J. of Ramanujan Society of Mathematics and Mathematical Sciences

Vol. 11, No. 2 (2024), pp. 39-5/
DOI: 10.56827/JRSMMS.2024.1102.2 ISSN (Online): 2582-5461
ISSN (Print): 2319-1023
SOME QUENCHING PROBLEMS FOR w-DIFFUSION EQUATIONS
ON GRAPHS WITH A POTENTIAL AND A SINGULAR SOURCE
EDJA Kouamé B., DIABATE Paterne A. T.*, N'DRI Kouakou C.**
and TOURE Kidjegbo A.**

Université Virtuelle de Cote d’Ivoire,
28 BP 536 Abidjan 28, COTE D’IVOIRE

E-mail : kouame.edja@uvci.edu.ci

*Ecole Nationale Supérieure de Statistique et d’Economie Appliquée,

08 BP 03 Abidjan 08, COTE D’IVOIRE
E-mail : paternediabate@gmail.com

**Institut National Polytechnique,
Félix HOUPHOUET-BOIGNY Yamoussoukro,
BP 2444, COTE D’IVOIRE

E-mail : ndri.pack@gmail.com, latoureci@gmail.com

(Received: Aug. 25, 2023 Accepted: Dec. 07, 2023 Published: Jun. 30, 2024)

Abstract: In this paper, we study the quenching phenomenon related to the w-
diffusion equation on graphs with a potential and a singular source

u(x,t) = Ayu(z,t) + b(z)(1 — u(z,t))7?,

where A, is called the discrete weighted Laplacian operator. Under some ap-
propriate hypotheses, we prove the existence and uniqueness of the local solution
via Banach fixed point theorem. We also show that the solution of the problem
quenches in a finite time and that the time-derivative blows up at the quenching
time. Moreover, we estimate the quenching time and the quenching rate. Finally,
we verify our results through some numerical examples.
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1. Introduction and Definitions
In this paper, we study the quenching properties on the graph G(V, E,w) of the
following problem :

u(z,t) = Ayu(x,t) + b(x)(1 —u(x,t))7?, (x,t) € Sx(0,7),
u(z,t) =0, (x,t) € 0S x (0,7), (1)
u(z,0) = ug(x), x eV,

where p is a positive real. Following [18] V' is the set of nodes (or vertices) of the
graph G(V, E,w). In this work, we suppose that the graph G is simple (i.e. without
loops), finite, connected, undirected and weighted graph. Moreover, the set of
vertices can be split into two disjoint subsets S and 0 such that V= SU0dS. The
subsets S and 05 of V' are called the interior and the boundary of V', respectively.
Moreover, w : V' x V — R, denotes the weighted function, which such as :

(i) w(z,z) =0 for any z € V,
(i) w(z,y) =w(y,z) for any x, y € V,
(ili) w(z,y) > 0 if and only if {z,y} € F,

where F is the set of edge of the graph GG. The discrete weighted Laplacian operator
A, is defined as follows :

Ayu(x,t) = Zw(m,y)(u(y,t) —u(x,t)), (z,t) eV x[0,7T),

yeVv

and Zw(m,y} = h(z).
yeVv
Now, let us state the basic assumptions in this work :

e the initial data uy: V' — [0, 1) is a nontrivial function such as

Ayug(z) + b(x)(1 — uo(z, )77 >0,

e the potential b € C'(V) is a nonnegative function, such as

min b(z) > max h(x).
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Here [0,7) is the maximum time interval on which the solution u of (1) exists and
satisfies
lu(-,t)]|o < 1, where ||u(:,t)|l00 = magcu(:mt).
Te

When T is finite, we say that the solution u quenches in finite time, namely

li ) =1
lim Ju(-, 1)

and T is called the quenching time of the solution w.

In our problem we have singular heat source, b(x)(1 —u(z,t))"". The main goal
of this paper is to study the quenching of the above problem and then to derive
the quenching rate estimates. This mathematical problem can be considered as a
model of heat diffusion (or energy) through networks which flows is influenced by
proportional reactive forces to the power of its potential.

It should be added that the diffusion equations on graphs have been introduced
as mathematical models of heat flowing (or energy) through an electric network or
as models of informations on networks or vibration of molecules. For this reason,
the study of w-diffusion equation of the form w;(z,t) = A, u(x,t) has attracted
many researchers attention in recent years (see [1, 4, 6, 9, 11, 16, 17, 21, 23] and the
references cited therein). On the other hand, the long time behavior (extinction and
positivity) of solutions to evolution Laplace equation with absorption on networks
is studied in papers [5, 10, 19]. Yun-Sung Chung et al [3] considered the following
problem

up = Ayu —u? in S x (0, 00),
u=0 on 05 x][0,00), (2)
u(z,0) = up(x) > 0, xeSs.

They proved that a nontrivial solution becomes extinct in finite time if 0 < ¢ < 1,
while it remains positive for ¢ > 1. In [12] Liu et al replaced the reaction term
—u~? by Mu? — uP. They discussed of the quenching of the solution to the problem
according to the parameters p, ¢ and A. Furthermore, Qiao Xin et al in [18]
considered the following w-diffusion equation with a reaction term

wx, t) = Ayu(z, t) + uP(z,t), (x,t) € S x (0,00),
u(z,t) =0, (x,t) € 9S x (0,00), (3)
u(z,0) = ug(x), zeV.

They proved that if p < 1, every solution is global. They also obtained that if
p > 1, the nonnegative and nontrivial solution blows up in finite time and that the
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blow-up rate on L*-norm only depends on p, under some suitable conditions. For
more details about the study of w-diffusion equation on graphs, we refer to [11, 16,
17, 20]. Moreover, in the continuous case, solutions of diffusion equations which
quench in a finite time have been the subject of many authors investigations [7, 8,
13-15]. In particular, Boni et al [2] studied the reaction-diffusion equation (1) on
a continuous domain {2 C R", defined as follows :

ug(x,t) = Lu(z,t) + r(z)(b — u(x,t))7?, (x,t) € Q@ x (0,7),
u(z,t) =0, (z,1) € 99 x (0,T), (4)
u(z,0) = up(x) > 0, x €,

where r(x) is a nonnegative potential and L, an elliptic operator defined by

"0 ou

4,7=1

The authors have given some conditions under which the solution of the above
problem quenches in a finite time and estimated its quenching time. Moreover,
D. Xiaoqgiang et al [15] are interested in the asymptotic behavior of the quenching
time of a similar problem.

Our work has also been motivated by the paper of Yun-Sung Chung et al in
[5]. They have considered the problem (3) in the case where the reaction term u?
is replaced by —u? with ¢ > 1. They proved that a nontrivial solution becomes
extinct in finite time if 0 < ¢ < 1, while it remains positive for ¢ > 1. For papers
concerning other w-diffusion equations, we also refer readers to [16], [22].

Motivated by the above researches, we study problem (1) on graphs. By us-
ing the Banach fixed point theorem, we prove the local existence of the solution.
Then, we construct the comparison principle and use it to study the quenching
and quenching rate. Finally, we give several numerical experiments to illustrate
our results.

The rest of the paper is organized as follows. In Section 2, we consider the
local existence of the solution of the problem (1). In section 3, we prove that the
solution u of problem (1) quenches in a finite time and estimate its upper bound.
On the other hand, we estimate the quenching rate and prove that u; blows up at
quenching time. In Section 4, we give some numerical experiments to illustrate our
analysis.
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2. Local existence
In this section, we prove the existence of local solution for problem (1) via
Banach fixed point theorem. Since 0 < ug(x) < 1, we can choose 0 < o < 1 such

that 0 < up(z) < %. We also consider the Banach space defined as follows :

Xy ={ue C(V x[0,t];R) | 0 <wu(z,t) < a, u(z,t) =0, for any x € 0S},

with the norm

lullxi, = max maxfu(z,?)],

where ty > 0 is a fixed constant.
Now, let’s define the nonlinear operator T;,, by

up(x) + 3 Apu(z, 7)dr + [ b(2)(1 — u(z,7)"P)dr, = € S,t € (0,1,

T lul(z, 1) = {

?

In the following, under some appropriate conditions, we present the properties of
the nonlinear operator 7;,, and the local existence result of solution of the problem

(1).
Lemma 1. The nonlinear operator T, is well defined, mapping X, into X, and
verifies the following properties :

«
o For any u, v € Xy, 0 < ug(x), vo(x) < — , there exists a positive constant

C which only depends on h(x), p, [lullx,,, [[vlx,, such that

7o fe] = T [0l s, < [ltt0 = wolloo + Ctol|u = v|x,,, (5)

o The mapping T,, 1s strictly contractive.

Proof.

Step 1. We prove that T, maps X;, into X;,. By definition of T}, it is easy to
check that T, [u](z,-) is continuous mapping on [0, ty] for any = € V. Now, we
show that 0 < T, [u](x,t) < « for any u € X;,. For this, we consider u € X;,. We
consider tg > 0 such that :

a/2

— )P
argggch(m)—l—glggcb(x)(l Q)

lo <
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By the definition of the discrete Laplacian operator and the nonnegative of the
weighted function w(zx,y), we have :

Tuolu](z,t) = / y;/ x,y)(u(y, 7) — u(x ,T))dT—{—/O b(x)(1 —u(z, 7)) Pdr
< 5 +/0 g‘:/w(x,y)u(y,T)dT—l—/o b(x)(1 —u(x, 7)) Pdr
< g+/0 arileag(h(:r)d7+ ; ?ng($)(1 —a) Pdr
< % + (a max h(z) + Iilggcb(:c)(l - a)p> to
< a.
Since Inelg b(x) > max h(z), we obtain
Toolu](z,t) = /y; z,y) (u(y, 7) — u(z ,T))d7+/0 b(z)(1 — u(x, 7)) Pdr
> w(z,y)u(x, 7)dr + [ blx)dr
/ > wlen /
>

<—amaxh(w) + minb(m)) '

€S €S
> 0.

Therefore, the nonlinear operator 7, maps X;, to Xj,.
Step 2. Since, the function s +— (1 — s)~? is locally Lipschitz continuous on [0, o],
for any (z,t) € S x [0, o], uo(z), vo(z) € C(V) and u(x,t), v(z,t) € Xy, we get :

[T [u] (2, 1) = T[]z, )] < ||uO—voHoo+/ |Au(u(, 7) = v(x, 7))|dr

/ 1b(2)|[(1 —w(z, 7)) — (1 —v(z, 7)) P|dr

< Juo = volloo + Ctflu — vl x,,

where C' = 2max,egs |[h(z)| + p(1 —n)"P~!, with n = max{||u||XtO, ||v||Xt0 }
Step 3. Now, we prove that T, is strictly contractive in the ball B (uo, 2||ug ”Loo(v)).
For any u, v € B (uo, 2|uo|| (), We have

ullx,, < 3lluollzecvy, [V, < 3lluollzeev)
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Thus, we get
[ Tuo[u] = Tog V][ x,, < Calolu =l x,,

where C5 only depends on w, ug and p. Taking t; small enough such that Cyty < 1,
we obtain the desired results.

By the Banach fixed point theorem and the Lemma 1, we can prove the existence
and the uniqueness of solution u to (1) in the time interval [0, to]. Thus, if [ulx, <
1, taking initial data u(x,ty), we can extend the solution to some interval [0, %],
where t; > tg. We repeat the above processing until lim; .- u(z,t) = 1.

3. Quenching, quenching rate and blow-up of time-derivative

In this section, we investigate the quenching phenomenon of the solution of
(1). We also study the blow-up of the time-derivative of its solution under some
appropriate assumptions and estimate the time of quenching.
Now, we give some auxiliary results for the problem (1).

Definition 2. We say that v is an upper solution of (1) if

ve(z,t) — Ayv(x,t) — b(z)(1 —v(x, 1)) >0, (x,t) € S x(0,7),
v(z,t) >0, (x,t) € 0S8 x (0,7,
vo(z) > up(x), reV.

On the other hand, we say that v is a lower solution of (1) if these inequalities are
reversed.
The following lemma is a discrete form of the maximum principle.

Lemma 3. Let a(z,-) € C°([0,Ty); V) and v such that :

v (,t) — Ayv(x, t) — b(x)a(z, t)v(x,t) > 0, (x,t) € Sx(0,T),
v(x,t) >0, (x,t) € 0S x (0,7,
vo(z) >0, reV.
Then we have
v(x,t) >0, (x,t)eV x][0,T).

Proof. Let 0 < Ty < T and define the function z(z,t) = eMwv(x,t) where ) is small
enough such that b(z)a(z,t) + A <0, for ¢t € [0,Tp], x € V. We have :

zi(x,t) — Apz(z,t) — (b(x)a(z, t) + N)z(x,t) >0, (z,t) € Sx(0,T), (6a)
z(z,t) >0, r € dsS x(0,T), (6b)
2(z,0) = zo(x) > 0, zeV. (6c)
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Let m = min min z(z,t). Since for x € V, z(x,t) is continuous function, we can
z€V tel0,To]

assume that m = z(xo, t,,) for a certain xy € V.
Assume m < 0.

If t,, =0, then z(zo,ts,) = 20(x¢) < 0, which contradicts (6¢), hence t,, # 0.
If xy € 05, we have z(zo,t,,) < 0, which contradicts (6b), thereby zy € S. More-
over, we get

2(xo, tey) — 2(To, tag — k)

Zt(l‘())t:vo) = llclir(l) L <0,
- Zw(l'Oa y)(z(%to) - Z(.To,to)) S 0.
yeV

On the other hand, for A small enough, we get
2e(To, tay) — Dwz (o, tzy) — (b(zo)a(o, tay) + A)2(20,t2,) <0,
but this inequality contradicts (6a) and the proof is complete.

The following comparison lemma will be used throughout the paper.

Lemma 4. Let v and w be upper and lower solutions of (1) respectively, then for
(x,t) € S x(0,7)
v(z,t) > w(z,t)

Proof. Let us introduce z(z,t) = v(x,t) — w(x,t). We get :

z(z,t) — Ayz(x,t) — p(b(x)(1 —n(z,t)) P 2(2,t) >0, (2,t) €S x(0,T), (7a)
z(z,t) >0, x €08 x(0,T), (7b)
) > 0, v eV, (1)

where n(z,t) lies between v(x,t) and w(z,t), for (x,t) € S x (0,T).
We can rewrite (7a)-(7c) as follows :

zi(x,t) — Apz(z, t) — (b(x)a(x, t)z(x,t) >0, (x,t) €S x(0,7T),

where a(z,t) = p(1 — n(z,t))"P~! for (z,t) € S x (0,T). According to lemma 3,
z(z,t) > 0, for (z,t) € S x (0,T) and the proof is complete.
We need the following two important lemmas.

Lemma 5. Let u be solution of (1) with a positif initial data uy lower solution
such as for some xg € S, ug(xo) > up(x) > 0 and b(zy) > b(z) for x € S. Then we
have
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(1) u(x,t) > uo(x), for (z,t) € S x (0,T) ;
(i1) u(xg,t) > u(x,t), for (z,t) € S x (0,T) ;
(11i) ug(x,t) >0, for (x,t) € S x (0,7T).
Proof. Here we follow the ideas of [6].
(i) Since ug is a lower solution of (1), by the lemma 4 we get:

u(z,t) > up(x) >0, for (z,t) €S x(0,T).

(ii) Denote z(z,t) = u(zo,t) — u(z,t), for (z,t) € V x (0,T). It follows from
the definition of z that z(x,0) > 0 for any = € V and z(z,t) > 0 for any
(x,t) € S x (0,T). Moreover, a straightforward calculation yields

zi(w,t) — Ayz(x,t) — pb(x)(1 — a(z,t)) P z(x,t) >0, V(x,t) €S x(0,T),
where a(x,t) lies between u(xg,t) and u(z,t). By virtue of Lemma 3, we have

u(zo, t) > u(x,t) VY(x,t) €S x(0,T).

(iii) The proof of (iii) is similar to that of the lemma 4. So we omit the details
here.

Now, we prove the quenching of u.

Theorem 6. Let uy € C(V) a nonnegative and nontrivial data, compatible with
the boundary condition such as uo(xg) > ug(z) > 0 and b(xy) > b(x) for x €
S. Then the corresponding solution to (1) quenches in finite time T, and T <

(1 — wo(xo))"*!

(p+1)(b(x0) — h(x0))
that

. Moreover, there exists two positive constants Cy, Cy, such

CUT — )77 < 1= |Ju(-, )]l < Co(T — t)751.
Proof.
Step 1 (Quenching). Set h(z) =3 . w(z,y), we get :

(. t) = Yy wla,y)(uly,t) — ule, 1)) +b(x))(1 — u(z,1) 7,

yeVv
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since 0 < u(y,t) <1fory eV and t € (0,T), we obtain :

w(z,t) > = wl@yu(z,t) + bla) (1 — u(, )7,

w(z,t) > —h(z)(1 —u(z,t) P+ b(z)(1 —u(z,t))?,

thus,
(1 = u(z, t)) u(z,t) = b(x) — h(z). (8)
Since mingeg b(z) > max,es h(z), we have b(z) — h(xz) > 0.
Integrating inequality (8) from 0 to ¢, we get
(1 = ue, )" < (1= up(2))"*" = (p+ 1)(b(x) — h(z))t.

According to Lemma 4 for ¢t € (0,t), u(-,t) reaches its maximum at xy, which
(1 — up(ao))*
(p+ 1)(b(z0) — (o))

lim u(xg,t) = 1.
t—T~—

such that

implies that there exists T' < Ty =

Step 2 (Quenching rates). Considering inequality (8) at point z, integrating
from t to T, we get

(1 = u(zo, )P = (p + 1) (b(wo) — M) (T — 1),
therefore
1 —u(zo,t) > C1(T — )77, with Cy = ((p+ 1)(b(o) — (o)) 7.

We still consider

wp(o,t) = Y wlo,y) (uly, t) —ulo,1)) + blwo) (1 — u(wo, ).

yev
Due to u(xo,t) > u(z,t) for all z € V., we get
(o, t) < b(wo)(1 — u(xo,t))7".
Multiplying both sides by (1 — u(xg,t))? and integrating from ¢ to T, we have

(1 = u(zo, )" < (p + 1)b(z0) — (T — 1),
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therefore we get :
1 - U(.To,t) S CZ(T - t)ﬁ, Wlth CQ = ((p —|— 1)b(,ﬁ[)0))r}rl

Theorem 7. Let uy € C(V) a nonnegative and nontrivial data, compatible with
the boundary condition such as uo(xg) > ug(x) > 0 and b(xy) > b(x) for z € S.
Then uy blows up at the quenching time.

Proof. We prove that u; blows up at quenching time, as in [2] and [6].

Suppose that u; is bounded. Then, a positive constant M exists, such that w;(z,t) <
M for (z,t) € S x (0,T]. For (z,t) € S x (0,T), we get :

ug(z,t) = Ayu(x,t) + b(x)(1 —u(x, b)) < M,

which implies
b(xo)(1 — u(xo,t)) P < h(zo)u(xo,t) + M.

Therefore, we obtain

(1 —u(zg,t)) P <
When t — T~ | the left-hand side tends to infinity while the right-side is finite.
We then obtain a contradiction, which shows that u; blows up when u quenches.

4. Examples and numerical experiments

In this section, we present examples to illustrate the quenching of the solu-
tion of (1) as well as the blow-up of the time-derivative of its solution. We con-
sider a simple graph G(V, E,w) such that w(x,y) = 1 if {z,y} € E and vertices
S = {xy, x9, w3}, 0S = {x4, x5, 6} are linked as the following figure shows.

Te

€3

Ty T T2 T
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Thus, the problem (1) can be rewritten as:

(wy(21,t) = —3u(xy, t) +u(ze, t) +ulws, t) +b(zy) (1 —u(zy, 1)), te(0,T),
(e, t) = u(xy,t) — 3u(we, t) + u(ws, t) + b(xe) (1 — u(ze,t))"?, t€(0,7),
(s, t) = u(wy, t) + u(wg, t) — 3u(xs, t) + b(x3)(1 — u(zs, t))?, te(0,7), ()
up(z1) = a,

UQ(.TQ) = b,

L uo(T2) = ¢

This system is nonlinear. In this case, it is difficult to obtain its analytic solutions.
This motives the following numerical study.

We present numerical experiments of (9) conducted with the linearly explicit
method given by :

u™t) = A u™ 4 At, M,

where u™ = (u(zy, nAty,), u(zy, nAL,), u(xs, nAt,))”,

Ap=| At,  1-3At,  At, |, At, = 0.0001(1 — [[u"l)",
At,, At,  1—3At,

fo = (b(z1)(1 — u(xy,nAL,)) P, b(x2) (1 — u(xe, nAt,)) P, b(xs)(1 — u(xg,nAtn))*p)T,
b(xy) =4, b(zy) = 4.5, b(xzz) =4.5 and a = 0.05, b = 0.07, ¢ = 0.08.

quenching of u for p=0.5 10 blow-up of time derivative u, for p=0.5
1 T T 25 T T
09
08 [ == B 2
== Uy
S ’/ ut(xz,t)
4 )
06 [ /f ——ulx,0 1.5 Uiie)
bt { —ulx,.0 =
x |- i 2
Zos | =3
| 0,0 S
o4 f g 1r
03 —
{
02 l’ 1 051
|
0.1 [‘-
0 L 0 . .
0 o] A 015 0 0.05 0.1 0.15

t t

Figure 1: Evolution of u for p = 0.5 Figure 2: Evolution of u; for p = 0.5
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quenching of u for p=1

uix,.t)
09

ux 1)

08 b i

07
O
Zos

= i
04 f
03 Hf

|
02 ff

0.1

L L
0 0.05 0.1 0.15
t

Figure 3: Evolution of u for p =1

quenching of ufor p=1.5

L L
0 0.05 0.1 015
t

Figure 5: Evolution of u for p = 1.5

u‘(x,t)

5 blow-up of time derivative u, for p=1
*x10 t

u ‘(x‘ R
u((x2 Ril
u ‘(x3 Ri]

0 I I I I I . I I I
0 0.01 002 003 0.04 0.5 0.06 007 008 009 0.1

t

Figure 4: Evolution of u; for p =1

ut(x,t)

0

<108 blow-up of time derivative u, for p=1.5

u‘(x 4 Ril
u‘(xz,()

u‘(xs,l)

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
t

Figure 6: Evolution of u; for p = 1.5

Remark 8. We consider the problem (9) in the case where the initial data ug(x1) =
0.05, up(xe) = 0.07, ug(x3) = 0.08 and b(x1) =4, b(xs) = 4.5, b(xz) = 4.5. From
figures 1-6, we observe that u; blows up while u quenches in a finite time. By
the numerical simulation, when p = 0.1 (resp. p = 1 and p = 1.5 ) we obtain
approzimately T = 0.1423 (resp. T = 0.0998 and T = 0.0756). Thus, we can say
that when p increases, we have an acceleration of quenching of the solution. This
result is not a surprise due to the result established in the previous section.

5. Conclusion

In this paper, we consider the quenching phenomenon for the w-diffusion equa-
tions on graphs with potential and singular source and we obtain the existence
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of local solution for problem (1) via Banach fixed point theorem. We also show
that the solution of the problem quenches, whereas its time derivate blows up in
a finite time. Moreover, we give the upper quenching time and the quenching rate
on L>®-norm. Examples were proposed to illustrate our results. In the future, we
will further consider its lower blow-up time and also the blow-up set.
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