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AND WEYL REMAINDER ESTIMATES
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ABSTRACT. We show that if Y is a compact Riemannian manifold with improved L%
eigenfunction estimates then, at least for large enough exponents, one always obtains
improved L2 bounds on the product manifold X XY if X is another compact manifold.
Similarly, improved Weyl remainder term bounds on the spectral counting function of
Y lead to corresponding improvements on X X Y. The latter results partly generalize
recent ones of Iosevich and Wyman [14] involving products of spheres. Also, if Y is a
product of five or more spheres, we are able to obtain optimal L2(Y) and LY(X xY)
eigenfunction and spectral cluster estimates for large g, which partly addresses a
conjecture from [14] and is related to (and is partly based on) classical bounds for
the number of integer lattice point on A - S™~1 for n > 5.

In memoriam: Robert Strichartz (1943-2021)

1. Introduction.

Spectral cluster estimates are operator norm estimates from L2 to L7 of spectral
projectors for the Laplace operator on a compact Riemannian manifold. In more detail,
if X is a compact Riemannian manifold of dimension dx, and Laplace-Beltrami operator
Ax, the universal estimate of [18] has the form

(11) H ]].[)\_17)\_;’_1] (Px) HL2(X)—>L‘1(X) — O(AQ(Q)), PX — /_A)(7

where, with n = dx,
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(1.2)

%(% — %), if 2<q<q.n).
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Much work has been done on the study of special classes of compact Riemannian
manifolds for which stronger estimates hold. One of our goals here is to show that if
Y is a compact Riemannian manifold, of dimension dy, with Laplace-Beltrami operator
Ay, for which such stronger results (cf. (1.3)) hold, and if X is an arbitrary compact
Riemannian manifold, as described above, then, under broad circumstances, the product
manifold X x Y, of dimension d = dx + dy, with product metric tensor and Laplace
operator A = Ax + Ay, also has improved spectral cluster estimates.
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2 IMPROVED ESTIMATES ON PRODUCT MANIFOLDS

We formulate the improved spectral cluster estimates on Y as follows:
(1.3) [ 2p—eorten (V) [ L2 vy pogry S VER) BOV),

where Py = /—Ay, B(A) = B(\,q,Y), and 2 < ¢ < oo. Typically B()) is A raised to a
power (see e.g. [22], [5], [11], and [14]) and possibly also involving log A-powers (see e.g.
[2], [4], [7], [10], [20]). So it is natural to assume that

(1.4) B(O)N) < CoB(\) if At <o<2.

As we shall see later in (2.17), the improved bound in (1.3) requires

(1.47) B\ > 20y x>1,

with a(q) = a(g, dy) being the exponent in (1.2) depending on the dimension dy and g.

If B(\) = A with a(q) being the exponent in the universal bounds that are due to
the second author [16], [18] (see (1.2)), then (1.3) would represent a /() improvement
over these bounds by projecting onto bands of size ~ £(\) (as opposed to unit sized
bands). We shall always assume that £(\) decreases to 0 as A — oo.

We prefer to express improvements including the factor /() since this would match
with the bounds for the Stein-Tomas extension operators for ¢ > g. (see §4). If B(\) =
A as in (1.2) and if () is very small, then they are only possible for certain ¢ larger

than the critical exponent ¢, = %

q> didfw since otherwise /() 2@ 5 0as A — 0.

. For instance, if e(A\) = A™! then one must have

We shall also assume that £(\) does not go to zero faster than the wavelength of
eigenfunctions of frequency A. More precisely, we shall assume that

(1.5) t — te(t) is non-decreasing for t > 1.

We note that this is equivalent to the condition that

(1.5 Be(ON) <e(N) if A>1 and A1 <O,

Typically e(A) = A% for some d € (0,1] or £(\) = (log \)~? for some § > 0.
Here is our first main result.

Theorem 1.1. Assume that (1.3) is valid with B(\) and £(\) satisfying (1.4)~(1.4") and
(1.5), respectively. Then if A = Ax + Ay is the Laplace-Beltrami operator on the product
manifold and P = «/—A we have for all ¢ > 2

al(q,d 1/2
(16) [ 1pre a0 (P) [l (xvy o ey S VEQVBAATTDITZ A > 1,

As we shall see at the end of the next section, if (1.3) is an improvement on Y over
the universal bounds in [18], then, at least for sufficiently large exponents, (1.6) says that
there are improved L? spectral projection estimates on X x Y.

Our second main result deals with the Weyl law, for the specral counting function of the
Laplace operator. Recall that the universal Weyl formula of Avakumovic [1], Levitan [15]
and Hormander [12] states that if N(X,\) denotes the number of eigenvalues, counted
with multiplicity, of Px which are < A then

(1.7) N(X,A) = (27) P way (VoI X) A% + O 1),
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with w,, denoting the volume of the unit ball in R™.

This result cannot be improved if X is the round sphere of dimension dx. On the
other hand, there are a number of results that do yield improved Weyl remainder esti-
mates. In [8] it is shown that one can improve O(A4X~1) to o(A?*~!) in case the set of
periodic geodesics has measure zero. The paper [2] shows that under certain geometrical
conditions, such as nonpositive curvature, one can improve the remainder estimate to
O(M\™*~1/log \). Recently, Canzani and Galkowski [6] obtained such an improved re-
mainder estimate for a much broader class of Riemannian manifolds. Among the results
obtained there is that one gets this (logA\)~! improvement on each Cartesian product
manifold, with the product metric. Iosevich and Wyman [14] showed there are power
improvements for products of spheres.

As with the L? improvements in Theorem 1.1, we shall assume that there are e())
improvements, with e(A) as in (1.5)—(1.5"), for Y, and show that these carry over for
X xY. So, we shall assume that

(1.8) N, ) = (21n) wg, (VOIY)AY + Ry (N\), with Ry (\) = O(e(\) X 1),

Here is our second main result.

Theorem 1.2. Assume that (1.8) is valid. Then, for each compact Riemannian mani-
fold, of dimension dx,

(1.9) N(X xY,\) = (2m) " %wg Vol(X x Y) AL + O(e(M) XT7Y),  d=dx + dy.
The structure of the rest of this paper is the following. In §2 we prove Theorem 1.1 and

give applications. In §3 we prove Theorem 1.2. Section 4 presents some further results,
including a study of multiple products of spheres.

2. Proof of L?—improvements and some applications.

Let us now turn to the proof of Theorem 1.1. We first choose an orthonormal basis,
{eX}, of eigenfunctions of Px with eigenvalues y; and {e},/j} of Py with eigenvalues v;.
Thus,

(2.1) - Axei_ = ufei and — Aye,),/j = V?e},/j.

Then {e;, (x) - e},/j (y)}4,; is an orthonormal basis of eigenfunctions of P = v/—A, where
A = Ax + Ay, with eigenvalues |/u? + 12, ie.,

(2.2) —AleXeX )= (u2 + VJQ-)GX ey

Hi V5 Wi "Vt

Consequently, the first inequality, (1.6), is equivalent to the following

(2.3) H Z a;j ei_e?;j < BWAYD /Ae(N) |lal |2

La(xXxy) ™
(pisvi)€EAN &

with [lale= = (32, laij|?)/? and A . denoting the e()\)-annulus about X - S2, i.e.,

(2.4) Arne ={ () : A= ViZ 507 < (V).
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To be able to use our assumptions (1.3) and (1.5") and the universal bounds (1.1) it
is natural to break up the annulus into several pieces. Specifically, let

(2.5) Qpigh = {(u,v) € Axe = V| > N/2},
denote the portion of Ay . where |v| is relatively large and
(2.6) Qiow = {(p,v) € Axet [v] <1},

be the portion where it is relatively small. We shall also break up the remaining region
into the following disjoint dyadic pieces

(2.7) Qp = {(M, V) S A>\7€\th9h : |V| € ()\2—67 )\2il+l]}.

Thus,

(28) A)\,s = thgh U Qow U ( U Qy )
2-Le[A—1, 1]

We shall use the following simple lemma describing the geometry of each of these
pieces.

Lemma 2.1. There is a uniform constant Cy so that

(2.9) VA2 — 12 — | < Coe(N) if (,v) € Qnign and p,v > 0.
Also if Qp # 0 then

(2.10) VA2 — 12 — | < Co2%e(N) if (u,v) € Q and p,v >0,
and if

(2.11) Ir={p: (V) € Q, p,v >0},

then for fized ¢ with 27 > A2,

(2.12) I, is an interval in [0, of length |I;| < Cor2™2,
and also

(2.13) |[VA2 =12 —pu|<Cy if p,v>0,
and (p,v) € Qp with 27 ¢ < /\7%, or (1, v) € Qow-
The bound in (2.9) is straightforward since v > A/2 for the (y,v) there. One obtains
(2.13) similarly and indeed can replace Cj there by Cpe()), although this will not be
needed. Omne obtains (2.10) and (2.12) by noting that the (i, v) there must be of the

form
(1, v) = r(cosf,sinf) with r € [A—e(A\),\+e()\)] and §~27°

We also require the following estimates which are a simple consequence of our main
assumption (1.3) and the universal bounds (1.1).

Lemma 2.2. There is a universal constant Cy so that
(2.14) | 2pa=prt 1 (Px) ||L2(X)—>Lq(x) < Cop' XD if pe LN,
and

(2'15) H ﬂ[)x*p,)&p] (PY) HLQ(Y)‘)LQ(Y) < Cop1/2 B()‘)v if pe [5(/\)7)‘]7



IMPROVED ESTIMATES ON PRODUCT MANIFOLDS 5

and also

1_1
(216) || 1[2k12k+1](PY) HL2(Y)—>L‘7(Y)S CO2dY(2 q)k'

Note that if we let p =1 in (2.15), we have

(2 17) B()‘) Z || ]l[k—l)\-i-l] (PY) ||L2(y)_,Lq(y)
' > 2@,

where in the second inequality we used the lower bounds on the spectral projection
operator, which holds in the general case(see [19]).

Proof. The proofs are well known. One obtains (2.14) from (1.1) by writing [A — p, A+ p]
as the union of O(p) disjoint intervals Iy, of length 1 or less, each contained in [0,2A]. By
the Cauchy-Schwarz inequality one then has

H ]1[,\,,),)+p](PX)f HL‘Z(X) < p1/2(§ H 1, (Px)f H2Lq(x) )1/2
k
! 9 1/2
< pH2A (q)(zk [ESA: X)fHLZ(X))

< PPN D fl 2,
using (1.1) in the second inequality and orthogonality in the last one.

To prove (2.15) we note that our assumptions (1.4) and (1.5") imply that B(A1) =~
B(A2) and e(A1) ~ e(A2) if A1 &~ A2. Taking this into account, if p € [(\), 1] one proves
(2.15) by a similar argument used for (2.14) if one covers [A — p, A + p] by O(p/e(N))
disjoint intervals of length £(\) or less and uses the fact that (1.3) includes a (g()\))"/?
factor in the right. Similarly, if I, = [k, k — 1) with & < X then one concludes that

115, lL2(vy—rayy S B(k) S B(N),
which can be used with the above argument involving the use of the Cauchy-Schwarz
inequality to handle the case where p € [1, ]].

The remaining inequality, (2.16), is a standard Bernstein estimate (see [19]). O
Having collected the tools we need, let us state the bounds associated with the various
regions (2.5)—(2.7) of Ay . that will give us (2.3).

First for all e(\) satisfying the conditions in Theorem 1.1 we claim that we have

(2.18) H S ayelel Lq(Xxy)S\/E(A)B()\)-)\a(q)\/XHaHp,
(ri,v;) EQnign
2.19 H aijeXey <A@ la|l e,
o i " e 5T I
as well as
XY —L a _
(2.20) H S ayelel by S V2EN BTN ) @ X2 [|al|,e,

(pi V) €S

if 2= > \"3.
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For remaining pieces 27¢ < /\’%, we need to obtain estimates to handle the two cases
where e(A) < 2272 and £(\) > 1 - A\272“. For the first case, we shall use the following
estimate which is valid for all e(\) satisfying (1.5)

XY < 0 =€y . \e(a)
(2.21) H Z aij €€y, Lq(XxY)N\/2 e(A) B(27°A) - A ||al| 2,

(pi,v5) €
while for the other case we shall use the fact that we also always have

(2.22) H Z a;j efi_ e,}j/j

(pi V) €S

<\ (\9—¢ dy(3-1) )
ey S 02 Dl

Let us now see how the bounds in (2.18)—(2.22) yield those in Theorem 1.1. To use
(2.20) we note that by (1.4) with § = 27*

2e(N) B(27A) A0 VA2-26 < 2742 B(\) A%\ /xe(N),

and so

(2.23) Z H Z aijefie};

1 . .
2—@6[)\*7 7%] (,LL“I/])GQe

S B XD AN [lall .

Li(XXY)

To use (2.21) we note that by (1.4) with § =274
2le(X\) B(27A) A2(@ < 282 B(A) A /e(N),

and so

(2.24) Z H Z aijeiiel’,/j

2-teaa"Be(\) B a3 (i) EQ

< B(X\) MA@ (Ag(\))1/4
oty S BN O el

which is better than desired since we are assuming (\) > 7L,
Finally, if 27 € [A\~1,2A"2¢(\) 2], by (2.22), we have
(2.25) Z H Z aijei_e?j/j
2-teA -1 22" B e(n) 3] (Hivi) ek
It is straightforward to check that for all ¢ > 2,
() FETD S BOY VAV,

given the fact that B(\) > A*(@ and A=! < ¢(\) < 1. Thus, our proof would be complete
if we could establish (2.18)—(2.22).

To prove the first one, (2.18), we note that if y € ¥ is fixed, since p; < A if (u;,v5) €
Qnigh, by (2.14) with p = X and orthogonality

|32 i w | 2] 2 i)

(14,v5) EQhigh (pi Vi) EQnign

/
—xewre (S aew| )

it {5 (piovi)€Qnign

< y\a(@) (AE()\))dTY(%*%

)
Lq(XXY) ~ ||a’||£2'

L2(X)
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If we take the L(Y") norm of the left side and use this inequality along with Minkowski’s
inequality we conclude that

XY
H E : Aij€y,;Cy,

(#ivl’j)eszhigh

5 )\a(Q)Jrl/Z ( Z H Z aijez;

2 >1/2
2 {7 (i V) EQnign } e

Since v; & X if (i, v5) € Qpign, by (2.9) and (2.15) with p = Cpe(N), we have for each

fixed 4
SVEBOY| X eyl

(2.27) H > e
J q
{7 (i V) €EQnign } ( {7: (i v ) EQnign }

—vemBw (Y e)

{7+ (i V) €EQnign }

Li(XxY)
(2.26)

L2(Y)

Clearly (2.26) and (2.27) imply (2.18).

The proof of (2.20) is similar. Recall that the nonzero terms involve p; € I, if
2=t > )\_%, then I, is an interval of length p < CoA272 as in (2.11). So, if we use the
analog of (2.14) with this value of p and with A replaced by the center of Iy, we can
repeat the proof of (2.26) to conclude that

§ : XY
H @ij€p, Cu,

(ki v;) €

L(XXY)
(2.28)
< A%(@) y/\o—2¢ (Z H Z &ije,};

i {5 (maovy)EQUY

2 1/2
Lq(Y)) ’

Since vj ~ 27X if (i, v;) € Qp, and by (1.5) together with the fact that 27¢ > A\~ 2, we
have

(2.29) e(2760) < 2%()\) <27\

By (2.10) and (2.15) with p = 2%¢()\), we can argue as above to see that for each fixed i
we have

1/2
230) || > auel SEeM) BN (Y )
(G (i) €0} e (G (i)}

By combining (2.28) and (2.30) we obtain (2.20).

Next, we turn to (2.21). We note that if 27¢ < A~2, there is a uniform constant Cj
so that

(2.31) wi € [A=Co, A+ Co], if (us,vj) € Q for some j.

This just follows from the fact that if (p;,v;) € Qo then we can write (u;,v;) =
r(cos@,sinf) with 0 < 0 SAV2 and r € [\ —e(\), A +e(\)] € [A— 1, A +1]. If we use
(2.31) and (1.1) we can argue as above to see that
2 1/2
Li(Y) ) '

XY a(q) Y
(2.32) H Z 50 | Ly ey < A (; H Z aije,,

(i ;) €Q {7 (pa,v5)€Qe}
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For fixed pu;, if (1i,v5) € Q, we have v; ~ 27¢\, and by (2.10), v; lie in a interval of
length £(A)2°. Now using (1.5') again together with the fact that e(A) < X272, one can
see that (2.29) still hold in this case. Thus by (2.15) with p = 2%¢()\), we can argue as
above to see that for each fixed i, we have the analogous inequality as in (2.30), which,
combined with (2.32), implies (2.21).

To prove (2.22), if one uses (2.16) then we find we can replace (2.30) with
1/2
H Z aije?;j < (AZﬁe)dY(%_%) ( Z |aij|2) s

‘ Lay) ™ 4
{7 (pisv;)€Qe} {5 (piv;)EQe}

this along with (2.32) yields (2.22).

The proof of (2.19) is similar. Since in this case, there is a uniform constant Cj so
that

(2.33) i € [A—Co, A+ Co], if (pi,v;) € Qiow for some j.
Thus (2.32) still holds in this case, and by (2.16), we can replace (2.30) with
v S\ 1/2
(2.34) H | > @580 || Ly S ( | > |aij] ) :
{J: (,U,i,l/]‘)eﬂlow} {J: (#ivl’j)eszlow}

this along with (2.32) yields (2.19).

2.1. Some applications. Let us now show that for products of round spheres S x S
one can obtain power improvements over the universal bounds in [18] for all exponents
2 < g < co. This generalizes the L™ improvements of Iosevich and Wyman [14]. Using
our improved L?-estimates we can also obtain improved bounds for large exponents for
products of the form S x S% x M™ where M™ is an arbitrary compact manifold of
dimension n. If M™ is a product of spheres and ¢ = co the bounds agree with the ones
that are implicit in Iosevich and Wyman [14].

Theorem 2.3. Suppose that di,ds > 1. Then for all ¢ > 0 we have the following
estimates for eigenfunctions on S x S92

(2.35) llexll Lagsas xcgizy < Ce AMOAIF@AEE 03|15 gay  gany, 2 < g < 00,
where
(2.36) alq,d) = max(d(% — %) — %, %(% — %))

is the \-exponent in the d-dimensional universal bounds.

In order to use Theorem 1.1 to obtain bounds for product manifolds involving S% x S92
we note that the distinct eigenvalues of P = |/—Agd, y ga, are of the form

Vk+(di —1)/2)2 + (£ + (da — 1)/2)2  with k,£=0,1,2,....

Consequently the gap between successive distinct eigenvalues which are comparable to
A must be larger than a fixed multiple of A=!. So, (2.35) implies that we also have
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the corresponding bounds for the spectral projection operators onto windows of length
e(\) = A"L
H]lp\,)ﬁl’)\jLAfl](P) HLQ(Sdl x §d2)—s La(S Xsdz)g CE)\a(q,dl)Jra(q,dz)an, Ve >0,

if 2<q§OO and P:\/—Asdlxsd2.

A calculation shows that for all ¢ > 2

(2.35')

Oé(q,dl) + a(quQ) < a(qul + d2)

Thus (2.35') says that on S% x S92 one has power improvements over the universal
bounds for manifolds of dimension d = d; +dy (but with e(\) = 1). Also, by considering
tensor products of sphercial harmonics that saturate the L9(S%), j = 1,2, bounds (see
e.g. [16]) one sees that (2.35) and hence (2.35’) are optimal (up to possibly the A® factor).

Let us now single out a couple of special cases of (2.35).

First, we have

,,,,, 1
|| 1[A,A711A+>\71](P) HLQ(Sdl><Sd2)—>Lq(Sdl><Sd2) < CE/\d(z ¢/ 72 2+57 Ve>0,

if d=dy+ds and qzmax(%, %),

(2.37)

which is a A"zt improvement for this range of exponents in dimension d versus the
universal bounds. This is optimal in the sense that no bounds of this type may hold on
any manifold of dimension d with A—ate replaced by A~279 for some § > 0. For, by
Bernstein inequalities, such an estimate would imply that the above spectral projection
operators map L2 — L with norm O(A2~1~9). This cannot hold in dimension d since
it would imply that the number of eigenvalues of the square root of minus the Laplacian
counted with multiplicity which are in subintervals of length A=! in [\/2, \] would be
O(A?=27%) and this would contradict the Weyl formula for P.

Second, we note that if dy = d2 = 1 and ¢ = oo, then (2.37) is just
(238) H ﬂ[A—X717A+)\71]( \% _A-ﬂ?) "L2(T2)—)L°°(T2) = O()\E)7 VE > 0

This is equivalent to the classical fact that the number of integer lattice points on A - S*
is O(X9), i.e.,

(2.38") #{jeZ%: |j| =2} =0()\°) Ve>o0.

We shall use this bound in our proof of Theorem 2.3.

Before proving this result, let us show how we can use the bounds in Theorem 1.1 to
obtain a couple of corollaries.

The first says that sufficiently large exponents we can obtain power improvements of
the universal bounds for products involving S x S92,

Corollary 2.4. Let M™ be a compact manifold of dimension n > 1 and consider the
product manifold S™ x S x M™ where dy,dy > 1. Then if

P = \/_(Asdl +Asd2 +AMn),
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we have

1
) H Ipn-a-aa-1(P) ||L2(sd1 xSd2 x M™)—La(S91 x S92 x Mn) = '

Ve >0, if d=di+de+n and qg> max( Q(ddlljll), 2(;22_+11), 2(:_+11) )

(2.39

Furthermore, we have

(240) || ]l[)\f)\*l,)\Jr)ﬁl](P) ||L2(Sd1><sd2><Mn)_)Lq(SdlXsdgan) = )

for some § = 6(q,dy,da,n) >0 if ¢ > 2(ddf11), d=d; +ds+n.

To prove these to bounds we note that for ¢ as in (2.39) we have

a(g, di) +alg, d2) + alg,n) + 3 =d(3 — 7) — 1.

Consequently, (2.39) follows immediately from (2.35) and (1.6) with e(A\) = A~! and

1 1

B(\) = At -d+e.

Since (2.39) is a power improvement over O(Ad(%fé)f%) bounds for large exponents and
2(d+1)
-1 >

the universal bounds imply that (2.40) is valid when § = 0 and ¢ = ¢.(d) =
obtains (2.40) via a simple interpolation argument.

one

A calculation show that we cannot use use Theorem 1.1 to obtain improvements over
the universal bounds when ¢ € (2,¢g.(d)] with ¢.(d) as above being the critical expo-
nent. We should point our that Canzani and Galkowski [7] recently obtained +/log A-
improvements over the universal bounds (with €(A\) = (logA\)~!) for arbitrary products
of manifolds and g > ¢.(d). They as well as Iosevich and Wyman [14] conjectured that
for such manifolds appropriate power improvements over the universal bounds should
always be possible. Obtaining any improvements for g € (2, ¢.(d)], though, appears diffi-
cult except in special cases such as for products involving products of spheres as above.
Perhaps, though, the Kakeya-Nikodym approach that was used in [3] and [4] to obtain
log-power improvements of eigenfunction estimates for manifolds of nonpositive sectional
curvature could be used to handle critical and subcritical exponents.

Let us also state one more corollary which generalizes the well known higher dimen-
sional version of (2.38'):

(2.41) H{GeZ™: |jl =2 =0\"?T) Ve >0if n>3.

Just as for the special case where n = 2 discussed above, this is easily seen to be equivalent
to the following sup-norm bounds

n—1 .
(2'41/) H]].[)\,>\717)\+)\—1]( \% _A'ﬂ'") HLZ(‘U’H)_)Lq(‘ﬂ'n): O(/\T )‘7%+E) Ve>0if n>3.

If we use Theorem 1.1 for ¢ = oo with ¢(A\) = A~ and B(\) = A"T+ we can argue
as above to obtain the following generalization of (2.41").

Corollary 2.5. Let M™ 2 be a compact Riemannian manifold of dimension n — 2 where
n > 3. Then if

P=/—(Ap + Aprn2)
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is the square root of minus the Laplacian on the n-dimensional product manifold T? x
M"=2 we have
n—1

n=1 1
(242) ||1[A7A*1,>\+>\*1](P) ||L2(1TzXMnfz)_)Lq(qyzanfz): O()‘ A 2+€) Ve > 0.
Consequently if 0 = Ao < A1 < o < ... are the eigenvalues of P
(2.43) #N e A=A+ A =00\"2TE), Ve > 0.

The first estimate, (2.42), follows from (2.38) and Theorem 1.1. As is well known (see
e.g., [20]) it implies the counting bounds (2.43). These are optimal, since as we discussed
before, O(A"~27%) with § > 0 bounds cannot hold due to the Weyl formula.

One can also obtain power improvements for products X x T" using the following
“discrete restriction theorem” of Bourgain and Demeter [5] (toral eigenfunction bounds):

(244) H]].p\,)\fl’)ﬁL)\fl] (\/ —Arn) HL%'I]’H)%LQQ::T) - < A%, Ve> 0.

This represents a 1/g.—power improvement over the universal estimates [18] with ¢. =
204D - Similar to the case above in Corollary 2.4 if we use (1.6) with B(\) = A=) "ot

n—1
we obtain from (2.44) that if P = \/—(Ax + Aygn) then

d(1—-1)—1/2-1/g.+
H Ipoa-1,aa-1(P) HLQ(XXF")HLQ(XXF") SA o)1/t 5 Ve>0,

(2.45)
it g = 2(”7“11) and d=dx +n,
and
2 1) 2(d 1
(2.46) q > max( (n+1) 20dx + ))

n—1 ’ dX -1
It is conjectured that (2.44) should also be valid when % is replace by the larger

exponent %, which would represents the optimal A~/2+¢ improvement of the universal
bounds in [18]. If this result held, then one would obtain the optimal bounds where in
the exponent in (2.45) —1/q. is replaced by —1/2, which would be optimal, as well as
the range of exponents in (2.46).

Also, using results of Hickman [11] and Germain and Myerson [9] one can also obtain
improved spectral projection bounds when e(A) = A~% with o € (0, 1).

Let us now present the proof of Theorem 2.3 which in the case of ¢ = oo strengthens
the bounds that are implicit in Iosevich and Wyman [14].

Proof of Theorem 2.3. Let {e}},, be an orthonormal basis for spherical harmonics of
degree k on S and {e}}, be an orthonormal basis of spherical harmonics of degree ¢ on
S Then an orthonormal basis of eigenfunctions on S x §% is of the form

(2.47) ey €y
where ej, = e} for some v and e, = €/ for some p. So,
(—Ad, + (51 %)er = (k+ L5152y,

and
(—Ag, + (%)2)@ =+ %)Qeé
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so that for the Laplacian on S% x §%, A = Ay, + Ag,, we have
(A + (B52)? + () eper = ((k + L52)% + (€ + L) ?)epey.

Thus if P = \/(—A + (912 4 (22-1)2) its eigenvalues are

(2.48) A= Do = \/((k + A2+ (0 2F)2).

Thus, if ey as in Theorem 2.3 is an eigenfunction of P with this eigenvalue we must have

(2.49) ex(z,y) = Z (Z ayy ey () )), (z,y) € S™ x §%.

{(F0): A e=A} BV

Let us now prove (2.35). We note that if (k,¢) are fixed then, for every fixed y € S,
the function on S
T Yol eh(@)ef ()
v
is a spherical harmonic of degree k. Thus by [16] or [18]
Hzaklek )‘ Za%ei )e}f(y)‘

Next, by Minkowski’s inequality and another apphcatlon of the universal bounds, we
obtain from this

HE :ake erer

< Caady)
La(Sd1)

L2(591)

3k itores v)|
Z ayy epel
8%

Since, by (2.38'), the number of {(k,¢) : Ap¢ = A} is O(A®) we also have by the Cauchy-
Schwarz inequality that if ey is as in (2.49)

(251) e Y [(Sdrdwaw))"

{(k£): A e=2} v

< O \*(2:d1)
La(S%1 x S92) L2 L} (591 xS42)

(2.50)
< /\a(q7d1)+a(q7d2

L2(S% dez)'

Thus, by (2.50)—(2.51)
||6>\||Lq(sd1 x Sd2)

(2.52) o(gdr)+a(adz )+ ( H 2 )1/2
< aelady q,d2)+e Z Zakéekeg La(541 x 54a) )
{(k): Mg, e=2} BV

which leads to (2.35) since, by orthogonality, the last factor in (2.52) is ||ex]|z2- O

3. Improved Weyl formulae.

To prove Theorem 1.2, we first observe that if as above p? are the eigenvalues of —A x
then by (1.8) we have

(31)  NXxY,A) = Y [@m) Pws (VoY) (3 = u2)™ "+ By (/22 - 122) ].

1 <A
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We can estimate the last sum using (1.8) and (1.5):

Ry = Z Ry (\/ X2 — 1i2)

i<
ay -1
< Z - /'L’L ()‘2 - /J’f) :
i <A
SN e [1— 2 /n) L (1= 22T
i <A

Since dy > 2, we have

(1 _ug/m? <1, i p <A

Thus, if we use (1.5") with = /1 — u?/A? to estimate the terms with /A2 — u? > 1,

we get
N1 = p2/02) 1 - 2/ x (1 - 20T <o) i (2>

Thus, by (1.7).
> Ry (\/ A2 = 12) SAT1e(0) D0 1S e(ADTH A = (M)A,
1i<X, \/A2—p2>1 s <X

with, as before, d = dx + dy. We also need to estimate the terms where /A2 — MZZ <1.
In this case we just use that Ry (6) = O(1) if § <1 and so

Z RY( /)\2_‘u$)§ ZISAdX:Ad_l'Al_dY,

pi<A, /A2 —p2<1 HiSA

and since dy > 2,
A=dy < A7 < ().

By combining these two estimates we conclude that, if as above, Ry is the second sum
in the right side of (3.1) then
Ry =0\ XY, d=dx +dy,
as desired.

Based on this, we conclude that the improved Weyl formula (1.9) would be a conse-
quence of the following

(27m) "W way (VoL Y) AP Z (1- uzz//\z)dy/2
(3.2) =

Note that 3, - (1- MZ/AQ) ? is the trace of the kernel of (1- (PX)Q//\2)1Y/2, ie.,

RN SUCET 0 /Z 2 2) " P (@) @ av (o),

i< pi<A
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with dV denoting the volume element on X. For § > 0
6 _
(3.4) Say) = Y (1= 3/N) e @)k (),
i<

denotes the kernel of the Bochner-Riesz operators (1— (Px)?/A?)%. (see, e.g. [19]). Keep-
ing (3.3) in mind, we claim that (3.2) (and hence Theorem 1.2) would be a consequence
of the following pointwise estimates for these kernels restricted to the diagonal in X x X.

Proposition 3.1. Let S be as in (3.4). Then if § > 1 we have
1
(3:5) SA(w,w) = 2m) ISP x DB+ 1,dx /2) XX + O,

with | S ~1| denoting the area of the unit sphere in R4 and

1
B(s,t) = / (1 —w)* it du
0
being the beta function.

To see that (3.3)—(3.5) imply (3.2) we recall the formulae
1 n/2

P e P —

n I'(n/2+1)

and

Thus,

x-1p L _dxm™X/2 T(dy/2+1)I(dx/2)
(S 5 By /24 1,dx/2) = F(d);/2+ 1) Y2F(d/2+ 1)X
_ n™Pl(dy/2+1)

T(d/2+1)

and so

1 ndv /2 74X /2T (dy /2 + 1)
. dX71 Pp— = . Y
B ad/2
- T(d/2+1)

Thus, since dy /2 > 1, if (3.5) were valid, we would have

(3.6)

= Wq-.

(27) " wg, (VOLY)ATY x / SO (2, 2) dV (z)
X

= (27) "IN wa(VolY - Vol X) - A4 4 O(ATY . \dx—2)
= (2m) %Wy Vol(X x V)AL + O(N472),

Since, by (3.3) and (3.4), this yields (3.2) , we conclude that the proof of Theorem 1.2
would be complete if we could establish Proposition 3.1.
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Proof of Proposition 3.1. The proof of kernel estimates for Bochner-Riesz estimates are
well known. See, e.g., [13], [17], [19] and [20]. We shall adapt the argument in the latter
reference, which is based on arguments that exploit the Hadamard parametrix and go
back to Avakumovic [1] and Levitan [15]. These dealt with the analog of (3.5) where
§ = 0 and then the error bounds in (3.5) must be replaced by O(A4x~1).

To proceed, let ms(7), 7 € R, denote the even function
T —mg(t) = (1-72)5.

Then, if ms denotes its Fourier transform, we have by Fourier’s inversion theorem

S f(z) = ms(Px)f(x) = 1 /000 Mg (At) (costPx ) f(x) dt.

T
Thus,
S (z,y) = l/ Mg (At) (costPx ) (z,y) di
0

s

(3.7) ) ~ =
= - ;/0 g (At) costp e, () ey, (y) dt.

To be able to exploit this, we require a couple of facts about ms. First, we can write
its Fourier transform as follows

(3.8) s(t) = a(t) + a+( Vet +al (t)e™™,  where
' 07a®)] SO((L+1t) ™' ° )V j=0,1,2,..., if a=ag,ar,a .
Also,

e 1
(3.9) / mg(r)rix~Ldr = 5B((S—i—l,dx/2).
0

Let us postpone the simple proofs of these two facts for a moment and see how they can
be used, along with the Hadamard parametrix, to prove Proposition 3.1.

Let us first fix an even function p(t) € C§°(R) satisfying the following
(3.10) supp p C (—c¢/2,¢/2) and p=1on [—c/4,c/4],
where we assume that

¢ = min{l, Inj X/2},
with Inj X denoting the injectivity radius of (X, gx). It follows from (3.8) that
1
5

(3.11) aln) = — /Ooo(l — p(t)) s (At) cos tpudt

=0A A+ A —u)™), VN, if p>0.
Thus, if we modify the kernels in (3.7) as follows

S9(z,y) = L / h p(t) Mg (At) (cos tPyx ) (z, ) dt

(3.12) -
——— Z/ t)Nins(At) costp e;, ( r) e (y) dt,
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and let
It follows that

(3.13) R} (z,y) = ZTA(ui)ei. (2)ex (y),
satisfies
(3.14) IR (2, ) SATOD (14 [A - D) VX @) leX (), N=1,2
: AT Y S Mg 1 w: \Y)1s gy

As is well known, the pointwise Weyl formula of Avakumovic [1] and Levitan [15] (see
also [12], [20]) yields the uniform bounds

Yo lgl@P sl r>0,
Hi€[T,7+1)
which in turn give us
(3.15) R}\(w,y) = OXX717%) = O(X™72),
since we are assuming in Proposition 3.1 that § > 1.

Consequently, it suffices to show that §§ (x,2) equals the first term in the right side
of (3.5) up to error terms which are O(\%x~2).

To do this, if dx > 2, we recall that the Hadamard parametrix implies that for |¢|
smaller than half the injectivity radius of X we can write

smt|§|
€]

+ [ eostidlantan € d+ [ sintlelas(t.z€)dg + O()
Réx Réx
where « is a smooth function, and the «; are symbols of order —3, so, in particular

00l S (L€,

(3.16) (costPy)(z,x) = (2m) ¥ /erx cost|g| d€ + ap(x) /[R2 d¢

We shall first deal with the second term on the right side. If we take x = y in (3.12)
and replace (costPx )(z,z) by the second term in the right side of (3.16), our goal is to
show that

s1nt|§| dx—2
(3.17) //Rdx e Ams(Mplr)dgdt S X

To handle the part of the integral where |¢] > 2\, note that since
I
ms(At) = —/ e~ ms(T)dr
TJ-

is an even function in ¢, it suffices to show that

Slnt|§| Ae" AT, < \dx—2
(3.18) /ﬂm/ / 7 5(T)p(t) dtdrde < AIx=2,
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However, by integrating by parts in ¢, if |£] > 2, it is easy to see that

(3.19) / / S”|1§|"5' ¢ ims(r)p(t) didr < O(1 + Je)) N, VN,

which clearly implies (3.18).
For the part of integral where |£] < 2), let us fix n € C§° satisfying
supp n C (1/2,00) and n=1on [1,4+00),

and write
f fpen e msontiae
nt[¢]
(3.20) / /£<2A tléI)) |€| Mg (At)p(t)dEdt
/ / n(tlE]) SH|15||§| s(A) p(t)dédt
|€]<2A
=I+1I.

For the first term on the right, note that || < min{t~!,2A}, and so by (3.8)
1
I §/ / ———d&d
=201 Jigj<e-1 (EA)?1E]
1
+ / / —_dedt
(3.21) t< (221 Jig|<2a I3

< / D / ALt
t>(22)1 t<(2x)t

5 )\dx*Q'

To bound I1, by integrating by parts in ¢, we rewrite it as

/£|<2,\/ n(tlE]) SH|1£||§| s (At)p(t)dédt
/£<2,\/ n(tel) CO|Z“T2|€| s (At)p' (t)dedt

(3.22) cost|§| \ e
/£|<2>\/ '(#1eD) €] 1 (At)p(t)dEdt
cos t|¢] R ,
" /|£|§2A /o (D (35 (tArns (ML) p(t)dédt
=I+II+1II.

For the first term, since p’(¢) is supported where ¢ & 1, by (3.8), we have

Ig/ —)\ dde
HEDNNE

SN2 5> 0.

17
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For the second term, since n’(¢|¢|) is supported where ¢ = |¢], by (3.8), we have

1
1T S/ / ———— dtd¢
el<an Jemje -1 (EA)[€]

1
< ——_ 7%
/|§|<2>\ €20 :

SA2

For the third term, we use the fact that by (3.8), (t\rs ()\t))/ < A7%7179 which implies

1
111 < /WA [ el gz A0 ey
_[ 1

S s AT0dE
/|§|<2A €[22

<A
Thus the proof of (3.17) is complete.
On the other hand, if we take # = y in (3.12) and replace (costPx)(z,x) by the third

or fourth terms in the right side of (3.16), one can use (3.8) to see that the resulting
expression must be bounded by

1+ g+ [ (1+ 12— lel )~ de
{€eRIx 1 [¢]>2X}
O()\dX73)a dX > 35
=< O(log)), dx =3,
0(1), dx =2,
which is better than desired. Clearly, if we also do this for the last term in the right side
of (3.16), the resulting term will be O(1).

/{£€Rdx [§1<2A}

Based on this, we would have the bounds in Proposition 3.1 for dx > 2 if we could
show that
° 1
(2m)~x / / —p(t)\ins(t) cost|¢| dedt
(3.23) 0 Jrix T
1
= (2m) "X [Sx 1] x 5B +1,dx/2) AX 0N 72),

If we repeat the argument that lead to (3.14), we find if we replace p(t) here by one then
the difference between this expression and the left side of (3.23) is bounded by

S e
Rix
for any N and hence O(A*x ~179) = O(\¥x~2),

Thus, by Fourier’s inversion formula, up to these errors, the expression in the left side
of (3.23) is

1
(324)  (2m) / . ma(l€l/ N ds = 2m)~x| 5 / mg(r) %L dr ) - XX,

Since by (3.9) the integral in the right side is equal to $B(6 +1,dx /2), we obtain (3.23).
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For the remaining case dx = 1, we shall use the fact that for |¢| smaller than a fixed
constant ¢, by choosing coordinates such that the metric equals dz2, we have

(3.25) (costPx)(x,y) = (271')*1/ costre’™ @) dr |

— 00

Moreover, one can simply repeat the argument in (3.17)-(3.18) to see that,
o0 [ee) 1
(3.26) (2m)7! / / —p(t)Ming(t) costrdrdt = (2m) *B(6 + 1,1/2) A+ O\ ™).
0 —o0 T

By (3.25), (3.26) and the arguments in (3.10)-(3.15), we obtain (3.5) when dx = 1.

To finish, we still need to prove the facts (3.8) and (3.9) about ms that we used above.
The latter just follows from the standard formula for the beta function stated above and
a change of variables. To prove the former, (3.8) we note that if p is as in (3.10) then
ms(t) can be written as

/p(l —7)(1 - T)i(l + 7)5 e M dr + /p(l +7)(1+ T)i(l — 7)5 e M dr + ag(t),

where ad € S(R) and hence satisfies the bounds in (3.8). A simple argument shows that
the first two terms in the right can be written as ad (t)e* and a’ (t)e~", respectively,
with ad. as in (3.8), which finishes the proof. O

4. Further results and remarks.

In our main results, Theorem 1.1, Theorem 1.2 and Theorem 2.3, we focused on
products of length two, as was the case of some of the earlier results, e.g., [6] and [7]. On
the other hand, Tosevich and Wyman [14] obtained further improved Weyl error bounds
for products of spheres S% x §% x ... x S% as the length n = 2,3,... increased, and
their O(A*~'=%) bounds, d = dy + --- + d,,, have §, — 1 as n — oco. As we noted
earlier, such bounds are impossible for §,, > 1. Iosevich and Wyman conjectured that
for such products of length n > 5 one should be able to take §,, =1 —¢ for all ¢ > 0 or
even d,, = 1, which would agree with the classical error term bounds for the n-torus (i.e.,
dy =---=d, =1and n>5). See e.g. Walfisz [21].

Let us now show that the proof of Theorem 2.3 yields optimal L7 estimates for such
products with ¢ large. The particular case where ¢ = co can be thought of as a weaker
version of the conjecture of Tosevich and Wyman [14] in the sense that it would follow
from the somewhat stronger pointwise Weyl remainder variant of their conjecture.

The improved variant of Theorem 2.3 that follows from its proof and the aforemen-

tioned optimal bounds for T for n = 5, is the following.

Theorem 4.1. Let Y = S% x ... x S% be a product of 5 round spheres and let —Ay =
—(Agay + -+ Agas) and Py = /—Ay. We then have for A > 1

[ 1pa-1apa-1)(Py) HLz(YHLq(Y) = o

)
(“.1) Fod — 2(d;+1) .

(3--1



20 IMPROVED ESTIMATES ON PRODUCT MANIFOLDS

Additionally, if X = M™ is an n-dimensional, n > 1, compact Riemannian manifold and

=+ —(Ay + Ax) then for A > 1

_ d+n)(3-1)-1
H]l[/\*klwr)\”]P HL2 (XXY)— Lq(XxY)_O()\( ) );

2(d1+1) 2(d2+1) 2(ds+1) 2n+1)}
—1 " do—1 """ dg—1

(4.2)

if ¢ > max{=;

Both estimates represents a A~1/2

as mentioned before, this is optimal.

improvement over the universal bounds in [18], and,

To prove the Theorem, we first note that the second estimate, (4.2), is a simple conse-
quence of the first one, (4.1), and Theorem 1.1 after noting that a(q,n) = n(3 — %) -3
for ¢ as in (4.2).

Let us now see how we can use the proof of Theorem 2.3 and the classical improved
lattice point counting bounds in dimension 5 to obtain (4.1).

Just as we did before for products of length 2, we first note that if {e},}, is an
orthonormal basis of spherical harmonics of degree k on S% then an orthonormal basis

of eigenfunctions on Y = S x ... x §% is of the form

el,kl : 62,]62 : 637k3 : 641k4 ' 657k5’

where e, = e;'fkj for some v;, with j =1,2,3,4,5. Consequently,

(v + (B2 44 (251 [er - esi]
+

= (b 22) o (ks + 257)7 ) eass - et

and so, analogous to (2.48), the eigenvalues of Py are

(43) A= Mgt =V (b + 254t (b + B2 Jy = 0,12, 127 <5,

Also, analogous to before, an eigenfunction with this eigenvalue must be of the form

5 1 '3

(4.4)  ex(wy,...,x5) = Z ( Z aﬁlk:“ 621 (1) - ek,3 (JC5)>

{(F1sks): Xy ks =AY v e

¢
Here {e:if’ }j, is the orthonormal basis of spherical harmonics of degree k, on S%, ¢ =
1,....5

Next, we note that for ¢ as in (4.1), we have that if, as in (1.2), a(g,d;) denotes the
A-power in the universal L?-estimates then

(4.5) alg,dj) = dj(3 — ) — 3,
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if gis asin (4.1). Thus, if we inductively use the universal bounds from [18] (or the earlier
bounds for spherical harmonics [16]), we find that if k1, ..., ks are fixed and A\, ks = A

1

1 5 5
Z a”j17“"l’j5 eyjl . euj:s
ki,....ks  “k1 ks

La(Yy
v
5 d_(lil)il v, V5 9\ 1/2
(46) < C(H PNAVIRY 2) . ( E |akJ11m kr]s )
e
1 /2
a-1)-3 iy |2
_ 2 i1 is
=CA ! ( Z ki,....ks ‘ )

To use this we recall that when n > 5 we have the following improvement of (2.41)
(4.7) #Fjer7™: |j|=2y=00\""?), if n>5.

Indeed, this is a consequence of the stronger result for the problem of counting the number
of integer lattice points inside A-balls centered at the origin (e.g. [21, p. 45]).

If we use (4.7) along with Cauchy-Schwarz inequality we deduce that (4.6) implies that
if ey is as in (4.4)

qL 1,5 VLB N 1/2
(4.1 lexlzay < OX'CTOT2 VA (0 e )

1 5
Vi ... -
J1’ s

d l_l —
= N2 YAl L2

As before, this estimate for eigenfunctions implies the spectral projection bounds due
to the fact that successive distinct eigenvalues of Py which are comparable to A have gaps
that are bounded below by coA~! for some uniform cq > 0. This completes the proof of
Theorem 4.1.

Remark. It would be interesting to investigate other situations involving product man-
ifolds where one is able to obtain L? estimates that improve ones that follow from
Theorem 1.1. For instance Canzani and Galkowski [7] showed that if ¥ is a product
manifold then one has v/log X improvements over the universal bounds for large ¢ (i.e.,
g(\) = (log \)~! in Theorem 1.1). In this case, X x Y in Theorem 1.1 would be a prod-
uct of three manifolds, yet our results do not give further improvements over the results
coming from [7]. Similarly, if both X and Y have improved eigenfunction bounds are
there situations where X x Y can inherit both improvements, as opposed to the better of
the two improvements for X and Y as guaranteed by Theorem 1.17 Our proof does not
seem to yield such a result. Moreover, in many cases one cannot obtain \/ex (A)-y/ey ()
improvements if X and Y, respectively, have \/ex(\) and /ey (\) improvements. This
is the case, for instance, when they both involve power improvements /cx () = A7
and /ey (\) = A% with dx + dy > 1/2, for reasons mentioned before.
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