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ABSTRACT. The Falconer conjecture says that if a compact set in R? has
Hausdorff dimension > g, then the Euclidean distance set A(E) = {|z — y| :
z,y € E} has positive Lebesgue measure. Mattila showed that this result
would follow from proving that there exists a Borel measure p on E such that

2
I <f5d_l |ﬁ(tw)\2dw> t?=1dt < oo provided that the Hausdorff dimension
of E exceeds g. In this paper we prove that this estimate holds on average. We

also use average variants of the Falconer conjecture to deduce corresponding
discrete analogs for the asymptotic version of the Erdos distance problem.

Introduction

Let E C [0, l]d, d > 2. The well-known conjecture of Falconer says that if the
Hausdorff dimension of E exceeds £, then the distance set A(E) = {[z —y|: 2,y €
E} has positive Lebesgue measure.

The initial result in this direction was proved by Falconer ([Falconer86]) who
showed that A(FE) has positive Lebesgue measure if the Hausdorff dimension of
E exceeds %. This result was later improved in all dimensions by Bourgain
([Bourgain94]). The best known result in the plane is due to Wolff ([Wolff99])
who proved that A(F) has positive Lebesgue measure provided that the Hausdorff
dimension of F is greater than %.

Mattila developed the following beautiful approach to the Falconer distance
problem. See, for example, [Wolff02], for a thorough description. Also, see the
outline in the section entitled ”Basic Idea” below. Mattila proved that it suffices
to show that if the Hausdorff dimension of FE is greater than %, then there exists a
Borel measure on F such that

(*) /1 h ( /S ﬁ(tw)|2dw>2td1dt < .
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In this paper we show that (x) holds on average in the context of studying
distance sets with respect to suitable perturbations of the Euclidean metric. Our
main result is the following.

THEOREM 0.1. Let E C [0, 1]d be a set of Hausdorff dimension greater than g.
Let K, 0 denote the ellipsoid with eccentricities ay,as,...,aq, 1 < a; < 2, rotated
by O € SO(d), and let Ay 0(E) denote the corresponding distance set. Then

i) () holds on average in the sense that

o) 2
(0.1) / / / ( / |ﬁ(twa,o)2dw) t* Y dtdadHy < oo,
s0(d) J[0;1)¢ J1 Sd—1

where dHg is the Haar measure on SO(d) and wq o denotes standard coordinates
on the ellipsoid = + - - - + 24 = 1 rotated by O € SO(d).
1

a?

i1) Let K be any boundeofli convex set symmetric with respect to the origin such
that the boundary OK is smooth. Suppose that the Hausdorff dimension of E is
greater than 1. Then the Lebesgue measure of Ayi (E) is positive for almost every
a € [1,2]%, where aK = {(ayx1,...,aq2q) : € K} and Ag(E) = Ulz = yllg -
z,y € K} where ||z]| = inf{t : z € tK}, the distance induced by K.

i11) Let K = By, the unit Euclidean ball. Suppose that the Hausdorff dimension
of E is greater than 2. Then A,k (E) contains an interval for almost every a €

1,2)%

As we shall see below, Part ii) is sharp in the sense that for each o < 1 there
exists E C [0,1]% of Hausdorff dimension o such that Aq,0(FE) has measure zero
for every (a,0) € [1,2]* x SO(d). Both Part ii) and Part iii) rely heavily on ideas
of Solomyak ([Solomyak98]), and Peres and Schlag (PeresSchlag00).

Part i) is a generalization of the two-dimensional version proved in [HofIos03]
using similar methods, though the geometry of higher dimensions is considerably
more complicated.

Application to the Asymptotic Erdos Distance Conjecture. The clas-
sical Erdos Distance Conjecture says that if S C R? and #S = N, then for every
€ > 0 there exists C, > 0 such that #A(S) > C.N7~¢. See [PA95] and references
contained therein for the history of the problem and statements of known results
in various dimensions. In analysis applications (see e.g. [IKP99], [IKTO01]), the
following variant often arises:

AsympTOTIC ERDOS DISTANCE CONJECTURE. Let A C RY be separated in
the sense that |a —a'| > ¢o > 0, a # d’, and well-distributed in the sense that every
cube of radius Cy > 0 contains at least one point of A. Let

(0.2) Ap=AnN[0,R)“
Then for every € > 0 there exists C. > 0 such that
(0.3) #A(AR) > C.R*°.

We first repeat the observation made in [Hoflos03] and [IoLa2003] that the
Falconer Distance Conjecture implies the Asymptotic Erdos Distance Conjecture.
We shall then see that Theorem 0.1 implies that if A is a well-distributed set in R?
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then for every € > 0 there exists C. > 0 such that #A,x(Ag) > C.R%~< for almost
every a € [1, 2}d, if 0K is smooth.

We start out with the following construction due to Falconer. Let ¢; be a
sequence of positive integers such that ¢; > 1 and ¢;+1 > ¢!. Let

_d
(0.4) By ={ze[0,1]":3pe0,¢]"NZ% so that [z — pr/ai| < q; "}

where z = (z1,...,24), p = (p1,--.,pd), and 0 < s < d. A standard argument (see
e.g. [Falconer85], Theorem 8.15) shows that the Hausdorff dimension of £ = NE;
is s. (Note that the argument in Falconer’s book is one-dimensional, but the same
argument works in higher dimensions). On the other hand,

@l

(0.5) MAE)) S G °

where X\ denotes the Lebesgue measure, since #A([0, qi]d NZ4%) < ¢? due to the fact
d

0<n?+- - +n2<dg. Since ¢?q; ©° — 0as ¢ — oo for s < %, we see that the
standard Falconer Distance Conjecture cannot hold for s < g.

However, if the Euclidean distance is replaced by an arbitrary distance, all
we can say is that #A([0,q]* N 29) < q¢ since the integer lattice is translation
invariant. In particular, it follows that for the above construction, A, o(E) has
zero Lebesgue measure for every (a,0) € SO(d) if the Hausdorff dimension of E is
smaller than 1.

Now let E; be defined as above with Z? replaced by a well-distributed set
A. Using the proof of the aforementioned Theorem 8.15 in [Falconer85] one can
check that the Hausdorff dimension of £ = NE; is still s. Now suppose that
#A(Ag,) < Riﬂ for a sequence of {R;} going to infinity. Rarify this sequence, if

necessary, so that it satisfies the conditions on the sequence {g;} above. Thus we
_d
may assume that #A(A,,) < ¢7. Tt follows that M(A(E;)) < ¢Pq; = If B < 2, we
_a
can find s > % so that q;-BqZ- * — 0 as ¢; — oo. This would say that the Lebesgue
measure of A(E) is zero even though the Hausdorff dimension of E is greater than
%. This is impossible if the Falconer Distance Conjecture is true. Thus Falconer
Distance Conjecture implies the Asymptotic Erdos Distance Conjecture.

We now state the following consequence of Theorem 0.1., Part ii).

COROLLARY 0.2. Let A be a separated well-distributed subset of R, Suppose
that K is a bounded symmetric convex set with a smooth boundary. Then for every
€ > 0 and almost every a € [1,2]", there ewists C. > 0 such that #A.x(AR) >
C.Ri~«.

The proof of Corollary 0.2 follows directly from the argument in the preceding
paragraph. We also note that Corollary 0.2 is sharp, at least up to the factor of
C.R¢. To see this, take A = Z%. Since the lattice is translation invariant, there is
no harm in just counting the number of distances in Agr to the origin, which, of
course, cannot exceed RY.

Observe that this is a stronger result than what can be obtained point-wise. If
A =74 then it is clear that #A(Agr) < R?, and, in fact, the same lower bound
also holds, up to logarithms in lower dimensions. This is the same dichotomy we
encountered for the average version of the Falconer distance problem where the
d

point-wise result cannot hold if the Hausdorff dimension of E is smaller than 3,
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whereas the average version over ellipsoids (Theorem 0.1 Part ii)) holds as long as
the Hausdorff dimension of E is greater than 1.

Acknowledgements. The authors wish to thank the anonymous referees to
precise and helpful suggestions that significantly improved this paper. The second
author wishes to thank Wilhelm Schlag for a helpful conversation.

Basic reductions

Let dvy denote the measure on Ak (E) defined by

(1.1) [ ) = [ [ 1z = slldut)dnto)

where dyu is the Frostman measure on E. Recall that the Frostman measure is a
probability measure such that p(Bs(zo)) < 0%, for any « less than the Hausdorff
dimension of E. See, for example, [Wolff02] for a proof that such a measure always
exists. Here, and throughout the paper, a < b means that there exists a positive
constant C such that a < Cb. Similarly, a ~ b means that a < b and b < a.

In order to prove that the Lebesgue measure of Ak (E) is positive, it suffices to
prove that 7 € L?(1, 00) since Plancherel would then imply that v is an L? density,
i.e the Lebesgue measure times an L? function whose support contains A (E). Let
0 be a smooth cutoff function supported in [1/2, 4], identically equal to 1 in [1,2],
with > 3(2%-) = 2. Thus it suffices to prove that

(1.2) 3 //S e2ritllla=sllc =11~/ 1x) gy, * B(2~"4)dt < oo,

k,k",n ko k!
where dp* = dp(z)dpu(y)du(z’)du(y’) and
(1.3) Sk ={(z,9,2',¢/) € EXEXEXE: [lx =yl = 275 ||l — ¢/|[x = 277},

Integrating in ¢ we obtain,

(1.4) 2" B ([l = yllx = ll2" = ¥l x))dn
Spwt

It is not difficult to see that we may take k =~ k', and k < n/100, since
pxp({(x,y) [z =yl $277}) <27, It is worth noting that the only property
of 3 that plays an important role here is that it decays rapidly away from a fixed
neighborhood of the origin. This is a general property of Fourier transforms of
smooth compactly supported functions. See, for example, [Sogge93], for this and
similar integration by parts arguments.

Thus we are led to study the following object:

(1.5) > B (1 =yl — 12’ — ¥l ))du

kack/<n 100 Y Skk!

We remark that the expression (1.5) is quite natural. In order to obtain good
estimates on the integral above, one has to prove a quantitative version of the
heuristic that distances do not repeat very often, even approximately. For if they
did, the distance set could indeed be very small.

In order to establish the criterion described in ( ) above, Mattila ([Mattila87])

modified the measure dv by considering ei™ 5"t~ =" S du(t) + emim T [t]” 2 du( t).
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He then proved using the method of stationary phase in the context of the Euclidean
metric (see [HofIos03] for a general description) that the statement that 7 € L? is
equivalent to the statement that

00 2
(1.6) / (/ |ﬁ(tw)|2dwK*> 7 dt < oo,
1 OK*

where K* = {{ : sup,cp 2 - & < 1}, is the dual body of K, and dwg denotes the
Lebesgue measure on OK*. Tt follows that in order to prove (1.6), it suffices to
bound the following variant of (1.5):

~ _d—1 _d=1
> 2”/3 B (llullge = N1l ))ul ™= [ du
ko, k!

kack/ <n/100

(L.7) ~ Y anaray /S B ([l — '] 0))dpt*,
k,k’

kack! <n /100

where here and for the remainder of the paper u =z —y and v’ = 2’ — ¢/.

The aforementioned results of Bourgain and Wolff were obtained using Mattila’s
approach. More precisely, they used restriction theorem technology to obtain good
estimates on

(1.8) /S ) P

In two dimensions, this approach can only prove that the distance set is of
positive Lebesgue measure under the assumption that the Hausdorff dimension of
the underlying set is greater than %, which is precisely what Wolff did. In higher
dimensions, it is not clear whether optimal bounds on (1.8) alone are sufficient to
prove Falconer’s conjecture. In all dimensions, it seems quite possible that (x) (or,

more generally, (1.6)) may lead to the solution of the Falconer conjecture.

Proof of Theorem 0.1

Proof of Part i). We now specialize (1.7) to our situation. Let || - [|, 5 denote

the norm generated by the ellipsoid with eccentricities a = (aq,...,aq) € [1, 2]d,
rotated by O € SO(d).

It suffices to prove that
(2.1)

S e [ Gl - 1l o) vladads < o,
k,k’

kack! <n/100

where 1) is a smooth cutoff function supported in [1/2, 4]d, identically equal to 1 in
[1,2]%, and dHy is the Haar measure on SO(d).

Let w = \_ZI and W' = % Let Ay,...,A4_1, and By,...,By_1 denote the
standard polar coordinate angles of w and w’ respectively. Decompose 5,2~ (%) <
A < (i +1)27R and j2=(=R) < B, < (ji + 1)27 ). Let j = (j1,.- -, ja—1),
Jj = (J1,...,J4_,) and define Sy js ; ;- accordingly.
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LEMMA 2.1. For (z,y,2',y') € Sk ;v and any € > 0, there exists Ce > 0
such that

Mae 1,21 [ull,0 = 14/]l,0] < 27"}dHq
(2.2)

1
"€ mi d-1 1 Ji2Jia =k T
S 052 min 17Hl:1 — 1 Hd#fo (2 ) .
|70 — gl & ljirdia — JirJizl

Lemma 2.1 follows by induction using the two-dimensional case and the follow-
ing version of the box lemma.

LEMMA 2.2. Let m;1 42 denote the projection operator onto (il,i2)-axis. Let S
be a measurable compact set. Then

(23) )\(S) S Hﬂ#ig)\(ﬂ'il’ig(snﬁ.

To prove Lemma 2.2, observe that xyg(z) < Hﬂ#igxﬁﬂ,iz(s)(ml,xig) and suc-
cessively apply Holder’s inequality.

To apply Lemma 2.2 to obtain Lemma 2.1, we need the fact that in two di-
mensions, for every ¢ > 0 there exists C. > 0 such that [ |{a € [1, 2] ull,.o —
[u'l[, 0l < 27" }HdH, < Ce27 Zaﬁéh m This is verified by a direct calculation
using the fact that dHs = d¢, since SO(2) = S!.

It follows that given e > 0 there exists C > 0 such that the expression in (2.1)
is < C 2nean2k(d=1) x

. _ 1 'i i’ ﬁ (e d—2
R S e = e >}

k%k"gn/loo G#j! |.7l — jl" d—1 |]lei2 ]il]ZQ‘
(2.4)
> / d/fk < 062n62n2k(d—1) Z (2(n—k)) 2 (n— Ic Z/
Skt 5,50 krek! <n/100 Skok 5,50

where Sy i ;5 is defined before the statement of Lemma 2.1.

If we fix 2,9 and y, x is contained in a ball of radius 27" whose p measure is
bounded by C27™¢ since p is the Frostman measure. If we sum in j’ and integrate
in x’, we see that this integral is bounded by the p measure of the annulus of width
radius 27% and width 27%, which yields C27%* since the annulus in question is
contained in a ball of radius 27%*!. Tt follows that the expression (2.4) is

(2.5) <came Y pugmeyheg SRR <o
kack! <n /100

if a > %7 and the proof is complete.

Proof of the part ii). Without loss of generality let us assume that the origin
is in E. We can also assume, after perhaps applying a linear transformation that
FE is contained in the first quadrant and there is a cone L with the vertex at the
origin such that positive portion of F is contained in L and all partial derivatives
of the function f(x) = ||z||kx in that cone are bounded from above and below.

The proof of ii) will be based on the following version of the projection theorem
due to Solomyak ([Solomyak98]).
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THEOREM 2.3. Let E be a Borel subset of R®. Let U be a locally compact
topological space with a Borel measure p, finite on compact subsets. Suppose that
we have a family of maps @, : E — R for a € U, with the following properties:

(2.6) [Po(2) — Do (y)| < cla)|z—y|, for z,y€ E and a€U,
and for any compact set G C U and any r > 0
(2.7) {a € G, |®q(z) — Ba(y)| < 7} < Kemin (1, ﬁ) .

Then AN(®q(E)) > 0 for p-a.e. a € U, provided that the Hausdorff dimension
of E is greater than 1.

Set @, () = pa(z) = plarx1,asxa, ... ,aqxq) = ||z||1 . Using the mean value
theorem and the boundedness of partial derivatives from above, we get

@0 (2) = Pa(y)] = [pa(2) = pa(y)] <

lp(a121, asxa, ... ,aqzq) — plaryr, asxa, ... ,aqxq)|+
lp(a1y1, asxa, . .. ,aqxq) — plary, a2yz, azxs, ... ,aqzq)| + ...
lp(a1y1, a2y2, - .. 5 G4—1Yd—1,@axa) — p(a1y1, a2y2, . - . , aqya)|
(2.8) S ajla; =yl S le—yl,
j=1

and so (2.6) is verified. On the other hand

1/2
d
|Ba(z) = ©a(y)] = lpalz) — pa(W)| 2 | D ad(z; — y;)°
j=1
d
2> ajlz; — vyl
j=1
(2.9) > (a2 +a2+...+a2) Yz -y

In the first line of (2.9) we have used the mean value theorem and boundedness
all partial derivatives from below. On the second line we have used the fact that [!
norm and 2 norm are comparable, and on the last line we have used the fact that
angle between (a1, a2, ... ,aq) and (|z1 —y1l,... ,|2q—yal) less than 7. So we have

2 {a € [172]da |<ba($) - (I)a(y)‘ < T}
1/2

d d
(2.10) <pgac(l,2 (> d
j=1

r r

|z — 9] |z — y|d

It follows that

(2.11) pla € [1,2%|®o(2) — @a(y)| < 7} S min (1» E - y|> '
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This completes the proof of Part ii).

Proof of Part iii). We shall prove the following slightly stronger version of the
claim in Part iii). Let K = By, the unit ball. Suppose that the Hausdorff dimension
of E is greater than two. Then for every z € RY, A%, (E) = {||lz — yllax,y € E}
contains an interval for almost every a € [1,2]¢. Moreover, for each d > 2, there
exists a Borel set £ C R? such that the Hausdorff dimension of E equals two,
whereas A2, (E) has an empty interior for almost all a € [1,2]“. The proof of
this is based on the following result due to Peres and Schlag ([PeresSchlag00],
Corollary 6.2).

THEOREM 2.4. Suppose E C R is a Borel set of Hausdorff dimension greater
than 2k. Let G(d,k) denote the Grassmanian of k-dimensional subspaces of RY.
Then for a.e. m € G(d, k) the projections of E onto ® have non-empty interior.

As above we assume without loss of generality that 2 in the definition of A%, (F)
is the origin. It follows by a direct calculation (see also, for example, [Falconer85])
that the Hausdorff dimension of E equals the Hausdorff dimension of E?, where
E? = {(2%,...,2%) : (z1,...,24) € E}. Writing out the definition of A%, (E), we
see that

d
(2.12) (A%, Z S(z1,...,2q) €E

N[\J|Ql\3

= c(a)(projection of E? onto e,),

—2
where e, is the vector on S%~1 with the jth component equal to (W)

=11
and c(a) = (Z;i:l a;*)Y/2. An application of Theorem 2.4 with k = 1 completes

the proof.

To prove the second part of iii) we take a Besicovich set A in R?, i.e. a set
of measure zero that contains a full line in every direction. See, for example,
[Falconer85] for a thorough description of the topic and concrete examples. Define

(2.13) B ={R*\U,cq:(r+A)}N{z e R? z; >0,i=1,2}

as a subset of the (21, x2) coordinate plane of R?. Here Q denotes the set of rational
numbers.

We claim that the set £ = {(Jci/z, . x}/z) (x1,...,24) € B} is the set whose
existence is claimed in the second part of 111) Indeed, the dimension of E' is 2. To see
this, observe that B is clearly two-dimensional since it is a subset of positive measure
of two-dimensional Euclidean space. The set E is the image of B under a mapping
which is Lipschitz except at a single point. It follows (see e.g. [Falconer85))
that the Hausdorff dimension of E is at least two. Since FE is contained in the
two-dimensional Euclidean space, the Hausdorff dimension of F is exactly two.
Moreover, we have

c(x1,...,2q) EF

d
(ALk (B Z

ww|uw

(2.14) = c¢(a)(projection of B on e,),
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where e, and c(a) as above.

We conclude that projections of B onto lines which do not lie in the (z1,22)-
plane do not contain intervals. To see this observe that the pre-image of a putative
interval on such a projection is a strip in the (z1, z2)-plane. Such a strip is missing
a line by definition of B. This proves that there exists a point in the putative
interval which is in fact not there. This contradiction completes the proof.
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