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POROUS MEDIA EQUATION ON LOCALLY
FINITE GRAPHS

L1 Ma

ABSTRACT. In this paper, we consider two typical problems on a locally
finite connected graph. The first one is to study the Bochner formula for the
Laplacian operator on a locally finite connected graph. The other one is to
obtain global nontrivial nonnegative solution to porous-media equation via the
use of Aronson-Benilan argument. We use the curvature dimension condition
to give a characterization two point graph. We also give a porous-media
equation criterion about stochastic completeness of the graph. There is not
much work in the direction of the study of nonlinear heat equations on locally
finite connected graphs.

1. INTRODUCTION

In this paper, we study some typical problems related to heat equations and
porous-media equation on a locally finite connected graph. We do believe that
the study of nonlinear heat equations on locally finite connected graphs is an
important subject as this happens in Riemannian geometry. After some thinking,
we immediately realize that the Sobolev type inequality on graphs [3] plays a
key role in such a research. However, Sobolev type inequality on graphs is not
a topic of this paper. We first study the Bochner formula for the Laplacian
operator on a locally finite connected graph. Our Bochner formula is new and
should be useful in the study of eigenvalue estimates of the Laplacian operators
on graphs. Similar but different form of Bochner formula has been formulated in
[1] and [5]. Once we have the Bochner formula, we may use it to study the global
behavior of the bounded solution to the heat equation on the graph. The Bochner
formula is of independent interest. The last question under our consideration of
this paper is to obtain global positive solution to porous-media equation via the
use of Aronson-Benilan argument [6]. This is a hard question since we may not
have the Sobolev compactness imbedding theorem and it is not easy to obtain
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the global solution from the exhaustion domain method. We can overcome this
difficulty by using the Aronson-Benilan type estimate of the bounded solutions to
the Porous-media equation. We also give a porous-media equation criterion about
stochastic completeness of the graph. Our main results are the Bochner formula
(7), Theorem [3] and Theorem [ below. Theorem [3] may not be new and we include
proof here for completeness. The curvature dimension condition is important in
Theorem [3] in Section [3l

Here is the plan of the paper. In Section [2] we introduce the working spaces
and the Laplace operator on them. Since we shall use the distance function in
the curvature dimension condition, we give some useful comments about the
the relation between stochastically complete and mean curvature. We study the
maximum principle for both heat equation and the porous media equation. In
Section [3] we obtain the Bochner formula for heat equation and we also give
a characterization of the two point graph. In Section [d] we consider the locally
bounded global solution to the porous-media equation. Some comments about
McKean type results are in Section [5}

2. THE MAXIMUM PRINCIPLES

We start by recalling some definitions and the maximum principle for the
bounded solution to heat equation. Let G = (V(G), E(G)) be an infinite, locally
finite, connected graph without loops or multiple edges where V = V(G) is the set
of vertices of G and E = E(G) is the set of edges. We still write z € G when x is a
vertex of G. We use the notation x ~ y to indicate the edge connects the vertex x
to its neighbor vertex y. We equip V with the symmetric weight p,, > 0 associated
to the edge  ~ y such that p,, > 0 for each edge x ~ y and ley Mzy > 0 s
finite for each x € V. Let d,, = ZxNy Hay > 0. We always assume that pgy = pys
for each edge = ~ y which make edges be unoriented. We call such a graph the
short name the weighted graph.

As in [7], we let m be a measure on V with full support (i.e., m is a map
m:V — (0,00)). Then, (V,m) is a measure space. We define the space of all square
summable functions on G,

PV,m)={f:V =R > m( )2 < o0}
eV
with the inner product
(f.9) =Y m(@)f(z)g(x).
zeV

Define on [2(V, m) the Laplacian operator for the function f,

(1) Af Zuzy f(x)).
xNy

and the norm of the gradient of the function f by

V(@ Zumy — f(@))*.

xNy
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Note that
(Af@) < 2 |V fR@).

m(x)

We now consider the case when m(z) = d, for all x € G. Recall that it is showed
in Theorem 2.5 in [14] that on such G the heat kernel p;(z,y) always exists and
when Zyevpt(a:, y) =1forany x € V, G = (V, E) is called stochastically complete.
We now recall the definition of mean curvature of a metric sphere. Fix g € G and
let r(x) = d(x, zq). Let

d-&-(m) = Z My
{y~a;r(y)=r(z)+1}
and
{y~z;r(y)=r(z)—1}

be the sums of weights of vertices which are in the distances r(z) & 1. Define the
mean curvature H(x) of the sphere of radius r(x) to xo by

H(z) = Ar(x) = di Sty () — (@)

It can be verified that

We remark that under the assumption that there exists some zg € G and a constant
C > 0 such that H(z) < C on V, G is stochastically complete (see Theorem 25 in
[7] and see also [14]). As noticed by the the unknown referee that this result also
works well when we consider the more general definition of the Laplacian defined

in onV,

T~y

for arbitrary m: V' — (0,00) and }_, _, #zy = m(z). Then we have the following
maximum principle ([7], [T1], [13]).

Theorem 1. Assume that G is stochastically complete. Let ug(x) be any bounded
function on G. Then any bounded solution u(t,x) to the heat equation

ur = Au
with initial data u(0) = ug satisfies

sup [u(t, x)| < sup |ug(z)]
G G

for every t > 0.
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The proof of the result above is standard. By Theorem [I] we can derive the
uniqueness of bounded solution to the heat equation on V. In fact the claim follows
by considering differences of bounded solutions with same initial condition. Actually
we can extend the maximum principle to positive solution to the porous media
type equation
(2) ur = Alogu, in (0,00) xV

with the bounded non-negative initial data ug. In fact we have the following result,
which improve our previous version as pointed out by the unknown referee.

Theorem 2. On the weighted graph G = (V, E), the following two conditions are
equivalent.

(1) G is stochastically complete.

(2)  Any positive bounded solution v: V x [0,00) — (0,00) to v; < Alogw
satisfies
(3) sup v(t,z) = sup v ()

G x[0,00) G

for every t > 0.

Proof. We first consider (1) = (2). By considering susc(fi;?(m) and rescaling the

time variable, we may assume supq vo(x) = 1. Set u(t, z) = logv(t, x) and ug(z) =
logvo(z) < 0. Then u satisfies that

(4) e“up < Au.

Let w = uy. Applying the Kato inequality [I1] (and the proof given there for
m(xz) = d, works well for the Laplacian (T])) we have

ewy < Aw.

Let f = [;° e 'wdt. Then we have

Af:/ eftAwdtz/ 67t(ew)tdt:—l+/ e eV dt
0 0 0

and the right term is
—1+/ efte“’dt:/ e e —1)dt > f.
0 0

Stochastic completeness of G and boundedness and non-negativity of f imply that
f=0o0n V. Then we have w = 0 and u < 0, which implies .

We then consider (2) = (1). We argue by contradiction. The stochastic incom-
pleteness of G (see Theorem 3.1 in [I4] or Theorem 25 in [7]) implies that for some
A < 0 and some nontrivial positive bounded w such that

—etAw = w.
Let u = e~*w — pyw. Then u is a nontrivial non-negative bounded solution to

u; = e~ YAy > 0 with the initial data ug(x) = 0. We may assume that u < 1, which
implies that e* < e. Then we have

At

eur < Au.
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Let v = e*. We have v; < Alogv and v(z,0) = e =1 < SUPGx [0,00) V(t, @), which
gives a contradiction. Thus we have the desired result. O

The maximum principle above gives us a comparison lemma for the porous
media equation ([2). We shall use this fact in Section

3. BOCHNER FORMULA FOR HEAT EQUATION AND A CHARACTERIZATION
OF TWO POINT GRAPH

In this section we let m(z) = d, for the locally finite graph. The main results
in this section are the Bochner type formula and a characterization of two point
graph.

We introduce the Bochner formula and the curvature dimension condition
following the method of Bakry-Emery (see [9]). We define

I'(f,9) = §{A(f9)(w) — f(@)Ag(x) — g(x)Af(x)}
and
Pa(f,9) = 3 {AT(7g) (@) — T(f, Ag)(x) ~ T(g, A)(x)}.

Then, by direct computation,

Af*(z) = 2f($)Af(x) + VP (x),
I'(f.g 2d Dty (F(0) = F(@)) (9(y) — g(x)) ,

y~zx

O, () = %\Vf\z(:c),

(5) Dalf, 1)) = 1D 7P (@) — 519 7P () + S (AN ()
where we have defined
(6) D2 f () = Z L L3 el @) = 26 ) + S
We define o -
(Vf,VAS)(x Z pay (F(y) = f(@)) (Af(y) — Af(x)) .

We now compute the Bochner formula for the function f.

~AIVf[ (@) = —|D*f]*(x) Z’“yzuyz 21(y)+£(2)) (f(x) — f(y)-

T y~a dy zry

Set

= IS . (1(e) - 26 0) + ) (F(@) ~ S ).

y~a dy zroy
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Note that
I=2|Vf[*x)+ dz Dty (@) = FW)AS ()

— Af( + Af Z ,ua:y (y))

— VS (2) + 2/ AfP () — 2V, VAL (@)

Then we have the following Bochner formula.

Assertion: On the locally finite, connected graph G = (V(G), E(G)), which may
be an infinite set without loops or multiple edges, for any function f on G, we have
the Bochner formula

(1) = AVFP(x) = =D f*(2) + 2|V (x) + 2]Af*(2) = 2(Vf, VAf)(2).
We now consider the bounded solution f(¢,2) = P;(fo) to the heat equation

fe=Af
with initial data fo on the locally finite connected graph G = (V, E). Recall that
(8) (0 — A)f2(t,2) = —|[VfI*(t,z) <0.

Using the maximum principle for the stochastic complete, locally finite, connected
graph, we have

f2(t,x) < sup f2(0,2),
1%

which may be useful for other purpose. Since f(¢,z) is uniformly bounded in ¢, we
know that there exists £; — oo such that

[t x) = fool)
for each x € G, and lim¢, . |V f(t;,2)|> — 0, which implies that fo(2) = const.
Using we get that
1 1
9) (&= A)(GIVP(t)) = =3I ) + [V FR@) + [AfR ().

We believe that this formula is useful in the study of Schrodinger type equations
on graphs.

In the rest of this section, we give a characterization of two point graph as below.
Assume now on G the curvature dimension condition that for any f: V — R,

(10) Do(f 1)) = (AP (@) + 2V fP(a),

for some uniform constants m > 0 and k € R. One example of such graph is the
two point graph G = (V(G), E(G)) with V = {z,y}. Note that

Af() = fy) = flo), [VP2)=(fly) - f2))?,
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and |D? f|*(z) = 4| f(y) — f(2)>. Then
La(f, f) = (fy) — f(x))?

and then the condition above is
(F) ~ F@) > = (F(o) ~ F@)* +

which is in turn equivalent to 1 >
We have the following result.

(f(y) = f(2))?,

+ & form >0, ie, k<2(1—21).

1
m

Theorem 3. Let G be a locally finite connected graph. Assume is true for
k> 2—2/m. Moreover, we assume that the vertex measure equals the degree d,.
Then the graph has at most two vertices.

Proof. To prove this conclusion, we fix p € G and let f(z) = d(z,p). Note that
Af(p)=1=|Vf(p),
and then
Da(f, ) = 71D F ).
Applying the curvature dimension condition to the function f we have

1 1k
Z|D? 2> 42
4| fl z -t

From the definition relation @ we also have the estimate that
1
D )P <1,

Then we have

1 n k <1

m 2
By our assumption we know that

1 k

— 4121

m + 2

which in turn gives us that
1
Z|D2f(]0)|2 =1.
This then implies the point p has at most one neighbor point. This then completes
the proof of Theorem O
4. GLOBAL SOLUTION TO THE POROUS-MEDIA EQUATION

Given any positive bounded function ug : V' — Ry bounded below by a positive
constant. We consider the global existence of the positive solution u(¢,z) to the
porous-media equation

(11) ug = Alogu, in (0,00) xV
with the initial data u(0) = uo.
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Take any connected finite subgraph © C V. We may first consider (11) in
(0,00) x © with initial data and boundary condition ug. Let f = %log u. Then
u = €%/ and it satisfies the equivalent problem
(12) efef)y=Af, in (0,00)xV.

Actually we can get the local in time solution ug to (L1]) (respectively fo =
1logug to ) in (0,7) x © (for some T > 0) by using the discrete Morse flow
method [I2].

For N > 1 an integer and any T > 0, let

h=T/N, t,=nh, n=0,1,2...,N.

Assume that we have constructed f; € L?(2), 0 < j < n—1, and f,—1 is a
minimizer of the functional

1 1
fal) = g5 [ 1 =P dat s [ (9P o

on the space H = {f € L*(Q) | f — fo = 0 on 9Q}. Note that H is a closed convex
subset of L?(€). Define

1 1
In(f):%/Q|ef—ef"‘1|2dx—|—§/ﬂ\Vf\2dx

on H. It is clear that the infimum is finite and by applying the Poincaré inequality
to f — fo (see [3]), any minimizing sequence is bounded in H. Then, since (2 is
finite, we know that the minimizing sequence is uniformly bounded on 2 and by
extracting a subsequence, we may assume that the minimizing sequence converges
on {2 to a limit and we conclude that I,, has a minimizer f,, in H which satisfies

%(ef _ef)el = Af

along with the uniform energy bound

1 1 1
(13) 7/ \ef"fef"*1|2dx+f/ |an|2dng/ |V fn1|?de < C.
2h Jq 2 Jo 2 Jq

We remark that f can not be a constant provided f,,_1 is nontrivial.
We define fn(t) € L? for t € [0,T] such that, forn =1,..., N,

fN(t):fna te[tn—htn]-
We further define, forn =1,..., N,
1 .
6t€fN (t) = E(efn - efn_l) ) te [tn—latn} .

Then fy satisfies
eIV oV (t) = Afy
in Q x (0,7). Note that the energy bound implies that

T
/ /\6t(efN)|2—|—sup/ IV |2 dz < 5C.
0 Q t Q
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We may use the Poincare inequality [3] that

/u<//|w\2

for u = fx — fo to get the uniform L?(Q)) bound of {fx}. Taking a subsequence of
{f~n} that converges in L°H, one obtains a limit f € L{°H that satisfies

efoef = Af

in distribution sense in the domain © x (0, T). Since Af is bounded, we know d;e/
is well-defined and the equation holds point-wise. Applying the maximum principle
we know that €%/ is uniformly bounded by both the initial data and the boundary
data.

To get the globally defined solution, we need the linear upper bound for ug = 2/
and we follow a well-known argument due to Aronson and Benilan [6].

Let A > 1. Define

wy(t, ) = Aug(A\"'t, ).

Then wj (¢, x) satisfies in (0,7) xQ with the initial data and boundary condition
Aup(x), which is bigger than ug(x). By using the comparison principle we know
that

wy(t,x) >uq(t,z) in (0,T) x Q.
Set

ua(t, ) = wa(t, z) —ualt,x).
Then

0 .
am\(t z)>0, in (0,T)x 8,

or equivalently u; < t~!u for u = ug, which by integration, implies that uq(t,z) <
C(1 +t) where C > 0 is a constant depending only on ug. Hence we can extend
the global solution uq(t,z). Take Q = Q; where V = [JQ;, Q; C Q;;; are
exhaustion finite subgraphs of V. Then we get a sequence of solutions {u;} defined
on Q; x (0,00). By taking diagonal subsequence we can get a sub-convergence
sequence on any finite subset of V, still denoted by {u;} and a global (locally
bounded) positive solution u(t, z) of with the initial data ug such that

u(ta ‘T) = ]li)rgo Uj (t7 l‘) ;

locally in (0,00) x V.
In summary, we then have proven the result below.

Theorem 4. For any bounded positive function ug: V' — Ry bounded below by
a positive constant, there exists a global nontrivial positive solution to with
initial data ug.

The uniqueness question to is an interesting (may be very difficult) problem
and it may be considered by using the maximum principle. We leave it open to
interested readers.
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5. MCKEAN TYPE EIGENVALUE ESTIMATE

We now study the McKean type eigenvalue estimate for the principal eigenvalue
A1 of the Lapalacian operator defined in [10] on the locally finite graph. We recall
the definition below. Let A1(R) be the first eigenvalue of the Laplacian operator
defined on the ball Br(z) with Dirichlet boundary condition on the boundary
0BR(xg). Then the sequence (A1 (R)) is a decreasing sequence in R and the principal
eigenvalue A\; = limp_, o, A1(R) is well-defined. It is not hard to see that A; does
not depend on the based point xy. Recall that for any finite subset ) C G, we
define Q° the complement set of Q in G. We let u(Q) = [,1 =", d, and define
the measure of the edge boundary 02 by

u(o9) = |00] = > oy

E=zycE(G),zeQ,yeNc

zeQ

It can be directly verify [3] that for any f in the finite set €,
) JRSEDSPMUUEN I
zeEQ yeNe

We also recall the general integration by part formula. Let 2 C V be a finite subset
of V. Define

U1() = {y € V;dist(y, Q) < 1}.
Theorem 5. For any function f,h, we have

1
Q
z,yc€U1(2)

where Vo f = f(y) — f(2).
Note that the right hand side of can be written as

:_% S by VeufVash 4+ S payh(@) Vi, f -

z,yeQ zeQ,yeQe
We recall the definition of the Cheeger constant h(p) [3] based at o defined by
00
i) = in 1091
QCVizoeQu(@)<u(v) 1) |

Then as in the Riemannian geometry case we have
h(p)?
5 -

The following result is about McKean type result such that the constant a in
Theorem [6] below may depend on the base point .

AL >

Theorem 6. Assume that H(z) > a > 0 for some xo and some positive constant
a. Then \; > a?/2.
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Proof. Take f(z) = r(z) = d(z,zp) in on any finite set 2 containing x.
Then using H(x) > a we know that [, H(x) > au(£2) and right side is equals to
w1(0€2), which implies that

1(09) = A H(z) = ap() .

Hence h(u) > a, which implies our conclusion.
O
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