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Klein-Gordon Type Equations with a
Singular Time-dependent Potential

D. DiL SaNTO, T. KINOSHITA AND M. REISsiG )

Dedicated to the memory of Fabio Rossi

SUMMARY. - In this note we study Klein-Gordon type Cauchy prob-
lems with a time-dependent singular potential. We ask for the
influence of the sign and the singularity order of the potential on
the reqularity of solutions with respect to time.

1. Introduction

The present paper is devoted to the study of the Cauchy problem
for the following Klein-Gordon type equation with unbounded time-
dependent potential

a(T —t)
(T —t)°
(t,z) € [0,T)xR"™. Here > 0 and a is a continuous function defined
on [0,7]. We will set a(0) = ap and it will be useful to introduce a

ug — Au + u=0, u(0,x) =up(z), w(0,z) =ui(x), (1)
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reference function p = u(t) characterizing the behavior of a(T — t)
near T in the following way:

la(s) —ag| < u(s) for all s e[0,T]. (2)

It is well-known that (1) is H*-well-posed on each time interval [0, 7]
with Ty < T, that is, to given data ug € H® and u; € H*"! there
exists a unique solution u € C([0, Ty}, H*) N CL([0, Tp], H*™!) de-
pending continuously on the data. Thus u(t,-) € H® for all t € [0,T)
and the following questions are of interest:

what about the properties of the solution u with respect to t on the
whole interval [0, T)? What are the correct function spaces By and By
such that the solution u belongs to Bo([0,T], H*) N By([0,T], H5~1)?

With a transformation in time we shift the singularity into t = 0,

that is, we consider the following backward Cauchy problem
a(t)

ug — Au + 5 U= 0, w(T,z) =up(z), w(T,x)=ui(z), (3)
(t,z) € (0,7] x R™ and we will study the regularity of the solution
with respect to ¢t up to t = 0. We will distinguish essentially between
three different situations. The potential in the equation from (3) will
be called singular if 3 = 2 and ag # 0; the potential will be called
sub-singularif 8 = 2 and ag = 0; finally the potential will be denoted
as super-singular if 8 > 2 and ag # 0.

Before giving a description of the content of the paper, it is inter-
esting to recall some problems connected with the one studied here
and in which singular time-dependent masses in the linear Klein-
Gordon problem are of importance.

The first one concerns the semi-linear wave equation uy — Au —
u® = 0, which has, as remarked in [13], the solution u(t,r) = u(t) =
(3/4)Y/4(T —t)~1/2. This fact has the considerable consequence that
the Cauchy problem

3

et~ O w0 =uo(@), u(0,2) =wifz), (4)

Ut — Au —

has in general no solution u € L2((0,T), H®), i.e. no energy solution
to given data ug € H* and u; € H*! with s > 1, as localization
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in space and finite speed of propagation show. We will see that the
example (4) is not by chance. Moreover, let us consider the equation
uy — Au + u® = 0. If we are interested in real time-dependent
solutions u € L*(0,T), the non-linear potential u° can be written
in the form |u|*u, this means, the “coefficient” |u|* is integrable.
A Gronwall type argument enables us to show that u € L*°(0,T).
Therefore, in the study of semi-linear equations it is sufficient to
prove u € L*(0,T) instead of u € L>(0,T) (see [13]). But, when
u € L*(0,T), then such a reduction to L>(0,7) does not work.
The coefficient is in general not integrable. Thus, singular masses in
linear problems are of importance.

The second one concerns the global existence of large data so-
lutions to some semi-linear weakly hyperbolic Cauchy problems as
presented in [10]. If the principal part of the operator studied in
[10] coincides with the Grushin operator 9y — t*/\, then a standard
transformation leads to the study of

A2+ 4\

ao o . .
<8tt—A+t—2)u_0 with ag = 74()\4_2)2 G(

0,1/4).  (5)

There exist at least two different strategies to treat the corresponding
semi-linear model. The first one is to manipulate the operator by the
fundamental solution to the classical wave operator. The second one
is to manipulate the semi-linear operator by the fundamental solution
of the operator (5). This assumes a precise knowledge of this Klein-
Gordon operator with singular potential (cf. with open problems
from [10]). The second strategy is used in [18] and [19] to prove
the global existence of small data solutions for semi-linear Tricomi
type equations. The construction of the fundamental solution of the
operator 02 — t™/\ bases on theory of special functions, namely, on
the use of hypergeometric functions (see [4]).

The content of the present paper is the following: in Section 2
we study singular operators with a(t) = ag # 0. This scale invariant
model case is studied by the theory of special functions. The results
are optimal and hint to effects we have to expect for more general
models which will be treated in the Sections 3 to 5. Such a strategy
is already used for example
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e in the theory of weakly hyperbolic equations (see [14] and [2]),

model cases: wuy — t2lum + atlilux =0,

1 2 1 1
Ut~ g exp(—;)um + atg exp(—;)uw =0;

e in the theory of LP — L9 decay estimates for wave equations
with time-dependent propagation speed (see [11] and [6]),

model cases: uy — t2 Awu = 0,
ug — exp(2t) A u = 0;

e in the theory of wave equations with weak dissipation (see [16]),

I
u
141

model case: uy — A + + = 0.

Section 3 explains the influence of special classes of super-singular
potentials. Here the sign of the potential plays an important role. In
Section 4 we discuss general sub-singular potentials. Finally, Section
5 is devoted to the general case of a singular potential. In both
Sections 4 and 5 we introduce an auxiliary function p = u(t) as a
reference function which measures the asymptotic behavior of a =
a(t) at t =0 (see (2)).

2. Scale invariant model case
Let us devote to the backward Cauchy problem

w — Au + %u =0, u(T,z) =uo(z), w(T,z)=ui(x), (6)

with a constant ag # 0. Setting z := yt, 7 = Int™, w(r,y) =
exp(37)u(r, y), straight-forward calculations lead to the Klein-Gordon
model

1
Wrr — Ayw + (ao - Z)w =0 with Cauchy data. (7)

The model (7) explains our approach. If ap > 1/4 we have a positive
mass which brings a stabilizing effect (hyperbolic WKB-analysis in
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the phase space). The case ag = 1/4 leads to the wave case, this
should be considered as an exceptional case. If ag < 1/4 we have
a negative mass which should bring some instability into the model
(as well as hyperbolic and elliptic WKB-analysis in the phase space).
But we have to exclude ag = 0, thus it is reasonable to distinguish
between ag € (0,1/4) and ag < 0. This explains the following four
cases. The scaling property of the operator from (6) hints to applica-
tion of the theory of special functions. This will be done in the next
subsections.

2.1. The case ag > 1/4

Let us start with dy + [£|°0 4+ %4 = 0. Setting @ = 7Pv, 2p =
1+ iv4ag — 1, 7 = t|§], yields Tv,r + 2pv; + 70 = 0. A second
transformation z = 2it, w(z) = v () leads to

2Ws + (2p — 2)w, — pw =0, 2p=1+1iv4ag — 1.

The equation zw,, + (7 —2)w, —aw = 0 is called Kummer’s equation
or confluent hypergeometric equation. Following [4] we know that
®(a,7;2) and 21 7®(1 +a — 7,2 — v; 2) form a fundamental system
of solutions if 7 is not an integer as in our case. Transforming back
gives

ui(t, €) = (t[g])Pe 1D (p, 2p; 2it]¢]),
us(t, €) = (t1€])Pe (23t |€)1 2P D (1 — p, 2 — 2p; 2it]¢]).

Both solutions are continuous at & = 0, thus frequencies localized
near £ = 0 imply smooth properties of the solution in the physi-
cal space. Consequently in the following we are allowed to restrict
ourselves to large frequencies. The initial conditions are 4(7,§) =
ﬂO(g)a ﬂt(Ta 5) = ﬂl(f) We have ﬂ(f, 5) = ‘/Yl(t’ f)ﬂo(f)—{—Vg(t, 5)@1 (5)’

where we have set

. Uy (t7 g)U’Q,t(Tv 6) - UZ(ta §)u17t(T7 5) .
Vit ) 4= LT un(T.6) —unlT, (1)

o uQ(t7§)u1 (T,E) — ul(tag)UQ(Tvg)
Velt:8) 1= T un(1.6) —n T, E)ua(T.6)°
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We have to determine the asymptotic behavior with respect to £ of
V1, Vo and its first derivatives in t. Therefore we use the following
properties of ®(«,7; 2):

e ®isentirein z, P(a,v;0) =1;
o |B(a,7;2)| < Coplz[mexBel@=r),=Rea) for Jarge |2| under the

restriction 0 < arg z < ;

o d.®(a,7;2) = S®(a+ 1,7+ 1;2).

To determine the asymptotic behavior we divide the extended phase
space into two zones: the pseudo-differential zonei. e. the set {(t,§) :
t|€] < N,|&| > M} and the hyperbolic zone i. e. the set {(¢,&) : t|¢] >
N, €| > M}. In the pseudo-differential zone we have

ur (t,€)] < CHIENY2,  |ua(t,€)] < C €2,
ur(8,€)] < CEHREENY2, Juga(t,€)] < CE(t[ENY?,

while in the hyperbolic zone we have

lur(t, )| ~ €, Jua(t, )| ~ C ure(t, )| ~ CIEl, uz,e(t, E)| ~ CIE]-

To estimate the denominator wi (T, §)ug (T, &) —u1 (T, &) ua (T, ) let
us put p(t, &) = (¢¢])Pe~ ¢l and write

ur(t,€) = p(t, wi(2it[g]),  ua(t, €) = p(t, HHwa(2itl¢]),

where w1 (z) = ®(p,2p; 2) and wa(z) = 27 P®(1 — p, 2 — 2p; 2) satisfy
(see [4, page 253, formula (8)])

w1 (2)wa(2) — wi(2)wa,(2) = (2p — 1)z~ 2 e,

Hence,
2i[¢|p? (wiwa,» — w Lws)
_ 26i(—210g2\/a0—1/4+7r/2) meﬂw/ao—l/ﬂg‘.
Thus,

| (T, €)un ¢ (T, €) — un o (T, €)ua (T, )| = 2¢/ag — 1/4e™V 04|,
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Summarizing we obtain in the pseudo-differential zone {(t,§) : t|§] <
N, [¢] = M}:

Vi, &) < C(HENY?,  [Va(t,&)] < C(tle])/?[e]
Vie(t: )] < ORI, Vag(t,€)] < CH= 12712
and in the hyperbolic zone {(t,§) : t|§| > N, |£| > M}:
Vi(t,€)] < O, [Va(t, )] < CIEITY, [Viu(t, )] < CIEl [Vau(t,€) < C.
Using these estimates in
it €) = Vi(t, €)ito &) + Valt, €)in (€),
U (t, &) = Vi(t, §)to(§) + Va,e(t, §) 1 (§),
respectively, and taking into account the fact that ¢ € (0,7], we
obtain the following result:
THEOREM 2.1. Let us assume ag > 1/4. Then the Cauchy problem

ao

Ut — AU+ mu

=0, u(0,2) = ug(z), uw(0,2) = uy ()

with data ug, w1 belonging to H®, H3™! respectively has a uniquely
determined solution v € C([0,T], H*) N CY([0,T), H*~') with (T —
t)2u, € L=((0,T), HSY).
2.2. The case ay = 1/4

In this case we obtain Kummer’s equation zw,, + (1 —2)w, — %w =0.
This is the so-called logarithmic case and as a fundamental system

of solutions we get \I/(%, 1;2) and ez\I/(%, 1; —2). For the transformed

equation we obtain the fundamental system of solutions
A 1
un(t,€) = (tig))/2e= (5, 1;2itfe)),
< 1
ua(t, ) = () /2w (5, 1;—2itfe]).

From [17, page 103] we have
1 1 .
(5 2t} = Ho (5. 1:2itlg] ) e,
1 1 .
(5 -2itle]) = B (5.1520th¢]) =3
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here € is either 1 or —1.
Straight-forward calculations imply

uy ¢ (t, E)ua(t, &) — ua(t, §ui(t, §)
- —i|£|2t(2\11(%, 1;2it|£|)\1'<%, 1; —2it|£|)
+\I/<;,2; —2it\§]>\11(%, 1;21'75\5])
1
+w<g,2;2¢t|g|>\y(§,1; —2it|§|>>
by using the rule
d:¥(o,7;2) = —a¥(a+ 1,7+ 1;2).

Taking into account of the formula given in [4, page 278] we have

N
U(e,7;2) = > (=) Cappz*F+0(|2|7 >N,
k=0
3 3
N=0,1,2,---, z— 00, —§7T<argz< 571',

for real a,~y. Consequently the Wronskian at ¢ = T, |{| large, can
be estimated as follows:

|u1,t(Ta £)u2 (T, 5) - u2,t(Ta £)U1 (T, £)|
> (e T|a (512076l ) By (5120l |

From [17, formula (2.1.23)] we have

o
Hi(a,752) ~ 277 (14 Y Coppz "),
k=1

oo
H_(0,7:2) ~ (€7™2) (14 ) Capiz ™),
k=1
[Hy (o, y;2)] < 277, [H- (75 2)] < |27
for 0 < argz <7 and large |z|. Then we obtain

|u1,t(Ta £)u2 (Ta 5) — Ut (T, g)ul (Ta £)|
> ClePT (lel~2 16172 ) > Cle]
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for large frequencies. Using

| (a,v;2)| ~ |log z| for small |z| we arrive at the following
estimates:

in the pseudo-differential zone  {(t,§) : t|§| < N, || > M }:

[Va(t,©)] < C(elé]) 2| log(tlé)l, [Va(t, )] < C(tig])= [log(tle])lIe] .
Via(t,€)] < CEV/2|€|2 | Tog (<)), 1
Vau(t,€)] < Ct=2)¢]2 | log(¢€])]1€] 7

and in the hyperbolic zone  {(t,€) : t|¢| > N, |£| > M }:
Vit < O Vo, ) < CleI™, Vet )] < Clel, [Vt €] < C.
We collect the results in the following:

THEOREM 2.2. Let us assume a9 = 1/4. Then the statement of
Theorem 2.1 holds with u € C([0,T], H*)NC([0,T), H*~') and (T —

-1
1) (log ﬁ) wp € Lo((0,T), H5 ).
2.3. The case qg € (0,1/4)

Now 2p = v = 14++/1 — 4ag. To determine the asymptotic behav-
ior we define the same zones as in the case ag > 1/4. We conclude
in the pseudo-differential zone:

lur (£, )] < C(HEN?,  Jua(t,€)| < C(tE])' 7,
lure(t, )] < Ct7HHED?,  fue(t, &) < C (e,

and in the hyperbolic zone we get the same estimates as in the case
ap > 1/4. Summarizing gives

in the pseudo-differential zone  {(t,€) : t|§| < N, || > M }:

Vit ) < C(tlel)' ™7, [Va(t, €)| < Ctle) 71el ™,
Via(t,€)] < CEPIENTP, [Vau(t,€)] < CLPIE™7;

and in the hyperbolic zone — {(t,€) : t|{| > N, |&| > M}:
Vit ) < C [Va(t, ) < CleI™, [Vie(t, )1 < Clel, Vst 9] < C.
We have:
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THEOREM 2.3. Let us assume ag € (0,1/4). Then the statement

of Theorem 2.1 holds with u € C([0,T), H*) N CY([0,T), H*"') and

1 1—4a
(T — )72, € L=((0,T), H* ).

2.4. The case qo < 0

Looking at the results in the case of ag € (0,1/4) one may expect
a singular behavior of the solution itself in ¢ = T. To study the
present situation we will use some results of the theory of Euler-
Poisson-Darboux equation (see [15] and [16]). Introducing o(t,§) =

(%)_%z}(f,f) with d =1 — /1 — 4ap we obtain
X 9.  d.
oy + €70 + o= 0, d € (—o00,1),
and consequently we deduce the Euler-Poisson-Darboux equation
d
vy — Av + TU = 0 for d € (—o0,1).

Setting p = % = —7&24% we have the following known represen-
tations:

e For non-integer p:

0t E)(E[E])” = Cr(&)p(tE]) + Co(€) T, ([E]),

o for integer p:

0, E)(E[E])” = C1(&)J,(HE]) + C2 (&)Y (t[ED),

where J,, J_, denote the Bessel functions and Y, the Weber func-
tion. Using the asymptotic behavior of .J,, J_, and Y, and the value
of J, at 7 = t|¢{| = 0 and for 7 = t|{| — +o0, brings

k
vE ﬂ CI([0,T], H*7) for k<+/1—4ag.

J=0

Taking into account the fact that lir% TP J_,(T) = const. # 0 we
T

obtain:
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THEOREM 2.4. Let us assume ag < 0. Then the statement of Theo-
rem 2.1 holds with v € C([0,T), H*) N C*([0,T), H*~') such that

(T —t)=7"u e L®((0,T), H*)

and
1+,/1—4a
(T—t) = € L=((0,T), H™).

EXAMPLE 2.1. The function u(t) = (T — t)(1=vV1=400)/2 sqatisfies the
equation

ao

muzo.

uy — Au+

This shows the optimality of the statement from Theorem 2.4.

REMARK 2.1. All the results of this section describe in an optimal
way the influence of a singular potential with a(t) = ag # 0.

REMARK 2.2. We can use the results of this section to obtain energy
estimates or LP — LY decay estimates for solutions to

wp — Au + 0 su=0

(1+1¢)
(see [5]).

3. Super-singular potentials

3.1. Positive super-singular potentials

As a model case we consider the Cauchy problem

ao

U — Au+ 7(11_ DE

u=0, u(0,2) = up(z), u(0,z) =ui(x), (8)

with ag > 0, 8 > 2.

THEOREM 3.1. Let us consider the Cauchy problem (8). If the data
ug, u1 are supposed to belong to H®, H*~1 respectively, then there ex-
ists a uniquely determined solution u€ C([0,T), H¥)NC*([0,T), H*™1)
with w € L>((0,T),H®) and (T — t)gut € L*°((0,T), H*71).
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Proof. As usual we transform the above Cauchy problem into the
following one

9ty 4+ t°1€)% 0 + apts = 0, (T, €) = 10 (€), W (T, &) = 11 (€).

B2

Now we introduce a new variable 7 = %ti 2 and the new function
v=2v(1,&) = u(t,§). Then the above Cauchy problem is transferred
to

95 B B
T e T G
v(70,€) = v0(§), vr(70,§) = v1(§)
with 1 == 25T 7, w(€) = o(€), v1(€) = ~T 7 (€) and with

a positive constant Cg. Finally, we introduce the new function

3
w(r, &) = 726-2v(1,£). Then we get

€I B> —4p
Wrr + w4+ aw + ——5—w =0,
it A(B—2pr

w(70,&) = wo(§), wr(70,8) = wi(§)

z =
7o

2(8-2)

First we assume that (¢,&), || > M, belongs to the pseudo-different-

. B8 __B_

ial zone Zypa(N) = {(t,€) : t2[¢] < N} (Zpa(N) = {(7,§) : 7772 [¢] <

N}). Here N denotes a universal large constant connected with the

definition of zones. We introduce the functions t¢, 7¢ respectively,
s

B8 B
as the solutions of ¢/ €] = N, Te P=2|¢] = N. To study the above
equation we introduce the energy

vo(§)-

6P g — 4
B2(w)(7,€) = | + (CB’T‘;_BQ +aot ot Il

Here we take account that it is sufficient to consider a small time
interval [0, 7. Instead of the Cauchy problem (1) we may prescribe
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Cauchy data on t = ty with ¢y near to T because the potential
is regular on [0,¢g], that is, we have on this interval the typical
regularity of the solution and its first derivatives in the evolution
spaces. If we study the Cauchy problem on [tg,T"), then shifting the
singularity into ¢ = 0 means, that the new interval (0,77] is small.
So T can be assumed to be small from the beginning. Thus to a
given ag and B > 2 we can choose T' small, thus 7y large, such that
E%(w)(1,€) > 0 on the set {(1,£) € [r0,00) x {|¢| > M}}. After

differentiation with respect to 7 we obtain

o 25 ’5‘2 |w|2 _ ﬁQ B 4ﬁ w|2

d B2 (w)(r,€) =

If 8 > 4, then d, E?(w)(7,&) < 0. If 3 € (2,4), then d, E?(w)(r,¢) <

%EQ( w)(T,€). Due to the term 773 we may conclude in both

cases 0 < E?(w)(r,&) < CE*(w)(r¢,€), where the constant C' is
independent of 7 € [7¢,00). This inequality gives us the following
estimate for the solution in Zp4(N):

2
WMU@N2+‘?5hdﬂéﬂz+jﬂwﬁéﬂ2+hdﬂ®V
TB-2
2
< O(1+ %+ L Y utre OF + o (7 P
¢ 7

The first backward transformation gives

@

|5|2 2 5 5
[o(r, O + T2 o(r, ) +

“\

_B_
Th=2 ’UT(T7 5)‘2

“u(r, O

7',3

= 2, (L6, 5 5 .
<o OF + (L + 77 4 e O
B72

Te

i
&

The second backward transformation gives

@

B
2

t O +1€Pla(t, 1) + = la(t, ) + a(t, )

0mw5W+mem>n+(g?w )aw

(Ia

<t

1t €
B
2
5
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Now let us assume

[ (te, ) + (€)°lalte, ) < C((E)°|an () + a1 (€)]?)- (9)

Then from the second backward transformation we obtain for all
t e (O, tg]

B
2

a(t, )1 < (tte) 2 (| (te, €)° + 1€ alte, €)7)

s g

+(3) latte OF + ~clitg 0 (10
t§2

< ()72 C (&) a0 () + lar (§)P).

Here we used the definition of t¢, (9) and § > 2. Moreover, we
conclude for all ¢ € (0, t¢]

£3]a(1,€)[2 < C((&) o (&) + [ (©)). (11)

Now let us devote to the hyperbolic zone Zp,,,(N) = {(t,§) : t§|£| >
N}. Our goal is to show

[ae(t, €)1 + (€)*a(t, )1* < C(E)*ao(©) + |ar (€)I?) (12)

for all t € [tg, T]. Setting t = t¢ we obtain (9), and (12) together
with (10) and (11) leads to the statements of our theorem.

To derive (12) we define E2(a)(t, €) = yat(t,g)y2+<y§\2+g—g) la(t, €))%,
Thus we have
LE(@)(16) = D oP > - B
¢ R = B¢ 1S

Hence,

T ¢
B(@)(T.) = B O esp (- [ —r).
Thus it follows that

E2(@)(t,€) < E@)(T,€) exp (57 ) < E(@)(T,€) exp C.

S
tol¢|?
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But this leads to
(€17 + %)Wlﬂ(f,&)l + |Drii(t, €)| < C((§)]ao(&)] + |@1(E)])-

The last inequality gives immediately (12). The theorem is proved.
O

REMARK 3.1. Theorem 3.1 is a reasonable continuation of Theorem
2.1 for 3 =2 to 8> 2.
3.2. Negative super-singular potentials

As a model case we consider the Cauchy problem

il =0, u(0,z) =up(x), us(0,2) = ur(x
mu_oa (0’ ) 0( )’ (0’ ) 1( )’ (13)

with a9 >0 and (> 2,

Ut — Au —

where we suppose

ug, uy € Cg°(R™) with / up(x)dx > 0 and / up(x)dx > 0. (14)

n n

Recalling the result of Theorem 2.4 one may suspect that the pres-
ence of the negative super-singular potential should have a deterio-
rating influence on the properties of the solution (with respect to t).
The following theorem shows that it is really so.

THEOREM 3.2. Let us consider the Cauchy problem (13) under the
assumption (14). Then there does not exist any positive constant o
such that (T —t)%u € L*>((0,T), H®).

Proof. The proof is based on the so-called functional method: see for
instance [3, Ch.2].

Obviously, u € C*°(]0,T) x R™) and if supp ug, supp u; C {z €
R™ : |z| < R}, then supp u(t,-) C{z € R" : |z| < R+t}. We set

Ut) = / ult, ).

Then
—U(t) =0 in [0,7) (15)
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with U(0) = [gn uo(z)dz > 0 and U'(0) = [z, ui(z)dz > 0. We
claim now that U”(t) > 0 for all ¢t € [0,T) and, consequently,

U(t) > U(0) +tU'(0) > U(0) (16)

for all t € [0,7T). In fact from (15) we have U"(0) = agcT~°U(0) > 0
and if we suppose that there exists ¢ € (0,7) such that U"(t) = 0
and U"(t) > 0 for all ¢t € [0,t), since we have, on one side, from
the convexity of U on [0,¢], U(t) > U(0) + tU(0) > 0 and, on the
other side, again from (15), U(f) = 0, we obtain a contradiction.
Consequently, U”(t) > 0 for all ¢t € [0,T) and the convexity of U
gives (16). From (15) and (16) we deduce that
7 ao ag

for all t € [0,7). Integrating (17) and taking into account that
U'(0) > 0 we have

U(0) (17)

———= (TP — (T - t)'7F)
for all t € [0, T). Again by integration, taking now into account that
U(0) > 0, we obtain

Ut)>-Cr+C1(T—t)™" (18)
for all ¢ € [0,T"), where

aoU(O) 2—8 ’ aoU(O)
CL=——-2LT"7">0 O =-—7>-=r"—"
B-2 ECERICEP)
and v = [ —2 > 0. We claim now that for all integers n > 1 there
exist positive constants C,, and C), such that

>0

U(t) = (—Cu(T =) + C)(T =)™ (19)

for all t € [0,T), where y =3 —2 > 0.

We prove this claim by a recursive argument. The inequality (18)
gives (19) in the case n = 1. Let (19) hold for a fixed n. From (15)
we obtain

ao

U//(t) = m(](f) Z _QOCn(T—t)_(n_l)y_ﬁ—|—QOC7IL(T—7§)_"“/—/3
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for all t € [0,T). Integrating the above inequality and taking into
consideration that

C
U'(0) >0 40%n T-(n=D7=8+1
20, (n—1y+6-1 -

we conclude

C
U'(t) > — %Cn T _ )~ (=141
Oz G- Y
apC, ey oy
n’y—i(—)ﬂ—1<(T_t) y=B+1 _ pny ﬁ+1>7
that is,
U’ a0Cn 1 T _ )~ (n=1y=p+1
(02 e LT -
(20)
a’OC'I,’L (T _ t)fn'yf,@Jrl
ny+ -1

for all t € [0,T"), where

_ Cr((n=1)y+8-1) (T — t)(=DrHB—1 pny=B+1,
Cn(nfy + ﬁ - 1)

We remark that f,, is a positive bounded function on [0,7]. So (20)
implies that

fu(t)

U'(t) > —agCp(T — )~ D7=B+ 4 Ol (T — 1)~ A+ (21)

for all t € [0,T"), where

5 Cn Chlln=1py+5-1)
Cn_(n—l)’y—i—ﬂ—l(l Crn(ny+3—-1) s 7)
and o
R

Integrating (21) and taking into account that U(0) > 0 we obtain

aoC;L

W(T—t)_("“)“/ (22)

U(t) > —agCpny(1+gn () (T —t) "™+
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for all ¢ € [0,T), where

!
gn(t) = _nCh _ (T — t)y™ 7~ (),
(n+1)C,

From (22) we immediately obtain that there exist positive constants
Cn+1 and C}; such that

U(t) > (= Cosa(T = 1) + Gy ) (T — )=+

for all t € [0,7) and the claim (19) is proved.

From the claim (19) we deduce that for all integers n > 1 there
exist ¢, € (0,7) and a positive constant D,, such that, for all ¢ €
(tn’ T)?

U(t) > Dp(T —t)™ ™.

Since by Schwarz’s inequality we have that U(t) < Crr|lu(t, )| r2®n)
we obtain that for all integers n > 1 there exist ¢, € (0,7) and a
positive constant D,, such that

lw(t, )l L2 @ny > Dyp(T —t)™"
for all t € (t,,T"). This completes the proof. O

REMARK 3.2. Theorem 3.2 is a reasonable continuation of Theorem
2.4 for 3 =2 to 8 > 2.

4. Sub-singular potentials

a(T—t)
(T-t)?
is not a quadratic singular potential, that is, the continuous function

a(t) on [0, T satisfies

In this section we shall devote to the case when the coefficient

la(t)| < p(t) for all te0,T], (23)
where the reference function

pis continuously differentiable, © > 0 on [0,7] and ©(0) =0, (24)
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that is, with ap = 0 in (2). The case of sub-singular potentials can
be regarded as a family of singular potentials near the classical wave
case without any potential.

In this section we take into consideration reference functions sat-
isfying conditions from one of the following two cases A or B:

Y N A TICAE D , -
Case A: /0 /0 T2 drds = a(T) <

(e'g' //J(t) = tﬁaﬁ € (0? 1]’ or :U’(t) = (log t_l)_l T (log[n] t_l)_vﬁ >
1 for ¢t € (0,71]),

t
Case B: ,u'(t)ﬁé# with 0 <d <1

(e.g. pu(t) =1t°,3 € (0,1), or pu(t) = (logt=1)~1--. (logl™ =11 for
€ (0,77).

REMARK 4.1. Most of the reference functions W satisfy both cases
A and B. But, the function u(t) = (logt=1)~1--- (log™ 1)~ for
t € (0,T] is excluded in case A and the functzons w(t) =t or u(t) =
tlogt=t fort € (0,T] are excluded in case B.

THEOREM 4.1. Assume that (23) and (24) hold. Moreover, we as-
sume that the reference function u satisfies the conditions from Case
A or Case B. Let us consider the family of Cauchy problems

a(T —t)

et

=0, u(0,2) =wug(z), u0,2)=ui(x).

Then there exists a uniquely determined solution u € C([0,T), H*)N
CY([0,T), H*~1) with

(exp [K /Ot %ds})lu € Lo(0,T), H*),  (25)

(= [ ) e[ [ H5=2al) e
€ L>((0,T),H~ 1Y),

if the data ug, ui are supposed to belong to H®, H*™!, respectively.
Here K is a positive constant. In particular, if fT “(T )ds < 00,
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then

u € L>((0,T),H?®),

t _ 27)
M(T — S) 1 [e9) s—1 (
<1+/0 7(T_5)2d5) wp € L2((0,T), H* ).
Proof. Let us consider the Klein-Gordon equation

ug — Au— (A'(t) + At)*)u =0, (28)

where A(t) with A(0) = 0 will be defined later. A Gronwall type ar-
gument requires the integrability of |A’(¢) + A(t)?| with the standard
energy

E(t) == [|(t, (€)a) (¢, )| 2

For the cancellation of the term —(A’(t) + A(t)?)u, we shall define
the following modified energy for the solutions to (28):

LA N
s - )

where ()4 = /€2 + A(t)2 + 1. From the definition we find that

E(t) == H (- Awya, ©a) (

(29)

2’

1) a(t, )2 < &),  la(t, )z < 1+ [AE))E(E)

(30)
and E(0) = £(0).
By (28) and (29) we deduce that
ig(t)z =2 Re/ (att - A,ZAL - A’&t) (ﬂt — Aﬂ) dg
dt Re
+2Re /R 5 (&) 0,0 de

= 2Re/ (= ()0 +a)(a, — Ad)dg
Re
+2 Re/ (&) d¢ — 2A||0y — A3,
Re
= 2A[[(€)a]|2, + 2Re/ (i — Ad)ade — 24|, — Adl|?,
R
< 2(|A] + 1E()*.
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Hence, we have
9 e(t) < (1AW] +DE®),

and by (30) Gronwall’s inequality yields

E(t) < E(0) exp/o (|A(s)| + 1)ds. (31)

If A(t) is given by the following Ricatti equation:

—a(T —t)

Al(t) = T (t)*,

(32)

then (31) is also the energy inequality for solutions to uy — Au +

a(T—t
(1(“—715)2) =0.

Now we define recursively the sequence {Ag(t)}r>0 for t € [0,T)
by

Aot) =0, Ager(t) = /O %ds— /0 Au(s)ds.  (33)
Noting that

t - _ to 7 _
/ pr—s), T -t u(T) +/ (T —s),
o (T —s)? T - t T -5
5/
we obtain in the case B

"u(T —s) 1 (T -1
/0 T2 P ST1=5 T=1° (34)

S

and in both cases A and B

pT 1) / pT=s) . p(T) )
0

Tt T—s2 7T

We assume that

(T—s

N 2M fg s ds (M >1) in the case A,
A @)l QM“(Q{:) (M =1 > 1) in the case B.
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Without loss of generality we may suppose that T is sufficiently
small, that is,

al(; 15) in the case A,
T<{ %, ) ‘
p~ (g37z) in the case B.

Thus, by (23) and (34) we deduce that for ¢ € [0,T") it holds in the
case A

| Ap41(t)]

< [ e [ e [

:/Ot%ds%—élMQ /t/sudrds/ot%ds
[ [ R =ga)

<[ e [ ﬁdr“/ot%ds

"u(T —s) "u(T —s)
< (1 +am2ar)) [ T3 <2M/ S
<Qradran) [ s <o | s
Moreover, we conclude in the case B
t 2
w(T —s) 2/ u(T — s)
A ) < 761 4M —d
‘ k+1( )’ = /0 (T—S) + 0 (T_S)Q s
E (T — 5)
< (+anumy [ HEZ9),
< (raum) [ s

' W(T — s) (T — 1)
2/0 md <2M— T—1

IN

Consequently, the solution A(t) to (32) satisfies for t € [0,7)

o (36)

2Mf T=5) s in the case A,
VOB s
2M“ = in the case B.

Therefore, by (30), (31) and (36) we have

E(t) < { E(0)exp | 2Ma(T )+T} in the case A,

E(0)exp 2Mf T S)ds—i—T] in the case B.
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Hence, by (30) and (36) it follows that

E(0)exp |2M«(T) + T} in the case A
Jut, Mg <

E(0)exp |2M ft “(T %) ds + T] in the case B

t
(T — s)
< o
< cTexp[K/O — ds],

Iz
E(0) 1—|—2Mf0t ‘(‘:(FT ) 4ds) exp |:2MO¢( )—i—T] inc. A,
E(0) 1+2M“(T t))exp {QMft“(T S)ds—i—T] in c. B,

Cr(1+ ft L TS)SQ ds) in the case A,
Cr(l+ “(T t))exp [Kft wll—s) ds} in the case B,

(T — s) /t (T — s)
d K [ ———=ds|.
C( /( 5)2 S)QXP[ o T—s S]
This implies (25) and (26). In this way all statements are proved. O
EXAMPLE 4.1. If a(t) = at®, 3 € (0,1) (resp. a(t) = at), then
u € L®((0,T),H*) and (T —t)'Pu; € L=((0,7),HY),

(resp. u € L*®((0,T),H®) and lmg(;"it—t) c LOO((O,T),HS_l))_

EXAMPLE 4.2. If a(t) = a(logt™") ™ .- (logl ¢t=1)7 v > 1 for t €
(0,71, then by using (27) we get

we L®((0,T), H®),
(T — t)(log(T — t)) - - - (log™ (T — £))Yuy € L®((0,T), H*1).

EXAMPLE 4.3. If a(t) = a(logt™ 1)1 -+ (log™t=1)~1 for t € (0,7],
then by using (25) and (26) we get

(e ) e L=((0.1), 1),

—aK
(T — 1) log(T — )<1og["1( t)) up € L®((0,T), H5 ).
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EXAMPLE 4.4. Let us consider the model Cauchy problem

uy — Au+ =0, U(O,l') :’U,O(l'), ut(OV%') :ul(x)a

a
—u
(T _ t)4/3

with a € R. Using domain of dependence property it is sufficient to

understand properties of solutions to

ug + u=0, u(0) =ug, ut(0) = us.

a
(T _ t)4/3
Its solution is given by

T —t)Y3u T —)Y/3 — T3y
) = (TS0 (0 gy

. cosh (3\/—_(1(T1/3 _ (T _ t)1/3)>
U (T — t)1/3T1/3u u
e N I e
-sinh (3\/—_G(T1/3 (T - t)1/3)>.

Its derivative is given by

Bu
% cosh (3\/—_a(T1/3 —(T - t)1/3)>

1 \/—_auo ul
(T - t)1/3< T3 3\/—_(1)

sinh (3\/—_a(T1/3 —(T - t)1/3)).

In particular, for ug = —3%, up = ﬁ, we obtain

!/ 1 1
u'(t) = m cosh (3\/—_a(T1/3 —(T - t)1/3)> = m

In the case a > 0 we write the above representations in the form

u'(t) =

+

T — )3y T — )3 = TY3)u
u(t) = (( Tl)/3 0+(( ) 3a ) 1)
- COS (3\/5(T1/3 —(T - t)1/3))
u (T — )37 /3, u
+<3\/a;1/3 * va “+ 9&5)

-sin (3\/5(T1/3 — (T - t)l/?’)),
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1/3,,
u'(t) = (TT_Tll/zs cos <3\/5(T1/3 —(T - 75)1/3))

T —175)1/3 (}X/EZO - 3?}5) sin(3v/a(T"? — (T — 1)'/%)).

In consequence this example shows that the statement of Theorem
4.1 is sharp.

5. General time-dependent singular potentials

Let us devote to the Cauchy problem

t
Uy — Au + %u =0, u(T,z) =up(z), u(T,z)=ui(x), (37)
where the coefficient a(t) satisfies the condition (2). Our strategy is
to write the Cauchy problem in the form
a ag — a(t
uy — Au + t—gu = OT()U,
u(T,x) ZUQ(CC), ut(T’x) :ul(x)’

(38)

and to interpret ao;—f(t)u as a right-hand side. From the statements

of Theorems 2.1 to 2.4 we have the optimal regularity of solutions
for a(t) = ag. In this section we study the following question:

In which way does the right-hand side of (38) influence the regu-
larity behavior of solutions and its derivatives up tot =T7¢

Using the successive approximation scheme

u(k+1) _ Au(kJrl) + @u(kJrl) — La(t)u(k)

tt t2 t2 I (39)

uF (T, 2) = up(2), uf™(T,2) = u (), (40)

we will determine the regularity of solutions {u(]”l)} tending to a
limit element » having the same regularity and being the solution to
(37).
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Now we consider reference functions p satisfying the following
condition:

S S

T
i /M(s)ds = 00, then p/(s) < 5M with § < 1/2 (41)
0

for all s € (0,77.
THEOREM 5.1. Let us consider the Cauchy problem

a(T —t)

utt—AU‘i‘m

u=0, u(0,z) =up(z), u(0,x)=ui(x),

where a(t) satisfies the conditions (2) and (41) with ag > 1/4.
If the data ug,u; belong to H®, H5~!, respectively, then there ex-
ists a unique solution u € C([0,T), H*) N CY([0,T), H*~) such that

<1 + /t %ds)_lu € LOO((07T)7HS)7
0

and

<(T—t)*% + ”g__tt) /Mg__;)ds)_lut e L=((0,T), H*™Y).
0

REMARK 5.1. If [ 8 ds < oo, then u € L®((0,T), H?).

Proof. 1t is clear that a small T is sufficient to study. Let us recall
the approximation scheme with ©(®) being the solution to

0 ao 0
ugt) — MA@ 4 t—2u(0) =0, u® (T, x) = up(x), ug )(T,x) = uq(x).
The statements of Theorems 2.1 to 2.3 explain us the regularity
and the asymptotical behavior of the solution u(® up to t = 0.
Taking into consideration this regularity then we will show in the
next step that a special regularity and asymptotical behavior of u(*)
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in fi(t,z):= ao;—g(t)u(k) is transferred to the solution u**1) by (39),
(40). For this reason we study in the phase space the Cauchy problem

(k+1) +]€[2utHD) + o* Y = g (8,€),
o H(T,€) = (&), vt(’“*”m &) =i (9),

with gp(t,£) = ‘“;—f%““)(t,s), vO(t,¢) =0.

The application of the principle of variation of constants gives us
the representation of solution

v (L, ¢) = Vl(t,g)(@0(5)+/—‘/é(;é) )(s 3 )
T
+Va(t,€) <@1(5) +/V1(sb§(lg’12(8,§)d8>
T

For the discriminant D(s,&) = Vi(s,£)0sVa(s, &) — Va(s,£)0sVi(s, &)
we get 05,D(s,&) = 0 and setting s = T we have D(s,§)=

In the hyperbolic zone {t¢ < t < T} we use the estimates for
Vi(t, &) and for Va(t,§) from Section 2.1 and proceed as follows:
due to Section 2.1 we have the estimate [v™)(t,&)| < C(|ig(€)] +
[a1(€)]/[€|) for || large. Let us assume

o091 < H(lao(@)] + lan@/lel) (1+ [ -22as)
T

for k > 2, where the constant H is independent of k. We will show
that the same estimate holds for v(**1. Taking into account the
estimates for V4 and V5 from Section 2.1, then

ETD (8, €)] < O(lao(€)] + |1 (€)]/1€])

S

/ —@mn) ds).

+CH (i) + i (©1/€ /
T
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By the definition of the hyperbolic zone it follows for the first
integral

¢ t
! / us) e n®)
— | — ds <
€| 52 N
T

For the second integral we obtain

t
5) 1 p(s)?
S ds—m/— 82 dS
T

\a/ /‘_Jdd I%%Q!‘M

LT o),
a/ drds:
T T

S r

If we use assumption (41) (where it is sufficient that § < 1), then the
last integral can be included into the left-hand side. Hence, we have
only to take into consideration the first integral. By using again the
definition of the hyperbolic zone we arrive at

o (2,6)] <

+ LR aoo)l + a1/ (1+ [ ~1as)
T

H(lio(©) + i @1/ (1 + [ ~Las)

if we choose N sufficiently large. But this is (42) for o+D. If
fOT @ds < 00, then (42) follows immediately from

WED @G < Cllan(E)] + [aa(©))/I€)(1 /
T

< Cn(lao(€)] + las(E)I/1€])-

Summary:  for all k and t € [te, T] the estimate (42) holds with a
constant H independent of k.
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In the pseudo-differential zone {0 <t < t¢} we use the represen-
tation

vF D (8, €) = Vi(t, ©)dio(€) + Valt, €)a (€)

t t

([ el (5,95 i t.€) + ([ Vals, Ol s Va(e.)
tstg tstg

([ el (5,05 e, ) + ([ Vals. Qans. s Valt. ).
T T

Using the asymptotic behavior of V; and V5 as determined in Section

2.1 and arguing similarly as we did in the hyperbolic zone, we may
conclude

te te
([ ~vals. 00l s) Vi, + [ Vit on(s, )ds)Vat. )|
T T
te
< 1l +lan(@/1l) (1+ [ ~2as).
T

(43)
where H is independent of k. To estimate the remaining integrals
we proceed as follows: let us assume (42) for v®), k > 2. We obtain

t

([ -vals. 090t 0as) a9 + ([ Vils.Oans.00ds)Valt.g)
te

te

< CH(lao(8)] + |ﬂ1(£)l/l£|)%(flﬁl)”2
-(/—(s|g|)1/2%(1+/—@dr)ds).
te T

It remains to compute

t s

e [E (1 [ as).

te T
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For the first integral we only use s > t. For the second integral we
have

e / S / 0 ) <

te T
t t t s
2,u(t)/ i)d +2t1/2/ 3 tl/z/ / plr drds
te te te

Again we can use (41), now with § < 1/2, and we include the third
integral into the left-hand side. Hence,

t t

([ ~vals.00uts. s Vi, + [ Vil n(s, )ds)Vat. )|
te te
< 1 (lio(@) +lan(@l/) (1+ [ ~2as),

te
(44)
where H is independent of k. From (43) and (44) it follows that (42)
is also satisfied for ¢ € (0,%¢]. Finally, if fOT @ds < 00, then (42)
follows immediately from

T

ds(t[€))2 (|0 (€)| + |a1 (€)I/I€1).

0

We can show that a sufficiently large N in the hyperbolic zone or
a small T in the pseudo-differential zone guarantee the Cauchy se-
quence property of v(¥)(t, ) for each fixed (t,£) from the extended
phase space. Thus the limit element v = v(¢, ) fulfils

o) < a1 (i@ + i ©l/1el) (1+ [ -“as)
T

<CE)° 1+ t—&ds
S

S
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together with the assumptions for the data. This proves the first
statement of the theorem. To prove the second statement we have

only to differentiate

52

o8 = Vil ©) (@) + [ Vil o )
T (15)

52

+Va(t,€) (1 (6) + / Vil (s, )s)
T

with respect to ¢ and we have to take account of the asymptotic
behavior of Vi, Vs, Vi, Vo, and the first statement of this theorem.
This yields immediately the second statement if we remark that the
asymptotic behavior of v; or u; respectively, will be determined by
the asymptotic behavior of

Vaelt (), Vault, Oin(6), Vil OValt, )15 u(r ),

t t

/Vg(s,f)%v(s,{)ds‘/l,t(t,g), /Vl(s,g)%v(s,f)dﬂ@’t(mf)

T T

from (45). This completes the proof. O

Following the same strategy we can prove the following results:
THEOREM 5.2. Let us consider the Cauchy problem

a(T —t)

Ut — Au—{— mu

=0, u(0,2) =ug(z), u(0,2) =ui(z),

where a(t) satisfies the conditions (2) and (41) with ag = 1/4. More-
over, we assume for the reference function u the condition

(logt)?u(t) — 0 for t — +0. (46)

If the data ug, ui belong to H®, H*™! respectively, then there exists
a unique solution u € C([0,T], H*) N CY([0,T), H*~') such that
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_1 T— 2\ ! _
((T —t)"2 (log ﬁ) + “(Tftt) (log ﬁ) ) ug € L®((0,T), H*71).
THEOREM 5.3. Let us consider the Cauchy problem

a(T —t)

utt—Auﬁ-m

u=0, u(0,z) = up(x), u(0,2) = u1(x),

where a(t) satisfies the conditions (2) and (41) with ay € (0,1/4).
Moreover, we assume for the reference function p the condition

t=vViT1a0 1) < C for t € (0,T). (47)

If the data ug, ui belong to H®, H5~', respectively, then there exists
a unique solution u € C([0,T], H*) N CY([0,T), H*~1) such that

L w(T —t) -1 . .
((T _ t)@ + (T _ t)1+\/m> Ut € L ((07T)7H )

REMARK 5.2. The Theorems 5.1 to 5.8 are generalizations of the
Theorems 2.1 to 2.5.

REMARK 5.3. Without the conditions (46) or (47) we are only able
to apply Gronwall’s lemma to (45). This gives the regqularity

exp < — / ) (log T1—3>2d8>u € L*°((0,T7),H?),

0
[T
w(T —s
P < B / (T — 5)1+V1-4a0
0

ds)u e L°°((0,T), H),

respectively, for general reference functions w. Under the assump-
tions (46) or (47) these statements are weaker than those from The-
orems 5.2 or 5.3.

6. Concluding remarks

1. In this paper we are not interested in Cauchy problems

Uy — Au + %u =0, w(T,z) =uo(z), w(T,z)=u1(x), (48)
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with ap < 0. The main reason is that the regularity of solutions from
Theorem 2.4 with respect to t is too bad. The next question for the
regularity behavior of solutions with respect to ¢ could be of interest.

Under which assumptions to the reference function p does the
reqularity behavior of solutions to (48) coincide with the regularity
behavior of solutions to

wy = Dut Zu=0, ul,2) = uola), w(T,z)=u(@)?

2.  If the corresponding reference function p = u(t) does not satisfy
(46) or (47), then we may introduce a regularization a* of a with
limy—, 1o a(t) = limy—, 4+ a*(t) = ap. The regularization a* belongs to
C*°[0,T]. Thus the reference function p* satisfies (46) or (47). In
consequence we have to study now

a*(T —1t) a*(T—t)—a(T —1t)

w — Au + (T_t)2u: T =12

The goal is to prove that the statements of Theorems 3.3 or 3.5 are
applicable with H*® replaced by ~v(D,)H?®. Hence, we have a loss of
reqularity with respect to the spatial variables.

3. In analogy with the studies on the behavior of the solutions to
nonlinear hyperbolic systems as presented in [7], [9] or [1] it should
be of interest to consider the Cauchy problem

al(T—t)
uy — Au+ W’U =
u(0,2) = up(z), v(0,z) = vo(x),
ut(0,2) = u1(z), vi(0,z) = vy (x).

0, vu—Av+

Here the regularity of solutions up to ¢ = 7' is of interest.
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