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Abstract

This paper is devoted to derive integral representation formulae for the solution of an inhomogeneous linear wave
equation with time-dependent damping and mass terms, that are scale-invariant with respect the so-called hyperbolic
scaling. Yagdjian’s integral transform approach is employed for this purpose. The main step in our argument consists
in determining the kernel functions for the different integral terms, which are related to the source term and to initial
data. We will start with the one dimensional case (in space). We point out that we may not apply in a straightforward
way Duhamel’s principle to deal with the source term since the coefficients of lower order terms make our model not
invariant by time translation. On the contrary, we shall begin with the representation formula for the inhomogeneous
equation with vanishing data by using a revised Duhamel’s principle. Then, we will derive the representation of the
solution in the homogeneous case with nontrivial data. After deriving the formula in the one dimensional case, the
classical approach by spherical means is used in order to deal with the odd dimensional case. Finally, using the method
of descent, the representation formula in the even dimensional case is proved.
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1 Introduction

In the last years, several papers have been devoted to the study of the semilinear wave equations (and weakly coupled
systems) with time-dependent damping and mass and power nonlinearity in the scale-invariant case, namely,

2
ug — Au+ Euy + ~Lu=|ulP, z€R™, t>0,

T+t (1+1)2

u(0,2) = cuo(a), z ER, (1)

ut(0,2) = eus(x), x € R",
where p,? are non negative constants, p > 1 and ¢ is positive constant describing the smallness of Cauchy data (cf.
(2, 25, 4, 3, 24, 10, 7, 23, 9] for the massless case and [1, 17] for the weakly coupled system). If we introduce the quantity
5= (- 1)2 - 42, (2)

then, it is known that the critical exponent for (1) depends on 4.

On the one hand, for § > (n + 1)? the critical exponent is pgy; (n + ”;—1 - @), where pryj(n) =1+ % is the Fujita

exponent, see [12, 13, 18]. On the other hand, for § nonnegative and sufficiently small (depending on the spatial dimension
n), it has been proved that for any 1 < p < pst(n + p) local in time solutions of (1) blow up in finite times under suitable
integral sign assumptions on initial data (see [19, 20]). Here pgir(n) denotes the Strauss exponent, that is the positive
root of the quadratic equation (n — 1)p? — (n + 1)p — 2 = 0. The global in time existence of small data solutions for
p > psir(n + ) has been proved only in the special case § = 1 for radial symmetric solutions and for dimensions n > 3 (cf.
[14] for the case n odd and [15] for the case n even). However, in the general case § # 1, the global in time existence of
small data solutions for p > pgi.(n + p) is still open. Furthermore, in the case § < 0 both the blow-up part and the global
(in time) existence part are open, although a partial result is proved for the necessity part in [5].

In the proof of the global existence results for 6 > (n + 1)? (when the critical exponent is the shift of Fujita exponent),
L? — L? estimates for the solution of the corresponding homogeneous equation and for its derivatives play a fundamental
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role. In particular, these estimates are derived by using the explicit representation formula of the fundamental solutions
of the corresponding homogeneous problem, which contains in their expression some cylindrical functions due to the
scale-invariance of the model. In other terms, it is used an approach based on Fourier integral operators.

In some sense, the fact that the above mentioned shift of Fujita exponent is critical for large values of § can be proved
by using tools which are suitable for the semilinear classical damped wave equation, such as L? — L? decay estimates with
additional regularity for initial data for the global existence part or scaling arguments for the blow-up part (namely, the
so-called test function method, cf. [11]). Unfortunately, this tools are not suitable when the behavior of the semilinear
model in (1) is closer to the semilinear wave equation (6 nonnegative and “small”) and we expect to find as critical exponent
a shift of Strauss exponent. Therefore, it might be useful to derive results and tools which are widely employed to deal
with the classical wave equation.

After this preface, we understand why it could be useful to derive an explicit integral representation formula for the
solution of the linear wave equation with time-dependent damping and mass term in the scale-invariant case. More
specifically, in this paper we will derive an explicit representation formula for the solution of the linear Cauchy problem

utt—Au—l—lLHut—i—ﬁu:f(t,x), xz €R™ t>0,
’LL(O,IL') = Uo(l'), S an (3)
ut(Ov'r):ul(z)a ‘TG]an

where u, 22 are non negative constants.

In the series of papers [26, 27, 33, 28, 34, 29, 30, 31, 32|, many representations formulae for solutions of Cauchy problems
for linear hyperbolic PDEs with variable coefficients have been derived. The general scheme is substantially the same: the
representation formula is obtained considering the composition of two operators. The external operator is an integral
transformation, whose kernel is determined by the time-dependent coefficients and/or by lower order terms, while the
internal operator is a solution operator for a family of parameter dependent Cauchy problems (this is somehow a revised
Duhamel’s priciple). In particular, if the considered PDE is a wave equation with time-dependent speed of propagation,
then, this solution operator maps a given function into the solution of the Cauchy problem for the classical free wave
equation with the given function as first initial data and with vanishing second initial data.

Using Yagdjian’s Integral Transform approach, we will provide an explicit representation formula for the solution of (3)
in all spatial dimensions. More specifically, we begin by studying the one-dimensional case; then, we get the representation
formula for odd dimensions via spherical means’ method and, finally, by method of descent we find the representation
formula for even dimensions.

Let us state the main results of this paper. We start with the case n = 1.

Theorem 1.1. Let n = 1 and let p,v? be nonnegative constants. Let us assume f € %ﬁj([o, ) x R) and up € 6%(R),
u; € 8(R). Then, a representation formula for the solution of (3) is given by

1 u
u(t,z):—(1+t)75(u0(:c+t)+u0(:c—t \/_/ ) Ko(t, z;y; p, v*) dy
T+t— b
/ (ui(y) + puo(y)) K1 (t, 7395 1, v dy+ / / VE(t,2;b,y; p,v°) dy db,  (4)
f r—t+b

where the kernel functions are defined as follows

) o 15 Vo —(y—z
Bt a3,y %) = (1407573204 ) 5T0 (040427 — (r-0)?) 7 F (150,150, (505000 (5)
0
Ko(t, myy; p,v?) = —= E(t,2;b,y; 2‘
0(,1',%#,1/) Gb (,:L', 7y"u7y)b:0, (6)
Ki(t,z;y; p,v?) = B(t, 730, y; p, v°) (7)

and F(a, B;7; z) denotes Gauss hypergeometric function.

Before stating the representation formula in the multidimensional case, let us introduce the following notations: if
f = f(t,x) is defined for t > 0,2 € R™, then, we denote by w[f] = w[f](¢, z;b) the solution to the parameter dependent
Cauchy problem for the free wave equation

’LUtt*A’LU:O, $€Rn,t>0,
w(0,z) = f(b,z), z€R", (8)
w(0,z) = 0, z € R,

with parameter b > 0. When the function f depends only on the spatial variable, the Cauchy problem depends no longer
on the parameter b, namely, if ¢ = p(z), then, w[p] = w[y|(t,x) denotes the solution to the Cauchy problem for the free



wave equation

’LUtt*A’LU:O, $€Rn,t>0,
w(0,z) = p(z), zeR", (9)
we(0,2) =0, x € R™.

Assuming that the function f (resp. ) is sufficiently smooth with respect to the spatial variable, then, the representation
formula for w[f] (resp. w[y]) is well-known and depends on the parity of n (see for example [6, Section 2.4]). More precisely,
when n > 3 is an odd integer it holds

e = oo (2)(22) T <t“ Fo f(b,z>daz> ,
el = oo (2)(22) T (t f.. w<z>d02> ,

while if n > 2 is an even integer, then,

= () (i) (t” fo T dz) |

wlgl(t, ) = — (%) (%%) N <t” ]iw) @ |f(_2);c|2)1/2 dz) ’

where f , denotes the integral average over A and j!! is the double factorial, which is defined for any j € N, j > 1 by

(10)

e Jj(G—=2)---1 if j is odd,
I j(G—2)---2 if j iseven.
We may now state the representation formulae in the multidimensional case. We consider separately the case when n
is an odd integer and the case when n is an even integer.

Theorem 1.2. Let n > 3 be an odd integer and let i, v? be nonnegative constants. Let us assume f € | ([0,00) x R™)
and ug € CGTI'TH‘H(R"), uy € CGHTH(R") Then, a representation formula for the solution of (3) is given by

-4 1 ' 2 1 ' 2
u(t,) = (14 ) Fuluol(t0) + —my / wluo)(5,2) Ko (1, 0: 5510 ds + s / wlu + po)(s, ) K (1, 0 5; 1y v2) s

t t—b
b / / W[F)(s, 3 D)L, 03,53 1, v2) ds b, (12)
0 0

where wlug], wur + puol and w(f] are defined by (10).

Theorem 1.3. Let n > 2 be an even integer and let p, v* be nonnegative constants. Let us assume f € €311([0, 00) x R™)
and ug € G2 12(R"), uy € B2TH(R™). Then, a representation formula for the solution of (3) is given by (12), but with
wlug], wlur + pug] and w[f] defined in this case by (11).

The paper is organized as follows: in Section 2 we prove Theorem 1.1 considering first the inhomogeneous problem
with vanishing data and, then, we use this case to study the corresponding homogeneous problem with nontrivial data; in
Section 3 we consider the odd dimensional case and we prove Theorem 1.2; in particular, we use the method of spherical
means to associate this case to the one-dimensional one; in Section 4 we consider the even dimensional case and we use
the method of descent so that we reduce the problem to the one considered in Section 3; finally, in Section 5 we point out
some final remarks to our results and the relations of (4) and (12) with the representation formulae for other models with
variable coefficients.

2 One dimensional case

In this section we will prove Theorem 1.1. Since the Cauchy problem (3) is linear, we may consider separately the case
with vanishing initial data and the homogeneous case. In particular, we will show that

. . 1 t x+t—b
uh = i (t, ) = —/ / f(b,y)E(t, z;b,y; p, v*) dy db, (13)
2v3 Jo T—t+b



solves

2
utt—uerT%uth(lJ”r—t)Qu:f(t,x), zeR, t>0,

u(0,2) = 0, ek, (14)
ug(0,2) =0, z € R,
while
1 w
uh:uh(t,x):5(1+t)75(u0(:c+t)+u0(:c—t \[/ ) Ko(t, z;y; p, v*) dy
1 -+t )
o [ )+ () K dy (15)
solves

utt—um—i-#tut—i—(lj’r—i)gu:o, z€eR, t>0,
U(O,.’L’) = ’U/O(‘T)a MRS R; (16)
u (0, ) = up(x), x €R.

The remaining part of the section is organized as follows: in Subsection 2.1 we prove some fundamental properties of
the kernel function E = E(t,z;b,y); then, in Subsection 2.2 we prove that v solves (14) in the classical sense (punctually);
finally, in Subsection 2.3 we use the representation formula for the inhomogeneous problem with vanishing data in the 1d
case to derive a representation formula for the corresponding homogeneous case.

2.1 The kernel function and its properties

In this subsection we investigate some properties of the kernel function E = E(¢,x;b,y). Let us begin by proving that E
is a solution of the corresponding homogeneous wave equation with scale-invariant damping and mass with respect to the
variables (¢, z).

For the sake of readability,we introduce the function

(t—=0)?*—(y—x)?
t+b0+2)2—(y—x)%

z=z(t,x;b,y) =

Proposition 2.1. Let b€ [0,t] andy € [t —t +b,x +t —b]. Then,

02 0? n 0 2
Z = E . . 2y _ . .
(3152 8x2+1+t8t+(1+t)2) (t,x;0,y; 4,v7) =0 (18)

Proof. Let us remark that for b € [0,¢] and y € [x — ¢t + b,z + ¢ — b] it holds z = 2(¢,x;b,y) € [0,1). In particular, we may
compute the hypergeometric function in (5) without considering the analytic continuation. Let us begin by computing the
derivatives of E involved in (18).

Representation of 02 E(t,x;b,y; u,v?) and O, E(t, x;b,y; p, v?)

Using the identities

Vo—1 Vo-1_q
OH(t+0+2%—(y—2)?) 7 =(o-D)t+b+2)(t+b+2)*—( )
VE—1 Ve-1_q

R(t+b+2)?2—(y—2)?) 7 =(o-1)(t+b+2)?—(y—12)?) 2

F(VE-D)(WV-1-2)t+b+22(t+b+2)%— (y—2)?) =

oF (17\/5 1-4s, 1'2) =F. (172\/3’ 172\/551%2) %,

O2F (L8 1=V6. 1. ) = F,, (128 16, 9z ’ F. (154,15 \[12 0%
i )= (98 5e) () +F- (55 ) 5



we may calculate 92 E(t, z; b, y; p, v?). Straightforward computations lead to

2 1— V-1
i by o) = (TR (08T (12— ) F(155,150052))
by Ve L 1—V3 V-1
— (14D ETT (L4 E (4 b+2)° — (y—2)?) ?
2 2
0 (8] o )
+(_%+%ﬁ)(_g 14 452 \/_)1+t (172\6;172\/57172)
+(Vo-1)(t+b+2)? 2)?) 7" ( ‘2‘5;1;Z)
+(\/571)(\/57172)((t+b+2)2 (y—)?) 2 (t+b+2)° F(—@—l,—@—l;nz)
+2- 4+ 5V - D)+ (0427 — (- 0)?) T b+ 2)F(25E,155,0;2)

oy 1=VE -1 1— f 1— f 0z
24+ 50+ (152, 1580, ) =

F2VE 1) (t+b+2)2— (y—2)2) (t+b+2) Fz(lfﬁ,lfTﬁ;hz) %}

and, similarly, to

OF
E(ta x; bvy; M, 1/2)
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= 4D (1 ) ST (b 22— (y—2)?)
[P (1505000 o (- 5+ )4 (50,15 102)
+(\/51)((t+b+2)2(yz)2)_1(t+b+2)F(1_2\/5,1_2\/5;1;2)]. (19)

Representation of 02E(t, x;b, y; p, ?)

In order to calculate the partial derivative 02E(t, x; b, y; u, %), we will employ the following relations

VE—1 Vi-1_ g
Ou((t+b+2°—(y—2)?) = =(Vo-Dy—a)(t+b+2?>—(y—=2)?)" 7

Vi-1 Ve-1_o
R(t+b+2>2—(y—2)?) 7 =(6-DWVi-1-2)(y—2)*(t+b+2)?>—(y—2)%) *

Vi-1_q

—(Vo-D(E+0+2° —(y-2)*) T T
9,F (1*‘/3, 18, 1;z) =F. (—1*2‘/5, 18, 1;2) ey

2 2 ox
92F (=8 1=V3 F 1-V5 1-V35. 1. 0z (1= 1-v6 0%z
T ( 2 2 ,1,,2)— zz( 2 2 7172) % + z( 2 2 717'2)@
Then,
82 w VE—1
oz (hasboy i ?) = (L4 D) F=7 (1410) ((+p+22 - (y-2)2)77 F(152,15451;2))
VE-1

+(Vo-1)(V5-1-2) (t+b+2)° — (y—:E)Q)_2 (y —x)? F(1—2\/5, %S;l;z)
S (VD) ((t+b+22— (y—2)?) F(1*2‘/5, =81,

+2(Vo - 1) ((t+b+2)° — (y—2)%)  (y— ) FZ(I_Q\/S’ 1_2ﬁ;1;z) %}




Combining now the expressions for the derivatives of E, we can now prove (18). Collecting the similar terms, we get

2 0? uw OF V2
e . . 2 _ . . 2 . . 2 E . . 2
at2 (t7‘r7b)y7/’[/)y ) 812 (t7‘r7b)y7/’[/’y )+ 1+t at (t’$7b7y7l'l”l/ )+ (1+t)2 (t7‘r7b)y7/’[/)y )
poy 1— po 1 VE—1
e L (S e (PR R R TR D
X % 2 B % 2 F (17\/5 1-V35 1 Z)
t Ox ZAozo 2 0w
0%z 9%z -3 102
+ o2 ox2 @2(-5+52) +u)1+1) ot
- 0 0
+2(Vo—1) (t+b+2)2 — (y — 2)?) ' ((t+b+2)a—’z—(y—x) a—z)]pz (1—2@%8;1;,2)

+ (2 4+ 5DV - D)+ p(VE- D)+ (E+0+2)° — (y— o)) (t+b+2)

—(Vo—1)?
+ (Vo1 ((t+b+2)2—(y —x)2)1}F (152,155;1:2) }

1— n 1— VE—1
AR ) R (b2 (v —2)?)
X % 27 % 2 F (17\/5 17\/5.1.2)
n o zz 5 v 9 b
0%z 0%z _10z
+[ﬁ@+(1\/5)(1+t) E

+2(V5-1) ((t+b+2°— (y—2)?) " ((t+b+2)% . %)]FZ (55, 155,1;2)

+ [(\/5— D2 ((t+0+2)?2— (y—2)?)

— (V-1 +0)7 ((t+b+2)2(yx)Q)l(t+b+2)}F(1_2 it

S
T
S
—_
N
~——
H.,_/
~—
DO
=

Next, we will use that F (1’2—‘/3, 1’2‘/5; 1; z) solves the differential equation

21— 2)Fe (358,158 02 ) + [1- (2= V6) 2| P (555,158,152 - (1*2“3)2F (358,55 12) =0, (1)

For this purpose, we need first to rewrite the terms in the right hand side of the chain of equalities (20) that multiply
= (1—\/3 1-3. 1.2) Fo(1=v6 1=V3.1..) and F (1—\/3 1-5,
zz ) ) ) z 2 ) ) )

1; z), respectively. Let us begin with the terms contain-

ing derfva‘givez of the function z = z(2t, x;b,y). By elemeQntalry 2coxiaputations we get

02 AL+ D) [(t—b)(t+b+2) + (y — )2

—(t,l‘;b, ) = 2 )

ot [(t+b+2)2— (y —2)?]

0%z 8(1+b)[1+t)((t+b+2)2—(y—2)?) =2(t=b)(t+b+2)+ (y —x)?)(t + b+ 2)]
= (t,z;b,y) = 3 ,
ot [(t+b+2)2— (y—2)?]

0z 8(1+b)(1+1t)(y—x)

a.. ,ZC;b, = PRI

5z (1 09) [(t+b+2)2— (y — 2)?]
0%z 8(14+b)(1+t)[(t+b+2)%+3(y — x)?]
) ,IL';b, = - .
gz 1750 [(t+b+2)2 — (y—2)2]”

Let us rewrite the factor that multiplies F,, (1_2‘/3, 1_2‘/3; 1; z) in (20). Using the identity

(A+B)*-C?)((A-B)*-C*) = ((A+0)’ - B*)((A-C)>-=B%) = ((B4+C)> - 4*)((B+C)* — A7)
= A* 4+ B* 4+ C* —24%2B? —2A%C% —2B?C?  forany A,B,C €R,



it follows

(5) - () - [(t+b+162(>12+b<):x>2}4
16(1 + b)2

T t+b+2)2 - (y— )]

{
{
16(1 + b)? {
{

T [t+b+22— (y— )]
= 16(1+b)2 B b2 — _ )2 b2 — _ )2
RS TE— [(A+6) =1 +0)* = (y—2)’][(A+1)+ (1+)* = (y )]}

_16(1+0)2[(t —b)? — (y — x)?]

— _ 22
[(t+b+2)2 = (y —2)2]° (22)
Since
A1) = [(t=0)? = (y—2)?][(t+b+2)* — (t=0)’] 41 +1)A+D)[(t—1)> - (y — 2)?] (23)
[(t+b+2)% — (y—2)?]° [(t+b+2)2—(y—=2)2]"
combining (22) and (23), we find
02\’ 0z 27 41+0)2(1 —2)
(&) (%) T OO+ — (-7 24
We rewrite now the factor multiplying F, (1*2‘/5, 1*2‘/3; 1; z) in the right hand side of (20). We remark that
&_&:16(1+b)[(1+t)((t+b+2)2+(y—:c)2)—((t—b)(t+b+2)+(y—x)2)(t+b+2)}
otz 0x? [(t+b+2)2—(y—x)2}3
_ 16040 [E+b0+2(A+1) - (E—b) + -2 (A+1) - (E+b+2)] _ 16(1 + b)?
[(t+b+2)2 = (y—2)?]° [(t+b+2)2 — (y —2)2]
and
0z 0z _ AQ+D)[E=b)E+b+2)+(y—2)?] | B1+b)(A+H)(y—x)
(0t 2) g~y m gy =trbe2) [(t+b+2)2 = (y —2)2]° W [(t+b+2)2— (y —2)2]°
:4(1+b)[(t—b)(t+b+2)2+(yf:r)Q((t+b+2)—2(1+t)}
[(t+b+2)2 - (y—2)?]°
B A(1 4 b)(t — b)
(b +2)2 - (y—2)?]
Therefore,
%—%4—(1—1—1?)_1%—2((t+b+2)2—(y—x)Q)_l((t-i-b—i—Q)%—(y—x)%)
_ 16(1 + b)? N AL+H)[E =)t +b+2)+(y—=2)®] 8(1+b)(t —b)
[(t+b+2)2 — (y —2)?]” A+ 0)[(t+b+2)% - (y —2)?]° [(t+b+2)2 — (y —2)2]
= 41 +9) b —b b —2)2—=2(t—b
(1+t)[(t+b+2)2—(y—x)2}2{4(1+)(1+t)+(t JE+b+2)+(y—x)* =2t —b)(1+¢)}
= 40+9) 4A40) 1+ + (t+b+2)2 =20 +b)(t+b+2) + (y —2)* —2(t —b)(1 + ¢
TEmTTr s S UL G R 2= 2(1+b)( )+ (y =) —2(t=b)(1+1)}
_ 4(1+0) B 2 _ 2ot —
_(1+t)[(t+b+2)2—(y—x)2}2{2(1+b)[2(1+t) t+0+2)] +(t+0+2)°+ (y—=x)* —2(t - b)(1+1)}
_ 4(1+b) . 2 )2 .
f(1+t)[(t+b+2>27(y7$)2}2{2(1+b)(t b)+(t+b+2)>7+ (y—a)> =2t —b)(1+1t)}
= 41+9) S{ =20t —0)+ (t+b+2)°+ (y—2)*} (25)

T+t [(t+b+2)2— (y— x)?]



and

(1+t)1%+2((t+b+2)2(yz)2)1<(t+b+2)%(yz)%>

ot ox
_ Ay ntb )+ y-2?®] 81+ b))
A+ 6)[(t+b+2)% - (y—2)?]° [(t+b+2)% — (y—2)?]°
B 4(1 +b) L a2 -
- (1+t)[(t+b+2)2*(yf:c)2f{ E=0C+0+D =~y =P 2000 +9)
_ 4(1+b) 2{(t—b)2—(y—z)2}: 4(1+b) 2 . (26)

A+t +b0+2)%— (y—)?] L+t +0+2)* = (y —2)?]
Moreover,

(t+b+2)2—2(t-b)2%+ (y —z)?

Lo2e= (t+b0+2)?%—(y—a)? @7
Also, combining (25), (26) and (27), we have
% - % +(1—\/5)(1+t)’1% +2(Vo 1) ((t+b+2)% (y—x)Q)_l((t—i-b—i—Q)% —(y—a) %)
B 4(140) (1 — 22) 4V5(1 4+ b) 2
4O+ +2)2 - (y—2)2] A+ [E+b+2)2— (y—2)?]
_ A+ [I-224 Ve ] 40 +b) [1- (2 V)2 (28)

A+)[E+b+22—(y—=2)?] (A+0)[(t+bd+2)2—(y—x)?

which is the factor that multiplies the term F, (1_2‘/3, 1_2‘/3; 1; z) in (20). Finally, we determine the factor multiplying
F (%S, 1_2‘/3; l;z) in (20), namely

2 2 2\ 1 t+b+2Y e (1+15)
o2 ) (lliﬂ) (vo-1) A+0)[(t+b+2)2— (y— )]
_ 4(1+b) JE1n2

B (1+t)[(t+b+2)2—(y_$)2]( 5 (29)

Summarizing, if we plug (24), (28) and (29) in (20), we arrive at

O*E 2p u OF 2

—(t, 23, y; 1, V) — — (t, 23 b,y i, v?) + ————(t, 250, y; p, v°) + —— E(t, 23 b, y; 1, v°

5 (L b i vT) = o (b ’y’u’y)+1+t6t(’z’ ,y,u,V)+(1+t)2 (t, z;b,y; 1, v7)
4(14b)

= o] {z(l —2)F.. (172\/37 1—2\/5; 1;z) +[1-(2- \/E)Z} F. (172\/5, %ﬁ; 1;2)

(1+t)[(t+b+2)2—
(LY (155, 155,12 } _o,

where in the last step we used (21). This completes the proof (18). O

So far, we proved that the kernel function F is a solution of the homogeneous wave equation with scale-invariant
damping and mass with respect to (¢,2). As consequence, we prove now that E is a solution of the adjoint equation of the
homogeneous wave equation with scale-invariant damping and mass with respect to (b, y).

Corollary 2.2. Letb € [0,t] andy € [t —t +b,x +t —b]. Then,

H? 0? w 0 ptv? 2
(@_8_112_1+b%+(1+t)2)E(t’x’b’y’u’V)_O' 0

Proof. Let us begin by remarking the identity

E(t,x;0,y; 1, v°) = (1 4+ 0)*(1 + ) " E(b, y; t,x; p, V%),



Hence, Proposition 2.1 implies

0’E _,0°E
a—?ﬁ(t,x;b,y;u, v?) = (1 +b)(1+1) “a—yg(b,y;t,w;u,lﬁ)
[ 02 JTRG) v?
=({1+br1+1) “[@4’ 1+b%+ (1+b)2]E(b,y;t,z;u,y2)
[ 02 JTRG) v? _
=({1+br1+1) “[% + 15500 + 5l +b)2] ((1+b) “(1+t)“E(t,:c;b,y;u,l/2))
H — 0 —p—1 9 —p—=2
=1+bH*[(1+0) %f2u(1+b) %+u(u+1)(1+b)
+ (1 + b)*‘“% — (14 b) T (1 + b)”] E(t, x;b,y; p, %)
0? w0 pu+v?
= | — — — E(t. z:b. y: 2
|:ab2 1+b8b+(1+b)2] (,IL', ,y,u,y),
which is exactly (30). O

Lemma 2.3. Let b € [0,t]. Then,

OF OF " "
[E(ta x; b7 Y K, 1/2) - %(ta xT; b7 Y5 K, 1/2):| + 2\/5_2:“(1 + t)_i_l(l + b)i = Oa
y=x+t—b
OF OF " b
[E(ta X b7 Y K, 1/2) + %(ta xT; b7 Y K, 1/2):| + 2\/5_2:“(1 + t)_i_l(l + b)i = 0.
y=x—1t+b

Proof. Using the identity F,(a, 8;7;2) = O‘TﬁF(a +1,84+ 1;9+1;2), by (19) it follows

oF . 1-V3 5 Vio1
S (bmbyp ) = (L) ET=T () 5T (4042~ (v~ 2)°)

x [(1 VA0 (E—b)E+b+2) + (y—2)2) ((t+b+2)* — (y — x)2)*2F(3—¢5 3-v3. 9. z)

+ (= 5+ 158) 1+ 0T F(5E, 155,12

+(\/5—1)((t+b+2)2—(y—x)Q)‘l(t+b+2)F(1ﬂ,lﬁ;l;z)}
As z(t,z;b,x £ (t — b)) = 0 and F(a, 8;;0) = 1, then,
OF
———(t b . 2
57 (123043 1, 07) (i)

=2V (14 0) 5 (L )5 [23(1 ~ VOt —b)+ (— &+ 158) 1 +b) +272(VE - 1)(t+ b+ 2)]. (31)

On the other hand,

E b 1o p -
?9_55(t,:c;b,y;u,u?)=(1+b)f*Tﬁ(1+t>*f+ o, ((t+b+2?% - (y— )

~—
o
L
n
/N
=
|
él

1-V3. 1.
2 577172))

-5 . 3 VE—1
— (1 + D) (05 (4 b+2)° — (y—2)?) °

+(Vo-1) (t+b+2)°—(y —x)2)_1 (y—x)F(lf‘/g, RESVR 12)]

Lo (t+b+ 2)% — (y — x)2) En

X
o
~~

T
i~}
S
T
=
=
w
~—
Q3|®
ISR

X 20 = VE2A+B)A+1) ((t+b+2)2 — (y—2)2) " (y fx)F<3"/S 3*”;2;2)

S

+(Vo-1) (t+b+2)%—(y— ,7:)2)71 (y — x) F(k2 , 172‘/3; 1;2)]
implies

aa—f(t,x;b,y;u, ) = 42V L1+ b)E (14 4)" 5! {2—3(1 — V)2 (t—b) +272(V6 — 1)(t—b)]. (32)

y=x+(t—b)



Consequently, combining (31) and (32), we have

oF
(t x; b,y 1, v )$%(t,$;b,y;u,l/2

ﬂ
ot y=x+(t—b)

=2Vl 4 ) s (14 t) B {23(1 VOt =B+ (— L+ YA+ b))+ 272V - 1)t +b+2)

— 2731 = V)2 (t —b) — 272(VE — 1)(t — b)]

= V0214 b) (14 4)" 5

which are the desired estimates. The proof is complete. [l

2.2 The inhomogeneous problem with vanishing data

In this subsection we prove that u'" is a solution of (14). Let us determine first the time derivative of u!®. Hence,

r+t—b
O (t, x) = 7 / </ Fb, ) E(t,z;b,y; pu, v?) dy)db
2 z—t+b

x+t—b E
2\/_//zt+b (tazbyu, ) dydb + \/_/fbx—i—t—b) (t, x50, 4+t — by p, v?) db

- _ ) _ L2
+2\/3/0f(b7x t+b)E(t,x;b,x —t + by u,v°) db.

Therefore, it follows immediately that u(0,z) = 9u®(0,z) = 0. It remains to prove that u" solves the differential
equation. Moreover,

Bt 20,0+ (- ) v?) = (1+ ) 5452 0+ 0) 5757 ((t+ b+ 2)2 — (t—b)2)$F(1*2‘/5,%§;1;0)
— A+ R0 4+ (1 b))$
=201+ 1) 51+ b)f (33)
implies
r+t—b OF
oy (t, ) 2f//xt+b (ta;byu, %) dy db
+§/0 [f(b,z+t—b)+ f(b x—t-l-b)](l—l—t)*%(l-kb)%db_ (34)

We may calculate now the second order derivative with respect to ¢. Differentiating the last relation, we get

5 i x+t—b OF
d;u (t,$)=2f/ (/m " Fo,y) 5 (G abyys v )dy)db

+ - / at([f(b z+t—b)+ f(b, x—t+b)}(1+t)—%(1+b)%)db+f(t,x)

r+t— b 2E )
= t,x;b,y; dy db
2\// /Z . atg(,w, s s v7) dy
OF 1 OF
+—/ [f(bvy)_(taw;bvy;:uaVQ)} db+—/ [f(bay)_(tvx;bay;MaVQ) db
2\/5 0 ot y=z+t—b 2\/3 0 ot y=x—t+b
I

=~

__/t [zt =b)+ fbz—t+0)](1+0)7 5 (1 +0)% b
0

“[of of Y
+ /O[—(b,z+tb)%f(b,xtﬁLb)](lth) (L+b)2db+ f(t,x). (35)

ox

N | —



The next step is to calculate the derivative of order two with respect to x of u'®. Let us begin with the derivative of order
one:

x+t— b t
. OFE 1
ih _ . . 2 _ . —_ b 2
dpu (t,w)fQ\// /I ” (tvsc,b,y,u,V)dyderQﬁ/o fb,x +t—b)E(t,z;b,x +t—b;pu,v*)db

f2_f/ fbyx —t+b)E(t,z;b, 2 —t + b; u, v*) db

z+t—b E
2f/ﬂ/t% 5o (b wsbyyip ) dy db
0

where in the second equality we used again (33). A further derivation with respect to x of the last expression provides

5 in r+t—b 2E
ozu(t, x) 2\[//It+b byGQ(t:pbyu, v?*) dy db

1 [t OF
f y t N T )} db— —= [f(b,y)—(t,:c;b,y;u, v?) db
f / |: y=x+t—b 2\/5 0 Ox y=x—t+b

*%/o [gi(b, . )%f(b,xt+b>](1+t)%(1+b)%db- (36)

Combining (13), (34), (35) and (36), we arrive at

O2u (1, ) — O2uM (1, ) + T%atu (t,z) + (1+t)2u it x)

TH+t— b o2 92 L ) 2 )
2\/—/ /1 - [w_@—i_qutat—’— (1+t) :| (t7$;b,y;M,V )dydb+f(t7$)

E © ©
f/ [ ( (t, ;b y; p, V7)) — 0 (tyw;b,y;uﬁ)+2ﬁ_2u(1+t)_7_1(1+b)7)] db
ox y=z+t—b

OF V§—2 —_B_q I3
(t, @b, y; 1, v?) + == (t, 5 b,y %) + 2V (1 4+ )72 71 (1 + 1) db.
2\/_/ |: ( Ox y=x—t+b

However, by Proposition 2.1 and Lemma 2.3 it follows that the all integrands on the right hand side of the last equality
vanish. Consequently,

O2uM(t, x) — DM (t, x) + 1it0tuih(t,x) + (1+t)2“ bt ) = f(t,x).

So, we proved that u'" solves (14).

2.3 The homogeneous problem with nontrivial data

In this subsection we will prove that u" defined in (15) is a solution of (16). For this purpose, we consider the function
w=w(t,z) =u(t,z) — ug(x) — tuy(z). If u solves (15), then, w solves (14) with

V2 V2t

f=ft,z)=ui(z) +tuf(z) — (( SUo () + 1+tm(m) + mm(m)) )

1+1)
Therefore, according to the representation formula derived in Subsection 2.2, we obtain

oHt=b V2 i v2b 9
w(t,z) = bu — — E(t,x;b,y; dy db
= o [ [+ 0t - (gt + T+ i) | Bt s P ay

L+ DL+ I3+ Iy + Is.




Now we will manipulate Iy, I5 in order to get the cancellation of some terms in the expression of w and, then, u. Let us

fm-i-t b //

begin with I; = 2% fo o—tgp U 0(y)E(t, 73 b, y; u, v?) dy db. Using twice integration by parts and Corollary 2.2, we find

x+t—b
/ ug(y)E(t, z;b,y; 1, v°) dy
x—t+b

OF y=x+t—b x+t—b 62E
= [UB(y)E(t,:c;b,y;u,VQ) — uo(y) 5~ (8, @b, yi VQ)] +/ uo(y )a > (3 b, y; 1, v%) dy
Y y=z—t+b z—t+b

) OF ) y=z+t—b z+t—b 92E
= [UB(Q)E@J;@Q;N’V )_UO(y)a_y(tax;b;y;M;V ):| +/ Uo ( )8b2 (t xZ; b Y u, v )dy

y=z—t+b —t+b
r+t—b )
12 oF v )
t,xz; b, E(t.z:b. v du.
+/m_t+b uo(y)[ 1+b8b( Z; 0,45 4, V )+(1+b)2 (t,z; ,y,,u,u)} y
Hence,
oF y=x+t—b
Il:— {uo E(t,z;b,y; u,v )Uo(y)—(t,z;b,y;%;ﬁ)} db
2\[ ay y=x—t+b
z+t—b E
t,x; b, , dy db
Qf/ /I b (%2( Y, v ) y
z+t—b OF
t,x;b,y; p, v”) dy db
2\/_//zt+b 1+b8b($ yi s v?) dy
z+t—b ,LL+ ,
t,x;0,y; dydb = J; + Jo + J3 + Jy.
2f//zt+b 1+b) E(t,2;b,y; 4 v7) dy 1t Ja+Js+Jy

Let us rewrite Js, J3 in a more suitable way. By using Fubini’s theorem and integration by parts, we get

ot=b 0’F 1 pett t—le—yl g2
Jo = t,x;b dydb = — t,xb dbd
2 2\[/ /z ‘b abQ ( 0,y 1,V ) Yy 2\/5 /zit ’LL()(y)\/0 3[)2 ( b,y 1, v ) Y
OF b=t—|z—y|
= u()[ (t,z;b,y; p, v )] dy,
2f b o
Js =~ t, ;b dydb = — 9P 1,0y ) dbd
° 2\/_/ /:E t+b 1+b ab( T y,ﬂ, ) Yy 2\/3 Tt uO(y)/O b ab ( y L3 ay7M;V ) Yy
b=t-le—yl wtt t—lz—y|
1 1 o[ u ,
- t, b, dy + —= E(t, z:b,y: dbd
2\/_ x—t uo<y)|:1+b ( :E y M, ):|b—0 y+ 2\/5 uo(y)/o ab( ) ()$7 7y7,u/al/ ) y
b=t—|z—y| z+t—b o
= t aba 2 2 // t, ,b, VN 2 dbdy.
2f/ [1+b<x y””)L_O W=7 ), ), W gy P ety ) dbdy

In particular, from the last relation we see that there is a cancellation between one term in J; and another one in Jy.
Combining the expressions for Js, J3 that we have just proved, we obtain

b=t—|z—y|

1 [ OE L 9
L=hh+J+J3+Js=l+— t,x;b, ——FE(t,x;b,y; dy — Is. 37
1 1+ 2+ 3+ 4 1+2\/g/z_t Uuo )|:ab( x; Yy u, v ) 1+b (a$7 7y7:ual/) b0 Yy 3 ( )

Now, we remark that

(e (1= ) = - (o = (1 —D)).



Hence, we have

y=x+t—b

t
/ {%(y)E(t,x;b,y;u, VQ)} db
0 y=x—t+b
t a a
= f/ L}b(uo(ertb)) (t,z;b,2 +t — by, v?) + %(uo(zt+b))E(t,x;b,zt+b;u,y2)}db
b=t
- {uo(z Ft=b)E(t,x;b0,x 1 —b;p, 1) +ug(x — £+ b)E(t, 256, — t+ b; p, Vz)]
b=0

—l—/t -u (ac—l—t—b)é(E(t x;b,x+1t—byp 1/2))—|—u (x—t—i—b)a( E(t,z;b,c —t+byu 1/2)) db
0 -0 b s by Uy ) oy 0 b Ie) )y 1y

= 2ug(x)E(t, z;t, x5 u, v*) + [uo(ac + ) E(t, ;0,2 + t; p, v?) +ug(x — t)E(t, ;0,2 — t; u, VQ):|

tr OF OF
+ [ uu( (1,3 b,y 1, %) — (MWMme} ab
o L ab (9y y=a+t—b

ET OF OF
+/ UO(y)(_(tax;bay;Ma V2)+_(ta$;b7y;:ual/2)):| db.
0 L ab ay y=x—1t+b

Since
-5 L 3 VE—1
TA+ETET (220407 TF

((t+2)2—t2)$F(1*‘/5 1—\/3;170) 9Vo— L1 4 1)%,

—~
T
S
T
S

-
=

SN—
I
DO

S
L
—~
wo
&z

E(t,z;t, o p,v?) = (141)72

H
N
S

B(t,r;0,x +t;u,0%) = (14+1)"2

plugging the right hand side of the last chain of equalities in J;, we get
OF
Ji = 2f/ [uo E(t, @b, y; p,v )—uO(y)a—y(t,x;b,y;u,V2)] o

= —uo(@) + (1 + 1)~ [uolz + ) + uoz 1)

OF
UO t Z; b Y, v ) 2_(ta$;bay;:ual/2)):| db
2f/ { ( 0y y=utt=b

oF
t €T b Y, v )+2_(ta$;bay;:ual/2)):| db. (39)
\/_ / |: ( ay y=x—1t+b

Before plugging this expression in (37), let us rewrite the integral term in the extreme b = t — |x — y| on the right hand

side of (37) in a more convenient way, namely,
T+t OE U
t, b,y e, L E(t,x;b,y; p, 2 d
/m “()[ab( Y V%) — T2 Y 1 )L_me y

—t

ot OE L
= — ——EB(t,z;b, y; p, V? d
/z uo(y ){ab(tw b, y; p, v°) 5 (t,z;b,y; p, v )]b_tﬂ_y y

‘ 23 H 2
+/ uo(y ){ (t,x;0,y; p, v )—E(tvx;b,y;u,l/)] dy
z—t b 1+0 b=t—z+y

K oF 1
= uO(:chtb){ (t, 2 b,y; p,v*) — ——E(t,z;b,y; 1, VQ)] dy
/0 b 1+b et

+/tu (=t +0) | 2E 1 b v?) — Bt 25 b, s 1, 1?) d (40)
0 0 b yYs 1y, V 1+b y L350, Y35 1y S Y.



Combining (37), (39) and (40), it follows

1 L
I + I3 = —ug(z) + 5(1 + )72 [ug(z + t) + uo(z — t)]
1 x4+t

oF I
— — —(t. by 2 = Bt x:b.y: 2 d
+2\[ o UO(y)|: ab(aza 7ya,uvy)+1+b (756, ,y,M,V) . Y

oF o
t b ) 2— t7 7ba 2 %) — —F t7 7ba 2 2 db
2\//[“0 ( — (23 b,y p, %) — ay(ﬂﬁ % 1+b(1; tu))L_Mb

OF 14
t, ;b 2= (t,x; b, y; p1, V%) — = B(t,x; b, y; p, v .
\[/ [UO < Lt wb, s p, V2 + Gy(’x’ S Y5 V) T+ (t, x; ,y,u,l/)>L_z_t+b

Next, we shall prove that the functions that multiply ug(y) in the last two integrals in the previous formula for I; 4 I3 are
identically zero on the domain of integration. Using the identities

0z 414+ [(y—a)* = (t—b)(t+b+2)]
—(t,z;b,y) = 5 ,

ob [(t+b+2)2 — (y — 2)?]

9z, . 8y —n)(d+t)(A+0b)

ay(t7 ,b;y) [(t+b+2)27(y—$)2}27

and the recursive relation for the derivative of a hypergeometric function, we get

OF u “y RZ1S1
= oy ) = (L) 575 AT (042 - (- 2)?)
_ _ 0z _
x {Fz(lﬁ,l Bitiz) o (5 +158) 1+ )R (58,158,
+(\/571)((t+b+2)2—(y—z)2) (t+b+2)F( 2‘/5 2‘/5;12)]
VE—1

E
2

=(1+t) 5t S (b2 — (y—2)?) 7
x {(1—\/5)2(14—1&)((3/—90)2—(t—b)(t+b+2))((t+b+2)2—(y—x)2)_2F (3*2\/5,%3;2;2«)

+(5+52) 0+ 'F (1}—‘/31*7‘/51,2)

(1+b)

+(\/571)((t+b+2)2—(y—z)2) (t+b+2)F( 2‘/5,17‘/5;1;2)],

8E u u VE—1
a—y(t,x;b,y;u,f):(lﬂ)" (14 b)st 5((t+b+2)2*(y*$)2) >

X FZ<172‘/S 1— ‘/_ i1 )Zz (\/51)(@+b+2)2(yz)Q)l(y:c)F<12‘/g,%g;l;z)]

E
2

(1+b) ((t+b+2)27(yf:c)2) 2

x| =201 =V (y— ) A+ ) (A +b)((t+b+2)> — (y—2)?) °F (3*2“3, 85, 2;,2)

— (\/5— 1)((t+b+2)2 - (y—x)Q)_l(y—x)F (1_—2‘/5,%3;1;2)],

VE-1
%H)E@,x;b,y;u,ﬂ) —p( 4 ) RS (02— (g 0)?) F(52,155,1:2)
Evaluating these functions in y =z + (¢t — b), we get
OF K K
St b,y )| = 2VA (1 ) E (14 b)E !
ap (2 yul/)y:ﬁ(t_b) (1+t)7 27 (1+b)
x [— 2731 = Vo2 (t—b) + (& + 58) A+ 6) + 2 2(Vo— 1)t + b+ 2)},
oF L L
S (b i) =32 (1) ) 270 = VB (- b) + 27 (VE - 1)t - b)),
Gy y=x+(t—b)
Bt @b,y )| = 2/ ) B (L b)E
1+0 y=x+(t—b)



Therefore,

oF oF 1
t,x; b, y; p, ) F 22— (t, 230,y p, v —Et,w;b,y;u,VQ)
( ' DF 25, )~ ) e

=21 E 0 25 + 5E) (1) + 27 (VE - 1)t +2) - p(1 + 1) =0. (41)

Summarizing, we proved

1 1 oF
L+ I3 = —uo() + 5 (1+t) [Uo(fﬂ‘f't)‘f'uo(x—t +—/ wo(y) | — = (&, 30,y 1, v%) dy
Vo Joy ob b=0

We consider now the term I = f fo f”t &) ul (y)E(t, x; b, y; 1, v2) dy db. We will proceed similarly as for I;. Integration

r—t+b
by parts leads to

x+t—b
/ bul (y)E(t,x;b,y; p,v*) dy
r—t+b

OF y=x+t—b r+t—b 82E
= {U’l(y) bE(t,w;b,y;u,VQ)ul(y)ba—y(t,w;b,y;uﬁ)} +/ ) ul(y)ba—yQ(t,w;b,y;u,VQ)dy
y=x—t+b r—t+

) OF ) y=x+t—b T+t—b aQE
= s ) — G vt [ G ) dy
Y y=x—t+b r—t+b

oft=b b OF +v2)b
+/ Ul(y>[ P 4 by %) + (M%E(t,w;b,y;u,lﬁ)} dy.

i 1+b ob (1+0b)
Thus,
1t OF y=ati=b
I =—/ [u y)bE(t, 33 b, 1, %) — s (y) b t,w;b,y;u,v2] b
e )~ ()b |
//Z'Hf b 2E(t b )d db
2f e abQ x; b,y p,v7) dy
x+t—b
pb OF 2
— b, y; dy db
2f//zt+b 1erab(,x, S Y; 11, v7) dy
x+t—b
NEETALS ) O
t,z;b,vy; dydb=J, + Jo + J3 + J4.
f//thrb 1+b) (756, ,y,M,V)y 1+ J2 + 3+4
Employing Fubini’s theorem and integration by parts, we get
" r+t—b 92E 1 T+t t—|z—y| 92E
Jo = t,x;b, dydb=— b t,x; b, dbd
5 2\/_//zt+b abz(fc y; 1, v%) dy " z_tul(y)/o abz(fc y; p, ) dbdy
OF b=t—|z—y| e t=le—yl 9|
= b t,x;b dy — — t,z;b dbd
N“uu[ab(z )| [ w [ St by
) b=t—|z—y|
= t,x;b,y; 1, E(t,x;b,y; u,v d
e L, [ sty - w>LO ’
x4+t
27/ ur (y)E(t, z;0,y; p, v dy+ / [ —— (t, 23 b,y p, %) — E(tyw;b,y;uw?)] dy
AL x—t b=t—y+=x
1 OFE
+— u b——(t, z: b, y; pu, %) — E(t, z;b,y; ,1/2] d
Qﬁﬂl(y){ab( yip,v7) = Et. s,y n )thyy
OE )
E(t,x;0,y; p, v )dy+ ulz+t*b)b (t, 256, y; i, v*) — E(t, ;0,95 p, V%) db
2\[ ob y=x+t—>b
E
/u1 —t+b) b — (t, 23 b, y; 1, v°) — E(t, ;0,95 1, V%) db
f ab y=x—t+b



and

z+t—b b OF . ) dudh t—|z—y| b )
Js 2f/ /Z s +bab(,w, Y s v) dy / 559 b(tvsc,b,y,u,l/)dbdy
b b=t—|z— y| t lz—yl 9 ub
- P2 Bt by, = (£ ) Eg, ,
2\, - ul(y)LH, (t, 250,95 py v )L_O 2\// 35 ( b) 3 b, y; p,v°) dbdy

1 x4+t ‘LLb )
=— u1(y) {—E(t,x;b,y;u,v )} dy
2V0 Jors 1+b b=t—|a—y|

1 T+t t—|z—y| ,LLb )
— — L) E(t, ;b y;

r—t
T+t
= ——FE(t,x;0b, , / —Etwb , d
2\[/ |: +b ( siLy ):| b=t—y+x y 2\[ |: ( it ):| b=t—z+y Y
x+t—b
,Ub 2
t,x;b,y; u,v°)dydb — I
2\/_//115-‘1-17 1+b) B vipo ) dy !
w (@t b)[—b E(t, 2:b, )] / _t+b) {—b E(t, 2:b, )} d
_ — , u € )
2‘/_ ! L+b sy szrtby 2‘/_ ! 1+b sy yrtery
x+t—b
,Ub 2
t,x;b,y; 1, dy db — I4.
2\/_//$t+b 1+b) Bt 230, ym,07) dy !

Let us consider J;. Since

t y=z+t—b
/ {ua(y) bE(L, 30, y; p, VQ)] db
0 y=x—t+b
t a a
= /0 {ab(ul(ertb)) bE(t,:L';b,ert—b;M,y?)Jr%(ul(x—ter)) bE(tvx;b;l'ter;M,l/Q)]db
b=t
[m(:chtb)bE(t,w;b,ertb;u,y2)+m(:ct+b)bE(t,z;b7$t+b;u7V2)}
b=0

t
0
+/ [ul(x—i—t—b)—(bE(t,x;b,x—i—t—b;,u,Z/Q)) +u(z—t+b)—= 0
0 b

. _ . 2
- (bE(t,a;, bz —t+ b, v ))]db

Vs ! 2 oE 2 222 2
= =27 tu(x) + | | ua(y)| B 23by;0,07) + b (8,256, 1,07) = b (8 230, 5 0, 77) db
0 Y y=xz+t—>b

t
OF OF
+/ [M(y) (E(t,w;lhy;u,lﬂ) +bE(t,w;b,y;u,V2) + ba—y(tw;b,y;u, VQ))} db,
0

y=x—1t+b

where in the last step we used (38), then,

- 1t ) OE y=eeh

J = — )y (y) bE(t, z: b, y; 1, V%) — ui(y) b—=— (¢, 23 b, y; ,u2] db

1 2ﬁ/ [1(31) (650,30, v7) = (y) b (8, 736, 3 )FHM
OF OF

:_tul / ul tl’byﬂa )+b_(ta$;b7y;:ual/)_2b (t‘rbyﬂa ) db
ab dy ot
y=x+t—b
ok 9 oF 9
\[/ |:’U/1 ( t z; b, Yy, v )+b%(tvx7bay7ﬂay )+2ba_y(ta$7b7y7:ual/ )):|y_zt+bdb.

Summarizing,

L=J+do+Js+Js
1 x+t
=55/, ul(y)E(t,x; 0,y; i, v?) dy — tuy () — Iy — I5

OF ub
t,x;b — 20— (t,x; b, y; 2y _ D o 2
2f/ [ ( 5 (b2 b,y 1) gy @by ") = o Bl @by v ))L » bdb

OF 1)
t,z:b, 2 L B, 2:b,y; 1, V2 )
2f/ [ ( ( z;b,y; p, v°) + ba (t, ;b y; p, %) — 53 (tw,b,y,u,V))L_IHbdb



Using the identity (41), from the last equality we get

1 T+t
L+L+I;=— / u1(y)B(t, z;0,y; p, v?) dy — tug (). (43)
2\/8 x—t

Finally, if we combine (42) and (43), we arrive at

w(t,:r):11+12+13+14+15
I3

1 _u et OF )
= —uo(e) — tur(@) + 5(1+1)72 [uo(z +1) + uolz — ¢)] +ﬁ/z_t uo(m[—%(mb,y,u,y) W

1 x+t
W /z_t (u1(y) + puo(y)) E(t, 2; 0, y; 1, v7) dy.
So, we proved that u" defined in (15) solves (16).

2.4 Final remarks on the 1d case

Combining the results from Subsections 2.2 and 2.3, we see that v = u" 4 u!® is a solution of the Cauchy problem (3) for
n =1 as stated in Theorem 1.1.

Let us remark that for y = 2 = 0 we have § = 1 and F(0,0;1;2) = 1, so that E(t,2;b,4;0,0) = 1. This means that
(4) coincides with d’Alembert’s representation formula for ;1 = v? = 0. As in d’Alembert’s representation formula for the
classical wave equation, in the one dimensional case we have no loss of regularity for the solution in comparison with initial
data. However, differently from d’Alembert’s representation formula, we have that the first data appears, in general, also
in an integral term.

3 0Odd dimensional case
In this section we will prove Theorem 1.2 with the method of spherical means (see [8] for further details).

3.1 Spherical means

Let u = u(t, z) solve (3). We define
1

Wn—1

1
/ u(t,x + rw)do, = 7_1/ u(t,z)do, = ][ u(t, z) do,
w|=1 Wr—17" 8B, (z) 8B, (z)

where w;,_1 is the (n — 1)-dimensional measure of the unit sphere of R and, analogously,

L [u](t,x) =

I Juj](z) i][ uj(z)do, for j=0,1.
OB, (x)

Moreover, we introduce the operator €, as follows:

19\F1
- | == 2k—1
o) = (15) (P nes), (a4)
C(LONT :
ol = (15r) (P nlwl@)  for =01
where k satisfies the relation n = 2k + 1. We remark that the equality

L [unl(t, ) = ]gBT(I) wn(t, 2) do. = (%)2 ]ﬁ RGeS (%)2 (£t )

implies

Q[ (1 ) = <%£>kl(r2klb[utt](t,z)) - (%%)“ (ﬁkl (%)2 (Ir[u](t,:p))>
_ (%)2 (%%)H (= (L)) = (%)2@[“](1:,1;).



Similarly, one can prove

anitmhum3{§(§>Qmmam,

" [mu] (t,2) = m Q- [u](t, x).

Due to the linearity of the operator ., we get that §2,.[u] solves

9\ p (9 v
— | Q. — | = ] Q- [u](t, ——— Q. [u](t, z) = Q. [Au](t, Q. [f](t, x).
() e+ i () lul(tn) + s @) = 0 Al 0) + 2. 1f1(t)
Next, we shall express in a more convenient way the action of {2, on the Laplacian of u. This relation is well-known in the
literature, but we will prove it in few steps for the ease of the reader. Let us calculate the derivative of order 2 of I,.[u]. By
Green’s formula we get

5 1

1
It ) =

Wn—1

/ Vu(t,z + rw) - 9 (z+rw) do, = / Vu(t,z +rw) - wdaoy,
lw|=1 or |w|=1

Wn—1

1
S / Ault, z+rw)dw:71/ Au(t, z)dz
Wn—1 Jjw|<1 Wp 17" B, (z)

/ / u(t,w) do,, do.
Wn—17" BBQ(E)

A further differentiation with respect to r provides

2 r
(2) I [u](t, z) ;1/ Au(t,w)do, — n-l / / Au(t,w)doy, do
or Wn—1"""" JaB, (x) wWn—1T" Jo JaB,(z)

1 -1
- 7/ Ault, w)dow — =221 1t ),
9B, (z) or

Wp_1r—1 r

that is,

o\’ n—129
(E) L) + "2 S L) = ]i ) do = LAt )

The previous relation implies

(2 (£ (:2) - rsten- (2) ()
' 0 afumw]

1o\ ! 2
-2 2k-1( 9 2k—2
T(?r) [r (8)1[](t$)+2kr
(oY
or " ’

" or"
2k (( ) Lful(t,2) + " 851 [ ](t,x)ﬂ - (%%)H (251 ([ A (¢, 2))]

where in the second equality we used the identity

() Git) e =) (500)

whose validity can be proved by using an inductive argument (cf. [6, Lemma 2, Section 2.4.1]). If we introduce the function
v =v(r,t;x) = Q.[u](¢, x), then, v solves the following initial boundary value problem depending on the parameter € R™:

r[Aul(t, x),

O?v(r,t;z) — O%v(r, t;x) + Tow(r, tiz) + ﬁv(r, t;x) = Q. [f](t, ), t>0,r>0,
v(r,0;2) = Qr[ug](x), r >0,
O (r, 0;z) = Q- [ur](z), r >0,
v(0,t;2) =0, t > 0.

(45)



In order to get the boundary condition in (45), we employed the following formula

(; d) (16 ZB(“ o100 (46)

rdr

( ) = = (2k — 1)!! (see also, for example, [6,

where the constants {B](-k)}jzo,m k—1 are independent of ¢ and, in particular,
Lemma 2, Section 2.4.1]).

Since I, [u](t, z) can be extended to an even function for r» < 0, Q,[u](¢, z) has a natural extension as odd function with

respect to r for r < 0, due to (44). We denote the odd extensions of v, Q,[f] and Q,[u;] for j = 0,1 by
Bt ) = v(r, t; ) ?f r =0, Q, [f( %f r >0,
—v(—rt;z) if r <0, —rl if 7<0,

~ B QT [u]](ac) if
O fusl(a) = {_Q_T[uj] o i

respectively. Therefore, v solves the Cauchy problem depending on the parameter x € R™

OFV(r, t;x) — O20(r, %) + £500(r, 52) + i ti2) = Q[fl(t2),  t>0,reR,
o(r, 0; ) = Q- [uo) (2), reR, (47)
0o(r, 0;2) = Qp[ug](x), r e R.

Hence, (47) is a Cauchy problem for an inhomogeneous linear wave equation with scale-invariant damping and mass in the
one dimensional case. Thanks to Theorem 1.1, we have an explicit representation formula for v, namely,

o(r, t;x) = %(1+t)7%(ﬁr+t[uo](x)+§r t[uo](z 2\/—/ @) Ko(t,r; 55 1,v°) ds
r+t r+t— b
+ﬁ/r7t (Qs[ul]( ) 4 10§24 [uo) (z ))Kl(t rs 85 1, 1%) ds + f/ / i b, 2)E(t, r: b, 5: 1, ) ds db.

(48)
In the next subsection, we will apply a limit argument to (48) in order to derive a representation formula for (3) in the
odd dimensional case.

3.2 Representation formula via a limit argument

From (46) it follows that

1 .ot x)
(n —2)! rs0 1

. 1
u(t,z) = }%IT[U](t7 z) = }li% ﬂ(k) — A lul(t,z) =

Our strategy consists in using (48) in order to calculate the previous limit. We will consider separately the four addends
that appear in (48). Fixed t > 0, since we will calculate the limit as » — 0 we may assume without loss of generality that
r < t, thus,

L (@ eluol(w) + By afuo)(@)) = 1 (Queluo] ) — Qs luo)(@)) o> 22 Ufuol(a).

For the integral containing the kernel function Ky, we have

1 ’l“+t~ 1 t
] Buwl@ Rt ds = 1 [ S fual@)Kott ris + i) ds

T Jr—t TJ—t

1 - ~

t
= ;/ [Qerr[Uo](z)Ko(t,T; s+ 75, 07) + Qs fuo) (2) Ko(t, 75— + 73 1, VQ)} ds
0

/Ot % |:Qs+7"[u0](l') + QT_S[UQ](.T)} Ko(t,r;8 + 73 1, y2) ds,

where in the last step we used that Ko(t,7;s + 7; u, %) is even with respect to s; this follows immediately from the fact
that E(t,r;b, s + r; u,v%) is even with respect to s and from the definition (6). Letting 7 — 0 in the last expression we



have

1 7‘+t~
—/ Qsfuo)(2)Ko(t, 75 8 p,v%) ds

T Jr—t

:/ %[Qﬁr[uo}(x)*str[uo](fE) Ko(t,r;s +r;pu,v%)ds v-%?/ 58 s[uo](z)Ko(t, 0; s; p, v?) ds.
0

r—0

In an analogous way, K1(t,r;s + 7; 1, %) being an even function with respect to s, we get

1 r4+t . t
—/ Qalu + puo] () K (8,75 53 1, v%) ds —— 2/ % Qslur + puo)(2) K1 (¢, 0; 5 4, %) ds.
r r 0

T Jr—t

Finally, we consider the integral term involving the source term. It results

//Tmb f1(b,2)E(t,r;b, s, v*) ds db = = //Hb Qstr [f1(b,2)E(t, 730, 5 + 73 py %) ds db

t+b

= / / Qorr[f1(0, 2)E(t, ;0,5 + 3 1, v?) +(~2T_S[f](b,$)E(t,r;b,—s—i—r;u, VQ)} dsdb

/ / Qstr[f](b, ) +QT_S[f](b,:E)]E(t,r;b,s—|—r;u, v%) ds db,

where in the last step we used the property E(t,r;b, s +1;u,v?) = E(t,r;b, —s+1; u, v?). Consequently, letting r — 0, we
have

r4+t— b
/ / b, x)E(t,r;b,s;p,v*) dsdb
r—t+b

:/0 /Ot b% {st[f](bax) - Qs—r[f](b,l')}E(t,T;b,S + 7 p, ) dsdb — 2/ /t ' 90 L) E(L, 0;b, : 1, 1) ds db.

r—0

Summarizing, we proved

L ¢
(n—2)u(t, x) :}%M = (1+t)_%%Qt[uo](x)+ ﬁ/o %Qs[uo](z)Ko(t,O;s;u,VQ)ds
+— ! t 6 Qsfug + puo] (x) K (t,0; 85, v%) ds
ol )y s 058 4
+ ;/ /t béﬂ [f](b, x)E(t,0;b, s; u, v*) ds db (49)
Vi1 [y Jo o 0s TR '

According to what we recall in the introduction, more precisely the representation given in (10), we have

wlel(t.2) = gy 37 lello)

So, (49) implies easily (12).

4 Even dimensional case: method of descent

In this section we prove Theorem 1.3, by using the so-called method of descent. Let us consider u = u(t, x) solution of (3)
when n > 2 is an even integer. Then, we can consider formally u as a function defined on [0, 00) x R"*1 by setting

u(t,z,rpy1) =u(t,r)  forany t>0,(z,2,41) € R™TL

Then, u solves

_ 1 - — 2 — r
Uit — Z;Lil Uz jz; + T—l%ut + (1:—75)2’“ = f(t,$,$n+1), ($,$n+1) € Rn+1, t> 05

’CL(O, $7$n+1) = ’U/O(ZE, $n+1)a (.’L',.Tn+1) € Rn—i—l, (50)
(0,2, Tpy1) = U1 (T, Tnt1), (2, Zp41) € RPTY

where
fio(@, Tni1) = Up(@), 1 (2, 70s1) = ur(z)  forany (z,@ap1) € R,

ft,z, xpq1) = f(t, 2) for any ¢ >0, (z,2,41) € R"TL



Due to the fact that n+1 is an odd integer, we can use Theorem 1.2 to get a representation formula for u. Let us underline
that u depends only formally on x,1, so we can consider without loss of generality the restriction of u on the hyperplane
{241 = 0}. For the sake of readability we will denote by B,.(z) the ball around z with radius r in R**! and we will keep
the usual notation for balls in R™. According to (12) and (10), we have

1o\ )
7 ar " u n d 2,z
(t 6t> ( ]éétu,o) ol 2nv1) 4o, "“)>
-1
( ) <s"1 ][ ) UO(Z,Zn+1)dO'(Zyzn+l)> Ko(t,0; 55 u,v%) ds
OB;(x,0)
10\2"
s 0s
21-V3 1o\*"
(n—1 ”/ / 5 0s

The next step is to rewrite the surface integrals in R**! as domain integrals in R”. We remark that

u(t,x) = u(t,z,0)

g1 ][ ] (412, 2n+1) + piio(2, Zns1)) do‘(zyzn+l)> K1(1,0; 5: 0, %) ds
OB (x,0)

st ][ fb, 2, 2011) do 2 | E(L,050, 851, v?)dsdb. (51)
8B (x,0)

OB, (x,0) = {(yayn-i-l) ER"™ iy =" — |y — $|2)1/2} :
Therefore, 0B, (x,0) N {(y, Yns1) : Yni1 = 0} is the graph of the function
7y € Brlw) = y(y) = (% — |y —af)'/?

and, similarly, 9B,(2,0) N {(y,Yn+1) : Yns1 < 0} is the graph of the function —v. Since,

V1) =13 _(|yy—_f;)|2)1/2,

if ¢ is a function defined on R™ and ¢ denotes its trivial extension as a function of n + 1 variables (we have in mind the
cases in which ¢ is equal to ug, w1 or f(¢,-)), then,

e _ 1 2 _
! ][ B (ID(Z, Zn+1) da(z,zn+1) = (p(z Zn-i-l) dU(Z Zn41) (,D(Z, ’Y(Z)) 1+ |V’Y(Z)|2 dz
8B, (x,0) 8B, (z,0) WnT J B, (z)

(2) _ 2wn ][ ©(2)
= — dz r" dz,
/ |y—$| )12 wan () (P = ly —x|?)1/?

where the factor 2 in the second step is due to the fact that dB,.(x,0) consists of two hemispheres. It is well-known that
the measure of the (n — 1)-dimensional unit sphere of R™ is

Wp—1 =

where T' is the Euler integral function of the second kind. Consequently, using the recursive relation I'(z + 1) = 2I'(2)
iteratively and the values I'(1) = 1, I'(3) = /7, we get

dos _ 2 D) 3 L1 2 2o DE (o
(%) _ﬁn"T_Q~”T_4~~§~F(1) Vn 273 (n — 2)11 nll

Wen /TN -

Therefore,

n-1 . (n— 1! n][ o(2)
r P 2 Znt1 do Z,2n = T dz.
Fop 20 o) e = S f o B



Hence, applying the previous relation to (51), we get finally

9 B n UO(Z)
E) (t ]fw @ —Ty—ay
2l=V3 rt /g g\ %1 . wo(2) )
+ nl! /O <%> %) 8 vas(z) (527 |y71,|2)1/2 dz K()(t,O,S,/l,I/ )dS
21=Ve g\ 10\ 1(2) + puo(2) ,
T /o<a> 5%) ]ism( —Jy —aP >1/de Ki(t,0; 551, %) ds

91-v35 t—b b 2) 2
dz | E(t,0;0, s; dsdb.
T // <5S s@s ]és — |y — z[2)1/2 z (t,0;b,s;1,07) ds

So, combining (12) and (11), we proved Theorem 1.3.

u(t,x) = u(t,z,0) = %(1 +t)_% (%)

5 Final remarks

In this section, we list some straightforward consequences of Theorems 1.2 and 1.3 and some relations/connections of the
representation formulae in (4) and (12) with representation formulae for other hyperbolic equations with time-dependent
coefficients.

Loss of regularity First, we remark that in the multidimensional case n > 2 we have a loss of regularity for the solution
of (3) in comparison with the regularity of initial data, differently from the one-dimensional case. Indeed, according to
Theorem 1.2 in the odd dimensional case we have a loss of regularity of order ”T_l, while in the even dimensional case the
loss of regularity has order 4, according to Theorem 1.3.

Domain of dependence From (4) and from (12) (combined with (10) and (11)) we see that the domain of dependence

in the point (o, x0) € [0,00) x R™ for the solution of (3) is
Q(to, o) = {(t,:c) € [0,00) x R" : t € [0, t0], |z — o] < (to — t)}.

In other words, u(tg, z¢) depends on the value of f in Q(tg, zo) and the values of ug, u; in Q(to, z9) N {t = 0}. So, in the
case of scale-invariant models from the representation formulae that we proved in this work we found in a different way
a property that is known to be true in a more general frame for hyperbolic models (see for example [22, Theorem 2.2 in
Chapter 1]).

Finite speed of propagation of perturbations Of course, we may change our prospective and analyze how the initial
data and the source term influence the behavior of the solution. Let us assume that ug,u; are compactly supported in
Bpr(0) and that supp f C Kr = {(t,z) € [0,00) x R" : |z| < R+ t}. Then, the solution itself has support contained in the
forward conical domain Kg. This follows immediately by (4) and (12). Indeed, in order to get not identically vanishing
integrands in (4) and (12) or an actual influence of the traveling wave for n = 1 or from the wave (1 + t)~ 2 w[ug|(, z) for
the multidimensional case, it must hold (¢,2) € K necessarily. So, we have shown the validity of the property of finite
speed of propagation of perturbations with constant speed 1 (also in this case the result is already known in the literature,
e.g. [22, Corollary 2.3 in Chapter 1]).

Huygens’ principle In general, we have seen the existence of a forward wave front in the case of compactly supported
initial data and of source term supported in the conical domain correspondingly. However, in the case of a homogeneous
problem (f = 0) a backward wave front is not present generally, even in the odd dimensional case. If we denote

WY (4 ) = 27 1+ )72 (uo( + 1) +ug(z — 1)) if n=1,
’ <1+t>-%w[uol<t z) it n>2,

\/_ \/_ x4+t
/ y) Ko(t, x5y p, v?) dy +27V° (u1(y) + puo(y)) K1 (t, w5y, 0°) dy - if m=1,

unHuy (t IL' r—t

21- ‘[/ wlug)(s, ) Ko(t,0; s; p, v?) ds 4+ 21~ ‘[/ wluy + puol(s, ) K1 (t,0; 85 u,v%)ds  if n>2,

then, in the term w™"Y we have the existence of a backward wave front set in the odd dimensional case, that is,

suppu™ C {(t,x) € [0,00) x R" : t — R < |z| < t + R},



while in general for ™™ this is not true. We said in general, as in some special cases the kernel functions K and K
may have simplified expressions. For example, when i, v? satisfy the condition § = 1, then, the expression of the kernel E
is simpler than the general case, namely,

E(t,x;b,y;p,0%) = (1+1)"%(14b)%.
Therefore, for § =1 and n > 3, n odd we get

W (1ONT ([,
unH“y(t,x) = ﬁ(l +i)72 <%§> <tn f?Bt(I) (ul(z) + %UO(Z)) dUZ) )

where we applied simply the fundamental theorem of calculus due to the facts that wly](s,x) is the s-derivative of a
certain function involving spherical means in (10) and Ko(t,0; s; u, v?) = —£(1+ =5, Ki(t,0;8u,0%) = (14+t)~% do
not really depend on s. Also, when § = 1 and n > 3 is odd, the term w1 provides a backward wave front as well
and, hence, Huygens’ principle holds. Curiously, in the one dimensional case even in the very special case § = 1 not only
Huygens’ principle but also the so-called incomplete Huygens’ principle fails. The incomplete Huygens’ principle, that was
introduced in [30], means the presence of a backward wave front for the homogeneous equation when the second data uq
is identically 0. This is due to the presence of the integral terms in (4) which do not cancel each others for § = 1 even
though u; =0 and f =0.

Connections with other hyperbolic models We point out now that the range for the parameters of Gauss’ hyper-
geometric functions in (5) is somehow related to the range of the corresponding parameters for the representation formula
of the solution to the Cauchy problem for the Klein-Gordon equation in the anti-de Sitter space-time with complex mass,
namely,

wy — 2 Aw + M?w = g(t,x), *€R"t>0,
w(0,z) = wo(z), x € R™, (52)
1Ut(0710 ::101(z)5 T € H{n,

where M € C. In fact, considering the change of variables
1+t=e", 7 =log(1l +1¢)
and the transformation
u(t,z) = e_%Tv(T, x),
we have that u solves (3) if and only if v solves

n+3
UTT—e%Av—gv:e z "f(e”" —1,2), x€R™ 7>0,

U(va)::ZUO(z>a T e E§"7

07 (0,7) = £ g (2) + i (), x € R™.

In particular, the case § = 0 corresponds to the massless case M = 0 in (52). So, it is not surprising to find (%, %; 1) as
parameters in (5), having in mind the corresponding representation formula for the solution of the wave equation in the
anti-de Sitter space-time (cf. [33, equations (1.2) and (1.6)]).

On the one hand, for § > 0 the Cauchy problem (3) can be transformed in a Cauchy problem as in (52) with an
imaginary mass. Therefore, we find that (1_2‘/3, 1_2‘/5; 1) are real parameter as in the corresponding representation for the
solution of (52) (cf. [28, page 682]). According to [16], the case § > 0 corresponds to the dominant damping case. Thus,
we have that the dominant damping case for the scale-invariant wave equation is related to the Klein-Gordon equation in
the anti-de Sitter space-time with imaginary mass. On the other hand, the case § < 0 (classified as Klein-Gordon type
case in [16] for the scale-invariant model) is related in the same way to the Klein-Gordon equation in the anti-de Sitter
space-time but now with positive mass. Hence, it is not surprising that in both cases we find an analogous situation for

the parameters of the hypergeometric function: indeed, there exists a complex number with nontrivial imaginary part that
% V=3 for

appears in the hypergeometric function in the first two parameters. More precisely, these complex numbers are
(3) and 1 +iM for (52), cf. [34, equation (0.20)].

However, Klein-Gordon equation in the anti-de Sitter space-time (or de Sitter space-time if we consider the backwards
Cauchy problem) is not the only equation which is related to (3). Besides the previous case, we may consider a different
change of variables and transformation of the dependent variable in the case § € (0, 1], namely,

p=14+V35

T+t=(1+7) o= +1)y and v(r,y) =1+t =2 ult,z),




where { = 1}_‘6/3. Then, u solves (3) if and only if v solves

vrr — (L4700 = 1(1 4 1) =2 D12 (1 L 1) — 1 (04 1)y), yeR", 7> 0,
U(Oa y) = Uo(y), ) S Rn,
vr(0,y) = E=50 (0 g Dyug((+ 1)y) + (€ + Dua (¢ + 1)y), y € R

Employing the representation formula given in [19] for the solution of the Cauchy problem

wy — (1 + 1) Aw = g(t,x), =€ R"t>0,
w(0, z) = wo(x), r eR”, (53)
wi(0, z) = wy(x), x eR”,

it is possible to find the representation formula for (3) in the one-dimensional case. In turn, the representation formula
for (53) in the case n = 1 is obtained in [19, Section 4] by following the works [26, 31] on the generalized Tricomi equation
(Gellerstedt equation). For a summary overview on Yagdjian’s Integral Transform approach applied to several hyperbolic
equations with variable coefficients, one can see also [29).

Future applications of the representation formulae In the forthcoming paper [21], the representation formulae
which are derived in this work will be applied to study the blow-up dynamic of the semilinear wave equation with damping
and mass terms in the scale-invariant case and with nonlinearity of derivative type |Opu|P.
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