CO-ANALYTIC COUNTEREXAMPLES TO MARSTRAND’S
PROJECTION THEOREM

LINUS RICHTER

ABSTRACT. We show that ZFC does not prove Marstrand’s Projection Theorem
in R? for projective pointclasses beyond the analytic sets. This answer a decades-old
open question from classical geometric measure theory. Assuming V=L, we construct
co-analytic subsets of R? which fail Marstrand’s Projection Theorem as badly as
possible (the difference between the Hausdorff dimension of the set and of that of its
orthogonal projections is maximal). We then construct counterexamples of any non-
trivial Hausdorff dimension. We use modern tools from the theory of algorithmic
randomness and descriptive set theory, including the Point-to-Set Principle and a
recursion theorem for co-analytic sets.

1. INTRODUCTION

A central goal of descriptive set theory is the characterisation of limits of provability
in ZFC. This is done via definable counterexamples: sets minimal in the projective
hierarchy which fail some property P, while every set of smaller complexity satisfies P.
The significance follows from Godel’s Completeness Theorem: if P can consistently
fail for a set in pointclass I', then ZFC cannot prove P for all sets in I'. Hence, the least
pointclass containing a definable counterexample characterises the limit of provability
of P in ZFC.

Since descriptive set theory is influenced by both classical mathematics and logic,
the construction of definable counterexamples often requires sophisticated ideas, usu-
ally from computability theory and set theory. For example, that ZFC proves the
Perfect Set Property for X{ but not for II} sets was shown by Godel [17, [18] in his
groundbreaking work on L, 31 years after Bernstein [3] showed that some set fails the
Perfect Set Property. This difficulty highlights the strengths of the logical approach:
since virtually all mathematics can be formalised within ZFC, all classical theorems
can be recast in the language of logic. In subjects of sets of reals (e.g. topology,
analysis, geometric measure theory) descriptive set theory then proves what can—and
cannot—be proven.

In this work, we identify the limit of provability for MP, the Marstrand Property,
which is related to J. M. Marstrand’s landmark projection theorem for Hausdorff
dimension. In 1954, Marstrand [38] proved MP for all Borel sets; in 1975, P. Mattila [40]
extended the theorem to all ¥ sets.

Does ZFC prove MP for all II} sets? We prove this is not so:

Theorem . ZFC does not prove MP for all TI} subsets of R?.
Therefore, MP is optimal for X1 sets.
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In our proof, we assume V=L and build II} sets failing MP by recursion. In partic-
ular, we show that the Hausdorff dimension of definable counterexamples for MP can
be arbitrary.

Theorem [B| (V=L). For every € € [0,1] there exists a II} set E. C R? such that we
have dimp(E,) = 1 + € while dimy (proj,(E.)) = € for every 6 € [0, 27).

1.1. Background. Marstrand’s Projection Theorem relates the Hausdorff di-
mension of £ C R? written dimy(E), to the Hausdorff dimension of its orthogonal
projection onto the straight line of angle 6, written dimy (projy(E)). This can be ex-
pressed in terms of the regularity property MP (below, “almost all” means “for a set
of Lebesgue measure 1”):

Definition 1.1 (MP). A set F C R? has the Marstrand Property MP if for almost
all 6 € [0, 27):

(1) If dimg(E) > 1 then dimgy(proj,(£)) = 1.

(2) If dimpy(E) < 1 then dimg(projy(E)) = dimgy(E).

In 1954, Marstrand [38] proved MP for all Borel subsets of R? assuming ZFC.
Generalisations due to P. Mattila [40], who extended the result to X} sets (and to
higher dimensions), as well as simplifications to the proof due to R. Kaufman [24] (using
energy potential characterisations) followed. The combined result of Marstrand and
Mattila of MP for X} sets is nowadays known as Marstrand’s Projection Theorem.

Theorem 1.2 (Marstrand’s Projection Theorem). If E C R? is X1 then E satis-
fies MP.

A landmark result of geometric measure theory, refinements of Marstrand’s Projec-
tion Theorem—and projection theorems in general—remain an important cornerstone
of contemporary fractal geometry [2, [15] 14].

Alongside the theorems of Marstrand, Mattila, and Kaufman, constructing sets
which failed MP yielded eye-catching results, too. In 1979, R. O. Davies [10] con-
structed a set failing MP using CH. A proof analysis reveals that this set is 1.

However, whether Marstrand’s Projection Theorem holds for pointclasses beyond X}
remained open. Partial results proving sufficient conditions for MP to hold have been
isolated: the Hausdorff and packing dimension of E being equal is one such condition
which is independent of being 31 [35]. Further, using a theorem of Crone, Fishman,
and Jackson [9], D. Stull [57] also showed that every set of reals satisfies MP in ZF +
DC + AD. Since determinacy for II} sets is not provable in ZFC due to theorems of
D. Martin and L. Harrington [23, Theorems 31.4 and 31.5], the following question has
remained open:

Is it consistent with ZFC that there exists a I} set which fails MP?

We answer this question in the present paper.
Theorem . ZFC does not prove MP for all TI} subsets of R?.
As a corollary we obtain sharpness:

Corollary Assuming ZFC, the regularity property MP is sharp for X1 subsets
of R?: ZFC proves MP for all $1 sets, but not for all II} subsets.

Taking ZFC as the basis for reasoning about classical mathematics, Corollary
shows that Marstrand’s Projection Theorem as stated in Theorem [I.2—and hence its
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FIGURE 1. The shaded area indicates those pointclasses of R? for
which ZFC proves MP. The circled pointclasses contain subsets of R?
failing MP, consistently relative to ZFC.

classical proofs due to Marstrand and Mattila—are optimal: the assumption of Xi-
ness cannot be strengthened. In ZFC in particular, there is no proof—classical or
otherwise—of MP for II} sets.

Our contribution in terms of provability of MP is highlighted in fig. [I| from which
optimality is evident (if ZFC is consistent). To obtain Theorem [A] we assume the
set-theoretical Axiom of Constructibility V=L and explicitly construct a II} set which
fails MP. Since Theorem proves MP for all 31 sets, this is optimal. This construc-
tion is the content of Theorem [Tk

Theorem (V=L). There exists a I} set E C R? such that dimy(E) = 1
while dimpy (proj,(E)) = 0 for all 6 € [0, 27).

We then go one step further: we extend Theorem (4.1} and show how to construct for
any € € [0,1] a I} set E such that dimz(E) =1 + ¢ and E maximally fails MP. This
is the content of Theorem [Bt

Theorem [B| (V=L). For every ¢ € [0,1] there exists a II} set E. C R? such that we
have dimy(E,) = 1 + € while dimy (proj,(E.)) = € for every 6 € [0, 2m).

This mazimal failure is explained as follows. Theorem [Blis optimal not only globally
(i.e. with respect to the complexity in the projective hierarchy) but also locally in the
following sense: in our proof, we exhibit sets which fail MP as badly as possible. For
every € € (0,1) we construct a IIj set F. C R? such that dimy(F,.) = 1 + € while for
every 6 we have dimg(proj,(E.)) = e. Hence, our set E. behaves as pathologically
as possible under orthogonal projections; not only does it fail the measure-quantifier
“for almost all” in the statement of Definition [I.1] it satisfies the universal negation
instead. By classical arguments from geometric measure theory, the drop in Hausdorff
dimension from 1 + € to € is maximal.

The proofs of Marstrand, Mattila, and Kaufman are all classical: they solely use
tools from analysis and geometric measure theory. In contrast, we use modern tools
of computability theory to prove Theorem [B] For each € € (0,1), we construct a set
of reals E. by recursion, using techniques from algorithmic randomness. In particular,
we employ two key tools. First, we use the point-wise characterisation of Hausdorff
dimension in terms of Kolmogorov complexity, given in its full form by J. Lutz’ and
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N. Lutz’ Point-to-Set Principle [33]. Second, we apply a recursion theorem isolated
by Z. Vidnyénszky [58] which guarantees that the set we construct recursively is IIj,
assuming V=L. (In particular, without the II} requirement, J. Miller observed that
our argument can be carried out assuming only CH to give a new proof of Davies’
theorem.)

1.2. Relation to Other Work. Theorems [A] and [B] were conceived during the au-
thor’s PhD thesis work [46]. The results were announced in November 2022, and a
preprint was made available shortly after [45]. Concurrently and independently, The-
orem [B] has also been announced by T. Slaman and D. Stull in June 2022 as “in
progress” [52]. Unfortunately, their proof has not yet appeared in writing. Their
argument seems to use properties of the lightface IT] sets alongside the computability-
theoretic properties of the self-constructible reals (due to Kechris, Guaspari, and
Sacks [25], 49]) and a recursion using the Point-to-Set Principle.

Relatedly, also assuming V=L, Slaman [51] showed that the set of self-constructible
reals C; has full Hausdorff dimension. Since C; contains no perfect subset, his argument
yields a II7 set £ C 2¢ which does not contain uncountable closed subsets.

1.3. The Structure of This Paper. In Section [2, we introduce geometric measure
theory, (descriptive) set theory, and computability and randomness as needed for our
arguments.

In Section [3| we prove technical lemmas and outline the techniques which we later
employ in the proofs of our main theorems. In Sections and [3.2] we prove lemmas
relating the Hausdorff dimension of a set of reals given in Euclidean coordinates to
the Hausdorff dimension of its representation in polar coordinates. In Section [3.3], we
outline Vidnydnszky’s IT{-Recursion Theorem and how we use it in our constructions.

In Section [4], we prove Theorem and our main Theorem [A]

In Section , we give the proof of Theorem , which produces IIj counterexamples
of MP of arbitrary Hausdorff dimension between 1 and 2.

We close with section [6] where we give a few open questions which illustrate possible
avenues for follow-up research.

1.4. Acknowledgments. This work was funded by the Singapore Ministry of Edu-
cation through its research grants MOE-000538-01 and A-0008454-00-00, as well as
by a School of Mathematics and Statistics PhD Scholarship of Victoria University of
Wellington.

The author wishes to thank Daniel Turetsky for bringing the question concerning
counterexamples to Marstrand’s Projection Theorem to my attention, as well as for
his informative and continuous feedback on earlier versions of this manuscript.

2. PRELIMINARIES

In this section, we collect necessary preliminaries on Hausdorff measure and dimen-
sion, descriptive set theory, and computability theory and algorithmic randomness.

2.1. Notation and Conventions. A real is either an element of Cantor space 2¥—
the space of all infinite binary sequences—or of R. The space of finite binary se-
quences is denoted by 2<¢. If 0 € 2= let /(o) denote the length of 0. If 0,7 € 2<%
and /(1) < {(o) and 7(k) = o(k) for all k € dom(7), then 7 is a prefix of o, written
as T < 0. If 0 € 2<“ and k < w then of = o...0, repeated k times. If f € 2¢
and n < w then f [ n = f(0)...f(n —1). The natural numbers are denoted by
w=140,1,2,...}. If f: w— w is a function, then its domain is denoted by dom(f).
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Strict inclusion is denoted by C, while inclusion-or-equality is denoted by C. All log
are log,.

2.2. Hausdorff Measure and Dimension. Take a subset £ C R?, and let d denote
the usual Euclidean metric. To define Hausdorff measure, we first consider the s-
dimensional Hausdorff outer measure of weight §, given by

?Q(E):inf{§:|Uﬂs

<w

EQUMAWRWMW<®}
i<w
where |U| = sup{d(z,y) | x,y € U}, the diameter of U. As ¢ increases, we include
more covers in the infimum, and hence if 0 < § < ¢ then Hj, < H3. So, as § decreases,
the term Hj(E) increases. In particular, the limit lims o+ H3(E) always exists, though
it might be infinite.

Let £ C R%. The s-dimensional Hausdorff outer measure of F is

H(B) = lim H3(E).

The outer measure H? is in fact a metric outer measure, and it is defined on all subsets
of R? [41], p. 55]. We note here that for integer s and sufficiently regular E, we have
that H*(F) equals the s-dimensional Lebesgue measure, up to a constant [41], p. 58].
Further, one can show that for every £ C R? there exists a critical value for s at
which H?*(E) drops from oo to 0—this is the Hausdorff dimension of E:

dimy(E) =sup{s > 0| H*(E) = oo}
=inf{s > 0 | H*(E) = 0}.

Although, by the Hahn-Kolmogorov-Theorem [11, p. 40], H* is a measure only on the
class of measurable sets, every subset of R? has a Hausdorff dimension [41], pp. 58-59].
A map f: R™ — R™ is Lipschitz with constant M > 0 if

[f(z) = fly)l < M|z —y

for all z,y € R™, where | - | denotes the Euclidean norm on R™. Importantly for our
arguments later on, Lipschitz maps do not increase Hausdorff dimension.

Lemma 2.1. Let E C R%. If f: R? — R? is Lipschitz then
dimgy (f(F)) < dimgy(E).
As a special case, isometries fix Hausdorff dimension:
Corollary 2.2. Hausdorff dimension is preserved under rotation and translation.

2.3. (Descriptive) Set Theory. We use the hierarchies of descriptive set theory to
measure limits of provability.

Consider the Polish (i.e. separable and completely metrisable) space R endowed
with its usual topology. Since R is metrisable and @Q is dense in R, there exists a
countable basis of open sets {U,, | n < w} for the topology of R. A set F C R is open
if there exists A C w such that F = [J{n € A|U,}. The complement of an open set
is closed. A set is Borel if it is contained in the o-algebra generated by the open
sets. By a classical theorem of Souslin [26] I1.14.2], the Borel sets are not closed under
projections. A set A is X1, or analytic, if there exists a closed set C C R x w* such
that = € A if and only if there exists f € w* for which (x, f) € C. The complement
of a X} set is called II}, or co-analytic. Sets obtained by taking projections of IT}
sets are called X, ; hence, every X} set is X, . If a set is both X}, and II}, then it
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is AL, A set is called projective if it is X! for some n < w. By constructing universal
sets, one sees that this projective hierarchy does not collapse: there exists a X} .
set which is not 3.
We will need the Axiom of Constructibility, denoted by V=L. The constructible

hierarchy is defined by recursion on the ordinals:

[ J LO = @

o Loy ={x C L,|x is definable over (L,, €) with parameters}

o Ly =J{Ls|B < A} if X is a limit ordinal.

The axiom V=L now says that every set is constructible:
(Vz)(3a)(z € Ly)

It is known due to Godel that V=L proves both the Axiom of Choice AC and the
Continuum Hypothesis CH (and even the Generalised Continuum Hypothesis) [22]
Theorems 13.18 and 13.20].

For further details on descriptive set theory, we refer the reader to the textbooks

of Y. Moschovakis and A. Kechris [44], 26]. For classical set theory, we recommend
Jech [22].

2.4. Computability and Algorithmic Randomness. We consider the theory of
computability on w. A function f: w — w is partial computable (p.c.) if there
exists a Turing machine M for which, if M on input k£ halts in finite time, then it
outputs the value f(k). The subset of w on which M halts is the domain of f. If the
domain of f is w, then we call f computable. A set A C w is m-reducible to B C w
if there exists a computable function f such that z € A if and only if f(z) € B. Via
classical codings such as Godel coding we can define computable functions on 2<¢.

We require the notion of information density, which we describe in terms of prefix-
free Kolmogorov complexity. A function f: 2<¥ — 2<% is prefix-free if when-
ever 0 € dom(f) and 7 < o then 7 ¢ dom(f). Let U be a universal prefix-free
machine [12], 3.5]. The machine U satisfies the following: every prefix-free p.c. func-
tion f: 2<¥ — 2<“ has a program code p for which U(p,z) = f(z). The requirement
of prefix-freeness does not impose any restrictions since every p.c. function can be
made prefix-free [12, Proposition 3.5.1]. If A € 2%, let U be the universal prefix-free
machine that has access to the oracle A (i.e., the machine can perform a step of the
type “does k belong to A?” for any k < w, and branch accordingly). If 7 € 2<%
let U™ denote the universal prefix-free machine with 7 written on an additional tape,
the condition tape.

Formalising the above we obtain:

Lemma 2.3. Let A € 2¥. There exists a function ha: w — w such that, if p is a
prefiz-free program for the prefix-free A-p.c. function f then

ha (071pz) = U (p, ) = f(2).
If T € 2<¥, define h, similarly, using the condition tape in place of the oracle.

We now define formal notions of complexity and randomness on finite strings. These
are independently due to A. N. Kolmogorov and R. J. Solomonoff [27, [55].

Definition 2.4. Let 0 € 2<“. The Kolmogorov complexity of o is
K (o) = min{¢(p) | ho(p) = o}
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If 7 € 2<% then the conditional Kolmogorov complexity of o given 7 is

K(o | 7) = min{l(p) | h-(p) = o}

If A is an oracle, K“ (o) is defined analogously, with k4 in place of hy. In that case, the
condition tape is empty (accessing the oracle does not require any tapes), and hence
we can define K4 (o | 7) as above.

Prefix-freeness shows K is subadditive up to a constant: for o, 7 € 2<%,
K(or) < K(0)+ K(7) + c.
Similarly, by giving a prefix-free representation of o, some constant c:
K(o) < (o) + 2log(l(0)) + c.
The notion of Komogorov complexity can be carried over to infinite binary sequences.

Definition 2.5. Let f € 2* and A C w. Then f is Kolmogorov random relative
to A (or A-random) if there is a constant ¢ such that for all n < w,

KAfIn)>n—c

As a result of prefix-freeness of U, A-randomness coincides with a number of other
randomness notions, highlighting its “correctness” [39] 50}, 28, [7]. Via the connection
to Martin-Lof randomness, for example, one sees that the set of A-random reals has
full Lebesgue measure as a subset of 2. Hence:

Lemma 2.6. Let A € 2¥ and o € 2<%. There is f € 2* such that 0 < f and f
is A-random. In particular, for every A € 2 there exists an A-random real.

As standard references for Kolmogorov complexity, we refer the reader to the books
of R. Downey and D. Hirschfeldt [12] and M. Li and P. Vitdny [29]. For more on
random reals, see in particular [12, 6.2]. For classical computability, see the texts of
R. Soare [54], 53].

2.5. Coding Objects in 2<“. We identify certain elements of 2<“ with objects in
the domain of discourse; these are usually elements of Q and elements of w. This
identification takes place in the meta-theory; however, determining whether o € 2<%
codes a rational or natural number is computable. We denote this string representation
using an overline: if z is an object in the domain of discourse, then T € 2<“ denotes
its coded representation.

We fix a particular coding below, with concatenation the implied operation.

e If k < w then let k be the string whose digits are the binary expansion of k.

o If n € Z then let w be the binary expansion of n with each digit doubled
(e.g. n =101 becomes w = 110011). Then let @ = w01 if n > 0, and otherwise
let m = w10.

e If ¢ € Q then suppose ¢ = a/b. Then let § = ab.

e lfg=1(q1,...,qm) € Q™ thenlet g =q1 - Gm.

e If z € R, suppose k < w, and express x in binary. Take the integer part of z
and double each digit; denote this string by w. Take the first £ bits of x after
the binary point, denoted by z. If x > 0, let Z[k] = w01z; otherwise define
z[k] = w10z.

o If x = (21,...,2,) € R™, suppose k < w. Then ZT[k] = Z1[k] - - - T [K].

o If v € R then let T € 2¥ be the limit of Z[k] in the obvious fashion.
If x = (xq,...,2,) € R™ then interweave 71, ..., T,, bit by bit.
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Using this coding, if & < w then (k) < log(k) + 1.
The distinction between strings and objects matters when we discuss elements of R
and their truncated approximations. In other cases we are more casual; e.g. we

write K (k) and K(q) instead of the formally correct K (k) and K(q).

2.6. Dimension of Points and the Point-to-Set Principle. Using effective tools
to answer measure-theoretical questions has been a research avenue for decades. This
development goes back at least to the beginning of this century, with contributions
by J. Lutz and Mayordomo [30, 42] 32]. Further discoveries were made by Hitchcock
[19, 20] and Mayordomo [42], who related the notion of effective dimension of reals
(in 2¢) to Kolmogorov complexity (the connection between martingales and Hausdorff
dimension had previously been investigated by Ryabko [47, 48], Staiger [56], and Cai
and Hartmanis [5]; gales, a generalisation of martingales, are due to Lutz [31]).

Definition 2.7. Let f € 2 and A C w. The (effective) dimension of f relative

to A is given by
KA
dim*(f) = lim inf KU Tn)

n—00 n

This notion can be naturally extended to m-dimensional Euclidean space R™: first,
consider the complexity of a point.

Definition 2.8. Let z = (z4,...,2,) € R™ and A C w. The Kolmogorov com-
plexity of = at precision ¢t < w relative to A is given by

K/\(«) = min{K"(q) | ¢ € Q" N By-+(x)}

where B;(y) is the open ball with respect to the Euclidean metric, with radius s and
centre y. The effective Hausdorff dimension of z relative to A is
KA
dim® (x) = lim inf ﬂ
t—00

The characterisation of effective Hausdorff dimension of reals given in Theorem [2.8]is
due to Mayordomo [42]. We can now state Lutz’ and Lutz’ Point-to-Set Principle [33,
Thm. 1].

Theorem 2.9 (Point-to-Set Principle). Let n < w and suppose E C R™. Then

dimy(F) = min sup dimA(x).
A€2% ek

The Point-to-Set Principle allows to control the dimension of a set by focussing on
individual points. Lutz and Lutz [33] and Lutz and Stull [35] provide outlines and
applications of the Point-to-Set Principle. Recently, the Point-to-Set Principle has
been extended to arbitrary separable metric spaces [34].

Crucial to our arguments is the following technical lemma, which allows us to work
with finite strings instead of approximating rationals. As we will be working with
elements in Cantor space 2 whilst talking about reals in R, a convenient identification
is useful. We use the following observation by Lutz and Stull [35] p. 6].

Lemma 2.10 ([36, Corollary 2.4]). For every m < w there ezists a constant ¢ such
that for allt < w and x € R™ we have

| Ki(z) — K(z[t])| < K(t) +c.

We note an important corollary.
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Corollary 2.11. If m > 1 and x € R™ then dim(z) = lim inf,_,,, X1

In Proposition |3.1, we prove an identification argument explicitly for polar coordi-
nates.

3. TECHNICAL LEMMAS IN OUR CONSTRUCTION

3.1. Arguing in Polar Coordinates. In our constructions in both Theorems
and [4.1] we work in polar coordinates instead of Euclidean coordinates. A point (z,y) €
R? has polar coordinates (r,6) if we have x = rcosf and y = rsinf. We restrict
our attention to the first quadrant of the unit disc, which we denote by

]D:{(a:,y)ERQ‘x,yEO/\\/x2+y2§1}.

Thus, » € [0,1] and 6 € [0,7/2]. Importantly, all points expressed in the proofs
below are given in Euclidean coordinates. When we write (r, ) we do not mean the
point (r cosf, rsinf).

The following lemma can be considered a direct analogue to Lemma [2.10} its proof
is related to that Corollary 2.4 from [36], however requires further tools.

Proposition 3.1. Let A € 2¥. Suppose (x,y) € D has polar coordinates (r,0). Then
dim*(z,y) = dim*(r, 0).

We provide proofs to both directions of Proposition below. We use the following
lemma due to Casey and J. Lutz [0].

Lemma 3.2. There exists ¢ < w such that for all m,s, As < w and all v € R™:

K(z) < Kgpns(z) < Ky(2) + K(s) + cm(As) + ¢

where

cm(As) = K(As) +mAs + 2log (E log(m)—‘ + As + 3> +

( E 1og<m>] n 3) m -+ K(m) + 2log(m).

Observe that the term c,,(As) does not depend on s.

Before give the proof of Proposition , we require the following standard result [4]
p. 151].

Lemma 3.3. Let C C R? be convex and compact. If f: C — R? sending (z,y)
to f(x,y) is continuously differentiable on C' then it is Lipschitz on C.

The first halves of the proofs below follow the argument of Lutz and Stull [306,
Lemma 2.3]. Note that the map (r,0) — (rcosf,rsin @) is continuously differentiable
everywhere, and that [0, 1] x [0, 7/2] is compact and convex.

Lemma 3.4 (First half of Proposition [B.1)). There ezists ¢ such that if (x,y) € D has
polar coordinates (r,0) then for all s:

K (z,y) < K(7[s]0[s]) + K(s) +c.
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Proof. By Lemma[3.3] the map converting polar into Cartesian coordinates is Lipschitz
on [0,1] x [0,7/2]. Thus, there exists M > 0 such that whenever (r,0), (r',0") €
[0,1] x [0,7/2] then

(3.1) |(rcos@,rsinf) — (r' cos &, r'sin@)| < M|(r,0) — (+',6')|.

Let (r,0) € [0,1] x [0,7/2], and suppose that (xz,y) = (rcosé,rsind).
Let ry = r[s], and 0, = 0[s], the truncations of r and € to s bits after the binary point.
We consider the approximation r, cos #, of r cos 6, and similarly r, sin 8, of r sin f. Since
these need not be finite strings, we define

x[s] = (rscosb)]s] and y[s] = (rssinby)][s]
which are the truncations to s bits after the binary point. We now approximate (z, y):

Claim 1. (x[s],y[s]) € BQ—S(1+M\/§)(~’U7?J)
Proof of Claim 1. Recall that x = rcos# and y = rsinf. Hence,
|(x[s], y[s]) — (rs cosbs,rssinby)| < 27°.

Using eq. (3.1) and the triangle inequality, we can compute the maximum error
as (x[s],y[s]) approximates (z,y):
|(@[s], yls]) — (z,y)| < [(x]s],y[s]) — (rs cos b, 7y sin b)] +
|(75 cos O, rssinbs) — (x,y)|
< 27+ |(rscos O, rssin ) — (rcos B, rsind)|
<27+ M|(rs,05) — (r,0)]
<2754 MA/(r —715)2 + (0 — 6,)?

<2754+ M+/(2)22
=275(1+ MV?2) s
Since 27" = 27%(1 + MV2) <= t = s —log(1+ Mv?2), we know (zs],yls])

computes (x,y) at precision t = s — log(1 + M+/2). Letting At = log(1 + M+/2), we
hence have

Ko-ar(x,y) < K(z[s], y[s]) < K(z[s]gls]) + ¢

where ¢ is the machine constant turning Z[s] and g[s] into the real approximations z[s]
and y[s]. Since t + At = s, the right-hand side of Lemma [3.2| implies

Ky(z,y) < Ks_ae(z,y) + K(t) + c2(At) + ¢
< K(Z[s]y[s]) + ¢ + K(t) + c2(At) + ¢

where ¢5(At) is as in Lemma and hence does not depend on ¢ or s.
We require a final claim:

Claim 2. K(Z[s|y[s]) < K(7[s)0]s]) + ¢" for some constant c".

Proof of Claim 2. By definition, r;, = r[s] and 6, = 6[s]. Then note
that x[s] = (rs cosby)[s], which is computable via approximations and Taylor’s Theo-
rem, with some machine constant ¢”. The same holds for y[s]. o
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Combining our previous bound with the claim, we obtain
K (r,y) < K(z[s]yls]) + ¢ + K(t) + c2(At) + ¢
< K(7[s)0[s]) + + " + K(t) + ca(At) + c.
Recall that At = log(1+4 M+/2) is constant. Further, ¢t = s — At, and thus there exists

a constant ¢” (which only depends on At and M, and not on s) for which K(t) =
K(s— At) < K(s) 4+ ¢”. Hence, combining constants in d,

Ky (z,y) < K(F[s]0[s]) + K(s) + d. O

For the second half, we make the following brief observation. The argument below
will focus on points in D that do not lie on the first axis; this is necessary for a
bounding argument involving Lipschitz conditions: for each point (z,y) not on the
first axis, we can find a nice neighbourhood on which the coordinate transformation
map from Euclidean to polar coordinates is nicely behaved. What about the points
on the first axis? There is nothing to do, for if > 0 then the polar coordinates and
Euclidean coordinates of the point (x,0) coincide. Hence Proposition holds on the
first axis trivially.

Lemma 3.5 (Second half of Proposition [3.1). There exists ¢ such that if (z,y) € D
has polar coordinates (r,0) then there exist Ny ), A such that if s > Ny, then

K(rls — Alfls — A]) < Ky(z,y) + K(s) + c.
Proof. First, we make an approximating observation.
Claim 1. Ifa € Q>N By (x,y) then
(@[r], ylr]) € Byrayymy(a)-

Proof of Claim 1. By assumption, |(z,y) — a| < 27", so by the triangle inequality we
have

|(z[r],y[r]) — a| < [(z[r],y[r]) — (x,9)| + |(z,y) — q
— \/(x[r] — x)Q + (y[r] — )2 + |(z,y) — q
< V22 F)+ 277
<272 4277
=27(1+V2) .

In the notation of [36], let Q2 = {2772 |2 € Z?} denote the set of r-dyadics. Note
that r-dyadics have at most r-many non-zero post-binary-point bits. We bound the
number of r-dyadics in an open ball:

Claim 2. For any a € Q* and r < w, we have

Q2N By (@) < (4 (14 V2))

Proof of Claim 2. Let Cy be the square centred at a with side length given by 2(1 +
V/2)27". Since By (1432 C C2, we have

|Q72~ A BQ*T(1+\/§)| < |Q§ N Cyl.

2
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Observe that C; has area (2(1 4+ v/2))?272". Now, if z,y € Q? and = # y then we
have |z —y| > 27" (since the elements in Q% have at most r-many non-zero post-binary-
point bits). Hence consider a small square: a square of side length 27". Such a small
square has area 272" and cannot contain more than 4 r-dyadics: one on each of its
vertices. Hence, dividing the area of (5 by the area of a small square and multiplying
by 4 for each vertex gives an upper bound for the number of r-dyadics:

(2(1+v2) 2%
9—2r

=:<2<1+—v§>)z22
= (1(1+v2)) 4

Let M with program P be a machine that: on input 7 = mmoms if (7)) = k with k <
w, and h(my) = 3 with s < w, and h(m3) = @ with a € Q?, then M outputs the k-th
dyadic rational in By, /)(a). Now, if a € Q* is such that K(a) = K(z,y), then the
claims together imply that there exists
some k < (4(1 4+ /2))? for which (2[s],y[s]) is the k-th element in the intersec-
tion Q7 N By(yyymy(a). Let m, 7,73 be witnesses for K(k), K(s) and K(a), re-
spectively. Then

]Q,% N Bz—r(1+\/§)‘ < 2?

h <0£(P)1P7T17T27T3) = T[s]yl[s]
and thus
K (z[s|y[s]) < €(my) + L(ma) + L(m2) + ¢
= K(k) + K(s) + K(z,y) + ¢
< Ko(z,y) + K(s) + ¢
where K (k) can be bounded above by a constant.

Let f: R? — R? be the computable function mapping a point in Euclidean coor-
dinates to its polar coordinates. On D (excluding the first axis), this map is given
by

(z,y) — ( x? + yQ,tan’l(y/xD
and is continuously differentiable. Let € > 0 such that the closed ball B of radius €
centred at (z,y) does not intersect the first axis. By Lemma , f is Lipschitz on B.
Now, suppose s < w is such that 275 < € (thus By-s(z,y) C B), and let (p,q) €
Q? N By-s(x,y). Since f(x,y) = (r,0) we have
|(r,0) = f(p, @)l = [f(z,9) = f(p )|

< M|(z,y) — (p,q)|

< M2

— 27(sflogM).
Thus, the machine that computes f (with machine constant ¢’, by claim [2| of the

proof of Lemma yields (z[s], y[s]), which yields the polar coordinates (r, ) up to
precision s — log M:
K (7[s — log M)0[s — log M]) (z[s]yls]) + "

<K
< Kg(x,y) + K(s)+ "+ ¢ O
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Proof of Proposition 3.1, The proof is now a consequence of the previous two lemmas
and the following claim:

Claim 1. If A < w then | K (7[s]0[s]) — K (F[s — A]f[s — A])| < ¢ for some constant c.

Proof of Claim 1. Computing 7[s — A]f[s — A] from 7[s]0[s] is straightforward. For the
other direction, let 7(A) be such that 7[s] = 7[s — A]F(A), and equally for 6. Suppose
that

h(m) =7[s — Alfs — A]

T(A)
h(ms) = E(A)

are all optimal. Let p be a program that on input m = 7 moms3, merges the two strings
obtained by 7y and 73 with the string from m; in the obvious way (cf. Section [2.5)).
Then

7[s)0[s] = h (0 1P7T17T27T3)
and thus optimality of programs implies
K(7[s]0[s]) < £(m1) + L) + €(m3) + ¢
= K(F[s — Alf[s — A]) + K(F(A)) + K(0(A)) + c.
Note that (7(A)) = A, and recall K (o) < {(0)+2log(¢(c))+¢ for all o € 2<%, Since
A is fixed,
K(7[s]0[s]) < K(7[s — Alf[s — A]) +
20(A) + 4log(L(A)) + -

The claim now yields the result from the previous two lemmas: let (z,y) € D with
polar coordinates (r,#). Suppose A is as in Lemma . Then

dim(r, §) = lim inf Ko(r,6)
S5—00 S
_ tim inf ZTL1018))
s—00 S
K(7[s — A)f[s — A
= lim inf (ls I6ls )
5—00 S
= lim inf —Ks(x’ y)
S5—00 S

= dim(x, y)

since K (s) < log(s) + 2log(log(s) + 1) + ¢ for a constant c. O

Below, we pass to polar coordinates as required. In particular, the points of II} sets
we build in Theorems and [B] will be determined by their radii, which we construct
explicitly.

From now on, if we write (r,0) below, we usually mean the point with Euclidean
coordinates (rcos#,rsinf); in such cases, (r,0) € D. We occasionally return to Eu-
clidean coordinates, and we explicitly mention when we do so.
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A

A,

FIGURE 2. The projections of (s, p) onto Ly, and Ly, are computed directly.

3.2. Projections in Polar Coordinates. We now focus on the behaviour of projec-
tions of sets onto straight lines. Consider 6 € [0, 7], and let Ly be the straight line
that passes through the origin at angle 6 with the first coordinate axis. It is clear
that [0, 7] exhausts all straight lines through the origin. Let (s,p) € D and denote
by proj,(s, p) the projection of (s, p) onto Ly: the unique point of intersection of Ly
with the unique perpendicular-to-Lg line containing (s, p). Recall that if (s,p) € D
then 0 < s <1 (cf. figs. 2l and .

There are two cases: |0 — p| < w/2 or |0 — p| > ©/2. If we have |6 — p| < 7/2
then | proj,(s, p)| = scos(6 — p); otherwise, | projy(s, p)| = scos((0+m) — p). Since 0 <
s <1 and cos(z + m) = — cos(x), we conclude:

Lemma 3.6. For every (s,p) € D and every 0 € [0, 7] we have
| projy(s, p)| = s|cos(6 — p)|.
In particular, the polar coordinates of the projection of (s, p) onto Ly are

(s|cos(6 — p)|, 0) if 10— pl < 7/2
(s|cos(8 — p)|,0 + ) otherwise.

pr0j9(57 p) = {

Now suppose F C D and fix some 6 € [0, 7|. Define
(3.2) E(0) = {s[cos(0 — p)|| (s, p) € E} CR.

We show below that, in fact, dimy(E(6)) = dimg (projy(E)).

We need the following notions: a real number € R is computable if there exists a
machine that uniformly on input & < w outputs a rational ¢ € Q such that ¢ € By« (z);
this naturally extends to R™ for m > 1.

Lemma 3.7. If x € R™ is computable then dim(x) = 0.

Proof. Suppose M with program p is a machine that on input s for s < w computes g5
for some ¢, € Q™ N By-s(x). Then h (0“P)1ps) =g, € Q™ N By-:(z) and so Ky(z) <
0(3) + c. Recall that £(3) <log(s) + 1 and thus

1 1
dim(z) < liminf log(s) +1+c =

S—00 S

Lemma 3.8. If E C R? is countable, then dimg(E) = 0.

0. U
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L,
(s, p)
. L93 0 ’l/// X
T — 93
(d, 03)

FI1GURE 3. For Ly,, the projection lies in the fourth quadrant. There,
0y = m — 05, and so d = scos(p + 7 — 03) = s|cos(f3 — p)|.

Proof. Suppose E = {x;]i < w}, and let X = @ T;, the infinite join. Let M with
program p be a machine with oracle to access to X that on input (E, E) computes T;[s].
Then M computes all z;, and hence by Lemma [3.7] and the Point-to-Set Principle [2.9
we have dimp(E) < sup,.p dim™ (z) = 0. O

Lemma 3.9. Let r € R. Then for every oracle A € 2¥ the following hold.
(1) dim®(r) = dim*(r,0)
(2) dim*(r) = dim*(—r)
Proof. Modulo constants, we have
K (7]s])) < K (F[s]ﬁ[s]) < K(7[s]) + K (6[3]) :
Since 0 is computable, Lemma [3.7] implies
K (0
i HOB)
§—00 S
Applying liminf yields item [1} For item [2} easily computes —r[s] from 7[s]. Both
arguments relativise. O
Lemma 3.10. Let § € [0, 7). If E CD then
dimpy (projy(E)) = dimy (E(6)).
Proof. Fix 6 € [0, 7] and suppose (s, p) € D. For brevity, define

p(s,p) = [ projy(s, p)| = slcos(0 — p)|
by Lemma Now, item (1| of Lemma [3.9 implies

dim” (p(s, p)) = dim” (p(s, p), 0)

for every oracle A € 2*. Hence, let

Py(E) = {(p(s,9).0)| (s,p) € B} C .

Note that dimy(E(0)) = dimy(FPy(E)) by the Point-to-Set Principle 2.9, We now
aim to appeal to Corollary 2.2} dimy is invariant under rotations. However, ro-
tating Pp(E) by 6 anti-clockwise does not necessarily yield proj,(E): if there ex-
ists (s,p) € E with |6 — p| > 7/2 then proj,(s,p) = (p(s,p),0 + ), not (p(s, p), ).
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FIGURE 4. If |p — 6] < 7/2, consider the length of the projections on
the first axis, and rotate.

Hence: whenever (s,p) € E and |0 — p| > 7/2, passing to Euclidean coordinates,
consider (—p(s, p),0) instead. Let

. p(s, it |0 —p| < m/2
p(s,p)z{( °) ool <nf
—p(s,p) otherwise.

and define P;(FE) (cf. figs. |4 and |5)) in Euclidean coordinates:

Pi(B) = {(5"(5,0),0) | (5,) € F}
By items [I] and 2] of Lemma [3.9] it follows that
dim* (p(s, p), 0) = dim” (p*(s, p), 0)
for all oracles A € 2¥. Hence, the Point-to-Set Principle implies
dimyg (Py(E)) = dimy (P} (E).
Moreover, rotating P, (E) by 6 yields proj,(E). Hence, Corollary implies
dimy (E(0)) = dimp (FP(E))
= dimy (Fj(E))
_ dimy(projs (). 0

We complete this section with an effective proof to a useful result in geometric
measure theory. To our knowledge, this result has not yet appeared in print.

Lemma 3.11. If E C R?\ {0} intersects every line through the origin in D, then

Proof. Suppose A € 2¥ and let B € 2 be A-random. Thus, § = 0001B € 2
codes a real number 6 € (0,1). Since B is A-random, by definition of relativised
dimension, K4(B | s) > s — c for some constant c¢. As B | s is easily computed
from 6[s], we have

s—c< KYB1s)<KY0[s])+¢
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FIGURE 5. If |p — 0] > /2, mirror along the second axis and then rotate by 6.

for some machine constant ¢. Thus

)
| s)

KA

dim® () = lim inf (6ls
§—00 S
A

> lim inf KB

S5—00 S

s—c

> lim inf =1.

S§—00 S

As E intersects Ly, there exists r > 0 such that (r,0) € E. Note that we can easily
compute 0[s| from 7[s|0[s], so

KA0[s]) < KA(7[s]0[s]) + "

for some machine constant ¢’. Hence,

-
dim®(r, #) = lim inf (Fls1ls))
S—00 S
K40
> lim inf (1))
S—00 S
= dim*(9) = 1.
Since A was arbitrary, the proof is complete. O

3.3. Constructing II} Sets by Recursion. To build II7 sets, we use a method
originally due to Erdés, Kunen, and Mauldin [13] and A. Miller [43], and recently
generalised by Z. Vidnyanszky [58]. Assuming V=L, this II}-Recursion Theorem
allows us to construct sets of reals recursively in the style of Ciesilski [§], Davies [10],
and others, with the added benefit that the constructed set is II}. While the II}-
Recursion Theorem is very general (it applies to all computably presentable Polish
spaces), we focus on a special case.

For notational simplicity, if X = {z, | @ < w;} we define the truncation of X
toaby X [a={zs|f <a}.
Definition 3.12 (V=L). Let FF C D=* x [0,7/2] x D. Then X = {z,|a < w;} is
compatible with F'if X C D and there exist:

e an enumeration {p, | @ < wi} of [0,7/2]; and
e aset {A,|a <w} CD¥ for which A, = X | «a for every a < w;
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such that (A, pa, o) € F for every a < wy.
Observe that since A, € D=, each A, has order type < w.

Definition 3.13. A set X C 2 is cofinal in the Turing degrees if it is cofinal in
the partial ordering of Turing degrees. If m > 1 and X C R™ then X is cofinal in the
Turing degrees if the set {T |z € X} is.

We now state the IT{-Recursion Theorem, which in full generality is due to
Z. Vidnyanszky [58, Thm. 1.3].

Theorem 3.14 ((V=L), The II}-Recursion Theorem).

Suppose F C D= x [0,7/2] x D. If F is I} and if for all (A,p) € D=¥ x [0,7/2]
the section F'(A,p) ={x € D| F(A,p,x)} is cofinal in the Turing degrees, then there
exists a II1 set compatible with F.

Theorem proves a recursion principle: at stage a we have access to A, (the
set of elements we have already enumerated into X) and to the current condition to
be satisfied, p,. The section F'(A,, p,) now gives the set of candidates which both
satisfy condition p, and respect A,. Since A, = X | a, we know that X satisfies all
conditions.

In our proofs of Theorem [4.1 and of Theorem [B], the set of candidates is D. Condi-
tions are straight lines through the origin, indexed by [0, 7 /2].

4. THE PROOF OF THEOREM [Al
In this section, we prove our first main result.

Theorem . ZFC does not prove MP for all TI} subsets of R?.

To prove Theorem , we assume V=L and construct a II} set which fails MP. This
is the content of Theorem [4.1], which we prove in this section.

Theorem 4.1 (V=L). There exists a I} set E C R? such that dimy(E) = 1
while dimpy (projy(E)) = 0 for all 0 € [0, 27).

4.1. Roadmap Towards a Proof. Assume V=L. Let B = {0,|a < w;} be an
enumeration of [0,7/2]. We argue by induction on w; and hence build £ C D sat-
isfying Theorem in stages; we think of the angles in B as the conditions (or
requirements) which need to be satisfied. During our construction, when consider-
ing condition ¢, we also handle ¢ + 7/2 simultaneously. By Theorem , at stage «
we have access to all points (r;, 0;) already enumerated into E. We satisfy condition 6,,.
Denote 6 = 6, and argue thus:

(1) Let Ay = {(r:,6;) |1 < w}, the set of points already enumerated into E. For
each i < w the angular coordinate 6; tells us which conditions are already
satisfied.

(2) Build r € (0, 1) such that for all i < w:

e dim(r|cos(6 —6;)]) =0
o dim(r|cos(fd +7/2—6;)]) =0
This suffices by Lemma [3.10
(3) Enumerate the pair (r,6) into E.

Note that the set of reals in item must be cofinal in the Turing degrees for the
I1}-Recursion Theorem m to apply. The following result is essential.
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Proposition 4.2. Suppose a; € (0,1) for all i < w. There ezists r € (0,1) such
that dim(a;r) = 0 for all i < w. The set of such r is cofinal in the Turing degrees.

We prove Proposition [£.2] in Section 4.2l Having it in hand, we may already prove
Theorem [4.Jl We need one more lemma.

Lemma 4.3. If A € 2% and a € R, then {x € R| dim®(z) = a} is Borel.

Proof. The subsequent arguments relativise. By definition,
K,(x) — liminf min{K(q)|¢g € QN BQ_n(:c)}‘

dim(z) = lim inf —*
n—o00 n n—o00 n

Since the liminf of a sequence of Borel functions is Borel, it suffices to show that
Ko(z) = min{K(q) | ¢ € QN By ()}
is Borel. To see this, note that
K,(z)<c <= Jq€ QN Byn(x)(K(q) <c)
= zr¢€ | Bynl(g)
qek(c)
where K(c) = {p € Q| K(p) < c¢}. Hence K, is Borel, and so is dim. O

Proof of Theorem[{.1. To use the II}-Recursion Theorem [3.14] we define the
set ' C D=¥ x [0,7/2] x D by

(A, p,(r,0)) € F if and only if
¢ =6 and for all (+',0") € ran(A) we have
dim(r|cos(p — @')|) = dim(r|cos(¢ + /2 — ')]) = 0.
By Lemma Fis II3.

Note ¢ is satisfied by a point on L. Let ¢ € [0,7/2], and focus on the sections of
F: for a < wyq, by definition,

F(A, @) ={(r,0) [ (A, ¢, (r,0)) € F}.
Suppose A = {(r;,0;) |i < w} € D=, Let
a; = |cos(p — 0;)| and b; = |cos (@ +7/2—0;)|.

By construction,

(r,0) € F(A,¢) <= 0 = ¢ and dim(ra;) = dim(rb;) = 0 for all i < w.
Proposition 4.2 implies that this section is cofinal in the Turing degrees. Therefore,
using Lemma , we may apply the IT{-Recursion Theorem m there exists a IT}
set

E={(ra,0s)|a <w} CR?
which is compatible with /. We also have enumerations {¢,|a < wi} = [0,7/2]
and {A,|a < w;} such that A, = {(r4,6;) |i <w} = F | a and for each o < wy,

(Ta,00) € F(Aa, ©a)-

Note that we have 6, = ¢,.

We verify that £ is as required. Let ¢ € [0,7]. We show dimp(proj,(£)) =
By Lemma [3.10] it suffices to show that dimy (E(¢)) = 0 (where we define E(yp)
{r|cos(p — 0)|| (r,0) € E} as in eq. (3.2))). We show this below.

Note that there exist 0 < w; and ¢s € [0, 7/2] such that:

0.
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e cither ¢ = s,

e or ¢ = s+ 7/2.
Let 0 be such, and recall E = {(r4,0,)|a < w1}. We consider the points that were
enumerated before condition (s and those enumerated after s separately.

< §: At condition s, define (analogous to Lemma the oracle

X=@ {WCOS(% — 0)],mslcos(ps + m/2 — )] ‘ B < 5} ,

Then X computes both rg|cos(yps —83)| and rs|cos(ps+7/2—0g)| for all 5 < 9.
Since

p € { s, ps +7/2}
Lemma implies that for all g < ¢:

dim™ (rg|cos(p — 63)]) = 0.

> §: We show that dim(rg|cos(¢ —03)|) = 0 for every 5 > 9. Let 6 < < w;. Then
we have

(rg,08) € F(Ap,0p) = F(E | B,05).

But the conditions we have already attended to at stage [ are exactly the
angular coordinates of the points in £ | ; in particular,

E rB: {(TQ,QOQHCY < ﬂ}
So, for all v < 3, again by definition of F', we have
dim(rs|cos(ipy — )]) = dim(rsleos(, + /2 — 5)]) = 0.
Since § < ( and either p = @5 or ¢ = s + 7/2, we have in particular
dim(rg|cos(p — 03)]) = 0.
We picked § < § < wy arbitrarily, hence this holds for all such 5.
Thus, by the Point-to-Set Principle [2.9] and Lemma |3.10
dim s (proj,,(E)) = dim(E())

= 1 d. A « _ea
min 535)1 im” (r,|cos(p )))

< sup dim™ (ry|cos(¢ — 6,)])

a<wi

=0.
Now dimy(E) > 1 by Lemma [3.11] O
Finally, the fact that dimy(FE) = 1 is a consequence of the following lemma.
Lemma 4.4. Suppose E C D. Then dimg(proj,(F)) > dimy(E) — 1.

Proof. Suppose (r,0) € proj,(E). By Lemma we know that r = s|cos(6 — p)| for
some (s, p) € E. But now, note that, given (r,6), we can compute s from p, and vice
versa. Hence suppose dim(r, ) = e. Since dim(s), dim(p) < 1 we see that dim(s, p) <
dim(r,#) + 1, which is as desired. O

Since the set E constructed in Theorem is II and fails property MP, we have
hence shown our first main theorem:

Theorem A. ZFC does not prove MP for all II} subsets of R

As a result, we obtain sharpness:
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Corollary 4.5. Assuming ZFC, the reqularity property MP is sharp for X1 subsets
of R?: ZFC proves MP for all X1 sets, but not for all II} subsets.

4.2. Proving Proposition To prove this technical proposition, we introduce
additional notation. An interval is called (open) dyadic if it is of the form (j /2%, (j +
1)/2%). Intervals of the form [j/2% (j + 1)/2*] are closed dyadic. Observe that

ve (j/25,(j+1)/2%) = | —j/2" <27

Hence, z and j/2* agree on the first k bits in their binary expansion: both start with
the binary expansion of j.

Below, we work with open intervals in (0,1). All reals are expressed in binary. In-
stead of manipulating intervals directly, we argue in terms of dyadic reals.
Let 0 € 2<¥ and 7 € 25%,

o Let 7T=0.7 € R.

o Lot 6, = 0.01° € R.

e Let [o] denote the open interval (&,5).
e If a € R then let a[g] = (ad,ad ).

Basic facts that follow by definition are summarised below.

Lemma 4.6. Let o,p € 2<¥. Suppose I is dyadic.

(1) The interval [6] is dyadic. If x € [5] then x and & agree on the initial segment
of length (o). (We say = extends o.)

(2) If & is the left-end point of I, then I = [5].

(3) If ¢ € I, then [6] C I.

(4) If p € 2<¥ then o < p if and only if p € [5].

Lemma 4.7. Suppose 0 € 2<% and a,e € (0,1). There exist p,7 € 2<% such that
o < p,alp] C[7], and K(1)/l(T) < €.

Proof. Let 0,a and € be given. Consider a[g]. Since [7] is open, so is a[g], and thus it
contains a closed dyadic interval. Take the largest (in diameter) such interval I, and
pick 7/ € 2<% such that 7’ is the left end-point of I. By closedness, 7" € alg]. By
standard results on Kolmogorov complexity, there exists a least s < w such that 7 =
7'0° satisfies

In particular, 7 = 7 € I. Now, since [7] is open so is a7 '[7]. Let J denote the
largest closed dyadic interval contained in a~'[7], and call its left end-point d. Again
by closedness, d € a~![7]. Let p € 2< be such that p = d.

Now o < p: by construction, p = d € J C a”'[7]. The string 7 properly extends 7/,
thus [7] C [7']. Since 7' is the left end-point of I, the interior of I equals [7']. Hence,
we have [7] C [7/] C I C a[g], and so p € a™![7] C a~*(a[5]) = [5], as needed. We also
have a[p] C [7], since [p] C J C a™![7]. O

To achieve cofinality in the Turing degrees when constructing r» € (0,1), we code
a given oracle A € 2¢ into r while satisfying each condition (as per item in Sec-

tion [4.1). Let

v(k) = 2%
determine where to code A in r. We use the intervals in ran(v) to satisfy our conditions.
We call v the folding map.
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FIGURE 6. We start on the left and argue anti-clockwise: a[7] is an open
interval; the largest closed dyadic interval inside is I. Picking a suitable
7 € I yields a™1[7]. The largest dyadic interval contained in it is J with
left end-point d = p. Hence, [p] C J, where in fact the interior of J
equals [p].

4.2.1. The Construction of r. Suppose (a;) is the set of conditions, where for every i <
w we have a; € (0,1). We construct » € (0,1) in stages, by determining its binary
expansion, which is given by successive extensions xg < 11 < Ty < ... with z; € 2<%,
We argue by induction on w.

(1) Let A € 2¢ be given.
(2) Let xo = (), the empty string.
3) Let x5 be given. At stage k + 1, decode k + 1 = (i,n) via Cantor’s pairin
( g g : : pairing
function, for instance, and attend to requirement . Hence we attend to each
requirement infinitely often.
4) Apply Lemmald.7|with a = a; and € = L to obtain a suitable extension pj, > .
k
5 Let t =v(k+1)—4(py) — 1 and d = A(k) and define
( p
) pr0%d if {(pr) <v(k+1)
(41) Tht1 = .
(pr | (v(k+1)—1))d otherwise.

Therefore, if k > 0 then ¢(x) = v(k) by induction.
(6) Define x = J,_, ¥k, and let r = Z.

Note that A is computably coded in z: z(v(k+ 1) — 1) = A(k) for all k < w. To
complete the proof of Proposition , we must ensure that the second case in eq. (4.1))
only occurs finitely often for each requirement a;. This is the content of the next
lemma.

Lemma 4.8. For each a; € (0,1) there exists M; < w such that if k+1 > M,
and k+ 1= (i,n) attends to requirement a;, then {(py) < v(k +1).

Let (z,y) € (0,1). We will use the following facts.

(i) Denote the diameter of (z,y) by diam((z,y)) = y — x. If 0 € 2<% then
diam([5]) = 27%°). In particular, we have — log(diam([5])) = ¢(o).

(ii) If £ < w is such that k > —log(diam((z,y))) + 2 then there exists j < w such
that [j/2%, (j +1)/2%] C (x,y).

Proof of Lemma[4.8. Fix a; = a and suppose we are at stage k+1 = (i,n). Let p = py.
Recall that p € J C a '[7]. Note diam(a~![7]) = a=127"). Since J is defined to be
the maximal closed dyadic interval in a~'[7], and since p is the left end-point of J,
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items |(1)[ and and the fact that 7 = 7/0° imply
((p) < —log(diam(a"'[7])) + 2
= log(a) — log( ))—1-2
= log(a) + (1) +
)+

= log(a) + ¢(T )+s+2

Recall that p = zy, (so z = o in Lemma [4.7). By construction, 7 € I C a[f], where
I is dyadic maximal in a[Zg]. So,

(") < —log(diam(a[zy])) + 2 = —log(a) + £(xy) + 2
from which we obtain via item that

Up) < lxy) +s+4=vk)+s+4.

At stage k+1, we build x4 > xp where ¢(xy1) = v(k+1). Note that our construction
is successful if we do not truncate p (as in the second case in eq. (4.1))). Then, we have

Up) < lzps1) =v(k+1).

Hence, it suffices to show that we have s < v(k+1) —v(k) — 4 for large enough k.

Recall that s satisfies 1;((:)) = Z(T)OS) < =, and simplify:

K(r'0) _ K() + K(0) +¢

o0y +s — s
< o) + Qiog(K(T’)) N log(s) + 2lo§(log(s) +1) N g

for a sum of machine constants c. These terms are easily bounded: ¢ < 3ik if s > 3kc.
For the middle term, log(s) + 2log(log(s) + 1) < 3log(s) once s > 2. Hence,

log(s) 4 2log(log(s) + 1) _ 3log(s)‘

Since log(s)/s is monotonically decreasing, if s > 2* then

3log(s) _ 3log (2F) 3k
s 2k 2k
Then ;’,f < i if 9k < 2% which holds for & > 10. Hence, for large enough k, the
bound s > 2% suffices. For the first term, recall that ¢(7') < —log(a) + v(k) + 2.
Since a € (0,1) we know —log(a) > 0. So, for large enough k, it follows that

0(1") + 2log(4(T)) <= log(a) + v(k) +2 N 2log(—log(a) + v(k) +2)

—log(a) + 3v(k)

S

<

Since a is fixed we have, for large enough k, that
07" 4 2log(4(7)) - —log(a) + 3v(k) - 4v(k)

S S S
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Observe that 4”T(k) < 3%{ if s > 12kv(k). Choosing k large enough, we see that s >
max {3kc, 2¥, 12kv(k)} suffices, which also reduces to s > 12kv(k) once k is large
enough.

Finally, 12kv(k) +1 < v(k + 1) — v(k) — 4 for k > 3. Thus, if k satisfies the
conditions above, then s = 12kv(k) + 1 satisfies K(TTIOS) < % while we also have s <
v(k+1) —v(k) — 4. So, eventually, ¢(p) is sufficiently small. O

Proof of Proposition[{.9 Fix A € 2, and suppose (a;) is the countable sequence of
requirements. Construct = J,_, =% as in Section Let r = 2. From Section
and Definition [3.13] A can be computed from the binary expansion of r. Hence, we
only show that dim(a;r) = 0. Fix i < w. By Lemma [4.8] there exists M such that
if k = (i,n) > M then p, < x. For each k, let 7 be as in Lemma alongside pi. By
construction, a;[px] C [7x] and a;py, € [7x]. Thus, we have a;r = ;& € [7]. Further,
K (1) /(7)) < 1/k. Letting

D ={k> M|k = (i,n) for some n}.
we apply Corollary to obtain

| ... K(@@rl(m)])
dim(air) < Timinf ==~ 5=

K
< liminf (1) + ¢
k—oo,keD  L(T})

~—

< liminf —
k—o0, k€D

=0

where ¢ is the machine constant obtaining 73 from @;7[¢(7})]. U

5. THE PROOF OF THEOREM [Bl

In this section, we prove a significant extension of Theorem which settles the
provability of MP in terms of the geometric measure theoretic complexity of counterex-
amples.

Theorem B. For every e € [0,1] there exists a I} set E. C R? such that we
have dimy(E,) = 1 + € while dimy (proj,(E.)) = € for every 0 € [0, 2m).

Observe that choosing € = 0 in Theorem [B] yields Theorem [£.1] The case e = 1 is
trivial: if £ C R? satisfies dimy(E) = 2 then Lemma [4.4] implies

1 < dimg(projy(E)) < 1.

for each 6. Hence, Theorem (B|is exhaustive and optimal.

5.1. Roadmap Towards a Proof. Let 0 < ¢ < 1. Assuming V=L, we argue as
follows.

(1) Fix an enumeration {¢, |a < w;} of [0, 7/2].

(2) At stage a, let A, = {(r4,0;) |i < w}, the set of all points already enumerated
into our set.

(3) Let X € 2¢ be the sequence whose bits are made up of the binary expansion
of . In particular, X is @, with its first four bits removed (cf. Section [2.5)).
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(4) We will not satisfy condition ¢, by enumerating a point on L, into our set.
Instead, we recover the already satisfied conditions by first coding them into
r using a suitable folding map: if (r;,6;) was enumerated into our set at stage
B, then g is folded into 7, and can hence be recovered computably. Let
{¢i|i < w} be the set of the conditions already satisfied.

(5) Pick 6 € [0,7/2] such that 6 is random relative to X.

(6) Let (a;) be an enumeration of all |cos(6 — ¢;)| and |cos(d + 7/2 — ¢;)|. Let YV
be the join of X and all @;. We also assume that Y computes e.

(7) Construct r € (0,1) such that:
(a) the binary expansion of ,, is folded computably into the binary expansion

of r;

(b) dim(ra;) = € for all i < w;
(¢) dim™(r) = e.

We will give some insight into the verification below. Let (a;) be an enumeration of
all [cos(f — ;)| and |cos(0 + 7/2 — ¢;)|.

In our construction of a suitable r, we adapt the methods used in the proof of
Theorem [£.1] However, instead of inserting long strings of zeroes into the binary
expansions of ra;, we pick a good oracle T' € 2¥ and fold it into ra;.

An oracle T is suitable if it is random relative to Y @ 6 (and hence all @;). Now,
assume 7 is constructed. Then Y (which computes all @;) computes initial segments
of T from initial segments of r: by computing an initial segment of ra; for the correct 7.
Since T is random relative to Y @8, we force dim*’(r) to not drop too low by coding T
not too sparsely.

The details can be found in Section 5.5 and the theorem then follows by Lemma [4.4]
Further, we use the following simple result, which follows from symmetry of informa-
tion.

Lemma 5.1. Let A € 2¥ be an oracle. For any x,y € R we have
dim*(z,y) > dim*(z) + dim™**(y).

For an in-depth account of the interplay between relativised dimension and con-
ditional dimension of elements of R" see Lutz and Lutz [33, 4.3 and 4.4], who
introduced the latter notion ibidem. The previous lemma is also a consequence of
their arguments, and a proof can be found there, too; it follows from the fact that
K(x |y) > K7(z).

Recall that Y computes X, and hence dim™ (r) > dim" (r) for all 7. Thus,

dim¥ (7, 0) > dim™ (8) + dim™®?(r) > dim*(0) + dim"?(r) > 1 + ¢

since @ is random relative to X, and by our construction of r. The final steps of
this high-level verification are then as follows: suppose we construct £ broadly as in
the proof of Theorem By the same argument as in said proof, The Point-to-Set
Principle [2.9] implies

dimpy (projy(F)) = dimy(E(0)) <€
since allowing oracles can only decrease the dimension of points. conversely, every
oracle X appears as some ¢, € [0,7/2]. Hence, there exists (r4,0,) for which @ is

random relative to X. Since such a point exists for every oracle, the Point-to-Set
Principle implies

dimy (E) > dim™ (rq, 6,) > dim™ (0) + dim™?(r) > 1 + €
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by Lemma [5.1] Then the conclusion follows from Lemma [4.4]

5.2. Folding Oracles Into r. Fix € € (0,1), and let
Z=Y &0
recalling that Y already computes all @;. Instead of constructing 7' € 2“ random

relative to Z and then coding it sparsely to obtain dimension €, we use a result due to
Athreya, Hitchcock, Lutz, and Mayordomo [I, Thm. 6.5]:

Lemma 5.2. Let 0 < o < 1. There exists x € R such that
dim(z) = Dim(z) = a.

The authors obtain this real precisely by sparsely coding a random sequence, in-
terleaved with strings of zeroes. Their result relativises, and their construction shows
that one may assume that

dim?(7) = dim(Z) = e.
For our purposes, letting 7' = T for a suitable x given by Lemma [5.2] suffices.

In the construction of Theorem we focused on satisfying requirements: we de-
manded a particular number of consecutive zeroes to appear in the image in order
to push the complexity down sufficiently far; and in our verification, we showed that,
eventually, the gap between conditions will be sufficiently large so that enough zeroes
can be accommodated. Here, we must take more care; we must always be able to give
a good bound on the number of computable bits of 7. Hence, we fix the number of
bits to be appended so that there is no “overspill”. The following lemma yields such
a bound.

Lemma 5.3. In the argument of Lemma[{.7:
s=vk+1)—v(k)—5 = Lpx) <v(k+1).
Proof. This follows from the proof of Lemma 4.8 with a, p, 7" as there,
Upr) <log(a) +0(t") +s+2<wv(k)+s+4
Equating this to v(k + 1) and demanding strict inequalities yields the proof. U

In particular, if we have space for s bits, we can code s — 5 bits into the image. This
leads to the following corollary:

Corollary 5.4. In the proof of Lemma[{.7], with a € (0,1): if {(p) = m and n > m
then if s = n —m — 5 we have ((p') < n, where p' is the extension of p that codes s
bits into rp’.

We now choose our folding map v to be
v(k) =2 + k.

We introduce the shift summand & so as to make sure that the gaps between v(k)
and v(k + 1) have length

22 L1 -9 =02 92" g

where the last bit is reserved to code a bit of ¢, into ra; (as per item . The gap
we have to extend is exactly of length

(5.1) uw+¢y—mm—1:2%“—?k:?k@ﬁ—1>

which is divisible by 2(2"=k)  This fact will be useful below.
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5.3. Coding and Saving Blocks. Naively, our arguments ought to work as follows:
at each stage, we construct a radius r that, together with a suitable angle 6, satisfies
the active requirement. To preserve the high dimension of r (relative to Z) and of the
points ra;, we code segments of 1" into each ra;. In particular: if a; is attended to
right after a;, and the last bit of 7" coded into ra; is T'(k) for some k < w, then the
first bit of T" coded into ra; at that stage is T'(k+1). Hence, with a long enough initial
segment of r, the oracle Z can compute a long initial segment of T" by picking the
correct a; (which Z computes), computing ra;, and picking out the coded bits of T'.
For ease of notation, suppose T' € 2“ and define

T = (T(m), T(m+1),...,T(n — 1)).

In particular, observe that £(7(™™) = n—m, and that T'(n) does not appear in 70",
The dimension of ra; is bounded above by the dimension of T": taking a sufficiently
long initial segment 7a;[t] of ra;, we easily find a long string of the form 7™ coded
into it. If K(T(m’”)) = n — m is large enough compared to ¢, then dimension will
decrease—this requirement is ensured by choosing a sparse enough folding map.

However, it is now difficult to show that the dimension of ra; does not drop properly
below the dimension of T'. The problem is that it is in general hard to tell how many
bits in the multiplication of reals are determined by a single bit: e.g. if a = 1/7 and
o = 0.0 for some o € 2<¥ and 7 > o, there is no bound on how many bits of the
product a7 are correct in the sense that every extension yields the same initial segment.

We circumvent this issue as follows: as we extend r, we save blocks of bits that
are coded into ra; throughout the stage. We do this by pulling back the interval, as
seen in Lemma 4.7, Hence we define the block map u: w — w by

(k) = 2250,

Recall that our folding map is given by v(k) = 22" + k. Hence, at stage k with r;, at
hand, we have v(k + 1) — v(k) many bits to extend 7. In particular, the number of
blocks fitting into the gap of stage k + 1 is given by

R

Note that £(k)u(k) =v(k+1) —v(k) — 1.

A few lemmas are needed.

Firstly, we need to have a good bound on how many bits we can code into ra; at
each stage k, and in each block. And secondly, it is not clear that saving blocks does
not cost too many bits. The first is not an issue due to Corollary [5.4. We resolve the
second later in the Cost Lemma [5.5] after introducing the construction in detail.

As we code T in blocks, it is prudent to describe a suitable partitioning of 1" be-
forehand. By recursion, reconstruct 7" into segments 7}, where k denotes the last
completed stage (so if we see T,g then we are in stage k+ 1), and j the active block. At

stage k+1: (1) we code £(k) = 2% (22k — 1)—many blocks, which follows from eq. 1)

and (2) each block of T' coded into the image has length u(k) — 5, as we lose 5 bits
each time as per Corollary [5.4, Hence,

7= J U 7

3<k<w \1<j<¢(k)
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where the union operator denotes concatenation. Hence

T=T)UT?U.. UTP®uTiu.. WUt ...

as £(3) = 2040. As mentioned, we lose 5 bits each time we code a T-block, thus

0T9) = p(k) —5 = 2" _5,

An easy calculation shows that 3 is least to allow coding of bits, which is why the
outer union starts at & = 3. In particular, the first stage at which bits are coded is
stage k 4+ 1 = 4, with ¢(T}) = 27 and £(3) = 2040.

5.4. The Construction. Recall the folding map v(k) = 2% + k and the block
map (k) = 2°9. The radius 7 is now constructed as follows: suppose @, is the
next condition.

(1) Let A € 2v,
(2) Let xo = (), the empty string.
(3) Let x be given. At stage k + 1, decode k + 1 = (i,n); we now attend to
requirement %.
(4) We iterate over all (k)-many blocks.
Let 0 < j < &(k) = 2¢(22" —1).
(a) Let 29 = xy.
(b) At block j + 1, 27 is given. We apply Lemma [4.7|and code T*" into a7,

Let pﬁl be the resulting extension. By filling up with s-many zeroes (via

Lemma , we find xi“ = p?:rlOS of length

Uad) + p(k) = €(zg) + 230 4 1),

(5) After the last block, we have one bit left to code A or P, (this follows from
€q. ) By construction, we have ¢ (xi(k)> =v(k + 1) — 1; hence define

k
Tyl = xi( 'd
where

d— A(k/2) if k is even
B (k- 1)/2) if k is odd.

(6) Define x = |J,., ¥k, and let r = Z.
Observe that ¢(x41) = v(k+1), and that we code the active line into . Further, we

code A as in Theorem to apply the ITj-Recursion Theorem [3.14 This completes
the construction.

5.5. The Verification. Below, we prove that dim(ra;) < e (Section |[5.5.1)); and
that dim?(r) > ¢, where Z = Y @ @ (Section [5.5.2)). Then Theorem [B| follows from
Lemma (.4
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5.5.1. The Dimension of ra;. Both verification arguments are “bit counting” argu-
ments: we exhibit a piece of a complicated string coded inside ra;, and show that it
is long enough in a precise sense: its length dwarves the length of all non-coded bits.
Let a = a; and consider ar[m| for some m such that

arm] =o U U o;T!
1<5<€(k)

for some k; hence stage k + 1 has just been completed. (Considering the strings at the
end of stages is prudent as we easily have access to a long consecutive segment of T,
albeit interrupted.) We also know by Lemma that

(o) < —log(a) + l(zg) + 2 = —log(a) + v(k) + 2.
Further, the cost of saving a block is given by a bound on the length of each o;.

Lemma 5.5 (The Cost Lemma). Let a € (0,1) and 1, € 2<%, As in Lemma [4.7,
find 7, and I, dyadic such that [7,,] C I, C a[fy]; let 7! be the left end-point of I,,.
Further, let J C a™[f,,] be dyadic, where py is the left-endpoint of J. Let 711 = pp0*
50 that £(rm41) = €(rm) + (k) where k denotes the current stage. Suppose T, is the
left end-point of I,+1 C a[Fmi1].

Then [U(Ty, ) — (1) < 7.

Before we proceed with the proof, a few comments are in order. Firstly, consulting
fig. [6] alongside the statement and proof of the above lemma is useful, as it serves as its
motivation. Conceptually, one thinks of the hypotheses as the intermediate step be-
tween moving from one block to the next within a given stage in our construction: r,, is
the available string in block m inside some stage, and p > o is its computed extension.
Importantly, a[F,+1] contains 7, as a substring. We ask: after saving 7,,, in a[r,.1],
how many bits are lost before we begin coding the next block? In particular, if we
construct a real r by such approximations r,, and we have established that

ar > TmATmi1
for some A € 2<% by successive block saving, then how long can A be at most?
Proof. By assumption we have [7,,,] C I, C 7], and so
diam([7,,]) < diam(7,,,) < diam([7,])-
Applying — log and by item |(i)| we have
—log(diam(I,,,)) € [—log(a) + £(rx), £(7%)]-

Since 77, is the left end-point of I, we also have

0(7h) € [—log(a) + €(rm), £(Tm)]-
For a better bound, use item from page [22| to obtain

((7],) < —log(diam(a[ry,))) + 2 = —log(a) + £(ry,) + 2
and hence

(7)) € [—log(a) + £(ry), —log(a) + £(ry,) + 2].



30 LINUS RICHTER

At stage k + 1, Corollary implies that each block has (k) — 5 bits coded into
its image. Hence ¢(7,,) = ¢(7},) + (u(k) — 5). Therefore, observing by construction
that 4(7,,,,) > U(7),

U(Toyr) = U(Tm) = g(Tm—i-l) U(7y,) = (u(k) = 5)
—log(a) + {(rmi1) + 2+ log(a) — £(rm) — (u(k) —5)
( (rmi1) = €(rm)) — (u(k) = 5) +2

— u(k) — (u(k) — 5) +2
=7

where we use that the block size is p(k), and hence €(rp,11) — €(ry,) = w(k). O
So, ¢(0;) < 7. For simplicity, we let
T, =T U...UTW,

hence ¢(Ty) = £(k)(u(k) — 5). The next lemma provides the final technical detail in
this half of our verification. For simplicity of notation, let

1<j<¢(k)

Lemma 5.6. For k <w and o, (0;) as above, we have
[K(Ty) — K(oS)] < 0(2%).

Proof. This is another “bit counting” argument: the number of bits by which T}
and 0.5y differ is given by £(o) + >, £(0;). If we also know where the 0;’s are located,
then we can construct each string from the other. Thus,

[K(Ty) = K(oS)| < K(o) + Y K(oy,my)
L<j<E(k)

omitting constants, where m; denotes the index at which o; begins inside S,. We
know ¢(c;) < 7 and

U(0) < —log(a) + L(xy) + 2 = —log(a) + 2% + k + 2.
Further,

UoSk) =)+ Y o)+ U(Tx)

1<j<E (k)
< —log(a) + €(xx) + 2+ TE(k) + (k) (u(k) — 5)
= —log(a) + £(zx) + 2 4+ £(F)(u(k) + 2)

since each of the £(k)-many blocks codes u(k) — 5-many bits. Observe that
E(kyu(k) =27 (2 - 1)

and hence is of order 22" As m; < £(Sk) we see that m; is thus at most of order 92!
But now K (m;) is at most of order 25*1. It is now readily seen that Y= K(o;,m;) is

of order at most £(k)2¥+!, which is O(22"). O
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Using Lemma [5.6] we now see
K(ar[m]) = K(o5;) = K(Ty) + 0(2%).
Further, observe that ¢(T}) is of order 22", since ¢(T}) = &(k)(u(k) — 5). As be-

fore, limy_,o ﬁﬁ = 0, and so we may ignore terms of order at most 22" So we
simplify: let D be the set of m < w at which requirement a = a; has just been
attended (in other words, ar[m| = oSy for some k). Then, by definition of T,
dim(ar) < lim inf K(ar{m)) < lim inf K(Th) =

meD m meD m
5.5.2. The Z-Dimension of r. Recall that Z =Y @ 6 and that Y computes all a;. As
we must show dim?(r) > ¢, it does not suffice to exhibit a set of favourable elements,
such as our set D above. Instead, we show how to decode enough elements of 7" from
any initial segment of r. Suppose we are at stage k+ 2 and n blocks have already been
satisfied. Write

where

e 0; denotes the initial segment of r that satisfied stage i;
e b; denotes the substring of r that satisfied block j of stage k£ + 2; and
e 7 is the initial segment satisfying block n + 1.

At stage k + 1, the substring 7} has been coded into ar. Hence, using the oracle Z
which computes all a;, we can recover T} from ar. Recall that

((Ty) = E(k)(u(k) = 5).

Observe that since limy_, 222,3% = limy_,00 2% = 0, the length of T}, already dwarves
the lengths of T} + ... + T} _1; hence, it suffices to compute the blocks saved at stage
k+1.

The worst case to consider above is the case n = 0: then, the initial segment oy,

needs to carry enough information to survive against 7, where we have ¢(7) < u(k +
1) — 1. This is not an issue, since ¢(T}) = £(k)(u(k) — 5) and
.ok +1)—1
e —5)
Hence, the information provided in 7T}, dwarves the unfinished block 7. It now suffices
to show that T} and the completely coded substrings T, ,, ..., T}, can be recovered
from @r[m]. This follows from the argument of Lemma :

e Take a machine that trims 7 to length v(k + 1) — 1, and denote the resultant
string by p (this is where stage k + 1 has just been completed).

e Compute the projection factor a; = a for stage k + 1 using Z (and from the
Cantor pairing function).

e Compute the largest dyadic interval in a[p], and let d denote its left end-point.
Now, we have d = oS0’ where £(¢0’) < 7, by the Cost Lemma .

By Lemma [5.6) the complexity of isolating 7} from oSio’ is not significant, as
required. An identical argument recovers the n blocks. It also follows from Lemma 5.6
that

K?(T, UTL, U...UTR,) < KZ(F[m]) + 0(2%) + O(n2++2)
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where n < £(k 4 1). Thus, in particular
KA(T, U T}, V... UTE,) _ K2 (T[m]) N 0(2%") + O(n2"+2)

m B m m

where m = v(k + 1) + nu(k + 1) + (1) and n < {(k + 1). Next, we verify that the
length of T' computed on the left-hand side of eq. (5.3)) is sufficiently long: note that

im — T, U Ty U. .. UTES)| = (1) + v(k) + 5E(k) + 5n + 1.
Now, m =v(k+ 1) + nu(k +1) 4+ £(7) and n < {(k + 1) imply

Ur) +v(k) +58(k) +5n _ U7) +v(k) +5(E(k) +E(k+ 1))

m U+ vk+ 1)+ E(k+Dpu(k+1)

Applying limits as k goes to infinity shows that the term vanishes. Applying lim inf
to both sides of eq. (5.3)) yields

K4(T,UTL  U...uTy
lim inf (T ktl kH) =e.
k—o0 m

(5.3)

Finally, since m is of order v(k + 1) + nu(k + 1), i.e. of order at least 22", the
right-hand side of eq. (5.3) simplifies to its first term. Hence

K%(T, UT} LU Te 2(F
¢ — liminf (T U fr1 Y U k:+1> < K*(7[m]
k—oo m m

Theorem [B|now follows from the same arguments as in Theorem [4.1], and the overview
given at the start of this section.

= dimZ(r).

6. OPEN QUESTIONS

We list open question for future investigation.

By a theorem of P. Mattila [40], Marstrand’s Projection Theorem can be extended
to higher dimensions in Euclidean space. Whether the optimal dimension requirements
of Theorem [B] can be obtained via similar means in those higher dimensional settings
remains open.

Question 1. Does Theorem |B| hold in higher dimensions?

The IIi-Recursion Theorem @ produces a IT} set of self-constructible reals satis-
fying the recursion. It is well-known that the set of self-constructibles is the largest
thin II} set: it contains no perfect subset [25, B37]. As has been pointed out by
Vidnyénszky [58, Problem 5.8], whether non-thin sets can solve the recursion in the IT}-
Recursion Theorem remains open.

Question 2. Does there exist a ITj set failing Marstrand’s Projection Theorem which
also contains a perfect subset, under suitable set-theoretic assumptions?

Secondly, we considered the property MP from the viewpoint of Hausdorff dimension.
There also exists a characterisation of packing dimension in terms of Kolmogorov
complexity, which is due to J. Lutz and N. Lutz [33, Theorem 2.

Theorem 6.1. Let n < w and E C R™. Then
. . A
dimp(E) = min gsclelg Dim”(x)
where Dim denotes the upper effective dimension:
K(z
Dim(x) = lim sup (x[r])

r—00 r
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There exist bounds on the projection of subsets under dimp. However, these are less
well-behaved; the best possible lower bound for 3{ sets was isolated by J. Howroyd
and K. Falconer [16], improving on M. Jarvenpéé’s result [21].

Question 3. What packing dimensions can be realised in projections of sets of reals?

In this paper, we have constructed sets of Hausdorff dimension greater than or
equal to 1. We leave open whether a II] set of Hausdorff dimension € € (0,1) can be
constructed which also fails MP.

Question 4. Is there a II} set E C R? and € € (0,1) for which dimg(E) = €
while dimpy (projy(E)) = 0 for all angles 67

Finally, on the complexity side, a possible strengthening of Theorem |Bf ensures that
the witnessing set is not only IIj but even Borel or Wadge complete [26, 11.22.B
and I11.26].

Question 5. Can MP be failed by a Borel (or even Wadge) complete II} set?

REFERENCES

[1] K. B. Athreya, J. M. Hitchcock, J. H. Lutz, and E. Mayordomo. Effective strong dimension in
algorithmic information and computational complexity. STAM Journal on Computing, 37(3):671—
705, 2007.

[2] V. Beresnevich, K. Falconer, S. Velani, and A. Zafeiropoulos. Marstrand’s theorem revisited: Pro-
jecting sets of dimension zero. Journal of Mathematical Analysis and Applications, 472(2):1820—
1845, 2019.

[3] F. Bernstein. Zur Theorie der trigonometrischen Reihe. Journal fir die reine und angewandte
Mathematik, 1907(132):270-278, 1907.

[4] G. Birkhoff and G.-C. Rota. Ordinary differential equations. John Wiley & Sons, New York-
Chichester-Brisbane, third edition, 1978.

[5] J-Y. Cai and J. Hartmanis. On Hausdorff and topological dimensions of the Kolmogorov com-
plexity of the real line. J. Comput. System Sci., 49(3):605-619, 1994.

[6] A. Case and J. H. Lutz. Mutual dimension. ACM Trans. Comput. Theory, 7(3):Art. 12, 26, 2015.

[7] G. J. Chaitin. A theory of program size formally identical to information theory. J. Assoc.
Comput. Mach., 22:329-340, 1975.

[8] K. Ciesielski. Set theory for the working mathematician, volume 39 of London Mathematical
Society Student Texts. Cambridge University Press, Cambridge, 1997.

[9] L. Crone, L. Fishman, and S. Jackson. Hausdorff dimension regularity properties and games.
Israel J. Math., 248(1):481-500, 2022.

[10] R. O. Davies. Two counterexamples concerning Hausdorff dimensions of projections. Collog.
Math., 42:53-58, 1979.

[11] J. L. Doob. Measure theory, volume 143 of Graduate Texts in Mathematics. Springer-Verlag, New
York, 1994.

[12] R. G. Downey and D. R. Hirschfeldt. Algorithmic randomness and complezity. Theory and Ap-
plications of Computability. Springer, New York, 2010.

[13] P. Erdés, K. Kunen, and R. D. Mauldin. Some additive properties of sets of real numbers. Fund.
Math., 113(3):187-199, 1981.

[14] K. Falconer, J. Fraser, and X. Jin. Sixty years of fractal projections. In Fractal geometry and
stochastics V, volume 70 of Progr. Probab., pages 3-25. Birkh#user/Springer, Cham, 2015.

[15] K. Falconer and P. Mattila. Strong Marstrand theorems and dimensions of sets formed by subsets
of hyperplanes. J. Fractal Geom., 3(4):319-329, 2016.

[16] K. J. Falconer and J. D. Howroyd. Projection theorems for box and packing dimensions. Math.
Proc. Cambridge Philos. Soc., 119(2):287-295, 1996.

[17] K. Godel. The consistency of the axiom of choice and of the generalized continuum-hypothesis.
Proc Natl Acad Sci USA, 24(12):556-557, Dec 1938.

[18] K. Gddel. The Consistency of the Continuum Hypothesis. Annals of Mathematics Studies, No.
3. Princeton University Press, Princeton, N. J., 1940.



34
[19]
[20]
[21]
[22]

23]

LINUS RICHTER

J. M. Hitchcock. Effective fractal dimension: foundations and applications. PhD thesis, Iowa
State University, USA, 2003.

J. M. Hitchcock. Correspondence principles for effective dimensions. Theory Comput. Syst.,
38(5):559-571, 2005.

M. Jarvenpéai. On the upper Minkowski dimension, the packing dimension, and orthogonal pro-
jections. Ann. Acad. Sci. Fenn. Ser. A I Math. Dissertationes, (99):34, 1994.

T. Jech. Set theory. Springer Monographs in Mathematics. Springer-Verlag, Berlin, 2003. The
third millennium edition, revised and expanded.

A. Kanamori. The higher infinite. Springer Monographs in Mathematics. Springer-Verlag, Berlin,
second edition, 2009. Large cardinals in set theory from their beginnings, Paperback reprint of
the 2003 edition.

R. Kaufman. On Hausdorff dimension of projections. Mathematika, 15:153-155, 1968.

A. S. Kechris. The theory of countable analytical sets. Trans. Amer. Math. Soc., 202:259-297,
1975.

A. S. Kechris. Classical descriptive set theory, volume 156 of Graduate Texts in Mathematics.
Springer-Verlag, New York, 1995.

A. N. Kolmogorov. Three approaches to the definition of the concept “quantity of information”.
Problemy Peredaci Informacii, 1(vyp. 1):3-11, 1965.

L. A. Levin. The concept of a random sequence. Dokl. Akad. Nauk SSSR, 212:548-550, 1973.
M. Li and P. Vitdnyi. An introduction to Kolmogorov complezity and its applications. Texts in
Computer Science. Springer, Cham, 2019. Fourth edition of [ MR1238938].

J. H. Lutz. Gales and the constructive dimension of individual sequences. In Automata, languages
and programming (Geneva, 2000), volume 1853 of Lecture Notes in Comput. Sci., pages 902-913.
Springer, Berlin, 2000.

J. H. Lutz. Dimension in complexity classes. STAM J. Comput., 32(5):1236-1259, 2003.

J. H. Lutz. The dimensions of individual strings and sequences. Inform. and Comput., 187(1):49-
79, 2003.

J. H. Lutz and N. Lutz. Algorithmic information, plane Kakeya sets, and conditional dimension.
ACM Trans. Comput. Theory, 10(2):Art. 7, 22, 2018.

J. H. Lutz, N. Lutz, and E. Mayordomo. Extending the reach of the point-to-set principle.
In 39th International Symposium on Theoretical Aspects of Computer Science, volume 219 of
LIPIcs. Leibniz Int. Proc. Inform., pages Art. No. 48, 14. Schloss Dagstuhl. Leibniz-Zent. Inform.,
Wadern, 2022.

N. Lutz and D. M. Stull. Projection theorems using effective dimension. In 43rd International
Symposium on Mathematical Foundations of Computer Science, volume 117 of LIPIcs. Leibniz
Int. Proc. Inform., pages Art. No. 71, 15. Schloss Dagstuhl. Leibniz-Zent. Inform., Wadern, 2018.
N. Lutz and D. M. Stull. Bounding the dimension of points on a line. Inform. and Comput.,
275:104601, 15, 2020.

R. Mansfield and G. Weitkamp. Recursive aspects of descriptive set theory, volume 11 of Ozford
Logic Guides. The Clarendon Press, Oxford University Press, New York, 1985. With a chapter
by Stephen Simpson.

J. M. Marstrand. Some fundamental geometrical properties of plane sets of fractional dimensions.
Proc. London Math. Soc. (3), 4:257-302, 1954.

P. Martin-Lof. The definition of random sequences. Information and Control, 9:602—619, 1966.
P. Mattila. Hausdorff dimension, orthogonal projections and intersections with planes. Ann.
Acad. Sci. Fenn. Ser. A I Math., 1(2):227-244, 1975.

P. Mattila. Geometry of sets and measures in Euclidean spaces, volume 44 of Cambridge Studies
in Advanced Mathematics. Cambridge University Press, Cambridge, 1995. Fractals and rectifia-
bility.

E. Mayordomo. A Kolmogorov complexity characterization of constructive Hausdorff dimension.
Inform. Process. Lett., 84(1):1-3, 2002.

A. W. Miller. Infinite combinatorics and definability. Ann. Pure Appl. Logic, 41(2):179-203, 1989.
Y. N. Moschovakis. Descriptive set theory, volume 155 of Mathematical Surveys and Monographs.
American Mathematical Society, Providence, RI, second edition, 2009.

L. Richter. Co-analytic Counterexamples to Marstrand’s Projection Theorem, 2023.
arXiv:2301.06684.



[46]
[47]
[48]
[49]
[50]
[51]

[52]

[53]
[54]
[55]
[56]

[57]

[58]

ON MARSTRAND’S THEOREM 35

L. Richter. On the Definability and Complexity of Sets and Structures. PhD thesis, Victoria
University of Wellington, NZ, 4 2024.

B. Y. Ryabko. Coding of combinatorial sources and Hausdorff dimension. Dokl. Akad. Nauk
SSSR, 277(5):1066-1070, 1984.

B. Y. Ryabko. Noise-free coding of combinatorial sources, Hausdorff dimension and Kolmogorov
complexity. Problemy Peredachi Informatsii, 22(3):16-26, 1986.

G. E. Sacks. Countable admissible ordinals and hyperdegrees. Advances in Math., 20(2):213-262,
1976.

C.-P. Schnorr. A unified approach to the definition of random sequences. Math. Systems Theory,
5:246-258, 1971.

T. Slaman. On capacitability for co-analytic sets. New Zealand Journal of Mathematics, 52:865—
869, May 2022.

T. A. Slaman. Computability and Set Theoretic Aspects of Hausdorff Dimension. Talk at Inter-
national conference on computability, complexity and randomness, Isaac Newton Institute for
Mathematical Sciences, University of Cambridge, UK, June 2022. https://www.newton.ac.uk/
seminar/36176/. See timestamp 40m35s.

R. 1. Soare. Recursively enumerable sets and degrees. Perspectives in Mathematical Logic.
Springer-Verlag, Berlin, 1987. A study of computable functions and computably generated sets.
R. 1. Soare. Turing computability. Theory and Applications of Computability. Springer-Verlag,
Berlin, 2016. Theory and applications.

R. J. Solomonoff. A preliminary report on a general theory of inductive inference. Zator Company
Cambridge, MA, 1960.

L. Staiger. Kolmogorov complexity and Hausdorff dimension. Inform. and Comput., 103(2):159—
194, 1993.

D. M. Stull. Optimal oracles for point-to-set principles. In 39th International Symposium on
Theoretical Aspects of Computer Science, volume 219 of LIPIcs. Leibniz Int. Proc. Inform.,
pages Art. No. 57, 17. Schloss Dagstuhl. Leibniz-Zent. Inform., Wadern, 2022.

Z. Vidnyénszky. Transfinite inductions producing coanalytic sets. Fund. Math., 224(2):155-174,
2014.

DEPARTMENT OF MATHEMATICS, NATIONAL UNIVERSITY OF SINGAPORE, LEVEL 4, BLOCK
S17, 10 LoweR KENT RIDGE ROAD, SINGAPORE 119076
Email address: richter@nus.edu.sg


https://www.newton.ac.uk/seminar/36176/
https://www.newton.ac.uk/seminar/36176/

	1. Introduction
	1.1. Background
	1.2. Relation to Other Work
	1.3. The Structure of This Paper
	1.4. Acknowledgments

	2. Preliminaries
	2.1. Notation and Conventions
	2.2. Hausdorff Measure and Dimension
	2.3. (Descriptive) Set Theory
	2.4. Computability and Algorithmic Randomness
	2.5. Coding Objects By Finite Strings
	2.6. Dimension of Points and the Point-to-Set Principle

	3. Technical Lemmas in Our Construction
	3.1. Arguing in Polar Coordinates
	3.2. Projections in Polar Coordinates
	3.3. Constructing Co-analytic Sets by Recursion

	4. The Proof of Our First Theorem
	4.1. Roadmap Towards a Proof
	4.2. Proving the Turing Cofinality Proposition

	5. The Proof of Our Second Theorem
	5.1. Roadmap Towards a Proof
	5.2. Folding Oracles Into the Radius.
	5.3. Coding and Saving Blocks
	5.4. The Construction
	5.5. The Verification

	6. Open Questions
	References

