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CURVATURE AND SHARP GROWTH RATES OF
LOG-QUASIMODES ON COMPACT MANIFOLDS

XIAOQI HUANG AND CHRISTOPHER D. SOGGE

ABSTRACT. We obtain new optimal estimates for the L2(M) — LI(M), q € (2, qc],
gec = 2(n+1)/(n—1), operator norms of spectral projection operators associated with
spectral windows [\, A + 6()\)], with §(A) = O((logA)~!) on compact Riemannian
manifolds (M, g) of dimension n > 2 all of whose sectional curvatures are nonpositive
or negative. We show that these two different types of estimates are saturated on
flat manifolds or manifolds all of whose sectional curvatures are negative. This allows
us to classify compact space forms in terms of the size of L9-norms of quasimodes
for each Lebesgue exponent g € (2, ¢c], even though it is impossible to distinguish
between ones of negative or zero curvature sectional curvature for any g > qc.

1. Introduction and main results. This paper addresses the question of whether
one can “hear” the “shape” of a connected compact manifold, if “shape” refers to the
sign of its sectional curvatures. We answer this question in the affirmative if the man-
ifold is of constant sectional curvature and also if one uses the correct type of “radio”.
Specifically, we shall show that there is a classification of the three genres of manifolds
of constant sectional curvature (positive, zero and negative) using the (sharp) growth
rate of L%-norms of log-quasimodes if ¢ is any critical or subcritical exponent for the
universal bounds of Sogge [26], even though, as we shall review, norms involving any
supercritical exponent cannot distinguish between manifolds of negative curvature and
flat manifolds. So, “radios” involving critical or subcritical exponents must be used for
this problem. Similarly, as we shall demonstrate, the different geometries exhibit differ-
ent types of concentration of quasimodes near periodic geodesics, which turns out to be
key to answering to this question. The positive estimates that we obtain for manifolds
all of whose sectional curvatures are nonpositive or negative, though, do not require the
assumption of constant curvature.

The main step to accomplish this classification is to obtain sharp critical and subcrit-
ical Li-estimates for log-quasimodes on compact manifolds of negative and nonpositive
sectional curvatures. We improve the earlier estimates in [3] and [7] and obtain, for the
first time, different but sharp estimates for both types of geometries. We also are able to
characterize compact connected space forms in terms of the size of quasimodes measured
by any critical or subcritical L?(M)-norm. As we shall indicate, this is impossible to do
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for any exponent in the supercritical range ¢ > q., with, here and in what follows,
(1.1) ge =2(n+1)/(n—1),
denoting the critical exponent for our compact n-dimensional Riemannian manifold (M, g).

Before stating our main results, let us review the local universal estimates of Sogge [26].
These concern the Lebesgue norms of eigenfunctions and quasimodes with spectrum in
unit intervals.

If A, is the Laplace-Beltrami operator associated with the metric ¢ on M, we let
0 =X < A1 < Az <--- denote the eigenvalues labeled with respect to multiplicity of the
first order operator P = /—A, and ey, the associated L?-normalized eigenfunctions.
So,

(1.2) (Pex,)(z) = Njex,; (x), and /M lex, (z)Pdz =1, if P=./=A,.

Here, abusing notation a bit, dz denotes the Riemannian volume element, dV,, and )A; also
denotes the frequency of the Laplace eigenfunctions, which means that —Agey, = )\? € -
If I C [0,00) is an interval, we shall be concerned with the associated spectral projection
operators

(13 (uh@ = X Bf@), with Bfw) = ([ fo)awd) e @)

Ael

Also, we shall say that the spectrum of f is in I and write Spec f C I if E;f = 0 for
A ¢

In [26], the universal bounds for ¢ > 2
(1.4) HX[A,AH]fHLq(M) SND Y Fllpoary, A > 1,
with p(q) = {n_ﬁ ‘

were obtained. Note that when ¢ = ¢, the above exponent is just

(1.5) (ge) = 1/¢e.

Here, and in what follows, < refers to an inequality with an implicit, but unspecified
constant. As was shown in [29] the unit-band spectral estimates (1.4) are sharp on any
compact manifold (M, g), regardless of the geometry.

So, as in what seems to be the first paper in the program, [31], in order to obtain
improvements over the bounds in (1.4) under certain geometric assumptions, one must
replace the unit intervals [A, A + 1] by ones of the form [\, A 4+ §(\)] with 6(A) \, O as
A — 0o. For the most part, we shall take

(1.6) SO0 = (log )™, A1,
Note that if
(1.7) Via s = {®x 1 Spec @5 C [\, A+ 5(N)]}



CURVATURE AND GROWTH RATES OF LOG-QUASIMODES 3

is the space of §(\)-quasimodes, we of course have for ¢ > 2

@Al La(ar .
(1.8) sup oD IXpoatsorllz=e, i Viaagson) # 0.
PreVIAA+5(0)] H(I)A”LZ(M)

Here, and in what follows, || - ||,—4 denotes the LP(M) — L9(M) operator norm.

As in many earlier results, our attempts to relate properties of high energy eigenfunc-
tions ey in terms of the geodesic flow ®; : T*M\0 — T*M\0 or the half-wave operators
U; = e'P is limited by the role of the Ehrenfest time. Recall that if a(z, &) € S} , is a zero-
order symbol, and if Op(a) is the associated zero-order pseudo-differential operator, then
Egorov’s theorem from microlocal analysis says that U_;Op(a)U; —Op(ao®;) is a pseudo-
differential operator of order —1. Thus, if, as above, ey is an L?-normalized eigenfunction
of P with eigenvalue A, we have for small [¢| > 0 that ||[U_:Op(a)Us — Op(a o @¢)ler]l2 =
O(X71). If the sectional curvatures of M are negative, though, this estimate breaks down
as t approaches a multiple of log A\. Indeed there exists an optimal Cj; so that for ¢ > 0

[[U-:Op(a)U; — Op(a o @¢)]ex ||2 <A exp(Oprt).

So, these improved estimates coming from Egorov’s theorem only persist for |¢| smaller
than the Ehrenfest time log A
og

T =Tg(\) = Cur
Since we need to use this and related tools from microlocal analysis, we are naturally
limited to studying spectral projection operators x| x+s(x) With 0(\) as in (1.6). We
refer the reader to the excellent exposition in Zelditch [39] for a more thorough discussion
of the role of the Ehrenfest time in settings where the geodesic flow is ergodic or chaotic,

such as when (M, g) is of negative curvature, which is a main focus of this paper.

Keeping this in mind, let us state our main result.

Theorem 1.1. Let (M, g) be an n-dimensional connected compact Riemannian manifold.
Then, if all the sectional curvatures are nonpositive, for A > 1 we have the uniform
bounds

(L9 [xpretoen -1 pagary < €02 )™ P flan), 2<a <.,

with g and 1(q) as in (1.1) and (1.4), respectively. Moreover, if all the sectional curva-
tures of M are negative, for A > 1 we have the uniform bounds

(1'10) HX[A,)\Jr(logA)*l]fHLq(M) < Oq /\#(q) (1Og )‘)71/2||f||L2(M)7 2<q<qe,

with the constant Cy in (1.10) depending on q.

As we shall see, the bounds in (1.9) are always sharp when M is flat, and, as was shown
in Blair, Huang and Sogge [3], one cannot have stronger bounds if M is a product manifold
with S as a factor. Moreover, Germain and Myerson [15] proved negative results for all
tori, including ones that are not such a product manifold. See also Hickman [18] who
proved bounds with numerology essentially as in (1.9) on T" for ¢ = ¢..

The estimates in (1.10) are stronger than those in (1.9) since p(q) < 1/2 for 2 < ¢ < ¢,
and, hence (log \)~1/2 < (log \)~#(@) if A > 1.

We point out that Bérard [1] and Hassell and Tacy [16] had shown earlier that if M is
any compact manifold with nonpositive sectional curvature, then the analog of (1.10) is
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valid for all ¢ > ¢.. By well known arguments that we review in §3 below, the (log \)~'/2
gains that they obtained for log-quasimodes never can be improved. Thus, unlike the
case in Theorem 1.1 which concerns critical and subcritical exponents, the bounds for
supercritical exponents ¢ > ¢. do not distinguish between the two geometries considered
above, i.e., compact manifolds of nonpositive or strictly negative sectional curvatures.

We would also like to point out that the analog of the bounds in (1.10) do not hold
in the Euclidean case when 2 < ¢ < g.. These involve the Euclidean spectral projection

operators for v/—Agn,
Xpa+slf (@) = (2@*”/ e f(€) dg,

{€€R: [€]€[A,A46(N)]}
with

fO) = [ e hads

denoting the Euclidean Fourier transform. It is an easy exercise to see that the Stein-
Tomas [37] restriction theorem is equivalent to the estimates saying that for A > 1 we
have the uniform bounds

(111) HX[)\)\"'(IOgA)fl]fHLq(]Rn) < C)\N(‘Z) (log )‘)_1/2||f||L2(R")7 qc [QC7 00]7

with again g. and u(q) as in (1.1) and (1.4), respectively. Conversely, unlike in (1.10), the
analog of (1.11) cannot hold for any q € (2, g.), since, this would imply that there must be
a LY (R") — L2(S™~1) Fourier restriction theorem with ¢’ being the conjugate exponent
for ¢q. This is impossible by the standard Knapp example since the sharp range for the
LP(R™) — L?(S™~1) restriction bounds is the one treated in [37], that is p € [1, 2(7:Lj31)],
which are the exponents that are dual to the exponents ¢ € [g.,o0]. Moreover, the
standard Knapp construction for R" shows that the bounds coming from interpolating

between the estimate in (1.11) for ¢ = ¢. and the trivial L? — L? estimates, i.e.,

_ntlel 1

HX[X,A-{-(log)\)’l]H?—)q = O()‘H(Q) (10g )‘) = (2 q))u qe (27 qC)7
are sharp, and these are less favorable than the bounds in (1.10) since 2£L (1 — %) <
for 2 < q < gq..

It seems remarkable that in (1.10) we are able to obtain the optimal (§(\))'/2, §(\) =
(log A\)~!, improvements over the §(\) = 1 bounds, since such improvements in the Eu-
clidean case break down for any subcritical exponent ¢ € (2,¢q.). The improved bounds
in (1.10) for these exponents is due to the chaotic nature of the geodesic flow in mani-
folds with negative sectional curvature, which results in much more favorable dispersive
bounds for solutions of the wave in the universal cover that we shall exploit.

(SIS

The optimal and perhaps unexpected improvements in (1.10) can also perhaps be
framed as an analog for compact manifolds of negative curvature of the classical and cel-
ebrated Kunze-Stein [22] phenomenon. Chen and Hassell [13] established related results
in the noncompact case in which they showed that the analog of (1.11) for hyperbolic
space H" is valid for all exponents ¢ € (2, 00] (see also [21]). Thus, in this setting (as in
(1.10)) there is a natural analog of the Stein-Tomas extension theorem for all exponents
q > 2. It is notable that, although the sharp critical and subcritical log-quasimode esti-
mates for flat compact manifolds are weaker than the ones for Euclidean space, the results
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that we obtain for compact manifolds all of whose sectional curvatures are negative agree
with the Chen and Hassell bounds for such quasimodes in H".

Using the bounds in Theorem 1.1 along with the fact that the unit-band spectral
projection bounds in (1.4) are always sharp (see [29]) and a “Knapp example” that we
present in §4 for connected compact flat manifolds, we are able to characterize all compact
connected space forms in terms of the size of log-quasimodes as measured by critical
and subcritical Lebesgue exponents, which is a natural affirmation of Bohr’s quantum
correspondence principle (cf. [40, §1.5]).

To state this result we recall that if f, g > 0 then f(A) = ©(g())) if limsup,_, gg)‘; €
(0,00), i.e., f(A) = O(g(N)) and also f(A) = Q(g(XA)) (the negation of f(A) = o(g(N)).
Our other main result then is the following result which says that compact manifolds of
constant sectional curvature are characterized by the growth L?-norms of log-quasimodes,

if ¢ € (2, qc]-

Theorem 1.2. Assume that (M, g) is a connected compact manifold of constant sectional
curvature K and fix any exponent q € (2,q.]. Then, if p(q) is as in (1.4),

(1.12)  sup{[[®xllzacar) : Px € Viartaog)—1]5 | PallL2(ary = 1}
G(A“(Q)(log)\)_l/2) — K<0
= D (log \)"H9)) —= K =0
O\9) «— K >0.

Also, if log\)™! < 5(X) \ 0 as A — 0o and X\ — A6(\) is non-decreasing for X\ > 2,

(1.13)  sup{[[®xllzear) : @x € Viarron)s 1@allz2ary =1}
( @D(6N)?) = K<0
= WD (BEN))HD) = K =0
o) — K >0.

Here we take the left sides of (1.12) and (1.13) to be zero if Vix 1500 = 0.

As we mentioned before, Bérard [1] and Hassell and Tacy [16] obtained the sharp
bounds [|x[x,x+(1og \)-1]ll2—¢ = O(MD) (log \)=1/2) for all supercritical exponents q > g
whenever all the sectional curvatures of (M, g) are nonpositive. Thus, in Theorem 1.2
we must consider the range ¢ € (2, ¢.] of subcritical or critical exponents in order to dis-
tinguish between flat manifolds and ones with negative sectional curvatures. As we shall
see in the proof of Theorem 1.2, the range g € (2, ¢g.] is very sensitive to different types
of concentration near periodic geodesics. On the other hand, the types of quasimodes
saturating the estimates of Bérard [1] and Hassell and Tacy [16] concentrate near points
in a manner that is agnostic to the presence of nonpositive versus negative sectional
curvatures.

Note that the universal bounds (1.4) as well as (1.9) and (1.10) along with (1.8) imply
that the left side of (1.12) is O(A@ (log \)~1/2) if K < 0, O(AM@ (log \)~#(9)) if K =0
and O(M9) if K > 0. So, to prove the first assertion in Theorem 1.2 we need to show
that we can replace each of these “O” bounds by “2” lower bounds under the appropriate
curvature assumption. Obtaining such results when K > 0 is relatively easy since any
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compact connected space form of positive curvature is the quotient of a round sphere,
which allows us to use results from [25]. Proving the Q-lower bounds for (1.12) when
K < 0 is also relatively easy since, as we mentioned before, it is straightforward to see
that the (§()\))'/? improvement in (1.10) cannot be strengthened. Establishing the Q-
lower bounds for flat manifolds is more difficult. We do this by using the fact that a flat
connected compact manifold must be of the form R"/T" where the deck transformations,
I, must be a Bieberbach subgroup of the Euclidean group, F(n), of rigid motions in R™
(see, e.g., [2], [12] and [38]). This fact allows us to construct “Knapp examples” for flat
manifolds using arguments from Brooks [9] and Sogge and Zelditch [33] that show that
the bounds in (1.9) are always sharp for flat compact manifolds, which means that the
left side of (1.12) cannot by o(A@ (log A\)"#(9)) when K = 0. Similar arguments will
yield the second assertion (1.13) in the theorem.

We should also point out that, although q. = Q(lel) is the critical exponent for the
universal bounds (1.11) for unit-band spectral projecction operators, surprisingly, by
Theorem 1.2, unless the sectional curvatures of (M, g) are positive it is not the “critical
exponent” for projecting onto (log\)~! or §(\) bands as in (1.13), if, as is customary,
a “critical exponent” is one for which the bounds for other exponents q. # ¢ € (2, 0]
follow from an interpolation argument using the trivial L2-bounds and dyadic Sobolev

estimates for the ranges (2, ¢.) and (g, o], respectively.

Our paper is organized as follows. In the next section we shall present the proof
of Theorem 1.1 which requires global estimates that exploit the curvature assumptions
as well as local harmonic analysis estimates. The global estimates come from ones in
Bérard [1], Hassell and Tacy [16] and our earlier works Blair and Sogge [7], Blair, Huang
and Sogge [3] and Sogge [30]. The local harmonic analysis estimates that we require
will be proved in an appendix. The ones that we need for the critical exponent were
obtained earlier; however, the ones needed for the subcritical bounds in (1.10) require
modifications of the earlier arguments that also give a simplified approach for handling
those used for ¢ = g, both for manifolds of nonpositive and negative sectional curvatures.
In the third section we prove Theorem 1.2. As we indicated the main step will be to
construct Knapp examples for compact flat manifolds which involve quasimodes concen-
trating near a given periodic geodesic. In §4, we go over some new results that are a
consequence of Theorem 1.1 and measure concentration properties of quasimodes, such
as lower bounds for L!-norms originally studied by Sogge and Zelditch [32] and later by
Hezari and Sogge [17] as a tool to analyze properties of nodal sets of eigenfunctions. In
§4 we also state a couple of problems about possible generalizations of our results.

The second author is very grateful to his friend, the late Steve Zelditch, for numerous
helpful discussions and debates about the global harmonic analysis that we have devel-
oped in our joint work and in work with other collaborators. The authors are similarly
grateful to Matthew Blair, and we are also grateful for many helpful and generous con-
versations with William Minicozzi, including ones regarding properties of compact space
forms.

2. Proving log-quasimode estimates.
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We shall now focus on proving the estimates in Theorem 1.1 for the critical exponent
g defined in (1.1). After we do this we shall give the proof of the subcritical estimates
which is slightly easier.

In order to exploit calculations involving the half-wave operators we shall consider
smoothed out spectral projection operators of the form

(2.1) pr=p(T(A—P)), T=cologh, P=+/—A,,

where

(2.2) p € S(R), p(0)=1 and supp pC - [l —dg, 1+ o] = [0 — 000, + Jpd],

with 0 < 6,09 < 1/8 (depending on M) to be specified later. We shall need that § is
smaller than the injectivity radius of M and it also must be chosen small enough so that
the phase function d,(x, y) satisfies the Carelson-Sjolin condition when d4(x,y) ~ 0, with
dg( -, -) denoting the Riemannian distance function. Similarly we shall choose §g so that
we can use the bilinear oscillatory integral estimates that arise. Lastly, in view of the

earlier discussion of the Ehrenfest time, we shall take with ¢g > 0 in (2.1) to be eventually
specified small enough depending on (M, g).

By a simple orthogonality argument, we would obtain the bounds in (1.9) if we could
show that, for T as in (2.2) and if the sectional curvatures of (M, g) are nonpositive, then
we have for A > 1 the uniform bounds

11/
(23) loxfllzsean < (Mo )™)Y L2,
since, as noted in (1.5), p(g.) = 1/g.. Similarly, we would obtain the bounds in (1.10)

for ¢ = ¢, if we could show that when the sectional curvatures of (M, g) are negative we
have for A > 1

(2.4) loaf | Laeary < CAY % (log \) ™2 || Fll 22 (ar)-

To prove these estimates we shall need to use local harmonic analysis involving the
“local operators”

(2.5) O\ Zp()\—P).

It will be convenient to localize a bit more using microlocal cutoffs. Specifically, let us
write
N

(2.6) I=> Bj(x D)

j=1
where each B; € Slo)O(M ) is a zero order pseudo-differential operator with symbol sup-
ported in a small neighborhood of some (z;,£;) € S*M. The size of the support will be

described shortly; however, we point out now that these operators will not depend on the
spectral parameter A > 1.

For present and future use, let us choose a Littlewood-Paley bump function satisfying
(27)  BeCi((1/2,2), B(r) =1 for 7near 1, and > B2777r) =1, 7>0.
j=—o00
Then the dyadic operators
(2.8) B =Bj\=BjoB(P/\)
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are uniformly bounded on L?(M), i.e.,

(2.9) |Bllp—p =0(1) for 1<p<oc.
We use these dyadic microlocal cutoffs to further localize o) as follows
(2.10) 5y = Booy,

where B is one of the NV operators coming from (2.6) and (2.8). We also shall make use
of the “semi-global” operators

(211) [))\ :5’)\0/))\.

The o) are smoothed out versions of the operators in (1.4). They satisfy the same
operator norms, and the two sets of estimates are easily seen to be equivalent. Similarly,
it is easy to use orthogonality to see that the following uniform bounds are valid for
q € (2,00 and A > 1

(212) ||(I = ox) o pally,, S CT N if T >1
and |lox — B(P/A) o U)\||2_)q =0\ M), VN.

Consequently, by (2.6) and (2.12), in order to prove (2.3) and (2.4) it suffices to show
that for A > 1 we have

- _1\1/4e
(2.13) 152 lzse oy < C(Mog )™)Y || Fll 2
under the assumption that all of the sectional curvatures of (M, g) are nonpositive, as
well as

(2.14) 153l zae(ary < CXV4< (log A7 2 [ 2(ar)
when the sectional curvatures of (M, g) are all negative.

Recall (see e.g., [25]) that on the standard round sphere S™ the improved bounds in
Theorem 1.1 cannot hold for ¢ = g.. Indeed, the L?-normalized zonal functions Z, and
the Gaussian beams G (highest weight spherical harmonics) each have L (S™) norms
which are comparable to A% if A\ = \/k(k+n—1), k € N, is a nonzero eigenvalue
of v/—Agn. Thus, in order to prove Theorem 1.1 we need to rule out the existence of
log-quasimodes under our geometric assumptions that behave like the Zy or G. The G
satisfy |G x| Lo (sn) = AT and have negligible mass outside of a A=1/2% tube about the
equator. Here, and in what follows, \°T refers to quantities involving A\°*¢ with € > 0
arbitrary, but with implicit constants of course depending on ¢.

Motivated by this, and to be able to use the kernel estimates that Bérard [1] and Hassell
and Tacy [16] used to prove their bounds for supercritical exponents and to also be able to
utilize bilinear oscillatory integral estimates from harmonic analysis, it is natural to make
a height decomposition using the semi-global operators py that essentially corresponds
to the “height” of the aforementioned Gaussian beams, G. We shall always assume, as
we may, that the function f in (2.13) or (2.14) is L?-normalized:

(2.15) I fllL2cary = 1.

We then split our tasks (2.13) and (2.14) into estimating the L% -norms of gy f over the
two regions

n—1

(2.16) Ay ={z e M: |prf(z)] > AT T5}
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and

(2.17) A ={z e M: |prf(z)] < \T & ).

Of course M = Ay UA_. Also, we point out that there is nothing particularly special
about the exponent 1/8 in the above definitions. It could be replaced by any sufficiently
small positive exponent in what follows. We choose the exponent 1/8 to hopefully help
the reader going through the numerology in some of the calculations that ensue.

Favorable L% (Ay) norms rule out quasimodes having large sup-norms as the zonal
functions Z, do on S™; however, they do not rule out the existence of modes behaving
like the Gy since [|Gilloo < A" 75 for A > 1. On the other hand, favorable L (A_)
bounds do rule out log-quasimodes tightly concentrating near periodic geodesics as the
Gy do on S™. Also, the bounds for the region A_ are much harder than the ones for
A4 and require bilinear techniques from harmonic analysis and the use of more refined
microlocal cutoffs. We also remark that when we turn to the improved L% (M )-norms
for ¢ € (2,¢.) in (1.10), we shall not have to make use of the splitting in (2.16)—(2.17)
since modes potentially behaving like the Z) cannot saturate subcritical norms.

2.1. High floor estimates.

Let us now show that for any (M, g) all of whose sectional curvatures are nonpositive
we have for T as in (2.1) with ¢ > 0 small enough

(2.18) 153 fll e () < CAV T2,

Although this estimate is not taken over all of M, we note that the T-1/2 ~ (log \)~1/2
improvement matches up with that in (2.14) and is stronger than the T7—'/% ~ (log \)~1/%
required for (2.13). We shall present the simple proof of (2.18) for the sake of complete-
ness even though this bound was obtained in the earlier work [3], which in turn followed
arguments in [7] and [30].

In order to prove (2.18) we need a global estimate for a kernel that will arise in a
natural “T'T*” argument. Specifically, if a € C§°((—1, 1)) equals one on (—1/2,1/2)) we
require the pointwise “global” kernel bound

(2.19) Gi(z,y) = L /00 (1—a(t)) T=Y(t/T)e™ (e "P) (2, y)dt

2 J_ o
= ON"T exp(CoT)), U =|pf%, 1<T <logA.

This “global” estimate is valid whenever the sectional curvatures of (M, g) are nonpositive
(see e.g. [1], [16], [27], [30]). Ome proves the bound by standard arguments after lifting
the calculation up to the universal cover and then using the Hadamard parametrix, just
as was done by Bérard [1]. Since U is compactly supported, the number of terms in the
sum that arises grows exponentially if (M, g) has negative curvature. This accounts for
the exponential factor in the right side of (2.19) (in the spirit of our earlier discussion of
the Ehrenfest time). We also remark that such a bound cannot hold on S™ due to the
fact that the half-wave operators there are essentially periodic.

To use the estimate (2.19) to prove (2.18) we first note that by (2.9), (2.12) and (2.15)
Hﬁ)foch(A+) < HBPAfHch(A” + C)\l/qc/log)\.
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Consequently, we would have (2.18) if we could show that
(2:20) I1BoAfllLae(ary < CNVI(10g )72 + 3n f e ()

To prove this we shall adapt an argument of Bourgain [8] (see also [3] and [30]). So,
we choose g satisfying

H9||Lqé(A+) =1 and ||Bp>\fHch(A+) = /BPAf : (1A+ '9) dx.

Then since ¥(T(A— P)) = pxop} for ¥ as in (2.19), by (2.15) and the Schwarz inequality
@20 Bof ey = ([ £ 03B s 9@ do)

< [193B s, - 9@ do

— [(Bov@(O-P)oB) (s, 9)a) - Ta @alo) do

— /(B oLyoB*)(1a, -g)(z) - 1a, (2)g(x) dx

+ /(B 0oGroB*)(1a, - 9)(x) - 14, (x)g(x)dx
=1+11.
Here G is the operator whose kernel is in (2.19) and so
Ly = (27T)~" / a(t)(t/T) e e dt.
Consequently, Lyh = T71 Zj m(A; Aj)E;h, where E; denotes the projection onto the
eigenspace of P with eigenvalue A\; and the spectral multiplier satisfies
m(A; A) = O((L+ A= x)7%), VN,
Consequently, by (1.4),
||L>\Hqg%qc < TN/ ke,
Since T = ¢plog A, if we use Holder’s inequality and (2.9) we conclude that
(2.22) (| < [|BLAB™(1a, - 9)llq. - 14y - glla;
SIEAB*(Lay - 9)llg - 114y - gl
S A (log \) [ B*(Lay - 9)llg; - 12as - glla;
2/qe —1 1|2
5)‘ e (log)‘) Hg||Lq{:(A+)
= A%/ (log \) 1.

To estimate 11, we choose ¢g > 0 small enough so that if Cy is the constant in (2.19)
exp(CoT) < A8 if T =c¢yloghand A > 1.
As a result

—1
1GA 1500 S AT 5.

~
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Consequently, since the dyadic operators B are uniformly bounded on L' and L™, if we
repeat the preceding argument we obtain
n—-1,1 n-1,1 n-1,1
(I < O H5[[1a, - glf S ONTF5llgllTa ) 11aL G = O 5 114, 5.

After recalling the definition (2.16) we can estimate the last factor as follows

nol 1\ —2
1Lallz, < VT F5) A 0e (as )
which yields

_ - . 2
Il <A I/SHPAfH%qc(Ag < (313 fllLaeay) ™
assuming, as we may, that A is large enough.

If we combine this bound with the earlier one (2.22) for I, we conclude that (2.20) is
valid, which concludes the proof of our estimates (2.18) involving the large-height region
As. O

2.2. High ceiling estimates.

To finish the proof of the estimates in Theorem 1.1 for ¢ = ¢, in view of (2.18), it
suffices to prove the following

Proposition 2.1. Suppose that all of the sectional curvatures of (M, g) are nonpositive.
Then for A\> 1 and T as in (2.1) we have

(2.23) xS | Laeay < COT 1) e,
and if all the sectional curvatures are negative

(2.24) 153 fllLae(ay < CAVo T2,

To prove this proposition we need to borrow and adapt results from the bilinear har-
monic analysis in [23] and [35].

We shall utilize a microlocal decomposition which we shall now describe. We first
recall that the symbol B(z,£) of B in (2.8) is supported in a small conic neighborhood of
some (x9,&p) € S*M. We may assume that its symbol has small enough support so that
we may work in a coordinate chart Q and that zo = 0, & = (0,...,0,1) and g;%(0) = &}
in the local coordinates. So, we shall assume that B(z,£) = 0 when x is outside a small
relatively compact neighborhood of the origin or £ is outside of a small conic neighborhood
of (0,...,0,1). These reductions and those that follow will contribute to the number of
terms in (2.6); however, it will be clear that the N there will be independent of A\ > 1.
Similarly, the positive numbers ¢ and dp in (2.2) may depend on the summand in (2.6),
but, at the end we can just take each to be the minimum of what is required for each
j=1,...,N.

Next, let us define the microlocal cutoffs that we shall use. We fix a function a €
Ce°(R*=1) supported in {z: |z] <1, 1 <k < 2(n — 1)} which satisfies
(2.25) > az-j)=1
j622(n—1)

We shall use this function to build our microlocal cutoffs. By the above, we shall focus on
defining them for (y,n) € S*Q with y near the origin and 7 in a small conic neighborhood
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of (0,...,0,1). We shall let

II={y: y, =0}
be the points in Q whose last coordinate vanishes. Let y' = (y1,...,Yn—1) and 7/ =
(M, -..,Mn—1) denote the first n — 1 coordinates of y and 7, respectively. For y € IT near
0 and 71 near (0,...,0,1) we can just use the functions a(6~'(y',n') — 4), j € Z*™=Y to
obtain cutoffs of scale §. We will always have 6 € [A\~1/8 1].

We can then extend the definition to a neighborhood of (0, (0,...,0,1)) by setting for
(z,€) € S*Q in this neighborhood

(2.26) a?(:v,f) =a(@ 'y, 1) —j) if Os(z,&) = (¥,0,7',m,) with s=d,(z, ).

Here ®, denotes geodesic flow in S*C). Thus, a?(a:,{) is constant on all geodesics

(x(s),&(s)) € S*Q with 2(0) € II near 0 and £(0) near (0,...,0,1). As a result,
(2.27) aj(®s(z,€)) = af(x,€)
for s near 0 and (x,&) € S*Q near (0, (0,...,0,1)).
We then extend the definition of the cutoffs to a conic neighborhood of (0, (0,...,0,1))
in T*Q\ 0 by setting
(2.28) a?(:v,f) = a?(x,f/p(x,f)).

Notice that if (y.,,n,) = 0j = v and 7, is the geodesic in S*Q passing through
(y,,0,m,) € S*Q with n, € Sty 0§t having 7, as its first (n — 1) coordinates then

(2.29) al(x,£) =0 if dist ((x,€),%,) > Cobl, v =0,

for some fixed constant Cy > 0. Also, a? satisfies the estimates

(2.30) 07070 (2,6)] S 0717111, (2,€) € 52
related to this support property.

Finally, if 1p € C§°(€2) equals one in a neighborhood of the x-support of B(z,§), and
if 8 € C§°((0,00)) equals one in a neighborhood of the support of the Littlewood-Paley
bump function in (2.7) we define

(2.31) Al(z,€) = (z) ) (z,€) Bp(x,&)/N), v=0j€06 2>

It then follows that the pseudo-differential operators A? (x, D) with these symbols belong

to a bounded subset of Sg/g 1/8 (M), due to our assumption that 6 € [A='/8 1]. We have

constructed these operators so that for small enough § > 0 we have

(2.32) A,‘j(a:,g) = Ag(@t(x,f)) on supp B(z,&) if [t| < 20.

We shall need a few simple but very useful facts about these operators:
Lemma 2.2. Let 0y = A\™Y/8. Then
(2.33) IAZ Alls paary S Bl Laqary, 2 < q < oo,
(2.31) IS B pary S 1oy, 1<p<2.
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Also, if 6 > 0 in (2.2) is small enough and u(q) is as in (1.4)
(2.35) |Boad® — BA®ay s g = OO 1), ge (2,4

Proof. To prove (2.33) we note that, by interpolation, it suffices to prove the inequality
for ¢ = 2 and ¢ = co. The estimate for ¢ = 2 just follows from the fact that the Sg/g 1/8

operators {A%} are almost orthogonal due to (2.25). The estimate for ¢ = oo follows
from the fact that the kernels satisfy

(2.36) sup/ |A?,0 (z,y)|dy < C.

To see (2.36), we note that in addition to (2.30) we have that 0Fa(z,rw) = A\7F, if
w € 8" by (2.31) since a?(x, &) is homogeneous of degree zero in €. So, if, as we shall
shortly do, we work in local Fermi normal coordinates so that the projection of 7, onto
M is the nth coordinate axis, using these estimates for radial derivatives, (2.30) and a
simple integration by parts argument yields that

A (y) = O™ A+ N =y )N (L A = yal) ),
for all N which of course yields (2.36).

Since (2.34) follows via duality from (2.33) we are just left with proving (2.35). To do
this we recall that by (2.8) the symbol B(x,£) = Bx(x,§) € Sy vanishes when |¢| is not
comparable to A. In particular, it vanishes if |¢| is larger than a fixed multiple of A\, and
it belongs to a bounded subset of SY . Furthermore, if a% (z,) is the principal symbol
of our zero-order dyadic microlocal operators, we recall that by (2.32) we have that for
0 > 0 small enough

(2.37) a% (z,&) = a% (®(z,€)) on supp By if |t| < 26,
where ®; : T*M \0 — T*M \0 denotes geodesic flow in the cotangent bundle.

By Sobolev estimates for M, in order to prove (2.35), it suffices to show that for
q€ (2]

@33)  |(VITP2)" 40 [BanAl - Buala] |, = OO ),

To prove this we recall that by (2.2) and (2.5)

25
o\ = (27‘1’)71/ plt)e e P dt.,
—25

Therefore by Minkowski’s integral inequality, we would have (2.38) if

(2.39) sup H (\/I—i——P2 )"(%_%) [B,\e_itPAﬁO — BAAﬁOe_”P] H2%2 = O(A”(Q)_%).
|t <25

Next, to be able to use Egorov’s theorem, we write
[Bae P AL — ByAe ] = By [(e7 " AL ") — ByAP] 0 e TP
Since e~ also has L2-operator norm one, we would obtain (2.39) from

@d0)  sup || (VIT P )" By [ A ) aB] |, = 000

|t <26
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By Egorov’s theorem (see e.g. Taylor [36, §VIIL.1])
A% (2, D) = P AP

is a one-parameter family of zero-order pseudo-differential operators, depending on the
parameter ¢, whose principal symbol is a% (®_,(z,€)). By (2.37) and the composition
calculus of pseudo-differential operators the principal symbol of B AAg?t and By A% both
equal B (x,&)ale (x, &) if [t] < 26. If § = 1 then AY € 57, and, so, in this case we would
have that By (e~ A%*") — By A% would be a pseudo-differential operator of order —1
with symbol vanishing for || larger than a fixed multiple of A (see e.g., [27, Theorem
4.3.6]). Since we are assuming that §p = A~'/8, by the way they were constructed, the
symbols A% belong to a bounded subset of 59/8,1/8' So, by [36, p. 147], for |¢| < 24,

By (e~ A% ¢iP) — By A% belong to a bounded subset of S;/?;/;l/g with symbols vanishing
for |¢] larger than a fixed multiple of A due to the fact that the symbol By (x,&) has this

property (see e.g., [36, p. 46]).

We also need to take into account the other operator inside the norm in (2.40). Since
(VI + P2)"(%7%) is a standard pseudo-differential operator of order n(3 — 1) the oper-

q
n(i_1)_3

ators in the left of (2.40) belong to a bounded subset of 57/821/2) *(M) with symbols

vanishing for |¢| larger than a fixed multiple of A. Consequently, the left side of (2.40) is

O(A”(57% 7%). Since p(q) = 251 (4 — %) for ¢ € (2, g.], a simple calculation shows that

n(s — %) — 3 < pu(q) — 1 for such g, which yields (2.35) and completes the proof of the
lemma. O

Next we note that by (2.25), (2.26) and (2.31), we have that, as operators between
any LP(M) — L9(M) spaces, 1 < p,q < oo, for § > \~1/8

(2.41) Gr=Y AAY+ O ), VN,

This just follows from the fact that R(z, D) = I-)_ A% € Sg/g 1/s has symbol supported
outside of a neighborhood of B(z, &), if, as we may, we assume that the latter is small.

In view of (2.41) we have for 6y = \~1/8

(2.42) (Gah)" = 3" (62A%R) (52 A4%R) + OAN|A[j3).

v,v’

If 6 = A~1/8 then the v = 0y - Z2(=1 index a A~1/8-separated set in R2("~1) We
need to organize the pairs of indices v,2/ in (2.42) as in many earlier works (see [23]
and [35]). We consider dyadic cubes 7§ in R2"~1 of side length 6 = 2", = 2KA~1/8,
k=0,1,..., with 7 denoting translations of the cube [0, )%=V by = 2>~ Then
two such dyadic cubes of side length 6 are said to be close if they are not adjacent but
have adjacent parents of side length 26, and, in that case, we write 73 ~ 7'3/. Note that

close cubes satisfy dist (7’3 ,7'3,) ~ @ and so each fixed cube has O(1) cubes which are
“close” to it. Moreover, as noted in [35], any distinct points v,/ € R2*~1D must lie in a
unique pair of close cubes in this Whitney decomposition of R2("~1 . Consequently, there
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must be a unique triple (0 = 6y2%, u, ¢/) such that (v,v) € 7’# X 7' , and 7' ~ 7' ;. We

remark that by choosing B to have small support we need only cons1der 0= 2k6‘0 < 1.

Taking these observations into account implies that that the bilinear sum in (2.42) can
be organized as follows:

(2.43) > > > (52A%R) - (52 A%N)

{k€N: k>10 and 6=2F0p<1} {(1,p’): TﬁNTZ,} {(v,u’)€7'9><7'9,}

+ Z O')\A . 0’ Ag‘)h),

(v,v')€EZ,

where Zp, indexes the remaining pairs such that |[v — /| < 6y = A~'/%, including the
diagonal ones where v = v/,

As above, let u(q) = 251 (3 — %), q € (2, 4. be the exponent in the universal bounds
(1.4). Then the key estimate that we shall use and follows from variable coefficient

bilinear harmonic analysis arguments then is the following.

Proposition 2.3. Ifn>2 and 6y = \"V/8, A\ > 1 and if (2.15) is valid
~ - 1/qc 1 .
(2.44) [oxhllLaeay S (Z ||UAA3°thLZC(M)) +Aw T, if h=paf,

assuming that the conic support of B(x,&) in (2.8) is small and that § and oy in (2.2)

are also small. Also, if 2 < q < @,

1/q _
(2.45) [ENIPSS (ZH@A@%”N(M) D Rz

Here, ¥~ means a factor involving an unspecified exponent smaller than p. Note that
A-power gains are much better than the log A-power gains in Theorem 1.1.

The first estimate, (2.44), occurred in earlier works ([4], [5] and [7]) and requires that
the norms in the left be taken over A_ and that h = py so that 6xh = prf. The
other estimate involving smaller Lebesgue exponents is new and does not require these
restrictions. For the sake of completeness, we shall present the proofs in an appendix.
Our proofs which are based on a more direct application of Lee’s [23] bilinear inequality
and the above Whitney decomposition not only yield (2.45), but also give a simpler and
self-contained proof of (2.44) which we shall present in this appendix.

We need to assemble two more ingredients which, along with (2.44) and Lemma 2.2,
will easily allow us to prove Proposition 2.1. This will give us the bounds for ¢ = ¢,
in Theorem 1.1, and, as we shall see, we will be able to easily obtain the nontrivial
subcritical estimates in this theorem using (2.45) and these methods.

The first of these ingredients involves a dyadic decomposition of the “global” operator
G defined by (2.19), which involves the Littlewood-Paley 8 € C§°((1/2,2)) described in
(2.7). Asin (2.19) we let ¥ = |p|2 Its Fourier transform W then is compactly supported.
By (2.2), we may assume that () = 0, [t| > 1/2. Also, let By(s) = — > 5o B(s/2 ),
s> 0 and 5p(0) =1 so that Bo(]s|) equals one near the origin and is in C(R).
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If we then let

(2.46) Lyr = (2rT)! /ﬁo(|t|)\i/(t/T)e“’\e_“P dt,
and
(2.47) GarN = (27TT)_1 /ﬁ(|t|/N)@(t/T)eit,\e—itP dt, N=2, jeN.
It then follows that Gy, xy = 0 if N > T, and, moreover,
(2.48) px=Lxr+ Z GirTN-
2<N=2i<T

By the universal bounds (1.4), we of course have
(2.49) [ Lazllg—q = O(T_l)‘w(q))a q>2,

as we essentially used in the proof of (2.18).

Then, in addition to Lemma 2.2 and Proposition 2.3, the next key ingredient needed
to prove Theorem 1.1 is the following.

Proposition 2.4. Let 0y = A\~'/% and assume that for T = colog A as in (2.1) we have
the following bounds for the microlocalized kernels

(2.50) (A% G 7 N (A%)) (2,y)] < CTTIANT N, N=2/, jeN.
We then have
(251 Ao e pae oy < O fllzaqan {; i i;i
Also, if ¢ € (2,q.) we have
(2.52) 1A% o flles pacary < OAMq)T*l/QHfHL?(Mﬁ if o> 5.
We shall momentarily postpone the simple proof of this Proposition and record one

last result that we need to prove our main estimates.

Lemma 2.5. Fiz a compact manifold (M, g) all of whose sectional curvatures are non-
positive. Then if T = colog\ is as in (2.1) with co > 0 small enough we have for A > 1

(2.53) (A% G (A%)) (2,y)] < CT AT N'""2, NeN.
Moreover, if all of the sectional curvatures of (M, g) are negative we have for such ¢ > 0

(250) |(A% Gy (A%)°) (2,)] < CuT- AT N7, N €N, for each m = 1,2,....
At the end of the section we shall recall the proof of (2.53) and (2.54) which were
obtained in the earlier works [3] and [7].

Having assembled all the necessary ingredients, let us now prove Proposition 2.1 which,
as we noted before, would complete the proof of the estimates for ¢ = ¢, in Theorem 1.1.
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Proof of Proposition 2.1. We first note that by (2.11) and (2.44) we have
1/qc a1
(2.55) 17 flleecay < D 10340 pa an) A

since ||pa]l2—2 = O(1). Consequently, to prove the bounds in it suffices to show that the
first term in the right is dominated by the right side of (2.23) when all of the sectional
curvatures of M are nonpositive and by the right side of (2.24) if they all are negative.
We recall that we are assuming as in (2.15) that f is L?-normalized.

We first note that, since p(g.) = 1/¢c, by using (2.10), (2.35) and (2.33), we obtain
(2.56) Z 15X AL oA L% a1y = Z 157 AL pAL NG, - 153 AL pa fllde
< Z IIUAA‘)Omezc IBAYP oxpafllt
~ 00 2 90 _ 0 qe— 2
+ Z oA A pafII5, - [(BAZox = Bos A )paf g
L,l _ _
<ZHUAA9°pAfII2C IIBA‘)“UApAfII‘” 2+Z>\‘“ 149 pa f1I5 - Alae ~ 202 pd2
S Z 152 A oA fIl3, - HBA@OUAPAquC 2 Aa(a2)
< C(Y 52 AL pafl12e) Z |BAZoApfI1g) =+ OXIZHa2),

using also Holder’s inequality in the last line.

By Young’s inequality, we can bound the second to last term as follows
2 4c=2
CQlordr paflig) ™ (Z|\BA3°UAMIIZE) g
v

Z 153 AL px £12) Z IBA% oypr f|2) 5

{ 5% Z |\UAA9°P,\f| ot = Z ”BA@OUM’\JC'

If 6 > 0is small enough so that C q—5 % is smaller than 1/2, we can absorb the contribution

of the first term in the right side of the preceding inequality into the left side of (2.56)
and conclude that

(2.57) D e AL oA o ar) S Z |BAS oy pafl|de + AL~ (ae=2),
S Z 1R oxpaf[1ge + A 3002,

using (2.9) in the last line. Next, if we use (2.12) along with the L% almost orthogonality
bounds in (2.33) we can control the nontrivial term on the right as follows

(2.58) Z AP oaprfIlEe < Z A% pafllde + T %,
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If we combine (2.55)—(2.58), we conclude that

~ 1 _ 1
(2.59) 67 fpac(a_y S AL oxflleze pac (ary + O(Nae ~ + T Aae ),

If the sectional curvatures of M are all nonpositive we conclude from Lemma 2.5 that

(2.50) is valid for o = "T_l, and so, by (2.51) in Proposition 2.4 we obtain in this case

~ 1 —1,L

(260) [15afllzaeca ) S 1A% o Flloge o ary + O(AT ™ +T=227)
1
dc

< T—7 " \ae — (T~ 'A)ae ~ (A(log A)~1)Hae)
2(n+1)
n—1 -~

which along with the earlier bound (2.18) yields (1.9) for ¢ = g, =

If all of the sectional curvatures of M are negative, then Lemma 2.5 says that (2.50)
is valid for any o € N and so we can use the more favorable case of (2.51) involving
T~1/2. As a result, if we repeat the arguments leading to (2.60) we conclude that if all
the sectional curvatures of M are negative we have

(2.61) 153 fllzac(ay S X9 (log A) 72,
which along with (2.18) yields (1.10) for the critical index ¢ = ge. O

Let us also now handle the subcritical bounds in Theorem 1.1.

Proof of subcritical estimates in Theorem 1.1. Inequality (1.9) for g € (2, g.) just follows
via interpolation from the g = ¢, estimate we just obtained and the fact that the projec-
tion operators are bounded on L?(M) with norm one.

Thus, we only have to prove the subcritical bounds in (1.10) for g € (2, ¢.), assuming
as there that all of the sectional curvatures of M are negative. By interpolation with the
trivial L? estimate just mentioned and the case ¢ = ¢. that we just obtained, we see that
it suffices to prove the estimates for ¢ € (2, @] We make this reduction in order
to use (2.45), which as we noted before is an estimate over all of M (unlike (2.44)). As
before, in order to prove (1.10) for ¢ in the above range, it suffices to show that when f
is L2-normalized as in (2.15) we have

(2.62) 1> f llLaqany ST V2@ g e (2, 2082

for T as in (2.1) with ¢¢ > 0 sufficiently small depending on our manifold M of negative
curvature.

If we use (2.45) in place of (2.44), and repeat the proof of (2.59) we obtain
(263)  losllzoan) S 14T o fllzan + ONO™ + T7INHD), g e (2,252,

Since, as we just exploited, (2.50) is valid for all @ € N under our curvature assumption,
by (2.52) the first term in the right hand side is O(T /2 () which yields (2.62) and
completes the proof. O

Let us now prove Proposition 2.4.
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Proof of Proposition 2.4. It U f(x,v) = A,pxf(z), then (2.51) is equivalent to
2a 2
. T~ n+i \ae | if o < 2L
(2'64) ”UU Heq,ch,c*}e‘ZCLQC ,S {Tl)\%, ifa> nT-'rl,Q
with

(2:65)  (UUTF)(ww) = 3 (40 0 AT = P)) o (AD))F(-,1)) (@)

!

= Z((Ag“ oLy o(A%))F(-, I/)) (z)
+ Z [Z((Ag“ OGA,T,NO(A?,?)*)F(-,V’))(x)]
2<N=2i<T v/
If we use (2.33) and (2.34) along with (2.49) we obtain
(2.66) HZ((A,%LA,T o (ADY V(- 1)) ()

fac Lac

Lac

< [ (are () PG ) )

< T '\

D (AR F(- )

v’

< TN || F|| oy o

!
Lic

which is better than the bounds in (2.64) if o« < 2 and agrees with them for o > 241

To finish the proof of (2.64), we also need to estimate the N-summands in (2.65),
(2.67) Wy F = Z((Ago o Gy o (A%))F(-, y’)) (z), N=2/,jeN.

By (2.47) we clearly have
|Ga 1.~ L2y L2 (ar) = O(T'N).
So, if we use (2.33) and (2.34) for ¢ = 2 the preceding argument yield for 2 < 2/ = N

(2.68) IWllere e = O(TIN).
We also obtain from (2.50)
(2.69) Wi llerp1 e poe = O(T TN N7,
If we interpolate between these two estimates we obtain
_ 2 — 2a_
(270) HWN”quch/C‘)chLqC — O(T 1)\% Nl nt+1 )
Whence,
2a 2
T™71 N\, if o < 2L
(2'71) ”WNHEQ’CLQ’C ECLC/S{ 1.2 .7 n 27
2<2j§v<T o TN, i a > 2

If we combine (2.65), (2.66) and (2.71), we obtain (2.64). The same argument yields
(2.52) which finishes the proof of Proposition 2.4. O
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Let us now recall the arguments that yield the bounds in Lemma 2.5. The arguments
that we shall sketch are almost identical to ones in [6].

First, in view of (2.36), in order to prove (2.53), it suffices to show that

(A Garw)(a,y) = 2nT)~ /ﬂ [t/N)(t/T)e" (A 0 ™) (z,y) dt
= (1) [ BN B/ TIN AL o costy/ =) ) d
A7) A0 [ BNV EE/ T )
= O(T A" N'="7), N >2.
Using (2.36) again shows via a simple integration by parts argument that the second to

last term is O(A™™) for all m € N since A > 1 and P is a nonnegative operator. Thus,
in order to establish (2.53), it suffices to show that

(2.72) /5 /N (¢/T)el™ (A% o cos t/=Bg)(a,y) d

=0T "), N > 2.

To do this, as in Bérard [1] and many other works, we lift the calculation up to the
universal cover of (M, g) using the formula (see e.g., [27, (3.6.4)])

(costy/—Ay)(z,y) = Z(cos t\/—Ag(Z, (7))

ael’

Here (R™, g) is the universal cover of (M, g), with § being the Riemannian metric on R™
obtained by pulling back the metric g via the covering map, also I' : R® — R" are the
deck transformations and we have chosen a Dirichlet domain D C R”, which we identify
with M ~R"/T" and & € D is the lift of z € M.

Thus, we can rewrite the left side of (2.72) as

(2.73) -1 Z/ﬂ [t]/N)T(t/T)e™ (A% o costr/—AZ)(Z, (7)) dt.

ael’

By finite propagation speed of solutions to the wave equation the summand vanishes if
ds(Z, a(g)) > T'; however, in general there can be ~ exp(C/T") nonzero terms due to our
curvature assumptions. As exploited though in [6] one can use the Hadamard parametrix
to see that the presence of microlocal operators A% means that there are only O(N)
nontrivial terms in (2.73).

To this end, we recall (see [1] and [27]) that the Hadamard parametrix tells us that
we can write

(2.74) (costy/—Dg) (%, %) = (2@*%(@,5)/ '@ cost|€| de + R(t; F, 2),
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where the remainder term, R, will not contribute significantly to the bounds and where
the coefficient of the leading term satisfies

(2.75) w(Z, 2) = O(1) if the principal curvatures of M are nonpositive,

and w(Z,2) = O((1 + dg(&,2))~™) Vm if the principal curvatures are all negative.

Standard arguments as in [1], [6] and [27] show that if one replaces (costy/—Az(Z, (7))

with R(t; #,o(j)) the resulting expression is O(A"z" ~) which is much better than that
required for (2.72) in view of the fact that, by (2.1), we are assuming that T' = ¢g log A with

co > 0 allowed to be small. Also, by a simple stationary phase argument, if we replace
(costy/—Az)(Z, a(g)) with the first term in the right side of (2.74) with Z = «(g), then the

n—1 n—1

resulting expression is always O(T "'\ 2 (dg(Z,a(7))” 2 ), and, since the amplitude in
(2.72) is supported in the region where |t| & N due to (2.7), by another simple integration
by parts each of these terms is O(A~™) for all m € N if d3(#, a(g)) ¢ [Cy *, Co] for some
fixed Cy since we are assuming that N > 2. Moreover, if we argue as in the proof of (3.8)
in [6], we see that if a(D) is not within a fixed distance of the lift of the extension of
the geodesic in M associated with the microlocal operator A% then the resulting kernel
is also O(A™™) ¥m. So, arguing almost identically as in the proof of (3.8) in [6] shows
that there are only O(N) terms arising from the main term in the Hadamard parametrix,

n—1

each of which, as we just mentioned, is O(T_lx\n%1 Nz ), while all the others, as well as
n—1

the contribution of the remainder term R in (2.74) collectively contribute to a O(A™z ~)
error term. This of course leads to the bounds in (2.53).

In this argument, we merely used the fact that the leading coefficient w(z, Z) of the
Hadamard parametrix is O(1) if the principal curvatures of (M, g) are nonpositive. As
noted in (2.75), though, it is O((dz(Z,2))™™) Vm if the principal curvatures of (M, g)
are all negative. Consequently, if one repeats the above argument each nontrivial term
that arises must be O(T~'A"z' N=™) Vm, which yields the other estimate, (2.54), in

Lemma 2.5 and completes the sketch of its proof. O

3. Characterizing compact space forms using log-quasimode estimates.

In this section we shall prove Theorem 1.2. We shall only prove the results for §(\) =
(log A\)~ 1, i.e., (1.12), since the proof of Theorem 1.1 shows that the estimates in (1.9) and
(1.10) remain valid if (logA\)~! is replaced by d()\) as in the statement of Theorem 1.2.
Using this and simple modifications of the negative results to follow, one obtains the
second assertion, (1.13), in Theorem 1.2.

Proving (1.12) is equivalent to proving the following three assertions for compact
connected manifolds of constant sectional curvature K:

(3.1)  limsup AV xpx st aogr)-1 [l € (0,00) if and only if K >0,
A—00

(3.2)  limsup(A(log A)_l)_“(q)H XA+ (log A)~1] H2_>q € (0,00) if and only if K =0,

A—00

and

(33)  limsup A9 (1og )2 (| Xpa at0e )1 ||y, € (0,00) if and only if K < 0.

A—o0
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Note that by (1.4), (1.9) and (1.10) each of these three “limsups” is finite. Thus, in
order to prove (1.12) it suffices to prove that each one is nonzero.

Let us first prove that this is the case for (3.1). Without loss of generality we may
assume that K = 1. It then is a classical theorem (see e.g. [14, 4.3 Proposition, Chapter
8] or [38]) that our compact manifold (M, g), all of whose sectional curvatures equal one,
is isometric to S™/T" where I" is a subgroup of the group of isometries on the standard
round S™. Consequently, the eigenfunctions on our compact manifold M of constant
curvature K = 1 are precisely the I'-invariant eigenfunctions on S™ (i.e., I-invariant
spherical harmonics), and the spectrum of our first order operator /—A, on (M, g)
must be contained in that of the round sphere.

Recall that the distinct eigenvalues of /—Agn are (k(k +n —1))Y/2, k =0,1,2,....
Note that, for k is larger than a fixed constant depending on n, the gap between con-
secutive distinct eigenvalues of «/—Agn» and hence those of the operator «/—Aj; on our
(M, g) of constant sectional curvature 1 is larger than one. So every interval [A, A + 1]
with A > 1 contains at most one of the distinct eigenvalues of P = /—A,. This means
that if 0 < §(A) <1 then [A\, A+ §(A)] N Spectrum /—A, is either empty for A > 1 or is
just a single point {y/k(k +n — 1)} for some k € N. Thus, when the sectional curvatures
all equal one we have for ¢ € (2, ¢]

lim sup A9 [ xt tog ) -1 12—q = Limsup A9 [x sy 2
A—00 A—00

In [29] it was shown that the last “limsup” is positive on any (M, g) (meaning that
the bounds in (1.4) are sharp), and so we conclude that the “limsup” in (3.1) must be
nonzero, as desired.

It is also easy to see that this is the case for (3.3) which involves the assumption that
(M, g) is of constant sectional curvature K < 0. Indeed, if we note that any interval
[A, A + 1] can be covered by log A + 1 intervals of length (log A\)~! for A > 1 we can use
the Cauchy-Schwarz inequality to see that for ¢ € (2, g.] we have

Ixpoasillz—e S sup (log ™)X (rr+(togr)-1) 12—
TE[NAF1]

Consequently, if, for such g,
lim sup (log M)/ 2A™9 X (x 2+ (1og 2)-1)l12-¢ = O,

A—00
we would have limsup,_, )‘7#((1)||X[>\,>\+1]”2%q = 0, which, as we just mentioned is
impossible on any compact manifold. So, the “limsup” in (3.3) must also be nonzero.

The proof of Theorem 1.2 would therefore be complete if we could show that whenever
(M, g) is a connected compact flat manifold the “limsup” in (3.2) also must be nonzero,
which is much more difficult than the two cases that we have just dealt with. To deal
with the case of flat manifolds we need to construct appropriate “Knapp examples” as
we shall do in the next subsection.

3.1. Characterizing flat compact manifolds.

By a classical theorem of Cartan and Hadamard, if (M, g) is a compact flat manifold,
it must be of the form R™/T. A theorem from 1912 of Bierbach [2] (see e.g., Corollary
5.1 and Theorem 5.3 in Chapter 2 in [12] or [38]) says that the deck transformations, T,
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must be a Bieberbach subgroup of the group rigid motions, E(n), of R”. This means
that: i) T' must be a discrete subgroup of E(n), ii) I' must be cocompact (i.e. R™/T is
compact), and iii) I must act freely on R" (i.e., if @ € I and a(x) = z for some z € R",
then o« must be the identity). Subgroups of E(n) satisfying these conditions are also
called crystallographic subgroups. Bieberbach also showed that for each n there are only
finitely many types (i.e. isomorphism classes) of Bieberbach subgroups of E(n), which
solved Hilbert’s 18th problem. In 2-dimensions, there are only two'-the quotients are
2-tori or Klein bottles, which are the two connected compact flat Riemannian manifolds
in dimension two. In 3-dimensions it has been known since the 1930s there are ten, but
the classification is incomplete in higher dimensions (see [12] and [38]).

We shall use these facts to construct our Knapp examples for our compact flat (M, g).
We recall that the rigid motions of R™ are of the form a(y) = my + j, where m € O, is
an orthogonal matrix and j € R™ is a translation. So, if M ~ R"/I" and a € I, then «
must be a particular element of E(n) of this form, since I' C E(n) must be a Bieberbach
subgroup associated with (M, g).

To construct a Knapp example for our flat compact manifold M, we choose a periodic
geodesic 79 C M. The Knapp example then will simply be the standard Knapp example
for R™ projected to M via the covering map for M = R™/T". Recall that Knapp examples
in R™ are quasimodes which are essentially supported in long thin tubes. To obtain
ones for M we choose the central axis of this tube so that it projects to v C M via
the covering map. This leads to many windings around a thin tube about vy in M,
and, hence, potential concentration on a subset of M having much smaller volume than
that of the Knapp tube in R™ from which it arises. This explains why, on compact flat
manifolds, we only can have the bounds in (1.9) despite the fact that, by the Stein-Tomas
theorem [37], the stronger analogues given by (1.10) with ¢ = ¢. hold in R™. Also, to
obtain concentration near g, as we shall see, we need to choose the frequencies of our
quasimodes based on the length of ~q.

Let ¢y be the length of the chosen periodic geodesic 79 € M. We are not assuming
that ~ is simply closed. It can cross itself. We can, however, pick a point xy € ~,
though, which is not a crossing point. So if yo(t), t € [0, £y) parameterizes the geodesic
by arc length with vo(0) = g, then vo(t) # o for t € [0,£y). If y € 7o is close to zg
then y must also not be a crossing point. We may assume that g, (zo) = 5;-“ in our local
coordinate system about zg.

Next, let p = exp,, : R" — M. Then p is a covering map. If D C R" is a Dirichlet
domain containing the origin, then we identify D with M by setting p(Z) = = if € D.
We then have p(0) = z¢ and the lift 4 of ~y is a straight line through the origin which
we may assume is the zj-axis: (¢,0,...,0) = 4. If f € C°°(M) and f(&) = f(x) and
A = 0%/0x2 + -+ + 02022 is the standard Laplacian we have

(3.4) Agf(x) = Af(%)

for Z in the interior of D.

NWhen n = 2, up to isomorphisms, the two examples are the subgroups I' C E(2) whose generators
are as follows {I +e1,] +e2} and {(§ % ) +e1,I + e2}. Both have @ = [0,1] x [0, 1] as a fundamental
domain. The quotient of the first is the 2-torus and the second the Klein bottle.
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Also, 79 C D is a finite union of straight line segments some of which may cross (as
in Klein bottles), but not at the origin since p(0) = z¢ and ¢ is not a crossing point of
vo. Also, since vo(¢o) = 70(0) = o and its lift is F(¢) = (¢,0,...,0), there must be a
unique o, € I' so that a.,(0) = ¥(¢y) = (40,0, ...,0). Also, a,(7) = 7. It follows that
{a?m }jez, the stabilizers of 4, is a cyclic subgroup _of I' generated by a,. Here, by a?w we
mean for j > 0, al = ay,0---0a,, (j times), a5 for j > 0 means the j-fold composition

of the inverse of a,,, and of = = Identity if j = 0. Thus, o (0) = (jo,0,...,0).

Since o, € T, it follows that o, (y) = moy + jo, for some mg € O,, and j, € R™.
Since «(0) = (£p,0,...,0), we must have jo = ({y,...,0). Also since oy, () = 7, mo
must preserve the xj-axis. Since mg € O,, it follows that for some m € O,,_1,

+1 0 - 0
0

B m
0

We cannot have “—1” in the top left corner, since, in this case, we would have oz?m (0) =
0 # (24,0, ...,0). Consequently, we must have

(3.5) ayg, (y) = moy + (o, ..., 0).
for some
1 0 0
0
(36) mo = . J— , with m € O, _1.
: m
0

Let us use these facts to build our Knapp example for M ~ D about our periodic
geodesic 7. The argument is somewhat like that in Brook [9] or Sogge [29, §5.1]. It also
uses ideas from Sogge and Zelditch [33]. Our construction of quasimodes concentrating
near 7o is a bit easier than that in [9] given the form (3.5) of the generator of the
stabilizer group of our periodic geodesic 9. Not surprisingly, we also are able to obtain
much tighter concentration of our log-quasimodes since we are working in the flat case
as opposed to the much more difficult case where K < 0 as in [9].

We shall use the following elementary result of Sogge and Zelditch [34, Proposition
1.3], which is valid on any compact manifold (M, g).

Lemma 3.1. Suppose that for q € (2,q.] and § € (0,1]
X+l 2an—pary < C(A0), if 7€ [A/2,2)].
Then for some uniform constant Co = Co(M) we have for A > 1
[1fllq < CoCA0) [IIfll2+ (A8)HI(Ag +A%) fll2 .

Thus, in order to prove that a flat manifold satisfies

lim sup A9 (log A)"9 || X (x rt(log A)-1]]125¢ € (0,00), if g € (2,qd],

A—00
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which is the most difficult step in the proof of Theorem 1.2, in view of our positive results
(1.9), it suffices to construct a sequence A\, — oo and associated “log-quasimodes” ¥y,
so that with 6 = 6(\) = (log A\)~! above, we have

(3.7) [¥nllz2(py + A Hlog Ak [[(A + A)a, 2y S 1,
and, for uniform ¢ > 0,
(3.8) [xllza(p) > X (log Ay) 749,

To do this by constructing a “Knapp” example for our flat compact manifold M, first
fix n € S(R) satisfying

(3.9) 7 >0, 7(0) =1 and supp % C [—co, co],
where ¢y € (0,1) will be specified later. Fix also a function

(3.10) 0<aeC{((-1,1)) with a(s) =1, |s|] <1/2,
and set

(3.11) axs(&) = a(N/267 2 |er — €/I€] ) BUEI/N), er = (1,0,...,0),
and 8 € C*((1/4,4)), satisfies B(s) =1, s € [1/2,2].

Thus, ay s is supported in a dyadic region of a cone of aperture ~ A~1/2§/2 about the
positive part of the first coordinate axis. This function satisfies the related bounds

(3.12) 0L 0% axs(&) = ONT(NTI26712) ol it & = (&, &),
We now define our “log-quasimodes” ¥ (y), y € D, as follows

(3:13) wa(p) = AT G [0 s T - ehyde, T =37 = log
acl "

This is analogous to the traditional Knapp example for Euclidean space that showed that

the Stein-Tomas restriction theorem [37] was sharp. The amplitude in (3.13) is essentially

supported in a & by A/2§'/2 plate through (\,0,...,0), where § is the thickness and

A/251/2 s the “vertical” cross section of the plate.

In order to achieve the lower bounds in (3.8), we shall need to assume that the fre-
quencies of the quasimode are of the form

(3.14) A=\ =27k/lo, some 1< k€N,

with, as above, ¢y denoting the length of our periodic geodesic on which the Knapp modes
in (3.13) will concentrate. As we shall see, this choice of frequencies ensures that there is
minimal cancellation near the non-crossing point zg as the function in (3.13) wraps itself
around and around 7.

Let us first prove that we have (3.7). We shall use a simple argument that is based on
ideas from [6]. To do so we shall need the following simple lemma about our Euclidean
Knapp functions.

Lemma 3.2. Let for T =61 =log A as above

(3.15) K(2) :/eiz'gaké(é‘)n(T(A— [€1)) dé.
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Then if co > 0 in (3.9) is fized small enough and ¢ > 0 is fivzed we have for A > 1 the
uniform bounds

(3.16) |Kx(2)| + [VEA(2)] S OCNAN VYN, if |Z]>ec
Also, assuming that T > 1,
(3.17) [KA(2)| < On(l2l +2) " N, if |2] > 2.

Proof. Note that
Ki(z) = (2m)~! / / e TS 4/ T)a(N 2671 2 er — €/1€] |) BUE/N) e dedt.

One gets (3.17) by integrating by parts in £ if ¢y in (3.9) is small enough. One obtains
(3.16) by integrating by parts in ¢’ and using (3.12). O

Proof of (3.7): Let us start by bounding the L?(D) norm of v¥,(y). Note that if
a,& € T and a # @&, then (D) and &(D) are disjoint since I" acts freely on R™ and D is
a fundamental domain. Also, each of these sets contains a ball of radius ¢y > 0 centered
at the pre-image of 0 under the covering map, and is contained in a ball of radius 7y !
with this center for some fixed ro > 0. Thus, by (3.17),

Yaly) =
(h9) 7 > [ e ars@nr - de+on ),
{ael: dist(7,a(D)) <10, dist (0, (D)) <107}
and the number of terms in the sum is O(T). Consequently, by the Cauchy-Schwarz

inequality,

n—1 1 /
)| SAT T (S [0 a s T - ehya ) o)

acl
Thus, by Plancherel’s theorem, modulo O(A~%)

[Py sTa e X [ ][ ety s( nron - i) el dy

aecl

) f—z/ / Saxs() n(T (A~ [¢]) de|” dy

acl

R // Cars(€) n(T (A — |g])) de|* dy

N e / laxs(@)n(T(\— [€) P
—0(1),

using in the last step polar coordinates along with the fact that n € S(R) and ay s is
supported in a cone of aperture ~ A~1/2§1/2,

This gives us the desired upper bound for [[1)x || £2(p) in (3.7). We also need to see that
(3.18) ()\5)_1 ||(A + )\2)¢AHL2(D) = 0(1), 6= (log )\)_1
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To prove this, we shall use the fact that, as we mentioned before, by Bieberbach’s theorem,

each a € " must be a rigid motion, i.e., a(y) = myy + jo with my € O,, and j, € R™.
Thus, since |mq&| = |€| and the transpose of m,, is its inverse

By [ €0 Car (T~ D) de = &, [ e Ea s©n(T (A~ [€]) de
=, [ e matay smagn(TON - ) de
= [ (lePremetivmetay stmag)n(T O~ ) de
= [(I€P) - Sar s(©n(T O~ [€D) de

Consequently,

(A + X2 (y) = A7 -—Z/ Car a(6) (A2 — [€[2)n(T (N — [€])) de

ael

The proof of Lemma 3.2 shows that if we let

Km:/e Cay5(€) - (2 — [T\ — [€]) d,

then the analogs of (3.16) and (3.17) must be valid. So, if we argue as above, we find
that, modulo O(A~%),

L1802y ST 55 [lansl) 02 = €T~ ) de
[lars(©) - 70— ehn(r - e)P de

ST
= O(\’T7?),

since (1) € S.
Thus, we have for T = 6! = log

A1 10g/\ ||(A + )‘2)¢AHL2(D) = 0(1),
giving us (3.18), which is the remaining part of (3.7). O

Proof of (3.8): To complete the proof of our results for flat compact manifolds, we must
prove (3.8). Unlike the proof of (3.7), to prove this lower bound, we shall need to assume
(3.14) to ensure that there is no cancellation in the nontrivial terms in the sum (3.13)
defining ¢, .

To prove this lower bound, consider our unit speed geodesic 4(t) in D, and the asso-
ciated A~1/2671/2-tubes about the segment 7(t), |t| < , where ¢ € (0,1) will be fixed
small enough in the ensuing calculation. In particular, it will be small enough so that
there are no crossing points along o (t) € M for || <@.

As before, § = (log A\)~1, and so with A\ = \; as above, we let

(3.19) T = {y € D: dist((7(t),y) < A, /> (log \) /2, [t] <}
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—1

denote a )\,:1/26,:1/2—tube about this segment. Note that |Tx| = )\;n2 (log \x) "=, and
so, by Holder’s inequality, if ¢ € (2, q]
_n-1 n-1.(1_1
lonellzzeny S (7 (og 2) ) 277 s, L ey
= N5 Do, ey, 6 = (log he)
n—1:1 _

since p(q) = 5= (3 %) for g € (2,¢c]. As a result, we would have the lower bound (3.8)
and be done if we could show that for fixed ¢g > 0 as in (3.9) we have

(3.20) [onllzzomy = @
for some uniform ¢; > 0 when A\, > 1.
To prove (3.20), by calculus, it suffices to show that we have the uniform bounds
n—1 n-—1
(3.21) [Ve(7(t)] = 1A, * 0,7, some ¢ >0, if [t| <F,
if € > 0 as above is small enough, and also the upper bound
n=1l n—-1
(322)  IVyon @)l S ONT 6T - (wbe)' /2, 0 = (log M) ™", w € Tr
We can use (3.22) along with (3.20) to obtain (3.20) since 5(¢) = (¢,0,...,0).

As we shall see, (3.22) follows from the proof of (3.18) and does not require that A be
as in (3.14). So, let us focus first on (3.21), which is the more difficult to prove.

To prove (3.21) we shall need to use the properties of the stabilizer group G, of our
periodic geodesic of length ¢y that we described before. It is a cyclic subgroup of T’
generated by a,, € I" as in (3.6) and (3.5). Since vy loops back smoothly through 0 with
no other crossings there, as we mentioned before, a(0) € 7, the lift of g, if and only
a€ Gy,

From this we deduce that if o ¢ G,, we must have that dist(c(0),7) > ¢ for some
uniform constant ¢ > 0. This implies that if ¢ in (3.19) is fixed small enough then for
large enough A we have for ¢; = ¢/2

(3.23) dist(a(Tx),7) > c1, if a ¢ Gy,.
Thus, by Lemma 3.2, if 9y, o denotes the a-summand in the definition (3.13) of ¢y, , i.e.,

(3.24) Yapaly) = Nebi) T /n e W Cay s (EN(Te(Ne—|€)) dé, Ti = 6, = log A,

we must have

-N
(3:25)  [¥aa@+ [Vir o)l < Cn (aly) + k)
if yeTpand a¢ Gy, or dist(a(y),0) > 2T}.
Thus, if o, as in (3.5) is the generator of G, we have for T and J; as above
n—1 n—1

(3.26)
Yaly) = 2 T [ S (T €D d

{j€z: dist(ad,, (D),0)<2T}}

+0o\) if ye T
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If y = 5(t) = (1,0,...,0), [f| <@ then by (3.6) and (3.5)
04170 (3(t) - & = (t+ jlo)ér, |t| <7,

sinc(e aZ%j(O) = (j€o,0,...,0). Thus since B(|¢|/Ax) =1 for [£| € (A\x/2,2)\;) and n € S,
by (3.11),

(3:21) O ((G(0) =
()" [ e a2 en — 16161 T O — 1) de

{J€Z: |jLo|<2T% }

+0o\M), |t <=

Next, let us polar coordinates & = rw, r > 0, w € S"~! so that £/|¢| = w. We then
write each summand as above as

(Aedi) "% / / el ttitoren g (AL25 12\ — e |) (T (A — 7)) ™ L drdw
Sn 1

1

= (\elp) ™ T / 1(/ i) At Ty Y ()\k—l—r)"_ldr)a()\,lc/z 572 — e1]) dus
Sn Ak

:()\kgk)*"T’l/ (/\Z—l/ ei(t+jfo)(>\k7T)W1n(Tk,r)d,r)a(Allc/25 1/2|w_61|)d
Sn—1 —00

3(n—1) n-—1

O T 6T ),
since r™n(r) € S(R), 0 < m < n — 2, and, by (3.10),

n—1 n-—1
(3.28) / a(A\? 6 Plw —er|)dw m AL 6,7
Sn—1
Since there are O(T},) = O(6; ') terms in the sum in (3.27), we conclude that for [t| <@
(3.29) ¢Ak(~( )) =

AT Owo) T Y /5 e HDMAT (T (4 o Ywy ) a(Ay 26, 2| — e ) du
ljeol<2Ty, V5"

+O(( /) AT 6,7 ).
If the integrand here is nonzero, then by (3.9), (3.10) and (3.11), we must have that
w1 —1=0(\;"8) and t + jly = O(cTy) = O(cody '), and so
(3.30) e/ (oD — it giloIAn 1 O(cy)
_ eitkke%rijk + O(Co)
=™ £ O(cy), if |t <E<1,

due to our choice in (3.14) of the frequency of our log-quasimode. By (3.9) each 7
factor in the sum in (3.29) is nonnegative. So, since for |¢| < ¢, with € small enough,

|(t + jlo)wr| =~ |j] if j # 0 and a()\llé/2 1/2|w —e1]) # 0, we see by (3.9) and (3.28),

(33) Y / ToRT (1 + jo)ws) a(A257 P w — ey deo e AT 50T
ljtol<2T, /5"
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We obtain (3.21) by combining (3.29), (3.30) and (3.31) if ¢y and ¢ are small enough
and A\ > 1.

To prove the remaining inequality (3.22), we use Lemma 3.2 and the above arguments
to see that

(332) VW= Y Vi, G)+ONY) HyeT
{J€Z: |jLo|<2T} }

where 1y, o is as in (3.24). Recall that o, is as in (3.5). If m € O,,—1 is as in (3.6), then
_n—=1 _n-1 : : iv () £
U, ) = N T 0T [ IR T (T (A~ [¢]) s

Since |(M) ¢’ = €] = O()\,lc/25,1/2) on the support of the integral, we can argue as above
to deduce that

Vit oo () = O(T AT 8,7 (Mdi)'/?), i y € Ta,

which yields (3.22) after recalling (3.32). O

4. Some other problems related to the concentration of quasimodes.

Let us now see how we can use the estimates in Theorem 1.1 to make further progress
on problems related to the concentration of eigenfunctions and quasimodes that were
discussed before, for instance, in [17], [28] and [32].

In Sogge and Zelditch [32], lower bounds for the L'-norms of quasimodes,

(4.1) AT 1@l 2 an) S I@allLiany,  if Spec @y C [A A+ 1]

were obtained. These universal lower bounds are saturated by the Gaussian beam spher-
ical harmonics (highest weight spherical harmonics) on S™. The bounds in (4.1) were
used in [17] and [32] to obtain progress on the problem of establishing lower bounds for
the size of nodal sets of eigenfunctions, which was subsequently fully resolved by other
methods by Logunov [24].

In [6] improvements were made to (4.1) under the assumption of nonpositive curvatures
by including factors involving certain positive powers of log A in the left. Let us now see
how we can use (1.9) to obtain further improvements. If we use Holder’s inequality we
see that if all of the sectional curvatures of (M, g) are nonpositive, we have for ¢ € (2, g.]
and L?-normalized ®) with spectrum in [\, XA + (log A)~}]

1< @972 1@al1g S Al (Alog A) 75 (072,
This of course yields the lower bound

(4.2) A~

n n

T (log \) T | ®all2 < ||®all1, if Spec ®x C [ A+ (log\)7Y.

The Knapp example in §3.1 suggests that (4.2) is an optimal bound although the functions
constructed there satisfied the weaker but related variant of the above spectral assumption
that [[iall2 + (A/log M)[[(Ag + A%)eball2 = 1.

If one uses (1.10) with ¢ close to 2, one can use Holder’s inequality as above to see
that if all of the sectional curvatures of (M, g) are negative we have for every N that if



CURVATURE AND GROWTH RATES OF LOG-QUASIMODES 31

A>1
(4.3) Afanl(log MV @alle S || ®all1, if Spec @y C [A\ X+ (logA)~1,

which is a significant improvement over (4.1) as well as (4.2). It would be interesting
to know to what extent this lower bound could be improved. For instance, are A-power
improvement possible?

We would also like to point out similar differences between the concentration of log-
quasimodes near periodic geodesics in manifolds with negative sectional curvatures com-
pared to flat manifolds. Recall that in the flat case the modes 1y, satisfying (3.7) had
nontrivial L2-mass (3.20) in a )\;1/2(log Ai)/? tube about the periodic geodesic g in the
flat manifold (M, g). If one uses Lemma 3.1 along with (1.10), though, one can repeat
the arguments in §3.1 to see that if all the sectional curvatures of (M, g) are negative one
can never have a sequence of modes 1, satisfying (3.8) and also have for a fixed periodic
geodesic o

. . —1/2
(4.4) i inf [9x, |27, oo > 0 Bk (D) = A (log )Y,

for any N, with the set in the L?-norm being a /\,;1/2 (log A\x)"V tube about the periodic
geodesic vp. It would also be interesting to show that the analog of (4.4) can never
hold on manifolds of negative curvature if d; n is replaced by )\,:1/ >t for some o > 0.
Breaking this log-power barrier, as in the analogous problem regarding (4.3), is probably

difficult due to the role of the Ehrenfest time.

The fact that (4.4) can never hold when the sectional curvatures are negative seems to
be somewhat related to the assumptions of Brooks [9] who showed that if N () is any
fized neighborhood of vy and (M, g) has constant negative sectional curvatures one can
construct v, as above satisfying

lifﬂf.lof a2 (N (0)) > o,

for some fixed constant ¢y > 0 depending on vy (but not on M (vp)). The log-quasimodes
that Brooks constructs do not equidistribute; however, the fact that (4.4) can never hold
for any N on manifolds with negative curvature quantifies that the rate at which this is
manifested is much slower than exhibited by the 1y, constructed in §3.1 for flat manifolds,
as well of course compared to much faster rate exhibited by the Gaussian beams on S™.

We also would like to mention that it would be interesting to see to what extent one
could weaken the hypotheses in Theorem 1.1 and still obtain similar improvements over
the universal bounds (1.4). For quite a while, starting in Sogge and Zelditch [31], and
more recently in important improvements of Canzani and Galkowski [10] , [11], it has
been known that for generic manifolds one can always improve the estimates in (1.4)
for supercritical exponents by considering projection operators associated with intervals
[A, A +d(N\)] with 6(X) — 0. Despite the fact that it has been over 20 years since this was
proved in [31], no such results have been obtained for the critical exponent ¢, or subcritical
exponents ¢ € (2,q.). We have simplified considerably the approach to handle such
exponents. Indeed, one would obtain improved bounds if one could establish pointwise
kernel estimates like those in (2.19) and Lemma 2.5. These are the only places where we
used the curvature assumptions in Theorem 1.1. The other estimates, which were mostly
local ones, are valid for all compact manifolds.
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There is one more problem suggested by our estimates (1.10) for spectral projection

operators on compact manifolds all of whose sectional curvatures are negative. For the
critical exponent g, = % we conjecture that on such manifolds we have

(4-5) HX[A,,\H(A)]HQ%% = 0(1) if 5(/\) = /\_%~

This seems very hard to verify even when (M, g) is a space form of negative curvature.
For subcritical exponents on manifolds all of whose sectional curvatures are negative, we
similarly conjecture that

. C(n—1)(L_1
(4.6) HX[A,H&(A)}HHQ =0(1) if 5(N) =A"""DETD for g e (2,q.),
with §(\) = A~(*~DG—9),
These results would be optimal since such O(1) bounds easily can be seen to be impossible

for §(N\) = A~ DGO with o > 0if g € (2,qc]. We also note that neither (4.5) or
(4.6) can hold on flat compact manifolds.

5. Appendix: Bilinear oscillatory integrals and local harmonic analysis on
manifolds.

It remains to prove Proposition 2.3. We shall first prove (2.44) and then turn to
the proof of (2.45). We shall also first prove (2.44) for n > 3 and then turn to the
modifications needed to handle n = 2.

Recall that the A% there are pseudo-differential cutoffs at the scale y = A\~'/® be-
longing to a bounded subset of 59/8,1/8'

We first note that by (2.25)

(5.1) Gr— Y _2AP =Ry where |[Rill200 = O(A"N)VN.
Thus,

(5.2) (6xh)> = (G2 ALR) - (52 A%R) + O N]|h[[3).
Let us set

(5.3) YHER) = Y (62A%R) - (62A0N),

(v,v')€EEg,
and
(5.4) Y (h) = Y (BaARR)- (62 ARR) + O Vh]3),
(vv')¢Z0,
with the last term containing the error terms in (5.2). Thus,
(5.5) (G2h)? = TBr(R) + Ydiag(p).

Note that the summation in T%28(h) is over near diagonal pairs (v,v') by (2.43). In
particular, for (v,v/) € Zp, C 0 - Z* ™1 we have |v — /| < Cy for some uniform
constant. The other term Y™ (h) in (5.5) includes the remaining pairs, many of which
are far from the diagonal, and this will contribute to the last term in (2.44).
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When n = 2, let us further define
(5.6) Toh= Y (52APh)(6:xA%N),

v (v,v')EEy,

and write
(Tdiag(h))Q _ (ZTyh)Q
5.7 "
(57) =Y T,hT,h.
vi,V2

As in (2.43), if we assume that B(x,&) has small conic support, the sum in (5.7) can be
organized as
(5.8)

( > 3 3y + > )TLhT,h,

{k€N: k>20 and 0=2F00<1} {(p1,p2): 7] ~7fi } {(v1,v2)erd x7f } (v1,v2)€E,
==far ~=dia,
=T (h) + T (h)

Here Zy, indexes the near diagonal pairs. This is another Whitney decomposition similar
o (2.43), but the diagonal set =g, is much larger than the set Zp, in (2.43). More
explicitly, when n = 2, it is not hard to check that |v — /| < 2116, if (v,1) € Zp, while
1 — 1| < 2210, if (1/1, v3) € Eg,. This will help us simplify the calculations needed for

~—=far

T (h).

These terms will be treated differently as was previously done in analyzing parabolic
restriction theorems or bilinear oscillatory integrals.

We can treat the terms involving Y41%8(h) and Tdiag(h) as in [7] by using a variable
coefficient variant of Lemma 6.1 in Tao, Vargas and Vega [35].

Lemma 5.1. If Y%99(h) is as in (5.3) and n > 3, then we have the uniform bounds

(5.9) T4 (h) || oo S Z 152 A% R %, )29 + O(X7e ~ |[A]3).

And for alln > 2, if g € (2, M] and p(q) is as in (1.4), we have

n

(5.10) 1T (R) | pas2 < ZIIUAAGOhII )4+ OO ||R|3).

Also if n =2 and T Y(h) is as in (5.8), we have
==dia 2_
(5.11) T () o < 26)72 + O |n]ly).

We also require the following estimates for Tr(h) and Tfar(h) which will be proved
using bilinear oscillatory integral estimates of Lee [23] and slightly simplified variants of
arguments in [4], [5] and [7].

Lemma 5.2. Let n > 2. If Yfo"(h) is as in (5.4), and, as above 0y = \~'/® then for all
e > 0 we have

(5.12) /M v/ (h )|q/2 dr < CAIFe ()\7/8) (a—ge) ||h||L2(M q= 2(n+2),

n
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assuming, as in Proposition 2.3, that the conic support of B(x,&) in (2.8) as well as &
and 8y in (2.2) are sufficiently small. Similarly, for all n > 2, we have

(5.13) / THr () |9/2 de < NPT B[4, 2 < g < 2252,
M

Also if n =2 and Tfar(h) is as in (5.8), we have

(5.14) /M T ()] da < CAFENTT/S B[4

Here as before, A¥~ means a factor involving an unspecified exponent smaller than pu.
In Lemma 5.2 we assume that B(z,§) has small conic support so that in (2.43) we only
need to consider § = 2%, which are small compared to one. We want §, 6y > 0 to be small
in order to apply the oscillatory integral estimates in [23] for n > 3 and Hérmander [19]
for n = 2.

Let us postpone the proofs of these lemmas for a bit and see how they can be used to
prove Proposition 2.3.

Proof of (2.44) for n > 3. Let g = w as in Lemma 5.2 and note that ¢ < ¢g.. Also,

|5’)\h 5’)\h|qc/2 <

< (|Tdiag(h)|q/2 + |Tfar(h)|q/2)'

As a result, taking h = p)f and norms over A_ as in (2.44),

(5.15) [[xh] %, 4 )_/ ENZENIREr
A

</ G2k - Gah| 2 | XY (R)|9/2 dg
A

+/ ENEN

ar(p)|9/2 dx = I + I1.

To estimate 11 we use (5.12), the ceiling for A_ in (2.17) and the fact that, by (2.11),
ox = prf, to conclude that

IT S (Ipafllfcly ) - AFE(N/8) 72 (e | 4
AT AR @m0 \~(@e =) (557 L \Ie = (\L-0nte),

Here 6,, > 0 since (g — q)(% — 1) > 0, and we also used the fact that ||hllz =
oxfll2 = O(1) by (2.15).
Since we may take e < 6,,, [T%/% is dominated by the last term in (2.44). Consequently,

to finish the proof of this inequality, we just need to see that we also have suitable bounds
for I'/49. To do so we use Holder’s inequality followed by Young’s inequality and (5.9)
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to see that

- - dc—49g ia 2
L< |loxh - aabll 2y - IT5ER) 122

| /\

q dia, qc/2
+ L rdies(n)|

qc qHUAh UAhHLqCM(A Lac/2

)
L9||G3h| % 4y + C D [EAARRE, + O,

IN

Since 2=1 <1, the first term in the right can be absorbed in the left side of (5.15), and
this along with the earlier estimate for 17 yields (2.44) when n > 3. O

Proof of (2.44) for n = 2. If n = 2, we shall still use (5.15), and note that the estimate
for the term I7 also hold for n = 2, so it suffices to modify the arguments for the first
term I. Since , q = 2("+2) =4 and g. =6 if n = 2, by (5.8), we have

I:/ |Gk - ah| | T8 (h)|? da
A

(5.16) g/ ENI Nt )|dx+/ ENEN O
A

=A+B
To estimate B we use (5.14), the ceiling for A_ in (2.17) and the fact that, by (2.11),
ox = paf, to conclude that
B S 1Anfle(a ) - NTEATE B3 S NGO NI AT = O(A17 ),
Since we may take £ < %, B1/6 is dominated by the last term in (2.44). Thus, we just

need to see that we also have suitable bounds for A'/6. By Hélder’s inequality, Young’s
inequality and (5.11), we have

- - —dia;
A< ||axhanhlpsca_y - TS0 Lo an
- ~ —dia, 3/2
s§|\omh||is<,4 + 2T W2y

S %|‘5’)\h5')\h||i3(147) +OZ HO’)\AU h||L6(M) + /\17'

The first term in the right can be absorbed in the left side of (5.15), and this along with
the earlier estimates yields (2.44) when n = 2. O

Proof of (2.45). The proof of (2.45) is much simpler since we do not have to restrict to
the set A_. Since

AR GARIT/? < 2072 ([T 4 Y ()]0,
we have

G17) [orhlaary = [ loshe ohlo2do S [ provsjr? o+ [ o2 de

Thus (2.45) simply follows from applying (5.10) for the first term and (5.13) for the
second term on the right side. O
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Proof of Lemma 5.1. Let us define the wider cutoffs, after recalling (2.7) and (2.31), by
setting

(5.18)  AP(@&=v(@) Y > a” (2, €)B(2p(x, )/ V).
{keZ: |k|<Co} {£€Z2(n=1):|000—v|<Cobo}

If Cy is fixed large enough we then clearly have

(5.19) A% — A% A%, = OAN"M)VN if 1 <p < oo,

if A% (x, D) is the operator with symbol A% (z,¢).

For later use, let us also recall that, by (2.26) and (2.27), for each fixed x the support
of £ — A%(z,¢) is contained in a cone of aperture < 6y = A\~/8. So if (1,1) € Zg, then
both ¢ — A% (z,¢) and € — A?f,’ (x,&) are supported for every fixed 2 in a common cone
of aperture O(A\~1/8) since v — v/ = O(A~'/®) when (v,1') € Zp,. Thus, it is not difficult
to check we can also fix Cy large enough so that that we also have that

(5.20) if (v,1') € Zg, and (1 — A2 (y,¢)) AP (y,§) A% (y,m) # 0,
then [¢ — (€ +n)] = cho,

for some fixed constant ¢ > 0. In what follows we fix Cj large enough so that we have
(5.19) and (5.20).

To use (5.19) we note that, since (1.4) yields ||5x[l2—q. = O(A\/%), we conclude that,
in order to prove (5.9), it suffices to prove
(5.21)

| D @GAPAPR)GAAY AL R) L S ZHUAA%hII"C )%+ O [h]3).

(v,v")EE,
To do this we require the following variant of (2.35)
(5:22) [ A5 = A5, = 0T ),
which follows from the same argument that was used to obtain (2.35).

Since the proof of (2.33) also yields due to (5.18)
(5.23) SIARFIF S Al 2 <7 < oo

we can use this inequality for r = 2 along with (5.22) to see that we would obtain (5.21)
if we could show that

| S (AP Alon) - (A%, A%N)|),,.. < C Znamhn% 20 L O(Nae |[h]13).

(v,v')€EEg,

Next, if we take r = (g./2)" so that r is the conjugate exponent, we conclude that
suffices to show that

G2y | Y / (A?,“&A/iﬁoh)~(A§9&A[1§9h)-7da:’
(V,u’)EEgO

2/qc 2 _ .
O I hy) M O0ETRIB), i 1Ifl = 1.
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To do this, we note that by (5.20) and a simple integration by parts argument we have
1 = A%)* (A% By - A% Do) [z < Cad™Nlalls - Ilhally ¥ N, if (v,/) € Sy

Thus, modulo O(A~Y||h||3) errors, the left side of (5.24) is dominated by

] 3 / (A%G\ A%h) - (A%5, A% D) -de‘

(v,v")EE,
~ 3 . 2/qc e m 1/
< (30 (A%aaA%R) - (A% A% RS2 (N A )Y
(525) (vv')€Eqg (v,v')€EEq,

Z HAHD A(’OthC 2/4qc . Z ”Aeofn 1/r
S ZHAio&AAﬂwngz)”qa

using Holder’s inequality, the fact that if v is fixed there are just O(1) indices v/ with
(v,V') € Ey,, followed by (5.23) and the fact that g. < 4 if n > 3 and so r > 2. Based on
this, modulo O()\%_ |h|13), the left side of (5.24) is dominated by (>~ |\Aﬁ“&,\/~1?,"h|\gz)z/q‘:.
So, if we repeat the earlier arguments and use (5.19) again we conclude that this last
expression is dominated by (3, HUAAQ"thC)Q/qC + O(Aae a ~||h||3), which yields (5.11).

The proof of (5.10) is exactly the same, one can just repeat the arguments and use
the following variant of (5.22),
(5.26) 153 AL — ARG [[2q = ON@7),

which is a consequence of interpolation between (5.22) and the trivial L? — L? estimates.

Also note that in (5.10) holds for all n > 2, since we are assuming ¢ < @, which
implies that ¢ < 4 for all n > 2, and thus r > 2 in (5.25).

Now we shall prove (5.11), we have to treat the n = 2 case separately due to the failure
of (5.25) when ¢, = 6. If we repeat the arguments in (5.18)-(5.23), it suffices to show
that

e | X [haAbn e Ah Al Al (A 5 A - Fda

(v1,v2)EEp
0

- 2/3 2 _ .
(O 16ALRID > + O [R)d), i 1] = 1.

Here (v1,V}) € Zg,, (v2,V4) € Zg,, and the set =g, is as in (5.8). So vy, v}, va, v in (5.27)
satisfy [y — V)| + |11 — va| + |11 — V] = O(A~1/®). Thus, if we choose Cp in (5.18) large
enough, by a simple integration by parts argument we have
A * (% (%
17— A%0)7 (AP - A% ha A s - AL ha) | Lo
< CoA™Nlhally - fI2llx - sl - [[hall ¥ N
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Thus, modulo O(A~||h||3) errors, the left side of (5.27) is dominated by

Y / (AL Als ) (A% 5> A% (ALs 52 AUoh) (A% A%y 1) - 303 7 o
(Vl,llz)eggo

S I(ARGNALR) (AL A AL R) (A GA Al R) (Al 53 Al R [ 75.)

(1/1,1/2)€§90
- 1/3
(5.28) SO0 1A%

(v1,v2)€Eq,

< (X IAL e AL RS (S A% f3)Y*
< (O 1A% A n)Ig)*?,

using Holder’s inequality, the fact that if v is fixed there are just O(1) indices v], v
and v} with (v1,12) € Zy,, (v1,V]) € Zg, and (v2,v4) € Zy,, followed by (5.23) with
r = 3. Based on this, modulo O(AZ~||h||3), the left side of (5.27) is dominated by
(3, 1A%, A%n||8)2/3. So, if we repeat the earlier arguments and use (5.19) again we
conclude that this last expression is dominated by (3, [|GAA%R||$)2/3 + O3~ ||h|ld),
which yields (5.11) and completes the proof of Lemma 5.1. O

5.1. Proof of Lemma 5.2.

In this subsection we shall start the proof the other lemma, Lemma 5.2, which is a bit
more difficult. We shall see that it is a consequence of the bilinear estimates of Lee [23].

To prove (5.12) we recall (2.43) and (5.4) and note that for a given § = 2%6y, k > 10,
we have for each fixed ¢y > 0
(5.29) GA%p = > GAALY AR + O |B2).
ﬂe(cOQ).ZQ(nfl)

We are only considering £ > 10 due to the organization of the sum in the left side of
(2.43). As in [4], we shall choose ¢y = 27 < 1 to be specified later to ensure that we
have the separation needed to apply bilinear oscillatory integral estimates.

Keeping this in mind fix & > 10 in the first sum in (2.43). We then have for a given

co as above and pairs of dyadic cubes 7, 7'3/ with 7'3 ~ 7'3,
(5.30) > (52ARR) (52 A%N)
(v,u’)ETﬁX‘ri,
= > Yo @aARTARR) (Gx AR AR R) + O [R]3),

/ 0 6 0 _—6
() ETOXTY, 7200 izt g

cob ~—6
ol O #0

if Fz and FZ, are cubes with the same centers but 11/10 times the side length of 7'3 and

7'3/, respectively, so that we have dist (Fﬁfz/) > 60/2 when 7f ~ 7'5/. We obtain (5.30)

from the fact that they product of the symbol of Af{’g and A% vanishes if 7'509 N FZ =0
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and v € 7'3 since 6 = 2%6, with k& > 10. Also note that we then have for fixed ¢y = 270
small enough

(5.31)  dist (73 cof 7';09) € [4710,4"0), if TM ~ 7'3/, 7'900 ﬁ?e # () and 7'909 ﬂ?g # 0.

Also, of course, for each p there are O(1) indices i with T;Oe ﬁ?ﬂ = () with ¢ > 0 fixed.
Note also that if we fix ¢g then for our pair Tﬁ ~ 7'3/ of f-cubes there are only O(1)

summands involving i and i’ in the right side of (5.30).

Based on this we claim that we would have favorable bounds for the L%/2-norm, ¢ =
2(n:2), of the first term in (2.44) and hence Y™ (h) if we could prove the following key

result.

Proposition 5.3. Let 6 = 2k, = 28A~1/8 <« 1 with k € N. Then we can fix cg =270

small enough so that whenever
(5.32) dist (1209, 7%9%) € [4716,470)

v oy

one has the uniform bounds for each € > 0
(5.33) /| (62 AP hy) (G2 AP ho)| 72 da < CONHE (2BNT/8) 5T 070y |92 g 212,
with, as in (5.12), ¢ = %

The proof of this proposition is based on the bilinear oscillatory integral estimates of
Lee [23], we shall postpone the proof to the next section. Now let us verify the above
claim. We first note that if by = Zuerg A%hand hy =3, rert, A%, then by the almost

orthogonality of the A% operators,
1hll3 < > IAPRIS and [hal3 S D (AR5
verp v’erﬁ/

Thus, (5.29), (5.31), (5.33) and Minkowski’s inequality yield the following estimates for
the k-summand in (2.43) with k& > 10, § = 2¥0, and ¢ = @:

(5.34) || Z Z (5Agoh)(&Ag9h)HLq/2

(i) fmor?, (v )erdxr?,

< Y Y GaA2 (S A% (62 AL (S A% e O [BI3)

(o )erlevmls ro0% (70 20 vers VT
509 b#0
2 2=1(g_q. 1/2 1/2 _
Se NIRRT m KT (BT AR (DD 4R3O )
(np')irfrl, veTh Vel
SADEEATE) ST RS A I+ O )
14 uE‘r9

n—1

< AT (@R NT/8) 5T @m0 2 4 OV |112).

In the above we used the fact that for each 7/ there are O(1) cubes 7'000 with 7'000 ﬁ?u #0

and O(1) 7' , with 78 ~ TM/ and we also used (2.33).
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Since ¢ — ¢. < 0, we conclude from this that if we replace Y™ (h) by the first term
in (2.43) then the resulting expression satisfies the bounds in (5.12). Since, by (5.4) ,the
additional part of Y (k) is pointwise bounded by O(A~"||h||2), the proof of (5.12) is
complete.

To prove (5.13), note that (5.12) implies that (5.13) is valid if ¢ = 22 since

1+e+ Z"—1(q —qc) < p(q) - q if we choose € to be small enough. By interpolation, it
suffices to show that for the other endpoint ¢ = 2, we have
(5.35) /M 1T (h)| da < C||hl|F2an

Recall that as in (5.5), Yf7(h) = (55h)% — Y48(h). By (2.33) and triangle inequality, it
is not hard to see that
(5.36) / | (52A%) - (6xA%N)|dx < C 120172 ar)

Vu’)e Eop

Thus (5.35) just follow from (5.36) and the fact that &, is a bounded operator on L?.

Now we shall see how we can use Proposition 5.3 to prove (5.14). Note that by (5.8)
and triangle inequality, it suffices to show that for fixed § = 2%, with k > 20,

(5.37) > > /|T,,1hT,,2h|d:c < Coale(AEak) 7! 120122 (ar) -

{(ur,p2): 7l ~rf Y {(vr,v2)erf x7f )

To see this, since |v — /| < 216, if (v,1') € Zq,, by the definition of T}, in (5.6) and
the Schwarz inequality, we have
T, W] < O > oA RI?) ( > |GAAVRI?).
vy vy —v1| <2116, vh: vl —1a| <2116,
Thus the integrand in the left side of (5.37) is dominated by
(5.38) > > |GAA hI? - |GA A R|.

{(ua,2): 78, ~78, ) (1 w2) €78, X 78,

Here 7, # , and 7' are the cubes with the same centers but 11/10 times the side length
of 79 and 7 , respectively, we used the fact that the side length of 7 is > 226, so

0.1 * side length > 2104,.

Furthermore, if we use (5.29) again, for a given fixed co = 270 with mg € N small
enough, and pair of dyadic cubes Tgl, 32 with 7'3 ~ TH and @ = 2%6, we have the
following analog of (5.30)

(5.39) > eaALK? - [5A ALK
(Vl,Vg)Ef'gle'gz
= > Z |GAADT AL - [52 A” AR + O N [A]l3),
(l/l,l/g)ETe ><7'g2 T:OQ 75@
R0, 20

if F 1, and FG the cubes with the same centers but 12/10 times the side length of 7' and

70 % )>0/2 when 79 ~ 70 ,. This follows from

Tiias 1respectlve1y7 so that we have dlst( L

Thio T s
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the fact that for ¢y small enough the product of the symbol of Afﬁe and Ag‘; vanishes

identically if 7'509 N ?9 =0 and 1, € 7' 15 since § = 2%, with k£ > 20. And we also have
for fixed ¢y small enough

(5.40) dist(r5°?, 750%) € [4710,4%6], if 7 ~ 70, 70 NF0 £ 0, and T NT, £ 0.

p1 Mz M1 M2 i H2

By applying Proposition 5.3 for n = 2 and repeating the arguments in (5.34), we have
(5.41)

> S [ioannl oA i

{(pa,p2)emf ~rl (v v2)€7E X700}

< >, > > /| AAZO AR B - |53 AS? A B da:

(p1p2): 7l ~7f, T;(l)em?ﬁl;ﬁ@{(yl,vz)efgl X7}
ol #0
—N 4
+ O AlLz2)

SCNFE )TN (ST A%R3) (D ALAIR:) + O NIAl)

(h1sp2): Tl ~T, VIETH, v2€Tin
< CATHE (2N TR TN AR E + OV RllEs)
12 1/67'9

< CAFE (2RA) TR E + OOV |A]).

In the above we used the fact that for each 7 there are O(1) cubes 7'909 with Tfoeﬂ?‘g #0

and O(1) 7, with 7' ~ 7'32 and we also used (2.33).

This completes the proof of (5.14). So we conclude that we have reduced the proof of
Lemma 5.2 to proving Proposition 5.3.

5.2. Proof of Proposition 5.3.

Let us collect some facts about the kernels of the operators G A% in (5.33) that we
shall use. As we shall shortly see they are highly concentrated near certain geodesics
in M. Recall that A%%(z, D) is a “directional operator” with v € ¢of - Z2"~1) and, by
(2.29), symbol A%?(z, ¢) highly concentrated near a unit speed geodesic

(5.42) w(s) = (z(s), &u(s)) € 5.
Since 7, is of unit speed, we have dg(x,(s), z,(s")) = [s — §'|.

To state the properties of the kernels K5°?(z,y) of the operators G A%?, as in earlier
works, it is convenient to work in Fermi normal coordinates about the spatial geodesic
%, = {z,(s)}. In these coordinates the geodesic becomes part of the last coordinate axis,
ie, (0,...,0,s) in R, with, as in the earlier construction of the symbols of the A%? s
being close to 0. For the remainder of this section we shall let = (x1,...,z,) denote
these Fermi normal coordinates about our geodesic ¥, associated with A%?. We then
have

(5.43) dg((0,...,0,2,),(0,...,0,yn)) = |Tn — Ynl,
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and, moreover, on 7, we have that the metric is just g;x(z) = 5;“ if x =(0,...,0,z,),
and, additionally, all of the Christoffel symbols vanish there as well.

It also follows that the symbols Afj’e(x, €) of Azf’e, 1= v,V satisfy for some fixed Cy

(5.44) [0 0%0F Of 05 AL (x,8)] Seo 071¥TIPINTIFIZEand AP (2,6) = 0
if dy(2,7,) = C1co, & <0, [¢'/|€]] = C16, or [E/A ¢ [CT",Ch), n=wv,V/,
with, as before, &' = (&1,...,&,-1). Additionally,
(5.45) APP(,6) = 0f [¢/[¢]] = Creof, and 4(0,1) = (tn,7),
if n=1(0,...,0,1), with, as before, ®; being geodesic flow in S*Q.

In what follows ¢ > 0 will be fixed later small enough, depending on (M, g), so that we
can apply Lee’s [23] bilinear oscillatory integral estimates. As in (5.44), various constants
in the inequalities we shall state depend on the constant ¢ that we shall eventually specify.
Also, as before 6 will always be taken to be larger than A\~/8; however, we may assume
it is small compared to one by choosing the cutoff B in the definition of &) to have small
support. Also, as above, 2/ = (x1,...,2,_1) refers to the first (n — 1) coordinates.

We can now formulate the properties of the kernels which we shall require.

Lemma 5.4. Fiz 0 < 0 < £Inj M. Assume further that p = v,v' are as in (5.32) and
let Kﬁ“e be the kernel of &)\Afj’e. In the above In the above coordinates if co < 1 we have

(5.46) K0 (x,y) = AT @9, (X 2,y) + OANN), p=u,0/,
where
(5.47) | (52)™ (52)™DE yap | < Conyoma s 077, =0/,

Furthermore, for small 6 and cy there is a constant Cy so that the above O(A™N) errors
can be chosen so that the amplitudes have the following support properties: First, if 7,
denotes the projection onto M of the geodesic in (5.42) and 7, the one corresponding to

I/I

(549 aphmy) =0 i do(e.7,) +do(u.7,) > Cocod, = 1,1/,

and

(5.49) ap(Nz,y) =0 if |2+ Y| > Cob, p=uv,1".

As well as, for small 6,00 > 0 as in (2.2)

(5.50) ap(Nz,y) =0 if |dg(x,y) — 6] > 2600, or zy —yn <0, p=uv,1"

This lemma is just a small variation of Lemma 4.3 in [29] (see also Lemma 3.2 in [4]).
We shall postpone its proof until the end of this section.

Let us describe some properties of the phase function

(5.51) p(z,y) = dg(z,y)

of our kernels in (5.46). First, in addition to (5.43), since we are working in the above
Fermi normal coordinates we have

(5.52) dp/0x;, Op/Oy; =0, j=1,....n—1,if 2’ =y =0.
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Consequently, by the last part of (5.50)
(5.53) G(x,y) = o(x,y) — (Tn — Yn)

vanishes to second order when 2’ = ¢’ = 0 and the amplitude is nonzero. This means
that if we use the parabolic scaling (2, z,) — (62, x,) we have

(5.54) DE (072302, 2,0y ,y)) = O(1) if ||, ]y/| = O(1).
By (5.47) we also have
(5.55) DE au(\ 02, 2,, 0y yn) = Op(1) if |2/],]y/| = O(1).

It also follows from Lemma 5.4 and a straightforward calculation that, in order to
prove (5.33), it suffices to show that

g 2 n
(5.56) [(TLf1)(Tafo) || faye Se A0 T207 72 || ful2]l foll2e g = 222,

where

(Tih)@) = [ D0 (0iag) ) dy
(Tafa)(x) = /ei)“z’(z’z)al/ Nz, 2) fa(2) dz.

As we may, in (5.56) we are neglecting the O(A~%) error terms in Lemma 5.4. Also, as
above, we clearly may replace ¢ by ¢ since, by (5.53), the difference is linear in the last
variable. Note also that by (5.49) we have

(Tuf1)(z) = (T2f2)(x) = 0 if |2'] = Cob.

Next, we note that in order to prove (5.56), by Minkowski’s inequality and the Schwarz
inequality, if we define the “frozen” bilinear oscillatory integral operators

(5.57)  (BY7n) (ha, he)(x) =

A\, v’
// ei)\(@(z,yl,yn)+@(x,z,,zn))au()\; x, y/u yn)a’/ ()\7 x, Z/u Zn)hl(y/)h2 (Z/) dy/dzlu

then it suffices to prove that

Zn ey, 2
(5:58)  [BXZ (ha ho)l| paseranari<conyy Se A0 0T Ilhallallhal

We note that BY""7 (h1, ha) factors as the product of two oscillatory integral operators
involving the (z,y’) variables. The two phase functions are

(559) (bun (JI, yl) = @(IE, ylu yn) and (bzn (JI, Z/) = @(‘rbu Zlu Zn)

In order to apply Lee’s [23] bilinear oscillatory integral estimates when n > 3 or
Hormander’s [19] when n = 2 we need another simple consequence of Lemma 5.4 which
gives us key separation properties of the supports of the amplitudes.

Lemma 5.5. Let 6 < 1/8 in (2.2) be given. Then we can fix co as in (5.30) so that there
are constants cs,Cs € (0,00) so that for sufficiently small 0 and |z'| < Cob, with Cy as
in (5.49) we have

(5.60) if av(Nm,y)-ap (N z,2) #0 then [Yf],]2| < Cs0  and |y — 2’| > cs0.
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Additionally, for sufficiently small 6 we have
(5.61) if ay(A\z,y) #0 then |6 — (x, — yn)| < 4600, p=v,0.

Proof. The first assertion in (5.60) follows trivially from (5.49). To see the other part,
we note that by (5.48) if the product of the amplitudes in (5.60) is nonzero then we
must have, for a fixed constant C1, € Te,c00(7,) N Teveoo Vo), ¥ € Teneoo(7,) and
2 € Teyeoo(F,0)- By (5.50), we must also have that dg(z,y),dy(z, z) € [6 — 2800, § + 2009]
for our small dg > 0. Since we are assuming (5.32) the tubes of width ~ cyf intersect at
angle a2 0, which implies that |y’ — 2’| = 6 if the product in (5.60) is nonzero and ¢y and
6 are small.

The other, assertion, (5.61) just follows from (5.49) and (5.50) if 6 is small enough. O

We have collected the main ingredients that will allow us to prove the bilinear oscilla-
tory integral estimates (5.58), which will complete the proof of Proposition 5.3.

To prove (5.58), in addition to following the proof of [23][Theorem 1.3], we shall also
follow the related arguments in [4] which proved analogous bilinear estimates for n = 2 us-
ing the simpler classical bilinear oscillatory integral estimates implicit in Hérmander [19].

Just as in [23] we first perform a parabolic scaling as in (5.54) and (5.55) to be able
to apply the main estimate, Theorem 1 in Lee [23]. So, for small A='/8 < 0 < 1, we let

0 _p-2~ 0 _ p—2~

(5.62) by, (@' 20, y') = 072002, 2,0y, yn) and @) =07 @(0x, 2,02, 2,),
and corresponding amplitudes
(5.63) a(Nz,y) = a, (02, 20,0y y,)  and o (N, 2) = a, (02, 2,07, 2,).
Then, as we noted before

DY af =0g(1), p=v,v and Df é; =0p(1), o1 =4 , ¢ =07 .
By Lemma 5.5 we also have the key separation properties for small enough 6
(5.64) if a®(\;x,y)al, (\a,2) #0

then |y, |2'| = O1), |y — 2| > c5 and |y, — 20| < 8604,

with § and & as in (2.2).

Additionally, by a simple scaling argument, our remaining task, (5.58) is equivalent to
the following bounds for small enough 6:

(5.65)  ||ByYnm (b, he

A\ v,

_2n n
)HL‘J/Q({x: |z/|[<Co}) SE ()‘92) 1 +E||h1||2|\h2||2, q= ¥7

where we have the scaled version of (5.58)

(5.66) BYYm " (hy, ho)(x) =

A\, vt

[ O e s e O )l (2 s 0 el

To prove this, let us see how we can use our earlier observation based on (5.52) and
(5.50) that ¢ vanishes to second order when (z/,y") = (0,0) to see that the scaled phase
functions in (5.66) closely resemble Euclidean ones if 6 is small which will allow us to
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verify the hypotheses in Lee’s bilinear oscillatory integral theorem [23][Theorem 1.3] if
d,00 > 0 in (2.2) are fixed small enough.

To do this, consider the following (n — 1) x (n — 1) Hessians

925 9%p
5.67 A nyYn :707 n707 n7B nyYn :707 n707 nj)s
(5.67)  A(zn,yn) 8y§-3y;€( Zn; 0,yn), B(@n;yn) 817;-8;%( T, 0,yn)
0%p
and O($n7yn> = a{L‘;a,’E; (O,QZn,O,yn)-

Then the Taylor expansion about (z/,y') = (0,0) is
(5.68)  @(a', 2,y yn) = 5 (1) A(@n, yn)y" + (&) B(an, yn)y' + 5(2') Clan, yn )z’
+ 72, 20, ¥ Yn),
where (2’ 2, ¥, yn) vanishes to third order at (2’,y’) = (0,0) and so
(5.69) Dgyre(:r, y)=0(0), if 7“9(:17/, Ty yn) = 072102, 20, 0y, yn).
This means that 7 — 0 in the C™ topology as 6 — 0.

To utilize (5.68) we shall use parabolic scaling and the following standard lemma (c.f.
[29, §5.1]) saying that the phase functions that arise satisfy the Carleson-Sjlin condition.

Lemma 5.6. Let A(xy,yn) and B(Tn,yn) be as in (5.67). Then if 6,00 > 0 in (2.2) are
small enough

6295(07 Tn, 07 yn)

(5.70) det B(zy, yp) = det 3270y, #0 if a¥-af #0.
Also, on the support of af - af,, _(%A(J;nayn))_l = _(%%(Oﬂmoayn))_l is
positive definite, i.e.,

0 -1 0 -1 .
(571) gt (_%A(Ina yn)) 5) gt (—%A(:En, Zn)) 5 > C5|§|2 Zf CL?, ' a?/ 7£ 0,
and also

0 0

(5.72) |%A(xnayn)§| > cslél, |%A(Imzn)€} > cslé],

for some cs > 0.

Proof. Recall that by (5.51) and (5.53) @(x,y) = dg(z,y) — (xn, — yn). As a result,
2 2
A(l‘n, yn) = de(oa Zn, 0, yn) and B(xna yn) = de(oa Zn, 0, yn)

Since we are working in Fermi normal coordinates we have d,(z,y) = |z —y|+ O(Jx — y|?)
if 2/ = 0. From this we deduce that

B(wn,yn) = _(xn - yn)illn—l + 0(1)7

which yields (5.70) if §,d9 > 0 in (2.2) are small since then dy(x,y) =~ ¢ on the support
of the amplitudes. Since we similarly have

%A(Invyn) = _(In - yn)izlnfl + O(|In - yn|71>a
we similarly obtain (5.71) and (5.72) if §, dp are small. O
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Let us use (5.68) and (5.69) and this lemma to prove our remaining estimate (5.65)
using the estimate [23][Theorem 1.1] of Lee. As we shall see, it is crucial for us that
—%A(mn, Yn) is positive definite.

Note that, in addition to the 6 parameter, (5.65) also involves the (y,,, z,) parameters.
For simplicity, let us first see how Lee’s result yields (5.65) in the case where these two
parameters agree, i.e., Y, = z,. We then will argue that if J in (2.2) and hence (5.64) is
fixed small enough we can also handle the case where y,, # z, due to the fact that Lee’s
estimates are valid under small perturbations.

To do this, we first note that the parabolic scaling in (5.69), which agrees with
that in (5.62), preserves the first three terms in the right side of (5.68) as they are
quadratic. Also, in proving (5.65), we may subtract 3(z')'C(zn,yn)2’ from ¢f and
%(z’)tC(:zrn, zp)a’ from ¢? as these quadratic terms do not involve y’. We point out that
this trivial reduction also works if y, # z,.

Next, note that by (5.70) and our temporary assumption that y, = z,, after making
a linear change of variables depending on (x,,y,), we may reduce to the case where
B(zp, yn) = In—1, the (n — 1) x (n — 1) identity matrix. This means that for the special
case where y, = z, we have reduced to verifying that (5.65) is valid where now

n—1 ~
8? _
(5.73) ¢ (@' 2ny) = @YV +5 > ﬁ(ownﬂ,yn)yﬁy;+T9($’,In,y’,yn)
jk=1 7377k

= (@, y) + () A@n, yn)y + 7 (@, 20,y Yn),

with 7 denoting 7 written in the new x variables coming from B(z,,,v,). For later use,
note that if we change variables according to ¥, as above, then for z, near y, if

(5.74) B(xp, Yn, 2n) = (B(zn, Zn))t ((B(‘Tnvyn)il)t =TI 1+O(|yn — zal),
then
0%p
0 _ 1 -0
(5.75) ¢, (z, 2 =2, B(xn, Yn, 2n)Y') + 5 j;l m(oa T, 0,2n) + 7 (2, 2)

= ¢y, (2,2") + Ollyn — 2n)-

We fix § and ¢ in (2.2) so that the conclusions of Lemma 5.4 and 5.6 are valid. We
can also finally fix cyp so that the results in Lemma 5.5 are valid. If we only needed to
handle the case where y,, = z, then the above choice of dg would work; however, as we
shall see, to handle the case where y,, # z, we shall need to choose §y small enough to
exploit the last part of (5.64).

Let us now verify that we can apply [23, Theorem 1.1] to obtain (5.65) for sufficiently
small 6. This would complete the proof of Proposition 5.3.

We recall that we are assuming for the moment that y,, = z, and that we have reduced
matters to the case where B(zy, yn) = In—1 and C(zy,y,) = 0 in (5.68) and so

(5.76) b (@) =@, y) + 5W) Alwn, )y + 7 (2, ),

with 7 satisfying (5.69).
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By (5.69) and (5.76) we have
0 =6

or
(5.77) a?/ (z,y) =y + o = Y +£(0,3,y),

where ¢y’ — ¢(-) and its derivatives are O(f). Thus, for small enough 6, the inverse
function also satisfies

d¢} - 3
(578) yl—> (a—xyln(xlﬂxn7 )) 1(3/) :yl+€(97x7y)u
where
(5.79) D0, 2,y) = Op(0).

Next, define in the notation of [23]

6 —
(580) qg(xlaxnayl) = %¢g($/,$n; (%(xlaxnu )) l(yl))

= 5292 s xn, Y +E(0,2,9',5)), 8= Yn, 2n,
as well as
(581) 65n,zn (xlaxn;ylazl) =
8y’q‘zn (xla Tnj awl(bgn (xla L, y/)) - 5y’q;0n (xla Lnj; 5m/¢2n (xla L, Z/))

Even though we are assuming for now that y, = z, these two quantities will be needed
for y, # z, as well to be able to allow us to use [23, Theorem 1.1] to obtain (5.65). The
conditions [23, (1.4)] needed to ensure these bounds are

(5.82)
0208, 00 o (828, 9] (DBl (030068, ] 53] > 0.
8 . =80, . (&t ) on supp (a - o),
as well as
(5.83)
(0200, (2,208, -0 (0202, (@.2)] " [0l (@300 02, (2, 2))] 6, )] > 0,
65n,zn = 5zn,zn (', sy, 2') on supp (af - af)),

By (5.69), (5.73), (5.78), (5.79) and (5.80) for small § we have

(5.84) (O, (o 2ni8) ™ = (G (wn.yn) +0(0),
and also by (5.77), (5.78) and (5.79)

(5.85) 0280 (&' 2, yf) = Tnr + O(0),

as well as

(5.86) (02,0, (@' 20,9)) " = Lno1 +0(0),

By (5.73), (5.72), (5.80) and the separation condition in (5.60) if y,, = z, we have

(5.87) 09 .. (¢ 2n;y/,2")| > 0 on supp (af - af)),
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if 6 is small. Thus, in this case the quantities inside the absolute values in (5.82) and
(5.83) both equal

(5.88)
—1
<5.zn,yn (@ zn;y, 2, (%(mn, yn)) 5zmyn (', zn;y', %)) + O(0) on supp (af -a?,).

Therefore, by (5.71) and (5.87) the conditions (5.82) and (5.83) are valid when y,, = z,.
Thus by [23, Theorem 1.1] , we obtain (5.58) in this case.

If y,, # 2y, in (5.58), we must replace 5zn,yn by 53
we first need to use that, by the last part of (5.61)

. In order to accommodate this,

ny2n

8, iyl ) = 8

O 0 @ sy 2") + O(6) on supp (al) - al)).

This means that if we replace O(6) by O(6 4 dp) in (5.88), then the quantity in (5.82) is
of this form.

The other condition, (5.83) involves the phase function ¢§n and the corresponding qgn.
However, if B = B(xy, Yn, 2n) is as in (5.74), then we have the analog of (5.77) where we
replace the first term the right by By’ and the analog of (5.78) where we replace the first
term in the right side by B~'y’. Also, clearly %(mn, Zn) = %(ﬂcn,yn) + O(|yn — 2nl)-
As aresult ¢f =8 +O(yn — zal) = ¢, + O(do) if af - af, # 0. Also, by (5.74) the
analogs of (5.85) and (5.86) remain valid if y,, is replaced by z, provided that O(6) there
is replaced by O(8 + dp). So, like (5.82), if we replace O(6) by O(8 + dp) in (5.88), then
the quantity in (5.83) is of this form.

Consequently, if &y in (2.2) is fixed small enough, and, as above, 6 is small, we conclude
that the condition (1.4) in [23] is valid, which yields (5.57) and thus completes the proof
of Proposition 5.3.

5.3. Proof of Lemma 5.4. To finish matters we need to prove the properties of the
microlocalized kernels that we used.

Proof of Lemma 5.4. The straightforward proof is almost identical to that of Lemma 3.2
in [4] or Lemma 4.3 in [7]; however, we shall present it for the sake of completeness. Note
note that when 6 = 1, this result is standard. See, e.g., Lemma 4.3 in [29], and the proof
of our results are just a small variation on that of this standard one.

We recall that
(5.89) oy = (2m)~! /ei)‘t (Boe ™F) p(t) dt.

Since (Be™ ") (x,y) is smooth near (z,y,t) if dy(z,y) # |t| and p(t) = 0 for [t — &| > do,
we clearly have the first part of (5.50). The second part similarly comes from the fact that
by (5.44) the symbol of Afﬁ‘g, i = v, v/, vanishes if £ is not in a small conic neighborhood
of (0,...,0,1).

Recall B € 59, has symbol B(x,) vanishing when [¢| is not comparable to A or when
(x,€) is not in a small conic neighborhood of (0, (0,...,0,1)) if ¢ is small. Therefore,
using the calculus of Fourier integrals for |¢| < 26 with ¢ as in (2.2), modulo smoothing
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erTors,
(5.90) (Be_itp)(:v,y) = (27r)_"/eis(t’m’g)_iy'ga(t,x,f) dg

= (27r)’”)\”/eM(S(t’I’E)’y'E)a(t,:v,)\5) de,
where o € S? ) also vanishes when [¢] is not comparable to X or (z,£) is not in a small
conic neighborhood of (0, (0,...,0,1)). Also, the phase function here S is homogeneous

of degree one in ¢ and is a generating function for the half-wave group e~ *¥. Thus, S
solves the eikonal equation,

(5.91) 0pS(t,,§) = —p(a, Vo S(t,2,€)),  S(0,2,8) =&,

and, if ®; here denotes the Hamilton flow in T*M\0 associated with p(z;, &),
(5.92) O_y(x,VyS) = (VeS,8),

and

(5.93) det (Z5) #0.

Additionally, by the above facts regarding o € 59, for |t| < 20 we have
(5.94) 9]0 ca(t,z,A) = O(1) and a(t,z,A) = 0if [¢] ¢ [C™,C]]
for some uniform constant C.

By (5.90) and (5.91), we have
(5.95)  aa(x,y) = (2m) "IN / / eAHSE2 =8l 504y a(t, 2, AE) dédt + O(NN).
This implies that
(5.96) K3 (x,y)
= (2m) 72 TI)m / / eMFSE e =2 et G0 b1y a(t, 2, AE) A (2, An)dzdEdndt
+O\N), p=uv,0.

By (5.45) and a simple integration by parts argument we have K§°3 (z,y) = OAN)
if dy(y,7,) > Crcol, p=v,v".

If u = v, let us prove that this is the case also if dg(x,7,) > Cicob, for large enough
Cy. To so, we note that by (5.92) and the fact that we are working in Fermi normal
coordinates about 7, we have

vf(S(thI07§) — 20 5) = 07
if é': (O,...,O,fn), fn >0, o, 20 67,/ and Io—ZOZto(O,...,O,l), to%KS.

Note that for such g, 2o we have tg = d,(z0,20). By (5.93) we have for ty ~ § and
zo €7, and x near zg

[Ve(S(to, z,€) — 20 - €)

~ dg(z,x0), if £=1(0,...,0,&), & > 0.
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By (5.44) and (5.45) this implies that we must have for tg ~ ¢

(5.97)  |Ven:(S(to,x,6) —z-E+ (2 —y) -n)| > of,
if dy(x,7,) > Cicof, and a(t,z, \)A%Y (2, \n)) # 0,

for some constant ¢ > 0 if C; is fixed large enough. Since § > A7/8 we obtain (5.48)
for ;1 = v from this and (5.96) via a simple integration by parts argument. We similarly
obtain (5.48) for p = v/ if we work in Fermi normal coordinates about 7,,. We obtain
(5.49) from (5.48) since we are assuming that v —v’ = O(1) which forces the O(cy8) tubes
described in (5.48) about 7, and 7,. to be a O(0) distance apart, and (x1,...,2,-1) =0
on7,.

It remains to prove that the kernels are as in (5.46) with amplitudes satisfying (5.47).
Let

\I](tuxuyazagun) = t+S(t7:E7§) _Z§+ (Z_y) N
be the phase function in the oscillatory integral in (5.96). Then, at a stationary point
where
Vient¥ =0,
we must have y = z and hence ¥ = dy(x,y), due to the fact that S(t,z,&) —z-£ = 0 and,
as we just pointed out, t = dg(x,y) at points where the {-gradient vanishes. Additionally,
it is straightforward to see that
0%

et ———————

A& 1)I(¢, 1)
This follows from the proof of Lemma 5.1.3 in [29]. It also clearly implies that the
(3n+1) x (3n + 1) Hessian of the phase function in (5.96) satisfies

0%
det #0
6(27 &1, t)a(z, §n,t)

Also, considering the z-gradient, we have £ = 7 at stationary points. Thus, by (5.92),
the oscillatory integral in (5.96) has an expansion (see Hérmander [20, Theorem 7.7.5])
where the leading term is a dimensional constant times

d £0

(5.98) AT e p(t)alt, z, A Ay (y, X, i t=dy(x,y), plz, VaS(t2,8) =1,
and ®_,(z,¢) = (y,§), with ( =V,S(t,z,€) and y = VeS(¢, 2, 8).

Thus, here £ = {(z,y) € S;Q is the unit covector over y of the unit-speed geodesic in
S*Q which passes through (z,() at time t = dy(x,y), t € supp p, and starts at (y,¢) .

Consequently, since we are working in Fermi normal coordinates about 7,,, it follows
that £((0,...,0,2,),(0,... ,Q,yn)) =(0,...,0,1) when (z1,...,Zn-1) = (Y1, Yn—1) =
0. Consequently, we have (?%nal’jn@(:r, y)=0(0), £=1,...,n— 1, if the kernels are not
O(A™N). Therefore, it follows from from (5.44) that

pldy(x,y)) aldy(x,y), 2, N(,y)) A (y, A (2, y))

satisfies the bounds in (5.47) if (z,y) are not in the regions described in (5.48), (5.49)
or (5.50) where the kernels are O(A\~"). Thus, the leading term in the stationary phase
expansions for the oscillatory integrals in (5.96) have the desired form. The same will be
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true for the other terms which involve increasing powers of A=3/4 by a straightforward
variant of [20, (7.7.1)]. O
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