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Abstract: In this paper, we obtain two new results on the Hyers-Ulam stability of
the linear partial differential equation of second order with constant coefficients

Azze + (A+ B)2gy + Bzyy + Aze + B2y =0
and the partial Euler differential equation of the form
2200 4 20y zey + Y2 2yy + Mz + Myz, —mz = 0.
Our findings make a contribution to the topic and complete those in the relevant

literature.
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1 Introduction

The stability theory is an important research area in the qualitative analysis of differential
equations and partial differential equations. It follows from the relevant literature that
the investigation of the Hyers-Ulam and Hyers-Ulam-Rassias stability of equations with
partial derivatives started recently. We should mention the earliest results on the topic
or some results obtained for the linear partial differential equations of first or second
order by Alsina and Ger [1], Cimpean and Popa [2], Gordji et al. [3], Hyers [4], Jung ([5],
[6], [7], [8]), Li and Huang [9], Liu and Zhao [10], Lungu and Popa ([11], [12]), Rassias
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[13], Tung and Biger [14], Ulam [15] and the references therein. We shall now give the
details of some works done on the topic. In 2009, Jung [8] investigated the Hyers-Ulam
stability of linear partial differential equations of first order

aug (7, y) + buy(x,y) + g(y)u(z,y) +h(y) =0

and
aug (2, y) + buy(z,y) + g(x)u(z,y) + h(z) =0,

in the cases of ¢ < 0,b>0and a > 0,0 <0, (a,b € R), respectively.
Later, in 2011, Gordji et al. [3] proved the Hyers-Ulam-Rassias stability of the fol-
lowing nonlinear partial differential equations

’VI(xvt) = f(x,t,'y(z,t)),
a'yl('r’t) + b’7t('r’t) = f(.T,ﬁ,’y(iE, t))’
p(:z:, t)'ywl(xat) + q(xa t)'yl('r’t) = f(x,t,v(ac, t))

and
p(:z:, t)'th('T’t) + q('r’t)%f(xa t) +pt($a t)'Yz('Tat) _pm(x’t)%f(xa t) = f(iE, taV('T’t))a

respectively, by using Banach’s contraction mapping principle.
After that, in 2012, Lungu and Popa [11] discussed the Hyers-Ulam stability of first
order partial differential equation of the form

p(z, y)% +q(z, y)g—z = p(z,y)r(z)u + f(z,y).

Finally, in 2014, Li and Huang [9] proved the Hyers-Ulam stability of the first order
linear partial differential equations in n-dimensional space of the form

Zaﬂ:zi (1, T2, ooy Tn) + g(zj)u(z1, 22, o0 ) + h(25) = 0,
i=1

where a; € R are arbitrarily given constants.
In this paper, we investigate the Hyers-Ulam stability of the partial differential equa-
tion of second order with constant coefficients

Azyy + (A4 B)zgy + Bzyy + Azy + Bzy =0 (1)
and the partial Euler differential equation
2 2gn + 22y 2yy + yQZyy +mxzy + myzy —mz =0, (2)

where z = z(z,y) (v,y) € D, D = [a,b) x R, D is a subset of ®2 and A, B,m are
real constants with m > 0 and A > 0. Let ¢ > 0 be a given number. Equation (1) is
said to be stable in Hyers-Ulam sense if there exists K > 0 such that for every function
z: [a,b] x R — C satistying

|Azypy + (A4 B)zgy + Bzyy + Azy + Bzy| < e
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for all (z,y) € D there exists a solution zp : [a,b] X ® — C of Eq. (1) with the property
|z(z,y) — z0(z,y)| < Ke.

This work has been inspired basically by the papers of Gordji et al. [3], Jung [8], Li and
Huang [9], Lungu and Popa [11], Vlasov [16], Vasundhara Devi [1] and those listed above.
The results obtained here are different from those in the literature, new and original, and
they have simple forms. They can be easily checked and applicable, and complete the
previous ones in the literature. Hence the novelty and originality of the present paper.

2 Hyers-Ulam Stability

In this section, we give two theorems and two examples to show the Hyers-Ulam stability
of equation (1) and equation (2).Our first Hyers-Ulam stability result is the following
theorem.

Theorem 1. Let e be a positive constant. If the function z satisfies the differential
inequality
|Azpy + (A4 B)zgy + Bzyy + Azy + Bzy| < e (3)

for all (z,y) € D, then there exists a solution zy : D — R of equation (1) such that
|z(x,y) — z0(z,y)| < Ke, K > 0,K € R.
Proof. Let u(x,y) = Az, + Bz, for any (z,y) € D. Then, it follows that
|ug + uy + u| = |Azgy + (A + B)zgy + Bzyy + Azy + Bzy|

so that
|ug + uy +ul <e.

Consider the change of coordinates

(=,
n=1y—x.
Then, we have
[ug + uy + ul = |ue +ul <e. (4)

It is clear from (4) that
—e<uctu<e.

Multiplying the above estimate by the function exp(¢ — a), we have
—eet T < U4e<_“ +uet T < geSTY,

Let ¢ € [a,b]. For any ¢ € [a, b] integrating the above inequality from ¢ to ¢, we obtain

¢ ¢a ¢
/ —ee’ s §/ a—[u(s,n)es_“]ds §/ ee’"%ds.
(& C S C

et < ()" = (ule,m) + €)™ + () < ceS

Then
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Hence, it is clear that
—e < u(¢,n) — (u(e,n) +e)eC + fn)e Y < e

Let
”(C, 77) = (U(C, 7]) + 5)60_< — f(n)e_(c_a)_

Then v({,n) satisfies ve +v =0 and |u({,n) — v({,n)| < €, respectively.
Taking into account the change of coordinates, we can write

u(z,y) —v(z,y)| <e.
Since u(z,y) = Az, + Bz, we have
—e < Azy + Bzy —v(z,y) <e.
Consider the change of coordinates

r=ux,

s = Ay — Bu.

Hence
Azy + Bzy —v(z,y) = Az, —v(r, s).

From this, it follows that
—e < Az, —v(r,s) < e.

Multiplying the above estimate by %, (A #0), we obtain

Select k € [a,b]. For any r € [k, b] with r > 2k, integrating the above inequality from k
to r, we have

5 " v(u, s) 5
Sk < _ _ < Z(r—k).
A(r k) < z(r,s) — z(k, s) /k " du_A(r k)
Then, it follows that
~Srsat) — 2l - [ M- T < S
5 S 2(rs) —2(k;s A u—— <5
so that (u.5)
€ "o(u, s ek ¢
< — — ? < =
Ar_z(r,s) z(k, s) /k " d TS
Let

Then v(¢, n) satisfies
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Hence, we can conclude that

This result completes the proof of Theorem 1.
Our second and last Hyers-Ulam stability result is the following theorem.

Theorem 2. Let € be a positive constant. If the function z satisfies the differential
inequality
|22 200 + 20y 20y + Y22y + maze + myz, — mz(z,y)| < e (5)

for all (x,y) € D, then there exists a solution zo : D — R of equation (2) such that
[2(@,y) = z0(ay)| < =M, (m > 0,M > 0).
Proof. For any (z,y) € D let
9(x,y) = x2y + Y2y + mz.
Then
295(2,y) + ygy (2, y) — 9(2,y) = 2200 + 20y 20y + Y 2yy + M2y + MYz, — M2,
Therefore, inequality (5) implies
1292 (z,y) + ygy(z,y) — g(z,y)| < e.

Consider the change of coordinates

Then we have
ICgc — gl <e.

Assume that ¢ > 0. Making use of the former inequality, we arrive at
—£<(gc—g<e.
Multiplying the above estimate by C%’ we have
ea _a ea

a
*?SEQC*FQS—Q-

Select ¢; € [a,b]. For any ¢ € [c1,b], ¢1 > 0, integrating the above inequality from ¢; to

¢, we can write
¢ ca €9 .a ¢ ea

Cc1 C1
Hence

¢ C1

2| o
N =

gy
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From this, it is clear that

—€ 1 e €
C g(¢;m) — (Cla )+f(n)—zga.

Since ¢ > 0, if we multiply the above inequality by (, we get

€ ¢ €

——¢<9(6n) — =gler,m) +¢f(n) —e < —C.
c1 C1 C1
Let C
v(¢n) = =gler,n) = Cf(n) +e
Thus v({,n) satisfies the following equation
Cue—v=0

and the inequality
9(¢;m) —v(¢n)| < Me,

where M = é In view of the fact that
g(x,y) = X2y + Y2y + M2y,

it is clear that
—eM < zzy +yzy + mz(z,y) —v(z,y) < Me.

Consider the change of coordinates
r=ux,
n= g, x # 0.
x
Then, from the previous inequality, we have
—eM <rz,+mz—v < Me.

Multiplying the above estimate by the function T:—;l, (r>0,(2)™>0), we get

m—1 m m—1 m—1 m—1
—eM < —2z-+m Z—
a a™ a™

Select k € [a,b]. For any r € [k, b] with % > 0, integrating above inequality from & to
r, we obtain

r™m k™

*E(

ma™ ma™

m km T m—1 m km
M < r—z(r, n)f—z(k,n)f/ > v(s,n)ds < g( — )M
a™ a™ k

From the last inequality, it may be seen that

m km T om—1 km m
M < T —z(r,n) — —2(k,n) — / i v(s,n)ds — ¢ < eM—

ma™
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so that
m i km
. <z(r,n) — —=z(k,n) — T_m/ s y(s,n)ds — e < <M.
m rm k mr™ m

Let . . -
zo(r,m) = T—mz(k‘, n)+r-" /k s (s, n)ds + e

Then .

- <M
|Z(Ta S) ZO(Tv S)| = m

This completes the proof of Theorem 2.
Example 1. We consider the following linear partial differential equation of second
order with constant coefficients
Zag + 225y + Zyy + 25 + 2y = 0.

Let s =y — 2 and f(s) > 0. It can be seen that z(z,y) = (e7® — 1) f(y — ) is a solution
of this equation and
|2z + 222y + 2yy + 20 + 24| < €.

Let [a,b] =[0,00) and k=0, c=2, r = g Then, from Theorem 1, we have
o= 20l < 3
z -zl < ge

and
v(u, 8) ek

zo(r,s):z(k:,s)—i—/k " du + R

Thus, we can write

ZO(T, S) _ /OT /U(u’ S)du — /OT[(U(C, S) + E)@C_m - f(s)e—(m—a)]dm
= —(ulc,s) +€)e " + (ulc,s) +e)e’ + f(s)(e™" —1).

At the end, we can conclude that |z — zg| < er. This inequality shows that the result of
Theorem 1 is true.

Example 2. Consider the partial Euler differential equation of the form

Then, it may be followed that

z(z,y) = :cf<%) + §9<%>

is a solution of the former equation, and we can find
|x22m + 22y 2,y + y2zyy + 2y +yzy — 2| <e.
For k = 0, from Theorem 2, we have
1 (" s r r 3
Z0 = — —g(c1,n) —sf(n)+¢e)ds = —g(c1,n) — =f(n) + —
0= 7 | Caterm) = s7)+ €)ds = glern) = 5 )+ =
and
€
|z — 20| < —.
m

Hence, we can conclude that the result of Theorem 2 is correct.



NONLINEAR DYNAMICS AND SYSTEMS THEORY, 17 (2) (2017) 157

3 Conclusion

We consider a linear partial differential equation of second order with constant coefficients
and a partial Euler differential equation of second order. We study the Hyers-Ulam
stability of these equations. We give two examples to verify the obtained results and for
illustrations. Our results are contributions to the topic and the related literature.
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