SETS OF LARGE DIMENSION NOT CONTAINING
POLYNOMIAL CONFIGURATIONS

ANDRAS MATHE

ABSTRACT. The main result of this paper is the following. Given countably
many multivariate polynomials with rational coefficients and maximum degree
d, we construct a compact set E C R™ of Hausdorff dimension n/d which does
not contain finite point configurations corresponding to the zero sets of the
given polynomials.

Given a set E C R", we study the angles determined by three points of
E. The main result implies the existence of a compact set in R™ of Hausdorff
dimension n/2 which does not contain the angle w/2. (This is known to be
sharp if n is even.) We show that there is a compact set of Hausdorff dimension
n/8 which does not contain an angle in any given countable set. We also
construct a compact set £ C R™ of Hausdorff dimension n/6 for which the set
of angles determined by F is Lebesgue null.

In the other direction, we present a result that every set of sufficiently large
dimension contains an angle € close to any given angle.

The main result can also be applied to distance sets. As a corollary we
obtain a compact set E C R"™ (n > 2) of Hausdorff dimension n/2 which does
not contain rational distances nor collinear points, for which the distance set is
Lebesgue null, moreover, every distance and direction is realised only at most
once by E.

1. INTRODUCTION

The distance set conjecture asserts that for every analytic set E C R™ (n > 2)
of Hausdorff dimension larger than n/2, the set of distances formed by E,

D(E):{|zfy|:xay€E}CRa

has positive Lebesgue measure. The problem was first studied by Falconer [2]. He
showed that there is a compact set E C R™ of Hausdorff dimension n/2 for which
D(FE) is Lebesgue null. In the other direction, he proved that dimyg E > (n+1)/2
implies that D(E) has positive Lebesgue measure. According to the current best
results, the same holds if dimyg E > n/2 4+ 1/3 (see Wolff [12] and Erdogan [1]).
However, there are sequences of distances (d;), d; — 0, and compact sets E C R”
of dimension n such that d; ¢ D(E) for every i.

There has been recent interest in studying the set of angles A(FE) formed by
three-point subsets of a given E C R", see [5, 6, 7]. A particularly interesting open
question is the following: What minimum dimension of a set E C R™ guarantees
that A(F) has positive Lebesgue measure? A simple observation is that results
for the distance set conjecture give results for the angle set as well. Therefore, for
every analytic set £ C R” with

dimgy E > min(n/2 +4/3, n — 1),

A(E) has positive Lebesgue measure (Theorem 3.6). In the other direction, we
construct a compact set E C R"™ of Hausdorff dimension max(n/6, 1) such that
A(FE) is Lebesgue null (Theorem 3.5).
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The following question was raised by Keleti. How large dimension can a Borel
set E C R™ (n > 2) have such that A(FE) does not contain a given angle a?

It follows from a theorem of Mattila that dimy E > n — 1 implies A(E) = [0, 7],
and that dimyg E > [5] implies 7/2 € A(F), see [5]. It is also known that if £
is an infinite set, then E contains angles arbitrarily close to 0 and =, see [5]. It is
proved in [5], that (independently of n) dimy E > 1 guarantees angles arbitrarily
close to 7/2. Also, for some absolute constant C, dimg E > C§~1logd~! implies
that F contains angles in the § neighbourhood of 7/3 and 27/3.

Harangi [6] proved that there is a self-similar set E C R™ of dimension csn such
that all angles formed by E are in the § neighbourhood of {0,7/3,7/2,2x/3, 7},
where ¢;j is a constant independent of n. He also showed that there exists a compact
set F C R™ with dimpyg E = ¢¥/n/logn not containing the angle 7/3 and 27/3.

The main result of this paper was motivated by the above question of Keleti.
Instead of directly constructing sets of large dimension not containing a given angle,
we provide a general method to tackle similar problems. Given countably many
multivariate polynomials P; in nm; variables with rational coefficients and maxi-
mum degree d, we construct a compact set £ C R"™ of Hausdorff dimension n/d
such that for every j and for every m; distinct points

(Il,l, e ,Il,n), ey (Imj,lv N 7xmj,n) € E,
we have
Pj(a:l,l, e Tlny ey xmj,l, ce ,.]ij7n) 7£ 0,
(Theorem 2.3).
For example, applying this result for the polynomial
n
(y—z,z2—2)= Z(yz —xi)(2i — xi)
i=1
in 3n variables of degree 2, we obtain a compact set E C R™ of Hausdorff dimension
n/2 which does not contain the angle /2 (Theorem 3.1). By the result quoted from
[5], this is sharp if n is even.

Another quick application of the main result is Theorem 3.2; there is a compact
set E C R™ of Hausdorff dimension n/4 which does not contain angles « such that
cos? o is rational. Note that these include the angles m/3 and 27/3. Though the
main result can be applied for polynomials with rational coefficients only, surpris-
ingly it can be used to exclude ‘irrational” angles as well: there is a compact set
E C R™ with dimpyg E = n/8 such that E does not contain a given angle « € [0, ],
see Theorem 3.4.

Our main result can also be used to strengthen Falconer’s construction in [2].
We construct a compact set £ C R” with dimy E = n/2 such that the distance
set, D(E), is Lebesgue null, moreover, it satisfies the following peculiar properties:
FE does not contain rational distances nor collinear points, and every distance and
direction is realised at most once by F (Theorem 5.3). Note that the distance set
conjecture implies that if dimy F > n/2, then there is a distance which is realised
at least twice by E, see Remark 5.2.

Falconer [4], Keleti [8], and Maga [9] constructed sets of full dimension in R
and in R? which do not contain subsets similar to given three-point patterns. We
show that a generalization of our main result implies the existence of such sets, see
Section 6.

Once the main theorem (Theorem 2.3) is understood, the sections of this paper
can be read independently and in any order. In Section 2 we prove the main result
about excluding polynomial configurations. However, a necessary, technical but
standard lemma is postponed until Section 8. Section 3 contains the results about
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angles. Section 4 contains results about collinearity and directions, and Section 5
about distance sets. Section 6 contains a generalization of Theorem 2.3.

In this paper, in Section 7, we also present a result about finding many angles in
sets of large dimension. We show that for every § > 0 there is ¢5 < 1 such that for
every n > 2 and every Borel set E C R™ with dimy E > ¢sn, A(FE) is §-dense in
[0, 7] (Theorem 7.1). The proof combines a theorem of Mattila and a result about
concentration of Lipschitz functions defined on the sphere (related to Dvoretzky’s
theorem).

Finally, we pose open questions in Section 9.

Notation 1.1. For A C R", z € R" and r > 0, dimy A denotes the Hausdorff
dimension of A, and
B(z,r)={y eR": |z —y| < r}
and
B(A,r) ={y € R" : there is x € A with |x —y| < r}.
The angle set of E C R”™ is defined as

A(E) = {Zyzxz : x,y, z are distinct points of E}.

2. MAIN RESULT

Let P be a real-valued polynomial in nm variables. Let z1,...,z, € R". By
writing P(z1,...,%m), we mean P(11,...,Z1m,---sTm1,---sTmn). We will de-
note the derivative by P’, which is a map R™ — R™". Partial derivative in
direction z; ; will be denoted by 0; ; P.

Lemma 2.1. Let P be polynomial of degree d in nm variables with rational coeffi-
cients. Let x1,...,xm, be m distinct points of R™ satisfying P(x1,...,Zm) =0 and
P'(x1,...,xy) #0 € R™ . Then there exists r > 0 such that for every sufficiently
small h > 0 there is a set Eyp, C R™ for which B(Ep,h) =R™ and P(y1,...,Ym) # 0
whenever y; € B(x;,r) N B(Ey, h?/(logh™)) (i=1,...,m).

It is worth to think about E} as a locally finite set in which the distance of
“neighbouring” points is approximately h.

Proof. We may suppose without loss of generality that P has integer coefficients
only, and that &y 1 P(z1,...,%m) = a # 0. Let 7 > 0 be so small that

(1) |01 1P (Y1, .-, Ym) —al < a/3

whenever y; € B(z;,7), and that r < min;»; |z; — z;|/4.
Let N be a sufficiently large positive integer. Let L = N~1Z%. Let

A =B(x;,r)NL (i=2,...,m).
Let u = (1/(2N%),0,...) € R". Let
A1 = B(:cl,r)ﬂL+u.

Suppose that y; € B(z;,7r) N L (i = 1,...,m). Then P(y1,...Yym) is of the form
j/N? for some integer j with |j| < CN9¢, where C is independent of N, and only
depends on P and the points x;.

Let y) = y1 +u € Ay. Then

|P(y£7y2a e 7ym) - P(yh e 7ym) - |u|81,1P(y1a cee 7ym)| S Cl|u|27
where C’ comes from the second derivative of P, independent of the choice of y;.
Using (1),
j 1 1 o1
- — < C
Nd 2Nd| — 6Nd + 4N2dg2’

P(y£7y27-~7ym)_
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end if we choose N large enough,

j 1 1
2 Py, ey Ym) — == — — | < ——.
( ) (y1>y23 Y ) Nd oNd| = 5Nd
Suppose now that z; € B(A;,cN~?) (i = 1,...,m) for some small constant
¢ > 0. By (2), there is an integer j for which
j 1 " d
P(217...,Zm>_m_m SW+C cN™
where C” only depends on P and the points z;. Choosing ¢ = 557, we have
j 1 1
P(Zl,...,Zm)f m*m S m,
that is,
1 1
for some integer j. Therefore the distance of NdP(Zl7 ..., Zm) to the nearest integer

is at least 1/4, and P(z1,...,2m) # 0.
Let h > 0 be sufficiently small, and choose the smallest possible N so that

h>/nN~L Let
By = U AU (R"\UB(mi7r)) .

Then R" = B(Ep,/nN~1) = (Eh, h). If h is sufficiently small, then
h?/(logh™') < eN~4 = N~%/(20C"),
and (3) implies that P(z,...,2my) 7 0 whenever
2 € B(xy,7/2) N B(Ep, h?/(logh™)) (i=1,...,m). O

Proposition 2.2. Letn > 1. Let J be a countable set. For each j € J, let m; be
a positive integer, and let P; : R™ — R be a polynomial in nm; variables with
rational coefficients. Assume that d is the maximum degree of the polynomials P;
(7 € J). Then there exists a compact set E C R™ of Hausdorff dimension n/d such
that for every j € J, E does not contain m; distinct points x1,..., %y, satisfying
Pj(z1,. ., Tm;) =0 and Pj(z1,...,Tm;) # 0.
Proof. For j € J let

Gj = {(.’1,‘17...,$mj> c R™ . Pj(xl,...,a:mj) = 07 P;(.’L'l,l‘mJ) 7é 07
For every point € G; we may apply Lemma 2.1. We obtain 0 < r = r;(z)
such that for every sufficiently small A~ > 0 there is a set E; C R™ for which
B(Ey, h) = R™ and B(E},, h*/(log h™')) does not contain distinct points y1, . .., Ym,
satisfying P(y1,...,¥m;) =0 and (y1,...,ym,;) € B(x,r;(x)).

The sets B(z,r;(z)) (z € G;) form an open cover of G; C R". The space
R™™ is second countable, so every subset has the Lindelof property. Therefore we
can choose a countable open subcover for G;. If we do this for all j € J, we still
have altogether countably many open balls (in various dimensions). Therefore we
may fix a function

{12} = | JUt x Gy
jeJ
such that for every j € J,

(4) U {B(e2(i).mi(2(i) s 1() = . i € {1.2,...}} D G,
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where (i) = (¢1(i), @2(7))-

Choose h; small enough so that it satisfies the assumption (10) of Lemma 8.1,
and also small enough that the statement of Lemma 2.1 holds for the polynomial
P, 1y, point (z1,...,2m) = = (1) and 7 = 7, (1)(p2(1)). We obtain a set
En, C R™ For j > 2,if h; (i < j) is already chosen, choose h; small enough
to satisfy (10) and (11), and that Lemma 2.1 holds for the polynomial P, ;,
point (z1,...,2m,m) = = = @2(j) and r = ry, (;)(p2(j)). We obtain sets Ej,, C R"

(i=1,2,...).

Let

E = B(0,1)N () B(En,, hi/(2logh; ")).
i=1

Then E C (\B(Ep,,h¢/(logh;')). Thus (4) and Lemma 2.1 imply that for ev-
ery j € J, E does not contain m; points z1,...,Z,; such that (x1,... ,xmj) S
Gj. In other words, E does not contain m; distinct points x1,...,x,,, satisfying
Pj(z1,. .. 2m;) = 0 and Pj(z1,...,2m;) # 0.

Lemma 8.1 implies that the Hausdorff dimension of E is at lest n/d. O

We can get rid of the assumption on the derivatives Pj( in Proposition 2.2 by
considering a larger family of polynomials.

Theorem 2.3. Let n > 1. Let J be a countable set. For each j € J, let m; be a
positive integer, and let P; : R™3 — R be a (non identically zero) polynomial in
nm; variables with rational coefficients. Assume that d is the mazimum degree of
the polynomials P; (j € J). Then there exists a compact set E C R™ of Hausdorff
dimension n/d such that for every j € J, E does not contain m; distinct points
Ti,. .., T, satisfying Pj(xq,...,2m;) = 0.

Proof. Consider a polynomial P = P; (j € J). Let y1, ..., Ynm denote the variables
of P. Choose a monomial of P; which has the same degree as P itself. Let this
be yi, i, - - yi,, where i, € {1,...,nm} for k = 1,...,r. Counsider the partial
derivatives

0, P, 0;,0;, P, ..., 0;. ---0;P.

The last polynomial in this list is constant and non-zero. Let z1,...,x,, € R" be
m distinct points. Notice that if P(xy,...,2,) = 0, then there exists an integer
1 < k < r such that

(5) aik71~"8ilp(l‘1,...,xm):0, (91 ~--81-1P(x1,...,xm)7£0.

We apply Proposition 2.2 for these polynomials P, 0;, P, ..., 0; _,---0; P, for
every P = P; (j € J). By the observation (5), the obtained set E has the desired
properties. 1

Remark 2.4. For every positive integer d, there is a polynomial of degree d for
which Theorem 2.3 is sharp. By a theorem of Mattila (see [11]), every analytic set
E c R? with dimg E > 1 contains at least d + 1 points in a hyperplane (in fact,
there is a hyperplane which intersects E is a set of positive dimension). On the
other hand, zo, ..., x4 € R lie in a hyperplane if and only if the determinant of the
d x d matrix formed by the vectors x; —xo (i = 1,...,d) is zero. This determinant
is a polynomial in d(d + 1) variables of degree d. Therefore Theorem 2.3 applied to
this polynomial with n = d gives a sharp result.

Remark 2.5. Theorem 2.3 is obviously not sharp for every family of polynomi-
als. For example, let P(z,y,z,u,v,w) = xyz — uwvw. Then the theorem yields a
compact set F C R of dimension 1/3 such that P(z,y,z,u,v,w) # 0 whenever
Yy, z,u,v,w € E are distinct. However, there is such set E of dimension 1 as well.
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To see this, apply the theorem for Q(x,y, z,u,v,w) =z +y+ 2z —u — v — w, the
compact set F' C R obtained has dimension 1, and put E = {e” : x € F'}.

Remark 2.5 indicates that considering a diffeomorphism (between subsets) of R™
with Theorem 2.3 can produce stronger results. In Section 6 we sketch a general-
ization of Theorem 2.3 which allows the use of multiple diffeomorphisms, and we
give an application.

3. ANGLE SETS

Theorem 3.1. Let n > 2. There exists a compact set E C R™ of Hausdorff
dimension n/2 such that E does not contain three points forming the angle 7/2.
Moreover, E does not contain four points x,y,z,v such that T —y and z — v are
orthogonal.

Proof. Tt is enough to exclude solutions of (z — y,z — v) = 0 when z,y,z are
three distinct points in R™ and z # v. Applying Theorem 2.3 for the polynomials

Pi(z,y,2,v) = E?:l(l‘i —yi)(zi —v;) and Py(z,y,2) = Z?:1(xi — ;) (2 — ;) yields
the result. O

Theorem 3.2. Let n > 2. There exists a compact set E C R"™ of Hausdorff
dimension n/4 such that E does not contain three points forming an angle o for
which cos? a is rational. (Moreover, E does not contain four distinct points x,y, z,v
such that the directions x—vy and z—v form an angle o for which cos? « is rational.)

Proof. There are countably many o for which cos? « is rational. For such «, consider
the polynomials P, : R3* — R and Q. : R** — R,

Pa(x,y72) = <y—(E,Z—(E>2 _COS2a|y —{I?|2|Z _‘T|27

Qu(z,y,2,v) = (y — 1,2 — v)? — cos? aly — z|*|z — v|*.

Applying Theorem 2.3 for these polynomials yields the statement. O

Remark 3.3. In the proof of Theorem 3.2, when « is not 0, 7/2 or 7, we could just
refer to Proposition 2.2. This is because the derivatives of P,, (), do not vanish
where the polynomials vanish. However, for the angles 0, 7/2 or = referring to
Theorem 2.3 is necessary: this corresponds to the fact that for 7/2 and for 0,7 we
have better results than dimension n/4 (Theorem 3.1 and Theorem 4.1).

Though we allow polynomials with rational coefficients only, Theorem 2.3 can
be used to exclude irrational angles as well.

Theorem 3.4. Let S C [0,7] be a given countable family of angles. There exists
a compact set E C R™ of Hausdorff dimension n/8 such that E does not contain
three points forming an angle o € S. (Moreover, E does not contain four distinct
points x,y, z,v such that the directions x —y and z — v form an angle a € S.)

Proof. We apply Theorem 2.3 for two polynomials of degree 8, P : R®" — R and
Q : R — R, where

P(a,b,c,d,e,f,g,h) = (a—b,c—d>2 |6—f|2 \g—h|2—<e—f7g—h>2 |a—b|2|c—d|2
Qabece frg)=(a—be=b2le—fI"lg— I = (e~ f.g— )la— b |e b

We obtain a compact set E C R™ of Hausdorfl dimension n/8 such that there are
no distinct points a,b, ¢, d, e, f, g, h in E satisfying any of the equations

(a —bc—d) (e—f,g—h)
©) @ bljc—d] e~ fllg—h
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or

(7) (a—b,c—b>:<e—f,g—f>.
la =bllc—=0b] le—fllg—fl

For each «, E' may contain three points a, b, ¢ forming the angle «, and/or four
distinct points a, b, ¢, d for which ¢ — b an d ¢ — b form the angle a. However, if
we remove these points (at most 3 4+ 4) from E, then the remaining set will not
contain three points forming the angle o nor four distinct points determining two
directions forming the angle a.

As these polynomials have degree 8, we obtain a compact set £ C R"™ of Hausdorff
dimension n/8. This set may contain angles belonging to S. But as (6) and (7) have
no solutions in F, if we remove at most 4 + 3 points from F for each o € S, then F
will not contain three points forming an angle o € S or four distinct points forming
two directions of angle & € S. So if T is the countable set we remove (considering all
a € 5), then F \ T satisfies all properties of the theorem except for compactness.
Notice that, by Remark 8.2, E and E \ T has positive Hausdorff measure with
respect to the gauge function (1) = r™/8(logr~—1)"*!. By Frostman lemma (see
[11]), we can find a compact subset of E \ T which has positive p-measure, and
thus, is of dimension n/8. O

Note that for [0,1] C R™, the angle set A([0, 1]) = {0,7}.

Theorem 3.5. Let n > 2. There exists a compact set E of Hausdorff dimension
n/6 for which the angle set A(E) has zero Lebesgue measure.

The construction is similar to Falconer’s original construction of a set of dimen-
sion n/2 for which the distance set is Lebesgue null [2]. However, the argument
here is more complicated.

Proof. Let N; be a rapidly increasing sequence of positive integers. For x € R, let
||| denote the distance to the nearest integer.

Let A; = {z € [0,1] : ||zN;|| < N;%/i*} (the power of i is chosen for conve-
nience). Consider products of the set A; and let

B, =A;x---xA; CcR".

Suppose that a,b,c,d € B;. Then (a — b,c —d) € [—n,n] lies in the nN; ©/i*
neighbourhood of some j/N? where j is an integer with |j| < N2n. Therefore

<Bszz,BifBl> :{<a—b,c—d> : a,b,c,dGBi}

can be covered by 2N?n + 1 < 3N?n many intervals of length 2nN[6/i4. As
(B;, B;) C [-n,n], a short calculation yields that

a—b,c—b . .
C; = {\/<a_b i_b>|\/|<c>_b = a,b,c € By, |la—0b*>>1/i, |c — b 21/2}

can be covered by (3N?n)® many intervals of length 3ni?(2nN; ©/i*). Thus
(8) MCy) < 162n° /i2.

Let B = ﬂfil B;. Standard arguments imply that the Hausdorff dimension of
B is n/6 (or see Lemma 8.1).
Let z,y, z € B be three distinct points, let « = Zyxz. Then

oo

(y—mz—mz) N
cosqq = ————— € ﬂ Uci,
k=1

ly — ||z — 2| et

and (U C; is Lebesgue null by (8). Therefore A(B) is Lebesgue null. O
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Any result for the distance set problem gives a result for the angle set prob-
lem as well. Independently from the author, this was observed also by losevich,
Mourgoglou and Senger.

Theorem 3.6. Let E C R™ be a Borel set with dimy E > n/2+4/3. Then A(E)
has positive Lebesgue measure.

Proof. Take a radial projection of E to a sphere S of unit radius with center x € E,
and let F' C S be the set obtained. Clearly dimg F' > dimyg E — 1, and thus
the distance set D(F') has positive Lebesgue measure by the results of Wolff and
Erdogan. If F' contains two points y, z with distance d, then o = Zyxz satisfies
d = 2sin(a/2), and a € A(FE). Therefore A(F) has positive Lebesgue measure. [

4. COLLINEARITY AND DIRECTIONS

Theorem 4.1. Let n > 2. There exists a compact set E C R"™ of Hausdorff
dimension n/2 such that E does not contain three collinear points, moreover, every
direction is realised by E at most once.

Proof. Let z,y, z,v € R", and consider the polynomials P : R** = R, Q : R3" — R,

P(x,y,z,v) = (y2 — x2)(v1 — 21) — (y1 — 1) (v2 — 22),

Qx,y,2) = (y2 — 22)(y1 — 21) — (y1 — 71)(y2 — 22).

If y— 2 and v—1y are parallel, then their projection to the plane spanned by the first
two coordinate axes are also parallel, and thus P(z,y, z,v) = 0. (We consider the 0
vector to be parallel to every vector.) Similarly, if x, y, z are collinear, Q(z,y, z) = 0.
Applying Theorem 2.3 for P and @Q we obtain the result. O

This statement can be strengthened.

Theorem 4.2. Let n > 2. There exists a compact set E C R™ of Hausdorff
dimension n — 1 such that E does not contain three collinear points, moreover,
every direction is realised by E at most once.

Note that the unit sphere S”~! C R™ satisfies the first property: it has dimension
n — 1 and does not contain three collinear points.

Sketch of proof. For n = 2 we are done by Theorem 4.1. Assume that n > 3. Let
E5 C R? be the compact set obtained from Theorem 4.1.

It is well known that there is a continuous function f : [0,1] — R such that the
graph of f (a subset of R?) has Hausdorff dimension 2. (In fact, Theorem 2.3 also
implies the existence of such function by using the polynomial P(z,y) = y1 — 21,
and then applying Tietze’s extension theorem.)

A straightforward generalization is that for every uncountable compact set A C
R¥ there is a continuous function f : A — R™ such that the graph, a compact
subset of R¥*™ has Hausdorff dimension dimy A + m. We apply this result for
k=2, A= Ey, m =n—2. We obtain a compact set £ C R" of dimension n — 1
such that E projects injectively to Fy C R? (spanned by the first two coordinate
axes). Then E does not contain three collinear points, nor four distinct points
x,Yy, z,v such that y — x and v — z are parallel. O

Remark 4.3. Theorem 4.2 is sharp. For every Borel set A C R™ with dimy A >
n — 1+ s there are lines L such that dimy (AN L) > s ([11]).
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5. DISTANCE SETS

Theorem 5.1. Let n > 1. There exists a compact set E C R™ of Hausdorff
dimension max(1,n/2) such that the distance set is a nullset, E does not contain
rational distances, moreover, every distance is realised at most once by E.

Proof. First let n > 2. Counsider the polynomials (of degree 2)
P.(a,b,c,d) =|a—b]* —|c—d* —r (re€Q),
P(a,b,c)=|a—b*> = |c—b>* =7 (reQ),
Qr(ab) =la=b*—r (reqQ),

and apply Theorem 2.3. The obtained set E does not contain rational distances
(except for zero) because of @Q,., and every (nonzero) distance is realised at most
once because of Py and P;. Let D?(E) denote the squares of the distances realised
by E. The polynomials P, and P} imply that D?(E) — D?(E) does not contain
rational numbers (except for 0). As D?(E) is Lebesgue measurable, Steinhaus
theorem implies that D?(E) and thus D(FE) are nullsets.

For n = 1, one can take the same polynomials without squaring the distances.

P.(a,b,c,d)=(a—b) —(c—d)—r (reQ),
P(a,b,c)=(a—0b)—(b—c)—1r (reQ),
Qr(a,b)=(a=b)—r (reQ). O

In Theorem 5.1, one may exclude any given countable set from D(FE) the same
way as we did in Theorem 3.4.

Remark 5.2. The distance set conjecture implies that for every analytic set E C
R™ with dimg E > n/2, there is a distance which is realised at least twice by
E. In fact, there are four distinct points z,y,2’,y’ € E such that |z — y| =
|#' —¢'| > 0. To see this, choose uncountable many disjoint Borel sets E; C E
with dimy E; = (n/2+dimg F)/2. If the distance set conjecture holds, D(FE;) has
positive Lebesgue measure. There are no uncountably many disjoint measurable
sets of positive measure, thus the statement follows.

Combining the polynomials in the proofs of Theorem 5.1 and Theorem 4.1 we
obtain the result stated in the abstract.

Theorem 5.3. Let n > 2. There exists a compact set E C R™ of Hausdorff
dimension n/2 such that the distance set is a nullset, E does not contain rational
distances nor collinear points, moreover, every distance and direction is realised at
most once by E.

6. SETS NOT CONTAINING SIMILAR COPIES OF GIVEN PATTERNS
It is straightforward to generalize Theorem 2.3 the following way.

Theorem 6.1. Let n > 1. Let J be a countable set. For each j € J, let m;
be a positive integer, let P; : R™ — R be a (non identically zero) polynomial
in nm; variables with rational coefficients, and let ®;1,..., ;. be Ct smooth
diffeomorphisms of R™. Assume that d is the maximum degree of the polynomials
P; (j € J). Then there exists a compact set E C R™ of Hausdorff dimension
n/d such that for every j € J, E does not contain m; distinct points x1,...,Tm,
satisfying
Pj ((I)j,l(zl)a ey (I)j,m:j (l‘mj)) = 0
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For example, one can choose the diffeomorphisms to be multiplication by invert-
ible matrices. Note that the entries of the matrices can be rational or irrational,
but the coefficients of the polynomials are still required to be rational numbers.

Using Theorem 6.1, we immediately get an alternative proof to theorems of
Falconer, Keleti and Maga about full dimensional sets in R and R? not containing
similar copies of given triangles.

Theorem 6.2 (Falconer [4], Keleti [8], Maga [9]). Let n = 1 or 2. Let J be a
countable set. For each j € J, let T; be a three-point subset of R™. There is a
compact set E C R™ of Hausdorff dimension n which does not contain a subset
which is similar to any of the sets T}.

Proof. For each j € J, there is an n x n invertible matrix A; (a similarity) such
that {a,b,c} C R™ is similar to T} if and only if ¢ — a = A;(b — a), that is,

(A;j — I)a— Ajb+c=0.

We choose the diffeomorphisms ®;1,®;2,®;3 to be multiplication by A; — I,
—A;, and I. If n = 1, we put Pj(z,y,2) = x +y + 2 if n = 2, we put
Pj(z1, 22,91, Y2, 21, 22) = £1+y1 +21. The compact E set obtained by Theorem 6.1
satisfies all requirements. O

Remark 6.3. It is not known what dimension a compact set in R3 can have if

it does not contain three vertices of an equilateral triangle, or four vertices of a

regular tetrahedron. There is no non-trivial linear equation satisfied by all such

three of four points, therefore the proof we gave for Theorem 6.2 does not work if

n =3 (or if n > 3). On the other hand, from Theorem 2.3 it follows that there is a

compact set E C R™ of dimension n/2 which does not contain three vertices of an
T4y

equilateral triangle: one can use, for example, the polynomial (y — z, z — #5¥).

7. FINDING ANGLES IN SETS OF LARGE DIMENSION

Theorem 7.1. Let 0 < e <1. Let E C R" be a Borel set such that

(9) dimy E > Kl— MO;S/E)> nJ +1.

Then for every a € [0,7|, E contains three points x,y,z such that Zzyz € (a —
TE, o + TE).

The proof combines a theorem of Mattila about dimension of plane sections, and
a result about concentration of Lipschitz functions defined on the sphere.

Proof. Let E C R™ a Borel set of dimension s, and let m < s be an integer. By
a theorem of Mattila [11, Theorem 10.11.], there exists a point € E such that
almost every n — m dimensional plane through x intersects F in a set of dimension
s—m. Let S be the unit sphere with center x, and project E\ {z} to S;let K C S
be the set obtained. Then almost every |n — s + 1] dimensional plane through x
intersects K.

If K contains two points of distance 2sin(a/2), then E contains three points
forming the angle «.

Let o denote the spherical probability measure on S. Let K. = SN B(K,¢) be
the closure of the ¢ neighbourhood of K in S.

First let us suppose that o(K.) > 1/3. Let 0 < t < 2. By (9) we may assume
that n > 3 and thus we can choose three points in S forming an equilateral triangle
of side t. Considering a random rotated image of these three points, with positive
probability, at least two of them are in K,. Therefore K. contains every distance
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0 <t < 2. Using € <1 and the remark above, this implies that E contains an angle
in every interval (« — e, a + 7e).

Now let us suppose that o(K.) < 1/3. Define f : S — R by f(y) = dist(y, K).
Then f is Lipschitz with Lipschitz constant 1. The median of f, defined as

med(f) = sup{t : o({y : f(y) <t}) <1/2},

is more than €, as o({y : f(y) < e}) = o(K.) < 1/3. Therefore, by [10, 14.3.4
Proposition], there is a plane L through x, such that all values of f restricted to
SN L are in [med(f) — e, med(f) + £] and

82

dimL > ——— -n-1
= 8log(8/¢) "
Specially, S N L is disjoint from the closure of K. The neighbouring planes have
the same property, and thus, by the above theorem of Mattila, we must have

2

m~n—1§dimL§ ln—s+1] -1,
0 )
s < {(1—5) nJ +1
- 8log(8/¢)
This cannot happen if (9) holds. O

8. LOWER BOUND FOR THE DIMENSION

Here we prove the statement which we needed in Section 2. Similar arguments
can be found in [3, Theorem 8.15]. Note that the exact form of the conditions (10)
and (11) is not important for the application in Section 2.

Lemma 8.1. Letn > 1 and d > 1 be integers. Let h; > 0 be a rapidly decreasing
sequence such that

(10) hy <1/10, h; <hIT1/6 (j=2,3,..),

and

j—1
(11) h; < exp (—Hhi(d”“)) (G=2,3,...).
=1

Suppose that E; C R™ satisfies B(F;, h;) = R™. Let

E = () B(E;hi/(2logh; "))
i=1

Then the Hausdorff dimension of E is at least n/d.

Remark 8.2. In fact, we will prove that for any ball B(z,1) of unit radius, E N
B(x,1) has positive Hausdorff measure with respect to the gauge function r —
r™/4(logr—1)"+1. By modifying the assumption on the sequence (h;) in Lemma 8.1,
one can prove the same statement for any other gauge function ¢ satisfying

: n/d _
Tim o (r) /7 00.
The proof of Lemma 8.1 is straightforward but includes tedious calculations.

Proof. Let E! be a maximal subset of E; in which every two points have distance
at least h. Then B(E],2h) = R".

Let b; = h¢/(2logh; '). Then h9* /2 < b; < h¢/4.

There exists a constant C' > 0, which depends only on n, such that for every
reR™ r>0,

(12) #(B(z,r) N E) <Cr"h;™ if hi/4<r.
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Therefore
(13) #{y e B! : B(x,r)N B(y,b;) #0} < C2"r"h; " i hi/A <

Similarly, there exists a constant ¢ > 0 which depends only on n such that for every
reR” r>0,

(14) #{y € E, : B(y,b;) C B(z,r)} > [er™h;™] if 3h; <.

Fix an arbitrary zg € R", and let Ej) = {xo}. Let by = 1.

By (14), for every i > 0 and x € Ej, there are at least [cbj'h; )| points y € E;
such that B(y, b;11) C B(x,b;). By recursion we define sets E} C E!. Let Ej = Ej.
For i > 0, let £} ; be a minimal subset of £ ; such that for every x € E}, there
are exactly [cb}'h; "] points y € B, with B(y,b;11) C B(x,b;). Thus

k—1
(15) #Ey = [[lebphii).
i=0

Note that 3h; 11 < b;, and 3hy < 1.

Let F; = B(E!,b;) (i =0,1,...). These sets are finite unions of disjoint closed
balls, and Fy D Fy D ---. Let F =\ F;,. As F C E, it is enough to prove that
F has Hausdorff dimension at least n/d. Let F* = ﬂle F;. Let X stand for the
n-dimensional Lebesgue measure.

Note that Fp is a ball of unit radius. By (15),

k—1
(16) AF*) = bpA(Fo) [ Tebiniy1-
i=0

Consider now a ball B(x,r) with » < hy/4. Let j be such that hj;,/4 < r <
hj/4. Then there exists at most one point y € E7 for which B(y,b;) N B(x,r) # (.
Therefore there are at most [cb7h "] points 2 € EY ; for which B(z,b;41) N

B(x,r) # 0. On the other hand, (13) gives that there are at most C2"r"h "

points z € EY,, for which B(z,b;11) N B(z,r) # (). From the definition of the sets
E!" we obtain

NB(z,r) N F*) < #{y € By : B(y, bx) N B(z,r) # 0} (A (Fo)
k—1
(17) < min([eb]h; " 1, C2"r"h ) H [ebihi ] | bR A(Fo).
i=j+1

for k > j. From (17) and (16),

(18) W < min([ebh; [ ], C2"r"h ") (ﬁ fcb?hi_,_ﬁ}_l)
i=1 -
(19) < min(1, C2"r"h; Y [ebfhi 1) (H [ebhi —1>
- i=1
(20) < min(1, Cc_12"r"b;") (H c_lbi"h?H)
12271
(21) = min(1, Cc_12”r"b;")h;-‘ (H c_lbi”h?> hi"
i=1

(22) = min(1, Cc™ 2% "b ™ )hle; 1,
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by seting ¢;_1 = (Hf;ll c_lb;"h?) hi™. Using b; > h{t!/2,

-1 -1 j—1
cj1 < C*j+1 <H 2nh:dn> hl_n _ (2n/c)j71h1—n H h:dn < ' H hi—dn—l
=1 i=1

i=1
for some constant C’ depending on c. Therefore, by (11),
(23) ¢j—1/C' <logh;!

First suppose that h;-l <r < h;/4. Then ¢;_1/C’ <log hj_1 <logr~!, and (22)
implies
A(B(z,7) N F*)

A(FF)

provided that k£ > j.

Now suppose that hj1/4 <r < h{. Then (22) and (23) imply

A(B(z,7) N F*)

(24) <hjcj_1 < /e,y < C'r/ M log Y,

(25) NER) < Ce™ 12" "R ey

(26) < Cc'2%c; 12" (log h; )" hy TRl
(27) < Ceml4nC" (log hy 1y HLRS Dy
28 < Cc 4" (log h )y tipn/d

(28) gh;

asr < h;l and d > 1. Since h;l < r~Yd from (28) we obtain
A(B(z,7) N F*)
A(FF)

provided that k£ > j. Combining (24) and (29), for every ball B(z,r) with r < hy /4,
for k large enough,

(29) < CC_147Lc/d_("+1)7“"/d<10g7"_1)n+1,

A(B(z,7) N F*)
A(FF)
for some constant C” (which depends only on n).

For each k > 1 we a define a Borel probability measure u; by setting ux(A) =
MANE*)/A(FF) for every Borel set A C R™. Let u be a weak limit of a convergent
subsequence of (ur). Then p is supported on F', and it satisfies p(B(x,r)) <
c"rn/ d(logr—1)"*+1. The mass distribution principle implies that F' has Hausdorff
dimension at least n/d. (In fact, we conclude that the Hausdorff measure of F
corresponding to the gauge function r — /¢ (logr—1)"*1 is positive.) O

(30) < O (log rm Y,

9. OPEN QUESTIONS
The first question would be a natural strenghtening of Theorem 7.1.

Question 9.1. Is it true that for every a € (0,) there is a constant ¢, < 1 such
that for every n > 2, for every Borel set E C R™ with dimy E > con, a € A(E)?

Note that if dimgyg E > n — 1 then A(E) = [0, 7], so Question 9.1 is not relevant
for small n.

Question 9.2. Is there a constant C such that every Borel set E C R™ of Hausdorff
dimension n/2 + C contains every angle in (0,7)?

By Theorem 3.6, A(E) has positive Lebesgue measure if, for example, C = 4/3.
By Theorem 3.1, there is a compact set of dimension n/2 which does not contain
the angle /2.
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Question 9.3. Let n > 2. Is it true that every Borel set E C R" of Hausdorff
dimension larger than n/2 contains the right angle?

This is known to be true if n is even, see [5].
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