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Spike Dynamics in the Presence of Noise*
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Abstract. We study the effect of noise on dynamics of a single spike for the classical Gierer—Meinhardt model
on a finite interval. When spatio-temporal noise is introduced in the equation for the activator,
we derive a stochastic ODE that describes the motion of a single spike on a slow time scale. The
steady state is described by a density distribution for spike positions, obtained via the corresponding
Fokker—Planck PDE. For sufficiently small noise level, the spike performs random fluctuations near
the center of the domain. As noise level is increased, the spike can deviate from the domain center but
remains effectively “trapped” within a certain subinterval that includes the center. For even larger
noise levels, the spike starts to undergo large excursions that eventually collide with the domain
boundary and temporarily trap the spike there. By reformulating this problem in terms of mean
first passage time, we derive the expected time for the spike to collide with the boundary. Several
new open problems are also presented.
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1. Introduction. The goal of this paper is to study the effect of noise on spike dynamics
in reaction-diffusion systems. We concentrate on dynamics of a single spike for the Gierer—
Meinhardt (GM) model, which is among the simplest reaction-diffusion systems that manifests
complex patterns. It was first introduced in [3] to describe biological morphogenesis. One of
the simplest versions the GM model—which still admits rich pattern-formation structure—is
[3, 6, 20],

2
(1.1) Uy = 2Uyy — u + u? /v, O:vm—v—i—%.

We impose Neumann boundary conditions on an interval € [-L, L]: uy = vy =0at z = £L.
Here, u and v represent activator and inhibitor concentrations, respectively, and we make the
standard assumption that the inhibitor diffuses much faster than the activator, that is, e < 1.

A key feature of (1.1) is that in the limit of small activator diffusivity ¢ — 0, the model can
produce localized spike patterns [3, 4]. These spiky patterns have been subject to intensive
study over the last two decades, and by now there is a large literature on formation and
stability of these patterns. We refer the reader to books [14, 20] and references therein. More
relevant to this work, once spikes form, they typically exhibit a slow motion which can be
effectively characterized by a system of ODEs for spike positions coupled to an algebraic
system describing spike heights [6, 5].
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While spike pattern formation and various instabilities for the deterministic GM model
are by now well understood, much less is known about behavior of spike solutions in the
corresponding stochastic mathematical model. Several recent studies have looked at the effect
of noise on Turing bifurcations [16, 1] as well as phenomenological /numerical investigations
[13, 18, 7, 9]. The effect of stochastic diffusivity in the GM model was analyzed in [21]. More
recently, existence of solutions for stochastic a shadow GM system was established in [12, 22].

There are many ways to introduce noise. In this paper, we study the effect of introducing
the noise in an equation for the activator. As we will show, this has a direct effect on the
motion of spikes. For concreteness, let us assume that only the decay rate of the activator u is
stochastic, although similar analysis works for other types of noise, some of which we discuss
in section 5. By introducing the noise in the decay of u, (1.1) then becomes

(1.2)

Vdt u?

ut:€2um—u+u2/v+auwﬁ, 0=1v4 — v+ —, Uy = v, =0 at x = £L.
€

Here, W (x,t) is the spatio-temporal Gaussian white noise chosen to be consistent with nu-
merics. We chose this type of noise because it is easy to implement numerically using finite
differences: one simply adds an appropriate amount of noise at each meshpoint and at each
timestep. A drawback is that the noise magnitude is related to the number of meshpoints NV
used, so that it needs to be normalized appropriately. Here, we define W to be

(N-1)/2
(1.3) W (z,t) = o(t) + V2 Z (wm(t) cos <% x) + ¢m(t) sin (% l‘)) ,
m=1

where Y., ¢, are independent standard normal distributions of mean zero and variance one.
This definition is motivated in part as follows. When discretizing (1.3) using finite differences
on a uniform mesh {xzy} of size N, one obtains that W (zy, t) are independent normal variables,
all with variance N. See Appendix A for detailed explanations as well as the MATLAB code
for simulating (1.2).

Let us summarize our main findings, which are illustrated in Figure 1. As is well known
[6, 5], in the absence of noise, the spike center x( drifts toward a center of the domain x = 0
on a slow time (O(e?)) scale. The reduced equation for the motion of a single spike consists
of an ODE for the spike position. When the noise is turned on in the activator equation,
it manifests as noise at the level of reduced equation for the spike motion. As a result, the
reduced equation becomes a stochastic ODE (SODE). In section 2 we derive the following
SODE which describes the motion for the spike center xg:

2 sinh (2x)
cosh (2z¢) + cosh (2L)

1.4a dxg ~ — ds + o*&ds;  s=¢e%t
(1.4a) EVds; :

Here, £(s) = N(0,1) is a normal random variable and o* is the standard deviation, indepen-
dent of space, given by

IN'Y? [10
1.4b A -,
(1.4b) o U(e> -
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Figure 1. Top row and left column: simulation of the full PDE (1.2), parameters as indicated. Dashed
lines correspond to the simulation of the SODE (1.4) for the reduced dynamics of the center of the spike. Right
column, last three rows: histogram shows probability distribution of spike position over time, as extracted from
the corresponding figure to its left. Dashed line denotes the analytical prediction (1.5). For larger o (bottom
right), the spike can hit the boundary and get “stuck” there for some time as indicated by red bars, then drift
back to the middle.
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The ODE (1.4a) is valid only as long as zy remains away from the boundaries +L, more
specifically, as long as |xg & L| > O(e). In the absence of noise (0* = 0), the deterministic
part pushes the spike toward its equilibrium at the center, while the noise can push it away
from the center. If o* is relatively small, the deterministic part dominates, and the spike
remains near the center of the domain. In this case, using the Fokker—Planck equation, and
for sufficiently small o*, we show in section 3 that the stationary distribution of spike positions
has the density given explicitly by

(1.5) p(xo) = Cexp {— (03)2 log (COShl(T(ZL;C(ZSg})(QL» } ’

where C is a constant chosen so that [ p(z¢)dzo = 1.

Figure 1 shows an excellent agreement of the direct simulations of (1.2) and the spike
distribution density given by (1.5), (1.4b), as long as o is not too big. Since the spike motion
is restricted to the domain [—L, L], formula (1.5) is restricted to those parameter values for
which p is vanishingly small outside = € [~L, L].!

On the other hand, when o becomes too big, the density (1.5) does not “fit” into the
domain [—L, L] and there is a nonvanishing chance that a spike “hits” the boundary. While
the SODE cannot predict what happens when the spike collides with the boundary, it can
predict how long it takes (on average) before such collision occurs. Numerically, we observe
that following the collision, the spike can remain at the boundary for some time, until the
noise eventually kicks it off the boundary. This is illustrated in the bottom row of Figure 1;
red bars correspond to the spike being temporarily “stuck” near the boundary. The expected
time for the spike to “hit” the boundary can be formulated in terms of the mean first passage
time (MFPT) problem. This is done in section 4.

We now summarize the paper. We derive the SODE (1.4) in section 2. The spike position
distribution is analyzed in section 3; in the case of large L, we also derive the “trapping region”
of size 21 such that the spike remains “trapped” within a region |x| < I < L. The hitting time
to the boundary is studied in seciton 4. We conclude in section 5, where we discuss some
generalizations and propose several open problems.

2. Derivation of reduced SODE for spike motion. We now derive the equations of motion
(1.4) starting with the PDE system (1.2). In fact, we will generalize this slightly, by replacing

(2.1) uW — W

in (1.2) and considering both the cases p = 1 and p = 0. A typical snapshot of solutions for
the two cases is shown in Figure 2. The case p = 0 is discussed in section 5. When p = 1, the
noise is mostly occuring inside a spike but does not affect the background due to exponential
decay of u. On the other hand when p = 0, the noise affects the background and can lead to
many other phenomena as discussed in section 5.

'Here, “vanishing” is used loosely to mean exponentially small, meaning in practical terms that it is not
expected to be observed numerically within a reasonable timeframe (say, a week of running on a standard
laptop). For example, for parameters in row 2 of Figure 1, one finds p(£L)/p(0) =~ 1.3 x 107'°. The precise
measure is clarified in section 4 in terms of MFPT.
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Figure 2. Spike in the presence of noise. Here, ¢ = 0.05. Left: when p = 1, the noise affects the inside of
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the spike only. Right: p = 0, the whole spike including the background is affected.

We use by-now-standard techniques to reduce the full PDE solution to an ODE system
for spike center position zy. The derivation is rather standard; see, for example, [8, 6, 5, 11,
10, 19, 20]. In particular the deterministic part in (1.4) is well known, although we rederive
it here in full for convenience. The main novelty here is to derive the reduced noise level o*

(1.4b) from the original system.

Let z¢(t) denote the position of the spike. In the inner region near xy we expand (1.2) as

follows:

x=20(s) +ey, s=c’t,

u(z,t) = Uo(y) +eUs(y) + ...,
v(z,t) = Voly) +eVi(y) +....
To leading order in £ we have
U2
(22) 0= UOyy—UO"‘Vga 0 = Voyy,

and at the next order, after collecting O(e) terms, we obtain

(2.3) —2(8)Uoy = Uy — Us + 2U€/[0]1 - gévl + aUgW*gs,
(2.4) 0= Viyy + Uj-

Then V; is a constant and therefore Uy can be written as

(2.5) Uo(y) = w(y)Vo,

where w is the well-known ground state satisfying

(2.6) Wyy —w+w? =0, w—0as |y — oo, w(0)=0,

with the explicit solution given by
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(2.7) w(y) = gsechQ(y/Z).
In the outer region, we write
(2.8) v~ SG(x,xp),
where G is the Green’s function satisfying
(2.9) Gow —G+6(x —20) =0, Gi(£L)=0,
given by

1 — _
(2.10) G(z;x0) = { cosh (z + L) cosh (zo — L), —L <z < zo,

sinh(2L) | cosh (zg+ L)cosh(x — L), xo <z <L,

and S is computed as

xj u2(x) [e%e] 9
s= o~ [ o) dy = 673,
25

€ — 0o
Matching inner and outer regions we obtain Vp ~ v(xg) ~ SG(zo, o) so that

I B ~ cosh(2xg) + cosh(2L)
6G, 0= Claom)= 2sinh(2L)

Vo =

Finally we formulate the solvability condition to determine xg. Multiplying (2.3) by Up,
we have

(2.11) —x'o(s)/ Ugydy = / Uoy (Ulyy -Ui+2 ;)/01> dy
[e’e] U2 d [e%¢]
_/ Uy 2 Vidy + a\/?/ Uo, UEW dy.
oo Vi ds J_

We now integrate by parts using the decay of w at infinity to obtain

°° UgU o0 U U
/ Uoy (Ulyy —Ui+2 ;)4)1) dy = / Uy (U(Jyyy — Uy + 202{/00‘1!> dy.

—00 —0o0

Note that U U
0y Uo
Uoyyy — Uoy + 2 ij/o L = (wyyy — wy + 2wwy) Vo =0,

since wyyy — wy + 2wwy = (wyy —w + w2)y =0 (see (2.6)). So (2.11) simplifies to

0o 0o U2 \/% 00
(2.12) —3:6(3)/ Ugydy = —/ onvf%‘ﬁdy + Uds/ Uy USW dy.
—00 —00 0 —00
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We further evaluate
[e%e] U2 V [e’e]
(2.13) —/ onv—%Vldy = 30/ w Vi, dy.
— 0 0 —0o0

From (2.4), we have

v Viy(00) + Viy(—o0
Vi) = - [ U(s)as + LT TER)
0
Since [ Ug(s)ds is an odd function and using [*° w3dy = 3, the integral in (2.13) evaluates
to
o0 Viy(00) + Vi (—0) 36
wd 1y 0 1y oY
/_ iy = g .
We match inner and outer solutions to obtain
Viy (£00) = SG, (23, 20) = 6VFGy, (25, 20) -
Using [ wzdy =6/5 we get
G, , G (z,, _ PWd
(2.14) 1,6(5) — (xO IL‘()) + (xO $0) _ U\/%VOP 1fwyw y.
G(I‘O, .Z'(]) ds 6/5
From (2.10) we compute
(2.15) G (25, 20) + Ga (25, 20) 2sinh (2x0)
' G(xo,x0) - cosh (2z¢) + cosh (2L)°

It remains to evaluate the integral in (2.14). Using the addition formulas cos(z) = cos(xg +
ey) = cos(xg) cos(ey) — sin(zg) sin(ey) and parity, we compute

/oo wyw? cos <xmﬁ>dy sin (ac mﬁ>/oo sin (5ym7r>w wPdy
—_ = - 07— - )
o ! L L)) L Y
o0 o
/_oo wyw? sin (x%) dy = cos (azo%> /_Oo sin (zfy%) wywPdy.

Define -
Fy(x) := / sin (zy) wywPdy,

—00

whose value is derived explicitly in Appendix B. In terms of F,, we have

(N-1)/2

(2.16) /Wwywpdy =2 Z ( ) ( m (t) sin (a:onz > + ¢m(t) cos (mo%)) .

Finally, we compute the variance of O'VP 1%

summation by an integral as follows:

. This is done by approximating the

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 02/06/21 to 129.173.72.87. Redistribution subject to SIAM license or copyright; see https.//epubs.siam.org/page/terms

2790 C. GAIl, D. IRON, T. KOLOKOLNIKOV, AND J. RUMSEY

1\ 2 (N-1)/2
02 UV()Pl 2 (M7
(U)_<6/5 Q;FP<LE>

To summarize, we obtain

L _
(2.17) ot =0 EG(I) Pc,,
where
2 [ v60, p=0,
c, - (5-61’)2/ F2(2)dz=1 ‘1o
™ Jo ) p=

In particular,

. 15L cosh(2zg) + cosh(2L)
2.1 = N =
(2.18) p=0: o =0y sinh(2L) ’

L [10
2.19 —1: o* =0/ 2/ —=.
(2.19) P ot =0\ 2\

This yields (1.4) when p = 1. The case p = 0 is discussed in section 5.

A similar derivation is possible if we impose periodic boundary conditions on (1.2) instead
of Neumann. Then the resulting ODE for spike motion is simply (1.4) but without the drift,
dxg ~ 0*&/ds, and with zo € [~ L, L] taken mod 2L (so that the spike that crosses through a
left boundary reemerges on the right and vice versa). This corresponds to a simple Brownian
motion with periodic boundary conditions.

3. Spike position distribution. For a general SODE
(3.1) dz = f(z)ds + o(2)EVds,

subject to initial condition x(0) = a, the probability density p(z,t) for x to be at a given
location at time t satisfies the Fokker—Planck PDE

pr = <022p)m —(fp),
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subject to initial conditions p(z,0) = 0(x — a). See, for example, [2, 15] for the derivation, or
the appendix of [17] for an alternative derivation using integral master equation. The long-
time equilibrium density distribution p(x,t) = p(z) then satisfies (%Qp)x + fp = K. Assuming
the density is finite and decays at £ = 400, we must have K = 0 so that the equilibirum
density is explicitly given by

(3.2) p= %CeXp </ 022f> ;

where C' is a constant of integration chosen so that [ p = 1. Here, we specialize to SODE

cosh(2x)+cosh(2L
1(+c<))sh(2L)( )) and

o(x) = o* is a constant. This leads to (1.5) for the density. In the context of a bounded
domain = € [—L, L], this formula implicitly assumes that p is vanishingly small near x = +L.
Figure 3 shows the graph of p(x) for several values of L and ¢*. In the limit of small o*, the
density is nearly Gaussian. By Taylor-expanding (1.5) for small  we obtain

(1.4). For convenience we relabel zg = . We evaluate [} f = —log(

1 4z
(3.3) p(xo) ~ Cexp {_ (o%)* 1 + cosh(2L) } ’

11 4
m (0*)? 14cosh(2L) "

On the other hand, when L > 1, (1.5) simplifies to

where C' =

(3.4) p(z) = Cexp {_ (ﬁ)QeQW—U}-

As shown in Figure 3, this is well-approximated by a piecewise-constant density. p ~ %X[—Ll]’
where x is the characteristic function. The length [ of the box can be computed by setting
p(l) = ap(0), where 0 < a < 1 is an arbitrarily chosen constant. Solving for [ then yields

1/ 2
o*\ loga

t
5| exact 03f
= = = :gaussian approx

exact
= == :asymptotic |:

0.25}

0.2r
0.15}
0.1r

0.051

Figure 3. Spike density distribution p(x) for several values of ¢ and L. Left: L = 1 and o* =
0.1,0.2,0.3,0.5 (from highest to lowest). Solid line is the exact formula (1.5), whereas dashed line is the
formula (3.3). Right: L =5 and o* = 0.1,0.2,0.3,0.5 (from highest to lowest). Solid line is the exact formula
(1.5), whereas dashed line is the formula (3.4).
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The choice of a is somewhat subjective. For sufficiently small o* (with (¢*)? < O(loga™!)),
to leading order we get

1
. I~ L —log —.
(3.5) g —

This formula is shown in Figure 3 (right); it also corresponds to choosing a = e~2.

When 1 < | < L, p(z) exhibits a sharp transition near x ~ [: for |z| < [, we find p(x) ~ C
so that p(z) is nearly constant in this case. For | < |z| < L, p(z) is exponentially small so
that p(x) is nearly zero in that region. On the other hand, when [ is near L, the density is
nonnegligible near x = L and the spike is no longer confined away from the boundaries +L.
In this case it will hit the boundary within a realistic timeframe (i.e., observable numerically
on a computer for runtimes less than, e.g., a week). In the next section, we use MFPT to
quantify this transition more precisely.

4. Boundary hitting time. As seen from SODE (1.4), the spike motion is driven by a
competition between the deterministic term that pushes the spike toward the center of the
domain and the noise term which can push the spike away from the center. If the noise
is sufficiently large, it can counteract the attraction toward the center, and the spike will
eventually collide with the boundary, given enough time.

We can formulate this as the MFPT, corresponding to a stochastic particle first hitting
the boundary x = +L. Consider the general SODE,

(4.1) dz = f(z)ds + oV ds,

and let m(zx) be the average time it takes for a particle z to hit the boundary z = +L. Then
m(x) satisfies the following MFPT problem [15]:
(0")?

(4.2) >

Mg + f(x)my +1=0, m(£L)=0.

An alternative derivation from first principles is given in Appendix C. For our problem,

2sinh (2x)

(4.3) )= ~ cosh (2z) + cosh (2L)

and the solution to (4.2) is given by

2 |
(4.4) my = _(0’*)2%/0 mds,

*\2
where vy, satisfies (02) V), + f(x)v, = 0, that is,

(4.5) on(x) = exp (—(:)2 /O ’ f(s)ds) |

Integrating (4.4) and using the boundary condition m(L) = 0 yields a semiexplicit expression
for MFPT,
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(4.6) m(z) = (;)2 / : {vh(x) /0 ' Uhl(s)ds} da.

Further analysis is possible for two important cases: either L is large, or o is small (or both).

Case A: o* is small and L = O(1). We use Laplace’s method to asymptotically
approximate m(z). Note that f(z) is a decreasing function so that [ f has a maximum at
x = 0. Therefore we estimate, using Laplace’s method, for x > 0,

e A G RRD LSS

m(z) ~ %‘ /%(0) /IL exp (-(:)2 /Ox f(s)ds> dz.

Note that — [ f attains its maximum at |z| = L so we estimate, for z > 0,

so that

(4.7)
’ _ 2 x T ~ ex 2 ’ Ssﬂ —ex —2f(L)m—
/Iexp< ol >>d ep< (0*)2/0 I >d>2<_f<L>) (1 ep< el L>>>.

For z < 0, we simply replace x by |z| in (4.7) since m(z) is symmetric. To summarize, we
obtain the following uniformly valid expression when ¢* < 1:

(4.8) m(z) ~ <1 ~exp <—2f (L) 14 L)>> M, Where

o

Sy o O <‘<:>2 /0 Fioyis).

Specializing to (4.3) we obtain after some algebra,

(4.9) Mmax =

(4.100) m(z) ~ <1 — exp <2t?“h)(22”(|x\ _ L)>> M, 0 = 0,
0—>|<
B cosh (2L) 2 9
(4.10b) Mmax = V 27T8Sinh (2L)O' exp {U* log (1 + tanh L)} .

As can be seen from (4.10b), mpmax increases exponentially as o* — 0.
Case B: Large L. We estimate, for x > 0,

2
N + e2L—2z

fz) ~

and in particular f(z) ~ 0 for |z| < L. We then estimate

T o 2e0-1)) 0, l'<<L,
/Of(x) log<1+e ) {—log(2)+—($—L)7 x near L.
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This yields the following uniform expansion for vy,:

oy — exp [210g (1 +62<xL>)] - (2@(2)) eXp( 2 @ _L)> ‘

(o%)? (0%)?

We then estimate, for = > 0,
I
ds ~ x
0 vn(s)
and

/mL {vh(x) /OI vhl(s)ds} dx. ~ /xL {vp(z)z} da

~ /xL xdr + /wL exp <210g(2)(;)22($ - L)> Ldz

N = LA <21°f(2)) () {1-exp2(a— 1)/ (0°}

In conclusion, we obtain

m(x) ~ L7 —a ex log(2) —ex x| — o*)?
(.11 @)~ E e (25 ) £ {1 - expla(el - 1)/ (')
and in particular

m(0) ~ LQ ox 21log(2)
(4.12) (0) o) + 2exp ( o) ) L, L> 0O(1).

Formula (4.12) is shown in Figure 4 (top right). Note the parabolic shape on top of an
exponential layer, as predicted by the asymptotics (4.11).

While m(x) gives the mean of the hitting time distribution, the distribution itself does
not concentrate around the mean. Figure 4 (bottom) shows the hitting time probabil-
ity distribution obtained using Monte Carlo simulations. We simulated (1.4) 10,000 times
starting with z(0) = 0, until = collided with a boundary = = £L. The time of collision
for each simulation is recorded, and the resulting histogram is shown. The value of m(0)
is approximated by the average of these simulations. In Figure 4, bottom left, we used
forward Euler with ds = 1073 in the simulations. The average of these simulations is
M Monte—Carlo(0) = 23.1. Exact result (4.6) gives megact(0) = 21.97, whereas asymptotic re-
sult (4.10a) is Masympt(0) = 19.48, a 13% difference. In Figure 4, bottom right, we used
ds = 1072 and obtained masonte—Carto(0) = 1429. Exact result (4.6) gives megact(0) = 1203.7,
whereas asymptotic result (4.12) yields mgsymp:(0) = 1380, a 15% difference. Overall, a good
agreement between exact result, Monte Carlo, and asymptotics is observed.

The error between megqcr and M psonte—cCarlo depends on the number N of simulations used.
While the error analysis is outside the scope of this paper, numerics indicate that it scales like
o1/ VN ), which is typical of Monte Carlo simulations in general. The error between Mmeyqct
and M pfonte—Carlo depends on both ¢* and L in a complex way depending on the relative
scaling of L and o*. Numerics indicate that with o*fixed, formula (4.12) has a relative error
of O(1/L) as L — oo, whereas formula (4.10) has a relative error that decays exponentially
in ¢* for fixed L and with ¢* — 0.
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Figure 4. Top row: FPT m(zx) for L =1 and L = 10 for several o* as shown. Note the parabolic profile
on top of an exponential layer when L = 5 and o > 0.5. Middle row: graph of m(0) for L =1 and L =5
as a function of ™. Bottom row: the full distribution of hitting times obtained by Monte Carlo simulations of
(1.4a). MC-mean refers to the average of these simulations. Exact result is m(0) given by (4.6). Asymptotic
line is given by (4.10a) for L =1 and by (4.11) for L = 5.

5. Discussion. We have investigated the effect of noise on the motion of a single spike in
the GM model. We formulated a SODE describing the reduced spike motion, then used it to
describe the spike distribution of a spike inside the domain and the MFPT for the spike to
hit the boundary. This only scratches the surface of many novel phenomena that are possible
when noise is present, and many open problems remain. We conclude with proposing several

below.
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Figure 5. Simulation of (1.2) for several different o as indicated. As o is increased, the spike collides with
the boundary. It can stay at the boundary for a long time but eventually becomes “unglued.” The higher the o,
the shorter time it spends at the boundary. The spike still retains its shape even for larger o.

When a spike hits the boundary, it gets “stuck” there. However, it can also get “unglued”
from the boundary as well, as illustrated in Figure 5. While we used MFPT theory to predict
how long it takes for the spike to “hit” the boundary, we cannot explain why it gets “unglued”
or how long it takes for the spike to unglue.

In this paper, we added the noise to the activator equation because it induces random
spike motion. Numerical experiments indicate that noise in the inhibitor does not affect spike
motion very much; instead, it induces spike oscillations. This is an interesting problem left
for future study.

We studied in detail multiplicative noise (1.2), where the spatiotemporal noise is premul-
tiplied by w. This type of noise ensures that the randomness affects only the spike itself and
has no effect outside the spike, since u decays exponentially away from the spike center. One
can also consider additive noise, where the noise is added to the background independent of
spike height, as follows:

2
(5.1) ut—azum—u+u2/v+aW{;?, Ozvm—v—i—%,
Uy =V =0 at x = £L.
Using the analysis of section 2, the spike position then satisfies the SODE (1.4), with o* given
by (2.19). The resulting density distribution, as derived in (3.2), is given by

C < 5 sinh?(2L) )
P= 2 XP | 2 7 )
(cosh(2z) + cosh(2L)) 15Lo* (cosh (2z¢) + cosh (2L))

It is qualitatively similar to the multiplicative case (1.5). The difference is that adding back-
ground noise affects not just the spike motion but spike stability as well—something that
reduced SODE or density (5.1) does not capture, especially in the case of multiple spikes.
Figure 6 shows simulations for different levels of additive noise and domain size. Many new
phenomena are observed, including spike death, spike insertion, and “switching” behavior.
These are great open problems left for future study.
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Figure 6. Simulation of (5.1) for two different domain sizes and various o as indicated. Depending on
domain length and noise level, many interesting phenomena are observed including boundary switching (top
row, panel 3), spike death (bottom row, left), and chaotic dynamics (bottom right).

Appendix A: Numerical method. We use finite differences to solve (1.2) numerically.

Discretize in space using N gridpoints, Az = 2L /N, and in time using stepsize At so that
u(zg, tj) ~ w;“, v(x,t) =~ ], where z, = —L + Azk with kK = 1...N,t; = Atj. We use a
simple implicit-explicit finite differences scheme, similar to what is described in [1]. Laplacian
is discretized implicitly, the rest explicitly. This results in

2
k k yFt1 7?)
Y~ 2 +ufi - 2uf, Y (uﬂ n UVAth
At (Az)? Y At 0
2
R k
+ bl — ok (U )
0— M2 Yj+1 .7+1 J+1 _,Uf + J

(Az)?

Neumann boundary conditions are implemented by assuming u;1 = u;—1 when j =1 or N,
and similarly for v.
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Here, W]k is the discretization of the noise term. To compute ij, note that W(z,t) is
normally distributed with zero mean (since it is a sum of normal variables). Moreover, we
have

E{W (wi, )W (a1, 1)} :{ ?viiié

This follows from the fact that £ {¢rd} = € {rthi} = dki; € {dr1hr} = 0; and identities

(Ni)/? o g N\, (Ni)”, 2 N (27, _ N,
s | — s | — =—- sin [ — sin | — = —
2 cos Nm cos Nm 1 Lk P S Nm S Nm 1 0Lk
Rl sin <27rm ) CcOoS <27ka> =0
> N N -

m=1

Therefore Wf ,k=1...N,are N independent normally distributed variables with mean zero

and standard deviation v/N. In MATLAB language, such a random variable is generated using
the command sqrt (N)*randn. Figure 7 illustrates the code for this.

Appendix B: Some integrals. 1. Evaluation of F,(x) = [ _sin(zy)wPw,dy with
p = 0. Integrating by parts we have

Fo(z) = -z /00 cos(zy)w(y)dy = —6x Re </OO 6mydy) .

—00 oo (ey/2 + e—y/2)2

The integrand has residues at y = im(1+2n), n € Z. A standard computation of a second-order
residue yields

ey

(ev/2 4 evi2)?

Consider a rectangular contour C traversed counterclockwise whose base (4 is the z-axis,
whose height Cy is at y = 27, and whose left and right sides go to o0o0. Then

—Tx

Resy—ix —ixe

ey ey o
sdy = I; 5dy = —e 1
cy (@y/2 + e—y/2) Cs (ey/2 + e—y/Q)

so that I — e 2™ ] = 2rxe ™ or I = "L This yields

sinh(7z) *

—6mz?
(5.2) Fyo(z) = m

2. Evaluation of F,(x) with p = 1. Integrating by parts we have

F = _x/ cos(xy)widy = —326/ cos(zy) (w — w”) dy

—0o0 —00

— _/ cos(zy) (1 + $2) wdy = (1+Z)F0(l‘)-
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L=1;sigma=0.1; eps=0.1;
N=200; dt=0.1;
x=linspace(-L,L,N)"'; dx=x(2)-x(1);

Lap=-2*diag(ones(1,N))+diag(ones(1,N-1) ,1)+diag(ones(1,N-1),-1);
Lap(1,2)=2;Lap(N,N-1)=2; Lap=Lap/dx"2;

Id=eye (N);

Mi=Id-eps~2*xLap*dt;

M2=Id-Lap;

v=x*0+1; u=sech((x-L*0)/eps);

tout=0;

for t=0:dt:4000
noise=randn(N,1)*sqrt (N)*sigma;
rhsl=u+(-u+u."2./v)*dt+noise.*u*sqrt (dt);
rhs2=u."2./eps;

u=M1\rhsi;
v=M2\rhs2;

if t>tout
tout=tout+10;
plot(x,u,x,v);
legend('u','v');xlabel('x");
title(sprintf ('t=%g eps=lg',t,eps));
drawnow;

end;

end ;

Figure 7. Code for simulating (1.2). Copy and paste into MATLAB to run.

This yields

—3m (:1:2 + x4)

(5:3) Fi@) = sinh(7x)

3. Evaluation of [;° (Fp(x))? dz. We first evaluate the integrals

oo :EK
IK:/ . K=24,6,8
0 (eﬂx _ e*ﬂ'x)
We have
2K K _—2nx —
x _xe _ K _—2nzn
T —mz\2 —omz\2 roe n
(em —e7m)" (1 —e7?m)"
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and recalling that [~ 2% e *dz = I'(K + 1)s~ %! we obtain

Ix =T(K +1)(2r) K1 i n K.

n=1

The sum above is the zeta function whose values for even K are well known (see Wikipedia).
In particular this yields

1 1 1 1
h=-—\ Ii=——, Ig=——) Iy=——.
T T 1200 T 16870 P 1207
Finally we get
> 2 2 6
(5.4) / (Fo(x))" dox = 144n°1y = =7
0
(5.5) (Fi(z))" doe = 36m° (I + 2[g + 14) = FTE
0

Appendix C: Derivation of the MFPT equation. Here, we derive the formula for MFPT
from the first principles. Suppose we are given a SODE with variable drift and noise:

dr = f(z)dt + o(x)Vdte.

The following integral equation gives MFPT:

(z —y)?

oo XD <_202(:U)dt>
(5.6) u(z) = dt + o Vardio(2) u(y + f(x)dt)dy.

It states that MFPT at location x can be computed by looking at MFPT at all other loca-
tions y, taking a deterministic jump f(x)dt, then taking a stochastic jump weighted by the

probability of getting from y to x.
Perform a change of variables, y = = + z+/202(z)dt, so that (5.6) becomes

(5.7)

o0

2
eXp(\/TTZ)u(as—ksz—l—gb)d,z:7 where ¢ = /202(x)dt, b= f(x)

We further expand

u(x) = dt +

2
u(z+ ze + szb) = u(z) + ezuy + €2 <bu;D + Zuxgc) +...

and use

[ on [ [y
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so that (5.6) becomes

1
0=dt+ &> <bu$ + 4um)

or

1+ f(x)u, + 02;96) Ugy = 0.

For a similar derivation of the Fokker—Planck equation with variable diffusivity o(z), see
the appendix in [17].
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