral

&t

Tt K—=1 it a1 T
" St 6t 6t TR St ot ot " St 6t 6t
- NUZZ00 ey s )AE= D t N (ZPt, Z8t ) dt + PR VAL AL

tn,K

=041, (5.15)

The jump time T,fﬁ_l can then again be computed using a Newton procedure as
in (5.8). Here again, the analysis performed in Section 4 for the continuous time
case, still holds in an exact fashion in the time discretized case. Also, a consistency
property similar to Lemma 5.2 holds in the case of non-linear turning rate.

Lemma 5.3. Consider a non-linear turning rate (2.9) discretized by (5.14) and {lem: jump-nonlin}
(5.5). Assume Tgt =T,, Xr, :X%i’, Vn= Vj‘zz and Yq‘zj =Yr , then

| Tyi1 — T2 1| < CEE(502y +0t2041), (5.16)
and consequently,
’XT"+1 o X%ffzrl ’ < 063 (5t9721+1 + 5t29n+1)' (517)

Proof. Similarly to the linear case we can show that

Ty ATO
ot
| T — T4 | < C/
Tn

N Z,)— N0 (th,Z‘” J) ‘dt. (5.18) {eq:diff1}

n, [ "5
We then estimate the righthand side of (5.18). This is done in two steps :

Step (i) Estimate difference between turning rate and locally linearized turning
rate for the discretized deviations ’)\(th) f)\‘”(th,Zflfk)‘.

Step (ii) Estimate difference between turning rates for the discretized and time-
continuous deviations |A(Z) —A(ZY)].
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Step (i): ‘A(th)—w(zft,zgfk)‘.
A Taylor expansion for t € [ty g, tn k+1] yields
2
INZP) = N2 2000 | < C (20 = 2305)
Then, remarking that, for ¢ € [t k,tn k+1], we have
28t = emmtnan 78y e (10 et ) 958,

we get

)

t—t,
Z =70 | = ‘ (Id—eXp (—T—’“)) (20— TeeVS(X2))

€

= ’ml(t—tn,k)(epsVS(ngk) _Te_lzgfk)’
< C'te.
In the last line of the above, we have used the estimate
|2 =0(")

as in the non discretized case, which follows from Duhamel’s formula (5.12) and the
assumption ’Z%i’ = O(€%). Finally, we obtain

tn,k+1
/ INZP") =Nz, Z08,) | dt < CotPe?,

tn,k

/Tn+1 /\ngrl
TTI,

Step (ii): |A(Z¢) — A(Z]Y)].
Using Duhamel’s formula as in the proof of Lemma 5.2, and using (5.13) above
yields

and thus:

)\(Zt) _ )\(St th,Z(St fhot
n,\_ 5t J

) ‘dt <C6t%%0,,11

INZ) = N2 <C |20 — Z)| < Cote® 0,41
Finally we get, using (5.18),
|Tq1 — T2 | < CE(6t02 +0t%0r41).

This concludes the proof. O

6. Conclusions and discussion

This paper proved rigorously, using probabilistic arguments, the convergence of a
velocity-jump process for chemotaxis of bacteria with internal state to an advection-
diffusion limit, and showed that the same advection-diffusion limit can be obtained
as the diffusion limit of a simpler, coarse process with direct gradient sensing. From
a numerical point of view, we introduced a time-discretized model that retains these
diffusion limits.
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A direct simulation using stochastic particles presents a large statistical variance,
even in the diffusive asymptotic regime, where the limiting behavior of the bacterial
density is known explicitly. Consequently, it is difficult to assess accurately how
the solutions of the fine-scale model differ from their advection-diffusion limit in
intermediate regimes. Therefore, numerical results are deferred to the companion
paper 2!, where we will use the results of this paper to construct a hybrid scheme
for the simulation of the fine-scale process with “asymptotic” variance reduction.
The hybrid scheme simulates both the process with internal state and the simpler
process with direct gradient sensing using the same random numbers, and exploits
a pathwise coupling between the two trajectories. The variance reduction that is
“asymptotic” in the sense that the variance vanishes in the diffusion limit.
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