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REMARKS ON THE STRONG MAXIMUM PRINCIPLE FOR
NONLOCAL OPERATORS

JEROME COVILLE

ABSTRACT. In this note, we study the existence of a strong maximum principle
for the nonlocal operator

Mlu](z) = /G J(g)u(z * g~ M) du(g) — ulx),

where G is a topological group acting continuously on a Hausdorff space X
and u € C(X). First we investigate the general situation and derive a pre-
maximum principle. Then we restrict our analysis to the case of homogeneous
spaces (i.e., X = G/H). For such Hausdorff spaces, depending on the topology,
we give a condition on J such that a strong maximum principle holds for
M. We also revisit the classical case of the convolution operator (i.e. G =
(R™,+), X =R",du = dy).

1. INTRODUCTION AND MAIN RESULTS

This note is devoted to the study of the strong maximum principle satisfied by
an operator

Mia)i= [ Jg)u(a g™ du(g)  u(a), (1.1)
G
where G, x, X, J, du satisfy the following assumptions:
(H1) X is a Hausdorff space,
(H2) G is a topological group acting continuously on X with the operation *,
(H3) dp is a Borel measure on G such that for all nonempty open sets A C G

we have du(A) > 0,
(H4) J € C(G,R) is a non-negative function of unit mass with respect to dpu.

Such kind of operators have been recently introduced in various models where
long range interactions play an important role, see for example [1l 4[5l [7, 10, [13]. A
first example of such models is given by the well known nonlocal reaction diffusion
equation below,

% :/ J(x—yuly)dy —u+u(l —u) in Rt x R™. (1.2)
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The above equation models the evolution of a population density through a homo-
geneous environment with a constant rate of birth and death. In this case, we have
(G,x) = (R",+), X =R", J € C(R") and du = dy is the Lebesgue measure. Such
an equation, with a different type of nonlinearity, appears also in some Ising models
and in ecology, see for example [Il B [0 13] and their many references.

Other examples are given by the following two discrete versions of (L.2)),

% - %[u(m F1) 4 ue—1)— 2u(@)] + f(u) inR* xR, (1.3)
O ot ) tulp— 1)~ 2u(p)] + fw) MR xZ (14)

In both situations the discrete diffusion operator can be reformulated in terms of
a nonlocal operator M defined in (1.1)). Indeed, in these two cases, by taking
(G,%) = (Z,+), du the counting measure and J € C(Z,R) defined as follows:

s ifp=—lorp=1
J(p) =<2 ’
() { 0 otherwise,

it follows that for any x in the Hausdorff space R or Z we have
1 _
lul@+1) +ulz —1) - 2u(z)] = /G J(g)ulz * g~ )dp(g) — u(z).

As for their continuous version (1.2), equations (1.3) and appear in discrete
reaction diffusion models describing a wide variety of phenomenon, ranging from
combustion to nerve propagation and phase transitions. We point the interested
reader to [4, Bl @] and the many references cited therein.

Another example comes from the following size structured population model,
recently introduced by Perthame et al. in [10} IT],

+oo
% + % -~ /0 u(g)b(y)dy —u(z) inR* x R*. (1.5)
In such case, we have (G, *) = (RT\{0},-), X = R™ and du(y) = dy is the Lebesgue
measure.

In all these examples, depending on the group and the measure considered, the
properties satisfied by the corresponding operator M show significant differences.
However, as for the classical Laplace operator (A), they all satisfy the following
positive maximum principle.

Definition 1.1 (Courrége Positive maximum principle [2]). An operator A €
L(C(X)) is said to satisfy the positive mazimum principle if for all f € C(X)
and x € X such that f(x) = sup(f) we have A(f)(x) <O0.

For the Laplace operator (A), in addition to the above property, it is well known,
see [8, 12], that a sub-harmonic functions satisfies a strong maximum principle:

Theorem 1.2 (Elliptic Strong maximum principle). Let u € C?(R™) be such that
Au >0 in R™. Then u cannot achieve a global mazimum without being constant.

In this note, we investigate the conditions on (G, *),X,J and dy in order to
achieve such strong maximum principles for M. More precisely , we are interested
in finding simple conditions on (G, ), X, J and du for the strong maximum principle
to hold:
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Theorem 1.3 (Strong maximum principle). Let u € C(X,R) be such that M[u] >
0 in X. Then u cannot achieve a global mazimum without being constant.

In the analysis of nonlinear elliptic equations, the strong maximum principle
plays a very important role in proving key a priori estimates. It is expected that
such a strong maximum property for M will play a similar role in the analysis of
nonlinear equations involving nonlocal operators. It is therefore of great interest
to investigate the conditions on G, X,du and J in order that a strong maximum
principle hold for M.

In this direction, we first establish a generic result satisfied by all operators M.
More precisely, we show the following result.

Theorem 1.4 (Pre-maximum principle). Let (G, *, X, J,du) be such that (H1 —
H4) are satisfied and let w € C(X,R) be such that

Mlu] >0 (resp. < 0).

Assume that u achieves a global mazimum (resp. minimum) at some point g € X
and let Fy, denote the smallest closed subset of X such that

® I € Fmo;

o F,x{g7t € G|J(g) >0} C Fy,.

Then u = u(xg) in Fy,.

Our next result is a characterization of the set F,, defined in the above Theorem

L4

Proposition 1.5. Let (G,*, X, J, du) be such that (H1)—(H4) are satisfied and let
F,, be the set defined in Theorem[1.4] Then

Fa:(): UF'm
neN

where the F,, are defined by induction as follows
Fo={zo}, and Yn>0 F,:=F,x{g ' €GlJ(g9) >0}

In view of the above generic result, in order to get a strong maximum principle
for M, we need to find conditions on (G, %), X, du and J which imply that F,, = X.
Note that, from the characterization of the set F,, the condition F,, = X implies
that X = F,,, C orb(zo) := {r*g¢g~!|g € G} C X, which means that orb(x() is a
dense set in X.

Observe that for the discrete diffusion operator considered in , the set orb(x)
is never dense in R. Therefore, we cannot expect to have a strong maximum prin-
ciple in such situation. On the contrary, for the same diffusion operator considered
in , the set orb(z) is always dense in Z. Moreover we can easily see that in this
situation the discrete operator satisfies a strong maximum principle.

Considering the above remarks, in what follows we restrict our attention to the
case of Hausdorff homogeneous spaces X (i.e. X := G/H, where H is a closed
subgroup of G). For such Hausdorff spaces, the set orb(x) is always dense in X
and sufficient conditions on (G, *), X, J and du for the strong maximum principle
to hold reduce to find some simple conditions on J. In this direction, we first give a
sufficient condition on J to ensure that M satisfies the strong maximum principle.
Namely, we have the following result.
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Theorem 1.6. Let X be a connected homogeneous space and let (G, x), J, du be as
i Theorem . Let e be the unit element of G and assume that J(e) > 0. Then
M satisfies the strong maximum principle.

When X is a compact connected homogeneous spaces, we can generalize the
previous statement to the following result.

Theorem 1.7. Let X be a connected compact homogeneous space and (G, %), J,du
as in Theorem[1.]} Then M satisfies the strong mazimum principle.

Next, we state optimal condition on J in two special cases. Namely, we first
retrieve the Markov necessary and sufficient condition for the convolution operator
(i,e. (G,*) = (R",+),X = R",du = dy), which is well known among experts in
stochastic processes.

Theorem 1.8 (Markov condition). Assume that (G,*) = (R",+),X = R" and
dp = dy. Then M satisfies the strong mazimum principle iff the convex hull of
{y e R"*| J(y) > 0} contains 0.

As a consequence of the above Markov condition, we derive the following optimal
condition when (G, *) = (Rt \ {0},0), X =R" and du = dy:

Corollary 1.9. Assume that (G,*) = (R* \ {0},e), X = R" and du = dy. Then
M satisfies the strong mazimum principle iff there exists 2 points x1 and xo such
that J(x;) >0 and 0 < 1 <1 < x9).

1.1. General comments. We first note that, provided an extra assumption on the
sign of the maximum (minimum) is made, we can easily extend the above results
to operators M[u] + ¢(z)u with non-positive zero order term (i.e. c¢(z) < 0). As
for M, the operator M + ¢(x) satisfies a Courréges positive maximum principle [2],
which in this case state the following definition.

Definition 1.10 (Positive maximum principle). An operator A € L(C(X)) is said
to satisfy the positive maximum principle if for all f € C(X) and x € X such that
f(z) >0 and f(x) = sup(f) we have A(f)(z) <O0.

In our investigation of homogeneous spaces, we also observe that to obtain a
strong maximum principle for M, we only need the inequality M[u] > 0 at points
where the function u achieves its global maximum. As a consequence, in the two
situation investigated above (Theorems and ), we have the following char-

acterization:

Proposition 1.11. Let (G,*), X,du and J be as in Theorem or. Then for
allu € C(X) and x € X such that u(z) = sup(u) we have the following alternatives:
Either

e there exists y € X such that u(y) = u(x) and Mu](y) <0, or
e u 15 a constant.

We also want to point out that, although the Markov condition is well known
among experts in stochastic analysis, we present here a simple analytical proof,
which we believe is new. Using such a point of view allows us to relate a simple
recovering problem with the conditions for the strong maximum principle.

The outline of this note is the following. In the two first Sections (Sections |2 and
3)), we recall some basic topological results and prove the pre-maximum principle
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and the characterization of F, (Theorems|1.4]and Proposition[L.5)). Then in Section
we establish the strong maximum principle (Theorems and |1.7). Finally, in
the last section, we prove the optimal conditions (Theorems and [1.9)).

2. PRELIMINARIES

In this section, we first present some definitions and notation that we will use
in this paper. Then we establish a useful proposition. Let us first define some
notations:

o ¥ :={g e G|J(g9) >0}
e For a function u, we define I'y := {z € X|u(y) = u(z)}.
Let us now introduce the following two definitions:
Definition 2.1. Let A C X and B C G be two sets, then we define A« B C X as

follows
AxB:={axb|ac Aandbec B}

Definition 2.2. Let A C X and B C G be two sets, then we say that A is Bx
stable if
Ax B C A.

Next, let us recall the following basic property of * stable sets.

Proposition 2.3. Let A C X and B C G be two sets. If A is Bx stable, then A s
Bx stable, where A denotes the closure of A.

Proof. Let y € Ax B and V(y) be an open neighbourhood of y. By definition, we
have y := x1 * by for some z; € A and by € B. Since the operation * is continuous,
the following map T is continuous:
T:X—->X
Z >z % by,
Therefore, T~*(V (y)) is a open neighbourhood of ;. Since A is a closed set and

z1 € A, we have T~} (V(y))NA # 0. By definition of T~1(V (y)), using the stability
of A, it follows that for all z € T=1(V(y)) N A, z x by € A. Therefore,

zxb €V(y)NA forall ze T (V(y)) N A,

and yields V(y) N A # (.
The above argumentation, being independent o_f the choice of V(y), shows that
y € A. Now, since y is arbitrary, we end up with A * B C A. O

3. PRE-MAXIMUM PRINCIPLE AND CHARACTERIZATIONS OF F,

In this Section we prove Theorem [I.4]and Proposition Let us first start with
the proof of the pre-maximum principle.

Proof of Theorem[I-]] The proof is rather simple. Let us first recall the definition
of I'y,:

Ty = {2 € X|u(z) = u(xo)}. (3.1)
Since w is continuous, I'y, is a closed subset of X. Now observe that I'y, is 2«
stable (i.e. 'y, * X C 'y, ). Indeed, choose any Z € I',,. At Z, u satisfies

0 < Mu)(z) = /G J(gyu(@ * g ) dp — u(z) = /G J(@)u(z * g™Y) — u(@)] ds < 0.
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Therefore,
[ 7@ g™ — @) du = . (3.2
Using that J > 0 and that for all g € G, [u(Z * g) — u(z)] <0, yields
w@xg ) =u(@) forall geX.
Thus, we have
u(y) = u(zg) forall ye{z}=*X.

Hence, {Z} * 3 C I'y,. Since this computation holds for any element Z of I'y,, we
have 'y, * X C Iy, .
Recall now that Fj, is the smallest closed subset of X such that

o 19 € Fy,
o FyxX C Fy.

Since I';, satisfies the above conditions, we then have F,, C I'y,. g

Note that I';, is independent of the choice of the point where u takes its global
maximum. Indeed, we easily see that I',; = I'y for any y € I';,. On the contrary,
the set Iy, strongly depends on x¢ and there is no reason to always have I, = F),.
Indeed, for X = G =R, if ¥ = R* then for o <y, F, Cx Fj,.

Now, we give a characterization of the set F);, defined in Theorem and prove
Proposition [[.5] For the sake of clarity, let us first recall Proposition [I.5}

Proposition 3.1. Let Fy, be the set defined in Theorem[I.]) then

Fz(): UFna
neN

where the F, are defined by induction as follows: Fy = {xo} and for n > 0,
Foi = F,xX.

Proof. Let us define the set
Fy = | Fu.
neN

Using the definition of F,, we easily see that Fi is Xx stable. From Proposition[2.3]
it follows that F, is ¥* stable. Therefore, by definition of F,,, we have F' C F.

Now, since zo € Fy, and Fy, is Xx stable, by induction we easily see that
VYn e N, F,, C F,,. Thus, F, C F,, and yields F,, C F C Fy,. O

Remark 3.2. As already mentioned in the introduction, to obtain a strong max-
imum principle for M, we only need to find conditions on X, du and J such that
F,, =T, =X.

4. STRONG MAXIMUM PRINCIPLE WHEN X IS AN HOMOGENEOUS SPACE

In this Section, we treat the case of connected homogeneous space X and prove
sufficient conditions on J (Theorems|1.6land[L.7)) in order to have a strong maximum
principle f or M. Let us start with the proof of Theorem
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Proof of Theorem[I.6. Again the proof is rather simple. We must check that for
any u € C(X,R) such that

Mlu] >0 (resp. < 0)

then u cannot achieve a global maximum (resp. minimum) in X without being
constant. So consider u € C(X,R) such that u achieves a maximum at zy and
satisfies M[u] > 0 (resp. < 0). By definition of T';, we only need to show that
I';, = X. To this end, we will prove that I';, is a closed and open set. By definition
of I'y,, I'z, is a closed set of X. Now, let us show that I';, is open. Choose any

y € I'y,. Then at this point

0 < Mu(y) = /G J(gyuly*g™") dy— uly) = /G J(@)uly *g~") — u(y)] du(g) < 0.

Arguing as in the proof of Theorem [1.4] we have u(y * g71) = u(y) = u(x) for all
g € X. Since e € ¥, we have for some open neighbourhood B(e) of e

u(y* g~ = u(zg) forall g=' € B(e).
Using that G is a topological group, y * B(e) is then an open neighbourhood of y.
Thus,
B(y) :=y* B(e) C Ty,

Therefore I';, is an open set. Hence, X =1I',, since X is connected. (Il

Let us now turn our attention to the case of compact homogeneous space and
prove Theorem First, let us prove the following technical Lemma.

Lemma 4.1. For any g € X there exists a sequence of integers (ny), ., withny > 1
and g™ — e as k — 400, where e is the unit element of G.

Proof. Take g € X and let us consider the following sequence (¢™)men. Since
X is compact, (gm)men has a convergent sub-sequence (gm, )ren. Without any
restriction, we can assume that mgi; > my + 1. Consider now the following
sequence, wy = ¢"**+1 7™k By construction, wy — e and my4+1 —my € N*. Hence,
with ng = mgy1 — myg, g™ — e. [l

We are now in a position to prove Theorem

Proof of Theorem[I.7. As for Theorem [I.6] we have to check that for any u €
C(X,R) such that
Mlu] >0 (resp. < 0)

then w cannot achieve a global maximum (resp. minimum) in X without being
constant. So consider v € C(X,R) such that u achieves a maximum at xg and
satisfies M[u] > 0 (resp. < 0). By definition of 'y, we only need to show that
'y, = X. Again, as in the proof of Theorem @ we prove that I'y, is an open
and closed set and therefore X = I';, since X is connected. By definition I'y, is
closed. Now let us show that I';, is open. Let y € I';, and F}, be the set defined in
Theorem with y instead of x¢. Using now the characterization of F), given in
Proposition [I.5] we have

F, := U F, CT,,, (4.1)

where F,, := {y} x X"
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Choose now g € X. According to Lemma there exists a sequence (ng)gen
such that ¢g"* — e. By assumption, ¥ is an open subset of G. Therefore X" is a
sequence of open subset of G. Since g"* — e, X" is a open neighbourhood of e for
k sufficiently large. Therefore,

{y} =« X" C F, C Ty,

Since X" is a open neighbourhood of e for k sufficiently large, {y} * £"* is then
an open neighbourhood of y. Thus, I'y, contains an open neighbourhood of y for
any y in I'y,. Hence, I'y, is open. O

5. SOME OPTIMAL CONDITIONS

In this section we prove the optimal Markov condition for the convolution oper-
ator (Theorem [1.8) and prove Theorem [1.9].

The classical convolution case (X = G =R") and du = dy: When (X =G =
R™) the operator M takes the form of the usual convolution; i.e.,

Mu] = / J(y)u(z — y) dy — u.

For such a convolution operator, the optimal condition on J in order that M satisfy
a strong maximum principle is the following. This condition is known as the Markov
condition.

Theorem 5.1. M satisfies a strong mazimum principle if and only if the convex
hull of {y € R™|J(y) > 0} contains 0.

Proof. Let us start with the necessary condition. Assume that the Markov condition
fails. We will show that M does not satisfy the strong maximum principle. To this
end, we construct a non constant function w that achieves a global maximum and
satisfies M[u] > 0.

Let us denote conv({y € R"|J(y) > 0}) the convex hull of {y € R"|J(y) > 0}.
By assumption, 0 € conv({y € R"|J(y) > 0}). Using the Hahn-Banach Theorem,
there exists a hyperplane H such that conv({y € R"|J(y) > 0}) C H*, where
H* := {2z € R"|z, > 0} in an orthonormal basis (ej;e2;...;e,). Let v be a non-
increasing function that is constant in R™, and let us compute Mu] with u(z) :=
v(zy,). Since the Lebesgue measure is invariant under rotation and supp(J) C H*
we have

Miu] = /R /R J(t 20— o) 0(yn) — vlan)] dr, dt
- /R /_Oo J(t, 2 — o) [0(gn) — v(an)] d d.

Therefore, since v is non increasing we end up with MJu] > 0. Since u achieves a
global maximum without being constant, u is our desired function.

Let us now turn our attention to the sufficient condition. Assume that 0 €
conv({y € R"|J(y) > 0}), then there exists a simplex S(p;) formed by n + 1 points
of R™ such that 0 € S and J(p;) > 0.

By continuity, we can always assume that (p1,...,p,) is a basis of R™. Let us
now rewrite o in the basis (p1,...,pn):

Tog = —ai1p1--: — Py With a; > 0.



EJDE-2008/66 STRONG MAXIMUM PRINCIPLE 9

Observe now that for R™ equipped with the sup norm associated to the base
(p1,---,Dn), there exists r > 0 so that B(xg,r) C {J > 0}. Now for all inte-
ger m > 0, set y,, = mpy + [may]py + - - - + [ma,|pn, where [-] denotes the integer
part. Now let u be a continuous function satisfying MJu] > 0 and that achieves a
global maximum at some point z € R. Without loss of generality, we may always
assume that z = 0. Indeed, if z # 0, we consider the function u,(z) := u(x — 2),
instead of u. We easily see that u, achieves a global maximum at 0 and satisfies
M(u,] > 0. Using now Theorem we see that for all m € N,

lymll <1 and B(ym;mr) C Ty.

Therefore,

U B(ym;mr) C To.
meN

Hence, R™ C T. O

The above necessary and sufficient condition for the convolution operator can
be weakened depending on the underlying topological structure of the space. In
particular, we have in mind the following setting. Since M is translation invariant,
M is also an operator on the set of periodic functions. On this set of functions, the
strong maximum principle always holds. This condition is not so surprising since
the additional periodic structure will in some sense compactify the homogeneous
space R"™.

Another special case: X = R" (G,x) = (RT \ {0},-) and du = dy. In this
situation,

Mlu] = /}R+ J(y)u(g) dy — u,

and the above operator has essentially the same property as the usual convolution
operator. Indeed, let us make the following change of variables = := e¢!. Then we
have

Mu](e) :/j(t—s)u(eS)ds—u(ef),

R

where J(t) := J(e')e!. Therefore, letting v(t) = u(e'), we end up with
R[v)(t) = J*v(t) —v(t) inR,

with fR J (t)dt = 1. Hence, the optimal condition to achieve a strong maximum
principle for such a kind of operator will be of the same type as the one used for
the convolution operator.

Namely, there exists two points a < 1 < b such that J(a) > 0 and J(b) > 0.
This condition corresponds to the one given for the convolution operator which is
the existence of two points a’ < 0 < ¥ such that J(a’) > 0 and J(b') > 0. The
above observation proves Corollary [I.9]
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