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Abstract

We use a combination of group theoretic and perturbation methods to ana-
lyze the stochastic wandering of bump solutions in a neural field model on the
sphere S2. We first construct an explicit bump solution in the absence of exter-
nal inputs and noise, by taking the synaptic weight distribution to be the sum
of first-order spherical harmonics. The corresponding neural field equation is
equivariant under the action of the special orthogonal group SO(3), which im-
plies that the bump is marginally stable with respect to rotations of the sphere.
We then carry out an amplitude-phase decomposition of the solution in the pres-
ence of a weakly biased external input and weak noise, and use this to derive
a pair of stochastic differential equations for the wandering of the bump, ex-
pressed in terms of angular coordinates on the sphere. The stochastic dynamics
is a non-trivial generalization of the corresponding phase dynamics describing
the wandering of a bump on a ring network with SO(2) symmetry, since SO(3)
is non-abelian and S? is a curved manifold.
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1. Introduction

There is a growing interest in studying neural field equations on compact
manifolds such as the circle (or ring) S! and the sphere S2. One of the first
applications of a neural field model on the ring, also known as a ring attractor
network, was to model the formation of population orientation tuning curves
in a hypercolumn of primary visual cortex V1 [1, 2, 3, 4]. This exploited a
characteristic feature of a ring attractor network, namely, that it supports the
spontaneous formation of a stationary pulse or bump, which can be established
using Fourier series expansions. In the absence of external inputs, the bump is
marginally stable with respect to uniform translations around the ring, reflect-
ing the fact that the neural field equations are equivariant with respect to the
action of the special orthogonal group SO(2). This means that the location of
the peak of the bump is arbitrary. However, a weakly biased external stimulus
can lock the bump to the stimulus. From the perspective of orientation tun-
ing, recurrent excitatory connections amplify weakly biased feedforward inputs
from the thalamus in a way that is sculpted by lateral inhibitory connections,
such that the tuning width and other aspects of cortical responses are primar-
ily determined by intracortical connections rather than thalamic inputs. The
output activity is said to amplify the input bias and provides a network-based
encoding of the stimulus, which can be processed by upstream networks. Since
the bump persists if the stimulus is removed, marginally stable neural fields on
a ring have also been proposed as one mechanism for implementing a form of
spatial working memory [5, 6, 7, 8, 9, 10, 11].

A natural extension of a ring attractor network on S' is a spherical at-
tractor network on S2. Carrying out an expansion in spherical harmonics, it
can be established that the latter also supports stationary bump solutions, and
that these can also lock to weakly biased external stimuli [12, 13]. In the ab-
sence of inputs, the bumps are marginally stable with respect to rotations of
the sphere, reflecting equivariance of the neural field equation with respect to
the action of the special orthogonal group SO(3). One major application of
spherical attractor networks is to modeling the joint orientation and spatial fre-
quency tuning of neurons in a V1 hypercolumn [12, 13]. The original motivation
for such a model was the observation from several optical imaging studies that
both orientation and spatial frequency preferences are distributed almost con-
tinuously across cortex, with iso—orientation and iso—frequency contours being
approximately orthogonal, so that they generate a local curvilinear coordinate
system [14, 15]. Although the existence of spatial frequency preference maps
in V1 is still controversial, a more recent two-photon imaging study appears to
be consistent with earlier studies [16]. Further evidence for spherical network
structures in cortex has been provided by multielectrode data analysis of corti-
cal activity patterns based on computational homology [17]. On a larger spatial
scale, the Nunez model for the generation of electroencephalogram (EEG) sig-
nals [18] has recently been formulated as a neural field model on a sphere with
space-dependent delays [19].

Another important consequence of an attractor neural field model operating



in a marginally stable regime is that a stationary bump solution is not robust to
the effects of external noise, which can illicit a stochastic wandering of the bump
[7, 20, 21, 22, 9]. One way to investigate the stochastic wandering of bumps
in neural fields is to use perturbation theory. The latter was originally applied
to the analysis of traveling waves in one-dimensional neural fields [23, 24], and
was subsequently extended to the case of wandering bumps in single-layer and
multi-layer neural fields on a ring [22, 9, 25, 26, 27]. The basic idea is to treat
longitudinal and transverse fluctuations of a bump (or traveling wave) sepa-
rately in the presence of noise, in order to take account of marginal stability.
This is implemented by decomposing the stochastic neural field into a deter-
ministic bump profile, whose spatial location or phase has a slowly diffusing
component, and a small error term. (There is always a non-zero probability of
large deviations from the bump solution, but these are assumed to be negligible
up to some exponentially long time.) Perturbation theory can then be used
to derive an explicit stochastic differential equation (SDE) for the diffusive-like
wandering of the bump in the weak noise regime. (A more rigorous mathe-
matical treatment that provides bounds on the size of transverse fluctuations
has also been developed [28, 29].) The wandering of bumps in a ring attractor
network has also been used to model neural variability in the in vivo statistical
responses of direction selective area-middle temporal (MT) neurons to moving
gratings and plaid patterns [30]. Ponce-Alvarez et al [30] examined the baseline
levels and the evoked directional and contrast tuning of the variance of indi-
vidual neurons and the noise correlations between pairs of neurons with similar
direction preferences. They found experimentally that both the trial-by-trial
variability and the noise correlations among MT neurons were suppressed by
an external stimulus and exhibited bimodal directional tuning. Moreover, these
results could be reproduced in a stochastic ring model, provided that the latter
operated close to or beyond the bifurcation point for the existence of sponta-
neous bump solutions. A more recent analytical study based on perturbation
methods has provided further insights into the underlying mechanisms of neural
variability in ring attractor networks [31].

In this paper we extend the theory of wandering bumps to stochastic neu-
ral fields on the sphere. There are two features of spherical attractor networks
that make such an extension non-trivial. First, in contrast to SO(2), the Lie
group SO(3) is non-abelian and its associated Lie algebra is non-commutative.
Second the sphere S? is a curved manifold whereas the circle S! is flat. Using
a combination of group theory, harmonic analysis, and perturbation methods,
we show how the wandering of a bump on the sphere can be characterized in
terms of solutions to a pair of coupled stochastic differential equations for local
coordinates on the sphere. The paper is organized as follows. In Sect. 2 we
introduce the deterministic neural field model on a sphere, discuss the conse-
quences of SO(3) symmetry, and construct explicit stationary bump solutions
using spherical harmonics. In Sect. 3 we turn to a stochastic version of the
model and use perturbation theory to derive stochastic phase equations for the
wandering of the bump on the sphere. In Sect. 4, we analyze these equations.
First, we use the theory of stochastic processes on manifolds to show that in the



absence of external inputs, the resulting phase dynamics reduces to Brownian
motion on the sphere, once the curvature of S? is taken into account. Second,
we prove that, in the absence of noise, a stationary bump can lock to a weakly-
biased external input. Finally, we carry out a linear noise approximation about
the stimulus-locked state to show that the localized wandering of the bump can
be characterized by a pair of independent Ornstein-Uhlenbeck processes. In the
appendix we summarize some basic results of Lie groups and Lie algebras, fo-
cusing on SO(3). For a much more detailed introduction to Lie groups see Ref.
[32], for example.

2. Neural field equation on a sphere

Let u(0, ¢,t) denote the activity of a local population of cells on the unit
sphere in R3 parametrized by the pair of angles § € [0, 7] and ¢ € [0,27). The
neural field equation for u is taken to be

Ou(f, ¢, 1)

LD — w6, ,t) + h(8, ) +/

5 J (0,90, &) flu(0', ¢, )| D(O",¢') (2.1)
S2

where D(6,¢) = sinfdfd¢. Here J represents the distribution of synaptic
weights from the local population at (6,¢’) to the local population at (6, ¢),
h(8, ¢) is an external input, and f(u) is the smooth nonlinear firing rate function

0
f(u) = % (2.2)
for constant gain n and threshold k. Equation (2.1) is the natural extension
of the ring model to the sphere. Within the context of orientation and spatial
frequency tuning in a cortical hypercolumn, see Fig. 1(a), ¢/2 € [0,7) would
represent the orientation preference and p € [pmin, Pmaz] the spatial frequency
preference of a local patch or column of cells, with p determined by 6 according

to the formula [12, 13]

0= 0(p) = log(p/Pmin)

B ﬂ-log(pmaz/pmin) (23)

Typically, the bandwidth of a hypercolumn is between three and four octaves,
that is, Pmaz = 2"Pmin With n = 4. Note that, with the exception of Sect. 2.3,
all of the analysis and results presented in the paper are independent of this
particular interpretation of a neural field model on a sphere.

2.1. SO(3) symmetry

Suppose that the weight distribution J is taken to be invariant with respect
to coordinate rotations of the sphere, that is, the symmetry group SO(3). That
is, setting z = (0, ¢), we require that for any v € SO(3),

v () = T ey ) = ().
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Figure 1: Spherical network topology. Cells are labeled by the pair of angular coor-
dinates (6, ®) on the surface of a unit sphere, with 0 < 0 < 7 and 0 < ¢ < 27. (a)
The angular coordinates could represent a pair of stimulus feature preferences such
as spatial frequency p with 8 = 7log(p/pmin)/10g(Pmaz/Pmin) and orientation ¢/2 .
(b) The angular separation a of two cell populations labeled (6, ¢) and (0’,¢') along

a geodesic. The SO(3) invariant weight distribution (2.7) is of the form Jo + J cos .

(Various properties of SO(3) including its action on functions on the sphere are
described in appendix A.) Consider the corresponding action of v € SO(3) on
equation (2.1) for zero input h = 0, written in the more compact form

Pl — ety + L It 1) (2.4)
We have
w = —U(V_lz,t)Jr/S2 J(v 122 flu(Z,t))| D2’

= —u(y 'z t) + /S2 J(z|v2") flu(z', )| D2’

— u(yat) + / J(212") flu(y 2", ) D="
S2

since D[y™1z] = Dz and J is SO(3) invariant. If we rewrite equation (2.4) as
an operator equation, namely,

Flu = — —Glu| =0 2.5
=2 G =0 (25)
then it follows that yF[u] = F[yu]. Thus F commutes with v € SO(3) and F is
said to be equivariant with respect to the symmetry group SO(3) [33, 34].



The SO(3) symmetry of the weight distribution implies that the pattern of
synaptic connections depends only on the relative distance of cells on the sphere
as determined by their angular separation along geodesics or great circles. That
is, given two points on the sphere (6, ¢) and (¢’, ¢') their angular separation «
is (see Fig. 1(b))

cosa = cosfcos @ + sinfsin b cos(¢p — @) (2.6)
This suggest that the simplest non—trivial form for the weight distribution
J(0,6|0',¢") = Jo + J (cos@cos @ + sinfsin§ cos(¢p — ¢')) (2.7)

Suppose that J > Jo. Around the equator (6,0 ~ 7/2), we have J ~ Jy +
Jcos(¢ — ¢'), which represents a Mexican hat function since cells with similar
¢-preferences excite each other, whereas those with significantly different ¢-
preferences inhibit each other. This is the standard interaction assumption of
the ring model of orientation and direction tuning [1, 2]. On the other hand,
around the poles (6,6’ ~ 0 or 0,6 ~ 1), all synaptic interactions are excitatory
since J ~ Jy + J > 0, which is consistent with the assumption that local
interactions depend on cortical separation. That is, although the cells around a
pole can differ greatly in their ¢-preference, they are physically close together
on the sphere.!

It is possible to construct a more general form of SO(3)-invariant weight dis-
tribution using spherical harmonics. Any sufficiently smooth function a(6, ¢) on
the sphere can be expanded in a uniformly convergent double series of spherical
harmonics

o0 n
a0, ) =D > anmY;"(0,9) (2.8)
n=0m=—n
The functions Y,7*(0, ¢) constitute the angular part of the solutions of Laplace’s
equation in three dimensions, and thus form a complete orthonormal set. The
orthogonality relation is

Y 0,072 0.00D(0.0) = G s (29)

where z* denotes complex conjugate of z. The spherical harmonics are given
explicitly by

Ym0, ) = (—1)™ 2”4: 1 MP,T(COS 6)eims (2.10)

IFor simplicity, we do not explicitly distinguish between excitatory and inhibitory popu-
lations. This is a common approach to the analysis of neural fields, in which the combined
effects of excitation and inhibition are incorporated using, for example, analogs of Mexican
hat functions [35]. We note, however, that the methods and results presented in this paper
could be extended to the case of separate excitatory and inhibitory populations, as well as
different classes of interneuron.




forn > 0 and —n < m < n, where P!"(cos ) is an associated Legendre function.
Note that from properties of Legendre functions,

Y, " (0, (b) = (_1)mynm*(9’ ?).
The action of SO(3) on Y,*(6, ¢) involves (2n 4+ 1) x (2n + 1) unitary matrices
associated with irreducible representations of SU(2) [36]. From the unitarity of
these representations, one can construct an SO(3) invariant weight distribution
of the general form

n

n=0

m=—n

with J,, real. For simplicity, we will neglect higher order harmonic contributions
to J by setting J, = 0 for n > 2 so that equation (2.11) reduces to equation
(2.7) on rescaling J;. However, the results of this paper could be extended if a
finite number of higher order harmonics were included.

2.2. Stationary bumps

We first construct an explicit stationary bump solution of the neural field
equation (2.1) in the absence of external inputs (h = 0), assuming that the
synaptic weight distribution is given by equation (2.7) with Jo = 0,J > 0.2
Substituting u = U (6, ¢) into equation (2.1) yields the integral equation

Ub,¢) = j/ (cosBcos ' +sin@sind cos(¢p — ¢')) fF(UO,¢')D(O, @)
SZ
= Ugsinfcos ¢+ Uysinfsing + U, cos b, (2.12)
with

U, = 7/ sin@’ cos ¢’ f(Uy sin @' cos ¢’ + Uy sin @' sin ¢’ + U, cos§')D(6', ¢')
S2

(2.13a)
U, = j/ sin @’ sin ¢’ f(U, sin @’ cos ¢' + Uy sin ' sin ¢’ + U, cos§')D(¢', ¢')
” (2.13b)
U, = j/ cos @' f(Uysin®' cos ¢’ + Uy sin®’ sing’ + U, cos0")D(6', ¢').
” (2.13¢)

We have used the trigonometric identity

cos(¢p — ¢') = cos g cos ¢’ + sin psin ¢'.

2In our previous studies of deterministic bumps on the sphere we established the existence
of bumps by considering a Heaviside or piecewise linear firing rate function [12, 13].



Introducing the function

GU)=J | F(U.sin@ cos¢’ + Uysin@ sing’ + U, cos§')D(0',¢') (2.14)
52

with U = (U,, Uy, U;) and F'(u) = f(u), we obtain the more compact equations

0G(U) 0G(U) 0G(U)
r — 5 = s . = . 2.1
v oU, Uy ou, v oU, (2.15)
First, consider the solution U, = U, = 0 and U, = A. It follows from

equation (2.13c) that the amplitude A satisfies the self-consistency condition
A= 271'?/ cos@ sin@ f(Acos®)db. (2.16)
0

Existence of a bump solution reduces to the condition that equation (2.16) has
at least one non-zero solution. We can now exploit the fact that the steady-
state equation (2.4) is equivariant under the action of SO(3), which implies that
if u(f,¢) = Acosf is a solution then so is v o u(#,¢) = u(y~1(6,¢)) for any
v € SO(3). In order to determine the action of SO(3) on the parameters (6, ¢),
it is useful to treat S? as embedded in R?® with (z,y, z) € R? such that

x =sinfcos¢p, y=sinfsing, 2z =cosh. (2.17)

This ensures 22 +y% + 22 = 1. The representation of SO(3) acting on the vector
space R3 consists of the 3 x 3 rotation matrices R(7y), v € SO(3), see appendix
A. We can now rewrite the bump solution (2.12) in the form of a dot product,
U(0,¢)=U - x, where x = (2,y,2) " and U = (U,,U,,U,)". Equivariance can
now be expressed as follows: if U-x is a solution then so is U-R(y)~!x. However,
the dot-product is invariant with respect to rotations so that R(y)U - x is also
a bump solution. Hence, we have a two-parameter family of bump solutions

U6, 9|0, ) = Alcos © cos 8 + sin © sin 0 cos(¢p — D)], (2.18)

which represents a bump with amplitude A and a peak at (©,®) € S2. That
is, there is a two-parameter family of bump solutions obtained by translating
the bump on the surface of the sphere. Also note that each bump solution has
an axis of symmetry whose direction is given by the normal to the sphere at

(©,®), and
7o U(6,4]0,@) = Uy~ (0.0)y (0, @) = U(0, 9]0, ®)
for any v € SO(3).

2.8. Linear stability analysis

Linear stability of the stationary solution can be determined by considering
weakly perturbed solutions of the form

u(0,¢,t) = U(0, |0, ) + v(0, p)e™



for |¥(0,¢)| < 1. Substituting this expression into equation (2.4), Taylor ex-
panding to first order in ¢, and imposing the stationary condition (2.12) yields
the infinite-dimensional eigenvalue problem

Ap(0,¢) = Lo o (0, 9) (2.19)
= —1(0,9) + /32 J(0,010',6) f (U0, ¢'|©, @))i(6", " )D(', ¢").

Under the action of v € SO(3) we see that

voLeot(z) = —¢(7712)+/ T2l ) f (U (2], @)y (2 )D(2)

52
J(zy2) (U (210, @)y (") D(Z')

=—v(y )+ | JERFUEO,2)v(y "D

= Lﬂ/(@,@)ry © 1/’(Z)

Hence, if (0, ¢) is an eigenfunction associated with the bump U(6, ¢|0, @),
then v o 1(6, ¢) is an eigenfunction associated with the bump U (8, ¢|y(©, P)).
Note that the eigenvalues of Lg ¢ are independent of (©, ®), which reflects the
fact that the stability of a bump is independent of the location of its peak.
(The fact the linear operator Lg ¢ does not commute with the action of SO(3)
follows from the observation that a bump solution breaks SO(3) symmetry. If
we linearized about a uniform solution then the resulting linear operator would
be SO(3) equivariant.)

Equation (2.19) can be reduced to a finite-dimensional eigenvalue problem
by substituting for J using equation (2.7):

/.

= (e + / (2" (U210, 8)) (1 2")D (")
S
/.

A+ 1)9(0, ¢) = B, (O, ®)sinb cos ¢ + B, (O, ) sinbfsin ¢ + B,(O, ®) cos b,

(2.20)
where the B;(©, ®) are solutions of the self-consistency equations
B, = 7/ sin@ cos ¢’ f(U(0',¢'|0©, ®)(0', ¢ )D(O', @) (2.21a)
S2
By = j/ sin @' sin @' f(U(0', ¢'|0, ®)(0', ¢ )D(0', ¢) (2.21b)
S2
B.=T [ cost fU.6'10,2)0(6', DO, ). (2.210)
SZ
Substituting equation (2.20) into (2.21) then gives the matrix equation
B, B,
A+ | B, | =JM(0,9) [ B, |, (2.22)
B. B.

Ne



where

Z[sin*fcos?¢]  Z[sin®Ocos psing] Z[sin b cos b cos ¢
M = | Z[sin®6fcospsing]  Z[sin® 6 sin? @] Z[sin 0 cos 6 sin ¢ (2.23)
Z[sin@cosfcosp]  Z[sinf cosfsin @] T[cos? 0]

and, for any product v(8)u(¢),

Zo(0)u(9)] =/ v(0)u(@) (U0, 4]0, 2))D(0, §). (2.24)

S2

(For notational simplicity, we have suppressed the dependence of Z on (0, ®).)
Given the fact that the eigenvalues are independent of the location of the
peak of the bump, we set (0, ®) = (0,0) in equation (2.22) so that Z — Zy with

™ 2
Tov(@)u(s)] = / v(0) sin 0 f'(A cos(6))db / u(p)dep. (2.25)
0 0
It immediately follows that
Ty [sin @ cos 0 sin @] = Zo[sin 6 cos O cos ¢] = Ty[sin? O cos ¢ sin ¢ = 0,

and
1
Ty [sin? 0 cos? ¢] = Ty[sin? fsin® ¢] = 510 [sin? 4)].

Integrating equation (2.16) by parts implies that

_ .
A= %(f(A) — f(=A) - % (1 — 25sin® ) sin Of' (A cos0)do
0
= ﬂIO [sin? 6],
2
so that

Ty [sin2 0] =2/J.
Finally, exploiting the fact that Z; is a linear functional of v, we have
To[cos? 0] = To[1 — sin? 0] = Zy[1] — Z[sin? 0] = Zy[1] — 2/J.

Combining these results, equation (2.22) reduces to

B,(0.0) 10 0 B.(0,0)
A+1)| B,(0,0) ) =01 0 B,(0,0) ) (2.26)
B.(0,0) 0 0 JIo[1]—2 B.(0,0)

It follows that there is a doubly-degenerate zero eigenvalue A; » = 0 with corre-
sponding eigenvectors e; = (1,0,0)" and e = (0,1,0) T, and a simple non-zero

10



Figure 2: Schematic illustration of two different sequences of rotations that map the
north pole P to an arbitrary point (6, ®) on the sphere. The sphere is viewed from
above. (a) Rotation by © along the great circle ¢ = 0 followed by a rotation ® about
the z-axis. (b) Rotation by —© about the great circle ¢ = 7/2 followed by a rotation
® — /2 about the z-axis.

eigenvalue
Az = 27rj/ sin 0 f'(Acos(6))d — 3 (2.27)
0
2rJ [T d
=—— — f(Acos — 2.2
A ), a0 (Acos(0))dd — 3 (2.28)
2rJ
= A () ~ (- 4)) - 3. (2:29)
with corresponding eigenvector e3 = (0,0,1)T. Thus linear stability of the

bump reduces to the condition A3 < 0. (Note that there also exist infinitely
many eigenvalues that are equal to —1, which are associated with higher order
spherical harmonics and form the essential spectrum. However, since they lie
in the left-half complex A-plane, they do not affect stability.) The existence
of a pair of zero eigenvalues is a consequence of the fact that the neural field
equation (2.4) is equivariant with respect to the action of SO(3), and would
hold for any weight function of the form (2.11).

Given the eigenvectors for (0, ®) = 0 we can determine the corresponding
eigenvectors at a general bump location (0, ®) using SO(3) symmetry. Applying
the R? embedding (2.17), the eigenvalue equation (2.20) can be rewritten as

(A + 1) (x|0, ®) = B(O, ) - x,

with x = (7,y,2) € R3 a point on the unit sphere, qﬂ(x) = (0,¢), and
R3. There is an induced SO(3) action on the vector

11



B, consisting of rotations that preserve the norm B2 + Bg + B2. That is,

(A+ 1) (R(7)"'x]0,®) = B(©, ) - R(7)'x
= R(7)B(©,9) - x,
=B(1(6,9)) %,

where R(7) is the 3 x 3 rotation matrix corresponding to v € SO(3). Now note
that the point (0,0) € S? can be mapped to an arbitrary point (©,®) € S? by
first rotating about the y-axis by © and then rotating about the z-axis by @,
see Fig. 2(a). The net rotation matrix is

R(©,®) = Ry(D)Ry(O).

(We could use any sequence of rotations that map the north pole to the point
(6, @) on the sphere. Another simple example is R(0, ) = R3(®—n/2)R1(—0)],
see Fig. 2(b).) It follows that the unique vector B3(©, ®) corresponding to the
eigenvalue A3 is

B;3(0,®) = R(O, D)es,

whereas the two-dimensional vector eigenspace for the degenerate zero eigen-
value is spanned by the vectors

B.(0,®) = R(O,P)e,., r=1,2.

2.4. Marginal stability

The existence of a pair of zero eigenvalues is a consequence of the fact that
the bump solution is marginally stable with respect to rotations of the sphere.
In order to understand this more deeply, consider the time-independent version
of equation (2.4),

U(z) = J(z|2") f(U(Z"))D7'. (2.30)
5'2

Since J is invariant with respect to the action of SO(3), we have

70U = [ I o UE) D

Now suppose that 7 is in a neighborhood of the identity element so that we can
write (see appendix A)

3
yoU(0,9) =U0, )+ Y ; X;U(6,9), (2.31)

j=1
for |¢;| < 1 and the X, are the generators of the associated Lie algebra,

cochosgbﬁ X, — ¢8 cos9sin¢ﬁ 0
sin@  0¢’ 27

80  sinf 0¢’ 27 00
(2.32)

X1 = sin(ﬁ% +

12



Substituting into the transformed steady-state equation (2.31) and keeping
terms first order in ¢; yields

3 3
S e XUE) = [ JESUEN T e XUEDS (23
j=1 j=1

Comparison with the eigenvalue equation (2.19) suggests that the eigenfunctions
¥ (0,0|0,0) = X,;U(0,$0,®), j =1,2,3, lic in the null space of the linear op-
erator Lo ¢. At first sight, this seems to contradict the fact that the marginally
stable manifold is two-dimensional. However, there are only two linearly inde-
pendent functions in the set {11,19,13}. This follows from the fact that the
bump solution has an axis of symmetry. For example, if U(6, ¢) = Acos6, then
the axis of symmetry is the z-axis and 3 = X3U = 0.

2.5. Explicit results for a Heaviside firing rate function

The above analysis can be further simplified by taking the infinite gain limit
v — oo of the sigmoid firing rate function (2.2), which becomes a Heaviside
function (for fo =1):

0 u<ek

f(u)H(um){ 1 u>rk (2.34)

Let us first consider the self-consistency condition (2.16) for the amplitude A
of a deterministic bump solution. Since U(f) = Acosf is a monotonically
decreasing function of 6 on [0, 7], it will cross the threshold k at a single location
0 =ac€ (0,7), with

a = cos™!

| =

and A > k. Equation (2.16) thus becomes

__ pcos Lk/A __ pcos Lk/A
A= 27TJ/ cos® sin@'df’ = 7TJ/ sin 20’ d6’
0 0
mJ -1 7 2 -1
5 [1—cos2(cos™ k/A)| =7J [1 — cos® (cos™" k/A)]

(]

Setting z = k/A, we have the equation

21 =T1-2%), I'=-".

Using a graphical construction, it follows that for I' > I'. for some critical
parameter I'. there exist a pair of bump solutions, see Fig. 3. Imposing the
additional condition 1 = 2I'z% at the critical point shows that I', ~ 2.598 and

13
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Figure 3: Graphical solution of the bump amplitude equation (2.16) for a Heaviside
firing rate function. The function F(z) = I'(1 — 22) is plotted for various values of
I'. Bump solutions correspond to intercepts of F(z) with the curve y = 1/z. As
I' = wJ/k is increased, a saddle-node bifurcation occurs, resulting in the emergence of
a pair of stationary bumps, a small amplitude unstable bump and a large amplitude
(marginally) stable bump.

2, = 1/+/3. Stability of the bumps is determined by the sign of the eigenvalue
A3 of equation (2.29). In the case of a Heaviside function, we have

:g[H(Afn)fH(*A*ﬂ)]*?’:ml*S' (2.35)

A3
Denoting a solution to the equation z=! = I'(1 — 22) by z = z*, it follows that
the bump is stable if (1 — 2*%) > 2/3, that is, if 2* < 2. = 1//3. It can be
seen from Fig. 3 that for I' > I, the larger amplitude bump is stable, whereas
the smaller amplitude bump is unstable. (For smaller gains, one typically finds
that the uniform state is unstable and there exists a single stable bump.)

2.6. Weakly biased external input

Marginal stability of the neural field equation (2.1) in the absence of an
external input (h = 0) has a number of important consequences. First, the
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Figure 4: Plot of normalized firing rate f(u)/fo in response to a weakly biased input
from, with § = 7/2, ¢ = m and h < 1. The firing rate function has a gain n = 5, and
a threshold k = 0.6. The weight coefficients in equation (2.11) are Jo = —2,J1 = 1
and J, = 0 for n > 1. (a) and (b) Spatial frequency and orientation tuning curves.
(¢) Tuning surface in the {p, ¢} plane.

presence of a weakly biased external stimulus can lock the bump to the stimulus.
The output activity is said to amplify the input bias and provides a network-
based encoding of the stimulus, which can be processed by upstream networks.
For the sake of illustration, consider an external input of the form

h(8,$|0,$) = ho + h (cosf cos§ + sin @ sin 6 cos(¢ — ¢)) . (2.36)

This represents a unimodal function on the sphere with a single peak at (6, ¢),
which breaks the SO(3) symmetry of the homogeneous neural field. Here hg
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is a background constant input, which can be set to zero by an appropriate
uniform shift in v and the threshold x. The constant h measures the degree
of bias. The response of a spherical attractor network to weakly-biased inputs
has been covered extensively elsewhere in terms of of orientation and spatial
frequency tuning in cortical hypercoumns [12, 13]. In Fig. 4 we show one ex-
ample plot of a stationary bump solution in response to a weakly biased input
with a peak at § = 7/2 and ¢ = 7. Figure 4(a) shows a surface plot in the
{p, #}-plane for h = 0.1 with p related to 6 according to equation (2.3). It
can be seen that the network exhibits a tuning surface that is localized with
respect to two—dimensional spatial frequency and its peak is locked to the input
at p = 2 cycles/deg, ¢ = 7. In figure 4(b) we plot the response as a function
of spatial frequency at the optimal orientation for various input amplitudes A.
The height of the spatial frequency tuning curves increases with the input am-
plitude h but the width at half-height is approximately the same (as can be
checked by rescaling the tuning curves to the same height). Since h increases
with the contrast of a stimulus, this shows that the network naturally exhibits
contrast—invariance. Corresponding orientation tuning curves are shown in fig-
ure 4(c), and are also found to exhibit contrast—invariance. Note that projecting
the spherical tuning surface onto the {p, #}—plane breaks the underlying SO(3)
symmetry of the sphere. Consequently, the shape of the planar tuning surface
is not invariant under shifts in the location of the peak of the tuning surface,
which is consistent with experimental observations [13].

3. Stochastic spherical model

A second consequence of marginal stability is that a stationary bump is not
robust to the effects of external noise, which can elicit a stochastic wandering
of the bump over the surface of the sphere. An analogous phenomenon has
been been studied extensively in the case of neural fields on a line and on a
ring using perturbation methods [23, 24, 22, 9, 26, 27], variational principles
[28, 29] and stochastic analysis [37, 38]. As highlighted in the introduction, it is
necessary to treat longitudinal and transverse fluctuations of a one-dimensional
bump separately in the presence of noise. This is achieved by decomposing the
stochastic neural field into a deterministic bump profile, whose spatial location
or phase has a slowly diffusing component, and a small error term. This yields an
explicit stochastic differential equation (SDE) for the diffusive-like wandering of
the bump in the weak noise regime. In this section we will extend perturbation
theory to analyze the stochastic wandering of a bump in a stochastic neural
field on the sphere.

We begin by introducing a stochastic version of equation (2.1) according to

du(0, ¢,t) = [uw,qu/y J(0,010",¢") f(u(®', &', ))D(O', ¢") + Ve (0, ¢)| dt
+V2edW (0, ¢, 1), (3.1)
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where the synaptic weight distribution is given by equation (2.7) and the exter-
nal input h(6,¢) = h(6,¢|0, ¢) is given by equation (2.36) with Jo = hy = 0.
The final term on the right-hand side of equation (3.1) represents external ad-
ditive noise. In particular, we will take W to be a (J-wiener process that takes
values in L?(S?) and is isotropic in space. It follows that W can be characterized
by a Karhunen-Loeve expansion in spherical harmonics [39]. For concreteness,
we will take this to be a finite sum of the form

K
=D VG [AOY0,0) + Y [AY 0,0)+ A7 (DY (0,0)] |
n=0 m7#0
(3.2)
where A7 = W +iW," with W™ (t) and W,*(t) independent Wiener processes,

E[dW"] = E[dW™] =0, E[dW()dW (t')] = Sp.n G 6(t — t')dt dt! |

E[dWT ()dWTY (t))] = Snont O 6(t — t')dtdt',  E[dW(£)dWT ()] = 0,
(3.3)

and d(¢) is the Dirac delta function. It follows that

E[dW (0,¢,t)] =0, E[dW(0,¢,t)dW (', ¢',t')] = C(0,6]0,¢")d(t —t")dt dt’,
(3.4)

where
n

(0, 010'.¢) Z Co Y Y (0,0)Y,7(0', ¢). (3.5)
m=—n
Under the assumed form of the noise, the correlation function C' is SO(3) in-
variant. Finally, note that in order to use perturbation methods, we have scaled
the noise and the external stimulus in equation (3.1) by the constant factor /e
with 0 < e < 1.
Motivated by previous studies of wandering bumps in stochastic neural fields
on rings, we introduce the amplitude phase decomposition [23, 9]

u(97¢7 t) = U(G,¢|@(t>,@(ﬁ)) + ﬁv(e,(b,t), (36)

with U given by the bump solution (2.18). As it stands, this decomposition
is non-unique, unless an additional mathematical constraint is imposed that
can define O(t), ®(t), and v(6,¢,t) uniquely. Within the context of formal
perturbation methods, this is achieved by imposing a solvability condition that
ensures that the error term can be identified with fast transverse fluctuations,
which converge to zero exponentially in the absence of noise.?

3Note that (©(t), ®(t)) denote the stochastic coordinates of the peak of the bump U in the
decomposition (3.6), whereas (6, ¢) are the coordinates of the random fields on the sphere.
That is, (©(t), ®(t)) are not a stochastic version of deterministic variables (6(t), #(t)).
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3.1. Perturbation analysis
Suppose that v € L?(S?), that is,

ol = (0.0) = [ 0(60.6)*D(0.9) < .

Substituting the decomposition (3.6) into the stochastic neural field equation
(3.1)

06U (0, 9|0, ®)dO + dsU (0, |0, ®)dd + O(dO?, dd?, dO d®) + /edv(h, ¢, t)
= [-U(0,9]0,®) — Vev(0,4,1) + Veh(0, )] dt + V2edW (0, ¢, 1)

+ [ 70.00.6)1 (U0.51.9) + Verld'.o/.0) D0 )t (3.7)

The O(dO?,d®?,dO dP) terms are a consequence of Ito’s lemma. They turn
out to be O(e) and can thus be ignored to leading order in the presence of an
external input. (They will play an important role in the absence of an input, see
Sect. 4.) Introduce the series expansion v = vy + y/ev1 + O(¢), Taylor expand
the nonlinear function f, impose the stationary solution (2.12), and drop all
O(e) terms. This gives, after dropping the zero index on vy,

Vedv(0,6,t) = el av(0,,t)dt + /eh(0, §)dt + v2edW (0, , ), (3.8)
—BQU(G, ¢|67 q))d(9 - 8<I>U(03 ¢|@a (I))dq)a

where Leg ¢ is the linear operator defined in equation (2.19). In particular, Lo ¢
has a 2D null space spanned by the linearly-dependent set {X,;U,j = 1,2,3}.
For example, for Lo o the null space is {cos@siné,sin¢sinf}, see Sect. 2.3.
This then implies a pair of solvability conditions for the existence of bounded
solutions of equations (3.8), namely, that dv is orthogonal to all elements of the
null space of the adjoint operator IUL@’(D. The corresponding adjoint operator is

L ov(0, ¢) = —v(0, 6) (3.9)
+ P UO.000.9) [ 16,010,600 6)D0. ).

We have used the fact that J(0,¢|0",¢") = J(0',¢'|0, §).

Let V,.(0,6|©,®),r = 1,2, span the 2D adjoint null space of LT@A). Now
taking the inner product of both sides of equation (3.8) with respect to V, and
using SO(3) symmetry then yields the following SDE to leading order:

[,.dO + A.d® = \/eH.(O,®))dt + V2edW,(t), r=1,2, (3.10)
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where

1,(0.%) = [ V,(0.0/0.9)h(0.018.6)D(6.6). (3.11a)
r, = /32 V- (0,0|0,2)0eU (0, 6|0, P)D(0, ¢), (3.11Db)

A, = /S Vi (0,6]0, ®)dsU (6, 6|0, $)D(6, ), (3.11c)

W (t) = /S V10,61, 9)W (0, 6,1)D(6,6). (3.11d)

Equations (3.11d) imply that E[dW,.(©, ®,¢)] = 0 and
E[dW,.(t)dW,(t")] = D,s6(t — t')dt'dt,
with

Dyy = / / V,(6,60, 2)V,(8', 10, 8)C (6,60’ , #)D(9, &)D(E, &'). (3.12)
SQ SQ

8.2. Evaluation of H.,T',., A, and D,

In order to determine the functions in equation (3.11), we need to obtain
explicit expressions for the null vectors V,.. The latter are solutions to the
equation

V(O.0) = F(UG.010.9) [ J0.0. WO DO (313

Substituting for J using equation (2.7) with Jy = 0, we see that

V(0,9) = (U0, ¢|0,®))[V,sinbdcos ¢ + V, sinfsin ¢ + V, cos ]

with
V, = 7/ sin@ cos ' V(0', ¢ )D(O', ¢') (3.14a)
SZ
V, = 7/ sin @’ sin ¢'V(0', ¢")D(0', ¢') (3.14b)
S2
V, = 7/ cos V(0,9 DO, ¢'). (3.14c)
52

Substituting the expression for V(6,¢) into the right-hand side of equations
(3.14) then leads to a matrix equation of the form (2.26) with A = 0:

Ve Vo
( v ) e, ( Vy ) | 19
|2 |2



with the matrix M given by equation (2.23). Recall from section 2.2, that the
matrix JM(©,®) — I has a two-dimensional null-space, which we take to be
spanned by the vectors v,.(©,®),r = 1,2. We conclude that the adjoint null

space of LT@A) is spanned by
V. (0,6]0,®) = f(U(0, 9|0, 2)) (3.16)
X [Ur,2(©, @) sinb cos ¢ + v, (O, @) sin O sin ¢ + v, (O, P) cos 0],
with vf,z + vf,y + vfyz = 1. In particular,

V1(0,¢10,0) = f'(Acosf)sinfcosgp, Va(0,6|0,0) = f'(Acosf)sinfsin ¢,
(3.17)

and
vi1(0,P) = R(O,P)e;, v2(0,P) = R(O,P)es. (3.18)
Hence, we find explicitly that
Vi(0,610,®) = (U0, |0, P))[cos O sin f cos(¢ — ®) — sin O cos 0]
— AP (U0, 610, ®))06U (0, 610, ®)
= A0 f(U(0, 9|0, ®)) (3.19a)
V2(0,610,®) = (U0, 6|0, ®))sinOsin(¢p — P)
= A7 (sin@) " f'(U(0,4]0,))dsU (6, 6|0, @)
= A7} (sin®) " '0a f(U(0, $|O, ®)). (3.19b)

Now substituting V, into equation (3.11a) with h given by equation (2.36)
for hg = 0, we have

H.(0,0) = E/‘ V. (6, $|©, @) (cos b cosd + sin O sin 6 cos(¢p — ¢)) D(6, ¢).
” (3.20)
It is useful to rewrite the integrals using the R? embedding (2.17):
(0,8) =T / (U0,610,8)) [R(O, d)e, x| [x - x|D(6,6),  (3.21)
where R(©,®) = R3(P)R2(0),

X = (51n0cos ¢7 sin @ sin ¢, cos H)T, % = (sin @ cos ¢, sin § sin @, cos é)T.

Performing the change of variable x’ = R(©, ®)~!x, using invariance of the dot
product under rotations, and v o U(z|Z) = U(z|Z), we have

H —h /S (U0, 6/10,9)) [R(, D)e, - RO, B)%] [x - RO, B)X|D(0',0).

=h o f/(U(alv ¢/|O’ O)) [eT' ' X/} [R(@’ (b)ili ' X/]D(0/7 ¢/)

3
=hY_ M;(0,0)F;(0,®),
j=1
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with the F; defined according to
R(©,®) " 'x = (F1(0,®), F»(0, ), F3(0,d)) ", (3.22)
such that FZ + F§ + F§ = 1. From properties of the matrix M(0,0), it follows
that W
HT = ?F’f‘(@7 é)a r= 1a 2. (323)

Next, equations (3.11b), (3.11c), (3.19) and the identity U(¢’,¢'|0,0) =
Acosf imply that

T, = A/Sz F(U(6, 60, ) [R(O, ®)er - X] [R(O, Bles - x| D(6, 6),

=4 /S f(U0,¢'10,0)) [er - X [er - X'TD(¥', &)
— AIO[sin2 0 cos? o = A/T,

Ay = Asin@/s2 F(U0,90,®)) [R(O,P)es - x| [R(O,P)es - x] D(0, ¢),

= Asin@/s2 f(U(#',4'0,0)) [e2 - x| [e2 - x| D(¢, ¢")
= Asin ©Z[sin? 0 cos® ¢] = AsinO/J,

Ty = Ay/sin® = 4 /S (U(0,610,8)) [R(O, @)e, - x] [R(O, Bey x| D(6, 0)

- A/W FU©',¢'10,0)) [es - x| [er - x| DO, &)
= AIO [Sin2 0 sin Cb CcOS ¢] =0.

Finally, from equation (3.12),

D,. / / FU0,60,8)f (U0, ¢']0,)) [R(O, D)e, - x] [R(O, De, - X
(6.619', ¢'YD(6,6)D(8', )
/ / (U(6.900,0) £ (U(,9/10,0) e, -x]e, -]
(0,910",¢")D(0,)D(0', &) (3.24)

It turns out that the diffusion matrix is actually diagonal, which follows from
the fact that the SO(3) invariant correlation function has the Karhunen-Loeve
expansion (3.2). For the sake of illustration, suppose that the correlation func-
tion is expanded in terms of first-order spherical harmonics, that is, C; = C
and C, =0 for n # 1 in equation (3.5):

C(0,9|0',¢) = Clcosf cos §' + sinfsin ' cos(¢ — ¢')]. (3.25)
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Equation (3.24) then simplifies into the following sum of integrals:
3
Dy =C > M,;(0,0)M;(0,0),
j=1
where M is given by equation (2.23). That is,

Dll =

~Ql
\

and the diffusion matrix is diagonal.

4. Analysis of stochastic phase equations

Combining the various results of Sect. 3, the SDEs (3.10) reduce to

de = {ﬁiﬂ(@, D) + 0(6)} dt + V2eDdW, (t), (4.1a)
sin OdP = {\/EZFQ(@, D) + 0(6)} dt +V2eDdWs(t). (4.1b)
where
E[dW,(t)] =0, E[dW,(t)dW,(t")] =6, :0(t—t")dtdt', D = %.

We have also noted the presence of O(€) contributions to the drift terms, which
have two distinct sources. First, the O(d©?, d®?, dOd®) terms in equation (3.7)
arising from Ito’s lemma, which were dropped in our subsequent analysis and,
second, terms that couple the amplitude and phase dynamics. If 2 > 0 then the
O(e) drift terms can be ignored to a first approximation. However, as we show
below, we need to include an O(e) drift term when considering the diffusive
wandering of a bump in the absence of an external input.

4.1. Stochastic dynamics on the sphere for h =0

In the absence of an external input, equation (4.1) becomes
dO = O(e)dt + vV2eDdW1(t), sinO®d®(t) = O(e)dt + V2eDdWs(t), (4.2)

The calculation of the O(¢) terms is non-trivial due to the fact that the stochastic
phase variables ©, ® couple to the amplitude v at this order of the perturbation
expansion. In the case of wandering bumps on S! or R, dropping these terms
leads to pure Brownian motion of the bump, which is consistent with the un-
derlying translation symmetry. On the other hand, for S? we will show that
if the noise amplitude is O(y/€) then an O(e) drift term has to be included in
the © dynamics in order to ensure that the wandering of the bump is described
by Brownian motion on the sphere. The latter is necessary at the given level
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of approximation so that the dynamics is consistent with SO(3) symmetry, and
the O(e) term is a direct consequence of the fact that S? is a curved manifold.

We begin by introducing some basic theory of stochastic differential equa-
tions on manifolds. For further details see Refs. [40, 41, 42]. We will for-
mulate the theory for a general d-dimensional manifold M with metric ten-
sor G = [g;;] and then consider the particular example of the sphere. Let
q=(q,...,q4)" € R? denote the coordinates of a patch in a d-dimensional
manifold. (In the case of S? we can take the patch to be the largest open set
{(0,0);0 <8 <, 0< ¢ < 2r}.) Consider the Ito SDE

dg; = Ai(q)dt + Bj(q)dWy,

where the W;(t) are independent Wiener processes. Let p(q,t|qop) denote the
probability density under the initial condition q(0) = q¢ and normalization

[ vl tlan) @)l da =1,
R

where dq = dq; ...dqq and DV (q) = |G(q)|'/?dq is a volume element. Note
that p satisfies the Chapman-Kolmogorov equation

p(q, t|ao) = /dp(q,T\q’)p(q’,t— Tlao)|G(d')|V/2dd .
R

We proceed along the lines of Ref. [42] (chapter 8) by deriving the corresponding
Fokker-Planck (FP) equation using a generalization of the standard derivation
in RY [43].

Let q = q(t) and s = q(t — dt). Evaluating infinitesimal moments using the
SDE and Ito’s lemma shows that

[ 0= soplauti9|GE) 2ds = Ada, .
and
/d(% —5:)(g; — s;)p(a, t[s)|G(s)|"/*ds = 6 ; Bi(q, t)*dt.
R

Using the Chapman-Kolmogorov equation, we have

op(a,tls) . 1
= Aim lp(a,t+ Atls) — p(q, ts)]

= I i ! / N1/2 5 0
= i | [ et ntat, ads) @)1 = platls).

Let 1(q) be an arbitrary compactly supported smooth function, and consider
the integral equation

o) 2L ) 20
Rd

=t | [ eI [ patana. AslGa) ) aa
R4 Rd

At—0 At

- [ vemtatsice) s
Rd
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Reversing the order of integration in the double integral on the right-hand side
gives

[ oo G s

.1

= lim / pla, tlq’) { / p(d’, Atls)i(s)|G(s)[V2ds — ¢(a') | |G(d)]/?dq.
t—)OAt R4 R4

Expanding the function 1(s) as a Taylor series about q’,

RS N
w(s):WQ)JFZ(i 8q + Z (sj — )8q’8q +.
; ! 2

1,j=1

substituting into the previous equation, and using the moment equations yields
the following result in the limit At — 0:

[, w22 ) 2as

1 d
t —
") [Z A0+ 53 3
The final step is to integrate the two terms on the right-hand side by parts.

Using the fact that ¢ (s) has compact support, and is otherwise arbitrary, we
obtain the FP equation

-lG|” 1/22 ~ (I 24m) + 5161 1/22 (|G|1/232). (4.3)

2

p(als, t)|G(s)|"/*ds.

In the case of the unit sphere S2, the metric tensor and volume element are

G(0,9) = ( (1) 8132 9 ) . dV =sinfdf de. (4.4)

Equation (4.3) then implies that the Fokker-Planck equation for the SDE
dO = A1(0,®)dt + B1(0,®)dW;(t), dP = A3(©,P)dt + B2(O, D)dWs(t)

(4.5)
is
op _ 1 0 0
5 = 5696 (0410, 2)p) — 5 (42(6, 2)p)
Lt ‘92('93(@q>)2)+132 (B2(©,®)°p).  (4.6)
2sin@ gz TP BIP) T G hge (P2 '

It can be seen that the FP equation (4.6) is equivalent to the standard diffusion
equation written in spherical polar coordinates,
Op eD [0 Op 1 %

9t sin@© |00 sin @8@+sin@@ ’

(4.7)
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Figure 5: Illustration of the stochastic wandering of a bump on the sphere. Snapshots
of bump profile U (0, ¢,t) at times ¢ = 250, 500, 750, 1000 as a function of (a) polar
angle 6 € [0, 7] for ¢ = 0 and (b) azimuthal angle ¢ € [0, 27| for § = w/4. The firing
rate function has a gain 7 = 4, and a threshold x = 0.5. Other parameter values are
Jo=0,J=1,h=0,e=0.1.

provided that

V2eD
Ay =eDcot®, Ay =0, By=+v2eD, By= Si;@ :

In other words, the SDE for Brownian motion on the sphere is [44]

dO = ¢Dcot Odt + V2eDdW,, dd = AW, (4.8)

that is, we need to include an O(e) drift term in the SDE (4.2) for d©. This
then ensures that the steady state density for the location of a wandering
bump is uniform on the sphere, since the solution to equation (4.7) satisfies
lims 00 p(©, D, t) = 1 /4.

In Figs. 5 and 6 we show example plots of a wandering bump in a spherical
attractor network. It can be seen that in the presence of noise, the neural field
can be characterized by fast fluctuations of the bump profile together with a
discernible shift in the position of the peak, consistent with the original de-
composition (3.6). For the given example, the bump appears symmetric about
6 = w/2. Other realizations would exhibit different behavior.

4.2. Linear noise approzimation for h > 0

The analysis of the full stochastic equation (4.1) is considerably more in-
volved. Here we simplify the problem using a linear noise approximation. Sup-
pose that (©*, ®*) is a fixed point of the deterministic dynamics obtained when
D = 0, that is, F}(0*,®*) = F»(0*,®*) = 0. Using equation (3.22) and
R(©,®) = R3(P)R2(O), we have

R(©*,®*)"'x = +e3,
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Figure 6: Surface plots of U(6, ¢, t) at times ¢ = 500, 750, 1000, respectively. Parameter
values as in Fig. 5.
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which can be rewritten as
(sin @ cos ¢, sin fsin ¢, cos §) = +(sin O* cos *, sin O* sin ®*, cos OF).
There are thus two fixed points given by
(©*,0*) =27 :=(A,¢) and (0", ") =Z* = (n —O,n+¢) (4.9

The first fixed point turns out to be stable, whereas the second is unstable,
consistent with the expected result that the marginally stable bump solution
can lock to a weakly biased external stimulus. That is, the peaks of the bump
and input coincide: (0%, ®*) = (6, ¢), see also Fig. 4.

Stability of a fixed point can be determined from the eigenvalues of the
Jacobian N, which has entries

O0F1 (0, D) 0F1(0, )
Niyp= —5— ;o Nig= ———
90 0=06*,5=0* o 0=0*,0=0*
Nyt — 8F2(6,(I))/SIH@ o 1 8F2(@, (I))
e 90 o-6-9—p- SO 99 lo—ora—a-
Noo — 1 0F2(0,9)
27 Sino* o 0= G+

We have used the fact that F5(©*,®*) = 0. In order to avoid the coordinate
singularities at the poles, we will assume that 0 < ©* < 7. (These singularities
are simply an artifact of the choice of parameterization of the sphere, and are not
physical singularities.) We will determine the first derivatives by differentiating
equation (3.22) with respect to © and @, after rewriting it in the form

X = R?)((I))RQ(@)(Fl(@v (I))7 F2(@> (b)’ F3(@7 (I)))T’

Fy=+\/1-F2— F2,

corresponding to (6, ®) being in a neighborhood of the fixed points Z* and Z7,
respectively. First, we have

with

0 = R3(®*)R,H(0%)(0,0,£1) "

+ R3(¢)RQ(@)Q(F1(@*, *), Fo(0*,d*), F3(0*, )"

00
cos ©* cos * 0o Iy cos ©* cos &* — g F> sin *
= | cos©®*sin ®* + | OoFi cos ©* sin ®* 4+ Jg Fy cos O*
— sin ©F —0gF} sin ©*
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Note that dg F3(0*, ®*) = 0. Similarly, we have
0 = R5(®*)R2(0%)(0,0,+1) "

+ Rg(@)RQ(@)i(Fl(@*, %), Fp(0F, ®*), F3(0*, %)) T

o0
— sin ©* sin ®* Oa F cos O cos ®* — O Fo sin O
= sin ©* cos ®* + | OpF1 cos OF sin ®* + Op Fy cos D*
0 —&pFl sin ©*

We deduce that

N — ( ‘01 _01 ) (4.10)

for Z} and

N:<_01 (1)> (4.11)

for Z7. It follows that Z7 is stable and Z; is unstable.
Returning to the SDE (4.1), we linearize about the stable fixed point and
set

VEVi(t) = O(t) — 0%, VeYa(t) = B(t) — .
This yields the pair of SDEs

dy; = —\[Tehyl (t)dt + V2DdW, (t), (4.12a)

(mﬁ%WW+@D<1 COLVED) ) dTat). (4120

sin©®*  sin® O*

For the sake of illustration, suppose that ©* = 6 = 7/2, that is, the input
has a peak at the equator of the sphere. In this special case, Y;(¢) and Ya(t)
evolve according to a pair of identical, independent Ornstein-Uhlenbeck (OU)
processes. The Fokker-Planck (FP) equation for an OU process on R with decay
rate A = \/eh/A and diffusion coefficient D is [43]

Oply,t) _ OPwp(y,D)] | ,0%p(y,1)
ot Oy oy?

(4.13)

Given an initial condition p(y,0) = 6(y — yo), the solution to the FP equation
is a Gaussian with time-dependent mean and variance:

_ 1 oxp [ — (y — yoe ™)?
p(y,t)—\/%D[l_efw]//\ p< 2D[1—e—2’\t}/)\>' (4.14)

The mean and variance of the OU process are therefore given by

(Y1) =yoe™, (V) — (Y(1)]*) = %(1 —e™?) (4.15)
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In the large time limit, we obtain a stationary Gaussian process with zero mean
and time-independent variance

(Y(#) =0, (¥ - @)= (4.16)

It is important to note, however, that the linearized SDE is basically defined
in the tangent plane to the sphere, Y,.(t) € R, and thus neglects the fact that
the dynamics occurs on the surface of a sphere. The validity of the linear
noise approximation will then depend on how small the width of the Gaussian
densities for © and ® iare compared to the inverse Gaussian curvature of the
sphere. That is, we require eD/)\ = \/eC/(hA) < 1.

5. Discussion

In this paper we extended the theory of wandering bumps in stochastic neural
fields to the case of a spherical network topology. This is a non-trivial extension
due to the non-abelian nature of the underlying symmetry group SO(3) and
the fact that S? is a curved manifold. Using a combination of group theoretic
and perturbation methods we established the following main results: (i) the
wandering of a bump in the absence of an external input is characterized by
Brownian motion on the sphere; (ii) the stochastic dynamics in response to a
weakly biased external input can be approximated by an Ornstein-Uhlenbeck
process, provided that the variance is sufficiently small so that the curvature of
the sphere can be ignored.

The mathematical framework developed in this paper could be used to ex-
plore various applications of stochastic spherical attractor networks, along anal-
ogous lines to ring attractor networks. For example, if one interprets the neural
field on a sphere as a model of orientation and spatial frequency tuning in a cor-
tical hypercolumn of V1, then one natural extension would be to consider the
effects of inter-network coupling between a pair of spherical attractor networks.
The latter could represent populations of cells in two different layers of a cortical
hypercolumn linked via vertical synaptic connections, or two different cortical
hypercolumns linked by horizontal patchy connections within the same layer.
As previously shown for ring attractor networks, weak inter-network coupling
leads to additional terms in the SDEs for wandering bumps that can reduce
the effects of noise [22, 9, 31]. Another extension would be to develop a more
detailed model of the laminar structure of cortex. To a first approximation,
cortical layers can be grouped into an input layer 4, superficial layers 2/3 and
deep layers 5/6 [45, 46]. The various layers can be distinguished by the source of
afferents into the layer and the targets of efferents leaving the layer, the nature
and extent of intralaminar connections, the identity of interneurons within and
between layers, and the degree of stimulus specificity of pyramidal cells. In pre-
vious work, we explored the role of cortical layers in the propagation of waves
of orientation selectivity across V1 [47], under the assumption that deep layers
are less tuned to orientation. This suggests also considering coupled spherical
networks that differ in their tuning properties.

29



From a mathematical perspective, one outstanding issue is developing a more
rigorous derivation of the stochastic phase dynamics for wandering bumps on a
sphere, in which the O(¢) coupling between the amplitude and phases is explic-
itly taken into account. One way to proceed would be to extend the variational
approach to analyzing waves and bumps in stochastic neural fields on flat man-
ifolds such as R and S* [28, 29]. The basic idea is to minimize the error term v
in the decomposition of equation (3.6) with respect to an appropriately defined
weighted norm in the Hilbert space L?(S?,p). That is, the inner product is
defined according to

() = [ ul0.0)0(0.00.6)D(0.0). v e I2($2.p)

where fixing p is the additional mathematical constraint necessary to uniquely
specify the amplitude-phase decomposition (3.6), and is determined by ensuring
that the error term involves fast transverse fluctuations. One of the potential
advantages of the variational approach is that it can be used to derive rigorous
bounds on the expected time of transverse fluctuations to escape a neighborhood
of the bump solution; such a rare event leads to a break down of the perturbation
construction.

Appendix A. The special orthogonal group SO(3)

Lie groups

An important class of transformations is the group of invertible linear trans-
formations in n dimensions, which can be represented by n x n real matrices
A with det(A) # 0. These form the general linear group GL(n, R), which has
n? parameters. The orthogonal group in n dimensions, O(n), consists of the
subset of transformations in GL(n, R) that leave the Euclidean norm 27:1 xf
on R” invariant. It follows that O(n) consists of orthogonal matrices A with
the property that AT = A~!. For a matrix in a neighborhood of the identity,
I + €X, this property requires that X be skew-symmetric: X;; = —Xj;. Since
skew-symmetric matrices have n(n — 1)/2 independent entries, it follows that
the parameter space of O(n) is also n(n — 1)/2-dimensional. The identity

1=det(AT A) = det(AT)det(A)

implies that det(A) = £1. The subset of orthogonal matrices with det(A) = +1
constitute a subgroup of O(n) known as the special orthogonal group SO(n).

Note that GL(n, R) and O(n) are examples of a Lie group — a group that
is also a smooth manifold in which the group operations of multiplication and
inversion are smooth maps. In more detail, suppose that G is a continuous
group whose elements A € G depend on N real parameters, A = A(a) with
a = (a1, ...an). Under multiplication of two elements, we have



where ¢ must be a continuous function of a@ and b: ¢ = f(a,b). Associativity of
the composition law of a group,

A(a)[A(b)A(c)] = [A(a) A(D)]A(c),

means that
fl(a, f(b,c)] = f[f(a,b),c].
The existence of an identity element I with I = A(0) and

implies that
f(0,a) = f(a,0) = a.

Finally, the existence of an inverse element A(a)~! with A(a)~! = A(a*) and
A(a*)A(a) = A(a)A(ax) = A(0),

shows that
fla*,a) = f(a,a”) = 0.

A continuous group is said to be a Lie group if f is an analytic function, that
is, a function with a Taylor series expansion within the domain defined by the
parameters. We can then treat the parameters as the coordinates of an -
dimensional differentiable manifold known as the group manifold. In the case
of O(n), all entries of A € O(n) are bounded, |4;;| < 1, so that the n(n —1)/2
group manifold is compact.

Lie algebras

One of the most useful objects in the study of Lie groups is the corresponding
Lie algebra of infinitesimal generators. We will discuss this within the context
of a matrix group G, whose corresponding Lie algebra is denoted by g. First,
any element close to the identity can be written as

N
A(Ga) =1 + EZGiXi7 Xz =
=1

0A(a)

b
aa‘i a=0

where I is the identity element, N = n(n—1)/2, and the infinitesimal generators
X, form a basis set of vectors for the Lie algebra. (One can also view elements
of the Lie algebra as vectors lying in the tangent space at the origin of the group
manifold.) The composition law of the Lie group imposes a set of commutation
relations for the matrices Xj:

(X, X;] = X; X, — X; X = cf; Xu,

where the cfj are known as the structure constants of the algebra. At a more
abstract level, we can think of the commutator as a binary operation [,-] :

g X g — g that satisfies the following axioms:
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1. Bilinearity,
MX+NY, Z) = M [X, Z]+X0Y, Z], [Z, X+ XY = M [Z, X]+ X[ Z,Y]
for all scalars A1, A2 and all elements XY, Z € o(n).
2. [X,X]=0
3. The Jacobi identity
(X Y, 2] + (2, [X, Y] + [V, [2, X]] = 0
forall XY, Z € g.

The first two axioms imply anti-commutativity, that is, [X,Y] = —[Y, X]. (For
more general Lie algebras, the bilinear operation is known as a Lie bracket and
needn’t be in the form of a commutator. However, it obeys the same axioms.)
It turns out that the dimension of a Lie group and much of its structure can be
understood by considering elements in a neighborhood of the identity element
and carrying out computations in the Lie algebra, which are typically easier than
working with the group. Intuitively speaking, any finite group transformation
can be constructed by repeated application of infinitesimal transformations.

Representations of SO(3)

Let us now focus on the group SO(3), whose natural representation is the
matrix rotation group acting in the vector space R®. We will denote the Carte-
sian coordinates of R? by the triplet (x, v, z). The most common ways to choose
the three free parameters of SO(3) are as follows: (i) Successive rotations about
three mutually orthogonal fixed axes; (ii) Successive rotations about the z-axis,
about the new y-axis, and then about the new z-axis (Euler angles); (iii) The
axis-angle representation, which is defined in terms of an axis whose direction is
specified by a unit vector (two parameters) and a rotation about the given axis
(one parameter). We will follow the first parameterization here. The matrices
corresponding to rotations about the x-axis, y-axis and z-axis are, respectively

1 0 0
Ri(p1)=| 0 cospr —singy (A.la)
0 sing;  cospp

cospa 0 sinepg
Ro(py) = 0 1 0 (A.1b)
—singps 0 cos s

cospz —sinps 0
R3(p3) = | sinps cosps 0 (A.1lc)
0 0 1
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The corresponding infinitesimal generators are given by

00 0
Xlza%(@ =100 -1 (A.2a)
Y le=0 01 0
0 0 1
nga%@ =1 0o 0 0 (A.2b)
Y le=0 -1 0 0
0 -1 0
X = a}?(“’) =1 0 o (A.2¢)
¥ lg=0 0 0 0

From standard matrix multiplication, it follows that the commutators of the Lie
algebra generated by X7, X5, X3 are given by

(X1, Xo] = X3, [Xo, X3] =X [X3,X1] =X, (A.3)

An alternative representation of SO(3) can be obtained by considering the
effect of a rotation on the unit sphere S? given by the equation 22 4y + 22 = 1.
If we introduce the spherical polar coordinates

x =sinfcos¢p, y=sinfsing, 2z =cosh, (A.4)

then the action of any group element is to map (6,¢) — (6’,¢'). Note that
the sphere S? is a manifold rather than a vector space, so the action of SO(3)
on the sphere is distinct from the action of SO(3) on the vector space R3. Tt
is also important to distinguish between the two-dimensional manifold S? on
which SO(3) acts, and the three-dimensional manifold of the Lie group itself.
One can also consider the action of SO(3) on infinite-dimensional vector
space such as L2(R?). Let v € SO(3) and define the induced action on functions:

Yo F(x) = Fly *x), (A.5)

where x = (x,7,2) € R%. Close to the identity element, we can write

Y= ) X)X
j=1.23

1 w3 P2
= —w3 1 1 X,
Y2 —p1 1

which means that

yoF(z,y,x) = F(x 4+ 03y — 922,y — 32 + 012, 2 + 02 — ©1Y).
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Assuming that F' is differentiable, we can Taylor expand the right-hand side to
first order in ;, which yields the following expression:

OF oF OF oF
vyo F(z,y,x) = F(x,y,2) + ¢1 (Zay —yaz> + @2 <$az —Zax>

oF oF
Tes\Yar "oy
3
= 1+Z@]XJ F(Iay7z)a
j=1

where X are now given by the differential operators

Xlzz%—y%, ngx%—z%, Xg:y%—x%. (A.6)
Note that the linear operators obey the same commutation relations (A.3).
Finally, we can use the action of SO(3) transformations on functions F'(z,y, z) to
determine the corresponding infinitesimal operators acting on smooth functions
in L?(S5?), which are defined on the surface of the unit sphere with angular
coordinates (0, ¢). It can be shown that the infinitesimal generators acting on
functions F'(0, ¢) take the form of equation (2.32), that is,

cosfcosgp O d cosfsing O . 0
sing  0¢’ 00 sing  0¢’ TP 99
The question then arises whether there are finite-dimensional subspaces of

L?(S?) that are invariant under SO(3), that is, they provide finite-dimensional

representations of SO(3). Suppose that such a subspace V exists and is spanned

by the basis set {f;,4 =1,..., N}. The subspace is invariant if and only if

N
oy aifi=>_ Bifi
j=1 i=1

for real coefficients «;, 8;. Linearity of the map implies that

N
bi: E Aija]‘,
j=1

for some matrix A corresponding to an element of SO(3). The vector subspace
V is said to be an irreducible representation of SO(3) if V' contains no finite-
dimensional subspaces invariant under SO(3). It can be shown that every irre-
ducible subspace is characterized by an integer [ > 0 and has dimension 2] + 1.
The basic functions are given by spherical harmonics: {Y},,m = —1I,...,1}.

Xlzsin¢%+ X5 =cos ¢

Acknowledgments

P.C.B. was supported by the National Science Foundation (Grants DMS-
1613048 and ).

34



References

1]

D. C. Somers, S. Nelson and M. Sur. An emergent model of orientation
selectivity in cat visual cortical simple cells. J. Neurosci. 15 (1995) 5448
5465.

R. Ben-Yishai, R. L. Bar and H. Sompolinsky. Theory of orientation tuning
in visual cortex. Proc. Nat. Acad. Sci. 92 (1995) 3844-3848.

R. Ben-Yishai, D. Hansel, and H. Sompolinsky. Traveling waves and the
processing of weakly tuned inputs in a cortical network module. J. Comput.
Neurosci. 4 (1997) 57-77.

P. C. Bressloff and J. D. Cowan. An amplitude approach to contextual
effects in primary visual cortex. Neural Comput. 14 (2002) 493-525.

M. Camperi and X. J. Wang. A model of visuospatial short-term memory
in prefrontal cortex: recurrent network and cellular bistability. J. Comp.
Neurosci. 5 (1998) 383-405.

K. Zhang Representation of spatial orientation by the intrinsic dynamics of
the head-direction cell ensemble: a theory. J Neurosci 16 (1996) 2112-2126.

A. Compte, N. Brunel, P. S. Goldman-Rakic and X-J Wang. Synaptic mech-
anisms and network dynamics underlying spatial working memory in a cor-

tical network model, Cereb. Cortex 10 (2000) 910-923.

C. R. Laing, W. C. Troy, B. Gutkin and G. B. Ermentrout. Multiple bumps
in a neuronal model of working memory. SIAM J. Appl. Math 63 (2002)
62-97.

Z. P. Kilpatrick. Inter-areal coupling reduces encoding variability in multi-
area models of spatial working memory. Front. Comput. Neurosci. 7 (2013)
82.

Z. P. Kilpatrick. Delay stabilizes stochastic motion of bumps in laminar
neural fields. Physica D 295-296 (2015) 30-45.

Z. P. Kilpatrick. Synaptic mechanisms of interference in working memory.
Scientific Reports. 8 (2018) 7879.

P. C. Bressloff and J. D. Cowan. An SO(3) symmetry breaking mechanism
for orientation and spatial frequency tuning in visual cortex. Phys. Rev.
Lett. 88 (2002) 078102.

P. C. Bressloff and J. D. Cowan. Spherical model of orientation and spatial
frequency tuning in a cortical hypercolumn. Phil. Trans. Roy. Soc. Lond.
B 358 (2003) 1643-1667.

35



[14]

M. Hiibener, D. Shoham, A. Grinvald and T. Bonhoeffer Spatial relation-
ships among three columnar systems in cat area 17. J. Neurosci. 17 (1997)
9270-9284.

N. P. Issa, C. Trepel and M. P. Stryker. Spatial frequency maps in cat
visual cortex. J. Neurosci. 20 (2000) 8504-8514.

I. Nauhaus, K. J. Nielsen, A. A. Disney and E. M. Callaway. Orthogonal
micro-organization of orientation and spatial frequency in primate primary
visual cortex. Nat. Neurosci. 15 (2012) 1683-1692.

G. Singh, F., Memoli, T. Ishkhanov, G. Sapiro, G. Carlsson and D. L.
Ringach,. Topological analysis of population activity in visual cortex. Jour-
nal of Vision. 8 (2008) 1-18

P .L. Nunez and R. Srinivasan. Electric Fields of the Brain: The Neuro-
physics of EEG, second ed., Oxford University Press, New York (2005).

S. Visser, R. Nicks, O. Faugeras, S. Coombes. Standing and travelling waves
in a spherical brain model: The Nunez model revisited. Physica D 349
(2017) 27-45.

C. R. Laing and C. C. Chow. Stationary bumps in networks of spiking
neurons. Neural Comput. 13 (2001)1473-1494.

C. C. Chow and S. Coombes. Existence and wandering of bumps in a spiking
neural network model. STAM J. Appl. Dyn. Syst. 5 (2006) 552-574.

Z. P. Kilpatrick, and G. B. Ermentrout. Wandering bumps in stochastic
neural fields. STAM J. Appl. Dyn. Syst., 12 (2013) 61-94.

P C Bressloff and M. A. Webber. Front propagation in stochastic neural
fields. STAM J. Appl. Dyn. Syst. 11 (2012) 708-740.

M. Webber and P. C. Bressloff. The effects of noise on binocular rivalry
waves: a stochastic neural field model J. Stat. Mech: Special issue on
statistical physics and neuroscience. 3 (2013) P03001.

Z. P. Kilpatrick, G. B. Ermentrout and B. Doiron. Optimizing working
memory with heterogeneity of recurrent cortical excitation J. Neurosci. 33
(2013)18999-19011.

Z. P. Kilpatrick. Coupling layers regularizes wave propagation in stochastic
neural fields. Phys. Rev. E 89 (2014) 022706.

P C Bressloff and Z. P. Kilpatrick. Nonlinear Langevin equations for the
wandering of fronts in stochastic neural fields. STAM J. Appl. Dyn. Syst.
14 (2015) 305-334.

36



[28]

[29]

[30]

[31]

J. Inglis and J. MacLaurin, A general framework for stochastic traveling
waves and patterns, with application to neural field equations, STAM J.
Appl. Dyn. Syst., 15 (2016) 195-234.

P. C. Bressloff and J. N. Maclaurin. Wandering bumps and stimulus-
dependent variability in a stochastic neural field: a variational approach.
Preprint 2019.

A. Ponce-Alvarez, A. Thiele, T. D. Albright, G. R. Stoner and G. Devo.
Stimulus-dependent variability and noise correlations in cortical MT neu-
rons. Proc. Natl. Acad. Sci. USA 110 (2013) 13162-13167.

P. C. Bressloff. Stochastic neural field model of stimulus-dependent vari-
ability in cortical neurons. PLoS Comp. Biol. In press (2019).

B. Hall. Lie Groups, Lie Algebras, and representations: An elementary
introduction. 2nd edition Springer (2015).

M. Golubitsky and I. Stewart. The symmetry perspective: from equilibrium
to chaos in phase space and physical space, Birkhauser, Basel (2002).

R. Hoyle. Pattern formation: an introduction to methods. Cambridge Uni-
versity Press, Cambridge (2006).

P. C. Bressloff. Spatiotemporal dynamics of continuum neural fields. Invited
topical review. J. Phys. A. 45 (2012) 033001.

G. Arfken. Mathematical methods for physicists, 3rd. edition. Academic
Press: San Diego (1985).

O Faugeras and J Inglis. Stochastic neural field theory: a rigorous footing.
J. Math. Biol. 71 (2014) 259-300.

M Kruger and W Stannat. Front propagation in stochastic neural fields:
a rigorous mathematical framework. STAM J. Appl. Dyn. Syst., 13 (2014)
1293-1310.

A. Lang and C. Schwab. Isotropic Gaussian random fields on the sphere:
regularity, fast simulation and stochastic partial differential equations.
Anal. Appl. Prob. 25 (2015) 3047-3094.

R. W. Brockett. Notes on stochastic processes on manifolds, in Systems and
Control in the Twenty-First Century (C.I. Byrnes et al. eds.), Birkhauser,
Boston (1997).

E. P. Hsu. Stochastic Analysis on Manifolds, Graduate Studies in Mathe-
matics, Vol. 38, American Mathematical Society, Providence, RI (2002).

G.S. Chirikjian, Stochastic Models, Information Theory, and Lie Groups,
Volume 1: Classical results and geometric methods. Birkhauser Boston
(2009).

37



[43] C. W. Gardiner Handbook of stochastic methods, 4th edition. Springer,
Berlin (2009).

[44] D. R. Brillinger. A particle migrating randomly on a sphere. J. Theor. Prob.
10 (1997) 429-443.

[45] E. M. Callaway. Local circuits in primary visual cortex of the macaque
monkey. Ann Rev Neurosci. 121 (1998) 47-74.

[46] J. A. Hirsch and L. M. Martinez. Laminar processing in the visual cortical
column. Curr Opin Neurobiol. 16 (2006) 377-384.

[47] P. C. Bressloff and S. R. Carroll. Laminar neural field model of later-
ally propagating waves of orientation selectivity. PLoS Comput Biol 11(10)
(2015) €1004545.

38



	Introduction
	Neural field equation on a sphere
	SO(3) symmetry
	Stationary bumps
	Linear stability analysis
	Marginal stability
	Explicit results for a Heaviside firing rate function
	Weakly biased external input

	Stochastic spherical model
	Perturbation analysis
	Evaluation of Hr, r, r and Drs

	Analysis of stochastic phase equations
	Stochastic dynamics on the sphere for  =0
	Linear noise approximation for >0

	Discussion
	The special orthogonal group SO(3)

