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Quasimode and Strichartz estimates for
time-dependent Schrodinger equations
with singular potentials

X1A0QI HUANG AND CHRISTOPHER D. SOGGE

We generalize the Strichartz estimates for Schrédinger operators
on compact manifolds of Burq, Gérard and Tzvetkov [10] by allow-
ing critically singular potentials V. Specifically, we show that their
1/p-loss LY LI(I x M)-Strichartz estimates hold for e=*#v when
Hy = —A, + V(x) with V € L"?(M) if n >3 or V € L'*(M),
0 >0, if n =2, with (p,q) being as in the Keel-Tao theorem and
I C R a bounded interval. We do this by formulating and proving
new “quasimode” estimates for scaled dyadic unperturbed Schro-
dinger operators and taking advantage of the the fact that 1/¢’ —
1/g=2/n for the endpoint Strichartz estimates when (p,q) =
(2,2n/(n —2)). We also show that the universal quasimode es-
timates that we obtain are saturated on any compact manifolds;
however, we suggest that they may lend themselves to improved
Strichartz estimates in certain geometries using recently devel-
oped “Kakeya-Nikodym” techniques developed to obtain improved
eigenfunction estimates assuming, say, negative curvatures.
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1. Introduction and main results

In [10], Burq, Gérard and Tzvetkov showed that if (M,g) is an n > 2 di-
mensional compact manifold then the time-dependent Schrodinger operators
associated with the Laplace-Beltrami operator satisfy

(1.1) le™ "2 || g ro(ary— 1222 (1x00) < Cr
if I C R is a compact interval and
(1.2) n(1/2—-1/q)=2/pand2<p< 0 ifn>3, or2<p<ocifn=2.

Here H°(M) denotes the L2-Sobolev space associated with the Laplace-
Beltrami operator on M with norm

(1.3) [ull o ary = || (VT = Ag) ul

In the two-dimensional case, the bounds in (1.1) also depend on (p,q). In
practice there one just takes I = [0, 1] since this inequality implies the bound
for all compact intervals.

The main purpose of this paper is to show that we also have the bounds
in (1.1) if —Ay is replaced by —A, + V (x), with the potential V' being real-
valued and satisfying

L2(M)°

(1.4) V e L?(M) when n >3 and V € L'*9(M) some &> 0if n=2.

Such a result involves critically singular potentials, since multiplication by
elements of L"™/2 scale the same as Ay. Indeed, if we consider the Euclidean
Laplacian, then Au(A-) = A?(Au)(X-) and N ||V(X-)|[n/2 = |V||pn/2, and
similar formulae hold on (M, g) if we scale the metric.

We should also point out that the natural L' — L> estimates for solu-
tions of the heat equation involving the operators

(1.5) Hy =—Ag+V

may break down when one merely assumes that V e L"/2(M ). Moreover,
individual eigenfunctions need not be bounded (unlike the case where V is
smooth). See, e.g., [1], [4] and [20]. On the other hand, if V' is as above
then Hy defines a self-adjoint operator which is bounded from below (see,
e.g., [3]). Among other things, this allows us to define the time-dependent
Schrodinger operators e v,
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Even though heat equation bounds may break down for L™? potentials,
we do have the analog of the Strichartz estimates (1.1) of Burq, Gérard and
Tzvetkov:

Theorem 0.1. Let the potential V' be real-valued and satisfy (1.4). Also,
assume that the pair of exponents (p,q) is as in (1.2). We then have for any
compact interval I C R

(1.6) He_itH"u|

LYLE(IxM) < HuHHl/p(M).

We should point out that, Burq, Gérard and Tzvetkov [10, Theorem
6] discussed a variant of the above theorem for the Euclidean spaces with
variable coefficient metrics, and their arguments can easily be adapted to
the setting of compact manifolds which would show that the above results
hold when V' € L™(M). Also, our main point of departure from the analysis
in [10] is to use dyadic cut-offs in the time variable as opposed to the spatial
variable. We need to do this since Littlewood-Paley operators associated
with —A, are not easily seen to be compatible with ones associated to —A, +
V if V is singular. We also note that the philosophy that, for solutions of
dispersive equations, dyadic time-frequency cut-offs and spatial ones should
be interchangeable is not new. For instance, for solutions of Schrédinger
equations this is crucially used in [14] and [18] and for wave equations in
[17].

Just as Burq, Gérard and Tzvetkov [10] did for the V' = 0 case, we shall
prove this result by showing that if one restricts to frequencies comparable
to A, with A large one has no-loss estimates on small intervals of size A~!.
Specifically, if fix a real-valued Littlewood-Paley bump function

(1.7) B e Cgo((1/2,2),

for future convenience, satisfying
(1.8) 1=) B(27s)for >0, and B(s) =1, s € [3/4,5/4],

then the main estimate in [10] is that for large A\ we have

(1.9) IB(P/N)e™ | L2apy s Lrns oa-11xan) = O(1), P = /=4y,

if (p,q) are as in (1.2). Since e~*2 is a unitary operator on L?(M), this of

course says that one has O(1) bounds on all intervals of length A~!, and so
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by adding up O()) of these bounds they obtained the estimate

(1.9 IB(P/N)E™ | L2 ar) s Lrpaoaxary = ONYP),

which leads to (1.6) with V' = 0 using standard Littlewood-Paley estimates
associated with —A,.

We shall follow this strategy and ultimately prove analogous dyadic es-
timates for e"#Hv that will allow us to obtain (1.6). We shall have to show
that the Littlewood-Paley estimates for Hy are valid for the exponents ¢ in
(1.2), which we shall obtain in an appendix using a general spectral multi-
plier theorem of Blunck [7] and recent estimates in our collaboration with
Blair and Sire [3].

In order to obtain these natural dyadic variants of (1.6) we shall rely
on certain microlocalized “quasimode” estimates for the unperturbed scaled
Schrodinger operators with a damping term,

(1.10) iND + Ag + i

Since there is no reason to expect that the Littlewood-Paley operators as-
sociated with —A, are compatible with the corresponding ones for Hy =
—Ay + V(x) with V singular, it does not seem that we would be able to use
quasimode estimates for the unperturbed operator —A, to prove results for
Hy if these estimates include “spatial” dyadic cutoffs 5(P/\) as above. We
shall mitigate this potential issue by using the Littlewood-Paley operators
acting on the time variable,

B(~Dy/Nh(z) = (2m)~* / e B(—r /A h(r) dr.

—0o0
with 8 as above.
Let us be more specific. Our main estimates will concern solutions of the
scaled inhomogeneous Schrodinger equation with damping term
(1.11) (IAOy + Ag +iMNw(t,x) = F(t,z), w(0,-)=0.
It will be convenient to assume that the “forcing term” here satisfies

(1.12) F(t,z) =0, t¢lo,1].

The result that we shall use to prove Theorem 0.1 then is the following.
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Theorem 0.2. Suppose that F' satisfies the support assumption in (1.12)
and that w solves (1.11). Then for A > 1 and exponents as in (1.2) we have

(1.13) |8(=D¢/Aw| L) S A P Fl s (0.11x a0y
and also
(1.14) HB —Di/X) w| LPLE(RX M) ~ SA 1+2/IDHFHL” £ ([0,1]x M)’

Furthermore, the quasimode estimates (1.13) are sharp on any manifold.

These “microlocalized quasimode estimates” are natural analogs of the
ones obtained by one of us for Laplace-Beltrami operators in [22]. Addition-
ally, the first estimate, (1.13), essentially follows from the results of one of
us and Seeger [19]. As was the case in these earlier works, and more recently
in [4] and [3], it is natural to include the “damping term”, i\, to exploit
the Fourier analysis that arises. In the present context, it allows use Fourier
analysis in R to link dyadic microlocal cutoffs in the spatial variable in-
volving P = /—A, with the above ones involving the time variable. As we
shall see, being able to prove time-microlocalized estimates for solutions of
inhomogeneous equations involving the operators in (1.10) will allow us to
use the Duhamel formula to prove our estimates for e *#v in a manner that
is somewhat reminiscent to arguments in a recent joint work [3] on uniform
Sobolev estimates for the operators Hy . It is for this reason, and others,
that it is important for us to prove natural estimates for inhomogeneous
equations, as opposed to ones just involving the Cauchy problem. On the
other hand, our proof of (1.13) and (1.14) will be modeled by the arguments
in [10] that lead to (1.9). In § 4 we shall show that the quasimode estimates
(1.13) are optimal.

This paper is organized as follows. In the next section, we shall prove
Theorem 0.2. Then, in § 3 we shall show how we can use the above Theorem
along with Littlewood-Paley estimates to obtain the Strichartz estimates
in Theorem 0.1. We shall prove the Littlewood-Paley estimates that we
require in an Appendix. In § 4 we shall show that the universal bounds
(1.13) that easily imply the estimates (1.9") are saturated on any manifold,
even though Bourgain and Demeter [8] showed much better estimates hold
on the torus when p =g¢ =2(n+2)/n with just an A°-loss for all € > 0,
and Burq, Gérard and Tzvetkov [10] also showed that on spheres there are
improvements of (1.9') in many cases. It seems a challenge to show that
there are improvements in more general cases, such as when M has negative
sectional curvature; however, the Knapp example that we shall construct
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in § 4 suggests that perhaps the “Kakeya-Nikodym” techniques that have
been recently developed in [5], [6], [23], [24] and [26] to obtain improved
eigenfunction estimates in certain geometries might lend themselves to this
problem.

2. Quasimode estimates for scaled Schrodinger operators

In this section we shall prove Theorem 0.2. If 3 is as in (1.7)—(1.8), let us
define “wider cutoffs” that we shall also use as follows

(2.1) B(s)= Y B277s) e C5o(2710,210).

|7]<10

For future use, note that

(2.2) B(s)=1 on (1/4,4).

One of the main estimates in [10] is that one can obtain the “expected”
O(|t|~™/?) dispersive estimates for S(P/\)e*®s, P = \/=A,, on time inter-
vals of the form [—£()), £(\)] for A > 1 if £(A\) = dA~! for some & = dp; > 0.
Using the Weyl formula, they also showed that these O(|t|~"/2) L' — L
bounds are optimal in the sense that no such uniform bounds are possible
if M(A\) = oo as A — oo. Using the bounds for each fixed Littlewood-Paley
bump function (277 -), one can of course obtain analogous O(|t|="/?) dis-
persive estimates involving 3 in (2.1) on intervals [~0A~!, §A71]. So, after
possibly changing scales in time and correspondingly scaling the Laplace-
Beltrami operator, we may always assume that we have the bounds

(2.3) | B(P/A)etAs

—-n/2 —1

by virtue of [10, Lemma 2.5]. We also, trivially for all times ¢ have the
bounds

(2.4) | B(P/A)e <G, C =Bl

L2(M)—L?(M)

As was noted in [10] one can use the Keel-Tao theorem [15, Theorem 1.2]
to obtain the uniform dyadic Strichartz estimates

(2.5) ||B(P/X)e"A f] prraon-xan < Cllfllzzan,
it n(l/2-1/¢)=2/pand2<p<oo if n>3, or 2<p<ooif n=2.
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We have excluded the case of p = oo in (2.5) since then ¢ = 2 and the es-
timate is trivial (with [0, A7!] replaced by any interval) by the spectral
theorem. Also, for future use, note that the endpoint case in dimensions
n > 3 involves the exponents p = 2 and ¢ = 2n/(n — 2), for which we have
1/¢" —1/q = 2/n, where, as usual, ¢’ denotes the conjugate exponent. Be-
ing able to include this estimate will allow us to handle potentials V € L™/2
when n > 3, while the fact that the endpoint estimate for n = 2 breaks down,
accounts for the reason that we assume that our potentials lie in L'+9, some
0>0ifn=2.

We shall use an equivalent variant of this estimate and the related esti-
mate for inhomogeneous equations that will be formulated first for the unit
interval to simplify the Fourier analysis to follow. We first, trivially note
that (2.5) is equivalent to the estimate

(2.6) HE(P//\)eit)\ilAge_tf‘ LPLA([0,1]x M)
< C)\l/prHLQ(M), (p,q) as in (2.5),

and since €**?9 has L?(M) — L?(M) operator norm one, we also have the
damped “global” estimate

(2.7) 1BP/NE™ 2™ | 0,00y an)
< Ckl/prHLz(M), (p,q) as in (2.5).

Note that for the scaled Schrodinger operator in (1.10) we have
(2.8) (iXDy + Ay +iX) (e BoeTth)(x) = 0.

To proceed, let 1, (s) = 1|y 4.o0)(s) denote the Heaviside function and
(2.9) U(t) = 1(8)B(P/A)e™ " Aoe™

be the operator in (2.7). For later use, let us note that we can rewrite this
operator. Indeed, if we recall that

. o) eitT .
e
—o0

we deduce that
¥

(210)  UDf@) = o / h _HAH BP/N f(x) dr.
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Also, if we regard U as an operator sending functions of x into functions of
x,t, then its adjoint is the operator

(2.11) U*F(z) = /Ooo e=* (e N R B(P/AVF (s, - ) (2) ds.

Consequently,

(2.12) /U(t)U*(s)F(s,x) ds
0 [ (N e IF(P N2 R (s, -) ) (x) ds.
0
Note also that if, say,
(2.13) F(t,z) =0, t¢]0,1],

then the solution to the scaled inhomogeneous Schriodinger equation with
damping term

(2.14) (N0 + Ag +iNw(t,x) = F(t,z), w(0,-)=0

is given by
t
(2.15) w(t,z) = (i)~ /((e-(ts))\—lAge(tS)F(S z)) ds

ett—s)T
(2m)~ / / B vy Y F(s, - )(z)drds.
Thus, since w(t, -) = 0 for t < 0, it follows from (2.9), (2.10) and (2.15) that

(2.16) B*(P/Mw(t,z) = (iA)~! / UH)U(5)(e*B*(P/A)F (s, -)) (x) ds

(2m)~ / / )\T—i—AST+ B B2(P/\)F(s, -)(z)drds.

Using these formulas, we claim that we can use the arguments of Burq,
Gérard and Tzvetkov [10] along with the Keel-Tao [15] theorem to deduce
the following.
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Proposition 0.3. Suppose that F' satisfies the support assumption in (2.13)
and that w solves (2.14). Then for exponents as in (2.5) and A\ > 1 we have

(217) H52 P/>\ wHL”L"(RXM) SAT H_1/p||F‘HL2T(01}><M)a
and also
(2'18) HBQ P/>‘ w’ LYLE(RXM) ~ < AT 1+2/p||F||LP Ly ([0,1]xM)"

We remark that, like (1.13), the bounds in (2.17) are also optimal.

Proof. To use the dispersive estimates (2.3) of Burq, Gérard and Tzvetkov,
let
(2.19)

V() f(x) = YoYU f(2) = Yo p-ny(t)e > B(P/N)e" Do f(z).
We then clearly have
IV ()]l 2 (ary— L2 (ary = 0(1),
and (2.3) says that
IVEYV () o r=n S [ =872

We can use the Keel-Tao theorem along with these two inequalities to
deduce that

||V(t/)f||Lf,Lg([0,>rl}xM) S fllze s

as well as

H/Ot/ V(EYV*(G(S, -)ds
and
H/ V* s, -)ds'

Using (2.19) we deduce that these inequalities are equivalent to

< ’ !
LrLa(0A- 1] x M) ~ 1GH Ly 1y (o p-1)500)0

< o
s NG Ly Ly (0 11y

(2.20) IU@) fllzrreqoayxan S NP FIle .
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as well as

(2.21) H/OtU(t)U*(s) )ds ‘

LPLA([0,1]x M)

)‘2/pHH”LP ([0,1]x M) if H(Sv '):07 Sgé [071]7
and
! 1
ey || v SN g
respectively.

Using (2.21) with H = ¢*F along with (2.16) we obtain the analog of
(2.18) where the norms are taken over [0, 1] x M since || H||zrrs ~ || F| rrre
due to (2.13). Since, as we noted before w and hence 3%(P/A)w vanishes for
t < 0, to prove the remaining part of (2.21) we need that we also have

(2.23) |8*(P/\w]

<A™ 1+2/p||FHLv

LPLE([L00)x M) ~ "L ([0,1]x M)

Since for t > 1

t 1
/ UM U*(s)H (s, -)ds = U(#) (/ U*(s)H(s, -)ds), H = ¢¥F,
0 0
it is simple to check that by (2.22) we would have this inequality if

(2.24) U @) fll 2 Lo ooy xan) S APl 2

However, since for j =1,2,... and s € [0, 1]
U(j+s)= e_je”‘flegU(s),

and || 2|2, z2 = 1, we deduce that

HB2 (P/Mw] <e N 1+2/p\|F|pr

i=1,2,3,...,

LYLEI([,j+1]xM) ~ "([0,1]x M)*

which of course yields (2.23), and, as a result, (2.17).
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Since |U*(s)|lr2(ay—r2(ary = O(1), using (2.16) along with (2.20) and
(2.24) we find that if H = e*F

"52(P/)‘)w} LPLL(RX M)

1
< )\—1/0 |14(t = $)U($)U*(s)H (s, -)|

ds

LPLE(Rx M)

1
5)\_1+1/p/ [U*(s)H(s, )|z ds
0
1
S )\1+1/P/0 IF (s, Iz ds < X VPF | o115

as desired, which completes the proof. O

By an argument we shall give in the next section the quasimode es-
timates (2.17) for the scaled Schrédinger operators in (1.10) imply the
dyadic Strichartz estimates (2.3) of Burq, Gérard and Tzvetkov [10]. Un-
fortunately, though, as we noted before, we do not seem to be able to di-
rectly use Proposition 0.3 to obtain analogous estimates for —Hy = Ay =V
with V € L?(M), n > 3 or the 2-dimensional ones in Theorem 0.1, since
Littlewood-Paley operators associated with Hy are not easily seen to be
compatible with the corresponding ones involving —A, if V' is allowed to be
singular.

It is for this reason that we need the bounds in Theorem 0.2 involving
the Littlewood-Paley cutoff 5(—D;/)\) in the time-variable. We are now in a
position to prove this result. We shall use Proposition 0.3 and the following
two elementary lemmas whose proofs we postpone for the moment.

Lemma 0.4. Let o € C([0,00)) and 1 < p <2 < g < oo. Then
(225)  la(P) o < Cpa (0 + 1" al]) 1/ 100,
Lemma 0.5. Suppose that

(2.26) |K\(t,t")] < ML+ Mt —1t])72

Then if 1 < p < q < 0o we have the following uniform bounds for A > 1

(2.27) H/Kx(t,t’)G(t’, ) dt

<C|G ]
LYLE(RXM) — G £y L3 (R )
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Also, suppose that

F(t,x) = / / K(t,x;t',y) F(t',y) dVol(y) ds’
—oo J M
and that for each t,t' € R the operator

W £( /Ka:ty, F(y) dVol(y)

satisfies
IWee fllLaary < AL+ At =D F Il
for some 1 <r <g<oo. Then if 1 < s <p < oo we have for A > 1

(2.28) IWELrramsnry < CX= "2 [[Fl| s r (rx -

Proof of Theorem 0.2. We first note that the kernel of B(—D;/\) is O(A(1 +
At — '])72). Therefore, by (2.27)

1B(=De/N)B(P/Nwl| o 1 exary S 182 (P/Nwl| Lo 13 )

Therefore, if as in Proposition 0.3 and our theorem our forcing term F
satisfies (2.13), it suffices to show that 3(—D;/\)(I — B2(P/)))w enjoys the
bounds in (1.13) and (1.14).

Recalling (2.15), this means that it suffices to show that

(2.29)
H/ / —)\’7' — P2 + i\ B=7/3) (1= BA(P/N) F(s, -)) drds LYLE(Rx M)

N >\_1+1/p||FHL§,m([o,1]xM),

as well as
(2.30)
I [ o mrraecm o B pe s
<A\ 1+2/pHF”Lp (0] 1)

To use Lemma 0.5 set

00 i(t—s)T ~
aft, s;p) = /Oo _)\Te_—MB(—T//\) (1—B%(n/N)) dr,
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and note that, by (2.2) and the support properties of § we have for j =0, 1,2
AN 02((1 = B (/M) B(=7/A)(=Ar = @ +iN) ) | S A + A%,
which, by a simple integration parts argument, translates to the bound
alty s )] S AL+ At — s)72 - (42 + A2)7L,

If we use Lemma 0.4 we deduce from this that the “frozen operators”

0 ei(t—s)T ~
Tt sh(z) = /Oo _)\T_—PQ_H.)\B(—T/)‘) (1= B%(P/N))h(z) dr,

satisfy

(2.31) || Tyshllzaary S AL+ At = s])72 - A2 27D | )
= AL+ At — )72 A2 | 2 ),

as well as

(2.32) || Tsshllpoqary S AL+ At = s[) 72 - A2 CVD R
= AL+ At = s)) 72 A2 R L )

due to the fact that our assumption on the exponents in (2.5) means that
n(1/2 —1/q) = 2/p and n(1/q' — 1/q) = 2n(1/2 — 1/q) = 4/p.

If we combine (2.31) and (2.28), we conclude that the left side of (2.29)
is dominated by

AT AT\ rary = AT Pl sy,

which is better than the bounds posited in (2.29) by a factor of A~1/2.
Similarly, if we combine (2.32) and (2.28), we find that the left side of
(2.30) is dominated by

1

1 _
b\ 2+4/p”F||Lf/L3/( =\ 1+2/p”F”L§”

Rx M) LY (Rx M)

as desired, which completes the proof. O

To conclude this section, for the sake of completeness let us now prove the
lemmas, both of which are well known. The first is a slight generalization
of Lemma 2.3 in [9], for instance, while the second lemma is essentially
Theorem 0.3.6 in [25].
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Proof of Lemma 0.4. Since
(14 P)"G~9) : L2(M) — LY(M)
and
(14 P)"G=32) . LP(M) — LA(M),
by orthogonality, we obtain
la(P)fllzaany S | (L4 PY" "R aPYS | o
< (sup(@ + )" o)) - 111+ P) G f ey

< (sup(1+u) "G Dlaw)]) Ny
u>0

as desired. O

Proof of Lemma 0.5. To obtain (2.27) we note that by Minkowski’s inequal-
ity and (2.26)

H/Kx(t,t')G(t’, )

Taking the L-norm of both sides and using Young’s inequality yields

-2 /. . ,'
La(M) /(1+/\|t NTENGE S ) e an dt

H/KA (t, )G, -)dt
LYLI(RxM)

< (] [ra+ae=en216e, Mar

1/p
<c( [ 16 Migandt) " = 16l zzsmen:

>1/p

as desired.

One also obtains (2.28) from this argument after noting that, by Young’s
inequality, convolution with A(1 + A|¢|)~2 has L¥(R) — LP(R) operator norm
which is O(\* 7). 0

3. Strichartz estimates on compact manifolds
Let us now see how we can use the first estimate in Theorem 0.2 to prove

the dyadic Strichartz estimate (2.5) of Burq, Gérard and Tzvetkov [10]. This
simple argument will serve as a model for the one we shall use to prove the
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same sort of bounds where we replace —A, with Hy = —A, +V, with V
singular.

Let us first recall that the spectrum of /—A, is nonnegative and dis-
crete. If we account for multiplicity, we can arrange the eigenvalues, 0 =
Ao < A1 < A < ... and the associated L?-normalized eigenfunctions

g =2 [ e av, =1
M
form an orthonormal basis for L?(M). If then
Ejf(x) = (/Mfejqu)ej(a;)

denotes the projection onto the j-th eigenspace we have
oo
: -
eZtAgf — Z e—lt)\j E]f
=0

To prove (2.5) it clearly suffices to show that for large A\ we have the
uniform bounds

itA
. g < 2
(3.1) H n(At)e fA’ Lr LR M) = Cll fxllzz ()

if spec fx C [9A/10,11A/10] and 7 € C§°((0,1)) is fixed.

The assumption on the spectrum of fy is that E;fy = 0 if A\; ¢ [9A/10,
11A/10], and we choose this interval since we are assuming that the
Littlewood-Paley bump function arising in Theorem 0.2 satisfies

(3.2) B(s)=1 on [3/4,5/4] and suppp C (1/2,2).

To be able to use (1.13) we note that, after rescaling, (3.1) is equivalent
to the statement that

(3.1) wll e pa@xary < CAYPY| Al zzan.s
with w(t, z) = n(t) - €™ Do\ (a).

To be able to use Theorem 0.2 we shall use the following simple lemma.



742 X. Huang and C. D. Sogge

Lemma 0.6. Let w be as in (3.1') with n and fy as in (3.1) and suppose
that the exponents (p,q) are as in (2.5). Then for large enough A and each
N =1,2,... we have the uniform bounds

(3.3) | (I = B(=D¢/A))w |

LPLY(Rx M) S CN)‘_NHfAHLQ(M)

Proof. We first note the Fourier transform of ¢t — n(t)e’it)‘ A s (T +

)‘?/)‘) and so

(3.4) (I = B(=De/N)w(t, x) = Y alt\)Eifax),
X;E[92/10,11A/10]

where
35)  atw =07 [ @i (- B-r/N) dr

Since for ¢ as in (2.5) we have 2 < ¢ < 2n/(n—2) forn >3 and 2 < ¢ <
oo for ¢ = 2, the following Sobolev estimates are valid

(3.6) [l oary S 1T = Ag) 2w p2 .-

Therefore, by the spectral theorem,

(3.7) | > a(t; \)E; |

A E€[9A/10,11)/10]

SAl > aBAEA]

A;€[92/10,11)/10]

La(M)

Next, since 2 < p < 0o, by Minkowski’s inequality and Sobolev’s theorem
for R we therefore have

I(I=5(=De/A))wl| Ly L3 ®xar)

S >‘H Z a(t; )‘j)Ejf/\HLng(RxM)
A,€[92/10,11)/10]

< >‘H Z a(t;)‘j)EijHLgLf(RxM)
A;€[92/10,11)/10]

<Al DS D a N E
A;€[92/10,112/10]

L2L2(Rx M)’
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Since, by orthogonality

| Z |Dy[/2Pa(t; )\j)EijHing(RxM)
A;€[92/10,11/10]

= Z H | De|'? 7 Paft; Aj)Ejf}\HigLf(RxM)’
A;€[91/10,112/10]

we conclude that

(3.8) (I = B(=Ds/NwllryLarxa)

SAC sup /DA Pt )|
©E[9A/10,117/10]

L’;’(R)) : ||f>\HL2(M)-

Next, by Plancherel’s theorem, (3.2) and (3.5),

11D~ Palt; 1) |72 my

=) [ e+ 2P0 (/) dr

<

~Y

/ 722 i+ 12/ NP
TE[=5/A/4, —3\/4]

Note that |7+ u?/A ~ (|7| + \) if if 7 ¢ [-5\/4, —3X/4] and u € [9A/10,
11X/10], and since 7 € S(R) the preceding inequality leads to the trivial
bounds

(3.9) sup [1De/2 7 Pats )| paey S A7
HE9A/10,117/10]

Combining this inequality with (3.8) yields (3.3). O

Using the lemma and the first estimate in Theorem 0.2 it is very easy
to prove (3.1"). We first note that we may apply this Theorem, since if w is
as in (3.1),

(3.10) (A0 + Ay + iNw(t,z) = (ixg (t) +idn(t)) - €™ 2 fy(2)
vanishes if ¢ ¢ [0, 1],
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and w(0,z) = 0. Therefore by (1.13) and (3.3) we have

(311)  lwllzrra@xan
< NB(=De/Nwl|prramxary + (I = B(=Di/N))wl| 1r 1 mx ar)
S AT () + (1) - €A fy
+ AN Al ez
S AP Al e

HL2(R><M)

as desired.

Let us now prove dyadic high-frequency estimates for e=®*#v where
(3.12) Hy =-A;+V
with
(3.13) V e LY2(M) if n>3, and V € L'T9(M), some 6 >0 if n=2.

Let us focus first on the case where n > 3 and then handle n = 2 later.

Under the assumption (3.13) Hy defines a self-adjoint operator which is
bounded from below. See e.g., [3]. We wish to prove the analog of (2.5) for
the operators e~ v If necessary, we may add a constant to V so that

(3.14) Hy >0

as we shall always assume. This will not affect our estimates, since, if we,
say add the constant N to V the two different Schrodinger operators will
agree up to a factor e**V,

Just as with the V' = 0 case, the eigenvalues of the operator v/Hy (de-
fined by the spectral theorem) are nonnegative, discrete and tend to infinity.
We can list them counting multiplicity as 0 < p1 < ps < ..., and there is
an associated orthonormal basis of eigenfunctions {e}/}

1% A 1%
Hye; = ,ujzej with /M lej > =1.

Analogous to the V =0 case, let EJV denote the projection onto the jth
eigenspace,

= ([ 1)
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Then for large A we wish to prove the analog of (2.5):

(3.15) e Sl o L orrsany < ClAANz )
if spec f) € [9A/10,11)/10],

with the condition meaning that E]Vf)\ =0 if \; ¢ [9A/10,11)/10]. We are
assuming the exponents (p,q) are as in (2.5). For later use, we note that
since e"Hv is a unitary operator on L?(M) this estimate yields the unit-
scale bounds

(3.15) He_itvaA‘ LPLA(0,1]x M) = CAlP A3 2 ary
if spec fy € [9A/10, 11)/10],

Since, by the spectral theorem
le™ || o (any—s 200y = 1,
the estimate trivially holds for p = oo and ¢ = 2. Therefore, by interpolation,
since we are currently assuming that n > 3 it suffices to prove the estimate

for the other endpoint, i.e., that for fy as in (3.15) we have

(3.16) e v £,

L2022 (0,0~ 1] x M) < CHf)\HLz(M)
By scaling, this is equivalent to the statement that, for f) as above, we have
He—it)\—lHV A

1/2
| 22 220/ o, 11500) < CA Pl Al 22 (ay-

Finally, as before, this is equivalent to showing that whenever
n e Cc=((0,1))
is fixed we have

(3.17) HwHLfLﬁ”’/("”z)(RxM) <ON? LA 22 as)

with w(t,z) =n(t) - e "V fy,

with fy as above.
To proceed we need the analog of Lemma 0.6.
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Lemma 0.7. Let n > 2 and let w be as in (3.17) with n € C§°((0,1)) and
fx as in (3.15) and suppose that the exponents (p,q) are as in (2.5). Then
for large enough A and each N =1,2,... we have the uniform bounds

(3.18) | (I = B(=Dy/N)w]|

LPLA®RxM) S CN)‘iN”f/\HB(M)'
Since, for instance, by [3] and [4] we have the analog of (3.6),
lll Loary S W+ Hv)ull 2(an)

for ¢ as in (2.5) it is clear that the proof of Lemma 0.6 yields (3.18). For
the two-dimensional case one uses the fact that, if, as we are assuming
V e L'*9(M), 6 > 0, then V is in the Kato class K(M).

We now are positioned to prove (3.17). To take advantage of our as-
sumption (3.13) for a given large ¢ > 1, as in [3], let us split

V=Ver+ Voy,

where
Var(z) = V(z) if |V(x)| > £ and 0 otherwise.
Our assumption (3.13) then yields

(3.19) IVsellLrrzary = (),  with 6(£) — 0 as £ — oo,
and we also trivially have
(3:20) V<ol ar) < €.

To use this we note that since —Hy = Ay —V

(IAOy + Ay +iN)w = (IN0y — Hy + iNw+ Vw
= (iN0y — Hy + i\ w + Vaow +Vopw,

and also w(0, -) = 0. So we can split
(3.21) w =W+ wep + W,
where

(3.22) (iXDs + Ay + i@ = (id; — Hy +iNw = F, (0, -) =0,
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(3.23) (iAD; + Dg + iNwey = Vegw = Fey,  w<4(0, -) =0,
and
(3.24) (IAD + Ag + iNwsg = Vogw = Fsy,  ws(0, ) =0,

Note that since w(t,z) = 0, ¢ ¢ (0,1) each of the forcing terms F, F<; and
F<, also vanishes for such ¢ which allows us to apply the estimates in The-
orem 0.2 for w, w<y and wsy.

By (3.18) and (3.21) we have for each N =1,2,...

(325) |l

L3227 (Rx M)
< HB(_Dt/A)wHL%Li”/("’Q)(RXM) + C’N)‘_N||fHL2(1‘/l’)
< Hﬁ(_Dt/)\)@HL,?Li"“"’?)(RxM)
+ HB(_Dt/)‘)wSEHL%Li"L/‘”*Z)(RxM)
+[|B(=De/Nwsel| 2202 @opry + ONAN I fllzz -

Based on this we would obtain (3.17) if we could show that ¢ could be fixed
large enough so that we have the following three inequalities

(3.26) 1B(=Da/ N[ 3 2nsceo gy S CA2 Al 2 ary,

as well as

(3.27) 18(=De/Nweel| o pzerins gy < CO2Allzan),
and finally

(3.28) 1B(=De/ Ny ws | 2 2o genry < 3l[wl| 2 2002 o nry-

Indeed we just combine (3.25)—(3.28) and use a simple bootstrapping argu-
ment which is justified since the right side of (3.28) is finite by the afore-
mentioned Sobolev estimates for Hy .

To prove these three estimates we shall use Theorem 0.2, as we may,
since, as we mentioned before, the forcing terms in (2.21), (2.22) and (2.23)
obey the support assumption in (2.13).
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To prove (1.13) we note that if F' is as an (3.22) then, since w is as in
(3.17), we have

F(t,x) = (id, — Hy +i\) (n(t)e ™ 1Y £y (2))
=X (8) + ()Y fy(@).

Consequently, as in the V' = 0 case considered before, we may use the L?-
estimate, (1.13), in Theorem 0.2 to deduce that

HB(—Dt/)\)lEHL,?Li“/‘"’”(RXM)
< ARG (1) + 0 (8)) - e e ey
S A2 fall 2o

as desired. Similarly, by (3.19) and the formula for w in (3.17), we obtain

1B(=De/Nwsel 2 2nrc-n gsnry < CAV2IVarwlliz oy
< COT2nt) - e £l
< T2 Al g2
which is better than the inequality posited in (3.27).

Up until now we have not used the second inequality in Theorem 0.2.
We need it to obtain (3.28) which allows the bootstrapping step. Note that

2
n

Consequently if we use (1.14), (3.24), Holder’s inequality and (3.19) than
we conclude that we can fix £ large enough so that we have

1B(=De/Nwsel 12 2o qsenry < ClNVoewll gz pznrioa g )
< CHV>ZHL”/2(M) ’ HwHL%Lﬁn/(”*”(RxM)

< %Hw”LfLi”/("_2)(R><M)’

assuming, as we may, in the last step that, if 6(¢) is as in (3.19), Cd(¢) < %
Since this is the last of the three inequalities we had to prove, we have
established (3.17) and hence (3.16).

Next, let us point out that for functions only involving low frequencies
we have these types of estimates for unit time scales for all of the exponents
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in (2.5) in all dimensions. In other words if Cy < oo is fixed we claim that

(3.29) |e= v £

rrraqon)xan < 1fllzen, if specf C [0, Col.

To see this we just note that by the Sobolev estimates that were used in the
proof of Lemma 0.7 we have the following uniform bounds for all times :

e fllzacary S IVI + Hy €™ fll 120y S (1 + Co)ll £l z2(an)»

by the spectral theorem for f asin (3.29).

Next, let us show that, for large enough A, when n = 2 we have the esti-
mates in (3.15) for each fixed (p, ¢) as in (2.5). Here we can take advantage of
the fact that we must have p > 2 and so the power of A in (1.14) is negative.
Since the bounds in (1.14) blow up as the exponents in (3.15) approach the
“forbidden” pair (p,q) = (2,00) for n = 2, one needs to choose \ larger and
larger as g increases. On the other hand, by interpolation, if we can establish
(1.14) for a given g and large enough A, as before, by a trivial interpolation
argument, we also obtain the bounds for all ¢ € (2, qp). To take advantage
of our assumption on the potential in (3.13), let us thus fix an exponent ¢
sufficiently large so that

1

(3.30) ;o

1

>7.
1494

1
q
We then can just split w into two terms, w = w + wy, one being w exactly
as before and the other now solving

(iNOy + Ay +iN)wy = Vw, wy(0,-) =0.
In other words, wy = w<y + wxy.
If we repeat the arguments for the n > 3 case we then deduce that we

would have the estimates in (3.15) for our exponents (p, q) if

|B(=De/Nw)|

LPLI(RXM) = CAYP Al ey

as well as
|8(=De/Nwy |

assuming that A is sufficiently large depending on gq.
The first inequality follows from the argument used before. One just uses
(1.13).

LPLI(RX M) = < 5wl LPLL(Rx M)’
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To prove the second inequality we repeat the proof of (3.28), noting that
our assumptions on ¢ and V' ensure that, by Hélder’s inequality ||V| ) <
Cul|V | pivs(ary < 00, where 1/7 = 1/¢" — 1/q, due to (3.30). As aresult, if we
use (1.14) and repeat the proof of (3.28) we conclude that since w(t,z) =0
for ¢ ¢ [0, 1] the left side of the second inequality is dominated by

A71+2/p Vwll, <C )\71+2/p Ve
L? q (M)

LY ([0,1]x M) Hw”Lf’L.‘;([O,l]xM)

< Cov A 2P\ w]| e pa oy < Allwllzpe,

for large enough A since —1+2/p < 0. In the second inequality we used
Holder’s inequality in the ¢ variable and the fact that p > p'.

Proof of Theorem 0.1

Let us conclude the section by showing that the dyadic estimates that we
have obtained can be used along with Littlewood-Paley estimates associated
with Hy yield Theorem 0.1. For the sake of completeness, we shall give the
simple proof of the Littlewood-Paley estimates involving singular potentials
in an appendix.

Let us state the estimates we require. Recall that we are assuming as
n (3.14), as we may, that Hy > 0, and so we may consider the operator
Py = /Hy.If B asin (1.7) and (1.8) is our Littlewood-Paley bump function,
let

ZB s) € C5°([0,2)).

Jj=0

We shall then use the Littlewood-Paley estimates

(3.31)  [|Bllzeary S Bo(Hv)hll Lagary + || (Z |B(PV/2j)h’2)l/2‘

La(M)’
§=0
provided that V is as in Theorem 0.1 and
(3.32) l<g<ooif n=2,3,4 and 2"4<q< 2 if n > 5.
We also note that since =5 < —4 when n > 5, the exponents here in-

clude the exponents ¢ arismg 1n (1.2). Also, since p > 2 and ¢ > 2 if (p,q)
are as in (1.2), we obtain from (3.31) and Minkowski’s inequality that we
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have for such exponents

(3.33) e ™ fllzrraqoagxan S 1Bo(Hv)e ™) fll L raqo.11xm)

+ (DollBpy /20
j=0

9 1/2
LfLZ([O,l]xM)) :

Additionally, by (3.29) we have
(3.34) 1Bo(Hv )e ™™ fll o rao.xar) < 1Bo(HV) fll L2 (an-
Similarly if we use (3.29) for small j > 0 and (3.15) for large j we obtain

(3.35)  ||B(Pyv/27)e "V f|
j=0,1,...,

LPLU([0A]x M) = Cv2/|B(Py /27) £ 12y,

for some uniform constant Cy < oo.
If we recall (1.7) and (1.8) and combine (3.33), (3.34) and (3.35) and use
the spectral theorem we deduce that

(3.36) le™™ ™V fllprraoayxany S 1Bo(Hv) fll 2

+ (S 12778(Py 12) o))

=0
ST+ H)YP £ 2 an)-

This does not quite give us the estimate (1.6) in Theorem 0.1, since the
right hand side of this inequality involves the Sobolev space H'/?(M) defined
as in (1.3) by the operator /I — A, as opposed to Sobolev space defined
by the operator /I + Hy as in (3.36). This, though, is easy to rectify. By
standard arguments (see e.g., the appendix in [3] for the case where n > 3
and the one in [4] for the two-dimensional case), for the potentials we are
considering and for the exponents ¢ as above we have

VI = Agflleeany = VI + Hy fllz2(a),

which means that the two L2-Sobolev spaces of order 1 are comparable. By
interpolation this means that we have

(3.37) (VI =28y fllzany = (VI + Hv)? fllrzary, 0<0 <1,

since the estimate for o = 0 is trivial.

1/2
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If we combine (3.36) and (3.37) we obtain (1.6), which completes the
proof of Theorem 0.1.

4. Sharpness of the quasimode estimates

Let us now show that our scaled quasimode estimates (1.13) cannot be
improved on any compact manifold (M, g). We do this by a “Knapp-type”
construction that is adapted to our scaled Schrodinger operators.

First, recall that we can choose local coordinates vanishing at a given
point xy € M so that, in these coordinates,

n
(4.1) Ng=0t+ > g* (@050 + D bj(@)o
1<j,k<n k=1
Here, Oy = 0/0xy, k =1,...,n. Here (gjk)1<j,k§n is a smooth real positive

definite matrix, and the b; are also smooth real-valued functions. See, e.g.,
[13, Appendix C.5].
Fix a € C§°((—1/10,1/10)) which equals one near the origin, and set

(4.2) w(t,z) = N Dg(\it, 2),

where

(4.3) a(Xit, x) = a(z + 2(t — 1/2)) a(A? (21 — 2t)) a(AV?|2]),
with o’ = (z2,...,2).

Due to the exponential factor, the space-time Fourier transform of w is the
space-time Fourier transform of a(\;t,x) translated by (—A, A, 0,0,...,0),
where the first-coordinate here is dual to the time coordinate and the rest
dual to the z-coordinates. Since the Fouier transform of a(\;z,t) is O((1 +
A12|(7,€)])™N for all N, and since f(s) =1 for s € [3/4,5/4], it follows
that

(4.4) (I —B(=D¢/N)w=0M\"), VN.

Also, for each fixed ¢t near 1/2, x — a(A;t,z) is one on a set of measure
~ \~"/2. Thus, by (4.3) and (4.4), for sufficiently large A we have

(4.5) [|B(=De/NwlLrLa(0,11% 21
> Jlwllrza o) xary — OA™N) =A™/, X large
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for some ¢ > 0.
Note also that

(4.6) F(t,xz) = (i\0y + Ay +iN)w(t,x) =0,
t¢(0,1), and w(0,z)=0.

Next, let us observe that

(4.7) ( S @00+ bi@)d + i)\)w = 0.
k=1

1<j,k<n
Also, if we rewrite a(A;t,z) as

(4.8) a(Xit, x) = a(AV?(xy — 20)) - a(\;t, z),
where a(\;t,x) = a(xy + 2(t — 1/2)) a(AV2]2)),

then
(4.9)  idda(hx,t) = O(N), and &la(r;x,t) = 0(1), j=1,2.
Consequently, by Leibniz’s rule we have

(4.10)  (iAd; + O )w(t,2) = a(X;t,x) - (iIAD; + 8F )N~
+ eI NG (a(A (21 - 2t)))
+201 (a(A (21 = 21))) - 01 (e 7D) + O(N).

Note that the first term in the right vanishes, as does the sum of the second
and third terms.

Therefore, by (4.1) and (4.7)—(4.10), we conclude that if F' is as in (4.6)
we have

F=00),

and since F is supported on a set of measure ~ A\™"/2, we deduce that

(4.11) 1PN 2, rocary < A4
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If we combine (4.11) and (4.5) we deduce that there must be a ¢y > 0 so
that for sufficiently large A we have

18(=De/ AN wl|Lr s @xar)
1F| L2, ()

> oAt AMGTE) = g AP,

(4.12)

if n(1/2—-1/q) =2/p.

By (4.6) and (4.12), we deduce that our L?-quasimode estimate (1.13)
is saturated on any compact manifold.

Some remarks

A challenging problem is to determine when the results of Burq, Gérard and
Tzvetkov [10] can be improved, even just for the V' = 0 case. As they point
out, the sharpness of O(A/?) bounds for the L?*("=2)(S")-norms of L*-
normalized spherical harmonics of the second author [21] imply that, on the
sphere, the Lngzc"/ (n_z)(S") Strichartz estimates (1.6) cannot be improved
when V' = 0. On the other hand, they were able to use results from [21] and
the special nature of the Laplacian on the sphere to show that for many
cases besides this endpoint Strichartz estimate improved bounds hold here.

More dramatically, Bourgain and Demeter [8] were able to show on the
torus T" for the case where ¢ = p =2(n+2)/n and V =0, the analog of
(1.6) is valid with any Sobolev norm H*(T") in the right. It does not seem
clear, though, how much improvements are possible here as one approaches
the endpoint case of (p,q) = (2,2n/(n — 2)) beyond what holds just by in-
terpolation with (1.6) for this exponent and the dramatic improvements for
p=q=2(n+ 2)/n. It would also be interesting to determine which singular
potentials could be added so that e v enjoys similar bounds for the latter
pair of exponents on tori. Related partial results for resolvent problems were
obtained in our joint work with Blair and Sire [3].

It would also be very interesting to determine whether there is a wide
class of manifolds (beyond just spheres and tori) for which some of the
estimates in (1.6) could be improved even for V = 0. This seems to be a
very challenging problem. One avenue, which is suggested by the Knapp
example above and recent work on eigenfunctions (e.g., [5], [6], [23], [24]
and [26] ) might be to try to prove “Kakeya-Nikodym” estimates that link
Strichartz estimates to ones involving products of powers of L?(M) norms
and powers of supremums of L?-norms over shrinking tubes.

The construction above suggests (not unexpectedly) that the tubes should
be A~/2-neighborhoods of the projection onto (t,z) space of integral curves
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of the Hamilton flow of

p(z,t,7,8) =7+ Q(x, ),

where Q(x, &) is the principal symbol of the —A, which in local coordinates
is given by

Q(x,8) = Y ¢ (2)&&-

J,k=1

Here ¢%(z) denotes the cometric.

To be more specific, one might expect to control high-frequency solu-
tions of the Schrodinger equations by “Kakeya-Nikodym norms” over shrink-
ing tubes about curves which in local coordinates are of the form ~(t) =
(to + t,xo + x(t)) where z(t) is a geodesic with &(0) = %(wo, o) and speed
2Q($o,t0), with (to,l‘o) eR x M.

This approach proved to be successful even for “critical norms” in the
related case of estimates for eigenfunctions and in the aforementioned works
improved eigenfunction estimates versus the universal bounds [22] of one of
us were obtained for manifolds of nonpositive curvature. It would be very
interesting to prove a corresponding result for high-frequency solutions of
the unperturbed Schrodinger equation.

5. Appendix: Littlewood-Paley and multiplier bounds
involving L™/2-potentials

Consider a nonnegative self-adjoint operator Hy = —A, + V on a compact

manifold. Consider also a Mikhlin-type multiplier m € C*°(R,), meaning
that

(5.1) 2m(r)| <CA+7)7,7>0, 0<j<n/2+1.

We shall also assume that we have finite propagation speed for the
wave equation associated to Hy . By this we mean that if u,v € L?(M) and
dg(supp u,supp v) = R then

(5.2) (u, costy/Hy v) =0, |t| < R.
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Additionally for a given 2 < gg < oo we shall assume that one has the
Bernstein (dyadic Sobolev) estimates

5 3 HB V HV/)\ u”L‘ZO < C)\ ( ‘IU)HUHLz( ) )\ > 1

and [|Bo(vV/ Hy )ul|Lao (ary < Cllull2(ary, if Bo(s Zﬁ

k=1

Note that we would automatically have these bounds if we had the natural
heat estimates of Li and Yau [16] for small times (see [4]).

Using a result of Blunck [7, Theorem 1.1] we claim that we can obtain
the following.

Theorem 0.8. Assume that (5.2) and (5.3) are valid and that m is as in
(5.1). Then

(5.4) |m(v/Hy) f|

If the standard small time pointwise heat kernel bounds held, then the
the results in Theorem 0.8 hold for all 1 < ¢ < co by Alexopoulos [2]. How-
ever, as was shown in [4], following [1] and [20], the standard small time
heat kernel estimates need not hold if V € L"/?(M), since there can be
unbounded eigenfunctions. On the other hand, assuming that V € IC(M)
ensures that these estimates hold by Sturm [27]. Here, (M) denotes the
Kato class. Recall also that if V € L"/?t3(M), § > 0, then V € K(M), and
that L™2(M) and K(M) enjoy the same scaling properties.

By the results in [3], (5.3) holds for V € L™?(M) if 2 < gy < 0o if n =
3,4, and if g9 =2n/(n —4) if n > 5. By results in [4], if n =2 one also
has this bound for all 2 < gy < 0o if V' € K(M). One obtains these dyadic
Sobolev estimates in higher dimensions n > 5 directly from Sobolev esti-
mates proved in [3] and for n = 2,3,4 by a simple orthogonality argument
and the quasimode estimates proved in [3] and [4] in the other cases. By a
result of Coulhon and Sikora [12], (5.2) is valid when Hy is nonnegative,
self-adjoint and V' € L'(M). Alternately, one can use arguments from [4] to
show this for the potentials that we are considering.

Consequently, the estimates (5.4) are valid for the potentials We are
considering provided that 1 < ¢ < oo if n = 2,3,4 and for ;=% < ¢ < ;=5 if
n > 5.1 Therefore, by a standard argument involving Radamacher functlons

La(M) < C'quHLq(M) Vge (Q(),qO)-

'We should point out that these results also are a consequence of estimates in
[11], and, in fact, a stronger theorem involving weaker regularity assumption on
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(see e.g., [25, p. 21]) we obtain the Littlewood-Paley estimates (3.31) that
we used at the end of § 3:

Corollary 0.9. If V € L™?(M) and 1 < q < co for n=3,4 or 2n/(n +
4) <qg<2n/(n—4) for n>5 then whenever (5.1) is wvalid we have
m(vHy): LY(M) — LY(M). Ifn=2,V € K(M) and 1 < g < oo then these
bounds also hold. Consequently, under these hypotheses we have the
Littlewood-Paley estimates

(5.5) 1Al Lo(ary < Cov 1Bo(V Hy )R Laar

+[ 1BV E 298 | sy
k=1

for q and 'V as above.

Proof of Theorem 0.8. By Theorem 1.1 in Blunck [7], it suffices to show
that, if ¢ € (2, qo), we have for some g, > 0

< T D e
L' (M)—La(M) "

(5.6) H ]IB(%’T) ef%Hv ]IB(yo,r)

Here 1p(,, ) is the operator which is multiplication by the indicator function
of the geodesic ball B(zg,r) of radius r centered at xy. We may assume that
r is small, say, smaller than half the injectivity radius, since otherwise the
estimate is trivial due to (5.3) and a simple TT* argument.

Let us first use (5.2) to deduce that

< e_Cdg (mO’yO)/T
L2 (M)—L>(M) ™

(57) H ]B(mo,r) e_%HV ]B(yo,r) )
for some ¢ > 0. We should note that, like (5.3), (5.7) automatically holds
when one has the standard small-time heat kernel estimates.

We may assume that dy(xo,yo) > 107, since otherwise the result is triv-
ial. In this case, choose p € C§°((—1/2,1/2)) with p(s) = 1 near the origin.

the multiplier m also holds. On the other hand, since the proof of Theorem 0.8 is
simple, and since it easy to use the main Theorem in [7] to see the ingredients that
are needed, we have chosen to include the proof here for the sake of completeness.
We also do this since checking that the hypotheses for the very general results in
[11] which are needed to obtain Theorem 0.8 is a bit laborious.
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Then since
r2 1 1 1 2
-Hy _ - —=(t/r)
e 3 = e 2 costy/ Hy dt,
vV 2T / T v

and by (5.2)

]IB(xo,r) costy/ Hy ]B(yo,r‘) =0 if t<Ry= dg(xo,yo)/Q,

we must have

2
.
—22Hy,

IB(aery e 2V 1B (yo,r)

i) (= [0/ R0)) 130 cost /By dt) T,
Consequently,
/ (U= plt/Ro))| e 30/ d S e=etat@omn)/r - Ry = dy (o, o) /2,
and so, by the spectral theorem,

2

[ 15000y 5 250

L2(M)—L2(M)

1 1 . 2
| — _ 23t/
S H\/ﬁ/(l p(t/Ryp)) e cost\/ Hy dt’

< e_Cdy(‘r07y0)/r

L2(M)—L?*(M)

9

as claimed.
Next, by (5.3)

e 51 £

Lao (M)

< Bo(VEH)e™ T fll o ary + || B/ Hy /26)e= 1 f]
k=1

Lao (M)

S Mz + 0 2" 5| [BOVHY /29e TH £ Lo,

k=1

<(1+ ;znk@me—ﬂﬁ’*) £l z2any

11
—n(i-L
S r 2 g0

N Fllz= -
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By a T'T™* argument this yields

,ﬁHV —n( qll *i)
(5:8) e =] L% (M)—Lo(M) ~ T 0 T
By the M. Riesz interpolation theorem, (5.7) and (5.8) yield (5.6) for all
q € (2,q0), as desired. O
Acknowledgements

The authors are grateful to the referee for several helpful suggestions which
improved our exposition. The authors were supported in part by the NSF
(NSF Grant DMS-1953413), and the second author was also partially sup-
ported by the Simons Foundation.

References

[1] M. Aizenman and B. Simon, Brownian motion and Harnack inequality
for Schrédinger operators, Comm. Pure Appl. Math. 35 (1982), no. 2,
209-273.

[2] G. K. Alexopoulos, Spectral multipliers for Markov chains, J. Math.
Soc. Japan 56 (2004), no. 3, 833-852.

[3] M. D. Blair, X. Huang, Y. Sire, and C. D. Sogge, Uniform Sobolev
Estimates on compact manifolds involving singular potentials, J. Geom.
Anal. 32 (2022).

[4] M. D. Blair, Y. Sire, and C. D. Sogge, Quasimode, eigenfunction and
spectral projection bounds for Schrodinger operators on manifolds with

critically singular potentials, The Journal of Geometric Analysis 31
(2019), 1-38.

[5] M. D. Blair and C. D. Sogge, Concerning Toponogov’s Theorem and
logarithmic improvement of estimates of eigenfunctions, J. Diff. Geom.
109 (2015), 189-221.

, Logarithmic improvements in LP bounds for eigenfunctions at
the critical exponent in the presence of monpositive curvature, Invent.
Math. 217 (2019), no. 2, 703-748.

[7] S. Blunck, A Hérmander-type spectral multiplier theorem for operators
without heat kernel, Ann. Sc. Norm. Super. Pisa Cl. Sci. (5) 2 (2003),
no. 3, 449-459.



760
8]

[9]

[10]

[11]

[12]

[18]

[19]

[20]

X. Huang and C. D. Sogge

J. Bourgain and C. Demeter, The proof of the £* decoupling conjecture,
Ann. of Math. (2) 182 (2015), no. 1, 351-389.

J. Bourgain, P. Shao, C. D. Sogge, and X. Yao, On LP-resolvent es-
timates and the density of eigenvalues for compact Riemannian mani-
folds, Comm. Math. Phys. 333 (2015), no. 3, 1483-1527.

N. Burq, P. Gérard, and N. Tzvetkov, Strichartz inequalities and the
nonlinear Schréodinger equation on compact manifolds, Amer. J. Math.
126 (2004), no. 3, 569-605.

P. Chen, E. M. Ouhabaz, A. Sikora, and L. Yan, Restriction estimates,
sharp spectral multipliers and endpoint estimates for Bochner-Riesz
means, J. Anal. Math. 129 (2016) 219-283.

T. Coulhon and A. Sikora, Gaussian heat kernel upper bounds via the
Phragmén-Lindeldf theorem, Proc. Lond. Math. Soc. (3) 96 (2008),
no. 2, 507-544.

L. Hormander, The analysis of linear partial differential operators.
ITI, Classics in Mathematics, Springer, Berlin (2007), ISBN 978-3-
540-49937-4. Pseudo-differential operators, Reprint of the 1994 edi-
tion.

O. Ivanovici, Dispersive estimates for the semi-classical Schrodinger
equation in a strictly conver domain, arXiv:2009.13810.

M. Keel and T. Tao, Endpoint Strichartz estimates, Amer. J. Math.
120 (1998), no. 5, 955-980.

P. Li and S.-T. Yau, On the parabolic kernel of the Schrodinger operator,
Acta Math. 156 (1986), no. 3-4, 153-201.

G. Mockenhaupt, A. Seeger, and C. D. Sogge, Wave front sets, local
smoothing and Bourgain’s circular mazimal theorem, Ann. of Math. (2)
136 (1992), no. 1, 207-218.

F. Planchon, N. Tzvetkov, and N. Visciglia, On the growth of Sobolev
norms for NLS on 2- and 3-dimensional manifolds, Anal. PDE 10
(2017), no. 5, 1123-1147.

A. Seeger and C. D. Sogge, Bounds for eigenfunctions of differential
operators, Indiana Univ. Math. J. 38 (1989), no. 3, 669-682.

B. Simon, Schréidinger semigroups, Bull. Amer. Math. Soc. (N.S.) 7
(1982), no. 3, 447-526.



Quasimode and Strichartz estimates 761

[21] C. D. Sogge, Oscillatory integrals and spherical harmonics, Duke Math.
J. 53 (1986), no. 1, 43-65.

, Concerning the LP norm of spectral clusters for second-order
elliptic operators on compact manifolds, J. Funct. Anal. 77 (1988), no. 1,
123-138.

[22]

[23] , Kakeya-Nikodym averages and LP-norms of eigenfunctions, To-

hoku Math. J. (2) 63 (2011), no. 4, 519-538.
[24]

, Improved critical eigenfunction estimates on manifolds of non-
positive curvature, arXiv:1512.03725, (2015)

[25] , Fourier integrals in classical analysis, Vol. 210 of Cambridge
Tracts in Mathematics, Cambridge University Press, Cambridge, second

edition (2017).

[26] C. D. Sogge and S. Zelditch, On eigenfunction restriction estimates and
L*-bounds for compact surfaces with nonpositive curvature, in Advances
in analysis: the legacy of Elias M. Stein, Vol. 50 of Princeton Math. Ser.,
447-461, Princeton Univ. Press, Princeton, NJ (2014).

[27] K.-T. Sturm, Schrodinger semigroups on manifolds, J. Funct. Anal. 118
(1993), no. 2, 309-350.

DEPARTMENT OF MATHEMATICS, JOHNS HOPKINS UNIVERSITY
BALTIMORE, MD 21218, USA

E-mail address: xhuang490@math. jhu.edu

E-mail address: sogge@jhu.edu

RECEIVED NOVEMBER 16, 2020
AccePTED JUNE 1, 2021






	Introduction and main results
	Quasimode estimates for scaled Schrödinger operators
	Strichartz estimates on compact manifolds
	Sharpness of the quasimode estimates
	Appendix: Littlewood-Paley and multiplier bounds involving Ln/2- potentials
	References

