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ABSTRACT. In this paper we disprove a conjecture stated in [4] on the equality of
two notions of dimension for closed cones. Moreover, we answer in the negative
to the following question, raised in the same paper. Given a compact family C
of closed cones and a set S such that every blow-up of S at every point z € S is
contained in some element of C, is it true that the dimension of S' is smaller then

or equal to the largest dimension of a vector space contained is some element of
c?
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1. INTRODUCTION

In [4], White proves a generalization of Almgren’s stratification principle (see
[1]). To explain it, let us consider the simplified euclidean setting. A cone in
R"™ is a set C such that Az € C for every z € C' and every A > 0. Given a set
S C R"™ the difference set of S is the set

diff(S) :=={x —y:z,y € S}.
The building dimension bdim(C') of a cone C' is the quantity
bdim(C') := sup{dimy/(S) : S C R", diff(S) C C}.

Here and throughout the paper, dimy denotes the Hausdorff dimension of a
subset of R", with respect to the euclidean distance. Note that the building
dimension of a cone C' is always less than or equal to dimy/(C). Moreover, if
C is a vector subspace of R™, then the building dimension and the Hausdorff
dimension of C are equal, because diff(C')) C C. In [4] this notion is used to
prove a stratification principle. In particular the following statement is proved
(see Theorem 2.2 of [4]). We will give the definition of blow-up of a set in
Section 3.3.

1.1. Theorem (White). Let C be a compact family of closed cones such that
at each point of a set S each blow-up of S is contained in some element of C.
Then the largest possible Hausdorff dimension d of the set S is smaller or equal
than the largest building dimension of the cones in C.

A natural question then becomes the estimate of the building dimension. In
the same paper the following characterization in terms of linear subspaces is
proved (see Theorem 2.1 and Proposition A.2 of [4]).
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1.2. Theorem (White). The building dimension of a closed cone C' is equal
to the supremum of the Hausdorff dimension of the vector subspaces contained
i C, in the following two cases:

e (' is convex;
e C is a subset of R2.

Moreover, the author conjectures the following.

1.3. First Conjecture. The conclusion of Theorem 1.2 holds for any closed
cone C.

The validity of this conjecture would improve the conclusion of Theorem 1.1,
proving that d is exactly the largest dimension of a linear subspace that is a
subset of one of the cones in C. In fact, White conjectures also the following.

1.4. Second Conjecture. If the hypothesis of Theorem 1.1 is satisfied, then
the largest possible Hausdorff dimension d of the set S equals the largest dimen-
sion of a linear subspace that is a subset of one of the cones in C.

In our paper, we disprove both conjectures. In Section 2, we exhibit a closed
cone C' C R? which does not contain planes, but whose building dimension is
strictly larger than 1. In Section 3, we exhibit a set S C R3 with Hausdorff
dimension strictly larger than 1 and with the property that there exists a closed
cone which does not contain planes, but which contains every blow-up of S at
every point x € S. Note that the counterexample given in Section 3, together
with Theorem 1.1, gives an indirect proof that the First Conjecture is not
valid. We give also the direct proof contained in Section 2, because we find the
construction of some interest. To our knowledge is not known whether or not
Theorem 1.1 gives the best possible estimate for the value of the dimension d.
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2. CONSTRUCTION OF THE COUNTEREXAMPLE TO THE FIRST CONJECTURE

2.1. Strategy of the proof. We firstly construct a set £ C [—1, 1] which is a
closed, self-similar fractal in the sense of Hutchinson (see [3], Section 8.3), with
dimy (F) > % In our case it is easy to compute the Hausdorff dimension of the
Cartesian product S := Ex Ex E C R? and we have dimy (S) = 3dimy(E) > 1.
Then we construct a closed set F' C [—2,2] satisfying diff(E) C F' and we ex-
hibit a line £ C R? which intersects the cone in R? over F' x F only at the
origin. This is sufficient to prove that the cone C in R? over F' x F' x F does
not contain any plane m. In fact, if such a plane 7 exists, then its projection on
at least one of the coordinate planes should be the full coordinate plane, which
is not the case because of the existence of the line /. On the other hand, C
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necessarily contains diff(S), therefore C' disproves the conjecture.

2.2. Construction of E. Let A C [0, 1] be the self-similar set obtained as a
countable intersection of the sets A; defined as follows:

o Ay = [07 1] )

e foreveryi=1,2,..., A; is the union of 2’ closed intervals I; o, ..., I; 5i_1,
where I; 5; (respectively, I; 2;+1) has length ﬁ times the length of I;_1 ;
and it has the same left (respectively, right) extreme as ;1 ;.

The set E is the union of A and —A. By Theorem 8.6 of [3] it is easy to
compute
In2

dlmH(E) = dlmH(A) = m

>1
37

because A is the invariant set associated to 2 similitudes, each with ratio 8—;.
Analogously, denoting S := E x E' x I, we can compute

In8
dimy(S) = dimg(A x A x A) = m(;i_g) > 1,
because A x A x A is the invariant set associated to 8 similitudes, each with
ratio ——.
8—¢

2.3. Construction of F. For i = 1,2,..., we denote F; :=diff(4; U —A4;)
and F' = (), F;. It follows immediately that diff(E) C F. Indeed in this case
there holds diff(E) = F', but the inclusion is sufficient to our aim. Moreover F'
is closed, because each F; is so, being F; the image of the Cartesian product
(A; U —A;)? under a continuous map (the sum of the coordinates). Note that
the difference set of a Borel set is not necessarily a Borel set (see [2]).

2.4. Final contradiction. The crucial part of the proof is the following claim.

2.5. Claim. There ezists a line { on R2 which intersects the cone in R? over
F x F only at the origin.

To prove it, denote by Fy the set (F1 X Fy)\ G1, where (31 is the connected
component of (F} x Fi) containing the origin. For every i = 2,3, ..., denote

by F; the set ((F; x F;)\ Fy_1) \ Gi, where G; is the connected component of
(F; x F;) containing the origin. Note that for ¢ = 2,3, ... we have F, C Gi.
Clearly the cone over (F x F) is contained in the cone C over the set U, F;,
which coincides with the union of the cones 6’2 over E The key observation is
the following lemma.

2.6. Lemma. For everyt=1,2,..., EH 1s an homothetic copy ofﬁ’i. More

precisely, EH = ﬁFi.
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FIGURE 1. A line ¢ intersects the cone over F} only at the origin.

PROOF. It is sufficient to prove the lemma in case i = 1. Every point z in
F, is a difference of two points # and y in (Ay U —Ay)%2. Moreover = and y
necessarily belong to the same connected component of (A; U —A1)?, because
for a and b in different components of (A; U— A1), there holds |a—b| > L, while
|z| < % So we can assume that = and y belong to the connected component
D of (A3 U—A;)? which contains 0, because any other connected component is
contained in a translated copy of D. Since the intersection of D with (AsU—A3)?
is an homothetic copy of (A; U —A1)? of ratio S—EE, then the same is true for

their difference sets, and hence for ﬁg and F7. O

In particular, it follows that C = 51. An easy computation shows that if e
is sufficiently small, then a line ¢ with the claimed property exists (see Figure
1). For example the line

2+4¢
Yy=-—->5"=

- 2
L - 8—¢

has the claimed property, for e sufficiently small.
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3. THE SECOND CONJECTURE

3.1. Strategy of the proof. We consider the set A constructed in the previ-
ous section and we set S := A x A x A. We already proved that dimy(S) > 1.
Then we prove that for a certain open set of directions in the plane z = 0, any
line with such direction intersect A x A in at most one point. This is sufficient
to conclude that every blow-up of A x A at any point does not contain points in
such directions. Hence every blow-up of A x A is contained in a closed cone Cy,
which does not contain points in such directions. Therefore every blow-up of
S is contained in the closed cone Cyy := Cyyy x R. The same argument applied
to the coordinate planes x = 0 and y = 0, gives that every blow-up of S is
contained in the intersection C' := Uy, N Cy, N Cy., which does not contain
planes, because its projections on the coordinate planes never coincide with the
full coordinate plane itself.

3.2. Property of A x A. Consider the set A constructed in the previous sec-
tion. We can assume here € = 1. The set A x A in the plane z = 0 has the
following property. Every line y = ma + ¢ such that % < m < b intersects
the set A x A in at most one point. In fact it is easy to see that A; x A;
has the property that such a line intersects at most one of its four connected
components (see Figure 2). Since the part of As x As which is contained in
one connected component of A; X Ay is homothetic to A; x Ay itself, the same
property holds for Ay x Ay and, by induction, for A; x A;, for every i.

3.3. Blow-up of a set. Given a closed set S, a point x € S and sequence
rj \( 0, there exists a subsequence r;, such that the sequence of sets

S —x

L

Sary, = B(0,1)N

converges in the Hausdorff distance to some closed set S,. In this case we say
that S, is a blow-up of the set S at the point x. Of course, choosing a different
sequence 7; or a different subsequence r;, can lead to a different blow-up.

3.4. Blow-ups of A x A. Now we want to prove that at every point of A x A,
every blow-up of A x A intersects a line y = max with % < m < 5 only
at the origin. Assume the contrary that there exist % < mg < b5, a point
20 = (z0,y0) € A X A, a point p = (t,mgt) # (0,0) and a sequence r,, \, 0 such
that the point p belongs to the limit of the sequence (A x A), . This means
that every arbitrarily small neighborhood of p intersects the set (A x A), .., for
every n sufficiently large. Take a neighborhood of p which does not contain 0
and it is sufficiently small to be contained in the cone made by all lines y = max
with % < m < 5. Since this neighborhood intersects the set (A x A),, ,,, then
for some I < m/ <5, the line y = m/x contains a point of (A x A)., ., which
is not 0. Or, in other words, the line y — yo = m/(x — o) contains a point of
(A x A) which is not zyp. Therefore that line intersects the set (A x A) in at
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FIGURE 2. Every line y = mx + ¢ with % < m < b intersects
the set A1 x Ay in at most one point.

least two point, which is a contradiction.

We can conclude that at every point of A x A, every blow-up of A x A is
contained in the closed cone

7
Copy = {(x,y) € R? : y # ma, for every £ <m< 5} Uo.

3.5. Blow-ups of S. Given a projection 7, the projection of a blow-up of a
set S at a point z (i.e. the limit of S, ,, , for some sequence r,,) is contained in
the limit of 7(S)(.),: a blow-up of the projection 7(S) at the point 7(2). In
particular every blow-up of the set S := A x A X A at any point is contained
in the cone

Cyy = {(7,y,2) €R®: (z,y) € ézvy}
The same holds for the cones C,, and C,. defined analogously. Therefore every
blow-up of the set S at any point is contained in the cone
C:=CpyNCyNCy..

As in the previous section, this cone cannot contain any plane, because, if so,
at least one of the projections of the cone on the coordinate planes should
be full, which is not the case. We deduce that the set S has the following
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property. Every blow-up of S at every point of S is contained in a closed cone
(which is in particular a trivial compact family of closed cones) which does not
contain planes. Nevertheless dimy(S) > 1. Therefore S disproves the second
conjecture.

This argument, together with Theorem 1.1, gives indirectly a counterexample
to the First Conjecture. In fact the cone C' must have building dimension
strictly larger than 1, because it contains every blow-up at every point of the
set S (which has dimension strictly larger than 1).

REFERENCES

[1] ALMGREN, FREDERICK J., JR. Almgren’s big reqularity paper. World Scientific Monograph
Series in Mathematics , 1. World Scientific Publishing Co., Inc., River Edge, NJ, 2000.

[2] ErDGS, PAUL; STONE, ARTUR H. On the sum of two Borel sets. Proc. Amer. Math. Soc.,
25 (1970), 304-306.

[3] FALCONER, KENNETH J. The geometry of fractal sets. Cambridge Tracts in Mathematics,
85. Cambridge University Press, Cambridge 1985.

[4] WHITE, BRIAN. Stratification of minimal surfaces, mean curvature flows, and harmonic
maps. J. Reine Angew. Math., 488 (1997), 1-35.

A.M.

Max-Planck-Institut fiir Mathematik in den Naturwissenschaften
Inselstrasse 22, 04103 Leipzig, Germany

e-mail: marchese®@mis.mpg.de



	1. Introduction
	Acknowledgements
	2. Construction of the counterexample to the First Conjecture
	2.1. Strategy of the proof
	2.2. Construction of E
	2.3. Construction of F
	2.4. Final contradiction

	3. The Second Conjecture
	3.1. Strategy of the proof
	3.2. Property of AA
	3.3. Blow-up of a set
	3.4. Blow-ups of AA
	3.5. Blow-ups of S

	References

