ON SOME SCHRODINGER AND WAVE EQUATIONS
WITH TIME DEPENDENT POTENTIALS

VIRGINIA NAIBO AND ATANAS STEFANOV

ABSTRACT. The existence and uniqueness of the initial value problem
for Schrodinger and wave equations in the presence of a (large) time
dependent potential is studied. The usual Strichartz estimates for such
linear evolutions are shown to hold true with optimal assumptions on
the potentials. As a byproduct, one obtains a counterexample to the
two dimensional double endpoint inhomogeneous Strichartz estimate.

1. INTRODUCTION

In this paper, we are concerned with the existence and uniqueness of
solutions of the Schrodinger and wave equations in the presence of external
fields. More specifically, we will prove that under very mild (and essentially
optimal) integrability conditions on the potential alluded to above, one can
establish global existence and uniqueness of certain mild solutions.

To fix the ideas, we will consider a linear Schrodinger equation of the
form
(1.1) Owu(x,t) —iAu+ iV (z, t)u = F(x,t) (z,t) e R" x RL

' u(z,0) = f(x),
and the wave equation

Opu(z,t) — Au+ V(z, t)u = F(x,t) (z,t) e R" x RL
12) | u(@,0) = f(z)

uy(x,0) = g(x)
In the Schrédinger case (1.1), we impose the physically relevant assumption
that V is real valued. In the case of the wave equation, both the data and
the potential are assumed to be real valued.
The question of existence and uniqueness for these equations is a very im-
portant one. Over the last twenty years great progress has been made, as we
shall discuss in the sequel. An important feature of the hyperbolic nature
of both problems is that one usually reduces it to obtaining apriori bounds
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for the solutions in terms of the initial data, the potential and right hand
side.

There are many ways to achieve such results, the main difference being in
the choice of spaces and the required smoothness of the data, the potential
and the right hand side.

One approach was to establish an extra 1/2 derivative gain (local smoothing
effect) for the Schrodinger equation in the L? space time norm. For that,
we refer to the works of Constantin-Saut [3], P. Sjolin [18] and L. Vega [21]
for the case V' = 0 and Ruiz and Vega [15] for the case of nontrivial V. The
last result required certain smallness of the potential V. Quite recently,
Ionescu and Kenig [7] have been able to establish the local smoothing effect
to cover the case, where small time cutoffs of V' are small in an appropriate
norm.

Another approach is to study directly the (linear) propagator of the semi-
group (or cocycle in the case of time dependent potentials) and establish
directly decay and energy estimates for such objects. This is usually re-
stricted to either time independent or very small time dependent potentials
and in some cases are dimensionally restrictive. This was done (mostly
in the physically important 3 D case) in the context of the Schrédinger
equation in a series of papers by Rodnianski-Schlag [13], Goldberg-Schlag
6], and in the wave equation context by Georgiev-Visciglia [4], D’Ancona -
Pierfelice [1], and others.

In this paper, we shall concentrate on estimating the solutions in the mixed
Lebesgue spaces L{L", defined by the completion of the test functions in

the norm
o0 q/r
lullgos = | [ (/ Iu(x,t)|de> "
0

We shall mention that both the local smoothing effect and the decay and
energy estimates for the propagators imply the Strichartz estimates, that
we aim at.

In the potential free case, that is V' = 0, the problem was first studied by R.
Strichartz [19], in connection with the restriction theorems for the Fourier
transform over quadratic and conic surfaces. This was partly motivated by
work of Thomas and Stein on the restriction conjecture, but as it turned out,
this methods proved out to be extremely useful, when applied to nonlinear
partial differential equations, with Schrodinger or wave linear evolutions.
To state the known results in the potential free case, let us denote the so-
lution operators for the Schrodinger equation by e”® (¢V=2 for the wave
equation respectively).

1/q
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Yajima [22], Ginibre and Velo [5], and finally Keel and Tao [9], have ex-
tended Strichartz’s work to show the corresponding optimal estimates in
the mixed Lebesgue spaces for the solutions of the Schrodinger equation.
More precisely, for ¢, > 2, (¢,7,n/2) # (2,00,1),2/q+ n/r = n/2, there
exists a constant C' = C(q,r,n) !, so that

(13) 1€ £l < Il
t
(1.4) /e“”)AF(-,S)dS < O Pl g -
0 LiLT

For the wave equation, one requires ¢, > 2, (¢,r, (n—1)/2) # (2,00,1),1/q+
(n—1)/(2r) < (n—1)/4. Suppose that u satisfies uy—Au = F,  (u,us)|i=0 =
(f,g). Then there is a constant C' = C(q,r,n) so that for all «

[Iwasirranizg| o< Ol + gl jrams) +

i CH|V|1/(j’+n/F’+a727n/2F‘

La'L

where H7 is the homogeneous Sobolev space with v derivatives. We call
such pairs (q,r) Schrédinger (respectively wave) admissible.

Note that the pair (2, 00) is not admissible in the two dimensional Schrédinger
case (counterexample due to Montgomery-Smith, [12]) and (2, 00) is not
admissible in the three dimensional wave equation context (Klainerman-
Machedon [11], see also [12]).

The organization of the paper is as follows. In Section 2, we prove Strichartz
estimates for the Schrodinger equation with large potential in dimensions
three and higher. In Section 3, the two dimensional Schrédinger equation
with potential is considered. Among the results are Strichartz estimates
for large potentials, existence of non time decaying solutions even for small
potentials (which is purely a one and two dimensional phenomena) and
a counterexample to the two dimensional double endpoint inhomogeneous
Strichartz estimate. In Section 4, we consider the wave equation with time
dependent potential. Under certain smallness assumptions, one shows that
the usual Strichartz estimates hold true.

Acknowledgements: We are grateful to Fritz Gesztesy for his help regarding
the spectral theory and to Luis Vega for the interesting discussion regarding
the local smoothing effect.

'In high dimensions n > 3, one can take C' = C(n) = sup, . C(q,7,n) < 0o, while in
n = 2, the constant blows up, when approaching the “forbidden” point (2,00). It is an
interesting open question as to whether the said blow up is power like or just logarithmic
as |[¢ — 2| — 0.
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2. SCHRODINGER EQUATIONS WITH LARGE POTENTIALS IN DIMENSIONS
n>3

Theorem 1. Let (q,7) be a Schridinger admissible pair, V' be a real valued
function with V € LYL, % +2 =2, (p,s) # (00,5). Then the Schridinger
equation (1.1), has a unique global solution u and there ezists a constant C,
depending only on the dimension n (but not on p,s,q,r, V') such that

1 2
(2.5) lellzgzr < €A+ lIVIE, o) (U llzs + 1F 1L 22).
with p = %, s=5=,0<e<1 andec. = (5)1/5%, v an absolute
constant.

Moreover, if V € LfOLZ/2, the above result might fail, thus implying the
optimality of the assumptions for (2.5). More precisely, given A > 0, there
exist V.= V(z) € LY* with |V w2 > A, and f € L2, such that the
solution u of (1.1) with F' =0 satisfies [[ul| 4 o0y = 00 for all Strichartz
pairs (q,r) with ¢ < oco.

On the other hand, there exists a sufficiently small 6, depending only on
the dimension, so that whenever HVHLEOLQ/Q <0 (V may be complex valued

here), the solution u satisfies |[ull o < |12 + ||F||Lt1L%.

We mention that the above positive results regarding global existence
were obtained independently by D’Ancona-Pierfelice-Visciglia, [2]. They
have also provided interesting counterexamples for nonuniqueness in the
case when it is assumed only that V € LVL with 2/p+n/s # 2 and V is
large.

Remark
e The positive results above can be extended to the case of finite time
interval [0, T as follows. The solution to (1.1) satisfies

2
q

1
HuHLf[O,T] Lr <C (1 +Ce ||V||Zf[0,T] Li)

where the constant C' is independent of T'.

A1z + 1E Loz )

2.1. An apriori estimate. Our main contribution in this theorem is not
the existence statement, but rather the apriori estimate (2.5). We shall first
prove a version of it, which applies only to test functions and then we will
extend the result to all L{L” functions by density arguments.

Denote

Syu = Ou — iAu+ iV (x, t)u

where the potential V' is real-valued and V' € LYL with p = g and s = s~
0<e<l1.
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Lemma 1. Let (q,7) be a Schridinger admissible pair. Then for every
Schwartz function u, we have the Strichartz estimates

1 2
(2.6) ullzgr, < CA+cIVIlize o) (lwe=ollzz + 1Svullzy 12),

1/e &y

where ¢, = (%) T

, and C and v are independent of u, V, q, r and €.

Proof. (Lemma 1)
By interpolation, it is enough to prove (2.6) for the pairs (¢,7) = (00,2)
and (q,7) = (2,-2%).

Multiplying Sy u by @, integrating in x, keeping real parts and taking into
account that V' is real, we get 9y [|u(t,z)|* dz = 2 [ Re(Syu(t, z)u(t, z)) dx.
So,

t
lutt, Y2 = fumolZs +2 /O / Re(Syul(z, )iz, 7)) dz dr
< Ju=ollZz + 2/1Svullzy 2 llull L L2
1
< ||“t:0||%2 +2 ||SV“”L1L2 + 3 ||“”L°° L2-

So we have, [[ul|re 2 < V2 |lw—ollrz + 2||SVuHLt1 12, which gives (2.6) for
g=ocand r = 2.

Using the Strichartz estimates for the potential free Schrodinger equation
and Holder’s inequality,

lull , 2 < Cllwollzz + CllSvulley 2 + Vel ,

% zn*2 - n+2
< Cllu=ollzz +Cl[Svullpyrz +C HVHLfL;

(2 2n
1—e’ n—2(1—¢)

By the convexity of the norms, HuHLq 1 < HuHLm L2 Jullt;

UHLng,

where (q,7) = ) is a Schrédinger admissible pair.

12 L2"/(" 5. Thus

Hu”Lqu < HUHL°°L2||u” 2n/(n—2) — (\/—Hut OHL2 +2HSVUHL1L2> HUH 2n/(n—2)

L2L L2L

whence
ull | 2 < Clug=ollrz + C || SvullLs L2
t T

+ C IV llep 15 (V2 llueollzz + 20 Svull g oz)ull° 2

t Hx

< Cllusollez + CllSvullzy g + Cyllul,

n
x

+Cee (V2 umollzz + 21| Svull Lg)HV”zf Le)

where in the last inequality we have used the Young’s inequality ab <
va'/=4) 4 ¢ bY/%. So, if v is small enough we get (2.6) for ¢ = 2 and
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r=2n/(n—2).

Note that the same proof goes without change to show that (2.6) holds, if
we replace the global L{ spaces by L{(0,T) for every T' > 0. Moreover, the
constants are independent of 7. O

2.2. Global existence. An argument similar to the one presented above
also yields existence for general (rough) L? data as follows. Instead of (1.1),
consider the integral equation u(z,t) = A(u)(z,t), where

¢

Alw)(z,t) = xj0,5 ()™ f + Xj0.0)(t) /X[o,fs}(8)6i(t_s)A[—iV(3)u(5) + F(s)]ds
0
where § = 6(V, o) is chosen so that |[V|[ ;s 52: < €0, €0 to be determined.

By the Strichartz estimates for the potential free Schrédinger equation (1.3)
and (1.4), we conclude (with the notations from the proof of Lemma 1)

sup ||A(u)||L§(O,6)LT < O(HfHL? + “FHLl(O,(S)L?) +

(g,r)—admissible
+ CHVHLf(O,é)Li
< C(fll=+ HF|’L1(O,6)L2) + Ceo Sup [l papr

(q,r)—admissible

UHLéLf <

and similarly

sup [|A(w) = A@)|[paear < Co0 supflu =l
(q,r)—admissible (g,r)—admissible
Therefore, provided ¢y is small enough, the map

A {u:  sup HUHLQ(O,é)L’“ <R} = {u: sup HUHLq(o,a)U < R} is
(g,r)—adm. (g,r)—adm.

a contraction for R = 2C(||f]l;2 + || F'||;1z2) and a solution exists for the
interval [0, J].

We can iterate the argument to obtain unique solutions in the intervals
9, 26], ]2, 36, ..., provided we have selected J, so that

SUPac (0,00) 1V | 2 (0.0y0s < g0.> This is possible by our assumption on the
potential V.

Note that this argument guarantees the existence of the solution, regardless
of our previous argument on apriori estimates. If one tries to keep track of
the constants, we see that they potentially may increase in the N** time
interval [No, (N + 1)d]. However, the apriori estimate (2.6) shows that
SUD (g,r)—adm. ||l La(o - 18 uniform on 7" and moreover by density, (2.6)
holds for all initial data f and right hand sides F, which is the proof of
(2.5).

2This is somewhat reminiscent of the condition, imposed by Ionescu and Kenig, [7] on
local smoothing effect.
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2.3. Big time independent potentials produce non-time integrable
solutions. For potentials V' = AW (z), with HWX(KO)HL,L/Q # 0, A big
enough, it follows that the operator —A + V(-) has a negative eigenvalue
(see Reed-Simon [14, p.274, Theorem XIII1.80]), and therefore, if f € L? is
a corresponding eigenvector, then u(t,x) = e " f(x) satisfies Syu = 0 and
[wi=ollzz < oo, but [Jul|pe 1y = oo for ¢ < oo.

2.4. Small (complex valued) potentials in L>*L"2. A simple calcula-
tion shows that there exist §, C' > 0 such that

(2.7) lullze g < C(llwe=ollzz + [1Svullzy £2)

for every V' (not necessarily real) with HVHLO"L% < 4. In fact, using the
t x
Strichartz estimates for the potential free Schrodinger equation and Holder’s

inequality

Jullzg; < Cllupollzz + C1Svull g + CIVal , 2
t

n+2
T

< Cllup=ollzz + CllSvullry 2z + C IV lull ,  an,-

n
L Ly " r2rp?
So we have

sup, g2y < C luemollzz +CI1Svedlsy sz + C VI 3 5up,, llull

Therefore we get (2.7) if C HVHLOo 13 < 3.
t T
3. TWO DIMENSIONAL SCHRODINGER EQUATIONS

In the two dimensional case, one makes the obvious modifications to the
arguments presented above for the case n > 3 to obtain

Theorem 2. Consider the Schrodinger operator
Syu = Oy — iAu+ iV (z,t)u z € R?,

where the potential V' is real and V' € LYLS forp = % and s = %, 6 >0,
0<e<1. If(q,r) is a Schridinger admissible pair with ¢ > 2+ 0, then we
have the Strichartz estimates

1 246
lullzgr, < €A+ e VI )0 (lup=ollzz + 1Svullzy r2),
where ¢, = (%)1/":15—_75 and C and 7 are constants independent of u, V, q,
r, 0 and e.

Note that we do not state the results for small time independent V' in
Theorem 2. This is because such a result is necessarily false.

Indeed, by a theorem of Simon, ([16], see also [17]), if V' # 0 is such that
Jrz 2]V (2)]dz < oo and [g, V(x)dz < 0, one has a (negative) eigenvalue
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A and an eigenstate f € L? for —A + V and therefore u(x,t) = e ™ f(x)
would be a counterexample proving the following

Proposition 1. Let V # 0,V : R*> — R! be a real valued (and maybe
smalll) potential with [g, |||V (x)|dz < oo, [z, V(z)dz < 0. Then there
eists a function u with Syu = 0, ul=o € L?, such that ||ull L cypr =
for all Strichartz pairs (q,r) with q¢ < co.

3.1. The double endpoint inhomogeneous Strichartz estimate fails
in two dimensions. Another consequence of the Simon’s result is that for
the inhomogeneous Schrodinger equation u; — iAu = F,  wu(x,0) = 0 the
Strichartz estimate

[ull 20 < CNF | 2

fails to be true. This is in complement to a result by Montgomery-Smith,
[12], where he has shown that sup s ||e”AfHLQLOo = 0.

Proposition 2. The Duhamel’s operator for the Schrodinger equation

t
fei(t*S)A[.]ds : L2LL(R?) — L2L(R?) fails to be bounded, i.e.
0

t

sup /ei(t_s)AF(-,s)ds = 00.

i i

Proof. We proceed by a contradiction, that is, assume that there is a con-
stant Cgy,., so that

t
/ AR (L s)ds| < Csul| Fllap,-
0 L2Lge

For the purposes of this counterexample, fix a potential V' € C§°(R?), which
is nonpositive and not identically zero. According to Theorem XIII.11 in
[14], for every € > 0, there exists an eigenvalue F < 0 for the operator
—A+¢eV. Select € : Co|| V]| 16 < 1/2.

Next, we check that the corresponding eigenfunction f is smooth. Indeed,
since f € L? and Af = eV f — Ef, we have Af € L*(R?) and therefore
f € H*(R?). One iterates this argument after differentiation to eventually
obtain f € H* =N H*.

Take the function u(x,t) = e ! f(x), then u satisfies

ou — iAu = —icVu
u(z,0) = f(x),
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t
whence u(z,t) = 2 f —ie [ =92 (Vu)ds.
0

By the Montgomery-Smith counterexample, it will be impossible to esti-
mate €2 f in L%(0, 00) L>°(R?), however in a finite time interval (and with
sufficient smoothness on f), we have for all 7" > 0

HeitAf”L?(O,T)LOO < T1/4||€itAf||L4(o,T)Loo =
CT1/4(“eitAf“L4(o,T)L4 + HeitAfoL“(O,T)L‘l) <
< CTY*| f Il

where we have used the Holder’s inequality, the Sobolev embedding esti-
mate [|z]| o ge) < C(l2llame) + V2 14r2)) and the Strichartz estimates
(1.3) for the Strichartz pair ¢ = r = 4.

After having prepared the preliminary estimates, take L*(0, 7)) L°°(R?) norm
of u. We have

IN

t
||u||L2(O,T)L°°(R2) < HeitA.f”LZ(O’T)Loo +e /ei(t_S)A(VU)dS
0 L2(0,T)L*>°

According to our previous estimates and the assumption on the Duhamel’s
operators , it follows that

||u||L2(O,T)L°°(R2) < OT1/4||f||H1 + 5CStr||VU||L2(0,T)L1 <
< CTY|Fll g + eCoel VI llull 20y e <
< CTY|flln + %HUHLZ(O,T)Looa
according to our choice of €. It follows that
Tl/szHLoo = HUHL2(0,T)L0<> < 20T1/4HfHH17

which is a contradiction as T" — oo. This shows that our assumption was
false and therefore the double endpoint Strichartz estimate fails. O

4. WAVE EQUATIONS WITH TIME DEPENDENT POTENTIALS

For the D’Alamabertian [J = 92 — A, subject to a real-valued potential

V (t,z), initial data f(z) and g(z) and right-hand side F'(¢,x), consider the
equation

Ou+ V(x,t)u = F(x,t)
(4.8) Uj—o = f

atu\t:O =g
Set h(z) = h* —h~, where h* (z) = max(h(x),0) and h~(z) = min(h(z), 0).
We have the following
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Theorem 3. Let n > 3 and V : R} x R® — R! be a potential with

WV poopnre + 1OV ) | pipne < € for some small ¢ = e(n) > 0 and

IV 27040)  2n/-0) < 00, for some 0 < 0 < 1. Then, there exists a global
t T

solution to (4.8) and moreover the Strichartz estimates hold. That is, for

all (q,r) wave admissible, r < oo, there exists C = C(q,r,n), so that®

(4.9)  ||wanirtimeyl < COW) (1l + llgllzz + 1l ga),

1/6 2
/9 2y )7 and
Lt1+9 Ld—@

C(V) = max(L, |V, |l n2) "+ (14cp max(l, Vil )1V

_ 2
co = (5" 15

Proof. To avoid technical issues arising close to the “forbidden” point (2, c0),
we consider the case n > 3. Obvious adjustments can be made to cover the
three dimensional case as well.

We shall prove the estimate (4.9), assuming that f, g, F' are smooth and
decaying. The existence and uniqueness result follow just as in the case of
the Schrédinger equation (Theorem 1) and we omit it.

We show (4.9) for the endpoints (o0, 2) and (2,2(n —1)/(n — 3)). Then
for all Strichartz pairs on the “sharp” admissibility line (in (1/¢, 1/7) space)
1/q+(n—1)/(2r) = (n—1)/4, we obtain the result by the convexity of the
Norms H |V‘1/q+n/r+1—n/2uHLgLr '

For the non-sharp admissible pairs (g, ) we first apply Sobolev embedding
to get H|v|1/q+n/r+17n/2uHLqu < H|v|1/q+n/?+lfn/2 where (q,f) is
sharp admissible and then we Iapply (4.9) for it.

Thus, we concentrate on the two endpoints.

e The energy endpoint (0o, 2)

Multiplying both sides of the equation in (4.8) by O,u, integrating in x and
then in ¢ we get

u”Lng’

(4.10) /(6tu(x,t))2+|Vu(x,t)|2d:p:/(g(x))2+|Vf(x)|2dx
—/Ot/V(x,T)aT(u(x,T))dedT+2/0t/F(x,f)aTu(a;,T) dz dr

C(q,mn) < o0,
while in the three dimensional case, one has blow up, when (g,7) — (2, 00).

3Again, in the case n > 3 one can select C' = C(n) = SUD(g,r)—admis.
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Integrating by parts in the second term on the right hand side of (4.10) and
using Holder’s inequality and the Sobolev embedding theorem, we have

_/Ot/v(x,T)aT(u(x,T))dedr

- —/(u(x,t))QV(x,t)dx+/(f(:)3))2V(a:,0)—|—//Ot(u(x,7))23TV(x,T) dr dx

< [wte.pv-wnar+ [@v@os [ [awnrerven®

< lull® e V7l +Hf|]2 2n [Vi=oll 3 +HuH2 2o 1OV, 5
L® Ly, ol t

t

L°°L2

<c(vl, . 5+ 1@V \Vum$L3+ufmpuwmdu§.

Loo L 2 Ltl L§> ’
Using Holder’s inequality the third term on the right hand side of (4.10)
can be estimated by

// (r,2)05u(r, ) < IF Loy 200l e 2 < 2P 2, 4o + 100l 12)
From (4.10) and the above estimations, we get
IVullpoo 2 < Zmax(L, [[Vizoll ) (1 £l g+ llgllzz + 1 F 1 1r2)

iVl g

An alternatlve approach for achieving energy bounds (which is unfortu-
nately restricted to time independent potential) is the following. Assume
that V' is such that —A + V is a positive self-adjoint operator, then there
are no negative eigenvalues.

This usually is required by saying that V'~ is small enough or more precisely
in the form ||V 7|, < 27"/2/T'(n/2 — 1), where K is the Kato norm. This
is all technically justified by a work of Jensen and Nakamura, [8], (see also
a more recent result Theorem 5.2, [1])

In that case, the Duhamel’s formula

+ [[(0 V)T HLan is small.

2
T

u(z,t) = cos(tvV—-A+V)f+ Sm\(/tTA;;V

/tsin((t— s)\/—AJrVF(S Yds
V-A+V o
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guarantees the bound on ||V ul|; ;.. Indeed, using the fact that

VATV 12 12 and VA ¥V H%/ ~ Hy — L* we get
IVaitll o S N gn + glle + IE N oo

e The endpoint (2, 2%:31))

Using the Strichartz estimates for the potential free wave equation we
have,

(4.11)
n—3
V=Dl | seen < Ol + lglleg + 1Vellzyss + 181y 22)-
t

By Holder’s inequality and the Sobolev embedding theorem,

Ve < HVHLﬁ i HuHL}%G .

<C|V

40
L,

where 1/r = (1—-0)(n—3)/2(n—1)+6/2and k =n/r — (n —3+0)/2.
By the convexity of the norms, with Cy := (2max(1, ||[Vi=l|,»/2))’,

o VIRl 2,
Ly L; LT

|||V|kUI|L1370 S (V| s o) (Ve 12)?
t

x

< Cv (V@200 aensenes)' ™ (I, + lgllze + 1F e c2)”.

So,
Vaullzy 2 < CCv VI zraso p2n@-0
< (IIV]@220 D] Ly aensoa)' ™" (1, + Ngllzz + 1] 22)?
<OIVICHOD o+
2L,
+¢9 (CCv VIl zrasor gznso) (Il g, + llallzz +11F N 2).
Altogether

n—3
VIl sy < GOl + lallze + 1F o)+
t €T
FOOVIT D] s+
20,3

+Ceo (CollV I zrasor zne-0) I F g, + lgllzz + I1F 1|y r2)-

4There is a technical detail here that H* ~ H ‘1, for such potential, which is also shown
in [1], Section 5
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So if 6 is small enough,

|||V|(”_3)/2("_1)U||Lg p2n-v/m=s < C(1+ ¢ (Cv V]| 27040 Lin/(s—e))l/e)x

1]

Xl +gllez + 1F L 22)
O
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