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Schrodinger evolution equations and associated smoothing effect
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Abstract. We shall review auther’s recent results on the existence,
uniqueness, regularity and the smoothing property of a unitary propa-
gator U(t,s) : u(s) — u(t)in H = L?(R") for time dependent Schrédinger
equations in an external electromagnetic field. Potentials are assumed
to be real and are possibly unbounded at infinity |z| — oo and scalar
potential can have local singularities.

1. Introduction, Assumptions and Theorems.

In this lecture we report author’s recent works [29],{30] and [31], improving
some results in [31], on the Cauchy problem for time dependent Schrodinger equa-
tions

A i = HOu= (3G a — 4G VD,

where the real potentials V(t,z) and A(%,z) = (A1(¢,z),- - -, An(t, 2)) are possibly
unbounded at infinity |z] — oo and V(¢, z) can have local singularities. We shall be
concerned with the existence, uniqueness, regularity and the smoothing property
of a unitary propagator U(%,s) : u(s) — u(t) in H = L?(R") solving (1.1).

The existence of a unique dynamics associated with (1.1) is of fundamental
importance in quantum mechanics. When H(t) = H is t-independent, this is
equivalent to the selfadjointness of H, via celebrated Stone’s theorem, and various
satisfactory criteria have been known since Kato’s fundamental paper [14] (see e:g.
[5], [23]). When H(¢) is genuinely time dependent, on the other hand, the situation
has been by far less satisfactory. We recall three common methods, among others,
for solving (1.1). One of them is to apply to (1.1) the abstract theory of evolution
equations (cf. e.g. [15]). The method has been widely and successfully employed
by many authors. The theory, however, has been originally designed for solving
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parabolic or hyperbolic equations and, when applied to Schrodinger equations,
it often imposes rather severe restrictions on the potentials, which exclude many
concrete and important physical examples out of its scope (cf. [30]). Another one,
which we call the method of semi-classical approximation, is to construct the prop-
agator U(t, s) directly in the form of oscillatory integral operator using, so called,
semi-classical approximations. This method was introduced by Fujiwara([9] and
[10]) for Schrodinger equations and extended by Kitada-Kumanogo[22], which,
however, requires the potentials be C° in the spatial variables. The third one
is to study (1.1) through its equivalent integral equation using the perturbation
technique.

Synthesizing the last two methods mentioned above, we first establish the follow-
ing existence and uniqueness theorem. For an interval I, L%%(I) = L°(I, L*(R™))

and Lf;ac(I ) = LY (I,L*(R™)). |- | denotes the norm of matrices as operators on
C™ as well as the Euclidean norm of vectors. 9, = (8/0z:1,- - +,0/0z,) and for a
multi-index a = (a1, -+, ap), 0F = (0/0z,)** - - -(8/0z,)*~. We sometimes write
0/0z; = 0s;.

ASSUMPTION (A): (1) For j =1,---,n, A;(t,z) is a real function of (¢,z) € R"+!
such that 95 A4;(t,z) € C'(R™*!) for any . There exists € > 0 such that

(1.2) 07 B(t,2)] < Call+|2z)T7 ol 21,
(1.3) 02 A(t,2)| + |28, A(t,2)| < Cay ol 21, (t,z) € R,

where B(t,z) is the strength tensor of the magnetic field, i.e. the skew symmetric
matrix with (7, k)-component Bji(t,z) = (0Ar/0z; — 0A;/0zk)(t, z).

(2) V(t,2) is a real function of (t,z) € R**! such that V € L»*(R!) + L°>!(R?)
for some p > n/2 with p > 1 and a = 2p/(2p — n).

For k=0,1,---, B(k) = {u € L’(R™) : 1y i51<x 12705 ull® = [lull}y sy < o0}
and X(—k) is the dual space of 3(k). For Banach spaces X and Y, B(X,Y) stands
for the set of bounded operators from X to Y, B(X) = B(X,X). We use C, to
indicate the strong continuity of operator valued functions, e.g. C.(I%, B(X,Y))
is the set of strongly continuous B(X,Y)-valued functions on I?.

THEOREM 1. Let Assumption (A) be satisfied, ¢ = 2p/(p—1) and 0 = 4p/n. Then,
H(t) € B(HNLY(R™),%(—2)) and its part in H is selfadjoint for a.e. t € R!. There
exists a unique propagator {U(t,s): t,s € R?} with the following properties.

(1) U(t,s) is unitary in H with U(¢,s)U(s,r) = U(t,r).

(2) U(-,-, h) € C«(R?, B(H)).

(3) For any s € R! and f € H, U(:,s)f € L?‘;g(Rl) and with constant C > 0
independent of s, f and compact intervals I, ,

(1.4) U ) llzeey < CQA+ITNVOYS].
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(4) If f € H, u(t) = U(t,s)f is X(—2)-valued absolutely continuous in ¢t and
satisfies the equation (1.1) in £(—2) at almost every t € R*.

In what follows, the exponents p > n/2, ¢ =2p/(p — 1) and a = 2p/(2p — n)
are reserved to denote those appeared in Assumption (A) and Theorem 1.
Several remarks are in order.

REMARK (A)’: If G(t,z) is real smooth and T is the gauge transformation:
(1.5) Tu(t,z) = exp(—tG(t, z))u(t, z),

then T transforms (1.1) into the one with A + 3,G and V — 8,G, in place of A
and V respectively. In particular, by taking G(¢,z) = fot V(s,z)ds, smooth scalar
potentials may be eliminated from (1.1) by a gauge transformation by changing
Ato A+ fot 0,V (s,z)ds. This is the reason why we assumed in Assumption (A)
that V(t,z) is bounded at infinity in a certain L? norm, which allows us to regard
(1.1) as a perturbed equation of

(1.6) z— = Ho(t)u = Z e —‘9—]_ — 4;(t,2))u.

It should be also clear that, if V(¢,x) is a real function such that 93V,(t,z) is
continuous in (t,z) for all |a| > 0 and |03 Vp(t,z)| < Cq, |a| > 2, then, Theorem
1 remains to hold for (1.1) with V(¢,z) + Vo(¢,z) in place of V(¢,z), the latter
being assumed to satisfy Assumption (A). Similar remark will apply to theorems
to follow, though we shall not mention it explicitly any more.

REMARK(B): (1.4) implies that for every f € Hand s € R, U(¢,s)f € HNn LY(R™)
for a.e.t € R! and manifests the smoothing effect of the propagator U(%,s) in
the sense that it improves LP-smoothness. This is an improvement of Strichartz’
inequality

(1.7) ([1[ 1€ s@paayirane < clfl, f e @)

for 0 < 2/ = n(1/2 —1/p) < 1 (cf. [11]). Note that (1.7) is an estimate global
in time and manifests simultaneously the local decay property (as [t| — o) of
exp(itA)f (which, incidentally, implies the existence of the restriction of Fourier
transforms of L?"% -functions on the quadratic surface n = 24+ €2, cf. [26])).
This is in contrast to (1.4) where the right hand side increases with the length of
the time interval. This is, of course, natural because bound states exist in general
which never decay as t — Fo0.

REMARK(C): If V(t,z) = V(z) satisfies (2) of Assumption (A) With some py >

n/2, it does so with any n/2 < p < p,. Hence U(-,s)f € L“°(R!) for any
2<l<2n/(n—2)and 1 <0 <4/n(f-2).

loc
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REMARK(D): The LP-smoothing property of the propagator is expected to hold,
at least in a weaker form, for Schrédinger equations with faster increasing scalar
potentials. In fact, if H = —d?/dz?on [0, 1] with Dirichlet conditions at z = 0, 1,
which is an extreme case that Vp(z) = oo for ¢ € (—00,0) U (1,0) in the termi-
nology of Remark (a), it can be easily checked by an explicit computation using
Fourier series expansions that exp(—itH )u € L} (R, L*([0,1])), for u € L2([0,1])
and exp(—itH) does possess certain smoothing effect even in this extreme case.
(This is a result of Zygmund [33].) In view of Zelditch’s work ([32]), we note that
faster increase of scalar potential implies increasing number of caustics for higher
momentum which suggests stronger singularities in the integral kernel of the prop-
agator U(t,s). We suspect that the smoothing effect may be used for measuring
the strength of its singularity.

-REMARK(E): When H(t) = H, the LP-smoothing property implies an interesting
result on change of phases of Fourier coefficients in (generalized) eigenfunction
expansions associated with H. The following is an obvious consequence of (1.4)
and the fact that {u € H: (—i0; — A(z))u € H*} C LY(R™). We refer to Edward|[8]
for informations on related results for the ordinary Fourier series.

COROLLARY 2. Let A and V' be independent of t and satisfy Assumption (A) and
let H = H(t) be the selfadjoint operator in H defined by the Friedrichs extension:

DH)={ueH:(—-i0/0z;— Aj(z))uecH,j=1,---,n, Hu € H}.

Suppose that H has only pure point spectrum {);}32, and let {¢;}$2, be the
associated complete set of orthonormal eigenfunctions of H. Then for any {c;} €
22, we have Z;’::l exp(—itA;)cjd(z) € L% a.e.t € R for 2 < £ < 2n/(n —2).

REMARK(F): The LP-smoothing property of e't4/2 has wide applications in the
study of non-linear Schrédinger equations :G,u = —(1/2)Au + F(u) (cf. e.g.
[11] and [17]). Theorem 1 (and Theorems 7 and 8 to follow) may be used to
extend some of their results to more general non-linear Schrédinger equations
i0iu = H(t)u + F(u), with H(t) asin (1.1) (cf. [7]).

The propagator U(t, s) has not only LP-smoothing property but also the differ-
entiability improving property, which is the content of the following two theorems.
Because of a technical difficulty, we were forced to assume either A(¢,z) or V(¢,z)
vanishes identically. If Theorems 3 and 4 are true under the conditions of Theorem
1 is still an open question.

THEOREM 3. Let Assumption (A) be satisfied and p > 1/2. Suppose either
A(t,z) = 0 or V(t,z) = 0. Then, there exists a constant C,, > 0 such that for
s€Rand T >0

s+T '
(17) / I(2)=#(D)/2U 1, 5)f|Pdt < Cu(1+ T|fI?, f € S(R™).
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THEOREM 4. Let Assumption (A) be satisfied, 2 < £ < ¢ = 2p/(p—1), 0 <
20 +n(1/2 -1/¢) < 2/6 < 1 and p > 1/2. Suppose either A(t,z) = 0 or
V(t,z) = 0. Then, there exists a constant Cyps > 0 such that for s € R! and
T>0

s+T
(18) [ @) (DU ) @Gt < CuooL+ TSI, f € SERY).

REMARK (G): As in Remark(c), if V(¢,z) = V(z), the condition 2 < £ < ¢ =
2p/(p — 1) in Theorem 4 may be replaced by 2 < £ < 2n/(n — 2).

It was Kato [16] who discovered that a certain unitary group in L? can improve
the differentiability property: The solutions of the KdV equation

O+ 02u+ a(u)f;u =0, t>0,z€R!

with u(0) = f € L*(R') satisfy

T (rR
| [ 1ot o)Pdedt < k(1517 B)
0 -R

if im sup|y|_,e0 |A|7*@(A) < 0. Later it was found (cf. [25], [4] and [19]) that
such property is common for unitary groups generated by dispersive differential
equations with constant coefficients and, in particular, for the free Schrodinger
propagator they proved

(1.9) /Rl /Rn |6(t,2)(1 — A)Y 4P u(z)Pdzdt < Cllul|?, w e L*(R™)

andfor 1< ¢<2,r>2anda<1l/r—n(l/qg—1/r),
(1.10) | / / |6(t, 2)(1 — A)*/2e*Ay(2)|"dzdt]V/™ < C|lu||ze, u € LIR™),
Rl JR"

where ¢ € C$°(R™!) (see also [18] and [24] where ¢ in (1.9) is replaced by
(z)~1/2=¢ ¢ > 0).

Theorem 3 and Theorem 4 are extensions of (1.9) and (1.10) (with ¢ = 2) to
differential equations with variable coefficients, however, by the same reason as
in (1.4), the right hand sides of (1.7) and (1.8) increase linearly in time length
T in contrast to (1.9) and (1.10) which imply also the local decay as |t| — oo
of exp(itA)f in the local Sobolev norm. In this connection we should mention
that Ben-Artz and Klainermann [2] have recently shown, in the case H(t) = H
and A = 0 and |V(z)| < C(1 + |z])727¢, € > 0, that, if zero is not a resonance
energy of H, the estimate global in time of type (1.9) is valid for u belonging to
the continuous spectral subspace of H (cf. also [4]). We should emphasize that
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Theorem 4 is an improvement of (1.10) (with ¢ = 2) even when A(¢,2) = 0 and
V(t,z) = 0 as far as the smoothness is concerned. It uses different L?-norms for
space and time variables in the first place and when 8 = p, o in (1.8) can be as
big as 1/p — (n/2)(1/2 — 1/p) whereas in (1.10), 0 < 1/p —n(1/2 — 1/p).

We record two consequences of Theorem 3. One is the mazimal inequality
of Schrodinger type and the other is on the almost everywhere convergence of

U(t,s)f(z) ast — s.

THEOREM 5. Assume the condition of Theorem 3, « > 1/2 and § > 2y + 1/2.
Then there exists a constant C > 0 such that

1) [ s @U@ <O, S € SE)
THEOREM 6. Let Assumption (A) be satisfied and f € H7(R™) N L}(R™) with
4 > 1/2. Then for any s € R!

(1.13) %1__)11; U(t,s)f(z) = f(z), a.e.z€R™

Note that, when H(t) = H, Theorem 6 gives a summability theorem for (gen-
eralized) eigenfunction expansions associated with H. For exp(itA) Carleson [3]
proved the summability theorem with ¥ = 1/4 when n = 1. This result is shown
to be sharp by Dahlberg and Kenig [6]. Again for n = 1, Kenig and Ruiz[20]
showed that the maximal inequality (1.9) is satisfied with ¥ = 1/4 and that the
estimate is sharp. These one:dimensional results were subsequently extended by
Sj6lin [25] and Kenig-Ponce-Vega [19] to higher dimensions. It seems still open,
however, if these estimates are sharp or not in general.

We close this section with three theorems on the regularity of the solutions of
(1.1). The solution u(t) = U(t,s)f, f € H, obtained in Theorem 1 is a weak
solution in the sense that it satisfies (1.1) only in X(—2) for a.e.t € R!, and it
is natural to ask the following question: When data f is nice, say f € 3(2), is
u(t) = U(t,s)f a strong solution, that is, does u € C*(R',H), u(t) € D(H(t)) for
every t € R! and satisfy (1.1) in H? This is equivalent to finding an invariant
subspace D C D(H(t)) for U(t,s): U(t,s)D = D such that U(-,-)f € C*(R?,H)
for f € D. This turns out to be a rather subtle and difficult question in general
and we shall study this problem only under certain stronger conditions on A(¢,z)
and V(t,z). _

When V (¢, z) is smooth in the spatial variables, the gauge transformation (1.5)
eliminates it from (1.1) reducing it to the form (1.6). For (1.6) we can construct
the propagator Uy(t,s) in the form of oscillatory integral operator(OIO) by the
method of semi-classical approximation and derive much information out of it. In
particular, £(2) is an invariant subspace for Up(t,s). We should recall (cf. [13])
that Ho(t) is essentially selfadjoint on C§°(R™) and its closure, which we denote
by the same symbol, is identical with its maximal extension. Thus :

2(2) C D(Ho(t)) ={u € H: Hy(t)u e H}, teR.
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In virtue of (1.5), the following theorem is an extension of Fujiwara [9],[10], Kitada
[21] and Kitada-Kumanogo [22] to the case with general magnetic potentials.

THEOREM 7. Let Assumption (A) be satisfied and H(t) = Ho(t). Then the prop-

agator U(t,s) = Uy(t,s) of Theorem 1 satisfies the following additional properties.

(1) Uo(-,-) € Cu(R?, B(E(k))) N CL(R?, B(X(k), B(k — 2))) for k =0,%£1,- - -.

(2) If f € X(2), then Uy(t,s)f satisfies '
i(8/0t)Us(t,s)f = Ho(t)Uo(t,s)f € C(R%,H),

Z(a/aS)UQ(t,S)f = —'Uo(t, S)H()(S)f (S C(Rz,H)

(3) Uo(t, s) is an isomorphism of the Schwartz space S(R™).
(4) For a small T > 0, Up(t,s), 0 < |t —s| < T, can be written in the form of an
OIO:

(1.14) Uo(t,8)f(z) = (27ri(t*8))_"/2/6is(t”"""”)b(t,s,w,y)f(y)dy,

where S(t,s,z,y) and b(t, s, z,y) satisfy the following properties.
(4.a) S(t,s,z,y) is a real solution of Hamilton-Jacobi equation

(1.15) (8:5)(t,s,z,y) + (1/2)((8:5)(t, s, x,y) — A(t,z))* = 0.

It is C' in (t,s,z,y), C* in (z,y) and satisfles the estimate

T — 2
(L16)  [020]{S(t5,0) — S H < Copy ot B 22

(4.b) For any a and S, 8§05b(t,s, z,y) is C! in (¢,s,z,y) and satisfies
(L17) 6200b(t, 5, 2,y)| < Cap,  la+B| 20.

When V(t,z) is singular, we take a perturbation point of view and consider the
case H(t) = Ho(t) + V(¢t) with Ho(t) = H, first. We give a sufficient condition on
V(t,z) so that D(Hy) becomes an invariant subspace. Recall that p > n/2 with
p > 1is fixed as in Assumption (A) and ¢ = 2p/(p — 1).

AsSSUMPTION (B): V(t,z) satisfies V € C(R',L?(R")) + C(R',L*°(R")) and
0V € Lrv>i(RY) + L>Y(RY) for p = maz(p,2), p1 = 2np/(n + 4p) (n > 5),
p1>2p/(p+1) (n=4), pr =2p/(p+1) (n < 3) and ay = 4p/(4p — n).
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THEOREM 8. Let Assumptions (A) and (B) be satisfied and Hy(t) = H, is inde-
pendent of t. Then, H(t) is essentially selfadjoint on C§°(R™) and its closure, which
will be denoted by the same symbol, has constant domain D(H(t)) = D(Hy). The
propagator U(t,s) satisfies the following properties:

(1) U(:,-) € C«(R?, B(D(H,))) N C;(R?, B(D(H,), H)).

(2) If f € D(H,), then

(1.18) 10,U(-,8)f = H()U(-,s)f € C(R',H)n LLY(RY),
(1.18) i0,U(-,s)f = ~U(-,s)H(s)f € C(R*,H)) n LL2(RY),

where we have equipped D(Hy) with graph norm and § = 6(q) = 4p/n.

When Hy(t) is genuinely ¢-dependent, D(Hy(t)) is in general wildly changing

with ¢, and it is too ambitious to expect U(t,s)D(H(s)) C D(H(t)) even when
H(t) = Ho(t). However, we know by Theorem 7 that X(2) C D(Hy(t)) is an
invariant subspace for Uy(t,s), and this suggests we try to find conditions on
V(t,z) such that ¥(2) be also an invariant subspace for U(%, s). The next theorem
shows that this is indeed the case, if V (¢, ) suitably decays at infinity. We write
(z) = (1+[e)'/2.
AssuMPTION (C): V(t,z)satisfies V € (z) 3C(R?, LP(R™))+(z) P C(R?, L>°(R"))
and 8,V € (z)~2LPv*1(R!) 4 (z)~7L>Y(R!) for § = maz(p,2), 2 < B < 3,
p1 = 2np/(n+4p) (n 2 5), p1 > 2p/(p+1) (n =4), pp =2p/(p+1) (n <3),
v >0 and a; = 4p/(4p — n).

THEOREM 9. Let Assumptions (A) and (C) be satisfied. Then,
(1) U(-,-) € C«(R?, B(Z(2))) N CL(R?, B(Z(2),H)).
(2) If f € £(2), then U(t,s)f satisfies (1.18) and (1.19) of Theorem 8.

The proofs of Theorems 1 and 7 to 9 can be found in [30] and those of Theorem
3 to 6 are given in [31] for the case V(t,z) = 0. Theorems 3 to 6 for the case
A(t,z) = 0 with singular potentials are new materials here.

We shall review the outline of the proofs of Theorem 1 and 7 in section 2. In
section 3 we shall prove Theorems 3 and 4 for the case A(t,z) = 0. Since the
proofs of Theorems 5 and 6 for this case are identical with the corresponding ones
in [31] for the case V(¢,z) = 0, we omit it here.

§2. Strategy of the proof of Theorems 1 and 7.

Since the proof of Theorem 1 heavily relies on Theorem 7, we begin with a
sketch of the proof of the latter theorem.

We denote the classical mechanical Hamiltonian associated with (1.12) by

Ho(t,z,€) = (1/2) ) (& — A;(t,@))?

i=1
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and by (z(t,s,y,1),&(%, s,y,1)) the solutions of Hamilton’s equations
(2.1) dz/dt = OH,0¢, de/dt = —8H, |0z

with the initial conditions (z(s),£&(s)) = (y,n). To make the dimension same, we
introduce new variables and set

&(t,5,y,m) = 2(t,5,9,m/(t = 5)),  E(t,,9,m) = (¢ = $)é(t, 5,9,/ (t — s))
for ¢ 7é s and i(t7t7 Y, 77) =y+mn, g(t7tayan) =1
LEMMA 2.1. (Z(¢,s,y,7), £(t,s,y,7)) exists globally for t,s € R! and, for every o
and f3, 3;’655: and 6;‘355 are C! functions of (t,s,y,n). For |t —s| <1
(22) |0505(8% /By — 8j1)| + 10508 (9%;/Onx. — 651
+ 10504 (96;/Byr)| + 10504 (9E;/Omk — 65x)| < Caglt — s,
where 6. is Kronecker’s delta;

It can be deduced from (2.2) that there exists T > 0 such that, for every fixed
[t—s| <Tand y € R*, R* 3 n — z = &(t,s,y,n7) € R" is a global diffeomorphism
of R™. Write 7j(t, s, y, ¢) for its inverse. Then

(24) (.’L'(T), 6(7-)) = (.73(7', $Y, (t - 5)_1ﬁ(ta $Y, x))’ E(Ta Y, (t - 3)—1ﬁ(t3 $Y, Z')))

is a unique solution of (2.1) such that z(¢) = z and z(s) = y. We denote by
S(t,s,z,y) the action integral along this path:

S(t7 Sy Ty y) = / {(aEHO)(Ta :L'(T), 6(7-)) : é(T) - HO(T7m(T)7 6(7-))}d7-

LEMMA 2.2. S(t,s,z,y) satisfies the property (a) of Theorem 7, i.e. it satisfies
Hamilton-Jacobi equation (1.15) and the estimate (1.16). Moreover,

(2.5) (t — $)(8:S)(t, s, z,y) = E(t,3,,7i(t, s,y, z)),
(2.6) (t = )0, S)(t, 8, 2,y) = —ii(t, s, Y, 2).
Note that (1.16) shows that S(¢, s, z,y) has the properties of phase functions of
OIOs studied in [1]. We let e(t, s, z,y) be the solution of the transport equation
By + (V.S — A(t,))Vae + %(AZS I div, A(t,2)e =0

associated with S(t,s,z,y) with the initial condition e(s,s,z,y) =1. For T > 0
small enough (to be specified below) we write A(T) = {(¢,s) € R? : |t —s| < T}.
B(R™) = {f : ||fllsx = supzerm Elalﬁk |07 f()| < 00, k =0,1,2,...} is Fréchet
space of bounded C* functions with bounded derivatives.
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LEMMA 2.3. e(t,s, ) € C(A(T),B(R™ x R") and satisfies
(2.7) 10205 (elt, 5,7, y) — 1)| < Caglt — s|-

Using S of Lemma 2.2 and e of Lemma 2.3, we define the (first order) semi-
classical approximation E(t, s) of the propagator by

E(t,s)f(z) = (2mi(t — s))_"/2 / eiS(t’s’z’y)e(t, s,z,y) f(y)dy.

When a(t, s, z,y) (resp. p(t,s,z,€,y)) is continuous in (¢, s) € A(T) with values
in B(R® x R™) (resp. B(R” x R® x R™)), we say a € Amp (resp. p € Symy).
I(t,s,a) is the OIO with the phase S(t,s,z,y) and amplitude a(t, s, z,y):

(2.8)  I(t,s,a)f(z) = (2mi(t — s))""/? / eStham¥a(t, s, 2,y) f(y)dy

and DO(t, s) is the set of all v-pseudo-differential operators

p(t,s,z,vD,z)f(z) = (2mv)™" / eVt s, 2, €, y) f(ly)dydE

with symbols p € Symyg, v =t — s.
- Operators of the form (2.8) are of class Asada and Fujiwara[1] and the following
lemma summarizes their properties to be used in what follows.

LEMMA 2.4. There exists T > 0 such that for (t,s) € A(T) the following state-

ments are satisfied:
(1) For k = 0,1, - -, there exists a constant C}, such that

(2.9) 11(t,s,0)fllsxy < Cilla(t, s, Mlpmwrgem | flzry, @ € Amp,

where M (k) =2n + k + 1.

(2) I(t,s,a) is a continuous operator on S(R™).

(3) For a,b € Amp and p € Symy, there exist ¢,d, f,g € Amp and q € Symg such
that :

(2.10) I(t,s,a)* = I(s,t,c), I(t,r,a)I(r,s,b)=1I(t,s,d).
(2.11) I(t,s,a)p(t,s,z,vD,z) = I(t,s,f), p(t s,z,vD,z)I(t,s,a)=I(t,s,9).

(2.12) I(t,s,a)I(s,t,b) = ¢(t,s,z,vD, z).

10
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Moreover ¢, d, f, g € Amp and q € Symg in (2.10) to (2.12) depend continuously
on a,b and p in the topology of B(R%™) or B(R3™).

(4) For subdivision  : s = 89 < s3 < ++- < sp =t and aj,a3,- - -,ar € Amp
there exists a € Amp such that I(t,sy—1,ar) - I(sp-1,51-2,a5-1) - I(s1,8,a1) =
I(t,s,a). Form =0,1,---,

L

(213) Ha(t, S,y ')“Bm(R2n) S n(m)L H |[aj(3]-, Sj—15" ')”BR(m)(.RZn),
j=1

where constants k(m) and R(m) are independent of L, subdivision 2, functions
aj € Amp,1 <3 <L and v.

In what follows T' > 0 will be always assumed to be sufficiently small so that
Lemma 2.4 is satisfied. In virtue of standard semi-group theory, it suffices to prove
Theorems 1 and 7 for |t — s| < T.

PROOF OF THEOREM 7: A simple computation shows that

(2.14) iG(t,s)f(z) = (~i0; + Ho(t))E(2, s)f(2)
= —(2miv) ™"/’ / e S0z 0/¥(1/2) Ayalt, s, 2,y)f(y)dy,

where S(t,s,z,y) = (t — s)S(t,s,z,y) and v = t — 5. In virtue of Lemma 2.4 and
(2.7) it follows that E(t,s) and G(t, s) satisfy the following properties:

(1) For t # s, E(t, s) and G(t, s) are continuous operators both in ¥(k) and S(R"),
and

(2.15) IEC s)fllswy < Clifllswy, G s) fllsw < Clt — sl fllsmy-

(2) For f € X(k), ||[E(t,s)f — flls@x) — 0 as t — s and if we set E(¢,t)f = f and
G(t,t)f = 0, then E(,-) and G(-,-) € C.(A(T), B(Z(k))).
B If fe S(R") then E(t,s)f and G(¢,s)f are continuous in S(R") for (t s) €
A(T).

Using properties (1) to (3) above, we see that, if Uy(t, s) is the propagator with
the properties of Theorem 7, then (2.14) may be solved for E(¢,s) in the form:

(2.16) E(t,s)f = Up(t,s)f — /t Uo(t, r)G(r, s)fdr.

For constructing Uy(t, s) we regard (2.16) as an operator equation for Uy(t,s) and
solve it by successive approximation:

(2.17) Uo(t,s) = E(t,s)+ (ExG)(t,s) + (ExGxG)(t,s)+---,
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where (F * G)(t,s) = [ F(t,7)G(r, s)dr. (2.15) implies

1

< kyg o2k~
1B+ Gx G- x Gllawey) < Celt = 1™ raaTy;

and, for every £ = 0,1, - -, the series (2.17) converges in operator norm of B(X(¥))
uniformly in (¢,s) € A(T) to define Uy(-,-) € Cx(A(T), B(X(£))), which clearly
satisfies (2.16), hence (1) to (3) of Theorem 7.

Moreover, by (2.13), we see that (E x G x - - - *x G)(t,s) = I(t,s,cnk) with
cnk(t, s, z,y) satisfying '

k-};l |t — 3|2k

=0,1,---
m (2 + 1)’ 0.1,

(2.18) llcklls= < C
Thus, the sequence b(t,s,2,y,h) = 3 reo cNk(t,8,2,y, k) converges in B(R*")
uniformly in A(T') and Uy(t,s) = I(t, s,b). This implies that Uy(t, s) satisfies (4)
of Theorem 7.

PROOF OF THEOREM 1:

We first remark that the multiplication operator V(t) with V(t,z) is Ho(t)-
form bounded with bound 0 and the Friedrich extension of H(t) = Hy(t) + V(t)
coincides with the part of H(t) € B(HN LY(R"),¥(—-2)) in H.

We solve (1.1) via the equivalent integral equation:

, ¢
(2.19) u(t) =Up(t,s)f — z/ Uo(t, r)V(r)u(r)dr.
We set, for the parameter £ with 0 < 2/6 = n(1/2 —1/¢) < 1, the function spaces

X(I,0) = Cy(IL,H)N LY(I), X*(I,) = L**(I) + L*¥ (1),

and solve (2.19) in X(I,q), ¢ = 2p/(p — 1) with a small interval I, where £ and
' are indices conjugate to £ and 6. We say u € Xj,.(1,¢) if u € X(I',£) for any
compact subinterval I' of I. We need the following four lemmas. The first lemma

. is an immediate consequence of (2.9) and the complex interpolation theory.

LEMMA 2.5. Let a € Amp. Then:
(1) There exists a constant C depending only on n such that for any 2 < £ < oo
andt, s € A(T)\ A,

(2.20) (¢, s,0)flle < Cllalt, s, Mgansa [t = |70 || £l
(2) For f € L*(R™), I(t,s,a)f € C(A(T) \ A, LYR™)).

The next lemma can be proved by using (2.20) and the Hardy-Littlewood-
Sobolev inequality.
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LEMMA 2.6. Let 0 < 2/6(4) = n(1/2 —1/€) < 1 and let Z(t,s) be B(H)-valued
measurable function of (t,s) € R? which satisfies the following conditions:

(a) For any f € H and ty € R, Z(t,s)f and Z(s,t)*f are continuous in H with
respect to t at t = ty for almost all s € R!.

(b) For f € LY(R*)NH and (¢,s) ¢ A, Z(t,s)f € LY(R") and

Z(2,)flle < Clt — s|~"/2=2/D) £ ||

with constant C > 0 independent of t, s and f.
(c) For any r € R' and (t,s) ¢ A, Z(r,t)*Z(r,s) and Z(t,7)Z(s,r)* defined on
LY(R™) N H can be extended to bounded operators from L (R™) to L{(R™) and
12(r, )" 2(r, ) flle < Clt = s| ="/ 0| e,
1Z(t,7)2(s,7)* flle < CJt = s| /21O ]| .
Then:
(1) For any f € H and s, u(-) = Z(-,s)f € L%%(R!) and with constant C indepen-
dent of s and f, ‘
/ 12(-> 8)fllee < CISII-
(2) The integral operator Ju(t) = [*°_ Z(t, s)u(s)ds is bounded from X*(R',¥) to
X (R, 0):
1 ullx (R, < C’llullx*(nl,{)'
Since Uy(t,s) = I(t, s, b) with b € Amp, it obviously satisfies Lemma 2.5, hence

the conditions (a) to (c) of Lemma 2.6. Accordingly, Lemma 2.6 1mpl1es the
following

LEMMA 2.7. Let 0 <2/6 =n(1/2—1/¢) < 1. Then there exists a constant C > 0
such that the following estimates are satisfied for any R > 0 and a € R!.

(1) For f € H, Up(-,a)f € L2 (R!) and
1Uo(, )fll e fa-r,atm) S C(L+ RIS, f €.

(2) Let G, be the integral operator defined by Gou(t) = fat Uo(t, s)u(s)ds. Then
G, is a bounded operator from X*([a — R,a + R],£) to X([a — R,a + R],£) and

”Gau”X([a—R,a+R] o < CA+ R °llull x+ (a=Ra+B),0)-

If we define a Banach space for potentials by M(I) = L»*(I)+ L°1(I) with
the standard norm:

llullaery = inf{lIVille.a (D) + [Vallzeen (I) : V = Vi + Va}, -

where p and « are the exponents in Assumption (A), then Holder’s inequality
implies that the multiplication operator V satisfies the following properties.
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LEMMA 2.8. Let ¢ =2p/(p—1). Then:

IVellx=,a) < WV llaecay - Nlull xa,q)-

Setting Q, f(t) = Uo(, 3)f, we write the integral equation (2.19) in the form
(2:19") u(t) = Qs f(t) + GsVu(t).

As in the proof of Theorem 3, we only have to consider in a small interval
I = [ty — T/2,to + T/2]. Lemma 2.7 and 2.8 show that Q, € B(H,X(I,q))
and G,V € B(X(I,q)), both depending on s continuously in the strong topol-
ogy of operator valued functions. Moreover, if we take T' > 0 sufficiently small,
G,V is a contraction on X (I, q). It follows that (2.19’) can be uniquely solved for
v € X(,q):

u=(1- GSV)—IQaf = Z(GSV)kQSf-
k=0

We define U(t,s), for t,s € I, by U(t,s)f = u(t), that is, U(¢,s) = Ty(1 -
G,V)™1Q,, where I'; € B(X(I,q),H) is the evaluation functional defined by I';u =
u(t). Clearly U(-,-) € C,(I?, B(H)) and u(-) = U(-,s)f € L9*?/*(I) for any f € H,
and, as can be easily shown from its construction, this is the desired propagator
for (1.1) satisfying the properties on Theorem 1.

§3. Proof of Theorem 3. and 4 for the case A(t,z) = 0.
In virtue of the complex interpolation theory for weighted Sobolev spaces (cf.
e.g. [28]), it is well known that

(3.1) [Wrr(R™, (2} dx), WrP2(R™, (z)2d)]y = W Pe (R™, ()" (2)dz),

where kg = (1 — 6)ky + 0k2, 1/ps = (1 — 6)/p1 + 0/p2 and pg = (1 — Oy + Qua,
0 <6 < 1. Hence Theorem 4 is a consequence of Theorem 3 and Theorem 1, (3).

We prove Theorem 3 for the case A(t,z) = 0. We assume s = 0 and suppress
the index s. In this case Uy(t, s) = exp(i(t — s)A/2) and (2.19) reads

u(t) = Qf(t) + GVu(t) = exp(itA/2)f — i/o exp(i(t — s)A/2)V(s)u(s)ds.

We let F.(€) = (€)1/2/(1+€£?) and write, with a little abuse of notation, F.(D;) =
(14 D%)Y/*/(1 4 €D?), € > 0, and ¢(t) = (1 +¢*)"#/2, t € R. The commutators
[Fe(D),{(z)~*] and Fe(D;)[¢%(z;), Fe(D;)] are uniformly bounded in H for € > 0,
7 =1,---,n. Hence we have

IFe(D){z)#v|* < Z IF(D;){2) "#oll* < D llé(e;)Fe(Dy)oll” + Clpof?;

j=1

14
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165(2)E(D)ol* = (Fu(D;)¢(z;)E(D;)e,v)
= (F(D;Y'¢(25)0,0) + O(vl), v €M

It follows that with a constant C > 0 independent of € > 0

(3.2) . . |
| M E Dy < Y- [ 160+ Cl?
n T "~ )

> [ (B¢ @syue, utt)e +O(U£1P)

=170
Here we used ||u(t)|| = || f||- Introducing the notation

g(t) = e A2@QVu(t) = /t e AV (s)u(s)ds

and

T
@j(T,m,D) = / e—itA/2Fe(Dj)2¢2($j)eitA/2dt’
0

we write the integral in the right of (3.2) in the form
T
(3.3) (®;(T, 2, D), ) + / (®)(t,z, D)f, g(t))dt
T ‘ ’ T
+ [ (@5tt2,D)ote), f)at+ [ (@;t,2,D)0)9(0),
0 0

where ®'(t,z, D) = e A2 F(D;)2¢?(z;)e?/? is the t-derivative of ®;(t,z, D).
We use the following

LEMMA 3.1. For every j = 1,---,n and t € R, the operator ®;(t,z,D), is a
bounded operator of LY(R™) for every 1 < £ < oo. Its operator norm is bounded
uniformly in [t| < T, T > 0, and € > 0.

(3.4) e'4/2% (¢, 2, D)e™ A/ = —®;(—t,z, D).

PROOF: (3.4) is obvious and we prove the boundedness only. Since F(D; ) and

e~it4/2 commutes, we have

e A2 F(D;)*¢*(25)eA/? = F(D;)*¢*(z; + D)

and ¢?(z; + tD;) is Weyl operator with the symbol ¢?(z; + t£;). It is esay to
see that (1+ eD?)™" has L' convolution integral kernel with uniform L'-norm in
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x j-variable, hence, is a uniformly bounded operator in every LYR™), 1 < £ < .
Take x(£) € C§°(R) such that x(§) = 1 near zero and split

(L+EHY2 = A+ EN' Px(&) + A+ ENPA - x(&)E - &

Here (14 D?%)!/2x(Dj) is obviously L*-bounded and the standard result of pseudo-
differntial operators shows that (1 + Df)l/ 2(1 - x(Dj))Dj'l is also bounded in
LY(R™), 1 < £ < co. (This is essentially the Hilbert-Transform.) Hence it suffices
to prove the boundedness of foT #*(z;+tD;)dt and fOT D;¢*(z;+tD;)dt, the latter
being the Weyl operator with the symbol

T

T
@5 [ Sartgd—G2) [ (@)

Note that in general

(36)  g(z+tD)f(z) = (21)~" / =D Eg((z + y)/2 + 1€) (y)dyde
= ¢ /H(g(tD)e" /Hf)(z)

It follows that ¢*(z;+tD;) and (¢?)'(zj+1D;), hence the Weyl operator of which
the symbol given by the second integral of (3.5) are uniformly bounded in L for
every 1 < £ < co. Writing the first integral of (3.5) as

T zj+T¢;
/0 ¢ (z; + t&;)E;dt = / $*(t)dt = U(z; + TE;) — U(x;)

with ¥(t) = fot #?(s)ds, we see by (3.6) that the Weyl operator with the symbol
fOT B(zj + t€;)?¢;dt is given by
(3.7) ¥(z; +TD;)f(z) — ¥(z;) = e 5 2T (Y(TD))e™ 1?7 f)(z) — U(z;) ().
Since ¥(t) is bounded and its derivatives satisfies

|d* @ /dt*(t)] < Ce(t) ™75, k=1,2,- -

the classical theorem for Lf-multiplier theorem (cf. e.g. [27]) implies that ¥(TD;)
is L-bounded for 1 < £ < co. This completes the proof of the lemma. |

By integration by parts we rewite (3.3) into the following form with ®;(t) =
®;(t,z,D):

(@;(T)F, ) + (;(T)F, o(T)) + (23(T)g(T), f) + (8;(T)(T), o(T))
T T
+ / (8;(—t)e™ A f, (Vu)(t))dt + / (Bj(—)(Vu)(t), e~ f)dt

T T
+/0 (@j(—t)(Vu)(t),(GVu)(t))dt+/0 (Qj(—t)(GVu)(t),(Vu)(t))dt.»
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Each term above can be estimated by C||f]|> by applying Lemma 3.1 and the
estimates

(35) lo(TI < Clfl

(3.9) le™*2 fllparrncz,zey S CNFN Vel paringr, Loy < ClUFI;
and

(3.10) IGVu| Laprn(r,0ay < C|

which are the results of Lemma 2.7 and 2.8. (3.8) and Lemma 3.1 show that the
first .four terms are bounded by C||f||?; (3.9) and Lemma 3.1 show the following
two terms are bounded by C||f||%; and (3.10) implies that the last two terms are
also bounded by C||f||*. This completes the proof of Theorem 3.
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