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Abstract

We continue the study of the shifted partial derivative measure, introduced by Kayal
(ECCC 2012), which has been used to prove many strong depth-4 circuit lower bounds
starting from the work of Kayal, and that of Gupta et al. (CCC 2013).

We show a strong lower bound on the dimension of the shifted partial derivative space of
the Elementary Symmetric Polynomials of degree d in N variables for d < 1g N/lglg N. This
extends the work of Nisan and Wigderson (Computational Complexity 1997), who studied
the partial derivative space of these polynomials. Prior to our work, there have been no
results on the shifted partial derivative measure of these polynomials.

Our result implies a strong lower bound for Elementary Symmetric Polynomials in the
homogeneous LITYXIT model with bounded bottom fan-in. This strengthens (under our degree
assumptions) a lower bound of Nisan and Wigderson who proved the analogous result for
homogeneous XIIY model (i.e. LIIXII formulas with bottom fan-in 1).

Our main technical lemma gives a lower bound for the ranks of certain inclusion-like
matrices.

1 Introduction

1.1 Motivation.

In an influential paper of Valiant [Val79] the two complexity classes VP and VNP were defined,
which can be thought of as algebraic analogues of Boolean complexity classes P and NP, respec-
tively. Whether VP equals VNP or not is one of the most fundamental problems in the study
of algebraic computation. It follows from the work of Valiant [Val79] that a super-polynomial
lower bound for arithmetic circuits computing the Permanent implies VP # VNP.

The best known lower bound on uniform polynomials for general arithmetic circuits is
Q(Nlg N) [BS83] which is unfortunately quite far from the desired super-polynomial lower
bound. Over the years, though there has been no stronger lower bound for general arithmetic
circuits, many super-polynomial lower bounds have been obtained for special classes for arith-
metic circuits [NW97, Raz09, Raz06].

A very interesting such subclass of arithmetic circuits is the class of bounded-depth arithmetic
formulasﬂ The question of proving lower bounds for bounded-depth formulas and in particular
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depth 3 and 4 formulas has received a lot of attention subsequent to the recent progress in
efficient depth reduction of arithmetic circuits [VSBR&3| [AV08, [Koi12| [Tav13]. This sequence of
results essentially implies that “strong enough” lower bounds for depth-4 homogeneous formulas
suffice to separate VP from VNP. More formally, it proves that any sequence {fy}ny of
homogeneous N-variate degree d = NY() polynomials in VP has depth-4 homogeneous formulas
of size NOWd), Hence, proving an Ne(Vd) Jower bound for depth-4 homogeneous formulas
suffices to separate VP from VNP.

Even more can be said about the depth-4 formulas obtained in the above results. For any
integer parameter ¢t < d, they give a XIIXII formula for fy where the layer 1 product gates
(just above the inputs) have fan-in at most ¢ and the layer 3 gates are again II gates with fan-in
O(d/t). We will refer to such formulas as SIO@/YISTIH formulas. The depth-reduction results
mentioned above produce a depth-4 homogeneous LIICW/DISTIM formula of size NO(d/t)+t)
and top fan-in NO@/1; at ¢ = (\/&1, we get the above depth-reduction result.

The tightness of these results follows from recent progress on lower bounds for the model of
SHOWE/OISTIM circuits. A flurry of results followed the groundbreaking work of Kayal [Kay12],
who augmented the partial derivative method of Nisan and Wigderson [NW97| to devise a new
complexity measure called the shifted partial derivative measure, using which he proved an
exponential lower bound for a special class of depth-4 circuits. Building on this, the first
non-trivial lower bound for SIICW/OISTIH formulas was proved by Gupta, Kamath, Kayal,
and Saptharishi [GKKS13| for the determinant and permanent polynomials. This was further
improved by Kayal, Saha, and Saptharishi [KSS14] who gave a family of explicit polynomials in
VNP the shifted partial derivative complexity of which was (nearly) as large as possibleE] and
hence showed a lower bound of N¥(4/%) for the top fan-in of SIIO@/DISTIH formulas computing
these polynomials. Later, a similar result for a polynomial in VP was proved in [FLMSI14]
and this was subsequently strengthened by Kumar and Saraf [KS14a], who gave a polynomial
computable by homogeneous IIXII formulas such that any SOOI formulas computing
it must have top fan-in N¥(4/*) | Finally, using a variant of the shifted partial derivative measure,
Kayal et al. [KLSS14] and Kumar and Saraf [KS14b] were able to prove similar lower bounds
for general depth-4 homogeneous formulas as well.

In this work, we investigate the shifted partial derivative measure of the Elementary Sym-
metric Polynomials, which is a very natural family of polynomials whose complexity has been
the focus of many previous works [NW97, [SW01, Shp02), [HY11]. Nisan and Wigderson [NW97|
proved tight lower bounds on the depth-3 homogeneous formula complexity of these polyno-
mials. Shpilka and Wigderson [SWO01] and Shpilka [Shp02] studied the general (i.e. possibly
inhomogeneous) depth-3 circuit complexity of these polynomials, and showed that for certain
degrees, the O(N?) upper bound due to Ben-Or (see [SW0I]) is tight.

Under some degree constraints, we show strong lower bounds on the dimension of the shifted
partial derivative space of these polynomials, which implies that the Elementary symmetric
polynomial on N variables of degree d cannot be computed by a LIICW/DISIIH circuit of top
fan-in less than N%(%/%), This strengthens the result of Nisan and Wigderson [NW97] for these
degree parameters.

By the upper bound of Ben-Or mentioned above, this also gives the first example of an
explicit polynomial with small XII3 circuits for which such a strong lower bound is known.

1.2 Our Results

We show that, for a suitable range of parameters, the shifted partial derivative measure of the
N-variate elementary symmetric polynomial of degree d — denoted Sj‘(, — is large.

%i.e., as large as it can be for a “generic” or “random” polynomial (as explained after Theorem .



Theorem 1. Let a € (0,1/2) be a constant. Let N,d,k € N be such that 4k < d <
algN/lglg N and k = LTilj for some odd number T > 3. Over a field of characteristic
zero, for any 0 satisfying o« <1 —6(1+1) <1 —671 <1—a, and for £ = |[N'7], the following

holds:
(1—o(1)- ("} - ("9
(3N1—5T/2)k (d+1)7

For any multilinear polynomial F'(X) on N variables, the quantity dim(0yF') </ is at most the

number of monomial shifts — which is (N ZE) — times the number of possible partial derivatives

of order k, which is at most (]IX ) Our result says that this trivial upper bound is (in some sense)

close to optimal for the polynomial S¢ (the (N!797) factor in the denominator can be made
N¢F for any constant € > 0, see the discussion at the end of the proof of Theorem . All
previous lower bound results using the shifted partial derivative method also obtain similar
statements [GKKS13, [FLMS14] [KS14a), [KS14Db].

Theorem [I] as stated above is applicable under the restriction that the field over which the
polynomial and the circuits are defined should have characteristic 0. For the sake of simplicity
of the presentation, we first present the proof of this theorem. In fact, we first present the proof
of a further restriction: namely, the case when 2k divides d exactly. This result is stated in
Theorem [5] in Section [3] The techniques presented in the proof can be appropriately modified
in order to overcome the above restrictions. In Section [d] we describe the modifications needed
to carry through the proof when k = |d/(7 + 1)] for some odd number 7 > 3, establishing
theorem [1} In Section [5| we state our most general result, i.e. for general parameters and over
any characteristic, Theorem and sketch its proof. Due to the positive characteristic, in
Theorem [27| we incur a loss of k£ + 1 in the denominator (compared to Theorem .

A corollary of our main result is an N®@! lower bound on the top fan-in of any
STO@OISTIH formula computing 5% .

dim(@ij‘lV>§g 2

Theorem 2. Let € € (0,1) be a constant. Let N,d,D,t € N be such that % <d< Ej;%,

D < N'=¢. Any SIS circuit of top fan-in s computing Sj‘f, satisfies s = N/t

It is worth noting that in most lower bounds of this flavour, the upper product gates have
fanin D bounded by O(d/t). Our lower bound works for potentially much larger values of D.

It is known that for every d < N, Sj‘f, has depth-4 formulas of size N 90(Vd) [SWO1, The-

orem 5.2]. A closer look at the construction there shows that the N 20(Vd) gize formulas are
SODISTI formulas with bottom fanin upto and including d. In contrast, our bound shows
that for small d, if the bottom fanin ¢ is restricted to be a fraction of d, then, even allowing for
much larger D, the top fanin and hence size of an STIIPILTIM formula shoots up to N@/D),

As a corollary to Theorem [2] we obtain a lower bound for homogeneous depth-4 circuits
with bounded bottom fan-in.

Corollary 3. Let parameters N,d,t be as in Theorem @ Any SIIO@/ Oyl computing Sj‘{,
must have top fan-in at least NN/ In particular, any homogeneous LI circuit C with
bottom fan-in bounded by t computing Sj‘(f must have top fan-in at least NU/1),

By the above depth reduction results, this lower bound is tight up to the constant factor in
the exponent. Before our work, [NW97] proved a lower bound for Sj‘{, of N9 for all d, however
with respect to XIIY circuits (i.e. the case t = 1).

1.3 Techniques

The analysis of the shifted partial derivative measure for any polynomial essentially requires
the analysis of the rank of a matrix arising from the shifted partial derivative space. In this



work, we analyse the matrix arising from the shifted partial derivative space of the symmetric
polynomials.

Our analysis is quite different from previous works (such as [FLMS14, [KLSS14l KS14b]),
which are based on either monomial counting (meaning that we find a large identity or upper
triangular submatrix inside our matrix) or an analytic inequality of Alon [Alo09]. Neither of
these techniques seems to be applicable in our case. This is already visible from the work of
Nisan and Wigderson [NW97], who analyse the partial derivative matriz (without shifts) of the
elementary symmetric polynomials. This matrix turns out to be the well-known Disjointness
matriz, defined as follows: for fixed parameters N,s,t € N such that s + ¢ < NN, the rows and
columns of this matrix are labelled by subsets of [IV] of size s and t respectively; the (S,T)
entry in the matrix is 1 if SNT = () and 0 otherwiseﬁ It is known (see [KN97] for example)
that this matrix is full rank (i.e. has rank equal to the minimum of the number of rows and
columns) in characteristic 0 and almost full rank in other characteristics [Wil90]. However, it
is not clear how to use either of the two techniques mentioned above to prove this result.

In our analysis of the shifted partial derivative space, to block diagonalize our matrixlﬂ into
matrices each of which is a more complicated version of the Inclusion matriz (similar to the
Disjointness matrix mentioned above and also known to be full rank), and lower bound its rank
by using a technique that, to the best of our knowledge, has not been used in this context
before. We give a brief overview of our technique in the next section.

Disjointness and inclusion matrices arise naturally in other branches of theoretical computer
science such as Boolean circuit complexity [Raz87|, communication complexity [KN97, Chapter
2] and also in combinatorics [Wil90, [KS05]. Therefore, we believe that our analysis of the
Inclusion-like matrix arising from the symmetric polynomial may find other applications.

1.4 Organisation of the paper

In Section [2] we set up basic notation, fix the main parameters, and give a high-level outline
of our proof of Theorem [5| In Section [3| we give the details of the actual proof. The formula
size lower bound from Theorem [2] is established in Section [6l Recall that Theorem [l is stated
over fields of characteristic zero when some parameters exhibit some divisibility property (which
makes the combinatorics nicer). The way to handle more general parameters is explained in
Section [ In Section [§] we describe how to extend our results to arbitrary fields.

2 Proving Theorem [5: High-level outline

2.1 Notation

For a positive integer n, we let [n] = {1,...,n}. Let X = {z1,...,zn}. For A C [N] we define
X4 = [l;ca#i- The elementary symmetric polynomial of degree d over the set of variables X
is defined as S%(X) = 2 AC[N],|Aj=d X4, and is abbreviated with S4..

For k,¢ € N and a multivariate polynomial f € F[z1,...,z,]|, we define

ok f

<8kf><4:span{${1...x%"-w i+...+i, =k, j1+...+jn§€}.
z ... 0z

Our complexity measure is the dimension of this space, i.e., dim((J f)</)[Kay12, [IGKKS13].

For a monomial m = Hf\;l z;", deg(m) = n1 +ng + ... + ny is the total degree of m.

We denote by deg, (m) the degree of the variable x; in m (here deg, (m) = n;). We define

3Variants allowing sets of size at most s and ¢ have also been considered.
4 Actually, we only work with a carefully chosen submatrix of the overall matrix.



the support of m as supp(m) = {i € [N] | n; > 0}. For a monomial m and p > 0, let
supp,(m) = {i € [N], deg,, (m) = p}.

Let /\/lgv the set of monomials of degree at most ¢ over the variables X. For integers
ni,...,MNp, let

M4 (n1, ... np) = {m € MYy, |supp;(m)| = n; for i € [p]}.

Given p > 0, a monomial m € MY can be uniquely written as m = rm - Hle(Xsuppi(m))i.
We write m = [m, S1,...,Sp] if S; = supp;(m) for all i € [p] and m =m - [[}_;(Xg,)".

For a finite set S, let U(S) denote the uniform distribution over the set S.

We assume that we are working over a field F of characteristic zero. Our results also hold
in non-zero characteristic (see Section , but the first step of our proof (Lemma @ becomes a

little more cumbersome.

2.2 Proof Outline

We want to lower bound dim((0;xS%)<¢) for suitable k,f. An alternate way of looking at
the vector space (OS% )<, is as follows. We fix some spanning set S for the set of all partial
derivatives of Sj‘f, of order k and consider the set P of all the polynomials obtained by multiplying
the polynomials in § with monomials of degree at most £. We define a matrix M whose columns
contain the polynomials in the set P (seen as vectors of coefficients of the various monomials).
Lower bounding dim({9},5%)<,) is equivalent to lower bounding rank(M).
Our lower bound on dim((9;xS%)<¢) proceeds in 3 steps.

Step 1: We choose a suitable subset S of the partial derivative space. It is convenient to
work with a set that is slightly different from the set of partial derivatives themselves. To
understand the advantage of this, consider the simple setting where we are looking at the
partial derivatives of the degree-2 polynomial S% of order 1. It is not difficult to show that
the partial derivative with respect to variable x; is r; :== ) i Tj Over characteristic zero, this
set of polynomials is known to be linearly independent. One way to show this is by showing
that each polynomial x; can be written as a linear combination of the r;s; explicitly, one can
write x; = ﬁ (Z je] rj> — 7;. Since the ;s are distinct monomials, they are clearly linearly
independent and we are done. This illustrates the advantage in moving to a “sparser” basis for
the partial derivative space. We do something like this for larger d and k (Lemma |§[)

Step 2: After choosing the set S, we construct the set P of shifts of S (actually, we will only
consider a subset of P) and lower bound the rank of the corresponding matrix M. To do this,
we also prune the set of rows of the matrix M. In other words, we consider a carefully chosen
set of monomials M and project each polynomial in P down to these monomials. The objective
in doing this is to infuse some structure into the matrix while at the same time preserving its
rank (up to small losses). Having chosen M, we show that the corresponding submatrix can
be block-diagonalized into matrices each of which is described by a simple inclusion pattern
between the (tuples of) sets labelling its rows and columns. This is done in Lemmas
Step 3: The main technical step in the proof is to lower bound the rank of the inclusion pattern
matrix mentioned above with an algebraic trick. We illustrate this technique here with a toy
example. Fix parameters N, s € N with s < N/2 and define the (JZ ) X (]Z ) matrix Disjy ; whose
rows and columns are labelled by sets of size s from the universe [N] and the (S,T") entry is 1 if
SNT =0 and 0 otherwise. We can similarly also define the (];[) X (];[) matrix Incy , similarly
with the only difference being that the (S,7") entry is 1 if and only if S C T'; note that Incy s
is simply the identity matrix with the required dimensions and is hence clearly full rank. It is
also known that Disjy , is full rank over fields of characteristic 0 (see, e.g. [KN97, Chapter 2]).



We prove a weaker statement here in order to illustrate our proof method: we show that when
s =o(N), Disj s has rank (]X)(l —o(1)).

To see this, consider the following alternate way of looking at the above matrices. We identify
the labels of the rows — which are elements of (UZ ]) — with their characteristic vectors, which
are elements of the N-dimensional hypercube {0,1}" of weight exactly s. Each column is
associated with a polynomial p over 0-1 variables y1,...,yx such that the entry in the column
at the row labelled by a € {0,1}¥ is equal to p(a). Specifically, in the matrix Incy s, a column
labelled 7" C [N] is associated with the monomial my = [],.; v:; it should be clear that this
monomial evaluates to 1 at row a only if a encodes a subset contained in 7' (which must be T'
itself). Similarly, in the matrix Disjy ; the column corresponding to T is associated with the
polynomial g7 = [[;cr(1 — ¥i). Now consider the following simple identity:

mr = [[wi=T[0-0-v)) =D )" gr

ieT ieT T'CT

The above tells us that the columns of Incy s are spanned by the set of all column vectors
corresponding to polynomials of the form @ = {g7v | |T”| < s}. Since Incy s has rank (];[ ),
the set of column vectors in ) must have rank at least (]X ) The subset of these columns
corresponding to |T”| = s are exactly the columns of Disj ~,s- Note that the remaining columns

(corresponding to |T7| < s) are only > . ) in number and this is only o((];[)) since s = o(N).

1<s ( )
Hence, the columns of Disjy , must have rank at least (];[) (1 —o0(1)).

The main technical lemma (Lemma is a generalization of the above trick to our setting.
Given the matrix whose rank we wish to lower bound (like Disjy ; above), we first find a full-
rank matrix that is closely related to our matrix and then show that the columns of our matrix

can (with the aid of just a few other columns) generate the columns of the full-rank matrix.

2.3 The main parameters

For proving Theorem (1} I, recall the parameters: « € (0,1/2), N,d, k satisfying

4k <d < «algN/lglg N, L J 7 > 3 odd.

Our parameter choices are any § satisfying o« < 1 —d0(7+ 1) and 1 — 7 < 1 — «, and
(= |N'9.
The following are easy to verify for our choice of parameters:

Fact 4. 72 = o({), 7 = o(N?), and 7¢ = o(N).
Also, (IgN)™ = O(N?®), and N*T+D) = O(N'=%) = o(N).

These facts also hold in the settings of Theorem [5| and Theorem

3 Proving Theorem [I} Details of a simpler case

In this section we first establish establish Theorem [5| given below. This is a restriction of
Theorem [1| to the special case when 2k divides d exactly. This case clearly illustrates all the
ideas and technical constructs used. Small modifications, described in the next section, establish
Theorem [1I



Theorem 5. Let a € (0,1/2) be a constant. Let N,d,k € N be such that 4k < d <
algN/1glg N and 2k | d. Owver a field of characteristic zero, for T = d/k — 1, for any ¢
satisfying a <1 —6(t4+1) <1 =67 <1 —a, and for £ = |[N'"°|, the following holds:

(1—o)- (V- ()
(3N1—5T/2)/€ . (d + 1)7’ :

dim(ak5%>§g >

3.1 Choice of basis: Step 1 of the proof

Lemma 6. Let k < d < N. Quer fields of characteristic 0, the vector space spanned by the set
of k-partial derivatives of S%;, that is (0xS%) <o, contains {pr | T C [N],|T| =k} where

pr= Y. Xa=Xp- S{RX\T)
TCAC[N],|A|=d—k

Proof. If d < 2k then the statement is vacuously true (there is no such pr). So now assume
that d > 2k.

For any set S C [N] of size |S| = k, let rg be the polynomial obtained by deriving Sj‘f[
with respect to all the variables in S (once each). Note that rg contains all degree d — k
multilinear monomials that avoid variables x; for i € S. Similarly, for S C [N] of size |S| < k,
define the polynomials rg as sums of degree d — k multilinear monomials avoiding x; for i € S.
Correspondingly, define the complementary polynomials: for 7' C [N] with |T| < k, pr consists
of all degree d — k multilinear monomials that include x; (i € T'). Formally, for S, T C [N] with
1S1,1T] < k,

rs(z) = > Xa;  pr(z) = > Xp.

|A|=d—k, ANS=0 TCBC[N],|B|=d—k

The claim is that linear combinations of the partial derivative polynomials, rg with |S| = k,
generate the polynomials pr (|7'| = k). We can show this in two steps.

The first step is to show that the rg (]S’| = k) generate the polynomials rg (|S| < k). Fix
any S with |S| =s < k. Let 8§ ={S" C [N] | |9'| = k,5" 2 S}. A simple computation shows
that any monomial that avoids all the variables in S appears in the same positive number M of
all the polynomials rg (S’ € 8) (in fact, it can be checked that M = (N_(]?__kJFS)), though this

S
will not be important for us). Hence, we have rg = ﬁ > sres T's’, which shows that rg is indeed
in the span of rg: (|S’| = k). Note that this step assumes that we are working in characteristic
0.
Finally, once we have rg for all set sizes in [k], we generate py for |T'| = k using inclusion-
exclusion. Let {0,1}} denote the set of all 0-1 vectors of Hamming weight exactly t. We use
the natural correspondence between this set and the set of all subsets of [N] of size exactly t.

pr(z) = > Xp

TCBCIN],|Bl=d—k

- Y (11~ <Hy@-)= > (I = (Hu—(l—ym)

yG{O,l}fiV,k iy;=1 €T yG{O,l}é\f,k iy;=1 €T

= > I = | | D0 —w)

yef0,1}) . \éwi=l SCT i€s
Y Y (e (Hu—yn) S (1Sl (o).
SCT ye(o 1}y, \iwi=1 ies SCT



This shows that each pr (|T'| = k) is a linear combination of the rg (|S] < k) and hence also
of the derivative polynomials rg (|S’| = k). O

Let P = {m-pr ! T C [N],|T| = k,m € M&,supp(m) NT = (0}. From Lemma |§|, P C
(0kS%)<p. Hence, a lower bound on the dimension of span P is also a lower bound on
dim((0xS%) <e)-

3.2 Choice of shifts: Step 2 of the proof

Instead of considering arbitrary shifts m as in the definition of P, we will consider shifts by
monomials m with various values of |supp;(m)| for i € [r]. We first present a technical lemma
that is needed to establish the lower bound. It is a concentration bound for support sizes in
random monomials.

Definition 7. For i € [7], §; denotes the average number of variables with degree exactly i.
That is, $i = B qyme,) [|supp;(m)]].

Definition 8 (Good signature). Given m € M?V, the signature of m, s(m), is the tuple
(s1,...,87) such that m € MY (s1,...,s;). We call the signature (sy,...,s;) a good signa-
ture if for each i € [1], we have §;/2 < s; < 35;/2. Let Sy denote the set of all good signatures.

The following lemma shows that for our choice of parameters, the average values §; for
i € [T + 1] are significantly large, and most monomials in /\/lfv in fact have good signatures.

Lemma 9. For our choice of the main parameters, the following statements hold:

1. Forie[r—1], £ > N°.

2. Fori€[r], 3 = N'79(1—o(1)).
3. Pr[s(m) € So] =1 —o(1).

Proof. Pick a random monomial of degree at most £ uniformly at random; m ~ U (./\/lfv)
Consider the following random variables.

1. For i € [t +1] and j € [N], Z; ; denotes the 0-1 random variable that is 1 if and only if
the variable z; has degree at least i in m.
Let p; denote E,, [Z; ;]. (The average is the same for all j.)

2. For i € [t +1], let Z; = 3 ;c(n)Zi,; be the random variable denoting the number of
variables that have degree at least ¢ in m.
Let p; denote E,, [Z;]; clearly, pu; = Np;.

3. For i € [r], the number of variables of degree ezactly i is given by Y; := Z; — Z; ;.
Then §; = E,, [Yi]; clearly, 8; = p; — ftit1-

Consider p;, the probability that the variable z; has degree at least ¢ in a monomial m ~
U (M?V) We see that any such monomial can be written uniquely as m = m/(z;)’ where m’ is
a monomial of degree at most ¢ — i in the same set of variables X. Since the number of such
monomials is exactly MY 7|, we have

My (YD)

pi = =
My T




; ; N+{¢—i _  N+/4
In particular, P P _ i - ! > + =1+ N°>N?°
Hit1  Dit1 l—1 l
Hence, ASi _ bPiTPin1 PiT Pl Pi o 6

Si+1 Di+1 —Div2  Ditl Di+1
proving the first part of the lemma.
Next, we use the following fact about binomial coefficients:

Fact 10. For any N,{,i € N such that i < £, we have

(70 = (7)< o< ()
- ) <(—) < < )
N+¢) ~\N+/l0—3) — (NH) “\N+/

14

By Fact [I0] we have

;i < (Ni—f> < <]€> <N7® o SNV g <y < NPT

Also by Fact [TI0] we have

= [(5) () (25 -

> N79(1—o(1)) exp <—0 <’; + jf;)) .

By our choice of parameters (Fact [4)), we have i?/¢ < (7 +1)2/¢ = o(1) and i//N = o(1).
Hence, we have

-9\

(1+%)

P> N1 —oL): w3 NP o(1): &> (1 - “;ﬂ) > N1 (1 - o(1)).

Putting together the upper and lower bounds proves the second part of the lemma.
In order to prove the third part of the lemma, we use the second moment method. To do

this, we will need to bound the second moment of Z;. In order to do this, we will need the
following claim.

Claim 11. For any distinct j1,j2, we have E [Z; j, Z; j,] < E[Z; | E [Z; j,] = p?ﬂ

The claim is proved below. First, we use this claim to finish the proof. The following
standard analysis will bound the second moment of Z;.

E([Z}) = ElZijZip) =Y E[Z}]+ Y ElZijZj)
Ji,J2 J1 J1#£72
< Npi+ Y p} < Npi+ N°pf = i + 13,
J1#£3j2

where the first inequality follows from the fact that ZZ ;1 = Zij, and Claim
Hence, we can bound the variance of Z; as follows.

E [(Zi — pi)’] = E [Z7] — u} < -

5This claim posits a weak form of negative dependence on the degrees of distinct variables. It is actually not
too hard to prove much stronger forms of negative dependence which yield stronger probability estimates than
the ones we give here. However, these estimates suffice for our purposes.




Thus, by the Chebyshev inequality, we have

E[(Zi —m)?] _ 16

Pr{|Z; — pil > pi/4] < T

Union bounding over all ¢ € [T + 1], we have

11 1
Pr(3i, | Z; — il > /4] <16 Y — = 16 v 1
. i N Di
i€[T+1] i€[r+1]
16 5 16N(T+DI (1 4 o(1))
< — v <
_N‘Z N (1+0(1)) < 5
i€[r+1]
< 16(1]:;()(1)) =o(1)

Thus with probability (1 —o(1)) we have |Z; — ;| < p;/4 for all i € [7]. When this event occurs,
we see that for all ¢ € [7],
Hi | fhitl $i(14+o0(1)) &

) 4 - ‘ Py
Yi=3il =12~ Zis1 = (wi—pip1)| < 7 +=,= < %(1+N 9 < %(1+o(1)) < Sill +ol)) 1 <3

for sufficiently large N. So s(m) € Sp, which proves the third part of the lemma.
Finally, it remains to prove the Claim.

Proof. (of Claim) Without loss of generality, assume that j; = 1 and jo = 2. Then, E [Z; ;, Z; ;,]
is the probability that a random m ~ MY, is divisible by the monomial 2%x%. Such a monomial
m may be uniquely factored as xi{z4m’ where m’ is a monomial of degree at most £ — 2i. Thus,
the probability of this event is precisely

IMEE (V)

MO

The statement of the claim says that the above quantity may be bounded by p? =

L—i

N4e—iy\ 2
<((N+z))) . Rearranging, we see that this is equivalent to the following inequality

14

(N+£—2z‘) (N+£—i)

€—2z" {—i ]
Qi B G

Expanding the binomials above and cancelling common terms between the numerators and
denominators, we may rewrite the inequality as

£—2i+1 l—1 < {—i+1 l
N+4+/l—-2i+1 N+l—i) T\N+L—i+1 N+/
which is easy to verify since each term on the left hand side is upper bounded by the corre-
sponding term on the right hand side. This proves the claim. O
This completes the proof of Lemma [9] O
Remark 12. By Lemma@ for any good signature (s1,...,S:), we have

£ (81,087
S O(N®) and s, = Q(N'T0) = Q(N®). Also [erre) oot Mn(o1o5r)

Sit1 |ME |

.....

=1-—o0(1).
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Given a signature (sy,...,s7), let P(sy,...,s;) denote the set of polynomials
P(sty...,87) = {m'pT ‘ T C[N]|T| =k,m € M5 (s1,...,s:),supp(m) NT = @}.

Note that all polynomials in P(sq,...,s;) are homogeneous of degree at most ¢ + d — k.

Definition 13. For any signature s = (81,...,8:), let ri(s) = s; for 1 < i < 7—1 and
r-(s) = s +k; also, let (s) = >, 1i(s) = (>, si) + k. Usually the signature s will be clear from
context, and we use r; and r instead of r;(s) and r(s) respectively. The matriz M(s1,...,S;)
is the matriz whose columns are indexed by polynomials m - pr € P(s1,...,8:) and rows by
the monomials w € Mﬁdik(rl, ...,7r). The coefficient in row w and column m - py is the
coefficient of the monomial w in the polynomial m - pp.

Note that the columns of M (s, ..., s;) are simply the polynomials in P(sq, ..., s;) projected
to the monomials that label the rows. In particular, a lower bound on the rank of M(sy,...,s;)
implies a lower bound on the rank of the vector space spanned by P(s1,...,s.).

It is not too hard to see that M(sy,...,s;) has |P(s1,..., ;)| columns but only %
k

rows. Hence, the rank of the matrix is no more than the number of rows in the matrix. The
following lemma, proved in Section shows a lower bound that is quite close to this trivial
upper bound.

Lemma 14. With parameters as above, for any good signature s = (s1,...,S:),

[P(s1y...,8)]
(")
k
Since P(s1,...,87) € P C (Okf)<e, the above immediately yields a lower bound on

dim((Ok f)<¢). Our final lower bound, which further improves this, is proved by considering
polynomials corresponding to a set of signatures.

rank(M (s1,...,5.)) = (1 —o0(1)).

Definition 15. Given a set of signatures S, define M5 (S) = Uses M&(s) and P(S) =
Uses P(s). Also define the matriz M(S) as follows: the columns of M(S) are labelled by
polynomials q¢ € P(S) and the rows by monomials w € |Jycg Mﬁd_k(rl(s),...,n(s)). The
(w, q)th entry is the coefficient of w in q.

Note that a lower bound on the rank of M (S) immediately lower bounds the dimension of
the space spanned by P(S) and hence also dim (0 S%) <

Definition 16. A set of signatures S is well-separated if given any distinct signatures s =

(51,...,87) and 8" = (sy,...,s}) from S, maxc [s; — 57| = d + 1.

To analyze the rank of M(S), we observe that for a well-separated set of signatures S, the
matrix M (S) is block-diagonalizable with |S| blocks, where the blocks are the matrices M(s)
for s € S. Since we already have a lower bound on the ranks of M (s) (for good s), this will
allow us to obtain a lower bound on the rank of M(S) as well.

Lemma 17. Let S be a well-separated set of signatures. Then, the matriz M(S) is block-
diagonalizable with blocks M(s) for s € S.

Proof. The proof is straightforward. Since the rows and columns of M (S) are labelled by el-
ements of J,cg MR (ry(s), ..., 72 (s)) and Uses P(s) respectively, we can group them in
blocks in a natural way: corresponding to each s € S, we consider the rows corresponding
to M5 *(r1(s),...,r+(s)) and columns corresponding to P(s). This is possible since for

11



s # s, the set of monomials MY *(ri(s),...,7-(s)) and MEFTF(r (), ..., (s)) are dis-
joint (because the mapping s — (r1(s),...,7-(s)) is one-to-one). Clearly the diagonal block
corresponding to s € S is exactly the matrix M (s).

To argue that the matrix is block-diagonal, consider the entry in row w and column m -
pr, where for some signatures s,s’ € S, the monomials m,w are in the sets m & Mf\,(s)
and w € M¥%(r(s')). Assume that this entry is 1. Hence for some A C [N] of size d — k
containing T', w = m - X4. Thus, any monomial w appearing in ¢ has the property that
||supp;(w)| — [supp;(m)|| < d — k. Thus, for i < 7, |s, — si| < (d — k) < d, and for i = 7,

—(d—k)<s +k<s;+(d—k), hence |s. — s;| < d.

Since S is well-separated, both s, s’ are in S, and for all i € [7], |s} — s;| < d, it must be the
case that s’ = s.

O

This allows us to give a good bound on the matrix M (S) if S is well-separated:

Lemma 18. For a well-separated set S of good signatures,

(1—o(1) (")
(3N1 57/2)

rank(M(S)) > M (S)].

Proof.

rank(M(S)) = Zrank(M (s)) (by Lemma 17| block-diagonalizability)

seS
P(s
ST —Y
SES k

Consider the numerator, the number of columns in M(s). For each monomial m, the set T
generating column m - pp can be chosen in (N_lsu]fp(mN) ways. So |P(s)| > |M§V(s)|(Nkje)
Next consider the denominator. Using the fact k = o(lgN) (Fact [}, while s, > §,/2 =

Q(N'97) and 5, < N'797 from Lemma@ we have

()= (3) s ()

Putting these back into our expression for rank(M(S)), we get

rank(M(S)) > Eﬂ &I )u—qn)

es 3N1 (57/2)
1—o(1) (V"

O]

Finally, we observe that there is a well-separated set S of good signatures such that the
matrix M(S) is quite large. Recall from Definition |8 that Sy is the set of all good signatures.

Proposition 19. There is a well-separated set of good signatures, S C Sy, satisfying

My (S0)
Mi(8)] = T

12



Proof. Let D be the set D = {0,1,...,d}. Define the mapping f : M%(Sy)) — D7 as
follows: for m € M4(Sp) with signature s = (sy,...,s,), set f(m) = (di,...,d,) = d where

d; = s; mod (d + 1). Then there must be a d € D7 such that |f~1(d)| > %. Define S to

be this set f~1(d); it is easy to see that S is well-separated. O

3.3 Bounding the rank of M: Step 3 of the proof

We now prove the lower bound on the rank of the matrix M(s1, ..., s;) as claimed in Lemma
We first block diagonalize it with matrices that have a simple combinatorial structure (their
entries are 0 or 1 depending on intersection patterns of the sets that label the rows and columns).
We then lower bound the ranks of these matrices: this is the main technical step in the proof.

Lemma 20. Fiz any signature (si,...,87). The entry of M(s1,...,8;) in row w =
[W, Ry, ..., R;] and column m - pp with m = [m,Si,...,S;] belongs to {0,1} and is not zero if
and only if W = m and the following system is satisfied:

TCRy
S1 C RiURy
Sy C Ry U R3

S’T—l - RT—l U RT
Sr C R,

Moreover, the system above implies that TUS1U...US =R U...UR;.

Proof. The entry in row w and column m - pp belongs to {0,1} and is not zero if and only if
there exists A C [N] such that T'C A, |A| =d—k and X4 -m = w. Assume there is such an A.

Say w = [, Ry,...,R;] and m = [m, S1,...,S;). Let m =[[_;(Xs,)" and w = [[[_;(Xg,)’
be the degree at most 7 parts of m and w respectively.

Note that deg(w) — deg(m) = Y1, ir; — ., is; = Tk = d — k by our choice of parameters
rr and k. Putting this together with the fact that w = X4 - m for |A| = d — k, we see that X 4
can only ‘contribute’ to the “degree at most 7’ part of m: formally, w = X4 - m and hence,
w=m.

Further, since X4-m = X o\7 X7 [[7_;(Xs,)" = [[[-(Xr,)" =@, and TN(S1U...US;) =0,
we have T' C R;. Since X 4 is multilinear, S; C R; U R;1; for all i € [t —1]; S; C R; is obvious.

Conversely, assume that @ = m and the inclusions T'C Ry, S; C R;UR;4 for all i € [ —1]
and S, C R, are satisfied. Then TUS1U...US; C Ry U...UR;. Since [TUS1U...US;| =
E+> 7 18 = ri=RMU...UR:], weget TUS U...US, = RiU...UR;. Let
A =R;\S; fori € [t] and A = A; U...U A,. The sets A; are disjoint (because the R; are
disjoint). Moreover, |A;| = |R; \ S;| = r- — s, = k; and by induction, |4;| = |R; \ Si| =
[(RiU...UR)\ (S;U...USy)| =30y — > 7 sj = k. Hence |4;| =k for all i € [r]. Then
|A| = 7k = d — k. Moreover, T = A; C A. And it holds that X [[[_,(Xs,)" = [['_, au(XR,)".
Since w = m, it follows that X 4 -m = w. Hence the entry in row w and column m-pris 1. 0O

Lemma 21. Let (s1,...,5;) be any signature. The matrix M(s1,...,s;) is block diagonalizable
with blocks of size ( "

r1 T’QT... TT) X (51 89 ... 8¢ k)

Proof. Recall that r = s; + ...+ s; + k (Definition .
Given a monomial w and R C [N], a block of rows of M (s1,...,s;) is defined by the set of
monomials w such that w = [@, Ry, ..., R;| for some Ry,..., R; satisfying Ry U...UR; = R.
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In the same way, given m and S C [N], a block of columns is defined by the set of polynomials
m - pr such that m = [, S1,...,5;] for some Si,...,S; such that TUS; U...US; = S.

By Lemma all blocks such that @ # m or R # S are zero. Hence the matrix M (s1,...,S;)
is diagonal by blocks of size ( " s k) O

T
L Tre .. r-,—) X (31 S92 ...
To obtain a lower bound on the rank of each block in the block diagonalization, we first
establish a technical lemma involving a multinomial inequality.

Lemma 22. For a good signature s = (S1,...,5;), and the corresponding v as in Deﬁm’tion

T T
,_ = . 1+0(1)).
Z: <s’1 sh ... r— Zi:f S;> (51 89 ... 8;_1 T — Zi:f sz>( (1)

/!
8128158, 12871

Proof. Note that 7 = o(N°) (Fact . Also, from the definition of a good signature and from
Remark s; = Qs;31N®) for i € [r]. Also, by our choice of parameters k,7, we have
r—(s14...+5_1) =5+ k€ O(s;), 50 5,1 = Q(s; + k)N?).

Thus for sufficiently large N we can find an absolute constant K > 0 such that

— T_ , K 1
— (s1+...+58-1) s 1 s <K _ 1
N© 207

) ) )
Sr—1 Sr—2 S1

b
Defi = .
enne Sp(b7 ai, 70/17) Z (al +51 as +52 ap+6p b_Zle(ai +5z)>

51,...5p€N
The claimed result is a bound on S;_1(r, s1, S2,...,58,—-1), and is a special case of the fol-
lowing.
Claim 23. Let K be a non-negative real number and p,b,a1,...,a, be positive integers such
that b > a1 +--- +a, and
b— e _ K 1
max{ (a1 + —i—ap)’ap 1,"',®}§5§.
ap ap—2 al N 20p

Then the following holds:

b 5Kp
Sy(b < 1+—.
plb a1, ap) <a1a2...apb—2f:1a,;>< * N5>

Proof. We prove this by induction on p.
For the base case p = 1, we prove a sightly stronger statement that will be used in the
inductive step, namely:

Claim 24. Let R be a non-negative real number, and a,b be integers with 1 < a < b, satisfying

boa o R < Then
b b 2R
s 2 3 (1)< (o) (1+35).

L
20"

a — NS¢
§'eN
Proof. By hypothesis, b — a < aR/N°. Notice that for §' > 0:

(aisrs)) _b—a=08 _b-a _ R
(ory) @TO+L" a TN

14



Hence,

- 25D <0) (- £ 6)) < 0 (-3)

0’'eN

Note that Claim [24] implies the base case of induction for Claim
Now let p > 2, and assume that the claim holds for all p’ < p. We have

b
Sp(b,ai,...,ap) = Z < >Sp_1(b— (a1 +61),az2,...,ap).

01€eN ai + 0y
Note that for all non-negative 41,
(b—(a1461)) = (az+...4+ap) < (b—a1) —(ag+...4+ay) =b— (a1 +az+...+ap) < a,K/N°.

Hence the induction hypothesis is applicable to all the S,_; terms, giving

Spbar..yay) < S <a1 i(;l) <a2 o _“ba; éa_l &21%) _51> <1+5K(Jfré_1)>

51EN
R ) ()
et ap+61/\azaz ... apb—>3 . ,a; N
b— (a1 + 1) . . )
b d funct f ;.
(because <a2 as oo ayb— (Y7 a) — 6y is a decreasing function of d;.)

b—ay 5K(p—1)> ( b )
= 14 = 7
(ag as ... apb—Zlea)( + N6 6%\1 a1+51

b—ay 5K(p—1)
- 1+ ———2)51(b,a1).
<a2 az ... ap b— €:1ai) ( + N©O 1( 7a1)

We need to show that Claim [24]is applicable to Si(b, a1). Note that

b—a _ b_zg):lai+2f:2ai:b_zz?:laiJr%jL”.Jr%
ai a1 a ai a1
B () ) - ()3 - o
ap ap—1 ai ap—1 ai T ag
. 2K
< (KN < because K/N° <1/20 < 1.

N§
i=1
Also,
2K 1 1
e <
NO = 10p — 20

So we can use Claim [24] with R = 2K,a = a1, and b. Continuing our derivation, we get

b—ay 5K(p—1) b 4K
Spy(b < 14 == = 1
p(bar, ... ap) (az S b—Zleai) < + o +
b 5K(p—1) 4K
= 14— 14+ — .
<a1a2a3...apb—2f:1ai>< " N° >< +N6>
b 5Kp
1 - -
(alagag...apb—zg?lai)( + N5>

15
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(using the assumption p < N°/(20K)).

This completes the proof of Lemma
We now lower bound the rank of each block in the block diagonalization.

Lemma 25 (Main Technical lemma). Fiz any good signature (si,...,s;). The rank of any
diagonal block of M(s1,...,S:) is (51 o 87—+k)(1 —o(1)).

Proof. Let M’ be a diagonal block of the matrix M(si,...,s;). Recall from Lemma [21] that
such a diagonal block is defined by a monomial @ and a subset R C [N]. Rows of this block
are labelled with all monomials w = [@, Ry, ..., R;] such that Ry U...U R; = R and columns
of this block are labelled with all polynomials m - pp where m = [w, Sy,...,S;] is such that
TUSU...US, =R. First, we set up some notation.

For a partition B = (By, ..., By) of R, let b= (by, ..., b,) be the tuple of part sizes, b; = | B;.
We say that b is the signature of B.

We say (ai,...,ap) = (b1,...,by) if a; < b; for all i € [p], and (a1,...,ap) < (b1,...,bp) if
(a1,...,ap) X (b1,...,bp) but (a1,...,ap) # (by,...,bp).

Define the following collections of partitions of R:

X = {R=(Ry,...,R,)|signature(R) = (r1,...,7,)}

Y = {S=(Si,...,S,,T)|signature(S) = (s1,...,5:,k)}

Z' = {Q=(Qi,...,Q,) | signature(Q) = (q1,...,¢7); (51,---,5r-1) = (q1,---,¢r-1)}
Z = {Q=(Qu,...,Q.) |signature(Q) = (q1,...,¢r); (51, .., 57-1) < (q1,-- -, ¢r—1)}

Note that | X| = (S1 o sT+k>'
Hence |Z] = | X]| - 0o(1).

For any S € Y, define the partition Sy = (S1,...,5-1,5: UT) € X. We say that S
“extends” S~X.

The rows and columns of M’ are indexed by elements of X and Y respectively (Lemma.

We define two auxiliary matrices M7 and Ms as follows. The rows and columns of M; are

indexed by elements of X. The entries of M; are in {0,1} and are defined as follows:

Also, Z'\ Z is precisely X. By Lemma |Z'| = | X|(1+0(1)).

L 1 if R.CR;UR;;; foreach i€ [r—1]
/\ — 7 —
My(R, B) = { 0  otherwise.

The rows and columns of M are indexed by elements of X and Z respectively. The entries
of My are in {0,1} and are defined as follows:

=~ [ 1 if Qi CRjUR;4 foreach i€ [r—1]
M(R, Q) = { 0 otherwise.

Let I be the identity matrix with rows and columns indexed by elements of X.
Our proof proceeds as follows:

1. We will show that the columns of M’ and Ms together span the columns of Mj; hence
rank (M) < rank(M’) + rank(Ma).

2. We will show that the columns of M; and M, together span the columns of I; hence
rank (/) < rank(M;) + rank(Ms).
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3. It then follows that

rank(M’) > rank(M;) — rank(M3) > rank([) — 2rank(Ms) > | X| —2|Z] = | X|(1 — o(1))
which is what we had set out to prove.

For A C [7], define the function 4 : X x 2f — {0,1} as follows:

o [ 1 if SCUuuRs
pa(R,5) = { 0  otherwise.

Note that if S = (), then (R, S) =1 for every A and R.

With some abuse 0f~notation, for sets of size 1 or 2 we drop the set notation. eg ¢;, i, (R 7)
is the same as ¢g;, 4,3 (R, {j})-

Since 7 is odd and at least 3, we can express the functions @4(+,-) for singleton sets A in

terms of the functions ¢p(-,-) where |B| = 2. In particular, for A = {1} and for A = {7}, we
write

@T(Rvj) = 1- 901,2(}?)]‘) - ¢3,4(R7j) T @T—Q,T—I(Rvj)
and SOI(R,]) = 1- 902,3(Raj) - 804,5(R7j) e SOT—LT(RM?')'
For A= {1} or A= {7} and S C [N] we write
[[ea®
jes

We use these functions to compactly describe the columns of M’, My, My, I. By definition,

7—1
MR, R =[] ¢iir1(R.R})
=1
R Q H Pi, H—l

T T—1
v ) — (H AR R;>> _ (H . R;>> o (R RL) = M R (B L)
=1

i=1

where the second equality follows from the fact that R, R’ have the same signature. (RHS =
1= ¢, (R,R;) =1= R.C R = R, = R; because the sets are equi-sized. Then RHS = 1
further = ¢, 1 (R, R._,)=1= R._; C R, UR,. But R,_, is disjoint from R, = R.. So

" 1 € R,_1, and since they are equi-sized, they must be the same. Continuing this way, we

conclude R = R'.)
Starting with Lemma

M'[R,S) = ¢12(R,S1)p23(R,S2) ... 0r—1+(R,Sr—1)p:(R, S-)p1(R,T)

T—1
= <H Pi, H—l > (Rvj) H (pl(R7 T)
=1

JeET
T—1
= (H Sozerl >
=1

17



<| 11 [1—-¢12(R7j)—-wsA(Raj)-—---—'@7—2;_1(R,jﬂ

JEST
X H [1_302,3(]%7.7‘)_904,5(}?7].) _"'_SOT—I,T(R7.7‘):|
JET
T—1
= > [T(-D1e e, 0 (R, Qi)

partition Q = (Ql)’ . 'JQT—luQT) : =t
Vi € [T—l],Sngi

T—1
= > ago ] v (R.Qu).
Qez i=1
The coefficients ag o are all in {—1,0,1}. Observe that

e The coefficient ag 5 is 1, and the corresponding term is precisely M; (R, Sx].

o The coefficient ag o isOforal Q e X \ {STX} (One of the requirements S; C @; must be
violated.)

e All other Q are in Z, and the corresponding term is precisely Mo [R, Q]

Hence o o o
M'[R, 8] = Mi[R, Sx]+ ) ag 5Ms[R, Q).

Since the coefficients in this combination do not depend on the row R, we obtain
M'[%, 8] = My[*, Sx] + > _ agsMal,
Qez
For every R’ € X, arbitrarily pick any S € Y extending it. Then
M, R = M'[%,5] = Y ag oMo,
Qez

This completes Step 1.
Starting with I and proceeding in exactly the same way, we obtain

IR R] = MR Rp. (R, R)
= Ml [Ra R/] H [1 - ¢1,2(R7j) - ()03,4(]%7.7.) e T @T—2,T—1(Raj)]
JER,
= Ml [Ra R/] + Z BR/}QMQ [Ra Q]
QeZ

for some coefficients 35 720 - independent of R. Hence

I[*,R/] = M [, R/] + Z 61§/7QM2[*7Q]‘
Qez

This completes Step 2. O
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Lemma [14| can now be proved using the block-diagonal decomposition (Lemma and the
rank lower bound (Lemma [2F)).

Proof. (of Lemma By Lemma we know that M (sy,...,s;) can be block diagonalized
into blocks of size (r1 rzr--. n) X (g o " s k) Let B denote the number of blocks in this block
diagonalization.

By Lemma we know that each block has rank

- (1—0(1))'(8%1@)(31 So T Sy k:>

1—o0(1
= ( ST;,(C)) - (# of columns in each block)

where the first equality is a result of our choice of parameters and the second follows from the
combinatorial identity: ( " L "

S1 82 - s.,—+k) (S-rl:rk) (51 89 - Sp k)
Thus, the rank of the matrix M (si,...,s;), which is the sum of the ranks of the blocks, is

1-o(1
(8 i,E)) - (# of columns in each block) - B
k
1—o(1
= (ST;,E)) - (# of columns in M (sy,...,s;))
|P(81a 7ST)|

since |P(s1,...,s7)| is the number of columns in M (sq,...,s;). O

3.4 Putting it together

We now have all the ingredients to establish that the shifted partial derivative measure of Sj‘{,
is large.

Theorem 5| (Restated). Let o € (0,1/2) be a constant. Let N,d,k € N be such that 4k <
d < algN/lglg N and 2k | d. Over a field of characteristic zero, for T = d/k — 1, for any ¢
satisfying a <1 —6(t4+1) <1 — 67 <1 —a, and for £ = |[N'"°|, the following holds:

(1 o) - ("7 - ("
(3N176‘r/2)k . (d + 1)7‘ !

dim<8k5%>gz P

Proof. (of Theorem ) By Lemma |§|7 dim (0, S%)<¢ > dim(span(P)). This in turn is at least as
large as rank(M (S)) for any set S of signatures, since M (S) is a submatrix of the matrix that
describes a basis for P. By Proposition there is a well-separated set of good signatures S
with large M4 (S)|. Choose such a set. Then

dim(9x S < dim(span(P)) (by Lemma [6])
rank(M(S))
(1—o(1) ("9
= (3N176‘r/2)k

>
>

MY (S)|  (by Lemmal[T8)
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1—o(1))(N* MEA(S N
- : (3N1(2252;€k) ' |(d]_\(_(1)OT)‘ (by PrOpOSltlon
(L - o) (") IMAI(L—o(1))
= (3N1767/2)k (d + 1)7—
(1-oW))(" )
(3N1_5T/2)k(d+ 1)7— .

(by Lemma [9] and Remark

4 Modification for the general case of parameters

The proof of Theorem [5| handles the case when d is divisible by 2k, and thus, by our choice of
7, d is divisible by 74 1. In this section, we state the modifications which we make to the proof
so that it works in a more general setting, and thus prove Theorem

Theorem (1| (Restated). Let o € (0,1/2) be a constant. Let N,d,k € N be such that 4k < d <
algN/1glg N and k = L%ilj for some odd number T > 3. Ower a field of characteristic zero,
for any & satisfying « <1—8(1+1) <1—87 < 1—a, and for £ = |[N'7%], the following holds:
(1—o() - ("7 - ("9

(3N1—5T/2)k . (d + 1)7 :
Proof Sketch. We follow the proof outline for Theorem

dim<8k5%>§g >

1. The bounds concerning the parameters (Fact [4)) and good signatures (Lemma@[) continue
to hold.

2. In Section [2| in Definition we had set the parameters (r1,...,7,) corresponding to a
signature (s1,...,s;). Here we modify this slightly. Let g be the loss due to the floor
function; g £ d — k(7 + 1). (Note: earlier, we had g = 0.) We have 0 < g < 7, and
Tk+g=d—k. Now, welet r; =s; fori € [t —2], rr—1 =8;-1—g,rr = s +k+g. It can
be verified that with this choice, > 7_ i = (O si)+kand Y[ ir; = (D7, is;)+d—k.

3. We define matrix M (si, s2,...,S;) as in Deﬁnitionbut with respect the new parameter
setting. It is easy to see that Lemma [20] and Lemma [2I] hold in this new setting as well,
because the proof only uses the fact that Y [ ,ir; = > [ jisi+d—k and )| ;7 =
S si+ k.

4. Finally, we note that Lemma [25] holds with a few modifications to the proof. Recall the
overall strategy: for partitions X,Y, Z, Z' and matrices M’, My, M5, I, we had shown
rank(M’) > rank(M;) — rank(My) > rank([) — 2rank(Ms) > |X| —2|Z] = | X|(1 — o(1)).

We now define an additional set Y of partitions as follows:

Y = {S=(S1,...,5,UT) |signature(S) = (s1,...,5, +k)}.

Notice that Y = Z\ Z'. Let D be the matrix whose rows are labelled by X and columns
by Y, and defined in the following way: D[(Ri,...,R;),(S1,...,S5--1,5.)] = 1if S; C
R;UR;y; for all i € [t —1] and S. C R;; otherwise, it is 0. ﬁ Now our strategy is to show

rank(M’) > rank(M;) — rank(Ms) > rank(D) — 2rank(Ms)

5Note that, in the original parameter setting when g = 0, Y =2 \ Z' = X and D is the identity matrix I.
When g # 0, due to the new setting of parameters, Y # X and D is different from 1.
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> [Y|(1 = o(1)) = 27| = [¥](1 — o(1)).

The first step (columns of M’ and My span those of M;) works exactly as before. So
does the second step (columns of M; and M, span those of D): this is because for

R=(Ry,...,R;)and S = (S,...,5,1,5"), we have

D[Rv g] = Ml[Rv S]QPT(Ra Sﬂlr)
= R S) | ] [t = era(Rod) = salfef) = .. = prara(Ro))
Jjess

The step showing rank(Ms) is small follows from Lemma which holds as is, since Z, Z’
depend only on the signature s and not on how we set r.

We now need one additional step showing that D has rank |Y|(1 — o(1)), and then we

note that |Y| = (81 o STJrk).

First notice that the matrix D has a block diagonal structure. For a given pair of tuples
(Ry,Ra,...,R;_2) and (57, 52,...,S7_2) the block corresponding to this pair is

(R.3)| 3R 1, Ry, S;—1, 5, such that R = (R, Ry, ..., Ry, Rr1, Ry)
’ and S = (S1,52,...,57-2,5:-1,57) '

If (R1,Ra,...,R;—2) # (51,52,...,5:—2) then any entry of the matrix in the block cor-
responding to the pair is zero. If (S1,S2,...,5:—2) = (R1, R2,...,R;_2), then in the
block defined by this pair, consider sub-blocks where rows are grouped by R,_1 U R, and
columns by S;_1 US”.. Again, entries outside the diagonal sub-blocks are all zeroes.

So now consider a sub-block, with U = R,_1 UR, = S;_1 US.. Each row can be thought
of as labelled by R, (this determines R,_; as U \ R;) and each column by S/ (again, this
determines S;_1, where |R;| =7, = s; + g+ k, and |S.| = s; + k. And the entry in the
cell labelled by row R, and column S’ is 1 exactly when S. C R,. Thus, this sub-block is
an inclusion matrix. We use the following theorem to analyze the rank of each sub-block
in the matrix [Wil90].

Theorem 26 (Wilson [Wil90]). Let W2 be a 0-1 matriz in which each row is labelled
by a set of size a from a universe of size u and each column is labelled by a set of size b
from the same universe. The (A, B)th entry of the matriz is 1 if and only if A C B. For
a < min{b,u — b}, the rank of the matriz W2 modulo a prime p is equal to

2(0)-(5)

where the sum is over indices © such that p does not divide (Z:;)

When ¢ = a, (b_i) = 1, i.e. this binomial is not divisible by any p. Therefore, for any

a—1
p, the term corresponding to i = a appears in the summation. Since each term in the
summation is non-negative, the rank of W} is at least (Z) — (aﬁl). (Note also that this
holds over any characteristic, a fact that will be useful in Section .

Our sub-blocks are transposes of these matrices W2, with u = s, 1 + s, + k, a = s, + k,

b= s; + k+ g. Hence each sub-block has rank at least (ST*;:;S]; Jrk) - (ST;f;jfk) From

Lemma |§|7 k,g,sr = o(sr—1). Hence the rank of each sub-block is at least (57*81::““) (1—
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0(1)) which is (1 —o0(1))(number of columns in sub-block). Due to the diagonal structure,
we can add up over all the sub-blocks and blocks to get

rank(D) > (1 — o(1))(number of columns in D) = (1 — o(1))|Y].

5. Putting together the steps as done in Section [3.4] establishes Theorem

5 Modified proof for non-zero characteristic

In this section we desribe how to adapt our proof of Theorems [b| and [1| to work over fields with
positive characteristic. The bound we obtain is slightly, but not significantly, weaker.

We first observe that the only place in our proofs of Theorems|I} [l where we use characteristic
zero is Step 1 in the proof of Lemma [6] It is easy to see that all other steps, including the
adaptation described in Section [ are independent of the characteristic.

While working in positive characteristic, we replace Lemma [6] by a different statement.
Recall the use of Lemma |§|; it allowed us to lower-bound dim ((8;5%)<¢) by the dimension
of P = {m - pr ‘ T C[N|,|IT|=kme Mf\,,supp(m) NT = @}. Here, we consider a somewhat
different set P’, and also end up with a 1/(k + 1) factor while lower-bounding dim ({9;S%)<¢).

Let N/ := N — k. We work with N’ variables, with well-chosen 0-1 settings to the last k
variables. Recall that for any set S C [N] such that |S| < k, the polynomial rg(z) is defined as

follows:
rs(x) = Z Xa,
AC[N],|A|=d—k,ANS=0

where X4 := [[;c4 #i- Let D denote the set {rg | S C [N],|S| = k}.
Similarly, for any set S C [N'] such that |S| < k, define the polynomial rg(z) as follows:

rg(x) == Z X4.

AC[N'),|A|=d—k,ANS=0

In Step 1 of the proof of Lemma [6] we showed that for any S’ C [N] with |S'| < k, rg is in
the span of D. In the case of non-zero characteristic, we create k + 1 sets Dy, Dy, ..., Dy, each
of dimension at most D, and show that for each S’ C [N'] with |S’| < k, 7, is in the union of
the sets D;s.

For every 0 <i <k, let m; : {z1,...,zn} — {z1,...,2n} U{0, 1} be defined as follows:

z;  if 1<j< N,

me) =4 1 i (N41)<j< (N +i),
0 otherwise.
The map m; naturally extends to a ring homomorphism from Flzq,...,zN] to Flzy,...,zn/].

For each 0 < i < k, let D; := m;(D) = {mi(rs) | rs € D}.

Consider any S’ C [N'] of size at most k. We augment S’ to a set S” C [N] of size exactly k,
using the last k reserved indices, by defining S” = S"U{N'+1,..., N+ (k—|S|)}. (If|S| =k,
then S” = §’.) Now the projection m;_|s/| applied to the augmented-set-polynomial rg» gives
back the polynomial r,; that is, ', = m,_g/|(1s7) € Dy_|gr|- Therefore we get

k
{rs | 8" SN I8 <k} € [ Di
=1
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Let prr(2) == > rcpcn, Bl=d—k XB- Let P’ denote {py | T' C [N'],|T| = k}. The inclusion-
exclusion argument in Step 2 of the proof of Lemma@ works exactly as before, over the set [N'],
and tells us that P’ is contained in span{rg, | S" C [N'],|S’| < k} and therefore, in span(U;D;).
We define P’ to be set of degree (at most) £ shifts of P’, similar to P defined in Section
but restricting even the shifts to variables from [z1,...,zxN/].

P/:{m-p'T

T C [N'),|T| = k,m € M4, supp(m)NT = @} C{m-q|me M4, qe P}
Since P’ C span U; D;, we get

P’ C span Ufzo {m -mi(rs) | rs € D,m € M?V/}

= span Ufzo {wl(m -rg) | rs € D,m € M /}.

The equality holds because for monomials m € M?V,, for every 0 <1i < k, m = m;(m).
Now, note that for any finite set X C Flx; ..., 2 n] and a linear map 7 between vector spaces
Flz1,...,zn] and Flzy, ..., 2y_k], dim(span 7(X)) < dim(span X). Therefore, we get that

dim (span{m(m -rg) | rs € Dym € M?V,}) < dim (span {m ‘rg|rs€D,me M ,}> )
Thus,

dim (span {P'}) < dim (span Uk, {m(m -rg) | rs € D,m e M%})
k
. 4 ) ¢ /
< Zz;dlm (span {m(m rs) | rs € D,m e My })

< (k+ 1)dim (span {m -rg|rs € D,m e M?\[/})

< (s + 1)dim ((065%) <)

We can now proceed with the proof of Theorem or |1 exactly as before, using dim (span P’)
as our lower bound for dim (<8ij‘(,>§g). For our choice of parameters, recall that k,d € o(lg N),
so NN =N—k=Q(N) and d = o(lg N’) as well. Hence the earlier proof goes through. We
have established:

Theorem 27. Let o € (0,1/2) be a constant. Let N,d,k € N be such that 4k < d <
algN/lglg N and k = Lﬁilj for some odd number T > 3. For any 0 satisfyinga < 1—4§(7+1) <
1—-07 <1—a, and for £ = |[N'7%], the following holds:

dim (span {P'}) _ (1 —o(1)) (") - (V)

d1m<3kSN>§£ = kE+ 1 = E+1 (3N176T/2)k . (d + 1)7

6 Lower bound on the size of depth four formulas

In this section, we establish the lower bounds claimed in Theorem [2| and Corollary As
in [GKKS13], we say that a SIIXII formula C is a SIIPISTIY formula if the product gates at
level 1 (just above the input variables) have fan-in at most ¢ and the product gates at level 3
have fan-in bounded by D.

The following is implicit in [GKKSI13| and is stated explicitly in [KSS14].
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Lemma 28 ([KSS14], Lemma 4). Let P be a polynomial on N wvariables computed by a
SIPISTE circuit of top fan-in s. Then, we have

dim((9pP)<e) < s (1;) ' <NZ+€(J;(tl_)kl)k>

We are now ready to prove

Theorem 2| (Restated). Let ¢ € (0,1) be a constant. Let N,d, D,t € N be such that %Ot <d<

%, D < N'=¢. Any SIS circuit of top fan-in s computing Sj‘f, satisfies s = NUd/1),

Proof. Assume there exists a S*TIPISIIM circuit computing Sj‘f,.
We first illustrate the proof for one setting: the field has characteristic zero, e = 3/4, and
4t +2 divides d. Choosing o = 3/20, 7 = 4t+1, k = d_§ =L, all the conditions for invoking

442> 277
Theorem [5] are met. From Theorem [5] and Lemma 28, when N is large enough, it holds that

S IS 1 —o(1)

= (f) (N;f(-;gl—)i)k) (3N1_57/2)k(d—|— 1)7'

(M) o (Netk\E o (N K
dy 2 (55) 2 (ep)
Since kt < d = o(lg N), for large enough N we have

(Nz-ﬁ) / kt 1 kt Stk —o(k)
—dtk—o
(N+€+(t—1)k) 2 (N +€> = (2]\75) 2N '

+(t—1)k

For large enough N, since k,¢ = o(N), we have

By Fact [ (d+1)" < (IlgN)™ < N«
We are given that D < N17¢,
Putting it all together, we have obtained that asymptotically,

N M 1—o0(1) _ 1 N k
s> : > . NGY
2D . Notto(1) . (3]\71—57/2) No No Nl—e. N1-6T . Not . No(1)

By our choice of parameters, 1 — 67 = 1/2. Also, t < 7/4, so §t < é7/4 = 1/8. And
1 —e =1/4. Thus we see that Equation yields a lower bound of N®®*) = N(d/t),

The above proof idea (with some changes in parameters) can be made to give lower bounds
of N4/t for D < N'¢ for any constant £ > 0. Firstly, to handle the absence of a divisibility
constraint (in the above setting, we had assumed that 4¢+42 divides d), we should use Theorem
instead of Theorem [5| Then, we must choose «, 7, appropriately. It can be verified that if we
choose a = £, § = 15, and let 7 be the smallest odd integer such that 1 — d7 < 5, everything
works out.

Finally, to obtain the same result over fields of positive characteristic, we can follow the
same outline, replacing the use of Theorem [5| or Theorem [I] by Theorem This Theorem
gives a slightly weaker bound for dim((0;yP)<(). However, in the asymptotic bound stated in
Theorem [2], the degradation of this bound is irrelevant. O

Corollary (3| (Restated). Let parameters N,d,t be as in Theorem @ Any SHOCE/DISIE com-
puting Sj‘{, must have top fan-in at least NN - In particular, any homogeneous SIIXIT circuit
C' with bottom fan-in bounded by t computing Sj‘f, must have top fan-in at least N/t
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Proof. The first statement is an immediate corollary of Theorem [2[since d/t < d = N o) The
second follows from the first by a standard trick [GKKSI13]: given any homogeneous XITXII
circuit, we can ensure that the fan-in of the layer 3 product gates is at most O(d/t) by repeatedly
multiplying out pairs of polynomials of degree at most ¢/2 that feed into it. This does not change
the top fan-in of the circuit and ensures that the bottom fan-in remains bounded by t. At the
end of this procedure, each IT gate on layer 3 has at most 1 polynomial of degree < t/2 feeding
into it; homogeneity now entails that the fan-in of the II-gate must be at most 2d/t + 1. O

References

[Alo09]

[AVO0S]

[BS83]

[FLMS14]

[GKKS13]

[HY11]

[Kay12]

[KLSS14]

[KN97]

[Koil2]

[KSO05]

[KS14a]

[KS14b)]

Noga Alon. Perturbed identity matrices have high rank: Proof and applications.
Comb. Probab. Comput., 18(1-2):3-15, March 2009.

Manindra Agrawal and V. Vinay. Arithmetic circuits: A chasm at depth four. In
FOCS, pages 67-75, 2008.

Walter Baur and Volker Strassen. The complexity of partial derivatives. Theor.
Comput. Sci., 22:317-330, 1983.

Hervé Fournier, Nutan Limaye, Guillaume Malod, and Srikanth Srinivasan. Lower
bounds for depth 4 formulas computing iterated matrix multiplication. In Sympo-
stum on Theory of Computing, STOC, pages 128-135, 2014.

Ankit Gupta, Pritish Kamath, Neeraj Kayal, and Ramprasad Saptharishi. Ap-
proaching the chasm at depth four. In Conference on Computational Complezity

(CCC), 2013.

Pavel Hrubes and Amir Yehudayoff. Homogeneous formulas and symmetric polyno-
mials. Computational Complezity, 20(3):559-578, 2011.

Neeraj Kayal. An exponential lower bound for the sum of powers of bounded degree
polynomials. FElectronic Colloquium on Computational Complexity (ECCC), 19:81,
2012.

Neeraj Kayal, Nutan Limaye, Chandan Saha, and Srikanth Srinivasan. An exponen-
tial lower bound for homogeneous depth four arithmetic formulas. In Foundations
of Computer Science (FOCS), 2014.

Eyal Kushilevitz and Noam Nisan. Communication complexity. Cambridge Univer-
sity Press, 1997.

Pascal Koiran. Arithmetic circuits: The chasm at depth four gets wider. Theor.
Comput. Sci., 448:56—65, 2012.

P. Keevash and B. Sudakov. Set systems with restricted cross-intersections and
the minimum rank ofinclusion matrices. SIAM Journal on Discrete Mathematics,
18(4):713-727, 2005.

Mrinal Kumar and Shubhangi Saraf. The limits of depth reduction for arithmetic
formulas: it’s all about the top fan-in. In STOC, pages 136-145, 2014.

Mrinal Kumar and Shubhangi Saraf. On the power of homogeneous depth 4 arith-
metic circuits. In FOCS, pages 364-373, 2014.

25



[KSS14]  Neeraj Kayal, Chandan Saha, and Ramprasad Saptharishi. A super-polynomial
lower bound for regular arithmetic formulas. In STOC, pages 146-153, 2014.

[NW97]  Noam Nisan and Avi Wigderson. Lower bounds on arithmetic circuits via partial
derivatives. Computational Complezity, 6(3):217-234, 1997.

[Raz87]  A.A. Razborov. Lower bounds on the size of bounded depth circuits over a complete
basis with logical addition. Mathematical notes of the Academy of Sciences of the
USSR, 41(4):333-338, 1987.

[Raz06] Ran Raz. Separation of multilinear circuit and formula size. Theory of Computing,
2(1):121-135, 2006.

[Raz09]  Ran Raz. Multi-linear formulas for permanent and determinant are of super-
polynomial size. J. ACM, 56(2), 2009.

[Shp02] Amir Shpilka. Affine projections of symmetric polynomials. J. Comput. Syst. Sci.,
65(4):639-659, 2002.

[SWO1] Amir Shpilka and Avi Wigderson. Depth-3 arithmetic circuits over fields of charac-
teristic zero. Computational Complexity, 10(1):1-27, 2001.

[Tavl3]  Sébastien Tavenas. Improved bounds for reduction to depth 4 and 3. In Mathematical
Foundations of Computer Science (MFCS), 2013.

[Val79] L. G. Valiant. Completeness Classes in Algebra. In 11th ACM symposium on Theory
of Computing (STOC), pages 249-261, New York, NY, USA, 1979.

[VSBR83] Leslie G. Valiant, Sven Skyum, S. Berkowitz, and Charles Rackoff. Fast parallel
computation of polynomials using few processors. SIAM J. Comput., 12(4):641-644,
1983.

[Wil90]  Richard M. Wilson. A diagonal form for the incidence matrices of ¢-subsets vs.
k-subsets. European Journal of Combinatorics, 11(6):609 — 615, 1990.

26

ECCC ISSN 1433-8092

http://eccc.hpi-web.de




