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Abstract. In this paper, we study the weighted n-dimensional badly approximable
points on manifolds. Given a C™ differentiable non-degenerate submanifold U C
R™, we will show that any countable intersection of the sets of the weighted badly
approximable points on U has full Hausdorff dimension. This strengthens a result
of Beresnevich (Invent Math 202(3):1199-1240, 2015) by removing the condition
on weights and weakening the smoothness condition on manifolds. Compared to the
work of Beresnevich, our approach relies on homogeneous dynamics. It turns out that
in order to solve this problem, it is crucial to study the distribution of long pieces
of unipotent orbits in homogeneous spaces. The proof relies on the linearization
technique and representations of SL(n + 1, R).

1 Introduction

1.1 Badly approximable vectors. Given a positive integer n, a vector r =
(ri,...,ry) is called a n-dimensional weight if ; > 0 for i = 1,...,n and

r+---+r, =1
The weighted version of Dirichlet’s approximation theorem says the following;:

Theorem 1.1 (Dirichlet’s Theorem, 1842). For any n-dimensional weight r = (rq,

.,Tn), the following statement holds. For any vector x = (x1,...,x,) € R" and
any N > 1, there exists an integer vector p = (p1,...,pn,q) € Z""'such that
0<|q| <N and

lgx; +pi| < N7, fori=1,...,n.

This theorem is the starting point of simutaneous Diophantine approximation.
Using this theorem, one can easily show the following:
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COROLLARY 1.2. For any vector x = (x1,...,%,) € R", there are infinitely many
integer vectors p = (p1,...,Pn,q) € Z" ! with q # 0 satisfying the following:

o™i +pil <1 fori=1,....n. (1)

For almost every vector x € R", the above corollary remains true if we replace
1 with any smaller constant ¢ > 0 on the right-hand side of (1.1), see [DS70] and
[KWO08]. The exceptional vectors are called r-weighted badly approximable vectors.
We give the formal definition as follows:

DEFINITION 1.3. Given an n-dimensional weight r = (r1,...,r,), a vector x € R”
is called r-weighted badly approximable if there exists a constant ¢ > 0 such that
for any p = (p1,...,Pn,q) € Z"! with ¢ # 0,

Ti

max |q|"|qx; + pi| > c.

1<i<n

For an n-dimensional weight r, let us denote the set of r-weighted badly approx-
imable vectors in R™ by Bad(r). In particular, Bad(1) denotes the set of badly
approximable numbers.

Bad(r) is a fundamental object in metric Diophantine approximation. The study
of its properties has a long history and attracts people from both number theory and
homogeneous dynamics. In view of [KWO08], we know that the Lebesgue measure of
Bad(r) is zero. However, it turns out that every Bad(r) has full Hausdorff dimen-
sion, cf. [Jar29, Sch66, PV02, KW10]. The intersections of Bad(r) with different
weights r have been of major interest for several decades. In particular, Wolfgang
M. Schmidt conjectured the following:

CONJECTURE 1.4. (Schmidt’s Conjecture, see [Sch83]). For n = 2,
Bad(1/3,2/3) N Bad(2/3,1/3) # 0.

In 2011, Badziahin, Pollington and Velani [BPV11] settled this conjecture by
showing the following: for any countable collection of 2-dimensional weights { (i, j;) :
t € N}, if liminf;_, oo min{is, j: } > 0, then

dimyy <ﬂ Bad(it,jt)) =2,
t=1

where dimy(-) denotes the Hausdorff dimension of a set. An (see [Anl3, Anl16]) later
strengthens their result by removing the condition on the weights. In fact, in [An16],
An proves the following much stronger result: for any 2-dimensional weight (ry,732),
Bad(r1,79) is (24v/2) '-winning. Here a set is called a-winning if it is a winning
set for Schmidt’s («, §)-game for any 5 € (0,1). This statement implies that any
countable intersection of sets of weighted badly approximable vectors is a-winning.
Nesharim and Simmons [NS14] further show that every Bad(ri,r2) is hyperplane
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absolute winning. The reader is referred to [Sch66] for more details of Schmidt’s
game and to [BFK+12] for details about hyperplane winning sets.

Badly approximable vectors lying on planar curves are studied by An, Beres-
nevich and Velani [ABV18]. They prove that for any non-degenerate planar curve C
and any weight (r1,r2), Bad(r1,72) N C is 3-winning.

For n > 3, the problem turns out to be essentially more difficult. Beresnevich
[Ber15] makes the first breakthrough:

Theorem 1.5 (see [Berl5, Corollary 1]). Let n > 2 be an integer and Y C R™ be an
analytic and non-degenerate submanifold in R"™. Let W be a finite or countable set
of n-dimensional weights such that infycy {7(r)} > 0 where 7(r1,...,ry,) := min{r; :
r; > 0} for an n-dimensional weight (r1,...,r,). Then

dimyy ( (] Bad(r) mu) = dimU.
reW

REMARK 1.6. Here a submanifold is called non-degenerate if the derivatives at each

point span the whole space. In the setting of analytic submanifolds, this is equivalent

to that the submanifold is not contained in any hyperplane of R™.

1.2 Notation. In this paper, we will fix the following notation.

For a set S, let 4S denote the cardinality of S. For a measurable subset £ C R,
let m(E) denote its Lebesgue measure.

For a matrix M, let MT denote its transpose. For integer k > 0, let I, denote
the k-dimensional identity matrix.

Let || - || denote the supremum norm on R™ and R"*!. Let || - ||z denote the
Euclidean norm on R™ and R"*!. For x € R"*! (or € R") and r > 0, let B(x,7)
denote the closed ball in R™*! (or R") centered at x of radius r, with respect to
| - |I. For every i = 1,...,n+ 1, there is a natural supremum norm on A’ R""!. Let
us denote it by || - .

Throughout this paper, when we say that C' is a constant, we always mean that
¢ is a constant only depending on the dimension n. For quantities A and B, let us
use A < B to mean that there is a constant C' > 0 such that A < CB. Let A < B
mean that A < B and B < A. For a quantity A, let O(A) denote a quantity which
is < A or a vector whose norm is < A.

1.3 Main results. In this paper, we will strengthen Theorem 1.5 by remov-
ing the condition on weights and weakening the analytic condition to differentiable
condition on submanifolds.

To simplify the exposition, in this paper, we will focus on the case of curves:

Theorem 1.7. Let ¢ : I = [a,b] — R™ be a C™ differentiable and non-degenerate
curve in R™. Let W be a finite or countable set of n-dimensional weights. Then

dimpg ( ﬂ Bad(r) N cp(I)) =1

reW
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The proof for curves directly applies to any C™ non-degenerate manifolds, see
Sect. 5.5 for detailed explanation. Therefore, Theorem 1.7 holds for any C" non-
degenerate manifolds. In Theorem 1.5, the analyticity condition comes from a fiber
lemma (cf. [Berl5, “Appendix C”]) which reduces the general case to the case of
curves.

In fact, we can prove the following stronger statement:

Theorem 1.8. Let W be a finite or countable set of n-dimensional weights and
Fn(B) be a finite family of C™ differentiable non-degenerate maps ¢ : [0,1] — R".
Then

dim gy ﬂ ﬂgo (Bad(r)) | =1.

peF,(B)reW

For the same reason as above, this statement holds when [0, 1] is replaced by a
m-~dimensional ball B C R™ for any m < n.

Compared with [Berl5], in this paper, we study this problem through homoge-
neous dynamics and prove Theorems 1.7 and 1.8 using the linearization technique.

1.4 Bounded orbits in homogeneous spaces. Let us briefly recall the cor-
respondence between Diophantine approximation and homogeneous dynamics. The
reader may see [Dan84, KM98, KWO08] for more details.

Let G = SL(n + 1,R), and I" = SL(n + 1, Z). The homogeneous space X = G/I"
can be identified with the space of unimodular lattices in R"*!. For any g € SL(n +
1,R), the point gI" is identified with the lattice gZ"*!. For € > 0, let us define

K.:={A€ X :ANB(0,e) = {0}}. (1.2)

By Mahler’s compactness criterion [Mah46], every K. is a compact subset of X and
every compact subset of X is contained in some K.

For a weight r = (r1,...,7y), let us define the diagonal subgroup A, C G as
follows:

erlt

Ay = ar(t) == :teR

For x € R”, let us denote

PROPOSITION 1.9 ([Kle98, Theorem 1.5]). x€Bad(r) if and only if {a,(t)V (x)Z" " :
t > 0} is bounded.
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Therefore our main theorem is equivalent to saying that for any C™ non-degene-
rate submanifold &4 C R™ and any countable collection of one-parameter diagonal
subgroups {A;, : s € N}, the set of x € U such that

{ar, )V (X)Z"T! ¢t > 0}

is bounded for all s € N has full Hausdorff dimension.

The study of bounded trajectories under the action of diagonal subgroups in
homogeneous spaces is a fundamental topic in homogeneous dynamics and has been
active for decades. The basic set up of this type of problems is the following. Let
G be a Lie group and I' C G be a nonuniform lattice in G. Then X = G/T" is
a noncompact homogeneous space. Let A = {a(t) : t € R} be a one-dimensional
diagonalizable subgroup and let Bd(A4) be the set of x € X such that ATz is
bounded in X, where A" := {a(t) : ¢ > 0}. Then one can ask whether Bd(A)
has full Hausdorff dimension. For a submanifold ¢/ C X, one can also ask whether
Bd(A) NU has Hausdorff dimension dim /.

In 1986, Dani [Dan86] studies the case where G is a semisimple Lie group with
R-rank one. In this case, he proves that for any non-quasi-unipotent one parameter
subgroup A C G, Bd(A) has full Hausdorff dimension. His proof relies on Schmidt’s
game. In 1996, Kleinbock and Margulis [KM96] study the case where G is a semisim-
ple Lie group and I is a irreducible lattice in G. In this case, they prove that Bd(A)
has full Hausdorff dimension for any non-quasi-unipotent subgroup A. Their proof
is based on the mixing property of the action of A on X. Recently, An, Guan and
Kleinbock study the case where G = SL(3,R) and I' = SL(3, Z). They prove that for
any countable collection of diagonalizable one-parameter subgroups {Fy : s € N},
the intersection (o~ Bd(Fy) has full Hausdorff dimension. Their proof closely fol-
lows the argument in the work of An [Anl6] and uses a variantion of Schmidt’s
game.

1.5 The linearization technique. In [Berl5], the proof relies on the theory
of geometry of numbers. In this paper, we study this problem through homogeneous
dynamics and tackle the technical difficulties using the linearization technique. It
turns out that in order to get full Hausdorff dimension, it is crucial to study dis-
tributions of long pieces of unipotent orbits in the homogeneous space G/T". To be
specific, for a particular long piece C of a unipotent orbit, we need to estimate the
length of the part in C' staying outside a large compact subset K of G/T". In homoge-
neous dynamics, the standard tool to study this type of problem is the linearization
technique. The linearization technique is a standard and powerful technique in ho-
mogeneous dynamics. Using the linearization technique, we can transform a problem
in dynamical systems to a problem on linear representations. Then we can study this
problem using tools and results in representation theory.

Let us briefly describe the technical difficulty when we apply the linearization
technique. Let V be a finite dimensional linear representation of SL(n 4 1,R) with
anorm | - || and I'(V) C V be a fixed discrete subset of V. Let U = {u(r) : r € R}
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be a one parameter unipotent subgroup of G. Given a large number 7" > 1, we
want to estimate the measure of r € [T, T] such that there exists v € I'(V) such
that ||u(r)v|| < e where € > 0 is a small number. By Dani-Margulis non-divergence
theorem (see [DM92]), the measure is very small compared with 7' given that for
any such v € I'(V)

max{||u(r)v| :r € [-T,T]} > p

where p > 0 is some fixed number. The difficulty is to handle the case where there
exists some v € I'(V), such that

max{||u(r)v| : r € [-T,T]} < p.

Let us call such intervals T-bad intervals. In this paper, we will use representation
theory to study properties of such v’s. We then use these properties to show that in
a longer interval, say [—T2, T?], the number of T-bad intervals is < T'~* for some
constant g > 0. This result is sufficient to prove Theorem 1.7.

In this paper, V is the canonical representation of SL(n + 1,R) on /\Z R™*! and
L) =A2z""1\ {0} wherei=1,...,n.

The main technical results in this paper are proved in Sects. 4, 5.3 and 5.4.

We refer the reader to [Rat91, MT94, MS95, Sha09b, Sha09a, LM14] for more
applications of the linearization technique.

1.6 The organization of the paper. The paper is organized as follows:

e In Sect. 2, we will recall some basic facts on Diophantine approximation, linear
representations and lattices in R™*1.

e In Sect. 3, we will recall a theorem on computing the Hausdorff dimension of
Cantor-like sets. We will also construct a Cantor-like covering of the set of
weighted badly approximable points.

e In Sect. 4, we will prove two technical results on counting lattice points. Propo-
sition 4.1 is one of the main technical contributions of this paper. Its proof relies
on the linearization technique and SL(n + 1, R) representations.

e In Sect. 5, we will give the proof of Proposition 3.7, which implies Theo-
rems 3.5, 1.7 and 1.8. We split the proof into three parts: the generic case,
the dangerous case and the extremely dangerous case. Section 5.2 han-
dles the generic case. The proof relies on the Dani-Margulis non-divergence
theorem (Theorem 5.1). §5.3 handles the dangerous case. The proof relies on
Proposition 4.1 proved in Sect. 4 and the linearization technique. Section 5.4
handles the extremely dangerous case. The proof relies on Proposition 4.2
proved in 4 and the linearization technique. Finally, we will explain how to
adapt the proof to handle general C"* non-degenerate manifolds.
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2 Preliminaries

2.1 Dual form of approximation. We first recall the following equivalent
definition of Bad(r):

LEMMA 2.1 (see [Berl5, Lemma 1]). Let r = (r1,...,7,) € R™ be a weight and
x € R™. The following statements are equivalent:

(1) x € Bad(r).
(2) There exists ¢ > 0 such that for any integer vector (pi,...,pn,q) such that
q # 0, we have that

Ti . > .
@%'q’ lgzi +pi| > ¢

(3) There exists ¢ > 0 such that for any N > 1, the only integer solution (ag,ay,
...,ayp) to the system

lag + a1x1 + -+ + apzn| < N7 |a;] < N™ forall1 <i<n
isag=a1=---=ap=0.

Proof. The reader is referred to [Mah39], [BPV11, “Appendix”] and [Berl5, “Ap-

pendix A”] for the proof. O
Later in this paper we will use the third statement as the definition of Bad(r).
Given a weight r = (r1,...,ry,), let us define

ot
6—T1t
Dy := < dyp(t) := teR
e—rnt

For x € R”, let us define
T
U(x) i= [1 x } .
In
If we use the third statement in Lemma 2.1 as the definition of Bad(r), then in

view of [Kle98, Theorem 1.5] we have that x € Bad(r) if and only if U(x)Z"*! €
Bd(D;).

2.2 The canonical representation. Let V = R"!. Let us consider the canon-
ical representation of G = SL(n + 1,R) on V: g € G acts on v € V by left ma-
trix multiplication. It induces a canonical representation of G on /\’ V for every
i=1,2,...,n. For g € G and

i
v:vl/\---/\vie/\ V,

gv = (gvi) A== A (gvi).
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Fori=1,...,n, let e; € R" denote the vector with 1 in the ¢th component and
0 in other components.

Let us fix a basis for V' as follows. Let w, := (1,0,...,0). For i = 1,...,n, let
w; = (0,...,1,...,0) with 1 in the ¢ 4+ 1st component and 0 in other components.
Then {w,w1,...,wy,} is a basis for V. Let W denote the subspace of V' spanned by
{wi,...,wp}. For j =2,...,n, let W; the subspace of W spanned by {w;,...,wy}.

Let us define

7= {z(‘e) — F 4 te SO(n)}. (2.1)

Let us consider the canonical action of SO(n) on R™. For £ € SO(n) and x € R”, let
us denote by £ - x the canonical action of £ on x. It is straightforward to check that
for £ € SO(n) and x € R,

2(B)U(x)z71(e) = U(¢ - x).

For any x € R", let us define a subgroup SL(2,x) of G containing U (x) as follows.
For x = e, let us define

SL(2,e1) = { [h In_l] he SL(z,R)} .

For general x € R", let us choose ¢ € SO(n) such that ||x||2¢ - e; = x and define
SL(2,x) := 2(£)SL(2,e1) 2 (¢).

It is easy to see that SL(2,x) is isomorphic to SL(2,R) and U(x) € SL(2,x) corre-
sponds to

[1 ”Xl‘b] € SL(2,R).
For r > 0, let &, () € SL(2, e1) denote the element

r 0
0r1

In—l

and & (r) € SL(2,x) denote z(£)&e, ()2~ (£). Then & (r) corresponds to [T r‘l] in

SL(2,R).
Let us study the action of SL(2,x) on V.
Let us first consider the case x = e1. For r € R, let us denote

ui(r) :=U(rey),
and

Uy :={ui(r) : r € R}.
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Let us denote
2 = {&(r) == diag{r,r"1,1,...,1} : 7 > 0}.

It is easy to see that &1 (r)wy = rw, u(r)wy = wy, &(r)wy = r~twy, ug (r)wy =
w1 + rwy, and for any w € Wa, w is fixed by SL(2,e;).
For x € R", we have x = ||x||2¢ - e; for some ¢ € SO(n) and

SL(2,x) = 2(£)SL(2,e1)z7 (k).
In particular, we have that
U(x) = 2(&ur(|fx[l2)=" (¢)

and & (1) = z(£)&(r)2z71(E). Since z(B)wy = w, and z(E)/W = W, we have that
E(rywy =rwi, Ux)wy = wi, &(r)z(B)wy = 71wy, Ux)z(B)wy = 2(8)wy +
|[x||2w and for any w € z(&)W2, w is fixed by SL(2,x).

Let us consider the action of SL(2,x) on A"V for i = 2,...,n. Let us denote
x = ||x||2t - e; as above. For any w € A"~ ' z(£)Wa, we have that

E(r)((z(O)w1) Aw) =7 ((z(B)w1) A w),
U)((z(O)w1) Aw) = (z(E)w1) A w + [[x[|2(wy A w),
& (r) (Wi Aw) =r(wy Aw)

and
Ux)(wiy AW) =wy AW,

For any w € \'z(8)Ws and any w' € A" 2 z(¢)Wa, we have that w and w, A
(z(&)wq) A w' are fixed by SL(2,x).

2.3 Lattices in R"t1. In this subsection let us recall some basic facts on lat-
tices and sublattices in R+,

For a discrete subgroup A of R"*! let Spang(A) denote the R-span of A.

Let A € X = G/T be a unimodular lattice in R™*!. For i = 1,...,n + 1, let
L;(A) denote the collection of i-dimensional sublattices of A. Given A’ € £;(A), let
us choose a basis {vy,...,v;} of A’ and define

W(A') ::vl/\---/\vie/Z\V. (2.2)

W(A) is well defined modulo £1. Thus W defines a map from £;(A) to A\* V/=+ for
each i =1,...,n+ 1. Let us denote d(A’) := |[W(A")||. We say that A’ is primitive
relative to A if W(A’) can not be written as mW(A) where |m| > 1 is an integer
and A € L£;(A) (see [Cas5T7]).

For j=1,...,34, let

Aj(A') :=inf{r > 0: B(0,r) contains at least j linearly independent vectors of A'}.
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By the Minkowski Theorem (see [Cas57]), we have the following:
A(A) - N (A) < d(A). (2.3)

Moreover, there exists a basis (called Minkowski reduced basis) of A’, {v; : j =
1,...,i}, such that ||v;]| < X;(A’) for every j =1,...,1.

For p>0andi=1,...,n+1,let C;(A, p) denote the collection of i-dimensional
primitive sublattices A’ of A with d(A") < p. We will need the following result on
counting sublattices:

PROPOSITION 2.2 There exists a constant N > 1 such that the following statement
holds. For any 0 < e < 1 and any i = 1,...,n, let A € K. where K. is defined in
(1.2). Then we have that

HCi(A, 1) < eV,

Proof. First note that there exists a constant N7 > 1 such that for any ¢ =1,...,n
and p > 0,

1C(Z" T p) < p™r.

We also note that there exists a constant No > 1 such that for any A € K., there
exists g € SL(n + 1,R) with ||g~!|| < e "2 such that A = gZ"*!. In fact, the fact is
easily seen if g is chosen in a Siegel set (see [EW17, Proposition 10.56]). Let us fix
p>eandi=1,...,n. Then for any A’ € C;(A, 1), then we have that g~1A’ C Z"+!
and

d(g™ ) < [lg Ml 'd(A) < e DN,
Therefore, we have that
1Ci(A,1) < G2 D) <

where N = N1 Na(n + 1).
This completes the proof. O

3 A Cantor-like Construction

In this section, we will introduce a Cantor-like construction which will help us to
compute Hausdorff dimension.
Since we focus on the case of curves, we may assume that U is given by

@ =(p1,---,¢n) : [0,1] = R"

where every ¢;(s) is a C™ differentiable function.
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DEFINITION 3.1 (See [Berl5, Sect. 5]). For an integer R > 0 and a closed interval
J C [0,1], let us denote by Parg(J) the collection of closed intervals obtained by
dividing J into R closed intervals of the same size. For a collection Z of closed
intervals, let us denote

Parp(Z) := U Parg(I).

A sequence {I;}qen of collections of closed intevals is called a R-sequence if for
every ¢ > 1, 7, C Parg(Z,—1). For a R-sequence {Z,}q4en and g > 1, let us define

N

7, :=Parg(Z,-1) \ Z, and
K{Z;:qeN) = U I

qeN I,€T,

Then every R-sequence {Z,}qen gives a Cantor-like subset K({Z4}qen) of [0,1].
For ¢ > 1 and a partition {Z,,}o<p<q—1 0f Z,, let us define

) (AN b )
dq({Zgpto<p<q-1) = Z <R> max F(Zgp, Ip),

= 1,67,
where F(I,,,I,) = #{I, € I, , I, € I,}. Let us define
dq(Zq) := min dq({jq,p}oépéqfl)a

jq,p}oﬁpsq—l
where {Z,}o<p<q_1 runs over all possible partitions of Z,. Let us define
d({Zy} qen) := maxdy(Zy).
qeN

DEFINITION 3.2 (See [Berl5, Sect. 5]). For R > 1 and a compact subset X C [0, 1],
we say that X is R-Cantor rich if for any € > 0, there exists a R-sequence {Z}4en
such that

K({Zg}qen) € X
and d({Z,}4en) < €.
Our proof relies on the following two theorems:

Theorem 3.3 (See [Berl5, Theorem 6]). Any R-Cantor rich set X has full Hausdorff
dimension.

Theorem 3.4 (See [Berl5, Theorem 7]). Any countable intersection of R-Cantor
rich sets in [0, 1] is R-Cantor rich.

To show Theorems 1.7 and 1.8, it suffices to find a constant R > 1 and show
that for any weight r, o~ !(Bad(r) N ([0, 1])) is R-Cantor rich. We will determine
R > 1 later.
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Theorem 3.5 There exists a constant R > 1 such that for any weight r,
¢ Y(Bad(r) N ([0, 1])) is R-Cantor rich.

Our main task is to prove Theorem 3.5.
Let us fix R. We will show that for any ¢ > 0, we can construct a R-sequence
{Z,}4en such that K({Z,}4en) C ¢ 1 (Bad(r)) and d({Z,}4en) < e

Standing Assumption 3.6 Let us make some assumptions to simplify the proof.

A.1 Without loss of generality, we may assume that ry > rg > --- > r,. We may
also assume that r,, > 0. By [Berl15], if r,, = 0, we can reduce the problem to
the (n — 1)-dimensional case.

A.2 Since

¢ =(p1,---,n) :[0,1] = R"

is C™ differentiable and non-degenerate, we may assume that for any s € [0, 1]
and any i = 1,...,n, ¢i(s) # 0. If this is not the case, we can replace [0, 1]
with a smaller closed interval I C [0,1], cf. [Berl5, Property F|. Then since
[0,1] is closed, there exist constants C > ¢; > 0 such that for any s € [0, 1]
and anyi=1,...,n, c; < |gi(s)| < Ch.

Let us fix some notation. Let £ > 0 be a small parameter which we will determine
later. Let b > 0 be such that b'*™ = R. For t > 0, let us denote

bt
bfrlt
gr(t) ==

b—mt

Fori=1,...,n,let \; = iﬂl Then we have that 1 = Ay > Ao > -+ > \,. Let m(-)
denote the Lebesgue measure on [0, 1].

Let us give the R-sequence as follows. Let Zg = {[0,1]}. Suppose that we have
defined Z,_; for ¢ > 1 and every I,_1 € Z,_1 is a closed interval of size R4, Let
us define Z, C Parg(Z, ;) as follows. For any I, € Parg(Z,), I, € Z, if and only
if there exists s € I, such that g,(q)U(p(s))Z" ! ¢ K,. That is to say, there exists
a € Z"\ {0} such that ||g-(q)U(p(s))al| < k. Let us define Z, = Parp(Z,_1) \ Z,.

This finishes the construction of {Z;}qen. It is easy to see that
K({Zg}qen) € ™' (Bad(r)).
We need to prove the following:

ProproSITION 3.7 For any € > 0, there exists k > 0 such that the R-sequence
{Z4}qen constructed as above with k satisfies that

d({Zy}qen) <€ (3.1)
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Let N > 1 be the constant from Proposition 2.2 and k& > 0 be such that k = R~*.
We can choose x so that k is an integer. Let us give a partition {Z, p}o<p<q—1 of Z
for each ¢ € N which shows that Proposition 3.7 holds.

DEFINITION 3.8 Let us fix a small constant 0 < p < 1. We will modify the choice
of p later in this paper according to the constants arising from our technical results.
For ¢ < 1052 Nk, let us define Zg0 =14 and 1, , = () for other p’s.

For ¢ > 104Nk and | = ZOOOnQNk‘ let p = q — 2l. Let us define qu =10
for p < p' < q— 1. Let us define qu to be the collection of I, € I with the
following property: there exists s € I, such that for any j = 1 ,n and any
w=wi A Aw; € N Z\ {0},

max{|gr (0)U(p(s"))w| : " € [s = R, s + RTIH]} > pl.

Let n = W and ' = 1+T . For ¢ > 1052*Nk and 2000n°Nk < [ < 21/q,
let p = q — 2l. Let us define qu+1 = @ For j = 1,...,n, let us define Iq,p( /)
to be the collection of I, € T, \ (Up <p ) such that there exists s € I, and

v=viA---Avje N Z\ {0} such that

e (@)U (@ (s))VI < o/,
for any s' € [s — R~ s+ R™9%!] and for any j' =1,...,n and any w = wy A+ A
wj € N 2"\ {0},
s {Ige (@)U (oWl - ' € s~ R1H41, 5 o)) > 7

Let us define fqvp = U?:1 jq,p(j)-

For j = 1,...,n, let us define Z,0(j) to be the collection of I,€Z, \
(Up,<q dry qi ) such that there exists s € Iy and v =vi/A---AV; € /\j Zn+1\{0}
such that

max{”gr(q)U(cp(s’))vH s’ e s — R 5 4 RiQ(l*Q”/)]} < p.

Let us define Z0 = U5, Zg,0(4)-

Let us define Z,, := 0 for other p’s. It is easy to see that {Z,,}o<p<q—1 IS a
partition of Z,.

Besides the definition of {Z,,}o<p<q_1, let us also introduce the notion of dan-

gerous interval and extremely dangerous interval:

DEFINITION 3.9 For ¢ > 105n* Nk, 1000n?Nk < [ < n/q, and a € Z""1 \ {0}, the
(q,1)-dangerous interval associated with a, which is denoted by A, ;(a), is a closed
interval of the form A, (a) = [s — R~ s + R™9*!] C [0, 1] such that I, C Ayy(a)
for some I, € fq,

max{]|ge (@)U ((s))all : 8" € Aga(a)} < p

and
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max{|g:())U(p(s"))al| : s’ € [s = R™HH, s + RTIFH} > p,

The center s of Ay (a) is chosen such that the first coordinate of U(¢(s))a is zero.
For ¢ > 100Nk and a € Z"*1\ {0}, the g-extremely dangerous interval
associated with a, which is denoted by A4(a), is a closed interval of the form

Aq(az = [s — R7 s+ R79V) with I' > n/q such that I, C Ay(a) for some
I, €1,
max{|lg:())U(p(s))al| : ' € Ag(a) = [s = R s + R} < p
and
max{[lg:(q)U(¢(s))al : s € [s = R7ITH s 4 RTHH]} > p,

REMARK 3.10 Note that for any ¢ > 10524 Nk, there are only finitely many a’s such
that Ay (a) or Ay(a) exist.

4 Counting Dangerous Intervals
In this section we will count dangerous intervals and extremely dangerous intervals.

PROPOSITION 4.1 Let ¢ > 102Nk, 1000n°Nk < | < 1/q and p = ¢q — 2l. For
I, € ), let Dy (1)) denote the collection of (¢, l)-dangerous intervals which intersect
I,,. Then for any I, € 1,

#Dy (1) < RO~ )l

PROPOSITION 4.2 Let ¢ > 10°n*Nk. Let D, C [0, 1] denote the union of g-extremely
dangerous intervals contained in [0,1]. Then D, can be covered by a collection of
N, closed intervals of length ¢, and

K, n+1b77]q «
N, < o(p )
5‘1

where 6, = R—‘l(l_”/), Ky > 0 is a constant, and o = m

In fact, Proposition 4.2 is a rephrase of the following theorem due to Bernik,
Kleinbock and Margulis:

Theorem 4.3 (See [Berl5, Proposition 2] and [BKMO01, Theorem 1.4]). Let ¢ >
105n*Nk. Let us define E, C [0,1] to be the set of s € [0,1] such that there exists
a= (ag,a1,...,a,) € Z""1\ {0} such that |a;| < pb™4 fori =1,....n, |f(s)| < pb~?
and |f'(s)] < b= where

f(s) = ao+ a1p1(s) + - + anpn(s). (4.1)

Then E, can be covered by a collection &; of intervals such that

m(A) <, for all A € &,
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and
Ky (pn+1 bfnq)a

<
‘€q| — 5(1 )

where 6, = R~90=7) Ky > 0 is a constant, and o = m

The theorem above is a simplified version of [BKMO1, Theorem 1.4]. The original
version is more general.

Proof of Proposition 4.2. For every g-extremely dangerous interval Ay(a) = [s —
R~V s + R~9H'] where I’ > 1/q and a = (ag, a1, . . ., a,), we have that
lg: (@)U (e(s"))all < p (4.2)

for every s’ € Ay(a). By direct computation, we have that

g (@)U (p(s))a = (vo(s'),v1(s"), ..., va(s"))
where

vo(s') = b¥(ao + arp1(s’) + -+ + angn(s)),

and v;(s') = b~"%a,; for i = 1,...,n. Then (4.2) implies that |a;| < pb"? for i =
1,...,n, and |f(s)| < pb™%, where f is as in (4.1). Since | > n/q, we have that

[F(s)] < pb*

for any s’ € [s — R=90-7) s 4 R=90=1)]. Let us write s’ = s + rR~91=7) for some
€ [-1,1]. Then

F(s)) = f(s)+ f/(s)rR™90=) 4 O(R7240-1),
Therefore, we have that for any r € [—1,1],
|f/ ()R = |f(s') = f(s) — O(R™207))

< £+ |f(s)] + O(R2a0-)
< pb™l 4 pb™ 4 b~ < b7

This implies that

17/ (s)] < RIU—)p=a = pa(ri=m),

14r
x € E, for any z € Ay(a), i.e.,, Ay(a) C E,. Therefore, we have that D, C E,. Then

the conclusion follows from Theorem 4.3. O

The last equality above holds because b'*" = R and 7/ = 15— This shows that

The rest of the section is devoted to the proof of Proposition 4.1. This is one of
the main technical results of this paper.
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Proof of Proposition 4.1. Let us fix I, € Z,.. Let us write I, = [s— R ™92 s—i—R*qu].
We claim that we can approximate Lp( ) by its linear part. In fact, for any s’ € I,
let us write s’ = s +rR™972 for some r € [~1,1]. By Taylor’s expansion, we have
that

9 (@)U () = ge(@)U((s) + R0/ (s) + O(R™27T4))
= g (QU(O(R*7 ) g (—q) g2 (@)U (p(s) + B~ ¢/ (s))
= U(O(R™""))ge(q)U ((s) + R™1Ir¢p!(s)).

Since I < 1/q, we have that O(R™9t%) is exponentially small and thus can be ignored.
Therefore, we can approximate ¢(s’) by ¢(s) + ¢’(s)(s’ — s) for any s’ € I,.

Let us take a (g, !)-dangerous interval A, ;(a) that intersects I,,. Without loss of
generality, we may assume that A, ;(a) C I,. If this is not the case, we can replace
I, with a slightly larger interval I, such that Agi(a) C I, and m(1,) < 2m(I,) and
proceed the same argument. Let us write A, (a) = [’ — R79T s’ + R79H!] where
a = (ag,a1,...,a,) € Z"™\ {0}. For every sy € Ay, (a), let us denote

9r(0)U(p(s0))a = v(so) = (v0(s0),v1(50); - - -, vn(50))-

Then we have that
max{||v(so)| : s0 € Agu(a)} <p (4.3)

and
max{||v(so)|| : so € [§ — R7ITTL &/ 4 R7ITIFL} > p, (4.4)

Recall that for j = 1,...,n, \; = }i:i Let 1 < n’ < n be the largest index j
such that (1 —\;)g <.

For sg € [s' =R~ s/ + R=9H!] let us write sg = s’ +rR~9 for r € [~1,1]. As we
explained before, we can approximate ¢(sg) by ¢(s')+R™9r¢’(s'). By our standing
assumption on ¢ (Standing Assumption A.2), we have that ¢ < [¢’(so)| < C1 for
j=1,...,n. By direct calculation, we have that

9e(U (w(s0))a = ge(q)U (¢ (s0) — 2(5")) g (—q)9r()U ((s))a
= g (QU(rR™ 1M/ (8) g (—q)v(5).

Recall that e; € R” denote the vector with ¢th coordinate equal to 1 and other
coordinates equal to zero. By direct calculation, we have that

ge(@QU (R (5))ge(—q) = U (rRl > R‘(l‘wso;(s’)ei) .
=1

Therefore, we have

v(sg) =U <7“Rl ZR_(I_Ai)qgog(s')ei> v(s'). (4.5)
i=1
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For the case n’ < n, let us estimate

U <—7“Rl Z R_(l_)‘i)qcp;-(s’)ei> v(so).

i=n'+1

By our assumption, for 7 > n/ + 1, we have that |7"RZR_(1_’\Z')‘1| < 1. Therefore, if we
write

U (ml > R—U—Ai)q@;(s’)ei) v(s0) = v(s0) = (80(50),91(50), - - ., Tn(50)),
i=n/+1
(4.6)
where 0g(sg) = vo(sg) — TZ?:n'-s—l RZR_(l_Ai)qgo;(s’)vi(so) and 7;(sg) = v;(sg) for
i=1,...,n, then |99(so)] < C = (n+ 1)Cip, and |0;(so)| < p fori =1,...,n. Let

h=Y R Mg (s e
i=1
and
hy =Y R0 (s yw; € W
i=1

Then ||h|l2 = [[hw||2 < 1. Combining (4.5) and (4.6), we have
U(rRM)v(s") = (Do(s0), 91(50), - - - Dn(s0)), (4.7)

where |0g(so)| < C, and |0;(sg)| < p for i = 1,...,n. Let E, be the subspace of R"
spanned by {ei, ..., e, } and W/, be the subspace of W spanned by {wi,...,wy }.
Then h € E,,. Let £ € SO(n) be an element such that ¢-e; = h, ¢- E, = E,,

and t-e; = e; fori =n' +1,...,n. Let z(¢) = [1 ] € Z. It is easy to see that

£
zZ(B)wy = wy, z()wy = hy, z(0)W/), =W),, and z(&)w; =w; fori =n'+1,...,n.
By the definition of z(€) and our discussion in Sect. 2.2, we have that U(h) =
2(&)U(||h||2e1)z 71 (€). Therefore, we have that U(h)hy = hyy + ||h|aw. . Moreover,

we have that U(h)wy = wy; for i = 2,....n/, U(h)z()w; = z(£)w;; and for

i=n"+1,...,n, Ulh)w; = w;. Let us write
n’ n
v(s) =ai(swy + Z a;(s")z(B)w; + Z a;(s")w;.
i=1 i=n/+1

Then the above discussion shows that

n

U(rRh)v(s') = (ay(s') + rRlay(s)))w, + Z a;(s)z(&)w; + Z a;(s)wi.
i=1 i=n'+1



GAFA BADLY APPROXIMABLE POINTS ON MANIFOLDS. .. 1211

By (4.3), (4.6) and (4.7), we have that there exists a constant C' > 0 such that
lai(s")] < C for i = 1,...,n and |ay(s') + rRlai(s")| < C for any r € [—1,1]. This
implies that |ay (s')| < C, and |a1(s")| < CR™!. Therefore, we have that v(s') €
2(8)([-C,C] x [-CR™Y,CR7Y x [-C,C]* 7).

Now let us estimate |Dg(1p)|.

Suppose that D, ;(I,) = {Ag(ay) : 1 < u < L}. For each uw = 1,..., L, let us
take s, € Ayy(ay,) N I, such that s, € I;_1, for some I,_1, € Z,—1. Let us denote

Vy = gr(Q)U(‘P(su))au'

Then by our previous argument, we have that

’

n n
Vi = Gy Wy + Z ay,iz(B)w; + Z Ay, i Wi, (4.8)
i=1 i=n/+1

where |ay +| < C, |a,1| < CR7!, and |ay ;| < C fori=2,... n.
Now let us consider gr(¢q)U(¢(s1))ay. Let us write s, = s1 — rR~9+2 for some
€ [-1,1]. As we explained at the beginning of the proof, we can approximate (1)
by its linear part. Then we have that

gr(Q)U(SO(Sl))au = gr(Q)U(QO(Sl) - ‘P(SU)
= gr(Q)U(p(51) — ¢(su)
= ge(Q)U(rR™"'¢'(5))gr(—q)Vu

=U (rRQl ZR(l)‘i)qgog(s)ei) V.

=1

Let us denote h = Z:il R~(=2)4)(s")e; as before. Then by (4.8), we have that

ge(@U(p(s1))ay = U(rR*h+rR* Y~ R™U200(s)e;)v,,
i=n/+1

n
= (au,+ + R ay + TR Y R(”i)%é(s)au,i> W
i=n'+1

n’ n
) (Wit D> auiwi
i=1

i=n'+1
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Since |a,,1| < CR™, and since for i = '+ 1,...,n, (1= A)g > I, |ayi| < C, and
|0 (z)] < C4, we have that

n
Ay, + TR2lau,1 +rR% Z R_(l_ki)q‘P,(‘S)au,i

1=n’'+1

n
< aw |+ [F[R¥ |aw + [r[R* Y RTOTANQ (5)]|au,i|
i=n’'+1

<C+RICR'+ R% Z R0
i=n'+1

<C+ R!CR'+ R?nR7'CiC

< CyR!

where Co = 2C 4+ nC1C > 0. This implies that for any v =1,..., L, we have that
(@)U (p(s1))ay € 2(¢)([-CoR', C2RY] x [-CR™',CR™Y x [-C, " 1).

Let us consider the range of gr(¢ — )U(¢(s1))ay = gr(—1)gr(q)U(p(s1))ay. Let us
write gp(—1) = da(l)dy (1) where

brn l

and

p(ri=ra)l

In—n’_
Then we have that
ge(q — DU ((s1))ay € do(1)d1(1)z(8)([-C2 R, CoRY x [-CR™!, CR™!] x [-C,C]"Y).

By the definition of z(¥), we have that d;(1)z(¢) = z(£)d; (). Therefore, we have that
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d1()z(8)([~CoR!, CoRY x [-CR™Y,CR™ ] x [-C,C]" 1)
= 2(8)dy (1)([-C2R!, CoR!] x [-CR™!,CR™Y] x [-C,C]" 1)

= 2(k) ([—czb’”ll,cgb’"ll] S e N e P E e N e e | | [—Cb’”z‘l,()b’"z‘l])
i=n’+1

n
C 2(®) ([CQb’“ll,CQb’“ll] x [=1,1] x [~Cbit, cpriln’ =1 x H [Cb”l,Cb”l]> .
i=n’+1

It is easy to see that

Z(E) <[—C2br1l,c2b7‘1l] X [_1, 1] X [_Cb’l“l bT1 n'—1 X H b’rl bnl])

1=n’'+1

can be covered by a collection B of O(bM) balls of radius 1 where A\ = n'r; +
> i1 Ti- Then we have that

gr(q - l)U((p( au € d2 U B
BeB

= |J (B

BeB

Since ds(l) is a contracting map, for every B € B, there exists a ball B’ of radius
C' such that do(1)B C B’. Let B’ denote the collection of all such B”’s. Then we have
that

ge(q — DU e U B

Bep’

Since gr(q — U (p(s1))ay € gr(q — U (p(s1))Z™, we have that

gr(q—0U( U B'NA,
Bep’

where A = gr(q — 1)U ((s1))Z" L. By our assumption, s1 € I,—1, for some I,_1; €
Zy—1. This implies that s; € I,—; for some I,_; € Z,_;. Therefore, A = gy(q¢ —
DU(p(s1))Z" € Ky, i.e., A does not contain any nonzero vectors with norm < k.
Therefore, there exists a constant Cy such that every ball of radius 1 contains at
most Cur™ "t = C4 R™ Dk points in A. Thus, we have that

1D41(Iy) = t{gr(a — DU(p(s1))an : 1 <u< L} < ) 4(B'NA)

BeB’
< Z C4R(n+1)k:
B'eB’
< C5b)\l+4nk < Cg)b()\—i-ﬁ)l’
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where C5 = C3Cy and A =n'ry + ", 7. Now let us estimate . In fact,

A= Zn —I-Z(?”l _Ti)
i=1 =1

n/
=1+ Z(T’l — Ti).
i=1

By our assumption, for i = 1,...,n/, we have that r; —r; <

< é < L Therefore,
we have that

100n2 -

1 1
A<l dn—— =14 —
=4 00m2 T 1T Toom

Thus, we have that
4D1(I,) < CsbU o+t < Cy RO )L,

1 n
The last inequality above holds because b = R+ < Rnt1,
This completes the proof. O

5 Proof of the Main Result

In this section we will finish the proof of Proposition 3.7. By our discussion in Sects.
1 and 3, Proposition 3.7 implies Theorem 3.5, and thus Theorems 1.7 and 1.8.

The structure of the section is as follows. In the first subsection, we will prove
Proposition 3.7 for the case ¢ < 1052 Nk. The second, third and fourth subsections
are devoted to the proof for the case ¢ > 10n*Nk. The key point is to estimate
F(Z,,,1,) for I, € T,. The second subsection deals with the case p = ¢ —4000n>Nk.
The third subsection deals with the case p = ¢ — 21 where 2000n’Nk < | < 21/q.
The fourth subsection deals with the case p = 0.

The third and fourth subsections contain some technical results on the canonical
representation of SL(n+1,R) on A'V for i = 2,...,n. They are also main technical
contributions of this paper.

Our basic tool is the following non-divergence theorem due to Kleinbock:

Theorem 5.1 (see [Kle08, Theorem 2.2]). There exist constants C,« > 0 such that
the following holds: For any g € SL(n+1,R), any one parameter unipotent subgroup
U={u(r):r € R} CSL(n+1,R) and any R > 0, if for any i = 1,2,...,n and any
v=viA---Av; € N'ZVHN {0},

max{|[u(r)gv]| : r € [-R, R]} > p',

then for any 0 < e < p,

m({r € [-R,R] :u(r)gZ"*"" ¢ K.}) <C <p> R.
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We will also need the following important result due to Kleinbock and Margulis
[KMO9S].

Theorem 5.2 (see [KM98, Proposition 2.3]). Let ¢ : [0,1] — R™ be a C™ non-
degenerate curve. Then there exists a constant o > 0 such that for any s € [0, 1]
there exists an interval J centered at s and positive constants D and p such that for
any t > 0 and 0 < € < p one has

(s € 75 ge(Oue ()2 ¢ K) < (5) (o)

REMARK 5.3 The exact statement in [KM98, Proposition 2.3] is more general than
the above theorem. For example, the statement holds for any C"™ differentiable non-
degenerate submanifolds.

From Theorem 5.2, one can easily deduce the following corollary:

COROLLARY 5.4 Let ¢ : [0,1] — R™ be a C™ non-degenerate curve. Then there exist
constants C' > 0, o > 0 and 0 < py < 1 such that for any t > 0 and 0 < € < p; one
has

«
m({s € 0.1]: stz ¢ KY) <0 ()
Proof. For any s € [0, 1], one can find the corresponding interval J = J(s), constants
D(s) > 0 and p(s) > 0 arising from Theorem 5.2. Then {J(s) : s € [0,1]} is an
open covering of [0,1]. Since [0,1] is compact, there is a finite covering {J(s;) :
i =1,2,...,M}. Without loss of generality, we may assume that m(J(s;)) < 2.
Let us choose p; := min{p(s;) : i = 1,2,..., M} and C := 2M max{D(s;) : i =
1,2,...,M}. Then for any t > 0 and 0 < € < p1, we have that

M

Et,e - U E'1576 N J(Sz)
=1

where Epc = {s € [0,1] : [g:(t)u(e(s))] ¢ K.}. By Theorem 5.2, for any i =
1,2,..., M, we have that

€ €

)>am<J<si>> < D(s,) <> N

m(Eee N J(si)) < D(s;) (P(Si Pl

Therefore, we have that

m(Eye) < ﬁ;w(si) <6>a <C <;>a.

P1

This completes the proof. O

(0%
Later in this paper, we will choose 0 < p < 1 such that C (i—’:) < ﬁ.
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5.1 The case where q is small. In this subsection, let us assume that ¢ <
100 Nk. Then Z, ¢ = I, and Z,,, = 0 for other p.

PROPOSITION 5.5
F(j%o, I) < RI—k,

Proof. By Corollary 5.4, we have that for any £ = R~% > 0 such that 2x < p, the
following holds:

vﬂhemwzmwvw@mﬁﬂ¢K%nsc(f).

On the other hand, by the definition of fq, for any I, € j'q, there exists s € I,
such that

gr(@Q)U(p(s)Z"* € X\ K.

Since gr(q)U(p(I4))Z™ ! is contained in 1-neighborhood of g,(q)U(¢(s))Z" !, we
have

9e(@)U (1) 2" C X \ Koy

Therefore, we have that

F(Zyo, DR " =m | | J I,
I,e1,
=m({s € I:g:(q)U(p(s)Z""" ¢ Kax}) < Cor® = CeR™

where Cg = C <%>a. This finishes the proof. a

Let us choose R > 1 such that R* > 100010°"*N.
Proof of Proposition 3.7 for ¢ < 10°n*Nk. It suffices to show that

AN .
<R> F(Iq,()? [)
can be arbitrarily small. In fact, by Proposition 5.5, we have that
4N\ . 4\1
— ) F(Z,0,0) = = q—ok
(%) FEon=(5) 0w
44 410°n* Nk 4\ 10°ntNE
=0|==|=0|—%—F|=0||—— .
Rok Rok 1000

Then it is easy to see that (%)q F(fqp, I)—0as k— oo.
This completes the proof for ¢ < 1052 NE. O
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5.2 The generic case. The rest of the section is devoted to the proof of Propo-
sition 3.7 for ¢ > 1057 Nk. In the following subsections, we will estimate F (Zgp: Ip)
for different p’s. In this subsection we will estimate F(jq’p, I,) for p = ¢—4000n>Nk.

We call it the generic case.

PROPOSITION 5.6 Let ¢ > 10°n* Nk and p = ¢ — 4000n*Nk. Then for any I, € I,
we have that

F(Z,,,1,) < RI7P~ok,

Proof. Let us fix I, € Z,,. If F(fqyp, I,) = 0, then the statement trivially holds.
Suppose F(fqvp,lp) > 0, let us take I, € j‘é’p and s € I, N Ipé Without loss of
generality, we may assume that [s — R™4T20000°Nk g 4 p=q+20000°Nk] [ Tf this
is not the case, we can replace I, with a slightly larger interval I{D D I, such that
[s — R™4H20000*Nk g 1 R=g+2000n*Nk] I, and m(I,) < 2m(I,) and proceed the
same argument. Then for any i = 1,...,nand v =vi A--- Av; € A" Z"1\ {0}, we
have that
max{ng(q)U(cp(s’))vH .4 e [S N R_Q+2000n2Nk,S + R—q+2000n2Nk]} > pi.

Therefore, we have that
max{[|gr (@)U (@(s)Vv| : 8" € I,} > p.

On the other hand, as we explained in the proof of Proposition 4.1, we can
approximate ¢(I,) by its linear part, that is to say, for any s’ € I,,, we approximate
(s') by @(s) + (s' — 8)/(s). For s € I, let us write s’ = s+ rR-4H40000* Nk where
r € [—1,1] and denote g = ¢r(q)U(¢(s)). Then

9 (QU((8) = ge (@)U (p(5") — ¢(5))9r (=) 9r (@)U ((5))
= ge(Q)U (rR T NE G (5)) 9o (—q)g
_ U(TR4000n2Nkh)g,

where h = ¢j(s)e; + Y.r, R-U72)400(s)e;. Recall that \; = }_T_:l Since

{U (TR4000”2N ¥h) : r € R} is a one parameter unipotent subgroup, by Theorem 5.1,
we have that

m({r € [-1,1] : U(rR*" Nep) gz +! ¢ Ky, }) < 2C <2””> .
P

This implies that

m({s € I : ge(q)U(p(s)Z"" ¢ Ko}) < 2C (i) m(L,).
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On the other hand, it is easy to see that g,(q)U (¢ (1;))Z" 1 C X \ Ky, for any
I, € jq. Therefore we have that

~

F(Zgp, Ip)R™1
<m({s € I : ge(0)U(p(5))Z""" ¢ Kai})
<20 (%) " m(1,)
=20 (2) wR P = CrRP o

o
where C7 = 2C (%) . This proves the statement. O

By Proposition 5.6, we have that for p = ¢ — 4000n> Nk and any I, € 1,, the
following holds:

ANTP 4\ 7P . 44000n* Nk 4\ 4000n>Nk
7)) Tl =) R = = (5.1
<R> o 1) < <R> RoF <1ooo> &-1)

Then it is easy to see that (%)qu F(Zyp,1,) — 0as k — occ.

5.3 Dangerous case. In this subsection, we will consider the case where 2000n2 N
k <1< 2n'qand p=q— 2l. We call this case the (¢,1)-dangerous case.

PROPOSITION 5.7 For any I, € Z,,, we have that
F(j'-qapa Ip) < qupfﬁ.

Let us recall that for 1000n’Nk < I < n/q, a (g,!’)-dangerous interval A, (a)
associated with a nonzero integer vector a € Z"*! is a closed interval of the form

Agp(a) =[s — R s+ R
such that I, C A,y (a) for some I, € -
max{|g:(q)U ((s"))al| : s € Agr(a)} < p
and
max{|lg:())U(p(s))al| : s € [s = BT, s 4 RTIHH]} > p,

The following lemma is crucial to prove Proposition 5.7 and is one of the main
technical contributions of this paper:

LEMMA 5.8 Foranyi =1,...,n and I, € T,,(i) intersecting I,,, one of the following
two cases holds:

Case 1. there exists a (q,l’)-dangerous interval A, (a) containing I, for some /2 <
<1
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Case 2. there exists s € I, and
V=ViA--AV; 6/\ZZ"+1\{0}
such that if we write
g (@)U (p(s))v = wy Awl 4wl

where wi=Y ¢ A"'W and w() € A'W, then we have that |[w, A
W=D = [wl=D] < f and |[w®]| < p'R2.

Proof. 1t i = 1, then the first case holds. We may assume that ¢ > 2.
By the definition of Z, (i), there exists v.=vi A--- Av; € A'Z"\ {0} such
that for any s € I,

max{||g:(q)U ((s))v| : s € [s = R™T s + R} < pf
and
max{||g:(q)U (¢ (s) v : s € [s = R7IT T s 4 RTITHI} > o,

Without loss of generality, we may assume that the sublattice L; generated by
{v1,...,v;} is a primitive i-dimensional sublattice of Z"*!. Then A;=g,(q)U(p(s))L;
is a primitive i-dimensional sublattice of A = g, (q)U(o(s))Z"* . For simplicity, let us
denote g = gr(q)U(¢(s)). Let us choose the Minkowski reduced basis {gv/, ..., gv}}
of A;. Since

d(Ay) = |lgvll < o',

we have that ||gv]|| < p by the Minkowski Theorem.

Let us repeat the argument in the proof of Proposition 4.1. Recall that for j =
L...,n, \j = ﬁ:ﬁ Let 1 < n’ < n be the largest index j such that (1 — \;)g < [.
By Standing Assumption A.2, we have that ¢; < |@}(s)| < C; foranyi=1,...,n
and s € [0,1]. Fix any s € I, and let h = Z?:l R~(1=X)4/ (5)e;. For any s €
[s — Rt s + R=9%], let us write s’ = s + 7R~ where r € [—1,1]. By the same
argument as in the proof of Proposition 4.1, we have that

g (@U((s) = UOW)U(rR'h)gr(q)U (g(5)) = U(O(1))U (rR'n)g.

Therefore, we have that

|U(rRh)gv| < p’

for any r € [—1,1].
Following the notation in the proof of Proposition 4.1, let us denote h = ¢ - e;
for £ € SO(n) and



1220 L. YANG GAFA
For j =1,...,1, let us write

gV = ay (j)wy + a1(j)z(&)w1 + w'(j)
where w/(j) € z(€)Ws. Then

gv = (gvi) A= A (gvi)

= N (ar()ws + ar(5)z(O)wi + w'(5))

j=1
=wi A (2(B)wi) A (Z e+1(5,5")a+(5)ar (5" /\ Wl(k))
J<j' k#3,5'
+ Wi A (Z e+ (7)at () /\ WI(@) + (z(&)w1) A ( e1(j)ai(y) /\ Wl(k))
=1 ki =1 ki
+ A w'()
j=1

where €1 1(7,7'),e+(j), e1(j) € {£1} for every 7,5 € {1,...,4}. By our discussion in
Sect. 2.2 on the representation of SL(2,h) on A"V, we have that

J<y’ k#3.5'

U(rRm)gv = w A (2(8)w1) A (Z e+1(4,7")a+(5)a1(5") /\ W/(k))

+wiA (Z e+(j)a+(j) /\ W/(k))

=1 k]

j=1 k]

+ rR'wy A (Z SIOEINA w’(k))
+ (2(E)wi) A (Z e1(j)a1(j) /\ W/(k)) + /\W/(j)-
j=1

=1 -y
Since ||U(rR'M)gv| < p' for any r € [~1,1], we have that

1

Y oa@a) \wk)| <p'R™

=1 k£
Let us consider the following two cases:

(1) las(1)] < R712.
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(2) |ai(1)| > R7Y2.
Let us first suppose |ai(1)] < R™Y2. Note that ||gv}|| < p. Then by repeating
the calculation in the proof of Proposition 4.1, we conclude that
max{||g.())U((s))Vi : 8" € [s = R7IT2 s 4 R7H2)} < p,
On the other hand, by our definition on iq,p(i), we have that
max{||ge (@)U (p(s)Vi] : 8" € [s = R s - RO} > .

This implies that I, C Ay y(v]) for some [/2 < 1" <. This proves the first part of
the statement.
Now let us suppose |ai(1)| > R™/2. Then we have that
i
a(Dar(1) \ W) =w' () A [ aDar(l) A w'(k)
j=1 kA1

=w/(1)A €1(7)a1(J) /\ w'(k)

j=1 K]

<

Therefore, we have that

@I A wG)| = [w (Zq(j)al(j)/\w’(k)

~

J=1 k#j
K3

< W@ Y alai) A\ w'(k)

=1 ki
< - piR—l — pi+1R_l.

Since |a1(1)| > R~"/? and p < 1, we have that
j=1

If we write
gv =W A w1 4w
where w1 € A" W and w® € A’ W, then
w = EOw) A | D a@a) \Awk) |+ AW

j=1 k#j j=1
By our previous argument, we have that
W < p' B2,

This proves the second part of the statement. O
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The following lemma takes care of the second case of Lemma 5.8.

LEMMA 5.9 Let i € {2,...,n}. Let D,,(I,,i) denote the collection of I, € T,,
intersecting I, and not contained in any (g, l’)-dangerous interval for any 1/2 < I' <.
Let

Dyp(Iy,i) := LJ I,.
IQGD‘LP(IPJ)

Then for any closed subinterval J C I,, of length R=1T(143)! we have that
m(Dgp(lp, i) NJ) < R™znm(J).

Proof. Let us fix a closed subinterval J C I, of length Rt (5L
For any s € I, € Dy (I, 1), there exists v.=vi A+~ Av; € \'Z"1\ {0} such
that

max{]|g:(0)U (o (s))v] : s € [s = R, s + R7H]} < p'.

Let us denote the interval [s — R~ s + R=9"!] by A, ;(v,i). Then every I, €
D,1(Ip, i) is contained in some A, (v,4) and every A, (v, i) contains at most O(R!)
different 1, € Dy (1p,1).

We will follow the notation used in the proof of Lemma 5.8. Let g = ¢:(q)U (¢p(s)),
h=%-e and

2() = F } €7
¢
be as in the proof of Lemma 5.8. For j = 1,...,1, let us write

gvj = ay(f)wy +a1(j)z(&)wy + w'(j)
= a4 (j)wi + w(j)

where w/(j) € z(€)Ws and w(j) = a1(j)z(&)wy + w'(j) € W. Then

v =wi A GCOW)A [ Y e Nasa) N W)
J<j’ k#3.5'

+ Wi A Ze+(j)a+(j) /\ w' (k)
i=1 ki

+ OW) A D alal) AWk |+ \w6).

j=1 k£ j=1
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By Lemma 5.8, we have that

(=(E)w) 7 (Zq(j)al(j) A w’<k>> <R

=1 ki

and
/\WI(]) Spinl/?
=1

Let us take the collection of all possible A, ;(v,)’s intersecting J, say
(A (v(M),i) = [s(M) — R™ s(M)+ R : M =1,...,L}.

For simplicity, let us denote g(M) = gr(q)U(e(s(M))) for M =1,..., L. Since ¢(J)
can be approximated by its linear part, we have that the corresponding h and ¢ for
s(M) is the same for M = 1,..., L. Then

g(M)v(M) = wy AW (M) + (z(8)w) A (W) D (M) + w (M)

where w=D(M) e AW, (W)ED(M) € AT 2(8)Wo and w (M) € A z(8) W
By our previous discussion, we have that

e o4 <
I D@D = |[(wn) A (W) D) | < PR
and
Hw(i)(M)H < pPRV2.

Now let us consider g(1)v(M). Let us write s(1) — s(M) = rR™T(+300 where
€ [—1,1]. By our previous discussion, we have that

9(1) = ge(@U (1)) = UONU (rR3)) g:(0)U (1 (5(M1)))
= UM (rR0T3)m) g(M1).
Therefore, we have that
g()v(M) = UOM)U (rRIF30)) g(M)v(M).

It is easy to see that we can ignore the contribution of U(O(1)) and identify
g(1)v(M) with U(TR(Hﬁ)lh) (M)v(M). Then we have that

g(v(M) = U (rRO#5)m) g(a)v(M)
= wo AwO D) + rROFa) . A (w) D (M)
+ ((Ow) A (W) () 4+ w (0).
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Now let us look at the range of

9r(=1/2)g()v(M) = gr(q — 1/2)U(p(s(1)))v(M).
It is easy to see that g.(—1/2)w; = b~ 2w, ||lge(—=1/2)2(&)wy|| < b"1/2||2(¢)w]],
lge (—1/2)w D (M) < 62| wE=D (M),
lge(—=1/2) (W) D (M) < b2 (WD (),
and
lge(=1/2)w® ()| < 62w (21))]).
Since
ge(=1/2)g()v(M) = b~ Pwy A (ge(=1/2)w D (M)
+rROT ! 2w A (ge(=1/2) (W) (M)
+ (ge(=1/2)2(8)w1) A (ge(=1/2)(w)) 71 (M)
+ ge(=1/2)w (M),
we have that
lgr(~1/2)g (VD] < 672w A (gr(~1/2)w D (A1) |
+ ROT 2 v A (g (=1/2) () D ()|
+ [lge(=1/2)z(&) w1 - [lge(=1/2) (W) =D (1))
+ [lge(—1/2)w (M)
Sbfl/le/QHw(ifl)(M))H+R(1+ﬁ)lb71/26(17n)l/2H(w/>( (M)H
+ 02z w | - bR (W ED () ||+ 62w (M)
S b—l/le/Qp’i + R(1+i)lb—l/2b(l—7‘1)l/2 iR—l
+ brll/Qb(lfrl)l/Z 1R + bl/2p’LR /2
<P 4P +p R4 <1
For M = 1,...,L, let A;j(v(M)) denote the i-dimensional primitive sublattice of
7"+ corresponding to v(M). We will apply Proposition 2.2 to estimate L. Thus, let
us keep the notation used there. By the inequality above, we have that g.(—1/2)g(1)

Ai(v(M)) € Ci(grA(—l/Z)g(l)Z”“, 1) for every M = 1,...,L. On the other hand,
since z(1) € I, € Z,, we have that

G (—1/2)g()Z"" = go(q — 1/2)U((s(1))Z" € K.
By Proposition 2.2, we have that
L < #Ci(ge(—1/2)g(1)Z" 1) < N = RNF,
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Therefore, we have that
m(Dyp(Ip, i) N J) < LR™IT < Rtttk
< R0 < R R4l = Rosam()),
This completes the proof. O
Lemma 5.9 easily implies the following:
COROLLARY 5.10 Let us keep the notation as above. Then
m(Dyp(Ip: 1)) < B3 m(L,).

Proof. The statement follows from Lemma 5.9 by dividing I, into subintervals of
length Rat(450L O

Now we are ready to prove Proposition 5.7.

Proof of Proposition 5.7. Let us fix I, € Z,,. For every [/2 < I’ <, let us denote by
Dy (1) denote the union of (g,!’)-dangerous intervals intersecting I,,. By Proposi-

tion 4.1, we have that m(Dg (1)) = O (R_ﬁ> m(I,). Therefore, we have that

m U Dyr(Ip) | < Z m(Dg,(Ip))

1/2<<l 1/2<<l

< R™onm(I,)
1/2<U<I

< R™mnm(I).

By Corollary 5.10, we have that

By Lemma 5.8, we have that

Iy C U Dq,l’(—rp) U U Dq,p(lpvi)
1/2<1<l i=2
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for any 1, € fqyp. Therefore, we have that

n

F(fq,p»lp)R_q =m U Dy (Ip) U Dqp(Ip, i)

1/2<U<l =2
n
<m U Dy (Ip) | +m (U Dyp(Ip, Z))
1/2<U<l =2

< R mim(l,) = RP 3.

This proves that

F(Iyp, ) < RTP 2.

|
By Proposition 5.7, we have that
2n'q AN 2 A
2 <R> I, e, F(Zgq-21:1g-21)
1=2000n>Nk
' 4\ 2 l
20—
Y 20n 5
< > (3)n o
1=2000n2 Nk
& ! 200002 Nk
16 16
- 1000) = \ 1000 : 5.3
< Z (1000> < (1000> (5.3)
1=2000n2Nk
From this it is easy to see that
2n'q AN 2 A
Z <R> Iqi?gz};ﬂ F(quq—ﬂ’ Iq—Ql) —0 (5.4)

1=2000n2Nk
as k — oo.

N

5.4 Extremely dangerous case. In this subsection we will estimate F'(Z,0, ]).
We call this case the extremely dangerous case.

PROPOSITION 5.11 There exists a constant v > 0 such that for any q > 105n* Nk,
we have that

F(Z40,1) < R,
Similarly to Lemma 5.8, we have the following:

LEMMA 5.12 For any i = 1,...,n and I, € Z,0(i), one of the following two cases
holds:

Case 1. there exists a g-extremely dangerous interval A,(a) such that I, € Ag(a);
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Case 2. there exists v =vi A---Av; € \"Z"1\ {0} such that the following holds:
for any s € I, if we write

g (@)U (p(s)v = wi Awl™ 4wl

where w1 e A“'W and w® e N\'W, then ||wy A w(=D| < pi and
Iw®)| < p' R4,

Proof. The proof is the same as the proof of Lemma 5.8. In fact, the argument in
the proof of Lemma 5.8 works for [ = 2n'q and thus concludes the statement. O

DEFINITION 5.13 For i = 2,...,n, let D,(i) denote the collection of I, € T,(i)
such that the second case in Lemma 5.12 holds and let

Dyi) = ] I

1,€D,4 (1)

Moreover, for I, € D,(i), let v.=vi A---Av; € N'Z"\ {0} be the vector given
in the second case of Lemma 5.12. Then for s € I,, we can write

g(@U(p(s))v = wi Awl™D 4wl

as in the second case of Lemma 5.12. For 1 > 1/q, let D;’l(z’) denote the collection of
I, € Dy(i) such that

p’L'Rflﬁ’l S ”W(’L)H S pinl’
and let

L) = U I,

1,€D} ,(7)

LEMMA 5.14 There exists a constant v > 0 such that for any ¢ > 10°n* Nk and any
i=2,...,n, we have that

m(Dy(1)) < R4

Proof. For any n'q <1 < 21/q, using the same argument as in the proof of Lemma 5.9,
we can prove that

m(D},,(i)) < R .

Therefore, we have that

2n'q 2n'q

m | | Dhi) | <D m(Dl,())
l=n'q l=n'q
2n'q

< Y R m < R,
l=n'q
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Let us denote
N L /
D)= |J Dy,
1>2n'q
and
N
D)= J I
1,€D) (i)
Then it is enough to show that
m(Dy(i)) < R™".

For any I, € Dy(i) and s € I, there exists v.=viA---Av; € A Z7+1\ {0} such
that if we write

ge(@U(p(s))v = wy Awl™V 4wl

where w1 € A" W and w® € A'W, then we have that [|w, A w(—D|| < pf
and ||[w(®| < p'R=274.
Recall that n = (1 4+ r1)n’. Let us deal with the following two cases separately:

(1) rp > L
(2) There exists 1 < n; < n such that for r; > I for 1 <7 < ny and r; < ! for
ny <i<n.

Let us first deal with the first case. For this case, let us define
bt
g(t) == [ b"t/”In] € SL(n + 1,R)

and gry(t) := g"(t)ge(t). It is easy to see that
g'(twy =b""wy = R w,
and
g"(tyw = b/ "mw = Ry

for any w € W.
Then we have that

l9.0(0)U (2(3))vI| = llg"(a) (W A WU 4w
< g"(@)(w+ AW+ g (g)w |

= 571905 lwy A w0 4 b5 w @

nq ’L

<V R < R
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By the Minkowski Theorem, the above inequality implies that the lattice gr,(q)U

(¢(s))Z"*! contains a nonzero vector with norm < R~ »# p. Therefore, for any I, €
Dy (i) we have that

Gea(@U(p(I)Z" ¢ K,

where o = R_%p. Then by Corollary 5.4, we have that

an’q

m ({5 € 1+ gep(@U(@(s) 2 ¢ K,}) < 0% = R

This proves that
m(Dy(i)) < R~

This finishes the proof for the first case.
Now let us take care of the second case. Let us denote

—b_ﬁt -
1
£@t) == 1 e SL(n + 1,R)
brnlt
brnt
where 3 =377 r; <nand
_bXt -
b—’!’lt
g'(t) = E()ge(t) = brmt

where y = Z;L;Il ;. Then it is easy to see that

Etywy = b twy,
§()wj = w;
forj=1,...,n1 — 1, and

E(t)w; =b""w;
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for j = nq,...,n. Then we have that
9" (@)U (e ())v]| = (@) (ws AWl 4+ w)
< €@ (we A WD)+ ([ (gw @)
< Jws AW 4 05w
<pl+ bﬁqRﬁn’qPi
< OMRTI < pf 4 R < (2p)".
Moreover, for any s’ € A(s) := [s — R91-27) s 4 R=4(01=21)] ' we also have that

9" (@)U (e(s))vIl < (20)".
Let C > 0 and o > 0 be the constants given in Theorem 5.1. Then by the
Minkowski Theorem, the inequality above implies that for any s’ € A(s), the lattice
g (Q)U(p(s")Z™*! contains a nonzero vector of length < 2p. Let vy € Z"1\ {0}
be the vector such that ||¢'(¢)U(¢(s"))vs| < 2p. Let us write

vy = (vg(0),vs(1),...,vs(n)).

Then for j = nq,...,n, we have that |vy(j)| < 2p. Therefore, vy (j) = 0 for any
j =ni,...,n. In other words, vy is contained in the subspace spanned {w,w1,...,
W, —1}. For notational simplicity, let us denote this subspace by R™ and denote the
set of integer points contained in the subspace by Z™. Accordingly, let us denote by
SL(n1,R) the subgroup

{ {X Inﬂnl] X € SL(nuR)} C SL(n+1,R)

and denote by SL(ni,Z) the subgroup of integer points in SL(n;,R). Note that
d'(q) € SL(n1,R). U(p(s")) can also be considered as an element in SL(n, R) since
it preserves R™. Then [|¢'(q)U(¢(s"))vy | < 2p implies that for any s’ € A(s), the
lattice ¢'(q)U(¢(s'))Z™ contains a nonzero vector of length < 2p. Let Ka,(n1) C
X (n1) = SL(n1,R)/SL(n1,Z) denote the set of unimodular lattices in R™ which do
not contain any nonzero vector of length < 2p. Then the claim above implies that

m({s" € A(s) : g (U (p(s)Z™ & Kzp(n1)}) = m(A(s)).

By Theorem 5.1, there exist j € 1,...,m1 —Land v/ =Vvi A+ AV} € N 72\ {0}
such that

max{[lg' (@)U (p(s))V'] : 8" € [s = R7927) 5 4 R7IOT2]} < (5.5)
since otherwise we will have that

. 20\ “ 1

ml{s € M) @U(PNZ ¢ Kapn))) £ € (22) m(a(s) < gogm (A0,
Now we have (5.5) in dimension n; and every weight of ¢/(¢) is at least n/n. Then
we can repeat the argument for the first case with n + 1 replaced by n; to complete
the proof. O
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Now we are ready to prove Proposition 5.11.

Proof of Proposition 5.11. Recall that in Proposition 4.2, we denote by F; the union
of all g-extremely dangerous intervals. By Lemma 5.12, we have that

n
I, C Equ | Dyli).
i=2
By Proposition 4.2 we have that
m(E,) < R
for some constant v > 0. On the other hand, by Lemma 5.14, we have that
m(Dy (7)) < R

for any ¢ = 2,...,n. Therefore, we have that

F(Zyo, DR =m | |J I

1,740
<m (Eq U Dq(i)> < m(Ey) + Y m(Dg(i)) < R,
i=2 i=2
This completes the proof. O

Now we are ready to prove Proposition 3.7 for ¢ > 105n*NE.

Proof of Proposition 3.7 for ¢ > 10n* Nk. We can choose R such that R” > 1000.
By Proposition 5.11, we have that

<;§>qF(iq70,I) < (é)qRU—Wff = <;V>q < (10400>q. (5.6)
Combining (5.1), (5.2) and (5.6), we have that
=t sa\aP A
pz:;) (R) Irflé% F(Zyp,Ip) = 0
as m — oo. This proves the statement. O

REMARK 5.15 In [BHNS18], Cantor winning property is introduced. It is equivalent
to Cantor rich over R and is defined for higher dimensions.

Proof of Theorem 3.5. By Definition 3.2, Theorem 3.5 follows from Proposition 3.7.
g

By Theorems 3.3, 3.4 and 3.5 implies Theorems 1.7 and 1.8.
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5.5 General case. Finally, let us explain how to adapt the proof for curves to
handle general C™ non-degenerate submanifolds.

Let ¢ = @(z1,...,2m) : [0,1]™ — R™ be the C" differentiable map defining
U, where m = dimU. Then Definitions 3.1 and 3.2 will change according to the
dimension. Intervals will be replaced by m-dimensional regular boxes. It is easy to
see that higher dimensional versions of Theorems 3.3 and 3.4 still hold. Therefore,
to prove Theorem 1.7 for higher dimensional manifolds, it suffices to prove higher
dimensional versions of Proposition 3.7.

Following the argument for curves, we split the proof into four parts: the case
where ¢ is small, the generic case, the dangerous case and the extremely
dangerous case. When ¢ is small, we can repeat the same argument since The-
orem 5.2 holds for any dimension. In the generic case, we can repeat the same
argument since Thereom 5.1 holds for any dimension. In the dangerous case,
we can consider g—;’; for j = 1,...,m instead of ¢'(x) to prove higher dimensional
versions of Proposition 4.1 and Lemma 5.8. Then the argument works through. In
the extremely dangerous case, we can consider partial derivatives as in the
dangerous case to prove higher dimension version of Lemma 5.12. Then we can
repeat the same argument since higher dimensional versions of Proposition 4.2 and
Theorem 5.2 still hold.

Combining the three cases above, we can deduce Theorem 1.7 for higher dimen-
sional C" non-degenerate submanifolds.
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