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Employing two methods we consider a class of n-dimensional functional equa-
tions in the space of SCHWARTZ distributions. As the first approach, employ-
ing regularizing functions we reduce the equations in distributions to classical
ones of smooth functions and find the solutions. Secondly, using differentia-
tion in distributions, converting the functional equations to differential equa-
tions and find the solutions. Also we consider the HYERS-ULAM stability of
the equations.

1. INTRODUCTION

The main purpose of this article is to introduce two approaches of solving
functional equations in SCHWARTZ distributions. As the first approach, using regu-
larizing sequence of test functions and converting given distributional versions of
functional equations to classical ones [4, 5] we obtain the solutions. In particular,
this approach is useful to consider the HYERS-ULAM stability problems of func-
tional equations in SCHWARTZ distributions. Secondly, in the theory of SCHWARTZ
distributions one can differentiate freely underlining functions, which is one of the
most powerful tools of the SCHWARTZ theory and can be applied to solving some
class of functional equations by reducing the equations to differential equations [2,
3, 6, 7]. Here we denote by R} = {(x1,...,2,) € R" : 2; > 0,7 =1,...,n} and
I" = {(z1,...,2p) € R*" 1 z; > —1,7 =1,...,n} and 2y = (z1y1,...,TpYn) for
x=(x1,...,%n), ¥ = (Y1, -.,Yn). First we introduce the distributional analogue
of the following functional equations.
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Quadratic functional equation:

(1.1) fl@ty) + fl@—y) =2f() +2f(y)
D’ALEMBERT equation:

(1.2) fle+y)+ fle—y)=2f(2)f(y).
POMPEIU equations:

(1.3) fl@+y+ay) =g(@) +hly) +g(x) h(y), =yel”,
(1.4) f@+y+ay) =f)+ fy)+ @) fy), zyel”
Logarithmic functional equations:

(1.5) flay) = g(x) + h(y), =yeRY,

(1.6) flzy) = f(z) + fly), =yeRL.
Multiplicative functional equations:

(17) f(xy) = g(x)h(y)v T,y € Ri,

(1'8) f(xy) = f(x)f(y)a T,y GRi-

The functional equations (1.1) — (1.8) can be generalized to the space of
distributions, respectively, as follows.
Quadratic functional equation in D'(R™):

(1.9) uoA+uoB =2uo P +2uoPs,
D’ALEMBERT equation in D/(R"™):

(1.10) uoA+uoB =2u®u.
POMPEIU equations in D/(I"™):

(1.11) uoS=voP +woP,+vR®w,

(1.12) uoS=uoP +tuoFPr+u®u.
Logarithmic functional equations in D’ (R} ):

(1.13) uoTl =voP+wo Py,
(1.14) uol =wuo P, +uobPs.

Multiplicative functional equations in D'(R"):

(1.15) uoT =v®w,
(1.16) uoT =u®u.

where A(Iay) = l‘+y, B(Zay) =T =Y, Pl(xay) = Z, P2(x7y) =Y, T,y €
R", S(z,y) = +y+ay, x,y € I", T(x,y) = xy, v,y € R} and o denotes
the pullback of distributions.
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2. SOME OPERATIONS ON DISTRIBUTIONS

Let © be an open subset of R™. We denote by D'(2) the space of Schwartz
distributions on €. Recall that a distribution « is a linear functional on C2°(2) of
infinitely differentiable functions on 2 with compact supports such that for every
compact set K C € there exist constants C' and k satisfying

[(u,0)] <C > sup 0%y

lal<k

for all ¢ € C°(N) with supports contained in K. Here we denote by |a] = a1 +
et ay, 0% =97t 09, for = (x1,...,2,) € R", a = (a1,...,0p) € Ng,
where Ny is the set of non-negative integers and 9; = ek
Z;
We briefly introduce some basic operations in D’(Q2). Let u € D'(2). Then
the k-th partial derivative Opu of u is defined by

(Oku, @) = —(u, Okyp)
for k=1,...,n. Let f € C°°(Q). Then the multiplication fu is defined by
(fu, ) = (u, fip).

We denote by £2; open subsets of R™ for j = 1,2.

Definition 2.1. Let u; € D'(Q;). Then the tensor product u; @ ug of u1 and ug
is defined by

<u1 & uz, @(zlaz2)> = <u1 ) <u2 ) cp(xla:EQ» >v cp(l‘hﬂfg) € CSO(QI X QQ)'
The tensor product uy & ug belongs to D' (1 x Qa).

Definition 2.2. Let u; € D'(€2;) and f : Q1 — Qg a smooth function such that for
each x € {1 the derivative f'(x) is surjective. Then there exist a unique continuous
linear map f* : D'(Q2) — D'(Q1) such that f*u = wo f when u is a continuous
function. We call f*u the pullback of u by f and often denoted by uo f.

For more details of tensor product and pullback of distributions we refer the
reader to [8, Chapter IV].

3. CONVOLUTION OF REGULARIZING FUNCTIONS

In this section using regularizing functions we consider the equations (1.9)
and (1.10). We denote by d(z) the function on R™ such that

_ JAexp(=(1—[z[*)7h), |zl <1
o= {0, 2] > 1,
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= exp(— f:EQ*l x .
A(/ p(—(1— [z?) )d)

It is easy to see that d(x) an infinitely differentiable function with support {z :
|z| < 1}. Now we employ the function 6;(z) := ¢t~ "6(x/t), t > 0. Let u € D'(R™).
Then for each t > 0, (u* §;)(x) = (uy, &:(z —y)) is a smooth function in R™ and
(uxdy)(x) — wast — 0T in the sense of distributions, that is, for every ¢ € C2°(R"™)

where

(u, @) = lim+l (u* 6)(x)p(x) da.

Theorem 3.1. Every solution u in D'(R™) of the equation (1.9) has the form

u = E Ajk TjTf-

1<j<k<n
Proof. Convolving é;:(x)ds(y) in each side of (1.9) we have
[(wo A) * (3e(x)ds (W)€, m) = (wo A, 6:(§ — x)ds(n —y))
— (s [ (€~ 1)duln ) dy)

= (u,, /&(e 17— — )64(y) dy)

= (ug, (6 % 05) (€ + 1 — x))
= (ux 0y % 65) (€ + ).

Similarly we have

(3.1) [(uo B) *6¢(x)ds(y)|(€, m) = (ux ¢ % 65)(§ + ),
(3.2) [(wo Pr)x6:(2)ds ()€, m) = (ux6:)(E),
(3.3) [(wo Py) x6:(2)ds ()€, m) = (u*6:)(n),

Thus the equation (1.9) is converted to the following equation
(34) (uxdr*xds)(x+y)+ (uxdpxds)(x —y) —2(uwx*d)(x) — 2(uxds)(y) =0
for all z, y € R™, ¢, s > 0. In view of (3.4) it is easy to see that

f(z) :=limsup(u * & )(x)

t—0+

exists. Letting y = 0 in (3.4) we have

(3.5) (w0 % 0g)(x) — (u*d¢)(x) — (uxd5)(0) = 0.
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Fix x € R™ and let t = t,, — 07 so that (uxd;, )(z) — f(z) in (3.5) to get

(3.6) (uxds)(x) — f(x) — (uxds)(0) =0.
From the inequality (3.4), (3.5), (3.6) and the triangle inequality we have
(3.7) fle+y)+fl@—y) —2f(z) =2f(y) =0

for all z,y € R™. In view of (3.6), f is a smooth function. Thus the solution f of
the equation (3.7) has the form

(3-8) f@)= Y apajk

1<j<k<n

It follows from (3.6) that

(u, ) = Tim [ (ux 6y, )(2)p(z) de

typ—01
= /f(x)go(ac) dz + . lin(];+ /(u * ¢, )(0)p(z) da
~ [ f@)pta) da.
This completes the proof. (I

Now we consider the equation (1.10).
Theorem 3.2 Fvery solution u in D'(R™) of the equation (1.10) has the form
u=0 or wu=cos(c-x), ceC".

Proof. Similarly as in the proof of Theorem 3.1, convolving &:(x)ds(y) in each
side of (1.10) we can convert the equation (1.10) to the following equation

(39)  (uxdyxds)(@+y) + (ux b+ 0s)(x —y) — 2(ux 6¢)(2) (u* 6s)(y) = 0
for all z, y € R™, ¢, > 0. In view of (3.9) it is easy to see that

f(y) = limsup(u * 05)(y)

s—0t

exists. In (3.9), fix x and let ¢t =t — 0T so that (u*d, )(z) — f(z) as k — oc.
Then we have

(3.10) (ux0s)(x +y)+ (u*ds)(x —y) —2f(x) (u*ds)(y) = 0.
Putting y = 0 in (3.10) we have

(3.11) (uxds)(x) = (u*ds)(0)f(x).
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If (uxd5)(0) =0 for all s > 0 we have (u * d5)(z) = 0 for all z € R™, s > 0, which
implies u = 0. If (u * d5)(0) # 0 for some s > 0 it follows from (3.10) and (3.11)
that

flx+y)+ flx—y)—2f(x) f(y) = 0.

Since f is a smooth function in view of (3.11) it follows that f(x) = cos(c - x) for
some ¢ € C". Thus we have

(ux*ds)(x) = (u*05)(0) cos(c - ).
Letting s = s, — 0 so that (u x ds, )(0) — f(0) as k — oo in (3.11) we have
u = cos(c - x).
This completes the proof. O

Corollary 3.3. Every locally integrable solution f(x) of the equation (1.2) has the
forms f(z) =0 or f(z) = cos(c-x) for some c € C™.

Proof. Since every locally integrable function f can be regarded as a distribution
via the equation

(o) = [ f@)p@ e, peCz@),
we have
f=0 or f=cos(c-x)

in the sense of distribution, which means that

flx)=0 or g(x):=f(z)—cos(c-x2)=0

for all  in a set F with the LEBESGUE measure m(E°) = 0.

Assume that f(xz) = 0 for all x € E. Let z € R™ be given and set E, =
EN(E — z). Then E, is LEBESGUE measurable with m(ES) = 0. Let w € E, and
replace by w+ 2z, y by w in (1.2) to get

FRw+2)+ f(z) —2f(w+ z)f(w) =0.
Thus we have
fRw+2z)+ f(2) =0

for all w € E,. Since m(ES) = 0 we must have 2w+ z € E for some w € E,, which
implies f(z) = 0. Now assume that g(z) = 0 for all z € E. Note that g satisfies
the equation

(3.12) gz +y) +g(x—y) —29(z)g(y) — 2f(x) cos(c-y) +2f(y) cos(c - x) = 0.

Similarly, for given z € R™ let w € E, and replace by w + z, y by w in (3.12).
Then we have
92w +2) +g(2) =0

for all w € E,, which implies g(z) = 0. This completes the proof. O
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4. USING DIFFERENTIATION

In this section, using differentiation in SCHWARTZ distributions we consider
the equations (1.11)—(1.16).

Lemma 4.1. Let Y be an open subset of R, I an open interval of R and let
u€D'(Y xI). If Opu =0 then u can be written as

U= Up-1 & ]-zna

where un—1 € D'(Y'), which means that

(u, ¢) = /(Un—1, oG, xp )y, ¢ CF(Y xI).

We refer the reader to [8, Theorem 3.1.4'] for a proof of the lemma.

Theorem 4.2. The solutions u,v,w € D'(I™) of the equation (1.11) are either of
the forms

u=of(l+a)" - (L4 2n)™ — 1,
v=a(l+z)* - (1+z,)" — 1,
w = ﬁ(l + xl)al .. .(1 + xn)an —1,

where o, B, a; € C, j =1,...,n with af # 0, or else

u=v=—1,w:arbitrary,

u=w = —1, v:arbitrary.
Proof. Differentiate (1.11) with respect to zj and yj respectively, to get

(4.1) (1 + yk) (é)ku) oS = (é)kv) oP; + (0;4)) ® w,
(4.2) (14 zk) (Ogu) 0 S = (Opw) o Po + v ® (Orw),

for k=1,---,n. It follows from (4.1) and (4.2) that

(14 z) (Okv) © Py + (Okv) @ w) = (1 4+ yx) (Orw) 0 Po + v @ (Opw),
which is equivalent to
(4.3) [(1+ 21)0kv] ® (14 w) = (1 +v) @ [(1 + yx)Opw).

We first consider the nontrivial case where v # —1 and w # —1. Choose ¥y €
C°(I™) so that (1 + w, o) # 0. Then for every ¢ € C2°(I™) we have

(4.4) (1 + ) Okv, $)(1 + w, o) = (1 + v, $)((1 + yx)Okw, o),
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which implies
(4.5) (14 2x)0kv = ag(1 +v)
for some aj, € C. Put (4.5) in (4.3) to get
(4.6) (14 yi)Ow = ar(1 + w).
It follows from (4.5) that
(4.7) Oel(1 + 2) "™ (v +1)] = 0.
Let kK = n. Then by Lemma 4.1 we have
(L4 20) (W +1) = v 1 @ 1,

which implies
(4.8) v+1=v,_1 0 (1+z,)*,
where v,_1 € D'(I""1). Put (4.8) in (4.5) and let k =n — 1 to get
(4.9) (14+2p-1)0n—1Vpn—1 = Gn—1Up_1.
Applying Lemma 4.1 again in (4.9) we have
(4.10) Un—1 = Up—2 ® (1 + xp_q1)*" 1.
From (4.8) and (4.10) we have

V+1=0,20® (14 2p_1)" (1 +x,)".
By this process we finally have
(4.11) v+l=al+z)" - 14+ zp-1)" (14 z,)"",
for some o € C. Also, from (4.6) we have
(12) w+1=p01+y)" (L4 yn-1)* " (L4 yn)™,

for some (§ € C. Now putting (4.11) and (4.12) in (1.11) we have

(4.13) uoS=af(l+z)(1+y)*" - (14 2,)" (1 + yn)* —

Choose u; € C°(I™) such that u; — u as j — oo. Let ¢, ¢ € C2°(I™) with

J¥(y)dy =1 and set

(4.14) o(x,y) =L +y) (L +yn)o(x +y+zoy)Y(y).
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Then by simple change of variables we have

(415) <uj oS, 90> - <uja ¢>
Let j — oo in (4.15). Then by the continuity of pullback we have
(4.16) (wo S, ¢) = (u, ).

Applying ¢(z,y) in (4.16) we have

(4.17) (u, ¢) = /[aﬂ(l +a)" (L4 )™ — 1]¢(2) dz,
which implies
u=af(l+z)" - (1+z,)" —1.

Now if v = —1 or w = —1 it is easy to see that
(4.18) uoS =—1.

for arbitrary w or v, respectively. Applying ¢(z,y) in (4.18) we have v = —1. This
completes the proof. O

As a direct consequence of the above result we have the following.
Theorem 4.3. The solutions u € D'(I™) of the equation (1.12) are of the form
u=(1+z1)" - 1+ax,) =1, or u=-1
for somea; €C,j=1,...,n.
Now we consider the logarithmic functional equations.

Theorem 4.4. The solutions u,v,w € D'(I"™) of the equation (1.13) are of the
forms

(4.19) w=In(z® - z%) +a+f
(4.20) v=In(z- - -2o") +a
(4.21) w=ln(a}* - x87) + 0,

where o, 3, a; €C, j=1,...,n.
Proof. Differentiate (1.13) with respect to zj and yi respectively, to get

(4.22) Yk (8ku o T) = (8kv) o Pl,
(2.23) T (6ku o T) = (0kw) o Py,

for k=1,---,n. It follows from (4.22) and (4.23) that

(2.24) xy (Opv o Pr) =y, (Opw o Pa),
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which implies
(425) l‘kak’l) = ykc?kw = ag.

As in the proof of Theorem 4.2, applying the Lemma 4.1 in (4.25) successively we
get the equation (4.20) and (4.21). Putting (4.20) and (4.21) in (1.13) we get (4.19).
This completes the proof. O

As a direct consequence of the above result we have the following.

Theorem 4.5. The solutions u € D'(I™) of the equation (1.14) are of the form
w=In(z{* - xim),

wherea; € C,j=1,...,n.

Following the same approach as in the proof of Theorem 4.2 we get the
followings.

Theorem 4.6. The solutions u,v,w € D'(I™) of the equation (1.15) are either of
the forms

an,

u=afz{' - xin,

Qn

— ay
V=0x e,

w = Pxit - aen,
where o, B, a; € C, j=1,...,n with a3 # 0, or else

u=v =0, w: arbitrary,

u=w =0, v: arbitrary.

Theorem 4.7. The solutions u € D'(I"™) of the equation (1.16) are of the form

An

— 01
u=xy""Ty",

wherea; € C,j=1,...,n.

5. HYERS-ULAM STABILITIES OF THE EQUATIONS

In this section we consider stability theorems of the quadratic functional
inequality

(5.1) [luoA+uoB—2uoP; —2uo P <k,
and the D’ ALEMBERT inequality

(5.2) luoA+uoB—u®u| <e,

in the space D'(R™). Also we consider the POMPEIU inequalities

(5.3) luoS—voP —woPy—v@uw| <e,
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(5.4) luoS —uo Py —uoPo—uul| <e,
in the space D'(I™), logarithmic functional inequalities

(5.5) luocT —vo Py —wo Py <
(5.6) [luoT —uo Py —uo Py <e,

and multiplicative functional inequalities

(5.3) luoeT —v@wl| <e,
(5.4) luoT —u®ul| <e,
in the space D'(R’). Here || - || denotes the norms |(-, )| < €[|p||z1 for all test

functions ¢. For the proof of the result we refer the reader to [4, 5].
Theorem 5.1. Let u € D'(R™) satisfy the inequality (5.1). Then there ezists a
unique quadratic function
gl@) = > apwmm
1<j<k<n
such that
lu = q(2)]| <

Theorem 5.2. Let u € D'(R™) satisfy the inequality (5.2) Then either u is a
bounded measurable function satisfying

N ™

(1+vV1+2¢)

|~

lJullz <

or else
u = cos(c- x)

for some ¢ € C™.

Theorem 5.3. Let u,v,w € D'(I™) be a solution of the inequality (5.3) with v # —1
and w # —1. Then either u,v and w are all bounded functions or of the forms

u=of(l+a)" - (L4 2n)* -1,
v=a(l+x)® - (1+z,)" -1,
w=pFA+z)" - (1+z,)* —1+r(x),

where o, B, a; € C,j = 1,....,n with a8 # 0 and r(x) is a bounded measur-
able function on I™ such that v\~ < €. In particular, if v = —1(w = —1),
w is arbitrary (v is arbitrary) and u is a bounded measurable function such that
||u(x) + ].||Loo(['n.) <e.

As a direct consequence of the above result we get the following.
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Theorem 5.4. Let uw € D'(I™) be a solution of the inequality (5.4). Then either u
is a bounded measurable function such that

(1+ 1+ 4e)

[u(@) + 1|z <

N~

or else
u = (1+l‘1)a1 "'(1+:L'n)an —1

for some a € C™.

Finally we state the stability of logarithmic functional equations (5.5), (5.6)
and the multiplicative functional equations (5.7), (5.8).

Theorem 5.5. Let u,v,w € D'(R%) satisfy the inequality (5.5). Then u,v,w are
of the forms

u = In(x] o)+ a+ B+ r(x),
v=In(x]" - xo") + a+ re(z),
w=In(z}* - xo") + B+ r3(x),
where a, 3, a; € C, j =1,...,n and r1,7r2,73 are bounded measurable functions on

R? such that
Ir1llo= < 3e, ||r2llp= < 4e, [|r3|lp= < 4de.

Theorem 5.6. Let u € D'(RY) satisfy the inequality (5.6). Then u is of the form

w=1In(z{* - 20") 4+ r(z)

where a; € C, j =1,...,n and r is a bounded measurable function on R’} such that
I7llpe <e.

Theorem 5.7. Let u,v,w € D'(RY) satisfy the inequality (5.7) with v # 0, w # 0.
Then u,v and w are all bounded measurable functions or of the forms

An
n
Qn
n o
An
n

u=afz{' -z
v=azi'-x
w= Pzt -x
where o, B, a; € C, j=1,...,n with af # 0.

Theorem 5.8. Let u € D'(RY) satisfy the inequality (5.8). Then u is a bounded
measurable function such that

[uz) ]| <

(1+ V1 +4e)

N~
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or else

Qn

— 01
U=y - -T,",

wherea; € C,j=1,...,n.
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