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—— Abstract

In this work we study arrangements of k-dimensional subspaces Vi,...,V, C C’ Our main
result shows that, if every pair V,, V), of subspaces is contained in a dependent triple (a triple
Ve, Vb, Ve contained in a 2k-dimensional space), then the entire arrangement must be contained
in a subspace whose dimension depends only on &k (and not on n). The theorem holds under
the assumption that V, NV, = {0} for every pair (otherwise it is false). This generalizes the
Sylvester-Gallai theorem (or Kelly’s theorem for complex numbers), which proves the k = 1 case.
Our proof also handles arrangements in which we have many pairs (instead of all) appearing in
dependent triples, generalizing the quantitative results of Barak et. al. [1].

One of the main ingredients in the proof is a strengthening of a theorem of Barthe [3] (from
the k = 1 to k > 1 case) proving the existence of a linear map that makes the angles between
pairs of subspaces large on average. Such a mapping can be found, unless there is an obstruction
in the form of a low dimensional subspace intersecting many of the spaces in the arrangement
(in which case one can use a different argument to prove the main theorem).
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1 Introduction

The Sylvester-Gallai (SG) theorem states that for n points vy, vs, ..., v, € R* if for every
pair v;, v; there is a third point vy on the line passing through v;, v;, then all points must lie
on a single line. This was first posed by Sylvester [14], and was solved by Melchior [13]. It was
also conjectured independently by Erdos [9] and proved shortly after by Gallai. We refer the
reader to the survey [4] for more information about the history and various generalizations of
this theorem. The complex version of this theorem was proved by Kelly [11] (see also [8, 7]
for alternative proofs) and states that if v1, vs,...,v, € C’ and for every pair v;, v; there is
a third v on the same complex line, then all points are contained in some complex plane
(over the complex numbers, there are planar examples and so this theorem is tight).

In [7] (based on earlier work in [1]), the following quantitative variant of the SG theorem
was proved. For a set S C C* we denote by dim(S) the smallest d such that S is contained
in a d-dimensional subspace of C’.

» Theorem 1.1 ([7]). Given n points v1,vs,...,v, € C, if for every i € [n] there exists at
least on values of j € [n] \ {i} such that the line through v; and v; contains a third point vy,
then dim{vy,va,...,v,} < 10/6.
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(The dependence on ¢ is asymptotically tight). From here on, we will work with ho-
mogeneous subspaces (passing through zero) instead of affine subspaces (lines/planes etc).
The difference is not crucial to our results and the affine version can always be derived by
intersecting with a generic hyperplane. In this setting, the above theorem will be stated
for a set of one-dimensional subspaces, each spanned by some v; (and no two v;’s being a
multiple of each other) and collinearity of v;,v;, v}, is replaced with the three vectors being
linearly dependent (i.e., contained in a 2-dimensional subspace).

One natural high dimensional variant of the SG theorem, studied in [10, 1], replaces 3-wise
dependencies with ¢-wise dependencies (e.g, every triple is in some coplanar four-tuple). In
this work, we raise another natural high-dimensional variant in which the points themselves
are replaced with k-dimensional subspaces. We consider such arrangements with many 3-wise
dependencies (defined appropriately) and attempt to prove that the entire arrangement lies
in some low dimensional space. We will consider arrangements V;,...,V,, C C’ in which
each V; is k-dimensional and with each pair satisfying V;, N V;, = {0}. A dependency can
then be defined as a triple V;,, V;,, Vi, of k-dimensional subspaces that are contained in a
single 2k-dimensional subspace. The pair-wise zero intersections guarantee that every pair
of subspaces defines a unique 2k-dimensional space (their span) and so, this definition of
dependency behaves in a similar way to collinearity. For example, we have that if V; , V;,, Vi,
are dependent and V;,, Vi,,V;, are dependent then also V;,,V;,,V;, are dependent. This
would not hold if we allowed some pairs to have non zero intersections. In fact, if we allow
non-zero intersection then we can construct an arrangement of two dimensional spaces with
many dependent triples and with dimension as large as \/n (see below). We now state our
main theorem, generalizing Theorem 1.1 (with slightly worse parameters) to the case k > 1.
We use the standard V' + U notation to denote the subspace spanned by all vectors in VU U.
We use big ‘O’ notation to hide absolute constants.

» Theorem 1.2. Let Vi, Vs, ..., V,, C C* be k-dimensional subspaces such that V; Vi = {0}
for all i # i' € [n]. Suppose that, for every iy € [n] there exists at least dn values of
io € [n]\ {i1} such that Vi, + Vi, contains some Vi, with iz & {i1,i2}. Then

dim(Vy + Vo + -+ + V,,) = O(k*/562).

The condition V; NV, = {0} is needed due to the following example. Set k = 2 and
n=/{(¢—1)/2 and let {e1,es,..., e} be the standard basis of R’. Define the n spaces to
be V;; = span{e;,e;} with 1 <i < j <{. Now, for each (i, 7) # (¢, j') the sum V;; + Vir;s
will contain a third space (since the size of {i,j,i’,j'} is at least three). However, this
arrangement has dimension ¢ > \/n.

The bound O(k*/§?) is probably not tight and we conjecture that it could be improved to
O(k/6), possibly with a modification of our proof. One can always construct an arrangement
with dimension 2k/d by partitioning the subspaces into 1/d groups, each contained in a single
2k dimensional space.

Overview of the proof: A preliminary observation is that it suffices to prove the theorem
over R. This is because an arrangement of k-dimensional complex subspaces can be translated
into an arrangement of 2k-dimensional real subspaces (this is proved at the end of Section 2).
Hence, we will now focus on real arrangements.

The proof of the theorem is considerably simpler when the arrangement of subspaces
Vi,...,V, satisfies an extra ‘robustness’ condition, namely that every two spaces have an
angle bounded away from zero. More formally, if for every two unit vectors vy € V;, and
vy € Vi, we have |(v1,v2)| <1 — 7 for some absolute constant 7 > 0. This condition implies
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that, when we have a dependency of the form V;, C V;, +V,,, every unit vector in V;, can be
obtained as a linear combination with bounded coefficients (in absolute value) of unit vectors
from V;,,V,,. Fixing an orthogonal basis for each subspace and using the conditions of the
theorem, we are able to construct many local linear dependencies between the basis elements.
We then show (using the bound on the coefficients in the linear combinations) that the space
of linear dependencies between all basis vectors, considered as a subspace of RF™, contains
the rows of an nk x nk matrix that has large entries on the diagonal and small entries off
the diagonal. Since matrices of this form have high rank (by a simple spectral argument), we
conclude that the original set of basis vectors must have small dimension.

To handle the general case, we show that, unless some low dimensional subspace W
intersects many of the spaces V; in the arrangement, we can find a change of basis that makes
the angles between the spaces large on average (in which case, the previous argument works).
This gives us the overall strategy of the proof: If such a W exists, we project W to zero and
continue by induction. The loss in the overall dimension is bounded by the dimension of W,
which can be chosen to be small enough. Otherwise (if such W does not exist) we apply the
change of basis and use it to bound the dimension.

The change of basis is found by generalizing a theorem of Barthe [3] (see [6] for a more
accessible treatment) from the k¥ = 1 case (arrangement of points) to higher dimension.
We state this result here since we believe it could be of independent interest. To state the
theorem we must first introduce the following, somewhat technical, definition.

» Definition 1.3 (admissible basis set, admissible basis vector). Given a list of vector spaces
V=V, Va,..., V) (V; CR?), aset H C [n] is called a V-admissible basis set if

dim() Vi) = dim(V;) = dim( > Vy),

i€H i€H i€[n]

i.e. if every space with index in H has intersection {0} with the span of the other spaces
with indices in H, and the spaces with indices in H span the entire space Zie[n] V.

A V-admissible basis vector is any indicator vector 1 of some V-admissible basis set H
(where the i-th entry of 1y equals 1 if i € H and 0 otherwise).

The following theorem is proved in Section 3.

» Theorem 1.4. Given a list of vector spaces V = (V1,Va,...,Vy) (Vi CR?) with Vi + Vo +
.+ V,, =R and a vector p € R™ in the convex hull of all V-admissible basis vectors. Then
there exists an invertible linear map M : RY — R such that

> piProjyvyy = Texes
i=1

where M (V) is the linear space obtained by applying M on V;, and Projys(v,y is the orthogonal
projection matriz onto M(V;).

The connection to the explanation given in the proof overview is as follows: If there is no
subspace W of low dimension that intersects many of the spaces Vi,...,V, then, one can
show that there exists a vector p in the convex hull of all V-admissible basis vectors such that
the entries of p are not too small. This is enough to show that the average angle between
pairs of spaces is large since otherwise one can derive a contradiction to the inequality which
says that the sum of orthogonal projections of any unit vector must be relatively small.

The proof of the one dimensional case in [3] proceeds by defining a strictly convex function
f(t1,...,ty) on R™ and shows that the function is bounded. This means that there must
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exist a point in which all partial derivatives of f vanish. Solving the resulting equations gives
an invertible matrix that defines the required change of basis. We follow a similar strategy,
defining an appropriate bounded function f(¢y,...,tmn, R1,..., R,) in more variables, where
the extra variables Ry,..., R, represent the action of the orthogonal group O(k) on each
of the spaces. However, in our case, we cannot show that f is strictly convex and so a
maximum might not exist. However, we are still able to show that there exists a point in
which all partial derivatives are very small (smaller than any € > 0), which is sufficient for
our purposes.

Connection to Locally Correctable Codes. A ¢-query Locally Correctable Code (LCC)
over a field F is a d-dimensional subspace C C F™ that allows for ‘local correction’ of
codewords (elements of C) in the following sense. Let y € C and suppose we have query
access to y’ such that y, = y} for at least (1 — 0)n indices i € [n] (think of y’ as a noisy
version of y). Then, for every ¢, we can probabilistically pick ¢ positions in ¢y’ and, from
their (possibly incorrect values), recover the correct value of y,; with high probability (over
the choice of queries). LCC’s play an important role in theoretical computer science (mostly
over finite fields but recently also over the reals, see [5]) and are still poorly understood.
In particular, when ¢ is constant greater than 2, there are exponential gaps between the
dimension of explicit constructions and the proven upper bounds. In [2] it was observed that
¢-LCCs are essentially equivalent to configurations of points with many local dependencies’.
A variant of Theorem 1.1 shows for example that the maximal dimension of a 2-LCC in R™
has dimension bounded by (1/8)°™M). Our results can be interpreted in this framework as
dimension upper bounds for 2-query LCC’s in which each coordinate is replaced by a ‘block’
of k coordinates. Our results then show that, even under this relaxation, the dimension still
cannot increase with n. The case of 3-query LCC’s over the reals is still wide open (some
modest progress was made recently in [6]) and we hope that the methods developed in this
work could lead to further progress on this tough problem.

Organization. In Section 2, we define the notion of («, §)-systems (which generalizes the SG
condition) and reduce our k-dimensional Sylvester-Gallai theorem to a more general theorem,
Theorem 2.6, on the dimension of («, §)-systems (this part also includes the reduction from
complex to real arrangements). Then, in Section 3, we prove the generalization of Barthe’s
theorem (Theorem 1.4). Finally, in Section 4, we prove our main result regarding (e, d)-
systems. Due to the page limit, some of the proof are available in the full version of this

paper.

Acknowledgements. We would like to thank Patrick Devlin for helpful discussions on
strengthening Theorem 1.4.

2 Reduction to (o, §)-systems

The notion of an («, §)-system is used to ‘organize’ the dependent triples in the arrangement
in a more convenient form so that each space is in many triples and every pair of spaces is
together only in a few dependent triples. We also allow dependent pairs as those might arise
when we apply a linear map on the arrangement.

1 One important difference is that LCC’s give rise to configurations where each point can repeat more
than once.
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» Definition 2.1 ((«, §)-system). Given a list of vector spaces V = (Vi, Va, ..., V,,) (Vi C RY),

we call a list of sets S = (51,52, ...,Sy) an (o, d§)-system of V (aw € Z+, § > 0) if

1. Every S; is a subset of [n] of size either 3 or 2.

2. If S; contains 3 elements i1, 42 and 43, then V;, C Vi, + Vi, Vi, C V;, +V;, and
Vie € Vi, +Vi,. If S contains 2 elements ¢; and 4o, then V;l =V,.

3. Every i € [n] is contained in at least dn sets of S.

4. Every pair {i1,i2} (i1 # 42 € [n]) appears together in at most « sets of S.

Note that we allow 6 > 1 in an («, §)-systems. This is different from the statement of
the Sylvester-Gallai theorem where § € [0,1]. We have the following 3 simple observations,
which are proved in the full version of this paper.

» Lemma 2.2. Let S = (S51,53,...,54) be an («,d)-system of some vector space list V.
Then 6n?/3 < w < an?/2 and 6/a < 3/2.

» Lemma 2.3. Let V = (Vi,Va,...,V,) (Vi € RY) be a list of vector spaces and S =
(S1,82,...,8,) be a list of sets. If w > dn? and S satisfies the first, second and fourth
requirements in Definition 2.1, then there exists a sublist V' of V and a sublist S’ of S such
that |V'| > on/(2a) and S’ is an (o, §/2)-system of V'.

» Lemma 2.4. Let V = (Vi,Va,...,V,,) (Vi CRY) be a list of vector spaces with an («,§)-
system S = (S1,Sa,...,Sw). Then for any linear map P : R — R*, S is also an («, §)-system
of Vi = (V{,V4,..., V), where V/ = P(V;).

Theorem 1.2, will be derived from the following, more general statement, saying that the
dimension d is small if there is a (a, §)-system.

» Definition 2.5 (k-bounded). A vector space V C R’ is k-bounded if dim V < k.

» Theorem 2.6. Let V = (V1,Va,...,V,) (Vi CR?) be a list of k-bounded vector spaces with
an (o, 8)-system and d = dim(Vy + Vo + - -+ V,,), then d = O(a?k*/5?).

We can easily reduce the high dimensional Sylvester-Gallai problem in C* (Theorem 1.2)
to the setting of Theorem 2.6 in R as shown below.

Proof of Theroem 1.2 using Theorem 2.6. Let B; = {v;1,v;2,...,V;,} be a basis of V.
Define

Vj’ = span { Re(vj1),Re(vj2),...,Re(v), Im(v;1), Im(v;2), . .. ,Im(vjk)} Vj € [n].
» Claim 2.7. V] = {Re(v) : v € V;} for every j € [n].

Proof. For every v’ € Vj’, there exist A1, Aa, ..., Ak, i1, t2, - - ., i, € R such that

()\ Re(v;s) + ps Im(vs ) i ()\ Re(v;s) + ps Re(— z"ujs)>

e\
I
(]~

s=1 s=1
k
= Re <Z()\s — ius)'ujs> .
s=1
Since A1, Ao, ..., Ak, f1, fo, - - ., pig can take all values in R, we can see the claim is proved. <«

» Claim 2.8 ([1, Lemma 2.1]). Given a set A with r > 3 elements, we can construct a family
of 2 — r triples of elements in A with following properties: 1) Every triple contains three
distinct elements; 2) Every element of A appears in exactly 3(r — 1) triples; 3) Every pair of
two distinct elements in A is contained together in at most 6 triples.
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We call a 2k-dimensional subspace U C C! special if it contains at least three of
Vi,Vo,...,V,. We define the size of a special space as the number of spaces among
Vi, Va,...,V, contained in it. For a special space with size r, we take the r? — r triples of
indices of the spaces in it with the properties in Claim 2.8. Let S be the family of all these
triples. We claim that S is a (6, 36)-system of V = (V{,V4,..., V).

For every triple {j1, j2,js} € S, we can see that V},,Vj},, V], are contained in the same
2k-dimensional special space. And by V}, NV, = {0}, the space must be V;, +V}, and hence
Vi, € Vi, +Vj,. By Claim 2.7,

Vi, ={Re(v) : v € V};} C {Re(u) + Re(w) : uw € Vj,,w € V,} = V] +V,.

Similarly, V/ C V] + V] and V], C V] + V] . One can see that every pair in [n] appears in
at most 6 triples because the corresponding two spaces are contained in at most one special
space, and the pair appears at most 6 times in the triples constructed from this special space.
For every j € [n], there are at least dn values of j' € [n] \ {j} such that there is a special
space containing V; and V.. This implies that the number of triples that j appears in is

> 3(size(U)—-1)=3 > |{j’'#j:Vy CU} > 36n.

special space U special space U
v, CU v, CU

Therefore S is a (6, 3d)-system of V. By Theorem 2.6,
dim(V] + Vi + -+ V) = O(6*(2k)*/(36)?) = O(k*/6?%).
Note that

Vi+Va+---+V, Cspan{Re(vj;),Im(v;,)} (span with complex coefficients),

j€ln],selk]

Vi +Vy+---+ V) =span { Re(vjy), Im(vjs)}je[n] selk] (span with real coefficients).

We thus have dim(Vy + Vo + -+ V,,) < dim(V] + VJ +--- + V) = O(k*/5?). <

3 A generalization of Barthe’'s Theorem

We prove Theorem 1.4 in the following 3 subsections. In the fourth and last subsection, we
state a convenient variant of the theorem (Theorem 3.8) that will be used later in the proof
of our main result. The idea of the proof is similar to [3] (see also [6, Section 5]), which
considers the maximum point of a function, and using the fact that all derivatives are 0
the result is proved. Here we consider a similar function f defined in Section 3.1. However,
since our problem is more complicated, it is unclear whether we can find a maximum point
at which all derivatives are 0. Instead we will show that there is a point with very small
derivatives in Section 3.2, which is sufficient for our proof of the theorem in Section 3.3.

3.1 The function and basic properties

Let ki, ks, ..., k, be the dimensions of Vq, V5, ..., V, respectively and m = k1 + ko + -+ k.
Throughout our proof, we use pairs (i, 7) with ¢ € [n], j € [k;] to denote the element of [m]
of position ), _, ki + j. We define a vector v € R™ as

Vij = Di Vi€ [n], j € [ki].



Z. Dvir and G. Hu

For every i € [n], we fix {v;1,vi2,..., Vi, } to be some basis of V; (not necessarily orthonor-
mal). A set I C [m] is called a good basis set if

I = U {(Z,l),(272)aa(zvkz)}

i€H

for some V-admissible basis set H. We can see that for any good basis set I, the set
{vij : (i,j) € I} is a basis of RY. For a list of vectors aq,as,...,a, (¢ € Z*), we use
[@1,a2,...,a4] to denote the matrix consisting of columns a1, as, ..., aq4.

Let O(s) be the group of s x s orthogonal matrices. The function f : R™ x O(ky) x
O(k2) x --- x O(ky,) — R is defined as

f@,Ry,...,Ry) = (v,t) — Indet Z etija:ija:iTj ,
i€[n],j€kq]

where, for every i € [n], the vectors @;; are given by
[CBU, cee ,fsz] = [%‘17 cee aviki]RzW

We note that here for every i € [n], j € [k;], @;; is a function of R; and {@;1,..., &, } is
another basis of V;.

The next lemma shows that the function f is bounded over its domain. The proof is
similar to Proposition 3 in [3]. The proofs are given in the full version of this paper.

» Lemma 3.1. There is a constant C € R such that f(t,Ry,...,R,) < C for allt € R™
and R; € O(k;) (i € [n]).

3.2 Finding a point with small derivatives
We first define some notation. Let
X= > ez
i€[n],j€lk:]
be a matrix valued function of ¢, Ry, Ro, ..., R,. Then
f@& Ry, ..., Ry) = (v,t) — Indet(X).
Note that X is always a positive definite matrix, since for any w # 0,

wl Xw = Z et (mi;, w)? > 0,
i€[n],j€ki]

when @11,...,..., &, span the entire space (implied by V3 +Va+---+V,, = R?). Define M
to be the £ x £ full rank matrix satisfying M7 M = X—!. We note that M is also a function
of t,Rl,RQ, .. .,Rn.

In a later part of the proof we will show that the linear map obtained from M satisfies
the requirement in Theorem 1.4 when ¢, Ry, Ro, ..., R, take appropriate values. We first
find an appropriate value of (Ry, Ra, ..., R,) = (Rj(¢), R5(t),..., R:(t)) for every t € R™,
and then find some t* with specific properties.

» Lemma 3.2. For every t € R™, there exists (R{ (t), ) satisfying
1. f(t,RT( ),RQ( ),,R:L( )) —mathRL Rn{ t Rl,RQ,...7 }
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2. For every i € [n], if t;j = t;j for some j # j' € [ki], then
(M:c,»j, M:Jcij/> = 0,
where [;cﬂ, ey xm] = [’Uil, vy ’Uzk1]R:< (t)

Proof. The first condition can be satisfied by the compactness of O(k1) x O(ks) X - - - x O(ky,).
We will show how to change (Rj(t), Rs(t),...,R:(t)), which already satisfies the first
condition, so that it satisfies the second condition while preserving the first condition.

Fix an ¢ € [n] and partition the indices of (¢;1,%2,...,t;,) into equivalence classes
Ji,J2, ...,y C [k;] such that for j,j” in the same class ¢;; = t;;» and for j, ;" in different
classes t;; # tij». We use t;, to denote the value of ¢;; for j € J,, and L;, to denote the
matrix consisting of all columns x;; with j € J,. The terms in X that depend on R; are

2\ D mgly | = 3 (Lo L) = D (e Ly QrQr LT ),

relb] jeJr re(b] re(b]

where @, can be taken to be any |J.| x |J.| orthogonal matrix. This means that if we
change R} (t) to R} (t)diag(Q1,...,Qp) (here diag(Q1,...,Qs) denotes the matrix in which
the submatrix with row and column indices J, is @), or equivalently change L; to Lj Q,
for every r € [b], the matrix X does not change, hence M and f do not change, and the first
condition is preserved as f is still the maximum for the fixed ¢.

For every r € [b], we can find a @, such that the columns of M L; @, are orthogonal
(consider the singular value decomposition of ML, ). Change R} (t) to R} (t)diag(Q1,...,Q)
and the second condition is satisfied while preserving the first condition. Doing this for every
i we can obtain an (R (t), R5(t),..., R’ (t)) satisfying both conditions. <

From now on we use R (t), R3(t),..., R} (t) to denote the matrices satisfying the condi-
tions in Lemma 3.2.

» Lemma 3.3. For any ¢ > 0, there exists t* € R™ such that for every i € [n],j € [k;].

of
8tij

(t*,R}‘(t*),R;(t*),...,R;(t*))‘ <e.

This lemma follows immediately from the following, more general lemma, proved in the
full version of this paper.

» Lemma 3.4. Let A C R" (h € Z*t) be a compact set. Let f : R™ x A — R and
y* : R™ — A be functions satisfying the following properties:

1. f(=z,y) is bounded and continuous on R™ x A.

2. For every x € R™, f(x,y*(x)) = maxyca{f(z,y)}.

3. For every fized y € A, f(x,y) as a function of x is differentiable on R™.

Then, for every e > 0, there exists an * € R™ such that for every i € [m],

of
8:@-

(scty*(ae*))\ <.

3.3 Proof of Theorem 1.4

Fix some € > 0. We apply Lemma 3.3 and obtain a t*. In the remaining proof we will use X,
M and z;; (i € [n],j € [k;]) to denote their values when ¢ = t* and R, = R} (t*) (i € [n]).
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» Lemma 3.5. (Mx;;, Mx;j) =0 for every i € [n] and j # j' € [ki].
Proof. We fix i € [n], jo # Jjj € [ki,] and prove (Mz;yj,, M@;,j,) = 0. If ¢} ;= t;‘ojé, this
is guaranteed by Lemma 3.2. We only consider the case that ¢; ; # t; i

Let 6 € R be a variable, and define ;; for i € [n], j € [k;] as follows.

cos O - @iy, —sind - x50 (i,5) = (io, Jo),
ro_ . Ny
xi; = sinb - x5, +cosl - x5 (4,7) = (i0, Jo),
T;j otherwise.

We consider the following function h : R — R|
h(6) = {v,t*) — Indet Z et:fw;j:c;jT
i€[n],j€[k:]
» Claim 3.6. h(¢) has a mazimum at § = 0.

Proof. Let R(6) be the k;, x k;, orthogonal matrix obtained from the identity matrix by
changing the (jo, jo), (44, 34) entries to cos, the (jo, j)) entry to sin, and the (jj, jo) entry
to —sind. We can see R(0) is the identity matrix and

[0, mﬁ;okm] = [®ig1s - Tigh;, | R(0).
Therefore for all § € R.
BO) = £ (£ RI@), oo Bl (8, R (8) - RO iy (8, R (E))
<P (BRI o Ry ()R (), iy (). R (2))
= h(0).
Thus the claim is proved. <

Using -4 Indet(A) = tr(A~! 4L A) for an invertible matrix A (Theorem 4 in [12, Chapter 9]),
we can calculate the derivative of h.

dh —1( t5 . d / r T it / 1 T
@(O) = |:X (6 . @ 6=0 Lio50Lig50 ter g 6=0 migjémioj(’) >:|
« d
— _tr [X_l <€ti0j0 = (cos@ - xiy;, —sinf - aciojé)(cosﬁ " Ljg, — sing - miojgj)T
0=0
tr o d : . T
+ e "0dp 70 (sinf - &;y;, + cosb - a’ioj(’])(sma “Tigjo 1 oS0 - fEiojé) )}
0=0
— _ clioio tr { 7 (cosb-Mx;j;, — sin@-Maziojé)(cos&Ma:iojo — sin0~Mmi0j6)T]
0=0

(sin@-Ma;, j, + cos - Mz, ;) (sin - Mz, ;, + cos@-Maciné)T]

[
[ L
6=0

* tr
= — cliodo [— 2. <M:Bi0j07 Mwioj(g)] — ¢ ‘0dp [2 . <M5L'ioij33ioj6>]

tr
=2(6tzojo —e ). (M, Mmioj(/)).

Since h(0) is the maximum, we have 92(0) = 0. By thio £ tiy i the above equation implies

<Mmiojuvaioj6> = 0. ]
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Finally we are able to prove Theorem 1.4.

Proof of Theorem 1.4. With a slight abuse of notation, we also use M to denote the linear
map defined by the matrix M. We show that M satisfies the requirement in Theorem 1.4.
Let u;; = Ma;;/||Mxi;|| (i € [n], j € [ki]). Then {wi1, w2, .., U, } is an orthonormal
basis of M (V;), and

ul

21 k;
Projasvyy = [wit, iz, - - -, Wik, | } = Zu”uz; (1)
uly J=1
We define
af * * * * * * *
S = g (£ RIE) R, RA()) € [,
ij

Again using & Indet(A4) = tr(A~' L A) for an invertible matrix A, we have

*

€ij =Di — tr (Xfletﬁwijwz;) =p; — ebii - tr (Ma:”cclT]MT) =p;— elii - ||Ma:”||2
By the definition of X and M,

M7 Y(MHt =X = Z et;‘aziij

ij

— Z et:J(Ma:ij)(Mwij)T = Ipxy.

i€[n],j€lk:] i€[n],j€[k:]
Therefore
S i—epugul= Y et;Mm”|2< Mz, )( Mx;; >T_I
i€ln] j€ks] S ”_ie[n],je[ki] . UMyl ) My ) — 77
By (1),

n
H Zpi Projpsvyy —Lexe ‘ = H Z EijuijuiTj <e Z HumuszH <em.
i=1 ;

i€ [n],j€ (k] i€[n],j€ k]

Let M = M/||M]||, we can see that M (V;) and M (V;) are the same linear space, hence

H Zpi Projﬁ(vi) — Iy ‘ < em.
i=1

Take ¢ — 0, noting that M is contained in a compact set, there must exist a matrix M* such
that

n
sz‘ Projprv,) = Lexe-
i=1
It remains to show that M* is invertible. Assume it is not invertible, then there is a nonzero
vector w orthogonal to the range of M*. We have Projy«(y,)(w) = 0 for every i € [n]. This
contradicts the fact that the sum of p; Projy«(y, is the identity matrix. Therefore M* is
invertible. Thus Theorem 1.4 is proved. |
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3.4 A convenient form of Theorem 1.4

We give Theorem 3.8 which is implied by Theorem 1.4 and is the form that will be used in our
proof. Before stating the theorem, we need to define admissible sets and admissible vectors
as Definition 3.7, which have weaker requirements than admissible basis sets and admissible
basis vectors (Definition 1.3) as they are not required to span the entire arrangement.

» Definition 3.7 (admissible set, admissible vector). Given a list of vector spaces V =
(V1,Va,..., V) (Vi CR?), aset H C [n] is called a V-admissible set if dim(}", ., Vi) =
> e dim(V;), i.e. if every space with index in H has intersection {0} with the span of the
other spaces with indices in H. A V-admissible vector is any indicator vector 1y of some
V-admissible set H.

» Theorem 3.8. Given a list of vector spaces V = (Vi,Va,...,Vy) (Vi CR?) and a vector
p € R™ in the convex hull of all V-admissible vectors. Then there exists an invertible linear
map M : R — R such that for any unit vector w € RY,

ZPz‘H Projys v,y (w)]* <1,
i=1

where Proj (v, (w) is the projection of w onto M(V;).

The simple derivation of Theorem 3.8 from Theorem 1.4 is included in the full version of
this paper.

4  Proof of the main Theorem

Theorem 2.6 will follow from the following theorem using a simple recursive argument,
provided in the full version of this paper.

» Theorem 4.1. Let V = (V,Va, ..., V,)) (Vi € RY) be a list of k-bounded vector spaces with

an (a, d)-system and d = dim(Vy + Vo + - - + V), then for any B € (0,1), at least one of

these two cases holds:

1. d < 40ak3/(B9),

2. There is a sublist of ¢ > on/(20a) spaces (V;,,Vi,,..., Vi ) such that there are nonzero
vectors z1 € Vi, 22 € Viy, ..., 24 € Vi, with

dim(z1,z2,...,24) < fd.

4.1 Proof of Theorem 4.1 — a special case
In this subsection, we consider the case that all vector spaces are ‘well separated’.

» Definition 4.2. Two vector spaces V, V' C R’ are 7-separated if |(u,u')| < 1 — 7 for any
two unit vectors u € V and v’ € V.

We will use the following two simple lemmas about 7-separated spaces (both are proved
in the full version of this paper.)

» Lemma 4.3. Given two vector spaces V,V' C RY that are T-separated and let B =
{ur,ug, ... ug, } and B" = {u},uy,...,uy, } be orthonormal bases for V,V' respectively.
For any unit vector u € V + V', if we write u as

w=Aur + Atg + -+ Ay Up, + ] + pouh + - 4 fig,u

then the coefficients satisfy A2 + X2 +--- + /\i1 +ud+pd 4+ ,uiz <

S =
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» Lemma 4.4. Given two vector spaces V,V' C R’ and let B = {uy,us,...,us, } be an
orthonormal basis of V. If V and V' are not T-separated, there must exist j € [k1] such that
| Projy (u;)||* > (1 — 7)2/k1, where Projy, (u;) is the projection of u; onto V'.

We will need the following lower bound for the rank of a diagonal dominating matrix.
The proof is included in the full version of this paper.

» Lemma 4.5. Let D = (d;;) be a complex m x m matriz and L, K be positive real numbers.
If dii = L for every i € [m] and }_, |di;|* < K, then rank(D) > m — K/L?.

The following theorem handles the ‘well separated case’ of Theorem 4.1.

» Theorem 4.6. Let V = (Vi,Va,...,V,,) (Vi € RY) be a list of k-bounded vector spaces with
an (a,0)-system S = (S1,52,...,5) and d = dim(Vy + Vo + --- + V). If for every j € [w]
and {i1,i2} € S;, Vi, and Vi, are T-separated, then d < ak/(76).

Proof. Let kq,ks,...,k, be the dimensions of V1, V5,...,V,,, and m = k1 + ko +--- + k,,.

For every ¢ € [n], fix B; = {u;1, W2, . .., Wik, } to be some orthonormal basis of V;. We use A
to denote the m x £ matrix whose rows are u{y,...,...,ul, . We will bound d = rank(A)

by constructing a high rank m x m matrix D satisfying DA = 0.
For s € [m], we use 9(s) € [n] to denote the number satisfying

ki+ke+ -+ hy—1t 1< s<kitkat -+ hy—1+ kg

In other words, the s-th row of A is a vector in By ).

» Claim 4.7. For every s € [m], there is a vector y, € R™ satisfying y’ A = 07, y,, = [on],
and Zt;és Yo < afon]/T.

Proof. Say the s-th row of A is u”, where u € By(,). Let J C [w] be a set of size |J| = [dn]
such that for every j € J, S; contains ¢(s). We construct a vector ¢; for every j € J as
follows.
If S contains 3 elements {t(s),4,4'}, we have Ay, Ao, ..., A, i1, 2, - . -, i, € R such
that

U — A1Ui1 — AoUg2 — + 0 — A Wgk, — H1Ugr1 — Palhyrg — * 0 — P, Wik, = 0.

We can obtain from this equation a vector c¢; such that c]TA = 07, cjs = 1, and by
Lemma 4.3 1
Do =AM N A g, <
t#s
If S; contains 2 elements {1(s), i}, there exist A, Ag,..., A, with AT+ A3 +-- 4+ A7 =1
such that
U — MUiT — Agliz — -+ — Ap Wik, = 0.

We can obtain from this equation a vector ¢; such that c}"A =07, cjs =1, and
S G =MN4+N+ A, =11
t#s
In either case we obtain a c; such that chA =07, cjs =1 and E#S c?t < 1/7. We define

Y, = ch'

jedJ
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We have yZ A = 07 and y,s = [én]. We consider Dotts y2,. From the above construction of
cj, we can see ¢;; # 0 (t # s) only when 9(t) # 1(s) and {¢(s),¥(t)} C S;. Hence for every
t # s, there are at most v nonzero values in {c;j;}jes. It follows that

2 2 9 afén
DEES B Dar IR ol D3 B ol D3 Bty

t#£s t#s \jeJ t#s \jeJ JeJ \ t#s
Thus the claim is proved. <
Define D to be the matrix consists of rows y?,y2, ... yZ. Then every entry on the

diagonal of D is [dn], and the sum of squares of all entries off the diagonal is at most
afon|m/7. Apply Lemma 4.5 on D, and we have

aldn]m/T am ak
k(D) > m — MommT _ak
rank(D) > m on]? m on] zm= s
By DA =0, the rank of A is d < ak/(79). <

4.2 Proof of Theorem 4.1 — general case

Now we prove Theorem 4.1. We assume that the first case of Theorem 4.1 does not hold, i.e.

d > 40ak3 /(B5). We will show the second case holds.

» Lemma 4.8. If the second case of Theorem 4.1 does not hold, i.e. for any sublist of
q > on/(20a) spaces (Vi,, Viy,. .., Vi,) and nonzero vectors zy € Vi, z0 € Viy, ..., 24 € V;,

dim(z1, 22,...,24) > fd,

then there exists a distribution D on V-admissible sets and an I C [n] with [I| > (1—-§/(10a))n
such that for every i € I,
Bd

) > —.
HPNID[Z €H] z kn

Proof. Fix ¢ = [0n/(20a)]. By assumption d > 40ak?/(35), we have n > d/k > 10a/6. It
follows that ¢ < dn/(10a). We can also see on/(10a) < n by §/a < 3/2 (Lemma 2.2).
We will find a distribution using the following claim.

» Claim 4.9. For a subset E C [n] of size greater than q, we can find a V-admissible set
H C E with size at least pd/k.

Proof. Initially let H = (). In each step we pick an ig € E with V;, > ,c5 Vi = {0}, and
add ip to H. If such an i does not exist, the procedure terminates. If |H| < Sd/k, then for
every 19 € E, V;, has a nonzero vector contained in the space Zie g Vi, which has dimension
at most Bd. This contradicts the condition that the second case of Theorem 4.1 does not
hold. Hence |H| > Bd/k, and the claim is proved. <

We repeatedly find a V-admissible sets Hy, Ha, ... such that H; C [n]\ (HyU---UH;_1) and
|H;| > pd/k using the above claim. We can find at most

n—q _ lk

Bd/k = Bd

such V-admissible sets in total. Let I be the union of these V-admissible sets. We have

[I| >n—q > (1 —-6/(10a))n. Let D be the uniform distribution on these V-admissible sets.

We can see that the probability Pryp[i € H] > 8d/(kn) for every i € I. Thus the lemma
is proved. |
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Assume the second case of Theorem 4.1 does not hold and apply Lemma 4.8. For i € [n],
we use k; to denote the dimension of V;, and p; to denote Pry. p[i € H]. Then p; > Bd/(kn)
for every i € I.

» Lemma 4.10. The vector p = (p1,D2,---,Pn) is in the conver hull of V-admissible vectors.

Proof. For every V-admissible set H, we use qy to denote the probability that H is picked
according to D, and 1y to denote the V-admissible vector corresponding to H. Then,

p=(pup2--.pn)= >,  qulu
V-admissible H

and p; is exactly the probability that i € H. |

We apply Theorem 3.8 with the p = (p1,p2,...,pn), and obtain an invertible linear map
M : R? — R? such that for any unit vector w € R,

n
> pill Projy (w)|* < 1,
=1

where V/ denotes M (V;). Since p; > Bd/(kn) for every i € I, we have

. kn
S Projy (w)]? < oo 2)
; i Bd

el

We will reduce the problem to the special case discussed in the previous subsection. We
say a pair {i1,i2} C [n] is bad if V/,V/ are not 3-separated. Let S = (S51,53,...,5,) be
the (a, §)-system of V. By Lemma 2.4, S is also an («, d)-system of V' = (V{,V3,..., V).
We estimate the number of sets among 51, Ss,...,.S, containing a bad pair.

» Lemma 4.11. For every io € I, there are at most on/(10a) values of i € I such that V|
and V] are not 3-separated.

Proof. Let {u1,ua,...,us, } be an orthonormal basis of V. For any i that V| and V; are
not 3-separated, by Lemma 4.4, there must be j € [k;,] such that

. 1 1
I Projy, (uy)|* > 7= > .

For every jo € [ki,]|, we set w = uj, in inequality (2). The number of i’s such that
[| Projy (uj,)|| > 1/(4k) is at most

kn /1 4k*n

Bd/) 4k  Bd’

Since there are k;, < k values of jo € [k;,], the number of i’s that V| and V; are not

%—separated is at most

4k%n  4k3n on
< < —.
Bd — Bd T 10«
In the last inequality we used the assumption d > 40ak3/(59). <

k-

The number of bad pairs is at most

on on? on? on?
< —

Il -n+ 1] o Lo _ o
N2+ 360 < 100+ Toa = 3a
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We remove all S;’s that contains a bad pair and use S’ to denote the list of the remaining sets.
Since each pair appears at most « times, we have removed at most dn?/5 sets. Originally we
have at least dn?/3 sets by Lemma 2.2. Now we have at least dn?/3 — én?/5 > dn?/10 sets.
By Lemma 2.3, there is a sublist V" = (V/, V;,,...,V]) (¢ > 0n/(20)) of V' and a sublist
8" of 8 such that §” is an («, §/20)-system of V".

Since we have removed all bad pairs, V" and S” must satisfy the conditions of Theorem 4.6.
By Theorem 4.6,

. , , , ak 40ak
dim(V}, + Vi, +---+V}) < T2 5 < Bd.

In the last inequality we used the assumption d > 40ak®/(39). Recall that the linear map M
is invertible. So the space Vi, +V;, +---+V;, has the same dimension as V}, +V/ +---+ V] .
Therefore there are ¢ > dn/(20«) spaces V;,,V;
case of Theorem 4.1 holds.

In summary, under the assumption d > 40ak®/(/35) we have shown the second case of
Theorem 1.4 is always satisfied. Therefore Theorem 4.1 is proved. |

2>+« Vi, within dimension $d. The second
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