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DETERMINISTIC AND RANDOM GRAPHS
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ABSTRACT. The Swift-Hohenberg equation (SHE) is a partial differential equation that
explains how patterns emerge from a spatially homogeneous state. It has been widely used
in the theory of pattern formation. Following a recent study by Bramburger and Holzer
[2], we consider discrete SHE on deterministic and random graphs. The two families of
the discrete models share the same continuum limit in the form of a nonlocal SHE on a
circle. The analysis of the continuous system, parallel to the analysis of the classical SHE,
shows bifurcations of spatially periodic solutions at critical values of the control parameters.
However, the proximity of the discrete models to the continuum limit does not guarantee
that the same bifurcations take place in the discrete setting in general, because some of the
symmetries of the continuous model do not survive discretization.

We use the center manifold reduction and normal forms to obtain precise information
about the number and stability of solutions bifurcating from the homogeneous state in the
discrete models on deterministic and sparse random graphs. Moreover, we present detailed
numerical results for the discrete SHE on the nearest-neighbor and small-world graphs.

1. INTRODUCTION

Networks of interacting dynamical systems (a.k.a. interacting particle systems) form an
important class of models of natural and technological systems. Examples include neuronal
networks, swarm of fireflies, coupled lasers, and power grids, to name a few [10, 33, 34, 36].

When the number of particles is large, taking a limit as the number of particles goes
to infinity is an effective tool for analyzing network dynamics. The continuum limit in the
form of a nonlocal PDE has been very successful for studying synchronization and pattern
formation in large systems of coupled oscillators on a variety of graphs [25, 28, 29, 40].
Therefore, it is important to understand the accuracy of approximation of large dynamical
networks by a continuum equation. For solutions of initial value problems on convergent
families of graphs, this was done in [23, 24, 26].

In many theoretical studies as well as in practical applications, valuable information
about system dynamics is gained by studying regimes bifurcating from simpler solutions
under the variation of the control parameter. Therefore, it is of interest to understand how
well and under what conditions, the bifurcation structure of large networks can be obtained
from its continuum limit. Specifically, suppose the continuum model undergoes a bifurcation
at a certain value of the control parameter. What can be said about the discrete system?

Will it undergo a bifurcation at a close parameter value? Will the bifurcating solutions
1
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resemble those obtained in the continuum case? These are nontrivial questions in general,
because certain features (such as symmetries) that are present in the continuum limit may
not survive discretization. The questions become even more challenging if the large network
system is random.

In this paper, following the work of Bramburger and Holzer [2], we address these questions
in the context of the Turing bifurcation in the discrete Swift—-Hohenberg equation (SHE) on
deterministic (Cayley) and random graphs. We postpone the discussion of how our approach
and results differ from [2] and turn to the formulation of the discrete and continuous models
next.

The classical SHE plays a prominent role in the theory of pattern formation (see [8] and
references therein). It has the following form

@tu:_(l—l—az)Qu‘f'VU_uga z €T =R/Z, (1.1)

where u(t,z) € R and « is a control parameter. The normal form reduction near the
bifurcation, which makes use of the symmetries present in the system, shows existence of
a two-parameter family of stable stationary nontrivial solutions bifurcating from the trivial
solution u = 0 (see Section 2.4.3 in [15]):

w, 5(z) = 2\/gcos(x +8) + 0(*2) (1.2)
for small positive v and every § € T.

The nonlocal SHE is obtained by replacing the second derivative 92 with a nonlocal
operator Lyy:
du=—(Ly —r)>u+yu—u®, zeT, (1.3)

where
(L) = [ W) 1) = F)dy = (K H)a) ~ dwl@)f @) (14
Here, W : T? — [0, 1] is a measurable function that is symmetric a.e. on T2, and f € L(T).

In this paper, we assume that W has the following form
Wiz, y) =S —vy) (1.5)

for a given even function S € L'(T). In this case, dy is independent of x € T. Graphons
of the form (1.5) arise as limits of convergent sequences of Cayley graphs. For this reason,
they are referred to as Cayley graphons. It is instructive to study this case first, because
the nonlocal SHE (1.3) with (1.4) and (1.5) is the closest nonlocal analog of the classical
model (1.1) on a periodic domain. Since Ky has a discrete (real) spectrum with the only
accumulation point at zero, the bifurcation of stable stationary nontrivial solutions occurs if
K 1s set to
KJZ—dW—i—/\kO, ko € N,

where { A }rez are eigenvalues of Ky satisfying A_p = A, & € N. Similar to (1.2), we are
interested in solutions bifurcating from u = 0 for small 7. The normal form analysis of (1.3)



TURING BIFURCATIONS ON DETERMINISTIC AND RANDOM GRAPHS 3

closely resembles the normal form analysis of (1.1) and illustrates the role of translation
invariance in the continuum model, see Theorem 3.8 below.

Along with the nonlocal model (1.3) we consider a discrete model on a graph I' given by
i=—(Lr — k) u+~yu—u’, (1.6)

where u(t) € R™, the cubic nonlinearity u? is understood in the componentwise sense, and
the graph Laplacian Lr is defined as follows
1 n
(Lru)i = —~ > ai (=), (1.7)
j=1

which is associated with the adjacency matrix Ap = (a;;)1<i j<n-

In this paper, we study (1.6) with (1.7) on two families of graphs, one is deterministic
and the other is random. Both families are constructed using a given W and converge to W
almost surely. We refer the reader to [23, 26] for the overview of the ideas from the graph
limit theory that are relevant here and to the references in the literature on this subject. For
either graph model, one can show that the solution of the IVP for (1.3) approximates the
solutions of the IVPs of the discrete problems on finite time intervals (cf. [23, 24, 26]). Thus,
(1.3) provides a common continuum limit for the discrete models on both deterministic and
random graphs. Note that this however does not guarantee that the solutions bifurcating
from the trivial solution will resemble (1.2). In fact, in general, it is not clear that the discrete
models will undergo a bifurcation at all. The reason for this is that the translation symmetry
present in the continuum model does not survive discretization. The lack of the translation
symmetry affects computations of the normal forms and thus the bifurcations. Our analysis
predicts the exact number of solution families bifurcating from the trivial solution in the
deterministic model, see Theorem 4.2, based on the discrete group of symmetries. On the
other hand, the symmetries are broken in the random model and we are only able to find
the lower and upper bounds on the number of solution families bifurcating from the trivial
solution, see Theorem 5.1.

The organization of the paper is as follows. In Section 2, we complete the description
of the discrete model (1.6) with (1.7) by providing the details on the deterministic and
random graphs. The former are weighted Cayley graphs and the latter are W-random graphs
(cf. [21]).

After that we turn to the analysis of the continuous model in Section 3. Specifically, we
demonstrate the well-posedness of the continuous model and analyze the bifurcation of the
spatially homogeneous solutions. The bifurcation analysis is based on the normal form of the
system in the Fourier coordinates. The derivation of the normal form uses the symmetries
present in the system and resembles the analysis of the classical SHE in [15]. The existence
of a family of spatially periodic solutions is invariant with respect to the continuous spatial
translations.

In Section 4, we study discrete SHE on weighted Cayley graphs. The bifurcation analysis
follows the same lines as in the continuous case, where in place of Fourier transform we now
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use the discrete Fourier transform. An important distinction of the discrete model is that the
invariance under any translations in the continuous system is replaced by the invariance with
respect to a discrete group of translations. This results in finitely many solutions bifurcating
from the trivial solution instead of the continuous family (1.2).

In Section 5, we move on to study the discrete model on random graphs, which is the
main problem addressed in this paper. In the random setting, the discrete model does not
possess the discrete translational invariance and the normal form approach, which worked
for Cayley graphs, is no longer applicable. To overcome this obstacle, we use the proximity
of the system on a sufficiently large random graph to that analyzed in Section 4 to derive
a leading order approximation for the normal form of the system at hand. This allows us
to study the bifurcation for the system on random graphs and to obtain precise bounds
on the number of solution families bifurcating in each random realization of the discrete
graph. This is where our approach is different from the approach taken in [2]. The normal
form for the bifurcation on a random graph is compared with the one on the associated
discrete deterministic graph instead of the one on the associated continuous nonlocal model.
We determine the translational parameter precisely from the normal form, whereas the
translational parameter is defined implicitly in [2, Theorem 4.1] from a linear transformation
of eigenvectors of the linearized equations. Additional comments on the differences between
our work and [2] can be found in Remark 5.6.

In Section 6, we present numerical experiments with SHE on small-world graphs. This
example illustrates the selection of random stationary patterns in SHE on random graphs.
We also explain the implications of the lack of continuous translational symmetry in the
corresponding averaged SHE on deterministic Cayley graph. In Section 7, we discuss the
utility of graphons in the analysis of dynamical systems on graphs and potential applications
of our techniques to related network models.

The approximation result needed for the analysis of SHE on random graphs is given in
the Appendix. It is derived in using the method of [12] based on the concentration inequality
for adjacency matrices of W-random graphs.

2. DISCRETIZATION

The goal of this section is to complete the formulation of the discrete model (1.6) by
supplying the details on the families of deterministic and random graphs. In what follows,
we assume that n is even in (1.6) and denote N = n/2. This assumption is used to simplify
computations of the normal forms. We will denote the deterministic graph by 'Y, and the
random graph by T'..
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2.1. The discrete SHE on deterministic graphs. To define the family of deterministic

graphs (I'Y,), we fix N € N and discretize T as follows. Let h = 2N, = th, and

2 2

-1 -1 h 1 A1
=57 +3)Uls53)

'Y, is a weighted graph on 2N nodes indexed by integers from [N +1, N]. An edge between
nodes ¢ and j is supplied with a weight

h h

a;; = a;; = (2N) / medxdy —-N+1<i1<j<N.
In addition, we assume a; =0, 7 € [—N + 1, N].
Since W (x,y) = S(x — y) according to (1.5

)
mMﬂk:@NV/ S(a — y)dedy
Qz+k Q

Jjtk

, we have a Toeplitz matrix A = (a;;) with

(2N) / S(x —y)dzdy = a;;. (2.1)
If Sk = ayo, then a;; = S;_; and the graph Laplaman on I‘% can be rewritten in the form:
1 N
(Liyw); = ON Z Si—j (uj — u;)
j=—N+1
1 N
gy > s (57 3 s
—N+1 —N+1
=: (A]VVVU)Z — du;, (2.2)

where dj}, is a constant independent of . The SHE on the deterministic graph I'f}, has the
following form:

— (L]V\(/—ﬁ)2u+7u—u3, (2.3)
where L3, is defined in (2.2).

2.2. The discrete SHE on random graphs. The second family of graphs (FN ) is ran-
dom and corresponds to I'Y,, N € N. Denote the adjacency matrix of FN by AN =
(@i)-ny1<ij<n- We postulate that two distinct nodes of T, 7 and j are connected with
probability a;;, i.e.,

]P( ij — 1) = Q4y, ]P)(dw == 0) =1- Qjj. (24)

In addition, a; = 0 and aj; = @;;. The SHE on the random graph f‘% is given in the form:

IS

s 2
u:—<L]V\(,—f£) U+ yu —u, (2.5)
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where

QI

(LNu); _%i :<A%u>z (DY), (2.6)

where D{J is a diagonal matrix.

Graphs defined by (2.4) are dense almost surely. In dense graphs the number of edges
scales quadratically with the number of vertices, i.e., under this model '}, has O(N?) edges.
In this paper, we extend the random graph model to allow for sparse graphs. To this end,
we introduce a nonincreasing sequence ay € (0, 1] and modify (2.4) as follows

]P)(ELU = Oé&l) = OéNCLZ'j, P(&w = 0) = 1 - OZNCLij. (27)

As before, a; = 0 and a;; = a;;.

If ay = 1 then (2.7) reduces to (2.4) and we obtain the sequence of dense random graphs
as above. On the other hand, if ay “\, 0 then the expected number of edges in Y is
N(N —1)ay < N?, which implies that T3y, is a sparse graph with probability 1. By varying

the rate of convergence of ay to zero, one can control the degree of sparseness of I'YY,. We
need to impose the following technical condition on (ay):

1>ay > MNY3, (2.8)
for some M > 0 dependent of N.
We illustrate the families of graphs, which we just defined, with the following example.

Example 2.1. Fizp € [0,1], r € (0, 3), and define an even function S € L'(T) in the form:
_ 1-— D, ’Jf| S r,
S(I)_{p, r<|x|§%.

If p =0 T is very close to the Cayleg graph on Zon with the set of generators given by
{£1,+2,...,£[2Nr|}. Forp € (0,3), T'Yy is a small-world graph [39]. Figure 1 illustrates
the example with W (z,y) = S(xz —y).

A

aL bl-

FIGURE 1. (a) W takes values 1 — p and p over the black and white regions
respectively. (b),(c) Pixel plots of the adjacency matrix of T'ly, and its random
counterpart I'YY, .
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Remark 2.2. The W-random graph interpretation of the small-world network (2.4) used in
this paper was introduced in [24]. A slightly different model was considered in [2].

Remark 2.3. The deterministic SHE model (2.3) is a Galerkin approximation of the contin-
uous SHE model (1.3). On the other hand, it is also related to the random model (2.5) via
averaging, because E a;; = a;; by construction. Therefore, one can view the continuous SHE
model (1.3) as a continuum limit of either of the discrete models (2.3) or (2.5). For a related
class of nonlocal models, it is known that the initial-value problems for the deterministic
and random discrete models approximate that for the continuum one [23, 26]. The same
techniques apply to the models at hand and the approximation results continue to hold for
the discrete and continuum SHEs. However, the analysis in the remainder of this paper does
not depend on the validity of these results.

3. THE coNTINUUM SHE

In this section, we study the nonlocal SHE model (1.3), which serves as a continuum
limit for the discrete SHE models (2.3) and (2.5) on deterministic and random graphs T',
and f‘{X, respectively. Our objective is to obtain a spatially dependent steady state via a
Turing bifurcation of the trivial solution. For W in the form (1.5), the nonlocal SHE on
Cayley graphon can be written in the form

8tu:—(KS—d5—/i)2u—|—7u—u3, (3.1)
where x and v are real parameters and
(Ksf)w) = [ St~ )1y (3.2
T

ds — /T S(a)da. (3.3)

Throughout this section, we assume that S is a given integrable function on T, i.e., S € L(T).
Furthermore, S is assumed to be even almost everywhere. By Young’s convolution inequality;,
Ky is a bounded operator from LP(T) to LP(T) for any 1 < p < oo with the bound

I Ksfllzrery < S|y | f] o (r)- (3.4)

Remark 3.1. Since Kg is a bounded operator from L?(T) to L*(T) and T is compact, the
spectrum o(Lg) is purely discrete and consists of eigenvalues {\}rez obtained from the
Fourier modes:

A = /S(x)e%ikxdx, ke Z.
T
Since S is an even function,
U(KS) = {)\o, A1 = A1, A2 = Ay, }

consists of real eigenvalues. However, unless S is even on T, K is not a self-adjoint operator
in L*(T) and the eigenvalues {\; }rez only satisfy the reduction A\, = Ay, for & € N which
does not exclude the possibility of complex eigenvalues.
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The following lemma gives the well-posedness result of the time-evolution problem (3.1)
in the phase space X := L*(T), which is continuously embedded into L*(T) due to the

bound || f{|z2(ry < |[f]lzoe(m)-

Lemma 3.2. Assume that S € L'(T) and its periodic extension to R is an even function. For
every ug € X, there exists a unique global solution v € C([0,00), X) such that u(0,-) = ug.
The unique solution u € CY([0, 7], X) is Lipschitz continuous with respect to uy € X for
every finite 79 > 0.

Proof. By (3.4) with p = oo, Kg is a bounded operator from X to X. In addition, the
nonlinear term of (3.1) is closed in X due to the bound || f3||z < || f||3~. Hence the vector

field
A(u) = —(Kg — ds — k)*u + yu — u®

is a C! map from X to X. By the standard results of the semi-group theory [4, Chapter
3], for every ug € X, there exists a unique local solution v € C*([0, 9], X) for some 7y > 0.
Thanks to the repulsive cubic nonlinearity, we have the following bound:

d

— Nt )lroeery < (Ks — ds — £)?ull Lo (ry + y||ult, ) || Loocry
dt

< LISz + [5] + lds])* + Allut, )z

which shows that the L>-norm of the local solution u(t,-) cannot blow up in a finite time
t € |0,79]. Hence, the local solution u € C*(]0, 7], X) is extended to the infinite time as
u € C*([0,00),X). Lipschitz continuity of the local solution u € C([0, 7], X) with respect
to ug € & for every finite 75 > 0 follows from Gronwall’s inequality. U

Remark 3.3. The nonlinear term of (3.1) is not closed in L?(T). However, it is closed in
H! (T) given by

per

H.(T)={feL*T): f eL*T)},

per
since H;er(']I‘) is a Banach algebra with respect to pointwise multiplication. Moreover,

H].(T) is continuously embedded into a space of bounded and continuous functions sat-

isfying the periodic boundary conditions. Compared to H,.(T), functions in the phase
space X = L*°(T) do not have to be continuous or to satisfy the periodic boundary condi-
tions. This is more suitable in the context of solutions of the discrete SHE on deterministic

and random graphs.
Lemma 3.4. If u(t,x) is a solution of (3.1), so are u(t,x + h), u(t,—z), and —u(t, ).
Proof. The continuous SHE (3.1) admits the following symmetries:

e the spatial translation x — x + h, Yh € R due to periodic conditions,

e the spatial reflection x — —x due to even 9,

e the sign reflection u — —u due to odd nonlinearity,

which can be easily confirmed. The new solutions are generated by the symmetries. U
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Remark 3.5. The nonlocal SHE (3.1) has two real parameters v and x. Parameter 7 is small
and is used to characterize Turing bifurcation of a spatially dependent steady state from
the zero solution. On the other hand, parameter x is the tuning parameter defined by the
bifurcation condition according to the following definition.

Assumption 3.6. We fiz kg € N, assume that A\, # i, for every k € N\{ko}, and choose
R = )‘ko — dS = )‘—ko — ds.

Remark 3.7. Since Ky is a compact operator on L?(T), eigenvalues {\, },cz satisfy A, — 0
as [n| — oco. Hence, Assumption 3.6 implies that there is Cy > 0 such that

Ak — Ao | = Cp forall k e N, k # k. (3.5)

The following theorem presents the main result of this section. Although it is an exercise
from [15, Section 2.4.3], we write the computational details explicitly, since they are useful
for analysis of Turing bifurcation in the discrete SHE.

Theorem 3.8. Under Assumption 3.6, there exists g > 0 and Cy > 0 such that for every
v € (0,7) there exists a non-trivial time-independent solution u.(-+0) in X of the nonlocal
SHE model (3.1), where u,, is an even function satisfying

2./

uy(r) — —= < C 3, 3.6
+(7) NG < Cov'y (3.6)

and 6 € T is an arbitrary translational parameter. The orbit of time-independent solutions

{u(- + 9) }ser is asymptotically stable in the time evolution of the nonlocal SHE in X.

sup cos(2mkor)

zeT

Proof. In order to use the center manifold theorem and to derive slow dynamics along the
center manifold, we use the Fourier series

u(t,x) = Z ag(t)e?™ ke
kEZ
and obtain the evolution problem in the form
dk = _()\k — )\kO)QCLk + Yar — Z Ay Aoy A — gy —ko 5 (37)
k1,k2 €7

where we have used that K = A\, — dg. By standard results from Fourier analysis, u(t,-) €
X = L=(T) if {a(t) }kez € X = €*(Z) for every ¢t > 0. The nonlinear term of (3.7) is closed
since ('(Z) is a Banach algebra with respect to the convolution sum.

Since wu is real, we have a_;, = ay, for all £ € Z. Due to the three symmetries identified in
Lemma 3.4, the vector field in (3.7) is equivariant under the transformation

ap, — ape®™* " ke Z, heR, (3.8)

and under the transformations: ay — a_ and a — —ay. Consequently, the system (3.7) is
closed on the subspaces

/'\?Sym = {{ak}kez < £1<Z,R) Doa_p = ag } (39)



10 G. S. MEDVEDEV AND D. E. PELINOVSKY

and
Xy 1= Haptrez € 01(Z,C) : a_y, = ap =0, for k # mky, m € {1,3,5,---}}, (3.10)
where ky € N is defined in Assumption 3.6.

By Assumption 3.6, the rest of eigenvalues {\;}rez) (ko are bounded away from Ay, =
A_r, with the bound (3.5). By the center manifold theorem [15, Theorem 2.9], there exists a
center manifold in X spanned by A := ay, € C and A := a_y,. Since the system is closed
on (3.10), the center manifold can be expressed as graphs of functions:

Umky = U (A, A),  a_ppy = U(A, A), m e {3,5,---}.
The dynamics on the center manifold can be expressed by the amplitude equations
A=F(AA), A=F(AA),

where F} is a C* function in A and A with y-dependent coefficients which commutes with
the symmetries of (3.7). Due to the equivariance (3.8), the amplitude equations can be
transformed to the normal form:

A= AP (|A]P), (3.11)

where P is an analytic function in |A]? with y-dependent coefficients. Moreover, due to
the symmetry with respect to the transformation a, — a_j, P, has real-valued coefficients.
Similarly, we express functions ¥,, in the form:

U, (A, A) = AP, (|A]*), me€{3,5, -}, (3.12)

where P, is a C* function in |A|* with y-dependent real-valued coefficients.

Due to the cubic nonlinearity in (3.7), we obtain
A= [v=3lAP +0(AM] A, (3

13)
where the remainder terms of the order of O(|A|?) is defined by W3 since W,, with m > 5
give a higher-order contribution of O(|A|®) to the normal form (3.13). Tt follows from (3.13)
that there exists a time-independent solution of the form

Ars = {1+ O()] (3.14)
where 0 is an arbitrary parameter. This time-independent solution (3.14) yields a non-trivial
time-independent solution of the nonlocal SHE (3.1) in & satisfying the expansion in (3.6).
Since the system (3.7) is closed on (3.9), if § = 0, then a_y, = ay, = A, 50 is real and
SO are aymy, for every m € {3,5,---}. This yields the even function u, € X. Due to the
translational symmetry (3.8), the parameter § is equivalent to the translation of the solution
uy (- +9).

To determine stability of the time-independent solution w. (- 4 ) for every given § € R,
we note that all eigenvalues in the spectrum of —(Kg — ds — x)? are located in the left-
half plane of the complex plane with the exception of the double zero eigenvalue. Hence,
there is no unstable manifold of the system (3.7). The time-independent solution (3.14) is
orbitally asymptotically stable in the time evolution of the reduced equation (3.11). By the
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standard decomposition near the orbit {u,(- + ¢)}ser, a perturbation of the initial solution
U (-4 o) defines a time-dependent solution which approaches as ¢t — 400 exponentially fast
to the final solution wu, (- + ) with d being close to dg. Hence, the orbit {u,(- + J)}ser is
asymptotically stable in the time evolution of the nonlocal SHE in X. 0]

Remark 3.9. The leading-order approximation for W3 in (3.12) can be obtained from (3.7)
and (3.13). Substitution yields

[y = 3JAP + O(A[)] [3P5(IA]°) + [AP5(|A]*)]
- [7 - (/\31% - Ak‘o)ﬂ P3(|A|2) -1+ O(|A|2>7
which is solved by expanding P3(]A|?) in |A|? with the leading order:

—1
B (>‘3k0 - )‘ko)2 + 27

where g, # A, by the assumption. Similarly, one can find the leading-order expansions of
U,, in (3.12) for m > 5.

Py(|A%) +O(AP), (3.15)

Related to the time-independent solution u.(- + §) of the nonlocal SHE in Theorem 3.8,
we can introduce the linearized operator in the form

L= —(Kg—M)* +7 — 3u2, (3.16)

where we have used that k = Ay, — dg according to Assumption 3.6. Since u., is a bounded
function on T, £, is a bounded operator from L?(T) to L*(T) for all sufficiently small ~
for which u, is defined. Hence, the spectrum of L, is purely discrete and consists of real
eigenvalues, see Remark 3.1. The following lemma uses the smallness of v and gives a precise
information on the location of these eigenvalues.

Lemma 3.10. Let u, € X be defined by Theorem 3.8 for v € (0,7) and assume that
ul, € L*(T). The spectrum of L, gwen by (3.16) in L*(T) consists of eigenvalues ordered as
{A&(7) }ken such that Ai(vy) =0 and Ak(y) <0, k > 2 satisfy

1Ao(y)| £ Cry, [Ak(y)| > Cy, k>3

where C, Cy are y-independent positive constants.

Proof. The existence of A(y) = 0 follows from the translational invariance of the nonlocal
SHE given by (3.1) since 6 € R is a free parameter of the steady state u,(- +v) € X in
Theorem 3.8. Since v/, € L?(T) is assumed, we obtain by direct differentiation that

Ll (-+9) =0,
so that Ay(vy) = 0 for v € (0,7).

The rest of the spectrum of £, in L*(T) follows from the perturbation theory for self-
adjoint operators with purely discrete spectrum which implies continuity of eigenvalues with
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respect to small parameter v € (0,7,). The eigenvalue Ay(7) coincides with the linearization
of the slow motion at the center manifold given by (3.13):

Aa(7) = 7 = 91A4,5* + O(l1A4,[")
which is strictly negative with the bound |A\y(7)| < Cyy with some y-independent constant
C, > 0 for v € (0,7). Eigenvalues Ay(y) for k > 3 are y-close to —(A\x — A, )? for k €

Z\{ko, —ko} which are strictly negative and bounded away from 0 by Assumption 3.6. Hence
|Ak(7y)] > Cy for all k > 2 with some 7-independent constant Cy > 0 for v € (0, 7). O

Remark 3.11. Due to the presence of zero eigenvalue A;(7y) = 0, the operator L, is not
invertible. This creates difficulties in the persistence argument when the limiting nonlocal
model (3.1) is replaced by the discrete SHE models on the deterministic or random graphs,
which destroy the continuous translational symmetry.

4. THE DISCRETE SHE oN CAYLEY GRAPHS

Here we study the discrete SHE (2.3) on the deterministic Cayley graph I'Y,. By using
(2.2), we rewrite the discrete model in the form:

;= —[(Ay — diy — £)*ul; + yu; — ul,

j € Zy :=17/(2NZ), (4.1)

where N is integer, x and v are real parameters, and the linear operator AY, : Zy — Zy is
given by the convolution sum

1 .
[A%u]] = ﬁ Z Sj_lUl, ] € ZN, (42)
lEZN

where {S;}jez, satisfies S_; = S for all j € Zy. System of differential equations (4.1)
can be viewed as an evolution equation on Zy. The classical solutions are interpreted as
elements of C'(R, RZ¥), the space of continuously differentiable vector functions of ¢ € R.

Lemma 4.1. If {u;(t)},ezy is a solution of the discrete SHE (4.1), so are
{ujrm( ez, {u—iO}jezy, {tm—j(t)}jezy, and {—u;(t)}jezy- (4.3)

Proof. Similarly to the continuous SHE (3.1), the discrete SHE (4.1) admits the following
three symmetries:

e the discrete spatial translation j +— j + m, Vm € Zy due to periodic conditions,
e the spatial reflection j — —j due to even {S;};ezy .
e the sign reflection u — —u due to odd nonlinearity,

which can be easily confirmed. The new solutions (4.3) are generated from {u;(t)};ez, by
symimetries. O
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Our objective is to obtain a spatially dependent steady state of the discrete SHE (4.1)
via a Turing bifurcation of the zero solution. By using the discrete Fourier transform, one
can obtain eigenvalues of AY; in the form {\} }zcz, with

1 _imkj
Ag:ﬁZSje N, keZy. (4.4)

JELN

Since S_; = Sj for all 1 < j < N —1, then A\)) = AV, for 1 < k < N —1. We again
use parameter v in (4.1) to characterize Turing bifurcation and parameter k to satisfy the
bifurcation condition.

We will locate a spatially dependent steady state bifurcating from the zero solution
by adapting the proof of Theorem 3.8 with the discrete Fourier transform replacing Fourier
series. One key new feature of the center manifold analysis is that the translational parameter
0 € T which was arbitrary in Theorem 3.8 takes exactly 4N admissible values under some
non-degeneracy conditions. In comparison with Assumption 3.6, we set kg = 1 for the
bifurcating mode in order to simplify computations of the normal form. The following
theorem presents the main result of this section.

Theorem 4.2. Assume that A\l # A\ for k # +1 and choose r = N\ — dfj, = N\, — d}..
If ry # 0 in (4.15), then there exists o > 0 and Cy > 0 such that for every v € (0,7) and
every integer N > 3 there exist two non-trivial time-independent solutions u17\77 vév € RZN of
the discrete SHE (4.1), where ufyv 1s symmetric about 7 = 0 and satisfies

sup
JEZN

u; — %ﬁcos (%)' < Cov/3. (4.5)

and v$ s symmetric about the mid-point between j =0 and j = 1 and satisfies

2 mj s
R, - < A/ 3. .
E \/3*/%08 (N QN)‘ < Govy (4.6)

sup
JEZLN

One of the two solutions is asymptotically stable in the time evolution of the discrete SHE
in C'(R,R”N) and the other one is unstable. These solutions generate (2N) asymptotically
stable and (2N) unstable solutions on Zy via the discrete group of spatial translations.

Proof. We use the discrete Fourier transform

wp=Y a()e’™, jelLy, (4.7)

keZn

with real ag, an, and possibly complex a_j = a; for 1 < k < N — 1. The Fourier amplitudes
are extended periodically with the period 2N as the sequence {ay}rez, . The discrete SHE
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(4.1) transforms to the evolution problem in the form

. N N2
ar = —(Ay — AV ) a +vay, — E oy oy Uy — o
—N<k1,k2,k—k1—ko<N—-1
- E Qe Ao A4 2N — kg —ko
—N<kjy,ko,k+2N—k1—ko<N-1
— g Ay Ay A —2N — k1 —kg (4-8)

—N<ky ko, k—2N—k1 —ka<N—1

where the summation terms are adjusted due to the (2N)-periodicity of the Fourier modes
in the Fourier space and we have used that k = A} — d%,. Symmetries in Lemma 4.1 imply
that the system (4.8) is equivariant under the transformation

iTtkm

ap = age N, k.m € Zy (4.9)

and under the transformations: a; — a_; and a; — —a. In particular, the system (4.9) is
closed on the subspaces

{acR*>™ : a=a, 1<k<N-1} (4.10)
and
{acC™ : a_=a,=0, fork#m, me{1,3,5,...,M}}, (4.11)
where M = N if Nisodd or M = N — 1 if N is even.

We apply the center manifold theorem [15, Theorem 2.9] under the assumption that
AY £ AV for k # +1. Similar to the proof of Theorem 3.8, there exists a center manifold of
the system (4.8) spanned by a; = A € C and a_; = A. Since the system is closed on (4.11),
the center manifold can be expressed as graphs of functions:

am = V(A A), a_p=V,,(AA), me{35,... M} (4.12)
The slow dynamics on the center manifold can be expressed by the amplitude equations
A=F(A4), A=TF(AA),

where F} is a C* function in A and A with y-dependent coefficients which commutes with
the symmetries of (4.8). Compared to the normal form for the amplitude equations in (3.11)
and (3.12) the discrete Fourier modes are (2V)-periodic so that

. 19N41 o P o
imkyj imkj — imkj imkj
[Ae N } = A*M1e™~ and [Ae 0y !

= AN-le78,

:|2N1

Following the classification of normal forms under the symmetry (4.9) in [7], we transform
the amplitude equations to the normal form:
A= AQ (JA]?, AP ANy 4 AN-IR (A%, AN, AN, (4.13)

where @Q; and R; are C*™ functions in |A|?, A%V, and A?" with y-dependent coefficients. Due
to the symmetry with respect to the transformation ap — a_j, @)1 and R; have real-valued
coefficients. Similarly, we express functions V¥, in the form:

(A, ) = A" QA2 AP, V) 4 2N R (AP, AN A2Y), (4.14)
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where Q,, and R, are C* functions in |A|?, A%V, and A" with y-dependent real-valued
coefficients.

We assume the following non-degeneracy condition:
ry = R1(0,0,0) # 0, (4.15)

where ry is a y-dependent real-valued coefficient. Similarly to (3.13), we obtain from the
cubic nonlinearity in (4.8) that

Qu(JA[P, AP, APY) = 4 = 3[A]P + O(|A]"),
if N > 3. By using the polar form A = pe'?, we write

{ p=ply = 30"+ O(p")] + cos(2NO) > ! [ry + O(p?)],
0 = —sin(2N0)p*N2[ry + O(p?)].

T

If rny # 0, there exist two distinct time-independent solutions for § = 0 and 6 = ;% on
interval [0, 3:). If N > 3, both solutions can still be expressed at the leading order in the
form:

)

A 5= % [14+0(y)]e™, (4.16)
with either 6 = 0 (which corresponds to § = 0) or § = 1 (which corresponds to § = %).
For § = 0, we get the real solution {ay }xrez, on the subspace (4.10) that corresponds to the
solution Y of the discrete SHE (4.1) which is symmetric about j = 0 and satisfies (4.5).
For 6 = %, we get a complex solution {ay}rez, that corresponds to the real solution vév of
the discrete SHE (4.1) which satisfies (4.6). The leading order and hence the solution v} is
symmetric about the mid-point between 7 = 0 and j = 1 due to the symmetry with respect

to the transformation u; — u;_; in Lemma 4.1.

To obtain the stability conclusion for the time-independent solutions, we observe that all
eigenvalues in the spectrum of — (A%, — A\V)? are located in the left-half plane of the complex
plane with the exception of the double zero eigenvalue. If ry # 0, then linearization of the
time-dependent equation (4.13) at the leading-order solution (4.16) for N > 3 yields for the
perturbations (o', 0'):

{ p==2vp + O, (4.17)

=5 [rv+0(M))9,

where the upper sign corresponds to the solution uiv and the lower sign corresponds to the
solution v}, Dynamics of (4.17) in p is asymptotically stable, whereas dynamics of (4.17)
in ¢ is either asymptotically stable or unstable. This yields the conclusion that one of the
two solutions ujvv and vév is asymptotically stable in the time evolution of the discrete SHE

in R2} and the other one is unstable.

The two solutions ufYV and vaV generate (4N) solutions by using the discrete group of
translations w; — ;i for every m € Zy by Lemma 4.1. The stability of the translated
solutions coincide with the stability of ufyv and Ué\’ . 0
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1%/ )
cos| —— — ) =—cos| =
N N N)’

N of (2N) states obtained from either (4.5) or (4.6) with the discrete group of translations
are the sign reflections of the other IV states, in accordance with the sign reflection symmetry
in Lemma 4.1.

Remark 4.3. Since

Remark 4.4. The graphons defined by the graphs I'YY, used the formulation of the discrete
SHE (4.1) converge to W, the kernel used in the continuous SHE (3.1), in the cut-norm as
N — co. Thus, AY — X for every fixed k € Z [37]. From this we conclude that Assumption
3.6 with kg = 1 implies the corresponding assumption of Theorem 4.2, i.e., AN # AV, k # +1
for sufficiently large N.

Remark 4.5. If the non-degeneracy condition (4.15) is not satisfied, one needs to expand
functions @; and R; in (4.13) to the higher orders and to obtain the higher-order non-
degeneracy conditions. If it happens that RB; = 0 and Q,(|A|?, A2V, A?N) = P,(|A]?), then
the time-independent solution (4.16) exists with arbitrary ¢ € R/Z. In this degenerate case,
there exists a family of non-trivial time-independent solutions ul; € R*¥ of the discrete
SHE (4.1) with arbitrary parameter § € [0, 1], where u, 5 satisfies

2 )  mw
P L < 3 .
U \/g\/’_ycos(N 2N>’ < Cov/y (4.18)

sup
—N<j<N

The orbit of time-independent solutions {uy syocr/z is asymptotically stable in the time

evolution of the discrete SHE in C'(R,R%¥). Although such degenerate cases may exist in
other discrete models, see, e.g., [16], the explicit computations for the particular discrete
SHE model (4.1) show that ry # 0 for every N > 3.

Remark 4.6. Cases N = 1 and N = 2 are exceptional. In both cases, the discrete Fourier
transform in the subspace (4.11) is given by the sum of two terms

w = A(t)e™ + A(t)e (4.19)
If N =1, then A in (4.19) is real and satisfies
A=ryA— 443

from which the stable nontrivial solutions at A = 4,/7/2 exist in addition to the unstable
solution A =0 for v > 0. If N =2, then A in (4.19) is complex and satisfies

A=~A—3|APA - A3
Using the polar form A = pe??, this equation is reduced to the system
{ p=p—3p* — p’ cos(40),
0 = p?sin(40),
from which the two nontrivial time-independent solutions are given by

(p,0) = (?o) and  (p,0) = (%%)
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The linearization shows that the first solution is linearly unstable and the second solution is
asymptotically stable.

The following two examples give details of computations of the center manifold reductions
for N = 3 and N = 4, for which the discrete Fourier transform in the subspace (4.11) is
given by the sum

3imj

uj = A()e™ + A(t)e™¥ + B(t)e ¥ + B(t)e ¥ . (4.20)
These details show that the non-degeneracy condition (4.15) is satisfied for N = 3, 4.

Example 4.7. If N = 3, then A is complex and B is real. The system (4.1) in the decom-
position (4.20) is reduced to the system of two equations

A=~A—3|APPA—12B%A - 6A’B,
B=—-\) = A)2B+yB — (4% + A%) — 6|A]*’B — 4B%.

We compute the center manifold reduction B = W3(A, A) in powers of A according to (4.14)
with real B by writing

Uy(A, A) = %<A3 + A% [eo + O(AP)] |

where cq is a real coefficient that depends on . From the system of differential equations for
A and B, we find at the cubic order that

-1
O =P+ 2y

Cop =

which agrees with the expansion (3.15). Substituting B = W3(A, A) into the first equation of
the system, we obtain consistently with (4.13) that the slow dynamics of A is given by

A=Ay —3lAP + O(|A[M)] — 3¢ A® [1 + O(|A])] -
Since ry—3 = —3co > 0, the non-degeneracy condition (4.15) is satisfied.

Example 4.8. If N = 4, then both A and B are complex. The system (4.1) in the decom-
position (4.20) is reduced to the system of two complex-valued equations

A=~A=3(|AP +2|B])A— B* - 3(AB + B A,
B=—-\ = \V)2B++yB— A% -3(2|A]*> + |B|*)B — 3(AB + A%)B.

We compute the center manifold reduction B = W3(A, A) in powers of A according to (4.14)
by writing

U3(A, A) = A% [co + 1| AP + O(|A]Y)] + A° [b + O(JAP)] ,
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where ¢y, ¢1, and by are real coefficients that depend on ~y. From the system of differential
equations for A and B, we find recursively at the cubic and quintic powers of A that

-1
T ARy
o -3
CT I AN [ AR+ )
3
bo ==

[(AF" = AT)2 + 29][(A = AY)? + 40

Substituting B = W3(A, A) into the first equation of the system, we obtain consistently with
(4.13) that the slow dynamics of A is given by

A=Ay =3JAP + O(JAY)] = 3(bo + c3) A" [L + O(|AP)] -
Since =y = —3(by + &) < 0, the non-degeneracy condition (4.15) is satisfied.

Remark 4.9. One can show with the method of mathematical induction that the non-
degeneracy condition (4.15) is satisfied for every N > 3.

The following lemma is important for the persistence argument, when the discrete SHE
is perturbed by a small correction term.

Lemma 4.10. Let ujvv,viv € RZ~ be defined by Theorem 4.2 for v € (0,70) under the non-
degeneracy condition (4.15). Then, the matriz operator
Ay == (A =AY+ 7 = 3(u,)?* : Zy — Ly,

is a diagonal matriz computed on the squared entries of ufyv, U,JYV, 18 tnvertible.

where (u.)?

Proof. This follows from the available information about the eigenvalues of the linearized
system (4.8) at the time-independent solutions {ay }rez, constructed from (4.13) with (4.12)
and (4.14). Eigenvalues of the linearized system (4.17) are bounded away from zero and so
are eigenvalues —(\Y — AV)2 for k # +1. O

Remark 4.11. The inverse matrix A~ 1'in Lemma 4.10 behaves poorly as v — 0 because the

linearized system (4.17) has one eigenvalue —2y+O(?) and the other eigenvalue of O(yN~1)
under the non-degeneracy condition (4.15). As a result, [ AJ']] = O(y'™") = oo as y — 0.

5. THE DISCRETE SHE ON W-RANDOM GRAPHS

We now turn to the discrete SHE model (2.5) on the W-random graph I'Y,. Using (2.6),
we rewrite it as follows

- . 2 ,
u:—<A%—D%—/§) u+yu —u, j € Zn, (5.1)

where u € C'(R, RZV) and AN, = (a;;) is the adjacency matrix of T'Y,. To make the setting
for the model on a random graph consistent with the model on the deterministic Cayley
graph, we have kept the periodic setting Zy in (5.1). The matrix Af), and the diagonal
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matrix D% acts on components of u € Zy inside [—N, N — 1] only. The same notations fl{}f/
and DJJ; are used to denote the linear operators on Zy and on [—-N, N — 1].

We are interested in the Turing bifurcation of the trivial solution of (5.1). Appendix A
shows that the matrix AY, is close to the matrix A%, in the cut-norm. Consequently, eigen-
values of AY), are close to the eigenvalues {\ } ez, of A, given by (4.4) [37]. The following
theorem presents the main result on the steady-state solutions in (5.1).

Theorem 5.1. Assume that \Y # A\ for k # +1 and choose r = \V — df}, = X\, — d¥V.
Fiz v € (0,7v) with vy given in Theorem 4.2 and with ry # 0 in (4.15). There exist No > 3
such that for every N > Ny there exist at least 4 and at most 4N wvalues of 6 such that the
discrete SHE (5.1) admits time-independent solutions u € RZN satisfying

w; — %ﬁcos (% - 5) ’ < Cov/3. (5.2)

sup
JEZN

Half of solutions are asymptotically stable in the time evolution of the discrete SHE (5.1) in
CL(R,RZV) and the other half of solutions are unstable.

Remark 5.2. The system (5.1) does not have any symmetries except of the symmetry with
respect to the sign reflection © — —wu. Theorem 4.2 gives existence and stability of two
distinct state uf" and v}’ for sufficiently small 4 > 0, which are translated to every point
of the lattice chain by the discrete translational symmetry of Lemma 4.1. Since the lattice
chain in Zy has 2N sites, we can count 4N distinct steady-state solutions in the discrete
SHE model (4.1), of which 2V are stable and 2V are unstable. Compared to this conclusion,
we do not have an exact count of the number of steady-state solutions on the random graph
because of the broken symmetries. The number of steady solution is a random number
divisible by 4 between 4 and 4N.

Remark 5.3. Recall that the matrix A, in Lemma 4.10 has a very small eigenvalue of the
size O(yN=1) for large N > 3. Due to this small eigenvalue, we cannot not prove that
the steady-state solutions of (4.1) persist as the steady-state solutions of (5.1) because the
perturbation is not sufficiently small, see Appendix A, and the implicit function theorem
cannot be used for the persistence argument. To overcome this problem, we develop again
the approach based on the center manifold reduction, where the main difference is that the
linear part of (5.1) is no longer diagonalizable by the discrete Fourier transform. The cubic
nonlinear term still enjoys the same transformation under the discrete Fourier transform as
in the proof of Theorem 4.2. The other distinction from the deterministic setting is that we
can no longer use v > 0 as a small continuation parameter. Instead, we consider the small
parameter 7y as fixed in (0, ) with 7y given in Theorem 4.2 and continue the solution with
respect to an additional small parameter p induced by randomness which is only small for
sufficiently large N > N.

Proof of Theorem 5.1. As in the proof of Theorem 4.2, we use discrete Fourier transform

u;(t) = Z ak(t)e”Tkj, Jj € Zy.

k€EZn
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To apply the result in Appendix A, we write

— _ jk _ _in/N
u= Fa, Ff(w )ngj,ngfl’ w=e ,

with F~! = (2N)~'F* where F* stands for the conjugate transpose of F'. By applying the
inverse Fourier transform to both sides of (5.1), we have

a = —(La)y + yax — E Oy Qoo O — kg —keo
—N<k1,k2,k—k1—ke<N—1
B Z Oy Oy Uk 42N — k1 —k>
—N<ki,ko,k+2N—k1—ka<N-1
B Z Ay Ak Ok —2N —kq1 —ka (5,3)

— N<ki kg k—2N—k1 —ka<N—1
where

L=F" (!1% — DY - K)2F.
Recall that similarity transformation Afj, — F~'AJ] F diagonalizes the linear part of the
deterministic model (4.1). Thus,

L =diag{(\Yy — AY)?},..., (AN = M)+ A, (5.4)
where

A=F! {((2]\7)‘121% ~ DN k)2~ ((2N)LAN, — gl - H)Q} F (5.5)

and we have used that k = AN — d,. A is a symmetric matrix, whose entries above the
main diagonal are independent random variables. Further, EA = A. From these facts, by
Bernstein’s inequality, it follows that with probability at least 1 — O (25*N ), we have

max  |A;| < CadN)V? (5.6)

~N<jk<N-1

(cf. Lemma A.1). Pick g > 0 small and fixed. It follows from (5.6) that with high probability
for sufficiently large N, we have
el < u. .
ylmax (A < p (5.7)

Proceeding along the lines of the proof of Theorem 4.2, we express the slow manifold of
the system (5.3) as the graph of functions ag = Wo(A, A), a1 = A, a_; = A, and

ak:\I/k(A,fl), CL,kI‘I/k(A,A), ke {2,3,,N}

Note that the difference from (4.12) that the general L couples the odd-numbered and even-
numbered Fourier amplitudes.

The functions Wy(A4, A), k # £1 can be obtained from the condition that v and p are
small, whereas (AY — AV)? in Ly, are strictly positive and bounded away from zero for every
k # +1. The dynamics on the slow manifold can be expressed by the amplitude equation:

A=F(AA), A=F(AA), (5.8)



TURING BIFURCATIONS ON DETERMINISTIC AND RANDOM GRAPHS 21

where F} is a C* function in A and A with (7,)-dependent coefficients. The Taylor series
expansion includes only odd powers of A and A due to the only symmetry of the random
model (5.1) with respect to the sign reflection u +— —u.

The power expansion of Fy(A, A) is different from those in the proof of Theorem 4.2 due
to the presence of the perturbation terms in L, which are of the order of O(p). In addition, it
is no longer true that Fj(A, A) can be written in the form (4.13). Nevertheless, the nonzero
terms in the expansion of (4.13) remain dominant terms in the expansion of (5.8) if p is
sufficiently small. Thus, we have

Fi(AA) = (v + pag) A+ pag A
+ (=3 + uB)|APA + pBeA® + ups| AP A + pBi A +
+ [ry + O(u)| AN 4 (5.9)

with some (7, 1)-dependent coefficients which are bounded as ||+ || — 0. Since v € (0, 7o)
is fixed and p in (5.7) can be chosen sufficiently small, we have v+ pag > 0, =3 4+ pf; <0,
and ry + O(u) # 0. By using the polar form A = pe'?, we write

p = [y + par + paz cos(20)]p
_ +[=3 + B + pB2cos(20) + ufs cos(20) + By cos(46)]p® + O(p°), (5.10)
0 = — oo sin(20) + p[Bo sin(20) — B3 sin(20) — By sin(46)]p? + . .. '

—[ry + O()]p?¥ 2 sin(29) + O(p2).
Since p is selected to be much smaller than v, there exists only one positive root of equation
v+ po + po cos(20) + [—3 + By + 12 cos(20) + pBs cos(20) + By cos(40)]p* + O(p*) = 0
given by

p= \/TZ [1+ Oy, W], (5.11)

independently of the value of #. The value of 6 is defined from the second equation of system
(5.10) with p*> = O(v). Since there is no discrete translational symmetry of the system (5.1),
compared to the system (4.1), we have to consider # defined on [0, 27). Roots of 8 are defined
from equation

— piaey sin(20) + p[By sin(20) — Bssin(26) — By sin(40)]p® + . ..
— [rn + O()]p*N 2 sin(2N0) + O(p*N) = 0,

where p is expressed from (5.11). Since the left-hand-side is a trigonometric polynomial in
20, there exist at least four roots of 6 in [0,27) and at most 4N roots since ry + O(u) # 0.
The total number of roots is divisible by 4. For each root of 6, the root of p in (5.11) is
uniquely defined and the bound (5.2) with ¢ := £ follows.

The stability conclusion of Theorem 5.1 follows from the linearization of system (5.10)

near each root and from the fact that all other eigenvalues of —L, are strictly negative of
the order of O(1) for small v and p. Using notations (p,8") for perturbation terms to the
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root (p,0), we write the linearized equations in the form:

=2y + 00wl +O(am), .
0 = O(/Ap)p + [—pag cos(20) + O(yu) + (%) [y + O(7, 1)]2N cos(2N0)]6'.

Linearized evolution in p’ is asymptotically stable, whereas linearized evolution in 8’ is asymp-
totically stable for half of solutions and is unstable for the other half of solutions. 0

Remark 5.4. Coefficients oy and ay in (5.9) can be easily computed from the linear part of
system (5.3). Since Wi(A, A) = O(n)|A| for k # £1, we have at the leading order:

pon = A+ O(W?),  pas = A1+ O(?).

Remark 5.5. If gy # 0, we have exactly four time-independent solutions, from which two
are asymptotically stable and two are unstable. The two stable (or unstable) solutions are
related to each other by the sign reflection symmetry u — —u of the discrete SHE (5.1). This
follows from the fact that the center manifold reduction relies on a trigonometric polynomial
in 20 for which 0y and 7 + 6y are equivalent points. If A = 0 in (5.4), then we have 4N
time-independent solutions, identically to the outcome of Theorem 4.2.

Remark 5.6. In comparison with Theorem 4.1 in [2], we do not include the quadratic terms
in the discrete SHE models to avoid technical computations of the near-identity transfor-
mations. We also specify the particular case kg = 1 in Theorems 4.2 and 5.1 to simplify
computations of the normal forms. On the other hand, we give a precise statement of how
the translational parameter 6 of Theorem 3.8 is determined in the case of the discrete graphs
(both in the deterministic and random cases) and how many time-independent solutions ex-
ist for the discrete graph models. In addition, the proof of Theorem 4.1 in [2] is incomplete.
The analysis of the Fourier mode w, corresponding to the small eigenvalue I, = —62N?p, is
not included in the proof. In our setting, the dynamics of w, is captured by the equation
for 6 in (5.10). This equation is important, because it determines the number of branches
bifurcating from the spatially homogeneous equilibrium.

6. THE DISCRETE SHE ON SMALL-WORLD GRAPHS

In this section, we illustrate the bifurcation analysis of the discrete SHE models on the
deterministic and random graphs with numerical results. To this end, we use the family of
small-world graphs from Example 2.1. This is a representative example, for which Assump-
tion 3.6 can be verified analytically.

Recall the definition of the small-world graphon W(z,y) = S(x — y) with S € LY(T)
given by

_ 1_p7 ’Jf| §T7
S(l’) - { D, r < |£L’| < %’ (61)
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where p € [0,1] and 7 € (0, 1). The eigenvalues of the Hilbert-Schmidt operator Kg in (3.2)
are known explicitly (cf. [5]):

2r(1 - 2p) + p, k=0,
A = { (Wk)—l(lp— 21279) sin (2rkr), k€ Z\{0}. (6.2)

Eigenvalues for £ = 0 and k& € N\{1} are shown in Figure 2 by blue dots. The red dot shows
the bifurcating eigenvalue at kg = 1 for which we select k = A\; — dg with dg = A\g. It is clear
from Figure 2 that A\ < A\ for £ > 2 so that Assumption 3.6 is satisfied.
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FIGURE 2. Eigenvalues of Kg given by (6.2) for N =50, p = 0.1 and r = 0.2.

By Theorem 3.8, for small v > 0, the continuous SHE model (3.1) has a continuous
family of asymptotically orbitally stable solutions {u(- + d)}ser, where u., is approximated
by

uy(z) = 2\/2008(271‘!13) +O(*?). (6.3)

We shall now consider how the stable solutions with the expansion (6.3) persist in the
discrete SHE models on the deterministic and random graphs. For the discrete SHE model
(4.1) with (4.2) and (6.1), we compute the eigenvalues of AL, in the form

1—p —inkj P —inkj

N __ e i —

)\k_ZN 'ZeN—{_QN'ZeN'
l71<[rN] 7]>[rN]

We set k = A — df), with df, = A)'. For small v > 0, Theorem 4.2 yields existence of
the two discrete families of solutions {amuiv }mezy and {amvév }mezy, Where oy, is the shift
operator defined by (o,,u); = wj4m, j € Zy and the profiles of u,]yv and vaV are approximated
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respectively by

uj = \/_\/—cos( ) +0 ("), (6.4)
\/_\/_cos( 27;\[) +0 (), (6.5)

for j € Zx. One of the two solutions is asymptotically stable and the other solution is
unstable.

The random SHE model (5.1), we use the same x and define the symmetric matrix le
with zeros on the main diagonal and with the entries above the main diagonal a belng
independent random variables such that

P(&Z =1)=al and P(ag —0)=1-al

17 177

where af}’ is a coefficient of the adjacency matrix of the weighted Cayley graph. Theorem 5.1
implies the existence of asymptotically stable solutions with the approximation

\/_\/_cos <— —~ 5) +0 (") (6.6)

for small v > 0 and appropriate fixed §.

0.25 - 0.25

-0.25 - -0.25

-0.5 -0.‘25 0 ‘ 0.25 0.5 -0.5 —0.‘25 0 0.2‘,5 0.5
a x b x
F1GURE 3. Numerical solutions of the SHE on deterministic SHE with kernel
(6.1) with parameters N = 400, p = 0.1, r = 0.2, and v = 0.05 plotted in
red and its random counterpart plotted in blue. Both models were initialized
with the discretization of the leading order term in (6.3) and integrated for
100 units of time. The shift § was set to —7/2 in plot a and to 0 in plot b.

Figure 3 presents results of numerical simulations of the discrete models derived from the
nonlocal SHE with kernel (6.1) with parameters N = 400, p = 0.1, r = 0.2, and v = 0.05.
Both the deterministic and random models were initialized with the leading order term on
the right-hand side of (6.3). The shift § was set to —7/2 in plot a and to 0 in plot b. The
two models were integrated for 100 units of time. The solutions of the deterministic models
are plotted in red and the solutions of the random model are plotted in blue.
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On finite time intervals, the solutions of the discrete SHE on deterministic and random
graphs are expected to remain close, provided the initial data are sufficiently close and N is
large (cf. [26]). This is clearly seen in the simulations shown in Figure 3. The snapshots of the
trajectories of the deterministic and the random models, shown in red and blue respectively,
lie very close to each other. For the deterministic model, we know that the trajectory relaxes
to one of the 2N stable states lying in the vicinity of the initial condition. As to the snapshots
of the SHE on random graph, we see that they relax to the form predicted by Theorem 5.1.
We do not know whether the solutions of the random SHE shown in Figure 3 are close to
the actual equilibria, because the evolution in the translational direction is extremely slow
due to the O(yV~1!) eigenvalue, and cannot be resolved by numerics for large N.

0.6
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0.52
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FIGURE 4. Numerical approximations of the discrete SHE model (4.1) for
N =5 p=09, r=02 and v = 0.03. a Two initial conditions (red and
cyan curves) and the outcomes of numerical simulations at t = 100 (blue and
black curves). b Numerically obtained zeros of the two solutions versus time
relative to the midpoint between two grid points (red dotted line).

To illustrate the effects of the slow drift in numerical simulations, we have performed
simulations of the deterministic and random SHE models for N = 5. Figure 4 shows outcomes
of the numerical simulations for the discrete SHE model (4.1) with two different initial
conditions given by the red and cyan lines. The two initial data are given by (6.3) with a
half of the amplitude and shifted to the right and to the left relative to the grid points (shown
by magenta dots). The two solutions quickly converge to the near-equilibrium solutions with
the correct amplitude of 0.2 (blue and black curves) which then slowly shift further from the
grid points towards the mid-point between the two grid points. The snapshot on the left
panel was stopped at time ¢ = 100, but the slow drift of the zeros of the two solutions on the
much longer time interval is shown on the right panel. Zeros are computed from the linear
interpolation between the grid points and the color scheme is the same as that for the final
states on the left panel. This numerical experiment shows that the asymptotically stable
solution is given by a discrete translation of the solution vfyv given by the expansion (6.5).
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F1GURE 5. Numerical approximations of random realizations of the discrete
SHE model (5.1) for N =5, p=0.9, r = 0.2, and 7 = 0.03. a Five initial con-
ditions shifted relative to each other. b-d Outcomes of numerical simulations
with two, four, and six stable solutions.

Figure 5 shows outcomes of the numerical simulations for the random realizations of the
discrete SHE model (5.1) with five different initial conditions shown on the top left panel.
The drift generally occurs faster in the random model because the relevant small eigenvalue is
of the size O(u) if ay # 0, where p is defined by (5.7). Only two time-independent solutions
are stable if ay # 0 and this generic case is shown on the top right panel. The two stable
solutions are given by (6.6) with some specific § and they are related by the sign reflection of
each other. The color scheme of the final states corresponds to that of the initial conditions
and the missing colors correspond to the final states identical to those shown in red and
yellow.

If ay is zero or close to zero, then four, six, eight, or ten time-independent solutions could
be stable according to Theorem 5.1 and since half states are related by the sign reflection of
the other half states, five numerical conditions could be used to detect all cases. However,
the cases with more stable states become rare events. Our numerical simulations showed
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random configuration of the discrete SHE model with four and six stable states (bottom left
and right panels, respectively) but we did not find random configurations with eight and ten
stable states. The four configurations on the bottom left panel shows that two states are
given by the sign reflection of the other two states (red versus yellow and blue versus cyan).
The same is true for the bottom right panel (red versus cyan and black versus yellow) but
there is one more stable state (blue line) which is not matched by the sign reflected state
(since our simulations only involve five initial conditions).

7. DISCUSSION

Dynamical principles underlying formation of patterns in complex systems are important
for understanding a range of phenomena arising across multiple disciplines from morphogen-
esis to autocatalytic reactions, to firing patterns in neuronal networks [30]. Traditionally,
pattern formation has been studied in the continuous setting through the framework of
reaction-diffusion partial differential equations. Recently, the interest has shifted towards
understanding patterns in discrete systems, driven by the ubiquity of networks in contempo-
rary science. Interestingly, already in his seminal paper on morphogenesis, Turing considered
a reaction-diffusion model on a lattice, i.e., a discrete system [38]. There is an extensive lit-
erature on lattice dynamical systems, which covers pattern formation and propagation phe-
nomena [14]. In the past decade, there have been many studies exploring pattern formation
in complex networks including random networks. The key analytical challenge in dealing
with this class of models, which was not present in studies of partial differential equations
or lattice dynamical systems, is handling network topology, which can be random. Until
recently most studies of the dynamics of complex and random networks had to resort to
heuristic and numerical arguments (see [31, 41, 17, 1, 18] for a representative albeit limited
sample of studies of Turing patterns in networks).

The situation has changed with the development of the theory of graphons [20]. The use
of graphons allows a rigorous derivation of the continuum limit for interacting dynamical
systems on a large class of graphs including random graphs [23, 24, 26], which can be used
effectively for studying dynamics on large networks. For example, the use of graphons led
to the breakthrough in the analysis of synchronization and pattern formation in systems
of coupled phase oscillators on networks [6, 27], interacting diffusions on graphs [32, 22],
mean-field games [3], and graph signal processing [35, 11].

Graphons provide multiple analytical benefits. Oftentimes, graph limits possess addi-
tional symmetries that are not present in the individual realizations of random graphs.
For example, the graph limit of the small-world family of graphs used in the present work
is isotropic, in contrast to the graphons corresponding to the realizations of small-world
graphs. This symmetry enables the effective use of the Fourier transform for analyzing the
limiting model (cf. Section 3). Likewise, the deterministic (averaged) discrete model (4.1)
is shift invariant and can be studied using discrete Fourier transform (cf. Section 4). This
in turn can be used to understand the dynamics of the random model (5.1). In general, the
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proximity in cut norm of a network to a symmetric network in can facilitate the analysis of
the original nonsymmetric model.

In the context of the bifurcation problems considered in this paper, the relationship be-
tween the spectra and eigenspaces of the deterministic and random discrete models, as well
as their continuum counterpart, is crucial. The theory of graph limits offers very efficient
tools for tracking this relation. The convergence of kernel operators in cut—norm automati-
cally implies the proximity of the corresponding eigenvalues and eigenspaces [37]. This has
significant implications for the analysis of dynamical systems. For instance, once the proxim-
ity in cut norm of the linear operators corresponding to the interaction terms of the random
model and its deterministic counterpart was verified (cf. Appendix A), the proximity of the
eigenvalues and the corresponding eigenspaces followed automatically. In contrast, the anal-
ysis in [2] based on operator norm topology and Davis-Kahane estimates requires substantial
efforts. Importantly, the analysis in the present paper extends to sparse networks.

Our techniques apply naturally to other pattern—forming systems on random graphs, in-
cluding Gierer—Meinhardt model [17], Mimura—Murray model of interacting prey-predator
populations [31] and many other activator—inhibitor systems. An interesting area of po-
tential applications are neural fields [9]. Fourier methods played an important role in the
analysis of pattern in nonlocal neural field models, which are very similar to the continuum
limit analyzed in Section 3 [19]. We expect that the methods developed this paper may
lead to interesting results for discrete neural fields with random connectivity. Finally, the
concentration estimate for the random linearized operator in Fourier space (cf. Appendix A)
may be useful in graph signal processing.

APPENDIX A. A CONCENTRATION INEQUALITY

Let A = (a;;) € R™" be a symmetric matrix such that 0 < a;; <1 and a; =0, ¢ € [n],
and let A = (a;;) € R™" such that a;;, 1 < i < j < n are independent random variables
defined as follows

IP’(&U = Oé;l) = QpQ4j, P(ELU = O) =1- QnQij,
and a;; = aj, a; = 0. Here, oy, is a positive sequence satisfying
1>a, >Mn '3 (A1)

for some M > 0 dependent of N. Further, define

n

D:diag(dl,dg,...,dn), di:n_lzaij,

J=1

n

D = diag(czl, CZQ, e ,Jn), d~1 = nil glij,

J=1
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and A =n1A, A =n'A. Consider
A:F”{(A—D—/@)Q—(A—E—A)Q}F, (A.2)

where

F = (wG=D=1) w=en, Fl=nlF

1<5,k<n’
The main result of this appendix is the following lemma with the straightforward corollary.

Lemma A.1. With probability at least 1 — O (57 ™),

< 3, \—1/2
(ax |Ai| < Clann)™ "7,

where C' does not depend on n.
Corollary A.2. For a given € > 0 with high probability, for all sufficiently large n,

2| <
(max |Aj| <€

provided M in (A.1) is large enough.

We precede the proof of Lemma A.1 with a few comments. By construction of A, a;j, 1 <
1 < j < n are independent random variables, EA =E A, and

) 2 _ 2
P = m ZV&I‘ ApQi; = m Z Qg (1 — oznal-j) . (A3)
1<j 1<J
Note that
%fQ Wl —-W)dx+o(l), a,=1 (dense case),

p= s fQ Wdz + o(1), ay, N\ 0 (sparse case).

In either case,
Cra, <p < Chay, (A.4)

for appropriate positive C7, Cy independent of n.

and HE—DH based

co—1 co—1

on the Bernstein inequality (cf. [13, Theorem 4.3]). Here, the co — 1 norm of A € R™" is
defined as follows

The proof of Lemma A.1 relies on the estimates of HA — AH

[All o1 = x,y&lﬁﬁ}n 132::1 @i TiYj| - (A.5)
In particular, for X € {A, D}, we have
HX - X < 3a;pt?n3? ~ a1 2p3/? (A.6)
co—1 " " ’ ’
holding with probability at least 1 — e35™" provided
9
p> .
n

For X = A (A.6) follows from Lemma 4.1 in [13] and (A.4) For X = D (A.6) is proved by
following the same steps as in the proof of Lemma 4.1 in [13].
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Proof of Lemma A.1. We rewrite (A.2) as follows
A=F (A= A2)F-2kF "t (A~ A)F
_p (A - A) DF — FA (D - D) F (A7)
~F'D(A-A)F-F"'(D-D)AF.
Denote the six terms in the order as they appear on the right hand side of (A.7) by
F~1S;F, i € [6]. We claim for each i € [6],
||F LS, FH < C(ain)~1? (A.8)

holding with probability 1 — O(57"). Once we verify (A.8), the proof will be complete. We
verify (A.8) only for i = 1,2, as the remaining terms are estimated in the same manner.

We start with the second term on the right hand side of (A.7)

-1 A _ — . A _ .
(5 (3-4)5) | S (1), 5
= 12| A = Al| oot < Clann) ™,

where we used F~! = nF*, |F| =1, and (A.6).

n=2 <4n~? max
z,ye{-1,1}"

We now turn to the first term
F (A2 A2) F =P (A2 - A7) F
In this case, we need to estimate,
n3F (A? - A2> F=n3FA (;1 - A) F 4+ n 3F (A - A) AF. (A.9)

We estimate the first term on the right hand side of (A.9). The second term is dealt with
similarly. Let

E=n"%F"A (A . A) F = o 'n 3 F*(anA) (A - A) F (A.10)
Denote

x = col; (n‘lanle> = n"HanA) col;(F*),

Note ||z||oc < 1. Thus,

AAH <o

o1~ (adn)t/?
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This completes the analysis of S, the first term on the right hand side of (A.7). The

remaining terms are analyzed similarly and result in either O ((a,n)~'/?) bound as for S
above or in O ((a2n)'/?) bound for S;. Thus, [|[Allsx = O ((a3n)'/?) as claimed. O

Remark A.3. Note that O ((a2n)'/?) come from quadratic terms like S>. In the second
order nonlocal spatial operator in (3.1) is replaced with the first order operator (3.2), as one
encounters in the neural field type models, then the bound on [|A|ls can be improved to
O ((eun)'/?). This means that the results of this paper would hold for a,, = O(n™"), i.e.,
for graphs of bounded degree.
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