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ABSTRACT. In this article we describe a new method to construct fun-
damental solutions for operators with variable coefficients. That method
was introduced in [11] to study the Tricomi-type equation. More pre-
cisely, the new integral operator is suggested which transforms the fam-
ily of the fundamental solutions of the Cauchy problem for the equation
with the constant coefficients to the fundamental solutions for the op-
erators with variable coefficients.
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1. Introduction

In this article we describe a new method to construct fundamental solutions
for operators with variable coefficients. We also give a brief survey of some
results obtained by that method, which was introduced in [11] to solve the
Cauchy problem for the Tricomi-type equation. Later on it was applied to
several partial differential equations with variable coefficients containing some
equations arising in the mathematical cosmology. More precisely, a new integral
operator is suggested which transforms the family of the fundamental solutions
of the Cauchy problem for the equation with the constant coefficients to the
fundamental solutions for the operators with variable coefficients. The kernel
of that transformation contains Gauss’s hypergeometric function.

This method was used in [5, 6],[11]-[15] to investigate in a unified way sev-
eral equations such as the linear and semilinear Tricomi and Tricomi-type equa-
tions, Gellerstedt equation, the wave equation in Einstein-de Sitter spacetime,
the wave and the Klein-Gordon equations in the de Sitter and anti-de Sitter
spacetimes. The listed equations play an important role in the gas dynamics,
elementary particle physics, quantum field theory in the curved spaces, and
cosmology. For all above mentioned equations, we have obtained among other
things, fundamental solutions, the representation formulas for the initial-value
problem, the L, — Lg-estimates, local and global solutions for the semilinear
equations, blow up phenomena, self-similar solutions and number of other re-
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sults.

The starting point of our approach is the Duhamel’s principle, which we
revise in order to prepare the ground for generalizations. It is well-known that
the solution of the Cauchy problem for the string equation with the source term

f. flz,t) € C=(R?),
Ugp — Uge = f(x,t) in R%, u(z,t9) =0, w(x,to)=0 inR, (1.1)
can be written as an integral
t
u(z,t) :/ v(x,t;7)dr
to

of the family of the solutions v(z,t; 7) of the problem without the source term,
but with the second initial datum

Vit —Vge =0 in R? w(x,7;7) =0, wv(x,7;7) = f(x,7) inR.

Our first observation is that we obtain the following representation of the
solution of (1.1)

t t—7
u(zx,t) = / dT/ w(z,z;7)dz, (1.2)
to 0
if we denote 1
’U)(.’L‘,t,T) = 5 [f(l‘—‘rt,T) +f($ _t7T)]7
where the function w = w(z;t;7) is the solution of the problem
Wy — Wee =0 in R?, w(x,0;7) = f(x,7), wi(z,0;7)=0 inR. (1.3)

This formula allows us to solve problems with the source term if we solve the
problem for the same equation without source term but with the first initial
datum. We claim that the formula (1.2) can be used also for the wave equation
with z € R"™, for all n € N. (See, e.g, [11].) More precisely, it holds also for
the problem

ug — Au = f(z,t) in R"M w(x,tg) =0, wus(z,tg) =0 in R",
with the function w = w(x;t;7) solving
wyy — Aw =0 in R"™ w(x,0;7) = f(x,7), we(x,0;7) =0in R™. (1.4)

Note that in the last problem the initial time ¢ = 0 is frozen, while in the
Duhamel’s principle it is varying with the parameter 7.

The second observation is that in (1.2) the upper limit ¢ — 7 of the inner
integral is generated by the propagation phenomena with the speed which is
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equals to one. In fact, that is a distance function between the points at time ¢
and 7.

Our third observation is that the solution operator G : f —— u can be
regarded as a composition of two operators. The first one

WE: f+—w

is a Fourier Integral Operator (FIO), which is a solution operator of the Cauchy
problem with the first initial datum for wave equation in the Minkowski space-
time. The second operator

K: w+—u

is the integral operator given by (1.2). We regard the variable z in (1.2) as a
“subsidiary time”. Thus, G = K o WE and we arrive at the diagram:

WE
f

w

&k

u

Our aim is, based on this diagram, to generate a class of operators for which we
will obtain explicit representation formulas for the solutions. That means also
that we will have representations for the fundamental solutions of the partial
differential operator. In fact, this diagram brings into a single hierarchy several
different partial differential operators. Indeed, if we take into account the
propagation cone by introducing the distance function ¢(t), and if we provide
the integral operator with the kernel K (¢;r,b) as follows:

t lo(t)—(b)]
Klw](z,t) = 2/ db/ K(t;r,bw(x,r;b)dr, xe€R"™ t>1ty, (1.5)
to 0

then we actually can generate new representations for the solutions of the
different well-known equations. Below we illustrate the suggested scheme by
several examples.

1.1. Klein-Gordon equation in the Minkowski spacetime

If we choose the kernel K (t;r,b) as

K(t:r,b) = JO( (tfb)27r2>, (1.6)
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where Jy(2) is the Bessel function of the first kind, and if we choose the distance
function as ¢(t) = ¢, then we can prove (see Theorem 1.1 below) that the
function

t t—b
u(z,t) = /t db/o Jo (x/(t —-b)?— 7‘2) w(z,r;b)dr, z € R, t > 1o,
0

solves the problem for the Klein-Gordon equation with a positive mass equals
to 1 in the one-dimensional Minkowski spacetime,

Ust — Uge +u = f(x,t) in R?  u(z,to) =0, wux,ty) =0 inR,

provided that w(z, ;) is a corresponding solution of the problem for the wave
equation in the Minkowski spacetime. We emphasis that the function w =
w(x,t;b), with b regarded as a parameter, and the function v = u(z,t) solve
different equations. This is a fundamental distinction from the Duhamel’s
principle.

Now if we choose the kernel K (¢;,b) as

K(t;rb) = 10( (t—b)Q—r2>7 (1.7)

where Iy(z) is the modified Bessel function of the first kind, and the distance
function as ¢(t) = ¢, then the function

¢ t—b
u(z,t) = / db/O Iy (\/(t —b)2 — 7’2) w(z,r;b)dr, x € R™, t > to,
to

solves the problem for the Klein-Gordon equation with an imaginary mass in
the one-dimensional Minkowski spacetime,

Upt — Uge —u = f(x,t) in R%  w(z,to) =0, wu(x,tp) =0 inR,

provided that w(z,r;b) is a corresponding solution of the problem (1.3) for
the wave equation in the one-dimensional Minkowski spacetime. According
to the next theorem the representation formulas are valid also for the higher
dimensional equations. The proof is by straightforward substitution.

THEOREM 1.1. The functions u = uge(x,t) and uzy,(z,t) defined by

t—b
uRe(z,t) / db/ Jo (t —b)? —r2) w(x,r;b)dr, z € R", (1.8)
to
t—b
Um (2, 1) / db/ Io (t —b)? —7’2) w(x,r;b)dr, x € R", (1.9)
to

= |M]|, are solutions of the problems
ugr — Au+ M?*u = f(x,t) in R"™ wu(a,t) =0, ue(z,to) =0 in R™,
with M? > 0 and M? < 0, respectively. Here w(x,t;b) is a solution of (1.4).
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DEFINITION 1.2. The integral operator (1.5) is said to be a generator of the
solution operator for some equation if the operator G = KoWE gives a solution
operator for that equation.

1.2. Tricomi-type equations

The first example linking to the operator with the variable coefficient is gener-
ated by the kernel K (¢;7,0) = E(0,t;r,b), where the function E(x,t;r,b) [11]
is defined by

Bz, tir,b) = o ((6t) +0(0)* = (w=1)°) "

(6(t) — ¢(b))* — (= — ?")2>
XF {v,71; , 1.10
<7 T + o) = (@) 10
with 5 := 55, o = (k4 1) ¥/ D271/ () "9k — | € N'U {0}, where N is
the set of natural numbers, and the distance function ¢ = ¢(t) is

Ik
t) = ——th*! 1.11
8(t) = gt (1.1)
while F(a, b; ¢; C) is the Gauss’s hypergeometric function. Here we assume that
2k € NU{0} but later on we consider the case of I € R. It is proved in [11] that
for an integer non-negative [, for the smooth function f = f(x,t), the function

t P (t)—¢(b)
wz,t) = 2 / db / o(t) + 6(0)2 —12)
T
T

((
(4(t) = ¢(b))
(@(t) + (b))

solves the Tricomi-type equation

uy —t'Au= f(z,t) in R :={(2,t)|z € R", t >0}, (1.12)

2 _ .2
xF (’y,'y; 1; 5 2) w(z,r;b)dr, >0,

and takes vanishing initial values
u(z,0) =0, wuz,0)=0 inR" (1.13)
1.3. The wave equation in the Robertson-Walker

spacetime: de Sitter spacetime

The next interesting example we obtain if we set K (¢;7,b) = E(0,¢;r,b), where
the function E(x,t;r,b) [17] is defined by

E(x,t;r,b) = ((67b +e ) —(z— r)2)

L1 (et —e P (g
X F (2’ 5’1» (e ttet)?—(z r)2> ) (1.14)
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and ¢(t) := e~t. For the sake of simplicity, in (1.14) we use the notation
2?2 =z -2 = |z|? for z € R™. It is proved in [17] that defined by the integral
transform (1.5) with the kernel (1.14) the function

t e
u(z,t) = 2/0 db ;
11 (et—e®)2—92
xF (2,2;1; (T 2 w(z,r;7)dr

solves the wave equation in the Robertson-Walker spaces arising in the de Sitter
model of the universe (see, e.g. [8]),

1
2

- ((e—b +e—t>2 _ r2)

uy — e~ Au= f(z,t) in RV,

and takes vanishing initial data (1.13).

1.4. The wave equation in the Robertson-Walker
spacetime: anti-de Sitter spacetime

The third example we obtain if we set K (t;r,b) = E(0,t;r,b), where the func-
tion E(z,t;r,b) is defined by (see [18])

Nl=

E(x,t;r,b) = ((eb +e)? - (z— 7")2)

11 (e =) —(z—r)?
x F (2,2’1a (€t+eb)2 _ («T—T’)2>7 (115)

while the distance function is ¢(t) := ef. In that case the function u = u(z,t)
produced by the integral transform (1.5) with ¢g = 0 and the kernel (1.15),
solves the wave equation in the Robertson-Walker space arising in the anti-
de Sitter model of the universe (see, e.g. [8]),

uy — e Au= f(z,t) in RTT.

Moreover, it takes vanishing initial values (1.13).

1.5. The wave equation in the Einstein-de Sitter
spacetime

If we allow negative [ € R in (1.10) and, in that way, simplify the Gauss’s
hypergeometric function of the kernel of the integral transform, then we obtain
another way to get new operators of the above described hierarchy. In fact, in
the hierarchy of the hypergeometric functions F (a,b;¢; () there are functions
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which are polynomials. This is a case, in particular, of the parameter a = —m,
where m € N. More precisely, if m € N, then | = —4m/(2m + 1) > —2 and

2
F(-=m,—m;1;¢) =" (m(m_l)“"(mﬂ_”)) z". In that case we choose the

n=0 n!

distance function ¢(t) = (2m + 1)t 777 and the kernel K(t;r,b) as follows

K(t;r,b) = Cm;<m(m—1)...(m+1_n)>2

n!
X ((Qm + 1)2(tﬁ + bﬁ)2 - r2)7 B
x ((2m + )27 — b r2>n . (1.16)

Thus the integral transform K allows us to write the representation for the
solution of the equation

__4m .
U —t 2T Au = f in RT’l.

Moreover, in the hierarchy of the hypergeometric functions the simplest non-
constant function is F (—1,—1;1;¢) = 1+ ¢. The exponent [ leading to the
function F' (—1, —1;1; () is exactly the exponent [ = —4/3 of the wave equation
(and of the metric tensor) in the Einstein & de Sitter spacetime. In that case
of m = 1 the kernel K (t;r,b) of (1.16) is K(t;7,b) = 1% (9¢/3 + 9b?/3 — r2).
Consequently, the function

t 3tH/2—3pt/%
u(z,t) = /o db/0 18 ((3t1/3)2 + (3b1/3)2 — T2> w(zx,r;b)dr, (1.17)

x € R™, ¢t >0, solves (see [5]) the equation
uy —t7YPAu=f in R, (1.18)

and takes vanishing initial data (1.13) provided that the function w is the
image of f, that is w = WE(f). Because of the singularity in the coefficient
of equation (1.18), the Cauchy problem is not well-posed. In order to obtain
a well-posed problem the initial conditions must be modified to the weighted
initial value conditions.

In fact, the operator of equation (1.18) coincides with the principal part
of the wave equation in the Einstein & de Sitter spacetime. We remind that
the Einstein & de Sitter model (EdeS model) of the universe was first proposed
jointly by Einstein and de Sitter in 1932. It is the simplest non-empty ex-
panding model with the line-element ds? = —dt? + a2t*/? (dx2 +dy? + dzg).
The covariant linear wave equation with the source term f written in these
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coordinates is

oN® s o\ 20
<8t) DD <axi) vtV =T

i=1,2,3

The last equation belongs to the family of the non-Fuchsian partial differential
equations. There is very advanced theory of such equations (see, e.g., [7, 10]),
but according to our knowledge the weighted initial value problem suggested
in [5] (see (1.19) below) is the original one. Assume that f(z,t) € C°(R"™ x
(0,00)), and that with some ¢ > 0 one has

|0 f (z,t)| + [t0,0° f (x,1)] < Cot*=2 for all z € R™, and for small ¢ > 0,

and for every a, 3, |a| < [§]+2, |B] < [§] 4+ 1. It is proved in [5] that the
function
1

t 3t1/3—3gpt/3
o(x,t) = = db/ b(9¢%/3 + 9b*/3 — 12w (z, ;) dr
0 0

solves the problem

— Y3 A+ 27y = f(x,t), t>0, x € R",
{W v be = fla,1) (1.19)

%H% W(z,t) =0, tlll% (M/}t(xvt) + w(f,t)) =0, z e R",

provided that the function w is the image of f, that is w = WE(f).

2. The fundamental solutions of the operators

In this section we apply the method from the previous section to construct the
fundamental solutions of the operators for the above listed equations. They
are hyperbolic equations and therefore they have the fundamental solutions
with the support in the forward or backward light cones. First we consider the
string equation. In order to write the fundamental solution with the support
in the forward light cone we look for £ € D’(R?) such that

Eit — Epe = 0(x — x0)d(t —to) in R2, supp& C {(x,t) |t > to, = € R}.

Then &(x, t; zo,to) = E(x—x0,t—1t0;0,0). For all n € N we denote by D(xg, to)
the forward light cone D(xg,to) := {(x,t) € R" ||z —zo| < (t —to)}. Tt is
well known that &(x,t; xg,t0) = 1/2 if (x,t) € D(xg;t9) and E(x, t;20,t9) =0
otherwise. We follow the approach of the previous section and rewrite this
fundamental solution in the following way:

t—to )
Ew tixorty) = H(t—to) / £ (3 — 20, 2) d,
0
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where H(t — tp) is the Heaviside step function. The distribution
- 1
ESTING (1) = 3 {6(x+t)+d(x—1t)}
is the fundamental solution of the Cauchy problem for the string equation:
gtsttring _ g;;rmg _ 07 gstring($70) — (S(SC), 5:tring(x7 0) = 0.

The string equation is partially, in direction of time, hypoelliptic, that implies
gstring ¢ C°(Ry; D'(R,)). Hence, for every test function ¢ € C§°(R), we
have

t—to )
<E(rtito)p()> = H(t—to) / < £ 1) o) > de.
0

Thus, the forward fundamental solution of the operator is given by the integral
transform of the fundamental solution of the Cauchy problem for the wave
equation corresponding to the first datum.

We can generate a class of equations which allows explicit representation
formulas for the fundamental solutions. Indeed, if we provide the integral
transform with a kernel as follows:

[o(t)—¢(to)]
E(x,t;x0,t0) = H(t —tg) / K(t;r,b)EY(x — g, r)dr,
0

z € R", t € R, then we get the representations for the fundamental solutions
of the wide class of partial differential equations equations. In particular, if
we plug in the integral transform the kernels used in the previous examples,
then we obtain the corresponding fundamental solutions with the support in
the forward light cone.

2.1. Klein-Gordon equation in the Minkowski spacetime

If we choose the kernel K (¢;7,b) (1.6) and choose the distance function as ¢(t) =
t, then it can be easily verified (see Theorem 2.1 below) that the distribution

t—b
(o tiasto) = Ht—to) [ o (ViE= D7 =12) €7@ — o, r)dr.
0

z € R", t € R, is the forward fundamental solutions for the Klein-Gordon
operator with a positive mass equals to 1 in the Minkowski spacetime,

(07 = A+1) E(m, t; 20, to) = 0(z — 20)8(t — to) in R™™, supp & C D(o, ty),

provided that £**v¢(x,t) is the fundamental solution of the Cauchy problem
corresponding to the first datum with the support at the origin, for the wave
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equation in the Minkowski spacetime. We emphasis that the distributions
E(z,t;xo,to) and EV*¢(z,t) solve different equations.

If we now choose the kernel K (t;r,b) (1.7) and the distance function as
@(t) = t, then the distribution

t—to
E(x,t;m0,t0) = H(t — to)/ Iy ( (t—0)?— 7“2) EV(x — xo,7)dr,
0

rz € R", t € R, is the forward fundamental solutions for the Klein-Gordon
operator with an imaginary mass in the Minkowski spacetime,

(07 — A = 1) E(m, t;20,t0) = 0(z — 20)8(t — to) in R, supp & C D(xo, to).
The following theorem can be easily proved by direct substitution.
THEOREM 2.1. The distributions Ere(x,t;z0,t0) and Exm(x,t; xo,to) defined
by
t—to
Ere(m, t;x0,t0) = H(t — to)/ Jo (m (t—0)?%— r2) EV(x — mo, T)dr,
0

t—to
Exm(z, t 0, t0) = H(t — to)/ Io (m (t—b)2— 7"2) EVW(z — xo,1)dr,
0

z € R", t € R, are forward fundamental solutions for the Klein-Gordon oper-
ators with a real and an imaginary mass

02— A+ M?* inR",

with M? > 0 and M? < 0, respectively. Here m = |M| > 0 and EY*¢(z,1)
is the fundamental solution of the Cauchy problem corresponding to the first
datum with the support at the origin, for the wave equation in the Minkowski
spacetime.

2.2. Tricomi-type equations

If we now choose the kernel K (¢;7,b) (1.10) and the distance function as (1.11),
then it is proved in [11] that &(z,t; xo, to) is the forward fundamental solution
for the Tricomi-type equation (1.12):

(d)(t) — ¢(t0))2 - 7ﬁ2 wave

z € R", tg >0, with the support in the forward light cone
D(zo,to) := {(z,t) € R ||z — zo| < ¢(t) — p(t0)}-

xF (%7;1;
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2.3. Klein-Gordon equations in the Robertson-Walker
spacetime

The integral transform and, in particular, its kernel and the Gauss’s hyper-
geometric function, open a way to establish a bridge between the wave equa-
tion (massless equation) and the Klein-Gordon equation (massive equation)
in the curved spacetime. Indeed, if we allow the parameter v of the func-
tion F'(v,v;1;2) to be a complex number, v € C, then this continuation into
the complex plane produces the fundamental solutions &4 (x,t; 2, ) for the
Klein-Gordon operator in the de Sitter spacetime as follows

e to et ) 1,
5+(x,t;x07t0) = 2H(t — to)/ (467t07t)21v1 ((6*750 + eft)2 _ 7’2) 5 —iM
0
1

1 (e7t0 — e=t)2 — y2
xF(f M, = +iM;1:
2 + 2 t (e7to 4 e71)2 — 2

)Ew‘“’e(x — xo,r)dr,

where the distribution £*¥¢(x,t) is the fundamental solution of the Cauchy
problem for the wave equation, while the non-negative curved mass M > 0 is
defined as follows: M? := "72 —m? > 0. The parameter m is mass of particle.
The fundamental solution E_ (z, t; o, to) with the support in the backward light
cone admits a similar representation. The fundamental solutions &, (z, t; zo, to)
and E_(z,t; o, tg) are constructed in [17] for the case of the large masses m >
n/2. The integral makes sense in the topology of the space of distributions.
The fundamental solutions for the Klein-Gordon operator in the anti-de Sitter
spacetime can be obtained by time inversion, t — —t, from the fundamental
solutions for the Klein-Gordon operator in the de Sitter spacetime.

Moreover, the analytic continuation of this distribution in parameter M
into C allows us to use it also in the case of small mass 0 < m < n/2. The
corresponding equation

uy —e 2 Au— Mu=0,

can be regarded as a Klein-Gordon equation with an imaginary mass. Equa-
tions with imaginary mass appear in several physical models such as ¢*
field model, tachion (super-light) fields, Landau-Ginzburg-Higgs equation and
others.

More precisely, for small mass 0 < m < n/2 we define the distribution
Ey(z,t5w0,10) by

g+(.’17,t; :CO;tO)

= 2H(t—to) /(;e_tue_t(zwtot)M <(6—t0 peh? o TQ)

1 —to _ ,—t\2 __ .2
xF(f—M,l—M;l;(e ) o
2 2 (e=to +e7t)2 —r2

—3+M

)5“”“’6(90 — xg, ) dr.
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2.4.

The above listed examples hint at some necessary condition on the pair ¢,
K(t;r,b) in order for that pair to produce a generator of the solution operator
for some partial differential equation.

THEOREM 2.2. Assume that the integral transform (1.5) with the distance func-
tion ¢ and the kernel K(t;r,b) generate the fundamental solution

[o(t)—a(to)]
g(.’IJ, t7 Zo, tO) = H(t - tO) / K(t7 T, b)gwave(m — Zo, ’f’)d’l",
0

z € R", t € R, of the partial differential equation

u — Y (@i (@, g, e, + (i@, ), +b(uy +c(thu=f  (2.1)
ij=1 i=1

with the real-analytic coefficients. Denote by Vi = Vi(t) and Vo = Va(t) two
linearly independent solutions of the ordinary differential equation

VbV +ct)V =0,  Vi(0)=1=V.(0), V/(0)=0=Vs(0).

Then the function K (t;r,b) satisfies the identity

; /¢<t>¢<b>l Kt byar — JAOVR(0) = ViO)Va(b) (2.2)
0

forall t>0b>0.

Proof. For every function f € C*(R x [0,00)), which for any given instant
t > 0 has a compact support in x, the function

t |6(t)—¢(b)]
v(z,t) = /Odb/o K(t;r,b)w(x,r; b)dr,

where w(x,r;b) =< EY*(x — -,r), f(-,b) >, solves the equation (2.1) and
takes vanishing initial data. It follows

V() = /nv(x,t)dx: /Ot db/()¢(t)_¢(b)lK(t;r, b) (/nw(x,r;b)dx) dr.

On the other hand,

/n w(z,r;b)de = F(b), F(b):= fx,b)dx.
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Hence,

V() = /OtF(b) (/0|¢(t)_¢(b)lK(t;r,b)dr> db.

At the same time from the equation (2.1) we obtain

& d
SV +b(B) 2V (0) + OV (1) = F (D).

Hence,
T Vi(D)Va(t) — Vi(t)Va(b)
V(t) = /0 () Vl(b)V;(b) — Vi’(b)Vz(b)

Thus, for the arbitrary function f € C*°(R x [0,00)) for all ¢ one has

‘ OO VOV — u@VaB)
/O( . f(x,b)dx)(/o K(t;r,b)dr Vl(b)VQ’(b)—Vl’(b)VQ(b))db_O'

The theorem is proven. O

db.

COROLLARY 2.3. 1) For the Tricomi-type equation and for the wave equations
in the de Sitter and anti-de Sitter spacetime the following identities hold:

f_b—9 %—% th+1 pk+1 2 ) s
T / Pl kel)

2

(L pk+1
k k k+1 ~ k+1

Met+2 2%+2 (tw

—b —t

e —€ 1 11 —t _ ,—b\2 _ .2
tszg/ ((efb+e—t)277ﬂ2) P p 575;1; (e e ) —r >dr,
0

et—eb 1 11 (etieb)Zi,I,Q
t—b=2 bpe ) 2R (o )4
A e R R g 2

t > b, respectively.

2) For the Klein-Gordon equation in the de Sitter spacetime we have b(t) =0,
c(t) = M? and the following identities hold. If the mass term M? is positive,
then

—b —t

%sinM(t —b) = 2/06 - (4e~b=t)iM ((e‘b 4ot _rg)

1
—5—iM

1 .1 . (et —e )2 —¢2
><F<§ + M, 3 +1M; 1; (e P Fe )y r2)dr.
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If the mass term M? is negative, then

—b

1. e M=ty —ty2 2\ "I
s M-y = 2 | (401 ((e te )fr)
1 1 (e7b —e )2 —y2
F(f—M,f—M;l; )d.
< (5= 1M1 g = ML o ) dr

These identities were used in [12] and [15] to prove a blow up phenomenon
for the semilinear Tricomi-type equation and the Klein-Gordon equation in the
de Sitter spacetime.

3. Estimate of the tail inside of the light cone. De Sitter
spacetime

In this section we consider the equation
ug — e 2 Au = 0. (3.1)

The forward and backward fundamental solutions for the operator of this equa-
tion are constructed in [17]. By means of those fundamental solutions, the
fundamental solutions of the Cauchy problem are given as the Fourier integral
operators in the domain of hyperbolicity, ¢ > 0, with the data prescribed at
t=0,

u(z,0) = o(z), u(z,0)=¢p1(z), zecR" (3.2)

The formula for the solution of this problem is given by Theorem 0.6 [17] with
M = 0. More precisely, the solution of equation (3.1) with the initial data o,
p1 € Cg°(R™), prescribed at t = 0 is:

ulwt) = etug(r,0() + 2/0 Vo (2, 9(t)5) Ko (6(t)s, 1) (1) ds

12 /O v, (2, 6(0)8) KL (6(8)s, (1) ds, @ € RT, t> 0, (3.3)

where ¢(t) := 1 — e~ ". Here the function v,(z,t) is a solution of the Cauchy
problem vy — Av = 0, v(z,0) = ¢(z), vi(z,0) = 0. The kernels Ky(z,1)

and Ki(z,t) are defined by Ko(z,t) == — [%E(z,t;(},b)]bzo and Ki(z,t) :=
E(z,t;0,0), respectively, where E(z,t;r,b) is given by (1.14). Thus,
Ko(Z,t)
1 11

e 1)2 _ 2
(=550 M)

(—e =/ Tre =2

- 1 11
—|—(1—6 2t+22)7F(—§,§;1
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and

1 11 1—et)2_ 52

It is important that the formula (3.3) regarded in the topology of the contin-
uous functions of variable ¢ with the values in the distributions space D’(R"),
is applicable to the distributions g, 1 € D'(R™) as well.

Recall that a wave equation is said to satisfy Huygens’ principle if the solu-
tion vanishes at all points which cannot be reached from the initial data by a
null geodesic, that is there is no tail. An exemplar equation satisfying Huygens’
principle is the wave equation in n+1 dimensional Minkowski spacetime for odd
n > 3. According to Hadamard’s conjecture this is the only (modulo transfor-
mations of coordinates and unknown function) huygensian linear second-order
hyperbolic equation. Counterexamples to Hadamard’s conjecture, which have
been found, do not change the fact that Huygens’ property is a very rare and
unstable, with respect to the perturbations, phenomenon. It is natural, there-
fore, to ask if there are other hyperbolic second-order equations which preserve
Huygens’ property approximately, in the sense that the tail which is left be-
hind the wave front is comparatively small. For the equation in the de Sitter
spacetime Huygens’ principle is not valid [17]. In this section we show the way
how our approach can be applied to derive the pointwise estimates of the tail.

We call the “tail” the part containing the integrals of (3.3), that is

T(at) = 2 / v, (1, B(1)) Ko((1)s, ) (1) ds
0
+2/0 Ve, (2, 0(t)s) K1(o(t)s, t)p(t)ds, =€ R"™, t>0.

Hence, T(z,t) = u(z,t) — e3 vy, (z,d(t)). The tail is of considerable interest in
many aspects in the physics, and in particular, in the General Relativity [4],
[9].

In this section we restrict ourselves to the case of one-dimensional z. For the
one-dimensional wave equation in the Minkowski spacetime Huygens’ principle
is not valid, and, consequently, one can not anticipate it for one-dimensional
equation in the de Sitter spacetime. But the last one reveals all difficulties and
technical details allowing to overcome those difficulties in the case of x € R"
with n > 2. The results for the case of n > 2 will be published in a forthcoming
paper. We start with a simple example.

EXAMPLE 3.1. Let wo(z) = H(z), p1(z) = 0, where H is the Heaviside step
function. Thenu(z,t) = Lez [Hx+1—e ")+ H(z—1+e")] —|—f01_e [H(z—

2)+H (z+2)]| Ko(z,t) dz and, consequently, T (z,t) = 01764' H(x—2)Ko(z,t) dz+
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1—e?

o H(x + 2)Ko(z,t) dz. Consider the point xo such that 0 < xp <1—e™t.
Then we have

| =

1 ‘ ZTo 176—t o
u(xo, t) = 565 +/ Ko(z,t)dz +/ Ko(z,t)dz = = +/ Ko(z,t)dz
0 0 0

t

while T(zo,t) = § — %e% + foxo Ko(z,t) dz = u(zo,t) — se2. In particular,

T (20, )|
|u(x07 t) - T(l‘o, t)‘

Zo
S e 26725/2/ Ko(z,t)dz < 2(1 — e7t/?),
0

lim  lim T@hl
t—ooz—(1—e—t)~ |u(x,t) — T(z,t)]

Thus, the tail dominates the huygensian part of the solution. If xo > 1, then
u(zo,t) = 1, while T(xo,t) =1 — et/2.

Suppose now that the initial data ¢y and ¢; are the homogeneous functions
wo(x) = Colz|™%,  ¢1(zx) = Cy|z|~°. (3.4)
The next theorem gives a pointwise estimate for the tail.

THEOREM 3.2. Consider the Cauchy problem for the equation (3.1), (3.2) with
n =1 and the data (3.4), where a,b € (1/2,1). Then in the light cone emitted
from the origin, that is on the set {(z,t)||z| <1 —e~t t > 0}, the solution,
and, consequently, the tail, satisfy

1 ;
|T(z,t)] = u(x,t)—iCmﬁ [|$+1—e_t\_“+|a;_1_|_e—t|—a}

ColC (1 + 1) e3te (1 + ef(1 — |z)) /270
+|C1|C (1 +1) e_%tebt(l + et(l _ |x|))1/2_b.

IN

Proof. The representation of the solution of the Cauchy problem for the one-
dimensional case (n = 1) of equation (3.1) is given by Theorem 0.4 from [17]
with M = 0. More precisely, the solution u = u(z,t) of the Cauchy problem
Uy — € gy = 0, u(z,0) = (), ug(xz,0) = @1 (x),
with g, 1 of (3.4), can be represented as follows:
1

u(x,t) = ¢ [goo(x +1l—e )+ polz—1+ e_t)}

1—e™t
+/0 [eo(z — 2) + po(x + 2)| Ko(z,1) dz
. —e {<p1($ —2) iz + z)} K(z,t)dz.
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Then, it is evident that the solution of the Cauchy problem with C; = 0 is
U(I,t) = 006% [|:E +1-— e*tra + ‘x — 1+ €7t|7a}
1—e™t
+CO/ [l = 2|7 + [& + 2|7 Ko(2, 1) d=.
0

Consider for x > 0 the first term in the last integral. It can be estimated as
follows:

t

l1—e™ 1—e~t
|/ |z —y| “Ko(y,t) dy S/ |z —y| 7| Ko(y,t)| dy
0 0

1—e?
. 1
- / |z~ —t\2 2 —0\2 2
0 [(1—e)? =y /(1+e ) —y

. 11 (1—e?)?—y?
V@ “DF(5 5 ey

+(1- et + y2)

If we denote z = e! and make a change y = e~ r in the last integral, then

1—et
[ st oldy
0
u z—1 a 1
= z / |z — 7|
0 [(z—1)2—r2]\/(z+1)%2 =12

[EREEE ==

1 11 (z—1)22—r2
S RIS el f (R P Sl : :
+(2-1+19)5F( - 55 ,(Z+1)LT2) dr (3.5)
Define two zones Z; (e, z) and Zs(e, z) as follows:
(z —1)%2 —r2
Zl(E,Z) = {(Z7T)‘(z—|—:[)2—1"2 SE, OSTSZ_]. s (36)
(2 —1)%2 —r2
= < <r<z-1
Zs(g,2) {(Z’T)‘E_(erl)QrQ’ <r<z , (3.7)
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respectively. Then we split the integral of (3.5) into the sum I; 4+ 5, where
1
I, = z“/ |z —r|7¢
Z(2%) [(z =1 =r?l\/(z+1)* —r?
11, (2—1)2—r?
LA
(= (53 (z+1)2— 12

1 11 (2—1)2-12
2 1 ZfF(—ff~1~7>
1)y 202 (24 1)2 12

X

dr, k=1,2.

First, we restrict ourselves to the first zone Z; (¢, z). We follow the arguments
have been used in the proofs of Lemma 7.4 [17] and Proposition 10.2 [17]. In
the first zone we have

11 (=12 —r2y 1(z—1)* =712 (z—1)2 -2\
Fleet ) —”4<z+1>2—r2+O<(<z+n2_rz) )
11 (2—1)2 _ 1(z—1)2—r2 (2 —1)% — 1?2 2
F(—2721<Z+1>2_r2)—1‘4<z+1>2—w+0(<<z+1w) )

We use the last formulas to estimate the term containing the hypergeometric
functions

(z4+1)2 —r2
) ) 11 (2—1)2—72
w1 e(- 3 g )
1 1(z—=1)2%2—-r
< 5[(,z«—1)2—7~2]+§<z+1)2 S|+ 22 = 1)+ 2(=2% + 2)|

(52

In that zone the integral can be estimated by

IS ST N
|

The last integral can be written as follows:

z—1
L < C/ |2z —y[™*
0

dy

z—1 Y 1 1

/0 2 =l [ﬁm{”zzﬂ_yﬂ
z2(1—z)—s|7 s)~1/2 z s) 732 Y ds. .

/| (1 - {f(1+) +VE(L+8) }d (3.8)
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Consider the first term of the last sum. Inside of the light cone || <1 —e™7,

that is, |zz| < z — 1, one has
1 z
— | |z —xz)—s|7 (1 +5) "2 ds
7
1 z(1—x) )
= ﬁ/ (z(1—2)—8)"*(1+s)"2ds
1

1 z
_A'_i
\/E z(1—x)
On the other hand,

(s—z(1—2a)"*(1+ S)_% ds.

1 #(1-2) —a -1 _ i 2(1 — )¢
$/1 (z(1—2)—s)"*(1+s) 2ds= \/E(lJr (1—2x))
x (ﬁrg(l_a)(uz(l—x))l/? —2V2F (; 5.2 ))

r'(2-a) ’a;§;1—|—z(1—x)
while
1 /Z _ 1
—_ s—2(1—x)) " *(1+s)"2ds
N9 DRI
1 e /rT(1 —a) 1
= —7—1 1— 3@
N RN U)
2eteT —a 1 3 1+2
+ \/E \/1+Z(1+Z(1_ZL’)) F<27a,2,1—~_2(1_$)).
Thus,
1 # 1
— z(1—x)—s|7¢ ds
N A BV, e

N

< 2 Hl4z(1-2)7 (\/E (7 1) (1420 =) p s

—2V2F (;agHZ(i—wJ)

1 1 » 1 3 1+=2
2272(1 2(1 1—2) %" F|=,a,=,——— ] . (3.9
2 b1 M 20 - 0) e (G g ) 69
Here the arguments of the hypergeometric functions satisfy the inequalities

O<m<1and1<%forallz(l—x)>l,x>0,z>l. Since

R(3 — 4 —a) > 0 we have

1 3 2
‘F (2767/, 57 ]M)‘ S const fOr all Z(l — ./L') > 1.
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Then, to estimate the last term of (3.9) we use (4) of Sec.2.10 [2]: for all
z1l—2)>1,z>1,2>0,

1+z2(1—-=z

1—a
1 1 1 1-—
c(i- 12 ) g (1t o LEEOZD))
1+z(1—x) 2

1+ 2
where A; = vrl(1—a)

1 3 14z 1+2z \ 2 142 \
Fl—-aqg-1—m—— =A S ——— A
(2’“’2’1+z<1—m>> 1(1+z<1—x>) - < >>

_ /7wl(a—1
= m, AQ #. Hence,

z—%(1+z)%(1+z(1—x))—‘LF<1 3, 1tz )

2%91 +2(1 —x)

FApr (14 2) (1421 —2)) ( Ltz >_1

N|=

1+2(1—x)

l1—a
~ 1_1+72 F l,l;g_a;l_m )
14+ 2(1—x) 2

142
Since a > 1/2 one has

1 14201 — 1 a=1/2
‘F<1,2;2—a;1—+z(x))‘§const( te )>

1+2 1+z2(1—=z
for all z(1 — x) > 1. It follows

1 1 —a 1 3 142
27 2(14+2)2(1+2(1 — ) F(Q’a’2’1+z(1—x))‘

< Cz (14201 — )/
Finally,

1 # 1 1
— z(1—x)—s|7¢ ds < Oz 2(1+ 2(1—z))Y/2
ﬁ/l 20 =) = sl™ A= (L+2(1-2))

From this inequality now we derive an estimate for the second integral of (3.8),
- - 1 1 1/2—
\/2/1 (1= ) = o] o s < AL 2(1 =) 2
In the second zone we have

N Gkl et ! < !
S — n
T (z4+1)2—r2 (z — 1)z — 72
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and due to the formula 15.3.10 of Chapter 15 from [1] we obtain

12,2
F(l,l;l; (z=1)2—r
22 (24 1)2— 12

This allows us to estimate the integral over the second zone:

)‘<C(1+lnz), for all (z,7) € Za(e, 2).

22

/ |z —r|7¢
(2.1)€23(c,2) [(z =12 =r2]y/(z + 1) — 12

22

< (1+lnz)/ |z —r|7¢ dr
(2, €22 (e,2) ((z+1)2 = r2)3/2

Z2

z—1
< (141 —r|™® d
< (1+ HZ)/O |zz — 7| EEEEREkd

(1+1Inz2) ﬁ/lz |2(1 — ) — 8| ~(1 + 5) "%/ ds.

I, <

(I14+1Inz)dr

IN

Then from the last inequality and (2.2) we obtain
I, < C(l1+Inz) Z%(l +2(1— x))l/Z—a'

Now consider the case of Cy = 0. Then

1—e™?
T(x,t) = C’l/ [|m—z|_b—|—|m+z|_b]K1(2,t)dz,
0

and

1
2

1—e~t
T(z,1)] < cl/ llo — 27 + Jo + 2] (1 + )2 — 22)
0
11 (1—et)2—22
>< ’F (2’2’17(1_|_6—t)2_’2,2 dZo

Consider the case of x > 0. Then make the change of variable z = re™t:

Nl=

et—1
T, 1)| SC’lebt/ e (e 41)2 %)
0

Denote z = et. Then

Nl=

z—1
|T(x,t)] < Czb/o lzz—r| 7P ((2+1)2 =)

1\2 2
F(l 11;<21>?")‘dr.
V4

575;
Since 1/2 < b < 1, for all z > 1 the following estimate
21 2,2
b 9 oy 1 11 .(z—l) -
/0 |2z —r[7"((z +1)" = 77) 2F<2a2517(2+1)2_7,2 dr
< C(+Inz)z Y21+ 2(1 —x))/270
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is fulfilled. To prove the last estimate we rewrite the argument of the hyperge-

ometric function as follows miz::; =1- (z+f4)722r2 Ifr>/(z+1)% -8z,
then m > 5 and 0 <1— (Z+f4)+rz <3 L for such r and z imply

11 4z
F L1l-—— ]| <C.
‘ (2’2’ | <z+1>2r2>‘—
Hence, we have
z—1
11 4
/ lzz — 7| 7P ((z+1)% =2 )_5F ,1,1—72 dr

/(Z+1)2 82 2 2 (Z+1)2—7'2

<C/ |zx—r|_b((z—|—1)2—r2)_%dr
z-i-l)2 8z

<Cz*1/2/ |zx fr|*b(z+17r)*%dr
0
< Cz7V2(1 + 2(1 — 2)V/20.

Ifr <\/(z+1)2—-8zand z > 6, then 8 < 82 < (2+1)2—72 < (2+1)? implies

11 4z
Fl=,- 11— —%«—— || <C
(33151 o)

()| <caima

z+1)2 -
Hence,
(Z+1)278Z 1 1 4
—b 2 2y-1 . o
/0 2w — (2 + )2 = ) EF 2,2,1,1<Z+1M)dr
\(z+1)2-82 )
S/ |zz — 7| 7P((z+1)2 = r2)"2C(1 + In 2)dr
0
z—1 L
< C(1+lnz)zfl/2/ lzz — 7| (2 +1—r)"2dr
0
<C(l4Inz)z"2(1 4 2(1 — x))/27°,
The theorem is proven. O

REFERENCES

[1] M. ABRAMOWITZ AND I.A. STEGUN, Handbook of mathematical functions with
formulas, graphs, and mathematical tables. National Bureau of Standards Ap-
plied Mathematics Series, 55, Washington, DC (1964).

[2] H. BATEMAN AND A. ERDELYI, Higher Transcendental Functions. v.1,2,
McGraw-Hill, New York (1953).



FUNDAMENTAL SOLUTIONS FOR HYPERBOLIC OPERATORS 243

[3] N.D. BIRRELL AND P.C.W. DAVIES, Quantum fields in curved space, Cam-
bridge; New York: Cambridge University Press (1984).
[4] P. BizoN, Huygens’ principle and anomalously small radiation tails,
arXiv:0801.2013v1.
[5] A. GALsTIAN, T. KINOSHITA, AND K. YAGDJIAN, A Note on Wave Equation
in Einstein € de Sitter Spacetime, arXiv:0908.1196v1.
[6] T. KiNnosHITA AND K. YAGDJIAN, On the Cauchy problem for wave equations
with time-dependent coefficients, International Journal of Applied Mathematics
& Statistics, 13 (2008) 1-20.
[7] T. MANDAIL, Characteristic Cauchy problems for some non-Fuchsian partial dif-
ferential operators, J. Math. Soc. Japan 45 (1993) 511-545.
[8] C. MgLLER, The theory of relativity. Oxford, Clarendon Press (1952).
[9] S. SONEGO AND V. FARAONI, Huygens’ principle and characteristic propagation
property for waves in curved space-times, J. Math. Phys. 33, (2) (1992) 625-632.
[10] H. TAHARA, Singular hyperbolic systems. IV. Remarks on the Cauchy problem
for singular hyperbolic partial differential equations, Japan. J. Math. (N.S.) 8
(1982) 297-308.
[11] K. YAGDJIAN, A note on the fundamental solution for the Tricomi-type equation
in the hyperbolic domain, J. Differential Equations 206 (2004) 227-252.
[12] K. YAGDIJIAN, Global existence for the n-dimensional semilinear Tricomi-type
equations, Comm. Partial Diff. Equations 31 (2006) 907-944.
[13] K. YAGDJIAN, Self-similar solutions of semilinear wave equation with variable
speed of propagation. J. Math. Anal. Appl. 336 (2007) 1259-1286.
[14] K. YAGDJIAN, The self-similar solutions of the Tricomi-type equations. Z. Angew.
Math. Phys. 58, no. 4 (2007) 612—645.
[15] K. YAGDJIAN, The semilinear Klein-Gordon equation in de Sitter spacetime.
Discrete Contin. Dyn. Syst. Ser. S 2, no. 3 (2009) 679-696.
[16] K. YAGDJIAN, The self-similar solutions of the one-dimensional semilinear
Tricomi-type equations. J. Differential Equations 236, no. 1 (2007) 82-115.
[17] K. YAGDJIAN AND A. GALSTIAN, Fundamental Solutions for the Klein-Gordon
Equation in de Sitter Spacetime. Comm. Math. Phys., 285 (2009) 293-344.
[18] K. YAGDJIAN AND A. GALSTIAN, Fundamental solutions of the wave equation
in Robertson-Walker spaces. J. Math. Anal. Appl. 346, no. 2 (2008) 501-520.
[19] K. YAGDJIAN AND A. GALSTIAN, Fundamental solutions for wave equation in
Robertson-Walker model of universe and LP — L? decay estimates. Rend. Sem.
Mat. Univ. Pol. Torino, Vol. 67, 2 (2009) 271-292.

Author’s address:

Karen Yagdjian

Department of Mathematics

University of Texas-Pan American

1201 W. University Drive, Edinburg, TX 78541-2999, USA

E-mail: yagdjianQutpa.edu Received January 13, 2010
Revised March 6, 2010



