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Abstract. We study the number of lattice points in R%, d > 2, lying inside an annulus as a function
of the centre of the annulus. The average number of lattice points there equals the volume of the
annulus, and we study the L; and L, norms of the remainder. We say that a dimension is critical,
if these norms do not have upper and lower bounds of the same order as the radius goes to infinity.
In [6], it was proved that in the case of the ball (instead of an annulus) the critical dimensions are
d = 1 mod 4. We show that the behaviour of the width of an annulus as a function of the radius
determines which dimensions are critical now. In particular, if the width is bounded away from
zero and infinity, the critical dimensions are d = 3 mod 4; if the width goes to infinity, but slower
than the radius, then all dimensions are critical, and if the width tends to zero as a power of the
radius, then there are no critical dimensions.
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1. Introduction

1.1. Motivation

Let T be a lattice of full rank in R? with d > 2; we assume that the volume of the unit cell
O := R%/T is one. For k € O and p > 0 we denote by N, (k) the number of lattice points in the
open ball B(k, p) centered at k of radius p. It is easy to see (and we will show this in the next
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section anyway) that
<N p> = wdpdv

where we denote (f) := [, f(k)dk, and wq is the volume of the unit ball in R%. Many efforts have
been spent on studying the upper bounds on the remainder

Ry (k) := N,(k) = (N,),

and estimates with optimal powers of p have been obtained in dimensions d > 4; for d = 2, 3 only
non-optimal estimates are known, see [4], [3], and [9] and references therein.

The question of the size of R, also plays a very important role in the periodic problems, in
particular, in proving the Bethe-Sommerfeld conjecture for periodic Schrddinger operators, see
e.g. [8] and [6]. However, the estimates required in periodic problems are of slightly different
nature than the classical uniform upper bounds. Namely, let us introduce the following functions:

Up(p) = HRPHP = <|Rp|p>1/pa p=12;

the quantity o, can be thought of as an average deviation of N(-) from its average, and o(p) is
known as the standard deviation. We will study both upper and lower bounds of these functions,
although only lower bounds are needed for the proof of the Bethe-Sommerfeld conjecture. The
following theorem was completely proved in [6], although some partial results were obtained in
[5] (upper bound) and [8] (lower bound, the case d Z 1 mod 4).

Theorem 1.
(a) (Upper bound)
There is ¢ > 0 such that, for all p large enough, one has

d—1

o1(p) < oalp) <cp . (1.1)
(b) (Lower bound)
Suppose d # 1 mod 4. There is ¢ > 0 such that, for all p large enough, one has
d—1
o1(p) > cp'. (1.2)

Suppose d = 1 mod 4 and € > 0. There is ¢ > 0 such that, for all p large enough, one has

d—1

oi(p) > cp 2 . (1.3)

(c) (Exactness of the lower bound)
Suppose d = 1 mod 4 and ¢ > 0. There exists a sequence p,, — oo such that

d—1
o3(pn) < pn® (Inp,) 1/ (1.4)
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Using these estimates, one can prove Bethe-Sommerfeld conjecture for Schrodinger operators
in dimensions 2, 3,4 and for some other periodic operators, see [6] and [7] for details; however,
these estimates are not sufficient to prove the conjecture for Schrodinger operators in dimensions
d>5.

An immediate observation one can make from Theorem 1 is the following: if d # 1 mod 4,
then both o, and o5 have upper and lower bounds with the same power of p, whereas if d =
1 mod 4, such bounds do not exist. This makes it natural to call the cases d = 1 mod 4 the critical
dimensions. The question we want to ask is whether there are different setups where (for similar
problems) the critical dimensions take other values.

1.2. Results

This paper deals with the situation when instead of counting lattice points inside the ball, we
count lattice points inside the annuli. Thus, we introduce two parameters: p (the radius of the
annulus) and 17 = 7(p) (half-width of the annulus) which we assume to be a continuous function
of p with < p. We denote by N, (k) the number of lattice points in the annulus B(k, p,n) :=
B(k,p+n)\ B(k,p—n). Similar to the case of the ball, we have

(Npm) = wal(p +m)* = (p—n)7],

and we define
Rp,n(k> = Np,n(k) - <Npm>-

The purpose of this paper is to find estimates of the following averages of R:

Up(Pa n) = ||Rpm||p = <|Rpm’p>1/p’ p=1,2,

and, in particular, to establish which dimensions are critical. The answer will depend on how
exactly n depends on p. There are four essentially different regimes of the behaviour of #:

(1) n=cp;

(ii) n — cobutn/p — 0;
(ii1) n =< 1 (that is, n is bounded away from zero and infinity);
@iv) n — 0.

The first regime is the simplest one: here the answer is exactly the same as it is in the case of the
ball, namely, critical dimensions are d = 1 mod 4. The proof of this fact is also very similar to the
case of the ball, and we will not discuss it in detail. The other regimes are much more interesting.
In particular, in the case (ii) all dimensions are critical, and in the case (iii) critical dimensions are
d = 3 mod 4. The case (iv) is the most difficult one; we can only treat the case p = 2, and the
answer depends on how quickly 7 tends to zero. If 7 tends to zero slower than any power of p,
then the situation is similar to the case (iii), that is, critical dimensions are d = 3 mod 4. If, on the
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other hand, n =< p~7 with some positive -, then there are no critical dimensions. We would like
to mention here that in the case d = 2 and n = c¢p~!, a much more detailed information about the
behaviour of o5 was obtained in [2]. We will formulate the precise theorems in the sections where
we discuss the corresponding regimes.

The paper is organized as follows. In Section 2 we prove some technical statements which are
relevant to several regimes of 1 simultaneously. In Section 3, 4, and 5 we discuss the regimes (ii),
(ii1), and (1v), respectively.

Acknowledgement. We are very grateful to Richard Hill who took part in the early stages of
this work, but withdrew later. Some of the results of this paper were obtained with his participation.

1.3. Outline of the proofs

Denote
0 .= 7rd + 1.
4
Denote by I'* = {b € R? : ¢/@P) ¢ 27Z forall a € T'} the lattice (analytically) dual to I" and
by {e;} any fixed basis of I'*. We also put O* := R?/T*. For any vector b € R? we denote by

b = |b| its Euclidean norm. For any integrable function f : O — C we denote by

f(b) = /O FQ)eMkdk, b e T

its Fourier coeffiients.
First, we observe that o1 (p, ) and o2(p, 7) can be estimated in terms of the Fourier coefficients
as

Ry (b)] < 1(p,m) < oalpy) = (3 R2,(0) " (1.5)

bel™

Then we compute the values of the Fourier coefficients in terms of the Bessel functions of the first
kind and, using our knowledge about their asymptotic behaviour at infinity, compute the asymp-
totics of the Fourier coefficients

A d—1 da+1 d—3 da+1

Ry (b) = cp 2 b2 sin(bn(p)) sin(bp — 0) +n(p)p 2 b~ 2 O(1) (1.6)

as 7/p — 0. Now the upper bound for o,(p,n) can be easily obtained either from Parseval’s
identity (for the regime 7(p) # 0) or just simply from the upper bounds for the balls given in
Theorem 1.

It is much more difficult to get lower bounds for o(p,n). In the regimes when 1 4~ 0 the
estimate on the left hand side of (1.5) is good enough, but it will require lots of efforts to find an
element b of the dual lattice I'* giving roughly the same contribution as all other terms together.
This is due to the trigonometric term in (1.6) which should be kept away from zero. In some
regimes and dimensions, for any p we can find such b in a bounded region around zero. This
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provides a lower bound which is the same as the upper bound and so such dimensions are non-
critical for the corresponding regimes. However, sometimes a suitable b can only be found at a
distance from the origin tending to infinity together with p. This reduces the lower bound by an
arbitrarily small power of p (due to the multiple b=“% in (1.6)) and so creates a gap between the
lower and upper bound. This corresponds to critical dimensions.

For every critical dimension, we show that the gap between the lower and upper bound is not
an artifact in our proof, that is, that there are no lower and upper bounds with the same powers of
p. This is done using pigeonhole principle to find a sequence of specific p,, such that exceptionally
many of the Fourier coefficients are small. This gives a sequence p,,, for which o5(p,, n(p,)) is
essentially smaller then the upper bound.

In the regime 77 — 0, the estimate on the left hand side of (1.5) is too weak, as a single Fourier
coefficient does not give a significant contribution anymore. Because of this, we are not able to
find a suitable lower bound for o4 (p, ) and restrict our study to o5(p, 7). For the latter, we are able
to identify a sufficient number of Fourier coefficients contributing to its value, and find a lower
bound using Parseval’s identity. Similarly to the other regimes, sometimes the properties of the
conributing elements b are good enough to provide a lower bound which is the same as the upper
bound, and sometimes they are not. This corresponds to non-critical and critical dimensions.

2. Preliminary results

In this section we prove some technical statements which will be used later and which are relevant
to several regimes of 7 simultaneously. In Lemma 2 we give simple upper and lower bounds for
the norms ||R,,||1 and ||R,,||2. Since the lower bound is in terms of the Fourier coefficients and
as we will later use Parseval’s identity to further estimate ||R, ||, in Lemma 3 we compute the
asymptotics of the Fourier coefficients in terms of the Bessel functions. In Lemma 4 we study two
explicit families of functions which are closely related to computing the lengths of elements of the
lattice. Finally, Lemma 5 is one of the most important tools to prove main results of the paper. It
guarantees that the leading term in the asymptotics of the Fourier coefficients found in Lemma 3
can be kept away from zero despite the oscillating trigonometric term.

Let B(p) denote the open ball of radius p > 0 in R? centered at the origin and let x(-, p) be its
characteristic function. Then, for k € O and p > 0,

N,(k) = > x(m —k,p)

mel
and so
) = [ 3w ke pic= [ x(ie pldi = vol(B(p) = ',
O fer R¢
where w, is the volume of the unit ball in R?. Obviously, N,, = N,., — N,_, and hence

(Npw)y = (Npi) = (Nyeyy) = vol(B(p +n)\B(p —n)) = wal(p + )" = (p — 1)1

5
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So the remainder term R, ,, can be written as

Rp,n = Rp+77 - Rp—n'

Lemma 2. There is a constant ¢ > 0 such that, forall0 <n < pandb € I'*

. d—1
|R,n(b)| < o1(p,n) < oa(p,n) <cp 2.

Proof. The lower bound follows from
1Ronlls = [ 1Ryl > | [ R0 k] = 12 (0)]

To prove the upper bound, observe that according to [6, Th. 3.1] there is a constant ¢; such that
IR,||2 < c1p®  forall p> 0.

Although it has been formulated there only for p large enough, it is easy to see that it is actually
true for all p > 0 because of the continuity of ||R,|| in p and since

IR, |2 < vol(B(p))(1 — vol(B(p))) < wap™™*

for p small enough.
Using n < p, we obtain

HRPWHl < HRp,nH2 = HRPJrT] - Rpan2 < |’Rp+77H2 + HRp*nH2

d—1 d+1 d-—1 d—1
2

<20(p+n) 2z <2z2pz <cpz

for some ¢ > 0. |

Lemma 3. Foranyb € I',
d/2 d/2
; 2n(ptn) _ ( 27(p—=n) . .
R,,(b) = { g G ) Jaa(b(p + 1) ( ; ) Jap2(b(p — 1)) Z‘JfCE + g, o
L =Y,

where J,, denotes the Bessel function of the first kind.
Ifn(p)/p — 0as p — oo, then

A

2 d d—1 d+1 . . arl
Ryn(p)(b) = —2\/;(%)2/)26‘2Sm(bn(p))sm(bp—9) +np)pz b2 0(1) (22

=8
|
w
=y
—

uniformly in b € I'*\ {0}.
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Proof. Repeating the computations from [6] we have, for all b € T*\ {0},
, 2
/ N zbkdk / Z m —k p lbkdk / elbkdk — <ﬂ> Jd/2<bp)
et Kl<p b

Similarly, N,(0) = wap®. Hence

/2
(%P) Ju2(bp) ifb £ 0,
0 ifb=0.

Now (2.1) follows from &, ,(b) = R,.,(b) — R,_,(b).

(
Suppose now that lim,_.., (p)/p = 0. The Bessel function Jy/, has the following asymptotics
as x — oo (see formula (4.8.5) of [1])

Jupa{) \/g(cos(:c —9) i:(—l)”ahx% —sin(z — 0) i(_1>na2n+ll‘2nl>

n=

with ¢y = 1 and some real coefficients a;, £ > 1. The symbol o< here means that this asymptotic is
true when truncated after an arbitrary power =" of z, with the error of order O(x_k_l). Moreover,
this asymptotics can be differentiated termwise.

Let
Japa(2) = Jupa(w)y | 5 = cos(x — )

> oo
o cos(z — 0) Z(—l)nazn:ﬂ*% — sin(z — Z Vagp 1
n=1 n=0

Then Jyo(z) = O(z™') and j;;/z(x) = O(x ') as x — oo. Using (2.1) we obtain for b € T'*\ {0},

Ry () (b) = (M>d/2jd/2 (b(p+n(p))) — (M)d/2Jd/z(b(p —1(p)))

b b
- \@(2@% +1(0) % 6% (T (o + n(p))) + cos (b(p +1(p)) - 6))
2 @m0~ () T (Tiga (00— () + cos (oo — () )
2 d d—1 d+1

= -%%ﬁp2b“T(dﬂ®@+n@D—9)—w8®@—n@D—9)
+ Jap (bl +1(0))) = Jaa(blp = 1(p))) + O(n(p)/) )
= @ (2m)8p"3' 5 8 (= 2sin(bn(p)) sin(bp — 0) + 2m(p) + Tio(€(b, )
+0(n(p)/p)).
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where £(b, p) € (b(p —n(p),b(p + n(p)) and O(-) is uniform in b. Using the asymptotics for 3:/1/2
we obtain jé 19 (&b, p)) = (bp)~*O(1) uniformly in b, which completes the proof. O

Lemma 4. (1) Let uw > 0 and w be such that |w| < u. Let m € N and I > 0. For eacht > 0,
x € (0,1] and* k € Z N [1,m] denote

frw() = /(1 + 2t)2 + k2202 + 2kt (1 + at)w.

Then there is ty > 0 such that

WE

Jeae(t) =) an(k,x)t" (2.3)

Il
=)

n

on [0,ts], where ag(k,z) = 1, a1(k,z) = x + kw, and a,(k,-) is a polynomial in = of degree
exactly n — 2 for all n > 2.
(2) Let v € R and let m € N. For eacht > 0 and x € [—1, 1], denote

9z(t) = V1 + 2tx + 2.

Then there is t, > 0 such that

Ga(t) = ba(2)t" (2.4)
n=0

uniformly on [—1, 1] x [0,t,], where b,,(-) is a polynomial in © of degree exactly n for all n > 0.

Proof. (1) First, let us show that the functions fj, , (considered as functions on the complex plane)
have no singularities in the open ball of radius 1/(I + mu) around zero (which would imply the
choice of ¢;). Indeed, observe that, since |w| < u,

F2L(8) = (22 + K20 + 2kaw)t® + 2(x + kw)t + 1 (2.5)

has two complex roots
—x — kw £ ikvu? — w?

22 + k2u? + 2kxw

l1o =

and so
tio] = (2 + E*u? 4 2kzw) ™2 > 1/ (2 + ku) > 1/(I 4+ mu).

Further, using a,(k,z) = f,gr;)(()) /n! and differentiating (2.5) we obtain the required formulas
for ag and a; as well as ay(k, r) = k?(u? — w?)/2. Continuing for n > 3 we get

n—2
n n— n j n—j
2fiadll) + 20f 800+ X (1) 50007 <o
j=2

>There was a mistake here: & should not be equal to zero, othervise the polynomials degenerate.

8
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Evaluating it at zero and using induction we obtain that f,glz(O) ,5?;”(0) is a polynomial of de-

gree n — 2 and f ( ) - )(0) are polynomials of degree n — 4, which implies that f,@(O) isa

{L‘

polynomial of degree n — 2 and so is a,(k, -).

(2) First, let us show that the functions g, (considered as functions on the complex plane)
have no singularities in the open ball of radius 1 around zero (which would imply the choice of ¢,).
Indeed, since |z| < 1 it has two zeroes t; 5 = —x £ iv/1 — 22, which satisfy [t 2| = 1.

Further, using b, (x) = gg(c")( 0)/n! and differentiating g2(¢) = 1+ 2tz +t* we obtain by(z) = 1,
bi(z) = z and by(z) = (1 — z*)/2. Continuing for n > 3, we get

2.9 +Z( )gx g = 0. (2.6)

Evaluating it at zero and using induction we obtain that g (0) gl (0) are polynomials of degree
n, which implies that gg(c”) (0) is a polynomial of degree at most n

To prove that the degree of gg(ﬁn) (0) (and so of b,,) is exactly equal to n, denote its coefficient at
x" by p,. Then py = 1, p; = 1, p» = —1 and (2.6) implies the following recurrent formula for
n >3

15 O

It can be easily seen by induction that p, = (—1)"*!{p,| forn > 1 and p, # 0 as pjp,—; =
(—=1)"p;|lpn—j| forall 1 < j <mn — 1.

It remains to prove that the series representing g, (¢) converges uniformly in x and ¢. Let
qn,n € NU {0} be Catalan numbers, that is, ¢o = 1 and ¢,+; = Z?:o ¢jqn—; for n > 0. Let

us prove that |gg(6”)(0)| < 2nlg,—; forall n € N. For n = 1 we have ]gél)(0)| = |z| < 1 and for
n = 2 we have | gg(gz)(())| = 1 — 2% < 1, which imply the required formulas. For n > 3, it follows
inductively from (2.6) as

n—1 n—2
n 1 n! , .
97O < 530 5719 Ollgf 7 (0)] = 20 3 - = 2olg-r.
j=1"" ’ i=0

This implies |b, ()t"| < 2q,_1t}. Since the radius of convergence of the series D ", g,t™ is 1/4,
the series (2.4) converges uniformy in « and ¢ once t, < 1/4. O

For each = € R we denote by w[z| the distance from x /7 to the nearest integer. Observe that
w satisfies the triangle inequality and w[nz| < nwlz| forany x € R and n € Z.

Lemma S. Suppose 1 is such that

1
lim inf 1287(0) 5 2.7)
p—oo  logp
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Then for any ¢ > 0 there exists o« € (0,1/2) such that for any p large enough one can find an
element b(p) € T with the properties b(p) < p°, w[b(p)p — 0] > «, and w[b(p)n(p)] > c

Proof. Let £ > 0 be given. Without loss of generality we assume € < 1. Let m € N be such that
0< ﬁ <¢e/8, L=2m,and I = Lm + 1.

Observe that the inequality w[b(p)p — 0] > « follows from the inequality w([4b(p)p] > 4o since
0 € (w/4)Z. We will prove the statement of the lemma with the latter inequality instead of the
former.

Step 1. We start by slightly generalising the proof of Lemma 3.3 from [6]. Namely, we will find
1
a € (0,1/6), an integer valued function n(p) satisfying n(p) < p=-1 and integer-valued functions
ki(p), 0 <i < I, taking values between 1 and m such that all elements

satisfy bi(p) < %, w[Aby(p)p] > 8
Foranyn € Nand k € ZN[1, ] the length of the vector ne; + ke, is given by
By(

(k) = \/n2|e1\2 + k2|es|? + 2nk(eq, es).

Denote Bv(@l)(k) = By(k+1) — By(k), k € ZNn[l,m — 1], and, forall 2 < ¢ < m — 1,
B (k) = BV V(k +1) — BV (k), k € [1,m — i]. Slightly adjusting the proof of Lemma 3.3
from [6], we obtain that

B Y1) = An* (14 0(n ™)),

n

where A # 0. Define

n(p) = L(8|Alx~tp)7=2 ], (2.9)

where |- | denotes taking the integer part. Then, for each 0 < i < I,

4By D (D)l = 7/2 + o(1)
as p — 00, so that

w[4B{ D(1)p] = 1/2+ o(1). (2.10)

Now let a be such that 2"?a < 1/4, which in particular implies @ € (0,1/6). For each 1, if
WABu(+i(k)p] < 8a forall k € Z N [1,m] then w[4B[ (1)p] < 2"~'8a < 1/4, which
contradicts (2.10) for p large enough. Hence for each i and p there is k;(p) € Z N [1, m] such that
w[4Bnp)+i(ki(p))p] > 8a and so the elements b; defined in (2.8) satisfy w[4b;(p)p] > 8a. The
estimate b;(p) < p/? follows from —L> < £/8 < £/3.

Step 2. Denote u = |e;|/|e;] and w = (eq, e3)/|e;|*. Obviously, |w| < w.

10
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Let k € Z N [1,m] be fixed. For any n € N, let hy, : [0, I] — R be defined by
hin(z) = |(n+ x)er + key| = |er|nfro(1/n),

where fy , is defined in Lemma 4. That lemma implies that, for all n > 1/t #, one has

P (2 |e1\Zal (k,z)n' (2.11)

Let 0 <] < Landlet0 < x5 < --- < 2 < [ be some integers. Let us consider
Z;:O ¢;hi.n(x;) and choose integer coefficients c¢;, 1 < j <[, in such a way that the first /+2 lead-
ing terms in the decomposition with respect to the powers of n disappear. To do so we use (2.11)
to get

l oo l
Z thk,n(xj> = |91| Z nl_Z Z cjai(k‘, I’j).
§=0 i=0 =0

Equating the first [ 4 2 coefficients to zero, we obtain the linear system

!
chazkxj 0, 0<1<Il+1
7=0

of [ 4+ 2 equations in [ + 1 variables. According to Lemma 4, it is equivalent to the linear system

Y eai=0,  0<i<I-1,

Jj=0

of [ equations in [+ 1 variables. Since the system has integer coefficients, it has an integer non-zero
solution ¢;j(x), 0 < j < [, where x = (xo, ..., z;). Moreover, since a;42(k, -) is a polynomial of
degree [, we have

l

Zc] x)apa(k, x;) =: C(k,x) # 0.

7=0
This implies

!
Z cj(2)hpn(z;) = le1|C(k,z)n "t +o(n™'71).

J=0

Observe that this asymptotics is uniform in [, x, and k as they can take only finitely many values.
Hence

Min= < ’ch Vhon(@)| < Mgn™—, 2.12)

jf

11
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for all [, x, and k, with some constants M7, My > 0.

Step 3. Now we will show that there is i(p) € Z N [0, I] such that w{b;(,) (p)n(p)] > p~</3.
First, let us choose [(p) € Z N [0, L] in such a way that it satisfies
e l(p)+1 e
pt < pm ez n(p) < pmlt. (2.13)
This is equivalent to

log n(p)
log p

By the assumption on 7 and since it is bounded by p from above, we have

lp) +1 _ logn(p)
m — 2 log p

+e¢/8< + /4.

1
og(p) >0 and lim sup

logn(p) _
p—oo logp p—oo logp

Now the existence of [(p) for all p large enough follows from —— < ¢/8 and £, = 2141 > 9 >

1 +e/d. "

Second, since I = Lm + 1, by the pigeonhole principle there are integers 0 < zo(p) < -+ <
Typ)(p) < I such that all k,,(,)(p) are equal, 0 < 7 < [(p). Denote the corresponding value by
k(p). Using uniform bound (2.12), formula (2.9), and estimate (2.13) we obtain

i(p)

T _Up)t1 e
10| D i@ o) rioynie (w5(p))| > Min(p) ™ (o) = p~ 5 () > /"
j=0
On the other hand, by (2.12)
< —1(p)—1 —Up)tt —e/8
12% Wit 5 (0))| < Man(o) O n(p) = o~ 555 () < o0 < 1/2
and so
(p)
w [n(p) > (@) Proy i) (x5(p)) | > Map™/* (2.14)

J=0

with some constant M3 > 0 for all p large enough.
Third, assume w(b;(p)n(p)] < p=¢/3 foralli € ZN[0,I]. Fori € {xo(p),. ...,z (p)} we
have

Wlhi()n(p) (D)0(p)] = [bi(p)n(p)] < p~/°.

By the triangle inequality and using the fact that all ¢;(x) are integers we then obtain

L(p) 1(p)
[ ¢ (€(p) Py (o) (5 (p ] < Z |cj(z |W[hk n<p>(l‘j(p))77(p)] < Myp~/?,

j=0

12
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where M, = 2sup, 2220 |cj(x)]. It remains to compare this to (2.14) to get a contradiction.

Step 4. Let us now construct an element b(p) with the required properties.

If wlbiy)(p)n(p)] > o then we can take b(p) = by, (p) since by, (p) < p/* < p° and
w4bi(p) (p)p] = 8ar > 4ar.

Suppose w(b;(, (p)n(p)] < a. Define

q = [3awbi,) (p)n(p)] '] < 3ap™/?, (2.15)

where the inequality follows from the Step 3. Since

qw (i) (P)n(p)] < 3 < 1/2,

we have

wlgbi(p) (P)n(p)] = qw(bipy (P)n(p)]
> (3awlbi() (P)n(p)] ™" = V)wlbiy) (p)n(p)] > 3a — a = 2a. (2.16)

If wl4gbi,)(p)p] > 4o then we can take b(p) = ¢b,)(p). Indeed, by (2.15) and since
bi(»(p) < p*/? according to Step 1 we have

b(p) = qbi(p)(p) < 3ap™’® < p*

if p is large enough, w[4b(p)p] > 4« follows from the assumption above, and w[b(p)n(p)] > «
holds by (2.16).

Suppose w[4qb;(,)(p)p] < 4. Then we take b(p) = (¢ — 1)b;(,)(p). The bound b(p) < p°
holds by the same argument as above. The estimates

w[4b(p)p] = w(4bi(p)(p)p — Agbi(e) (p)p] > B — da = da
wb(p)n(p)] = wlabip) (P)n(p) — by (P)n(p)] > 20 —a =«

follow from the triangle inequality, (2.16) and the assumptions above. o

3. Annuli of bounded width

In this section we consider the case when 7 is bounded away from zero and infinity (although one
of the results is proved in a more general setting). It turns out that o (p,n) and o5(p, n) behave
differently depending on whether d = 3 mod 4 or not. In the case d #Z 3 mod 4 the precise
asymptotics is computed in Theorem 7, as in such dimensions the trigonometric term appearing
in the asymptotics of the Fourier coefficients can be easily kept away from zero (see Lemma 6).
In the case d = 3 mod 4 controlling the trigonometric term becomes more difficult (this is done
using Lemma 5), which results in an upper and lower bound becoming different and not delivering
a precise asymptotics. Moreover, it turns out that such an asymptotics does not exist as the norms
behave differently along subsequences. Hence the dimensions d = 3 mod 4 are critical and we
study them in Theorem 8.

13
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Lemma 6. Assume 1) < 1 and d # 3 mod 4. Then there are positive constants cy, co such that for
all p > 0 there is b(p) € I'* satisfying b(p) < ¢, and

[sin(b(p)n(p)) sin(b(p)p — 0) > ca.

Proof. Let us first prove that there are two vectors by, by € I'* such that b; /b, ¢ Q. Suppose
this is not true. Then, without loss of generality (by rescaling the lattice), we can assume that the
numbers |e;], |es|, and |e; + e,| are integers. Thus,

_ ler t et —ed* — |esf?

(€1,e9) = 5 € Z.

This implies that any a(n) = ne; + e, satisfies |a(n)|* € Z. Since |a(n)| € Q this implies
|a(n)| € Z. On the other hand,

<817e2> ‘61|2|82|2 - <81,‘32>2

— 2 2 2 2 fd
()| = v/i¥le + Tea? + 2nfer, ea) = nler| + 20 20en?

+o(1/n)

as n — oo. Since e and e, are not collinear, the coefficient in front if the term of order 1/n is
non-zero. This contradicts |a(n)| being integer for all n.
Let now by, by € I'* be such that by /by ¢ Q. We will show that, for any p > 0, we may choose
b(p) to be one of the four points by, bs, 2by, 2bs, so we choose ¢; to be larger than max{2b, 2b, }.
Since by /by ¢ Q, we have

|sin(2b1x)| 4 [sin(2boz)| # 0 for all x # 0.
As 7 takes values in a compact interval not containing zero, there is a constant ¢; > 0 such that
sin(2b1m(p))| + [sin(2b2n(p))| > ¢4 for all p > 0.

Hence for any p, there is i(p) € {1, 2} such that

|sin(2b;(,)n(p))| > ¢1/2.
Using the double angle formula, we obtain

sin(bion(p)]| > &1 /4.
On the other hand, since 6 # mm, we have

|sin(z — 0)| + |sin(2z — )| # 0 forall x € R.

Since this is a continuous periodic function, it is bounded away from zero by a constant ¢, > 0 and
SO

|Sin(bi(p)p — 9)| + ‘Sin(Qbi(p)p — 9)| > (.
Hence we have for either b(p) = b;(,) or b = 2b;),
sin(b(p)p — 0)] > &2/2.

The result follows with ¢y = ¢,¢5/8. O

14
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Theorem 7. Assume n(p) < 1 and d # 3 mod 4. Then

a1(p.n(p)) = a2(p.0(p)) < p'7 .

Proof. The upper bound follows from Lemma 2. To get the lower bound, observe that  # 7m as
d # 3 mod 4. Hence for each p we can pick b = b(p) according to Lemma 6. Then by Lemma 3
A d=1
[ Rpn(p)(b(p))| > cp =,
since the trigonometric part of the first term on the right hand side of (2.2) is bounded away from

zero by Lemma 6 and the second term is then negligible. The lower bound follows now from
Lemma 2. ]

In the following theorem, the condition 1 < 1 is replaced by a weaker condition: 7(p) does not
have to be separated from zero but should not approach it too fast.

Theorem 8. Assume 1 satisfies (2.7) and is bounded from above, and d = 3 mod 4.
(1) For any 6 > 0, there is a positive constants c such that for all p sufficiently large

d—1__

p T 0 < a1 (p,n(p)) < oalp,n(p)) < cp'T .

(2) There is a sequence p, — oo such that

1

loglogpn)de(l) a1

d—1
_ 5
UQ(,Onvn(pn)) Pn < logpn

that is, o1 (p,n(p)) # p*7 and o5(p,0(p)) # p'7 -

Proof. (1) The upper bound follows from Lemma 2. To get the lower bound, observe that since
d = 3 mod 4 we have § = mm for some m € Z. Without loss of generality we assume that § < 1
and let 0 < ¢ < -22. For each p, we pick b = b(p) according to Lemma 5. It follows from

dri-
Lemma 3 that

A 2 d d-1 d+1
2

Rpm(p)(b(P)) = —24/—(2m)
+n(p)p"® b(p)~F O(L).

The trigonometric part of the first term on the right hand side is bounded away from zero by
Lemma 5 and the second term is then negligible. This, together with the estimate b(p) < p°,
implies that there is a constant ¢; > 0 such that for p large enough

d—1_ _d+1 d=1_g

‘Rpm(p)(b” >ap T E >p

The lower bound follows now from Lemma 2.

15
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(2) The existence of such a sequence p,, follows from the argument in the proof of Theorem 3.1
in[6]. Letn € Nand M,, = {b/(27) : b € T*,0 < b < n}. Lemma 3.4 from [6] states that for any
set of reals {a, ..., a,,} and any Q € N there are integers py, . .., p,, and ¢ with Q < g < Q™!
such that |o;q — p;| < Q! for all 7. We apply this lemma to the set M,,. So for Q = \/n there is a
natural number p,, such that

#Mn+1

n% <p,<n 2 (3.1)

(by # we denote the number of elements in the set) and
|sin(bpn)| < |sin(2rn~Y?)| < 27n~1/2 forall b € I'" with b < n. (3.2)
Since 7(-) is bounded from above, it follows from Lemma 3 that there is a constant ¢; such that

R (b) < erp? b4 sin?(bp) + ¢ p?3p 74!

p.m(p)

for all sufficiently large p and all b € T'*\{0}. Using Parseval’s identity and (3.2) we obtain, for
all n large enough,

||an n(pn) ||2 Z an n(pn) Z Pns n(pn Z an n(pn

bel™ bel™*,0<b<n bel* b>n
d—1 —d—1 ;2 d—1 d-3 —d-1
< ciph g b sin?(bpy,) + c1pt? E b~ + c1pl g b
bel™,0<b<n bel™* ,b>n bel*\{0}
d-1, —1 d—3 d-1, —1
< copy T Hcpy < cspy mT, (3.3)

with some positive constants ¢, c3 since p, > /n by (3.1).
Finally, we use the second of the inequalities (3.1) and the estimate
¢4 > 0 to obtain

EMutl < (¢4n)? with some

log pn, < (can)?logn (3.4)

for all large n. Consider the function f(z) = ¢,z(logz)a. It is easy to see that its inverse satisfies
f(y) = ¢;y(log y)_é(l + 0(1)) as y — oo. Using (3.4) and the monotonicity of f for large
values of the argument we obtain

- 1 logpn %
> (o) = (222 ) oq
n> [ (g o)) = (1 0e ) O
for large n. Combining this with (3.3), we arrive at

loglog py, \ 2
0 st (Blosre) g
|| pnnpn ||2 logpn ( )

for all large n. This completes the proof. O
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4. Annuli of width tending to infinity

In this section we are mainly interested in the case when 7(p) — oo and 7(p) = o(p), although
the theorem below is proved for a slightly more general case. It turns out that in that case all
dimensions are critical.

Theorem 9. Assume limsup,_, ., 1(p) = oo, 1(p) = o(p), and n satisfies (2.7).
(1) For any 6 > 0, there is a positive constant c such that for all p sufficiently large

d—1__

d—1
pz " <ailp.lp)) < oalp.n(p)) <ep= .
(2) There is a sequence p, — oo such that

d—1

o2(pns1(pn)) = pn* o(1),

that is, o1 (p,n(p)) # p*7 and o5(p,n(p)) # p'= -

Proof. (1) The upper bound follows from Lemma 2. To get the lower bound, let ¢ < % and, for
each p, pick b = b(p) according to Lemma 5. It follows from Lemma 3 that

. 2 a4 d—1 _dtl :

Ry (b(p)) = =24/ —(2m)2p 2 b(p)™ = sin(b(p)n(p)) sin(b(p)p — )

d—3 _d+1
2

+n(p)p 2 b(p)” = O(1).

The trigonometric part of the first term on the right hand side is bounded away from zero by
Lemma 5 and the second term is then negligible. This, together with the estimate b(p) < p=,
implies that there is a constant ¢; > 0 such that for p large enough

» d—1_ _d
|Rpm(P)| >c1p 2 52 >p2
The lower bound follows now from Lemma 2.

(2) The existence of such a sequence p,, is proved similarly to Theorem 3.1 in [6]. Letn € N
and M,, = {b/(27) : b € I'*,0 < b < n}. Lemma 3.4 from [6] states that for any set of reals
{ay,...,q,,} and any Q € N there are integers py, . . ., p, and g with Q < ¢ < Q™! such that
l;q — pi| < Q! for all 7. We apply this lemma to the set M,,, choosing the corresponding natural
numbers (), in such a way that (),, — oo. Then, for each n, there is a natural number ¢, > @,
such that

|sin(bg,)| < |sin(2rQ; )| < 27Q;" forallb € I with b < n. 4.1)

Since 7 is continuous and limsup,_ ., 7(p) = oo, for all n large enough there is p, such that
n(pn) = ¢n. Obviously, p,, — .

17
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It follows from Lemma 3 that there is a constant ¢; such that
R} ) (b) < c1p™ b= sin® (by(p)) + can(p)*p* 074!

for all sufficiently large p uniformly in b € T*\{0}. Using Parseval’s identity and (4.1) we obtain,
for all n large enough,

Hann (pn) H2 Z an n(pn Z pnm(pn) Z ann (pn)

bel™ bel™*,0<b<n bel*,b>n

<apyt Y b sin®(bn(pa)

bel™*,0<b<n

teptt Y v s an(p)et Y !

bel*,b>n bel*\{0}
< ept Q0T +n(p)?/p?) = pio(1),

with some positive constant cs. O

5. Annuli of width tending to zero

In this section we study the case when 7(p) tends to zero. In this regime, we are only able to deal
with o2(p, 7). We prove an upper bound for it in Lemma 10 and then show in Theorem 11 that
the dimensions d # 3 mod 4 are non-critical. Then in Theorem 13 we prove that the dimensions
d = 3 mod 4 are critical if 1 goes to zero slowly, but these dimensions are non-critical, if 7 goes
to zero sufficiently quickly.

Lemma 10. Assume n(p) — 0 as p — oo. Then there is a positive constant ¢ such that for all p
large enough

d—1 1
a2(p,n(p)) < cp 2 n(p)?.
Proof. It follows from Lemma 3 that there is a constant ¢; such that
R} ) (b) < c1p® ™" sin® (b (p) + cin(p)*p* 2670

Using Parseval’s identity and the inequality | sin(z)| < |z| we obtain

||RP7”(P)||§ - Z Rim(p)<b) = Z Ri,n Z an (0 (P

ber* bel*,0<b<1/n(p) ber* b>1/1(p)
< C1Pd_177(;0)2 Z pd+l 4 Clpd—l Z p—d-1 4 C1;0d_377(p)2 Z p—d-1
bel™*,0<b<1/n(p) bel™*,b>1/n(p) bel*\{0}

= cp"'(p) + cap™Pn(p)*.
The observation that 7(p)? = o(n(p)) completes the proof. O
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Theorem 11. Assume 1n(p) — 0 as p — oo and d # 3 mod 4. Then

l\?\»—\

2(p,1(p)) = p°F n(p)?.

Proof. The upper bound follows from Lemma 10. To prove the lower bound we use the fact that
d # 3 mod 4.
It follows from Lemma 3 that

A 8 de1 . o4
RS oy () = —5(2m)p 107 sin® (b (p)) sin*(bp — 6) — p* 26~ (p)O(1)

uniformly in b € I'*\{0}. For all b € I'*\{0} satisfying b < 1/n(p) we have |sin(bn(p))| >
1bn(p). Hence

“ 2 o
R ) (b) = W_(Q”)d p oM (p)? sin®(bp — ) — p* b~ (p)O(1)

uniformly for those b.
Since d # 3 mod 4 we have 6 # mm for any m € Z and so

sin?(x — 0) + sin®*(2x — 0) # 0 forall z € R.

Since this is a continuous periodic function, it is bounded away from zero.
Using Parseval’s identity we get

||Rf”7 P)H? Z an p) 2 1/2 Z (‘f{i,n(p)(b) + fgi,n(p)(zb»

bel'™* bel™*,0<b<1/n(p)

= ) () S (b sin (b — ) + (D) sin® (2bp — 6)) — pn(p)O(1)

bel™,0<b<1/n(p)

> 212 p Iy (p)* Y b (sin® (bp — 0) + sin®(2bp — 0)) — o(p" " n(p))
bel™,0<b<1/n(p)

> cptin(p)® Y 0 —o(p"nlp))

bel™*,0<b<1/n(p)
> cop”(p) = o(p™ '(p)),
which some positive constants ¢y, ¢s. O

For each o € (0,1/2) and r > 0, denote

Bu(r,p) ={ael™:r <a<2randwlap] > a}.

Lemma 12. Let r be a function of p such that, as p — o0, either r(p)p~" — oo for all vy or
r(p) < p? for some v > 0. Then there is a € (0,1/2) and ¢ € (0,7 /4) such that

#Ba(cr(p),p) =< r(p)".
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Proof. For each a € (0,1/2), ¢ € (0,7/4) and m € N, denote

Aaem(p) ={aeI™ :er(p) < a < 2cr(p) and at least one of the points a + ke;,0 < k < m,
satisfies w(|a + kei|p] > a}.

It is sufficient to show that there are parameters o € (0,1/2), ¢ € (0,7/4) and m € N such that
#Aacm(p) < 1(p)?.
Denote § = {21 ¢ [—1,1]. Compute

laf le1]

la+ key| = \/a? + 2kale1|0 + k2|e 2 = age(klei|/a) = Zb (ki |e1|'a’ ",

according to Lemma 4.
Putm = 1ifr(p)p™" — oo forally >0and 1/y <m < 1/y+ 1if r(p) < p". Consider

> crlat kel =) a T bi(0)|er| ) k!
k=0 =0 k=0

and choose the coefficients ¢;, 0 < k£ < m, in such a way that the first m leading terms in the
decomposition disappear. To do so, we need to solve the linear system y ;- ,cxk' = 0,0 < i <
m — 1, of m equations in m + 1 variables. Since the system has integer coefficients it has an integer
non-zero solution ¢, 0 < k < m. Moreover, since the Wandermonde matrix is non-degenerated,
we have

m

|e1|chkkJm = C #0.
k=0
We have
pY crlatke|=p> aTbi(0)ed] D cxk’
k=0 i=0 k=0 (5.1)

= Cpa' b, (0) + O(pa™™) = Cpa'~"b,,(0) + o(1),

where the remainder estimate is uniform in 6.

Let a > O besuch that o))" |cx| < 1/8.

If all points a + ke;, 0 < k < m, satisfy w[|a + kei|p] < « then by the triangle inequality and
since all ¢ are integers one has

w[pzck|a+ k:e1|] <Y lexlwlla+ keilo] < 1/8.
k=0

k=0

Hence it suffices to show that there is ¢ € (0, 7/4) such that

#{aEF* r(p) < a < 2cr(p [ ch\a+k‘e1|} > 1/8} = r(p)?,

k=0
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which, according to (5.1), would follow from
#{a €T :cr(p) < a < 2cr(p),w[Cpa' by, (0)] > 1/4} = r(p)?.
Obviously, the condition w[Cpa'~™b,,(0)] > 1/4 is equivalent to

mn+ /4 < Cpa' b, (0) < ™n + 3mw/4 for some n € Z. (5.2)

Since b, is a polynomial of degree m > 1 it is non-constant and so we can assume without loss
of generality (as we can reflect it with respect to the coordinate axes, if necessary) that there are
intervals [p,q] C [—1,1] and [P, Q] C (0,00) such that b,, : [p,q] — [P,Q)] is an increasing
bijection. Denote by b.! the inverse of b,, from [P, Q] to [p, q|.

Observe that (5.2) follows from the set of conditions

m(n+1/4)a™! m(n+ 3/4)a™ !

/m(n+1/4)am! _/m(n+3/4)am™!
b ( o ) <f<b ( e ) (5.3)

Let us denote by S the set of points satisfying (5.3). We need to find a lower bound for #(SNT™).
Let us also denote by S the set of points satisfying

m(n+1/4)a™! m(n+3/4)a™!

o > P, o < Q,
_y(m(n+2/5)a™! _y(m(n+3/5)am !
b ( cr ) <0< ( e ) (5.4)

A little thought shows that S is a subset of S ; moreover, the distance from each point of S to
the complement of S is at least diam(QO*) (for large enough p). Therefore, a standard covering
argument implies that

vol(S)
SNI™) < .
7 )< vol(O¥)
Now let us estimate the RHS of (5.5). For each a such that cr(p) < a < 2cr(p) the number
M (a, p) of admissible integers n (i.e. integers n satisfying the first two conditions in (5.4)) can be
estimated by

(5.5)

M(a,p) > 77 (Q — P)Cpa'™™ = 3/2 > 7= (Q — P)Cp(2¢r(p))' ™™ —3/2.  (5.6)

If m # 1/~ + 1 then we pick any ¢ € (0,7/4). Since the expression in the right hand side of (5.6)
tends to infinity with p, there is x; > 0 such that M (a, p) > k1pr(p)=™. If m = 1/v + 1 we pick
c € (0,7/4) so small that M (a, p) > 1.

Each admissible n gives an interval of values of € via the last inequality in (5.4), and by the
mean value theorem there is a constant x; (depending only on the polynomial b,,) such that the
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lengths of all those intervals are bounded below by x;p~'a™~!. Each such interval corresponds to
belts of widths greater than ryp'a™ — oo (with some x5 > 0) on the sphere of radius a. The
total width of all belts is bounded below by M (a, p)rop~ta™, and thus is bounded below by k37
for some k3 > 0. This implies that the admissible area of each sphere of radius a is proportional
to the area of the sphere, and so the admissible volume of the annulus cr(p) < a < 2cr(p) is
proportional to the volume of the whole annulus. Thus,

vol(8) = r(p)*,

which completes the proof. O

Theorem 13. Assume 1n(p) — 0 as p — oo and d = 3 mod 4.
(1) If n(p)p” — O forall v > 0 orn(p) < p~7 for some v > 0 then

NG

oa2(p,n(p) = p°T n(p)?.

(2) If n(p)p” — oo for all v > 0 then for any 6 > 0 there is a positive constant c such that for
all p sufficiently large

If

(o) (52 )Loo as p— oo (57)

then there is a sequence p,, — oo such that

d—1

72(pns1(pn)) = pu® n(pa)zo(1),

. d—1 1
that is, 05(p,1(p)) # pT 1(p)?

Proof. Observe that the upper bound in both statements has been proved in Lemma 10, and the
lower bound in (2) has been proved in Theorem 8, as its assumption (2.7) is satisfied. So it suffices
to prove the lower bound in (1) and construct a sequence p;,.

(1) Since d = 3 mod 4 we have § = mm for some m € Z. It follows from Lemma 3 that, for
some constants ¢y, ¢y > 0,

R2, (b)) > c1p™ b sin® (bn(p)) sin® (bp) — c2p™ 2~ 1(p)
uniformly in b € '\ {0}.

Let (p) = 1/n(p). By Lemma 12 there is o« € (0,1/2) and ¢3 € (0,7/4) such that
|B.(csr(p), p)| =< r(p)?. Observe that for any b € B,(c3r(p), p) we have 0 < c3 < bn(p) <
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2c5 < /2 and so sin(bn(p)) > 2bn. Further, any b € B, (csr(p), p) satisfies w(bp] > « and so
sin?(bp) > ¢4 for some ¢, > 0. Using Parseval’s identity we obtain

HRPW(P)Hg = Z Rz,n(p) (b> > Z ﬁg?),n(p) (b)

bel™ beBa(car(p),p)

>csp™n(p)? D b = pn(p)O(1)

beBa(csr(p),p)
> cop® Mn(p)” Y b —o(p" M n(p))

bel™ car(p)<b<2c3r(p)
> crp'n(p)?r(p) + o(p™ 'n(p)) = czp™ 'n(p) + o(p* 'n(p))

with some positive constants cs, cg, 7.

(2) Consider the sequence p,, constructed in Theorem 8. Since its assumption (2.7) on 7 is
satisfied we have

a1 rloglog py, \ 34 1 1
Rptontllz = pn® (S5 225) % 0(1) = pu i) o(1)

due to (5.7). O
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