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Abstract

We show here a 22(V410eN) gize Jower bound for homogeneous depth four arithmetic formu-
las. That is, we give an explicit family of polynomials of degree d on N variables (with N = d?
in our case) with 0, 1-coeflicients such that for any representation of a polynomial f in this

family of the form
f= E | IQi;@
g

where the Q);;’s are homogeneous polynomials (recall that a polynomial is said to be homoge-
neous if all its monomials have the same degree), it must hold that

Z (Number of monomials of Q;;) > 9@(Vdlog N),
0,J

The abovementioned family which we refer to as the Nisan-Wigderson design-based family
of polynomials, is in the complexity class VNP. For polynomial families in VP we show the
following: Any homogeneous depth four arithmetic formula computing the Iterated Matrix
Multiplication polynomial IMM,, ;4 — the (1,1)-th entry of the product of d generic n x n
matrices — has size n2(1°8™) if d = Q(log2 n). Moreover, any homogeneous depth four formula
computing the determinant polynomial Det,, — the determinant of a generic n X n matrix
— has size n20°6™) Our work builds on the recent lower bound results [Kay12, GKKS13a,
KSS13, FLMS13, KS13c¢] and yields an improved quantitative bound as compared to the recent
indepedent work of [KS13b].
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1 Introduction

The problem of proving super-polynomial lower bounds for arithmetic circuits occupies a central
position in algebraic complexity theory, much like the problem of proving super-polynomial lower
bounds for boolean circuits does in Boolean complexity. The model of arithmetic circuits is an
algebraic analogue of the model of Boolean circuits: an arithmetic circuit contains addition (+)
and multiplication (x) gates and it naturally computes a polynomial in the input variables over
some underlying field. We typically allow the input edges to a + gate to be labelled with arbitrary
constants from the underlying field F so that a + gate can in fact compute an arbitrary F-linear
combination of its inputs. Proving super-polynomial arithmetic circuit lower bounds for an explicit
family of polynomials, say the Permanent family, amounts to showing that VP # VNP [Val79]. The
complexity classes VP and VNP consist of families of polynomials and can be viewed as algebraic
analogues of the classes P and NP respectively!. The hope is that it might be possible to use
algebraic and geometric insights along with the structure of arithmetic circuits to make progress
towards settling the VP vs VNP question. Till date, research on arithmetic circuits has produced
several interesting results that have enriched our understanding of the lower bound problem and
the related problems on polynomial identity testing & reconstruction (or learning) of arithmetic
circuits. The survey [SY10] gives an account of some of the results and outstanding open questions
in this area.

Constant Depth Circuits. While the available lower bounds for general circuits are very mod-
est, progress in this direction has been made in the form of lower bounds for restricted (but still
nontrivial and interesting) subclasses of arithmetic circuits. One such restriction is in the form
of the depth of a circuit?. The study of constant depth circuits has gained momentum in the
recent years after a striking connection was shown between lower bounds for general circuits and
that for depth-4 & depth-3 formulas. First recall that a polynomial f is said to be homogeneous
if all its monomials have the same degree. An arithmetic circuit is said to be homogeneous if
it is syntactically homogeneous, i.e. at every intermediate + gate, the inputs all have the same
formal degree?. Building on the depth reduction results of [VSBR83, AJMV9S], a string of works
[AV08, Koil2, Tav13] arrived at the following result: A 9w(Vdlog N) iz Jower bound for depth-4
homogeneous formulas?, computing a degree-d, N-variate polynomial (in a polynomial family), im-
plies a super-polynomial lower bound for general circuits. Further, if the polynomial family belongs
to VNP then such a lower bound would imply VP # VNP?.

Previous work on super-polynomial lower bounds. Raz [Raz09] showed that any multilinear
formula computing the determinant Det,, (or the permanent Perm,,) polynomial has nf2logn) gize

! Tt is known that if VNP can be computed by arithmetic circuits of polynomial size size and degree and which
have the additional property that the constants from the underlying field have polynomially bounded bitlengths then
it must follow that P = NP (cf. [SV85]).

2 Recall that the depth of a circuit is the maximum length of any path from an input node to the output node.

3 The formal degree of a node in a circuit is defined inductively in the natural manner - leaf nodes labelled with
variables (respectively with field constants) have formal degree 1 (respectively zero) and every internal + gate (resp.
X gate) is said to have formal degree equal to the maximum of (resp. the sum of) the formal degrees of its children.

4 with bottom fan-in bounded by O(v/d)

5 A similar implication is true even for depth-3 formulas, although at the loss of the homogeneity condition - due
to [GKKS13b).



with subsequent separations® and refinements” in [Raz06] and in [RY09]. The formal degree of
a homogeneous formula is bounded by the degree of the computed polynomial - a feature that
is quite effective in proving lower bounds using partial derivatives based methods. The approach
of proving lower bounds by studying the space of partial derivatives of the computed polynomial
was introduced by Nisan and Wigderson [NW97], who showed an exponential lower bound for
homogeneous depth-3 formulas®. (For depth-3 formulas over fixed finite fields, an exponential
lower bound was shown by [GK98, GR98].) Indeed, the super-polynomial lower bounds obtained
by [Raz09, Raz06, RY09], as well as some others like [ASSS12], are based upon studying partial
derivatives or associated matrices involving partial derivatives like the Jacobian or the Hessian®.
The situation for depth-4 homogeneous formulas is substantially rectified by the recent work of

[Kay12, GKKS13a], followed by the work of [KSS13] and [FLMS13]. These works have led to a

22(Vdlog N) Jower bound for depth-4 homogeneous formulas with bottom fan-in O(Vd) (where d
is the degree of the N-variate ‘target’ polynomial on which the lower bound is shown). Further,
[KSS13] and [FLMS13] together imply a super-polynomial separation between algebraic branching
programs and regular formulas - two natural sub-models of arithmetic circuits!?. A seemingly
tempting problem left open in these works is, if the lower bound of 9%(Vdlog N) ip the above state-
ment could be improved to gw(Vdlog N ), a super-polynomial lower bound for general circuits would
ensue immediately. Another recent work [KS13a] has shown an exponential lower bound for depth-
4 homogeneous formulas with constant top fan-in. At the heart of these results lies the study of
the space of shifted partial derivatives of polynomials and an associated measure called the dimen-
sion of the shifted partials - a technique introduced in [Kay12, GKKS13a]. Loosely speaking, the
dimension of the shifted partials of a polynomial g refers to the dimension of the F-linear vector
space generated by the set of polynomials obtained by multiplying (shifting) the partial derivatives
of g with monomials of suitable degrees.

Our results. In an attempt to understand the strength of the shifted partials method better, a
recurring open problem stated in [KSS13, FLMS13, KS13a, Tav13] is to show a super-polynomial
lower bound for homogeneous depth-4 formulas. Whether the shifted partial measure can be used
to prove such a result or not is not exactly clear to us. This very recent work by [KS13c| seems to
suggest that the answer is likely in the negative. However, this does not rule out the possibility of
using a different measure, perhaps closely related to the shifted partials, to achieve the same. It
turns out that indeed it is possible to use a slightly modified (or augmented) version of the shifted
partial measure to show an exponential lower bound for depth-4 homogeneous formulas. For the
ease of reference in this paper, we will call this modified measure the projected shifted partials.
Loosely speaking, the idea is to shift the derivatives of a polynomial by a carefully chosen set of
monomials and then view these after ‘projecting’ them to an appropriate set of monomials. Our
results are formally stated below.

Theorem 1. Let F be any field of characteristic zero. There is an explicit family of polynomials

5 Building upon [Raz09], a super-polynomial gap between multilinear circuits and formulas was obtained in [Raz06].

" Also building upon [Raz09], a significantly better bound was later shown for bounded (i.e. constant) depth
multilinear circuits [RY09]: A depth-d multilinear circuit computing Det,, or Perm,, has size 2”9(1/d).

8 Prior to this work, Nisan [Nis91] showed an exponential lower bound for noncommutative arithmetic formulas

9 A recent survey by Chen, Kayal and Wigderson [CKW11] gives more applications of partial derivatives.

10 In fact, a very recent work of [KS13c] shows a super-polynomial separation between general formulas and regular
formulas.



of degree d in N = d* wvariables with zero-one coefficients such that any homogeneous SIIXII

formula over F computing this family must have size at least 90(Vd-log N)

representation of the degree d polynomial f in the family, of the form
F=>_TQu
tog

where the ();;’s are homogeneous polynomials, it must hold that

. In other words, for any

Z (Number of monomials of QU) > 29(\/3~10g N)_

i?j

Remark 2. The above theorem continues to hold for any N > d?*¢, for any constant € > 0. For
clarity of presentation, we work with N = ¢ in what follows.

The explicit polynomial f in the theorem above is a variant of the Nisan-Wigderson design-based
polynomial introduced in [KSS13] and further studied in [KS13c, KS13b]. While this family of
polynomials is explicit (in VNP), it is not known to be efficiently computable. Thus, as it stands,
our main theorem has two limitations - it is valid only over fields of characteristic zero and the
explicit family of polynomials that we give is not known to be efficiently computable. We partially
address these limitations by proving super-polynomial lower bounds which are quantitatively worse
but hold over any field for a family of polynomials in VP.

Theorem 3. QOver any field F, any depth-4 homogeneous formula computing the Iterated Matrix
Multiplication polynomial IMM, q — the (1,1)-th entry of the product of d generic n X n matrices
— has n?1°8") size, assuming d = Q(log?n). If d < elog?n for a sufficiently small € > 0 then any

depth-4 homogeneous formula computing the IMM, 4 polynomial has size nOVad),

We note that these bounds are incomparable with those proved in [FLMS13]. While [FLMS13] prove
an exponential lower bound — 20(Vd)logn g, = p2(1) — for depth-4 homogeneous multilinear
formulas computing IMM,, 4, we prove a weaker quasipolynomial lower bound for the more general

model of depth-4 homogeneous formulas.

Theorem 4. Over any field F, any depth-4 homogeneous formula computing the determinant poly-

nomial Det, — the determinant of a generic n X n matriz — has size n1°gm).

The rest of the paper is devoted to proving these results.

A recent independent result by [KS13b]. Very recently, Kumar and Saraf [KS13b] indepen-
dently proved a superpolynomial (nQ(log log ”)) lower bound for homogeneous depth four circuits
using another nice augmentation of the shifted partial measure that they call bounded support
shifted partials. We do not know if this measure can be used to prove an exponential lower bound.
Indeed, they explicitly state the problem of proving exponential lower bounds for homogeneous
depth four circuits which we happen to achieve here.



2 Overview of our proof

We now give an outline of the proof of theorem 1. Let f(x) € F[x] be a polynomial of degree d on
N variables over a field F. Consider a representation of f of the form

=Y T[@i (1)

i=1 j

where the @);;’s are homogeneous polynomials. Note that any polynomial can be written in this
way - the challenge is to prove a lower bound on the total number of monomials appearing the
Qi;’s. For each i € [s], the i-th term in such a representation is defined to be T; = [] ; Qij. First
observe that we can assume without loss of generality that the degree of each term T; is at most
d (as we can simply discard terms of degree larger than d without changing the output). So now
assume that the total number of monomials in this representation is small, say 90(Vd-log N) (else we
have nothing to prove). In particular, our assumption means that every @;; has at most 90(Vd-log N)
monomials.

Using Random Restrictions to reduce the support size. In the first step, we consider the
identity (1) and in that set each variable to zero independently at random with probability (1 — p)
(a variable is left untouched with probability p.) Then any monomial m in any of the Q;;’s which
contains ¢ distinct variables will now survive (i.e. remain nonzero under this substitution) with
probability p’. So if we choose p = ﬁ then via an application of the union bound we deduce
that all monomials of support at least t = Q(v/d) will be ‘killed’ (i.e. set to zero) under this substi-
tution!!. For ease of subsequent exposition, let us introduce the following notation/terminology.

1. Support. Let m = af* - 25 - ... - 2" in F[z1, 22, ..., 2n] be a monomial. The support of m,
denoted Supp(m) is the subset of variables appearing in it, i.e.

Supp(m) o {i + ¢, >1} C[N].

The support size of a polynomial f, denoted [Supp(f)| is the maximum support size of any
monomial appearing in f.

2. Substitution maps. Let R C [N] be a set. The substitution map or : F[x] — F[x] is

the map which sets all the variables in R to zero, i.e. og(f) of flz;=0 vier. Formally,

or : F[x] — F[x] is a homomorphism such that for any monomial m € F[x]|, or(m) = m if
the monomial m is supported outside R and is zero otherwise.

So the above discussion can now be summarized as follows. Let ¢t = ©(v/d) be a suitable integer.
By choosing a set R at random in the above manner and applying o to the identity (1), we obtain
(with high probability) another identity

s

or(f) = ZHO’R<QZ‘J‘), where Vi, j : or(Qij;) is homogeneous and |Supp(or(Qij))| <t. (2)
i=1 j

1 This reduction from homogeneous LIIXII formulas to low support SIIXIT formulas was communicated to the
first author by Avi Wigderson. It was recently exploited by Kumar and Saraf in [KS13b] and also independently
discovered by some of the other authors of the present work.



In this manner our problem reduces to proving lower bounds for representations of the form (2)
which we refer to as t-supported homogeneous >IIXI1 circuits.

Lower bounds for low support homogeneous »IIXII circuits. We first note that the degree
of a polynomial is an upper bound on its support size. Prior work by [Kay12, GKKS13a, KSS13,
FLMS13] had proved lower bounds for similar looking representations but in which the degree of
every Q;;, rather than its support was bounded by ¢. We build on this work to devise a complexity
measure that we refer to as dimension of projected shifted partials. We define this measure as
follows.

1. The projection map. Let s,e > 1 be integers. The linear map m, s : F[x] — F[x] maps a
polynomial f(x) € F[x] to the component of degree e and support s of f(x). Formally, it is
defined as follows. We need to only specify it for monomials and it then extends by linearity
to all of F[x|. For a monomial m € F[x], 7 s(m) equals m if m has degree exactly e and
support size exactly s and zero otherwise.

2. The Complexity Measure. Let k, ¢, be integer parameters and f(x) € F[x] be a mul-
tivariate polynomial. &=%f shall denote the set of all k-th order partial derivatives of f.
Let x(=6=5) denote the set of monomials of degree exactly ¢ and support exactly s over the
variables in x. Let A, B C F[x] be any two sets of polynomials. A - B stands for the set

A.B {f-g: feAand g € B}.

For a linear map = : F[x] — F[x], 7(A) denotes the set

def

m(A) = A{x(f) : feA}.
The dimension of projected shifted partial derivatives of f (DPSP for short) is defined as

DPSP(f) % dim (mem <x<=f7=f> 9" f>> .

Intuitively, by shifting (i.e. multiplying) the partial derivatives by a carefully chosen set of mono-
mials and then projecting them to another appropriate set of monomials, we are able to ignore
factors (paying a relatively small cost) in which the support size is much larger than the degree so
that effectively we are reduced to the case where all the @;;’s have small degree. Specifically, we
show that this measure is relatively small for ¢-supported homogeneous XIIXII circuits (corollary
14 in section 4). We then find an explicit polynomial f whose projected shifted partials has large

dimension and thereby obtain a 9218 N) Jower bound for t-supported homogeneous XIIXII cir-
cuits computing f. We further show that the dimension of projected shifted partials of f remains
quite large even under random restrictions (with high probability) thereby obtaining a 92(Vdlog N)

lower bound overall for general homogeneous XIIXII circuits.

Lower bounding the dimension of projected shifted partials. A crucial component of this
proof is to show that the dimension of projected shifted partials of our explicit family of polynomials
is large'?. From the definition, it follows that this quantity is equal to the rank of a certain matrix

12 Tn prior work one needed to estimate the dimension of shifted partials of a given f and it was shown that in
many interesting cases this could be successfully accomplished simply by counting leading monomials. It seems that
counting of leading monomials perhaps will not yield good enough estimates for the modified measure used here.



M (f) whose entries are zero or equal to the coefficient of an appropriate monomial of f. In order
to show that rank(M(f)) is large for our choice of f, we use a lemma by Noga Alon'? [Alo09]. Tt

goes as follows. Let B(f) def M(f)T-M(f). Clearly, the rank of B(f) is a lower bound on the rank
of M(f). By an application of Cauchy-Schwarz on the vector of nonzero eigenvalues of B(f), one

sees that (B())?
Tr(B
rank(B(f)) > ——= 75~
)= B2
We estimate Tr(B(f))? and Tr(B(f)?) and show that the ratio is large for our choice of f (even
under random restrictions).

Organization. The rest of the paper is devoted to fleshing out this outline into a full proof. For
the sake of clarity of exposition, we first focus our attention on ¢-supported homogeneous XIIXI1
circuits. We first give an upper bound (in section 4) on the dimension of projected shifted partials
of any homogeneous t-supported XIIXII circuit C. In section 5 we then give the construction of
our polynomial f and show that choosing the parameters appropriately yields a lower bound of

92(7 18 N) o the top fanin of homogeneous t-supported XIIXII circuits computing f - assuming
that f has large projected shifted partials dimension. In section 6 we show that our polynomial
does indeed have a large projected shifted partials dimension. Finally, in section 7 we analyze the
effect of random restrictions and show that the dimension of shifted partials of f remains large

under random restrictions thereby yielding a 92(Vdlog N) 1ower bound overall. We wrap up by
showing quantitatively weaker lower bounds for efficiently computable polynomials over any field
in section 8.

3 Preliminaries

Vector Spaces of Polynomials and linear maps. Let U,V C F[x] be two vector spaces of
polynomials and let 7 : F[x]| — F[x] be a linear map. Define

def
m(U) =A{x(f) : [feU}CFx]
Note that 7(U) must be a subspace in F[x]. Also define

U—i—VdéfIF—span({f—Fg . feUgeV}).

Let us record a basic fact from linear algebra as applicable to us.

Proposition 5. Let U,V C F[x] be two vector spaces of polynomials and let w : F[x] — F[x] be any
linear map. Then

T(U+V)=nU)+n(V) and dim(r(U))<dim(U).
Numerical estimates.

Proposition 6 (Stirling’s Formula, cf. [Rom]). In(n!) = nlnn—n+ O(Inn)

13 We learnt of the usefulness of this lemma from the beautiful recent work by Barak, Dvir, Wigderson and
Yehudayoff [BDYW11] and a subsequent improvement by Dvir, Saraf and Wigderson [DSW13].



Stirling’s formula can be used to obtain the following estimates (proofs of which are in appendix
section A).

Lemma 7. Let a(n), f(n), g(n) : Z~o — Z be integer valued function such that (|f|+ |g|) = o(a).

Then,
P+
a

lniz: = (f+g)lna £ O(

Depth-4 arithmetic formulas. We recall some basic definitions regarding arithmetic circuits and
formulas; for a more thorough introduction, see the survey [SY10]. Let Y be a finite set of variables.
An arithmetic formula C' over F is a rooted tree the leaves of which are labelled by variables in
Y and elements of the field F, and internal nodes (called gates) by + and x. This computes a
polynomial f € F[Y] in a natural way. By the size of a formula, we mean the number of vertices in
the tree, and by the depth of a formula, we mean the longest root-to-leaf path in the tree. Our focus
here is on depth-4 formulas '*, which are formulas that can be written as sums of products of sums
of products, otherwise known as XIIXII formulas. We will prove lower bounds for homogeneous
YIIXII formulas which are XIIXII formulas such that each node computes a homogeneous poly-
nomial (i.e. a polynomial whose every monomial has the same degree). Given a XIIXII formula,
the layer 0 nodes will refer to the leaf nodes, the layer 1 nodes to the Il-gates just above the leaf
nodes, etc. The top fan-in refers to the fan-in of the root node on layer 4. We also consider variants
of RIIXII formulas with bounds on the fan-ins of the II gates. By SIIIPIRIIM formulas, we mean
YIIX1I formulas where the fan-ins of the layer 1 and layer 3 II gates are at most t and D respectively.

4 Upper bounding the measure for low support XIIXII circuits.

Consider a homogeneous XIIXII ciruit C of the form
C= Z H Qij, where |Supp(Qij;)| <t for every Q;j.
i g

We will see how the measure defined in section 2 can be used to pinpoint a weakness of such a
circuit. Let us first note two simple properties of our projection map .

Proposition 8. Let Q(x) € F[x] be a homogeneous polynomial of degree d and m(x) € F[x] be a
monomial of degree a. Then
0 if [Supp(m)| <a

. def .
m(x) - ca(mq,4(Q)) = m(x) - 144(0a(Q)) if A= Supp(m) has size a.

Td+a,d+a (m(x) . Q(X)) = {

Our measure, namely
def B -
DPSP/o(f) = morepre(x= 80 07 f)

has the following properties.

e will interchangeably use the terms ‘depth-4 circuits’, as depth-4 circuits can be converted to depth-4 formulas

with only a polynomial blow-up in size



Proposition 9. For any pair of polynomials f,g € F[x]| and any 3-tuple of integers k,{,e

1. [Subadditivity.]
DPSPk,Z,e(f + g) < DPSPk,Z,e(f) + DPSPk,E,e(g)'

2. [Subprojectivity.] If g = oa(f) for some subset A, i.e. g is obtained from f by setting
some subset A of variables to zero, then

DPSPy r.e(9) < DPSPy ¢c(f).

3. [Zeroness for low-support polynomials.] If all monomials of f have support strictly less
than e then
DPSPye(f) = 0.

The proof is an easy verification. We will now upper bound how large the measure can be for any
term T of a low support homogeneous XIIXII-circuit

C=Ti+To+...+ T,

and then via subadditivity derive an upperbound for the entire circuit C as well. So let us focus on
a term T in our t-supported homogeneous XIIXII-circuit C so that T is of the form

T=Q1-Q2...-Qm, [Supp(Qi)| <t for eachie [m],

where the ;’s are homogeneous polynomials and 7" is of degree d. We will now upper bound
DPSPk7g7d_k(T).

Preprocessing. First note that we can assume without loss of generality that every @; (except
perhaps one) has degree at least t/2 for if not, then we can replace two such @;’s by their product
(Qi - Q4). The product (Q; - Q;) has degree at most ¢ and therefore also support at most t.
Continuing this process of combining factors of small degree, we end up in a situation where every
factor (except perhaps one) has degree at least ¢/2. In such a situation, the number of factors m
can at most be

<1+ 4%
m — = —.
=2 t

Proposition 10. If DPSPy s 4—1(T) > 0 then for any subset of k factors of T, the sum of their
degrees must be at most (kt + k).

Proof. Assume that
DPSPkl’d,k(T) > 0.

Then by part (3) of Proposition 9 it follows that Supp(7") > (d — k). Now consider a subset of the



factors A C [m] of size k. Since

(d—k) < |Supp(T)|
Z deg(Qi) —k < [Supp(T)|
i€[m]
S deg(@i) —k < Y [Supp(Qy)
icm) i€[m]
> (deg(Qi) — ISupp(Q)) < K
1€[m]
Z (deg(@i) — |Supp(Q;)|) < k (as each summand is positive)
€A
Zdeg(Qz‘) < Z |Supp(Q:)| + &
icA i€A
Z deg(Q:) < kt+k.
€A

O

Computing the derivatives. We now compute the derivatives of our term 7" and examine what
the projected shifted partial derivatives of T look like. Let us introduce the relevant sets and
subspaces of polynomials which occur here. For a subset of the factors A € ([7;]) of size k, let

def
da =) deg(Qi)
€A
and let
Vi 9 Fspan <X(=e+dAk,<e+kt) ) H Qi) _
i¢A
Then

Proposition 11.

X(ZZ’ZZ)-<8:]“T)§ 3 Va

Ae(")
Combining the above with proposition 5 we have

Corollary 12.

Totd—k f+d—k (X(:Z’:@ . <l9sz>) C Z Tord—kerd—k (Va) .
Ae(f)

In particular,

DPSPy, 04— (T) = dim <7T€+d—k,£+d—k: <X(:g’:€) : (3:kT>)) < Z dim (mpya—k,o+d—k (Va))
Ae(")



Now fix an A € ([’;Z]) and consider the vector space V4 defined above. The generators of V4 consist

of polynomials of the form
9(x) = m(x) - (H @) ,

i¢A
where m(x) € F[x] is a monomial of degree ¢ + d4 — k and (HZ&A Qi) is of degree (d — da). By
proposition 8 we have that if m(x) is not multilinear then

Tord—ko+d—k(g) = 0.

So assume that m(x) is a multilinear monomial,

moo=xs, s, 1)

By proposition 8

Totd—kb+d—k(9) = XS * Td—dy,d—da <O'S(H Qi)) :
igA
Thus

N [NV]
Totd—ke+d—k (Va) C F-span <{XS “Td—da,d—da <Us(ig QO) :S e <£+ Ay k:> })

In particular,

. N
dim (mpyq—rera—r (Va)) < <g +da— k)

N N
< ( 04 kt) <f0r L+ Kt < Ex using Proposition 1()> .
Combining this with the above observations we have

Lemma 13. Let T be a term of the form

T=Q1-Q2...-Qnm, |Supp(Q;)| <t foreach i€ [m],

where the Q);’s are homogeneous polynomials and T is of degree d. For any k and any £ < % — kt

we have 2d/t + 1 N
+
< . .
DPSPrea-k(T) < < k ) (6 +k- t>

Combining the above upper bound for a term with the subadditivity of our measure we immediately
get:

Corollary 14. Let C be a t-supported degree d homogeneous SIIXII circuit with top fanin s, i.e C
is a degree d homogeneous circuit of the form

C= ZQM Qa2 Qimys  [Supp(Qiy)| <t

=1

10



Then for every k and every £ < % — kt we have

24/t + 1 N
<s. ) )
DPSPiea-#(C) < 5 < k ) (é + k- t>

Consequently, for any N-variate homogeneous polynomial f of degree d, any homogeneous t-
supported LIIXA1-circuit C computing f must have top fanin at least

DPSP ¢.a—k(f)
Y ()

S

In the next section we construct an explicit polynomial f for which DPSPy ¢4k (f) is large and
then use the above to deduce a lower bound on the top fanin of any t-supported XIIXII-circuit
computing f.

5 The lower bound for low support homogeneous XIIXII circuits.

We will now construct an explicit homogeneous, multilinear polynomial f of degree d on N = d?
variables for which our measure, namely DPSPy, ¢ 41 (f) is large. We will then see that this implies
that any t-supported XIIXII-circuit computing f must have large top fanin.

5.1 The Construction of an Explicit Polynomial

Our explicit polynomial is parametrized by an integer parameter r that we call NW, and it is a
variant of the Nisan-Wigderson design polynomial from [KSS13]. Let d be a prime power and Fy
be the finite field of size d. Let Fp2 O F; be the quadratic extension field of Fy. We refer to the
elements of the finite field Fp simply as {1,2,--- ,d?} where the first d among these belong to the
subfield Fy. Fix an integer r. Our explicit polynomial is:

def
NW; (21,1, 21,2, -+, Tgq2) = > I
h(z)€F j2[z],deg(h)<r  i€[d]

From the definition above, it is clear that for all , NW,. is an explicit homogeneous, multilinear
polynomial of degree d on N = d? variables. our main technical lemma stated below is a lower
bound on the dimension of projected shifted partials of the design polynomial NW,..

Lemma 15. [Main Technical Lemma.] Let NW, be the Nisan-Wigderson design-based poly-
nomial defined above. Quer any field F of characteristic zero, for r = % and k = o(d) and

Ez%-(l—%@ld) we have

1 N A N
. mi . kel
DPSPy ¢.d—(NW,.) > o min <<€—i—d— k)’ </<:> d® - k! (E)) .

We first see how to apply this lemma to deduce a lower bound on the top fanin of any t-supported
homogeneous XIIXII circuit computing NW,/3 while postponing the proof of this lemma to section
6. So consider a ¢-supported XIIXII circuit C of top fanin s computing NW,,3. We fix our choice
of parameters as follows:

’ N kind
k=3~ (for asmall enough constant § > 0), = <1 - Crll ) @

11



By corollary 14 we get

DPSPy. ,a—k(NWg/3)

>
(%) - (k)

2 N N
1 ()R () (é-i-d—k)) .
> ——————— .min (using lemma 15).
d N V(N
dO(l) ' (2 /]?rl) < (Z—i—kt) (€+kt)
S S L 2 Sy, LHRDU (N — kO (04 k). (N — 0 — kt)!
~ 200/t k ' 1 (N—0! "(l+d—k)! (N—l—d+E)
SR S min d\* -k - ) - (KD I BEto(1) | o(d—k—kt)-In St to(1) (Using lemma 7)
20(d/t) k ' ’
1 . d 2 k= (—kt)-In 14(k/d)Ind (d—k—kt)In 1+(k/d)Ind
= — . . kel —(k/d)Ind —(k/d)Ind
S0/ Min ((k:) ke 1 ¢ 1
> 92§ log N) (for a small enough constant & and ¢t = Q(log?d))

This gives the claimed lower bound on the top fanin s of any t-supported homogeneous XIIXII-
circuit computing NW 3.

6 Proof of the main technical lemma

In this section we prove lemma 15, i.e. we show that the dimension of projected shifted partial
derivatives of the Nisan-Wigderson design based polynomial is within a poly(N) factor of the max-

imum possible. Let e o (d — k) throughout the rest of this section.

Preliminaries. Note that in the construction in section 5 of NW,., there is a 1-1 correspondence
between the variable indices in [N] and points in Fy x Fg, which we will often identify simply
with [d] x [d?]. Being homogeneous and multilinear of degree d, the monomials of NW,. are in 1-1
correspondence with sets in ([g]) = ([d] Xd[dQ}). Indeed, from the construction it is clear that the
coefficient of any monomial in NW,. is either 0 or 1 and that there is a 1-1 correspondence between
monomials in the support of NW, and univariate polynomials of degree at most r in Fg2[z]. Now
since two distinct polynomials of degree r over a field have at most » common roots we get:

Proposition 16. [A basic property of our construction.] For any two distinct sets D1, Dy €
([d} Xd[dz]) in the support of NW,., we have

|D1 ﬂD2| <
<

oo 3

(for r =d/3 and k = o(d).)

Our goal for the remainder of this section is to lower bound DPSPy, ¢ 4 (NW,;.) which is defined as
the F-linear dimension of the following set of polynomials.

DPSPy r.a—k(NW;) = dim (7r€+d—k,£+d—k (X(:g’:@ : B:kNWr» :

12



Reformulating our goal in terms of the rank of an explicit matrix. Let f be any homo-
geneous multilinear polynomial of degree d on N variables. By multilinearity, the only derivatives
of f that survive are those with respect to multilinear monomials. Thus we have

ka:{acf . Ce <UZ]>}

Note that every k-th order derivative of f is homogeneous and multilinear of degree (d — k).
Combining this with proposition 8 we get that

Terd—tprd—t(xTH70 - 97F f) = {XA o4 (0°f) « A€ ([]z]>, Ce <[]]Z]> }

Thus we have

Proposition 17. For any homogeneous multilinear polynomial f of degree d on N wvariables and
for all integers k and £:

DPSPy ¢ q4—x(f) = dim <{XA-UA (0°f) : Ae <UZ]>, Ce (@)})

Now the F-linear dimension of any set of polynomials is the same as the rank of the matrix corre-
sponding to our set of polynomials in the natural way. Specifically,

Proposition 18. Let f be a homogeneous multilinear polynomial of degree d on N wvariables. Let
k, ¢ be integers. Define a matriz M(f) as follows. The rows of M(f) are labelled by pairs of subsets
(A,0) € ([ZX}) X ([JZ]) and columns are indezxed by subsets S € (l[ﬂz) FEach row (A, C) corresponds
to the polynomaial

fac Wy 04 (8°f)

in the following way. The S-th entry of the row (A, C) is the coefficient of xg in the polynomial
fac. Then,
DPSPy r.qa—1(f) = rank(M(f)).

So our problem is equivalent to lower bounding the rank of the matrix M (f) for our constructed
polynomial f. Now note that the entries of M (f) are coefficients of appropriate monomials of f
and it will be helpful to us in what follows to keep track of this information. We will do it by
assigning a label to each cell of M(f) as follows. We will think of every location in the matrix
M(f) being labelled with either a set D € ([g]) or the label InvalidSet depending on whether
that entry contains the coefficient of the monomial xp of f or it would have been zero regardless
of the actual coefficients of f. Specifically, let us introduce the following notation. For sets A, B
define:

1.
A\ B ifBC A

InvalidSet otherwise

A\\B:{

AUB ifBNA=(
AW B =
InvalidSet otherwise

13



Then the label of the ((A,C), S)-th cell of M(f) is defined to be the set (S A) W C. Equivalently,
if the label of a cell of the (A, C)-th row of M is a set D then the column must be the one corre-
sponding to S = (D\\ C)W A (if C is not a subset of D or if (D \\ C') and A are not disjoint then D
cannot occur in the row indexed by (A, C)). For the rest of this section, we will refer to M (NW,.)
simply as the matrix M. Our goal then is to show that the rank of this matrix M is reasonably
close (within a poly(d)-factor) of the trivial upper bound, viz. the minimum of the number of rows
and the number of columns of M. It turns out that our matrix M is a relatively sparse matrix
and we will exploit this fact by using a relevant lemma from real matrix analysis to obtain a lower
bound on its rank.

The Surrogate Rank. Consider the matrix B 4f MT .M. Then B is a real symmetric, positive
semidefinite matrix. From the definition of B it is easy to show that:

Proposition 19. Over any field F we have

rank(B) < rank(M).
QOwver the field R of real numbers we have

rank(B) = rank(M).

So it suffices to lower bound the rank of B. By an application of Cauchy-Schwarz on the vector of
nonzero eigenvalues of B, one obtains:

Lemma 20. [Al009] Over the field of real numbers R we have:

Tr(B)?
k(B) > :
rank(B) 2 3 pay
Let us call the quantity %Eg%i as the surrogate rank of M, denoted SurRank(M). It then suffices

to show that this quantity is within a poly(d) factor of U = min((g‘fe), (d;) : (f)) In the rest of
this section, we will first derive an exact expression for SurRank(B) and then show that it is close

to U.

6.1 Deriving an exact expression for SurRank(B).

We will now calculate an exact expression for SurRank(B), or equivalently an exact expression for
Tr(B) and Tr(B?).

Calculating Tr(B). Calculating Tr(B) is fairly straightforward. From the definition of the matrix
B we have:

Proposition 21. For any 0,+1 matriz M (i.e. a matriz oll of whose entries are either 0, or +1

or —1) we have
Tr(B) = Te(MT - M) = number of nonzero entries in M.

Now we can calculate the number of nonzero entries in M by going over all sets D € (Ug]) N

Supp(NW,.), calculating the number of cells of M labelled with D and adding these up. This
yields:

14



Proposition 22.

- (1) (1)

Calculating Tr(B?). From the definition of B = M7 - M and expanding out the relevant summa-
tions we get:

Proposition 23.

2
Tr(B%) = > Yo Moo Mancn).ss Miasca).s Mas,co).s,
(Alycl):(AmCQ)G((UZ])X(UZ])>2 Slﬁ?e(éﬂf

We will use the following notation in doing this calculation. For a pair of row indices
2

((A1,Ch), (A2,C9)) € ((UX]) x (%’1))2 and a pair of column indices S1,S2 € ((H]e)) , the box

b defined by them, denoted b = 2 — box((A1, Cy), (A2, C), S1,S2) is the four-tuple of cells

(((A1,C1), 51), ((A1,Ch), S2), ((A2, C2), S1), ((A2, C2), S2)).

Since all the entries of our matrix M are either 0 or 1 we have:

Proposition 24.
Tr(B?) = Number of bozes b with all four entries nonzero.

For a box b = 2—box((A1,C1), (Aa, Ca), S1, S2), its tuple of labels, denoted labels(b) is the tuple of
labels of the cells ((A1,CY), S1), ((41,C1),S2), ((A2,C3), S1), ((A2,C2),S2)) in that order. In other
words,

labels(b) = ((S1 \ A1) W, (S2 \\ A1) W Cq, (S1\\ A2) W Co, (S2 \ A2) W Cy).
We then have

Proposition 25. Tr(B?) equals the number of boxes
b=2- b0$((A1, Cl)a (AQa 02)7 Sla 52)
such that all the four labels in labels(b) are valid sets in the support of our design polynomial NW,..

So our problem boils down to counting the number of boxes in which all the four labels are valid
sets in the support of our polynomial NW,. Our key observation is that the sets labelling such
boxes must satisfy certain constraints on pairwise intersection sizes and this will help rule out boxes
with more than two distinct labels.

Proposition 26. Suppose that all the labels of a box
b=2- bOZ‘((Al, Cl), (AQ, 02), Sl, 52)

are valid sets:
[INT\*
labels(b) = (D11, D12, Do, Da2) € (© 7 ) -

Then we must have that either

15



1. |[D11 N D12 > § and |Dgy N Daa| > §  or,
2. |D11 N Doy| > 5 and |D12 N Dag| > 5
Proof. First observe that
Di1N D2 D (A2 \ A1) and Do N Dy D (A7 )\ A2). (4)
Next observe that
Di1N D9 DS\ (A1 UA2) and DijaNDay D Ss\ (A U Ay). (5)

Now let |41 N As| = v.

Case 1. v < (£ — §). Then the containment (4) implies that

|D11ﬂD12‘ Z(E—U)Zg and ’DglﬁDm’ Z(E—U)Zg
Case 2. v > (¢ — §). Then the containment (5) implies that

|D11ﬂD21|2(£+6)—(£—|—€—’U>Z and |D12ﬂD22|Z(£+6)—(£—|—£—’U)Z

[\ e
| o

O]

Indeed, the above observation is why we choose our polynomial f to be a design polynomial with
r < 5 since the design polynomial property ensures that any two distinct sets Dy and Ds in the
support of NW,. have intersection size at most r < §. This means that any box b that contributes
to Tr(B?) must have the property that its label set labels(b) contains at most two distinct sets in
the support of NW,..

Corollary 27. For any two distinct sets Dy, Dy € ([g]) define

uo(D1) = {boz b :labels(b) = (D1, D1, Dy, D1)}
11(D1, D) % {box b : labels(b) = (D1, Do, D1, Do)}
p2(D1,Ds) % {box b : labels(b) = (D1, D1, Do, D)}

Let the support of NW,., denoted Supp(NW,.) C (U;’]); be the set of all sets D € ([]C\lﬂ) such that the
coefficient of the monomial xp in NW,. is nonzero. Then

(B = Y. |w(D)| + > [ua (D1, Da)| + > |2(D1, D)l .
D1 €Supp(NW,) D1#D2€eSupp(NW,.) D1#D2€eSupp(NW,.)

By the way, proposition 26 rules out the existence of any box b having labels(b) = (D1, D2, D2, Dy)
with Dy, Do € Supp(NW,.) and that is why there is no term in Tr(B2) corresponding to such boxes.
In what follows we will compute Tr(B?) by deriving expressions for |uo(D1)|, |u1(D1, D2)| and
|p2(D1, D2)| and then summing these up over Dy, Dy € Supp(NW,.). We first observe:

Proposition 28. For any set D1 € ([];[]) and any row (A, C) of M, there can be at most one cell
i that row labelled with the set Dy.

This means that any box b = 2 — box((A41, C1), (A2, C3), S1,S2) contributing to either pg(D;) or
w2(D1, D), the columns S and Sy must be the same.
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6.2 Calculating po(Dy).

Every box b € uo(Dy) is of the form b = 2—box((A1, C1), (A2, C2), S1,51). Let u = |C1NCs|. Due
to the type of the box we know that (D; \\ C1) W A; = (D1 \\ C2) W Az. This implies the following
two things:

1. C1\ (C1NCe) C Ap and Cy \ (C1 N Cy) C As.
2. A1\ (C1\ (C1NCy)) = A2\ (Co\ (C1 N CY)).

Due to the fact that |Cy \ (C1 N C2)| = |C2 \ (C1 N C2)| = k —u and by 1 above, k — u elements in
Ap and As are fixed. Due to 2 above, A1 and Ay must agree on the rest of the elements which can
be chosen from ([N]\ D;) U (Cy N Cs). Analyzing this situation gives

Proposition 29.

N—-d+u d
D — .
1o (D1) Z <€—k+u> <u7k—u,k—u,d—2k+u>

0<u<k

6.3 Calculating p;(Dy, D3).

Let Dy,Dy € ([]c\l”) be two distinct subsets in the support of NW,. We consider a box b =
2 — box((A1, Ch), (A2,C3), S1,52) in pi (D1, De) which is equivalent to saying that

(D1\ C1) WA = (D1 \ C2) WAy =54

and
(DQ \\ Cl) WA = (Dg \\ 02) W Ay = Ss.

Note that here (C; U Cy) C D; N Dy. Analyzing this situation as in Section 6.2 gives
Proposition 30. If |D; N Dy| = w then

N —-2d4+w+u w
D1i,D9)| = ’
|M1( 15 2)| 0§k< {—k+u ) (u,k—u,k:—u,w—Zk‘—Fu)

6.4 Calculating ps(Dy, Ds).

Let Dy,Dy € ([]C\lf]) be two distinct subsets in the support of NW,. We consider a box b =
2 — box((A1,C4), (A2,C),S1,S2) in pi(D1, Dy). As we observed before this can happen only if
S1 = Sy = S (say). By definition we have

(Dl\\cl)HjAlz(Dg\\Cg)LﬂAQZS

Here, let C] = C1N(D1NDa), let C, = Can(D1ND3), and let C = C1NCY. Also let up = |C1\ C,
ug = |C4\ CJ, and u = |C|. Analyzing this situation as in Section 6.2 gives

Proposition 31. If |D; N Dy| = w then

N -2d4+w+2k—u—u; —us
D+i,D =
|p2(D1, Do) Z ( b—d+k+w—u—u —us >
0<u,u1,u2<k

d—w d—w w
k—u—up k—u—us UL, U2, U, W — U — UL — U )
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6.5 An exact expression for SurRank(B).

We are now ready to give an expression for Tr(B?) and thereby for SurRank(B) as well. Let Rq(w,r)
denote the number of univariate polynomials in F;2[z] of degree at most r having exactly w distinct
roots in the subfield F;. Then using the expression for |uo(D1)|,|p1(D1, D2)| and |p2(D1, D2)|
calculated above we get

Tr(B?) = Ty + Ty + Tb,

where

N —-—d+u d
T — 22, .
0 02;k<€—k+u> Q@k—mk—u@—2k+u>

N -2d+w+u w
T — d2T+2’ . .
] > ) Rd(w,r)( (ki )(u,k;_u,k:—u,w—Qk:—l—u)
k<w<r 0<u<k

N —-2d+w+2k —u—u; —uy
2 Z Z a(w,7) {—d+k+w—u—us —ug
0<w<r  0<u,u1,u2<k

d—w d—w w
k—u—u kE—u—uy U, U, U, W — U — U] — U )

6.6 Estimating the above expression.

First note that any polynomial h(z) € Fg2[z] of degree at most r that has w roots in F4[z] must be
of the form
(2),

h(z)=(z—o1) (z—a2)...-(z—aw) - h
where each a; is in Fy and h(z) € Fp|z] is of degree at most (r — w). Thus we have

Rd(’w, ’I") < d2r—2w+2 . <d>

w
d2r+2
- dv-w!
Estimating Ty. We have
d o d)-(d—=1)-...(d-2k+u+1)
uk—uk—u,d—2k+u) ul - (k—u)!- (k—u)!

(d)-(d—1)-...(d— 2k +u+1)
d2k—u

IN A

and since (¢ — k) < (N — d) we have that for all 0 < u < k:
N —-d+u < N—-d+k
l—k+u) ™~ l '

N —-d+k
14

So for d > 2
TO <9. d27’+2+2k . (
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We will now upper bound each of the sums 77 and 75.

Estimating 77. Let

S(uw)dﬁf 1 N —-2d+w+u w
T qe ! {—k+u u,k—uk—u,w—2k+u)

It turns out that S(u,w) is maximized at w = u = k (see section B.1 in appendix) and consequently
we have:

Claim 32. For anyd >4 and k < % and £ < % :

a4 /N —2d+ 2k
T, < (k) - ( + >

-k /

Estimating 75. Let

Si(wouun,u) = N L
W, usu1, u2) = C—d+k+w—u—u —us k—wu—u

d—w w
k—u—us U, U, Uy, W — U — U — U )

It turns out that Si(w,w,u;,us) is maximized at w = u = u; = ug = 0 (see section B.2 in
appendix). Consequently we have:

Claim 33. For ¢ > % +2d and k < %l we have

N — 2d + 2k d\ 2
< 3 . 4T+4 . .
L<(rk)-d ( (—d+k ) <k:>

Combining the above bounds, for the choice of parameters

d N klnd
r=3 and k=o(d) and €:2-<1— p >7 (6)

we have:
N—e dirt /N — 2 N — 2 d\?
rI\I. B2 < 2 . d27’+2+2k‘ . k' . X k‘S . d4,’,,+4 . )
(B < ¢ ) HUR G ¢ ) TR t—e ) \&

Now observe that for the above choice of parameters r, k and ¢ we have

N —e dytt /N —2e
 2r+2+42k < e
2-d <€>_(rk)d’f-k!<€>

so that overall
1 N —2¢\ [N -2\ [d\*
2 3 Ar+4
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This means that

T 2

SurRank(B) = ?rggg)
(e () ()
T 2k S )

_ dol(l) o ((Z)2 T (JD (/L)) (using (6)) .

This proves our main technical lemma, namely lemma 15.

7 The lower bound for general homogeneous YI1IXII circuits.

As hinted in the introduction, the problem of lower bounding the size of general homogeneous
YIIXII circuits reduces to proving lower bounds for low support homogeneous XIIXII circuits. We
now give the details of this reduction.

Definition 1. For a real number p € (0,1], define the distribution D,, on subsets of [N] obtained by
choosing every element in [N] independently at random with probability (1 —p). Thus, Dy : 2lN
(0,1] and for any R C [N] we have

Dy(R) = (1 —p)lf- pN I,

Let NW,. be the Nisan-Wigderson design polynomial as constructed in section 5. Let us consider a
homogeneous XII31II-circuit C computing it, i.e. consider any representation of NW, of the form

NWr:ZHQZj, (7)

where the Q;;’s are also homogeneous polynomials. Suppose that the total number of monomials
in the polynomials @;;’s is bounded by s. Then the following holds true:

Lemma 34. For any homomorphism o : Fx| — F[x] we have
or(NW,) = > [ or(Qs)-
(]
For a set R chosen randomly according to Dy, we have:

RP% [Fi,j:  or(Qij) contains a monomial of support more than t] < s - p'.
~Ep

Proof. The distribution D, “kills” a variable x with probability (1 — p), i.e. ogr(z) = 0 with
probability (1 —p). Now a monomial m of support size more than ¢ contains at least ¢t 4+ 1 distinct
variables. Each of these variables “survives” with probability p so that overall the monomial m
t+1

survives with probability at most p*™*, i.e.

P 0] < t+1 t.
B lonlm) #0197 <

By the union bound, the probability that some or(Q;;) contains a monomial of support ¢ is at
most s - pt. ]
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Choosing the parameters ¢, p and s: Set t = v/d, p=d ¢ (for an sufficiently small £ > 0 to be
fixed later), and suppose s < 95Vdlogd Then,

P% (3,7 : or(Qi;) contains a monomial of support more than t] < 9-5Vdlogd
This means, there are “plenty of” subsets R such that the circuit C restricted to the variables in
R (i.e. or(C)) is a t-supported homogeneous depth-4 circuit. If we can now show that there exists

such an R that also keeps DPSPy, ¢ .(cr(NW,.)) sufficiently close to min ((],X) . (]Z), (zi)) then we

are done as before (by our discussion in Section 5.1). The following lemma together with Lemma
34 show this.

Lemma 35.

k
. ((N\ (N\ (N 1
5 DPSPrte(orR(NW:)) < gy - min <<k> ' <g>’ <e+e>>] RPLEIOK

Proof. To prove this lemma, we need to examine how the setting of variables in R ~ D, to zero
effects the dimension of projected shifted partials of NW,.. Clearly

or(NW,) = Y ep-xp,
DeSupp(NW;)

where ep is an indicator variable such that ep = 1 if og(xp) # 0, and ep = 0 otherwise. By
definition,

DPSPy ¢.c(0r(NW;)) = dim <7Te+e,e+e(x(:£’:£) : 8:’“JR(NW,,))>

Like before (by proposition 18), the above measure corresponds to the rank of a matrix Mp :=

M (o r(NW,)), which in turn equals the rank of Bg = M} - Mg over the field of reals. rank(Bpg) is
Tr(Br)* Tr(Bg)?
Tr(B%) Tr(B%)
large with high probability when R ~ D,.. Hereafter, we will refer to cr(NW,.) as ¢ at some places,
and the number of monomials in og(NW;) as u(g). Let Erp,[Y] denote the expected value of a
random variable ¥ when R is chosen according to the distribution D,. We will at times simply

write £[Y] or Pr[-] forgoing the subscript R ~ D,. Note that

nlg) = > ep

DeSupp(NW,)

= Epp, [u(9)] = p*-d*T =1 (say)

lower bounded by so that it suffices to show that this ratio, namely is sufficiently

Claim 36. Prp.p, [Tr(Bg) < & -p? - Tr(B)] < p%, if 0 <e< 2 and d > max <2i, 2}3%55)

Proof. As in proposition 21, Tr(Bg) = Tr(M} - M) = number of nonzero entries in Mp. Arguing
along the same line as in proposition 22,

Te(Br) = plg)- (Z) : (N; 6)

= emal = o (1) (V) =t mm)
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Hence,

.7]_

It turns out that the variance of u(g), denoted by Var(u(g)), can be upper bounded as follows (see
section C in the appendix).

N | =

P | Te(Br) < 3 " To(B) | = Pr [uto) <

2 ) 1
Var(u(g)) < 7'(1_pd)+V2'ZTd (if d > 272)

1—¢
2/3—¢

1 )
= Pr [u(g) < B -’y} < p (by Chebyshev’s inequality, if d >
p

)

Claim 37. Pr [Te(B3) > (2K%%) -2 - max (b - (V5%), (V72) - ()] < &

Proof. We argue along the same line as in section 6.1. By propositions 24 and 25, Tr(B}Q%) equals the
number of boxes in Mg such that all the four labels are valid sets in the support of og(NW,). Ob-
serve that proposition 26 is applicable in this setting as well because Supp(or(NW,.)) C Supp(NW,.).
Which means, following the same definitions of (D), pi(D1, D2) and (D1, D2) (as in corollary
27), we arrive at the following equations:

Tr(B%) = T4+ T)+ T4, where

Ty = > en, - luo(Dy)]
D1 €Supp(NW;-)

= Z ep, - ep, * [p1 (D1, D2)|
D1#D2€Supp(NW,)

Ty = > ep, *ep, - |p2(D1, D2l ,
D1#D2€Supp(NW,.)

where ep’s are the indicator variables as defined above. Now, using the facts that £lep] = p? and
Elep, - ep,] = p®~™ if |D1 N Ds| = w, and mimicking the calculations of sections 6.5 and 6.6, we
get the following upper bound.

£ [M(BR)] = L] +ET] + T3]

oo (g (1) (1))

By Markov’s inequality, Pr [Tr(B%) > d - € [Tr(B%)]] < &. This proves Claim 37. O

IN
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. . . e 6
Using Claims 36 and 37, with probability at least 1 — ik

Tr(Br) > 3 -p?- Tr(B) and
1 N —2¢\ (N -2\ [(d\°
Tr(B? 2k3d?) - 4% — :
I‘( R) < ( ) Y- max (pd)kk‘ / ) /—e k y
Tr(Bgr)?
= rank(Bgr) >
(B3
k N N N
> dg(l) - min <(k5> . <€ >, (f N e>> (by mimicking the previous calculations)
The proves Lemma 35 as rank(Bpr) = DPSPy ¢ (0 r(NW,.)). O

By Lemma 34 and 35, and applying union bound, there exists a subset R such that or(C) is a
t-supported homogeneous depth-4 circuit and

DPSPyc(0r(NW;)) > dgfn min ((JZ) ' <]Z> <€fe>> '

If we choose a sufficiently small constant ¢ then p* = d—¢* is sufficiently large and the top fanin of
or(C) (also the top fanin of C) is 22(Vd1og N) ' Recall that we arrived at this conclusion assuming
that the total sparsity of C, which was denoted by s, is less than 2¢/ 2-Vddlogd, Therefore, overall we
get a lower bound of 22(Vdlog N) o the size of the homogeneous depth-4 circuit C computing NW,..

8 Lower bounds for polynomial families in VP

The Iterated Matrix Multiplication polynomial. Fix any n,d € N such that n,d > 2.
Define sets of variables Xi,..., X, as follows. If p € {1,d}, X, = {xg-p) ’je [n]} is a set of

n variables; otherwise X, = {xg.plz ‘j,k‘ € [n]} is a set of n? variables. Let X = Upefq Xp and

N = |X| = (d — 2)n? + 2n. We think of X; and X, as row and column vectors of variables

respectively and of X, (p € [d] \ {1,d}) as n x n matrices of variables. Now, we define the

IMM,, 4(X) polynomial as the (unique entry of) the product of the matrices X --- X4. Formally,
TMM,, 4(X) = Z L@ @) (@)

a1 Yiige Jd—2,dd—1""Jd—1
jl""?jd*l

An alternate, combinatorial and quite useful way of looking the above polynomial is through the
lens of Algebraic Branching Programs (ABPs) (see, e.g., [SY10]). Consider a homogeneous ABP
A defined over vertex sets V, ..., Vy where Vo = {0}, Vj = {v@} and V, = {vz(p) | i € [n]}
for p € [d —1]. The ABP contains all possible edges between V,, and V41 for p € {0,...,d — 1}.
Each edge e is labelled with a distinct variable from X: the edge e = (U(O),vj(-l)) is labelled with

2y e = (P o) s labelled with 2{%"; finally, e = (0", 0() is labelled with «{”. The
ABP computes a polynomial by summing over all paths p from v(® to v(9) the monomial which is

obtained by multiplying the variables labelling the edges along the path. It is easily verified that
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the polynomial computed this way is IMM,, 4. Throughout, we omit mention of the set of variables
X if the values of n and d are fixed. Recall that a monomial over the variables in X is said to be
multilinear if it is not divisible by x2 for any € X. Given a monomial x!, we define the matriz
support of x! — denoted MSupp(x!) — to be the set of all p € [d] such that m is divisible by some
z € Xp. We call a monomial x! set-multilinear if it is multilinear and furthermore, it is divisible
by exactly one variable in X, for each p € MSupp(x!).

Throughout this section, we fix some n,d € N and work with X = UpE[d] Xp, the set of variables
over which IMM,, 4 is defined.

Remark 38. In what follows we choose to work with a measure that is a slight variant of the
dimension of the projected shifted partial measure (defined in section 2). This is only for ease of
exposition. We call this variant the dimensions of the shifted projected partials.

The measure. Let f be a polynomial in Flz,...,zy] of degree d. Let S; and Se be certain
fixed subsets of monomials in the N variables. For a polynomial g = ), cix!, where ¢; € F, define
75, (9) == Y sies, cx!' ie. 7, (g) is the projection of g onto the monomials in S;. Consider the
following vector space, we call the space of the shifted projected partials of f:

ok f

Vio(f) = spanp{x' - g, <M
Ji - Jk

) il < 2 and H zj, € So}. (8)

q€(k]

The measure is the dimension of this space, denoted by . ¢(f) := dim (Vg ¢(f)). The choices of Sy
and S used for IMM,, 4 will be made precise in sections 8.1 and 8.3. The parameters k and ¢ will
also be fixed in the analysis later. Since S; and Ss are fixed, it is easy to verify that the measure
obeys the subadditivity property.

Lemma 39 (Subadditivity Lemma). For any f,g € F[X], we have py¢(f 4+ g9) < pre(f) + pre(g)-

8.1 The derivatives of IMM,, 4

We define the derivative operators as in [FLMS13]. Let X3, Xo,..., X be the matrices that define
IMM,, 4. Let k be a parameter which will be fixed later and r = Lkiﬂj — 1. We choose evenly
spaced k indices p1,p2,...,pk, i.e. p1,p2,...,pr are chosen so that for all 1 < ¢ < k41, p, —

(pg—1+1)) > r, where pg = 0 and pr11 = d+1. Now we choose one variable each from the matrices

Ef 71]-)1 , xg) 2])2, . ,:BZ(-i7 ’“J)k, respectively and take derivatives with respect to them

- this defines the set Sy in Equation (8). More precisely, for any I = (i1, 1, ...,k jr) € [n]?,

Xy Xpgy ooy Xp,, 52y @
let m; denote the monomial ) 22 2% and for a polynomial F' € F[X], let O;F denote

11,71 12,72 ek

({)81“F>, Then S; is the set {my | I € [n]%}

(p1) (pg)
i1,01 "'&Eikvﬂ'k
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d--1

8.2 Restriction applied to IMM,, 4(X)

We will define a restriction as in Section 6 of [FLMS13]. Fix p},...,p} ., € [d] such that for each
q € [k+1], we have min{p;, — (pg—1+1),p; — (P + 1)} = |51 ], where po, ..., pri1,7 are as defined
in section 8.1. Let P’ = {p, | ¢ € [k]} U {pfl | q € [k +1]}. For j1,jq € [n] and tuple of bijections
B=(¢p€Sy:peld\ (P U{L,d})), we define the restriction 7 = 7}, ;, p as follows: For z € X

0 ifz= :L‘g-l) for j # j1,

)] 0 = 2 for j # ja,
0 ifz=a) forpe[d\ (P U{Ld}) and ¢,(i) # ,
x otherwise.

We denote by R the set of all such restrictions. Given a restriction ¢ € R and a polynomial
f € F[X], we denote by f|, the polynomial f(o(z): z € X). Let 79 = 71,1,5, where By is a tuple
of identity permutations and let F' = IMM,, 4/,

8.3 Measure 1y, applied to a restriction of IMM,, 4(X)

Just as in [FLMS13], we work with the special restriction F' = IMM,, 4|5, for the ease of presen-
tation. The lower bound on the measure given by Lemma 40 (below) holds for every restriction
7 applied to IMM,, 4 i.e. for every IMM,, 4. In [FLMS13] it was proved that the dimension of
the shifted partials space of F' is large. It turns out that the measure u(F) is exactly equal to
the the dimension of the shifted partials space of F', if the set S1 in Equation (8) is defined as follows.

The projection 7g,: The map mg, becomes well defined once we specify the set Sj. Let
P1,P2,--., P be as defined in Section 8.1. The set S; is defined as the set of all set-multilinear
monomials which are supported on variables in X'\ (UqXp q). We can now prove this lemma formally.

Lemma 40. Let k, ¢ € N be arbitrary parameters such that 20k < d < £ and k > 2. Then,

N+7¢ 9 (N+{—d/40
> . _ .
pie(F) > M < 0 > M ( 0= d/40 ),
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where M = ankj.

The proof of this lemma follows that of [FLMS13, Lemma 11] closely. For completeness, the entire
proof is presented in section D of the appendix.

8.4 Lower bounds for certain XI[XII formulas

In this section, we prove a lower bound for certain variants of X111 formulas that we define below.
Fix n and d and let X be the set of input variables to IMM,, 4. Let Z denote the set Upe pr Xp —
where P’ is as defined in section 8.2 — and Y = X \ Z. Let J denote the ideal generated by all
the non-set-multilinear monomials over X.

Given X' C X and f € F[X], we denote by degx/(f) the degree of f seen as a polynomial over the
variables in X’ with coefficients from F[X \ X’].

Definition 2 (EH[D]EH@ formulas). An XIIXIT formula C is said to be an EH[D]EH@ formula
if the fan-ins of its layer 3 multiplication gates are bounded by D, and the layer 1 I gates in C
compute monomials X' s.t. degy (x!) < t.

The main result of this section is the following:

Lemma 41. For large enough n,d € N, any D € N and t,k € N such that t > 4 and kt < d/1000,
the following holds. Let C be a EH[D]EH&/QH formula such that C = IMM,, 4|5 (mod J) for some

k
o € R. Then, the top fan-in of C is at least ﬁ (”16;5’“) .

The proof of the above combines Lemma 40 along with an upper bound on the dimension of the
shifted projected partial derivative space of C. To be precise, we prove the following:

Lemma 42. For any n,d,D,k,¢ > 2, we have the following. Let C be a EH[D]ZH@ formula over
the variables in X of top fan-in s and let f be any polynomial from J. Then, we have

D> _ <N+£+(t+1)kz>

““(CJrf)Ss'Qd'(k 0+ (t+ 1Dk

Assuming the above lemma, let us finish the proof of Lemma 41. We will need the following
technical facts (see [FLMS13, Section 3] for the proof of Fact 2).

Fact 1. For any integers N, £, r such that r < £, we have

(") = (ﬁ{ﬁ) ()

l—r

Fact 2. For any integers n,d > 2, N = (d — 2)n? + 2dn and t > 1, there exists an integer £ > d
such that nl/16 < (%)t < nl/4,

Proof of Lemma 41. [FLMS13, Claim 14] observe that all the polynomials IMM,, 4|, are equivalent
in the sense that they can be transformed to one another by permuting the variables in each X,

(p € [d]) suitably, which also preserves the ideal J. Thus, it suffices to prove the lemma for
F =IMM,, 4|, only.
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By Fact 2, we can fix £ € N such that nt/16 < (NTH)t < nl/4. For this choice of £, we first lower
bound py, ¢(F') using Lemma 40, which tells us that

tee(F) = M - <NZ 6) - M? <NZ_€CZ_/Z(/)4O> (9)

where M = [n!5%].
Note that for our setting of parameters, we have

MY 1 <N+£

d/40
> (by Fact 1)

N+e—dj40\ = 1.5k
M2 (% e ) " ¢
(n1/16t)d/40 Ok
L5k >n® > 2

for large enough n. Thus, using the above and (9), we obtain that

pea(F) > 2 (N N g) (10)

Now, since C' = F (mod J), we have F' = C' + f for some polynomial f € 7. Then, Lemma 42
and Inequality (10) above together imply that

M ) 1 ontt2 o (N
s > . .
= 4 (D NA+2+([t/2]+1)ky = 9.9d (eD\k  (N+l+tk
2-2 (k) ( e+((£;2/]j1)k)) 227 (%) ( C+tk )
1 nl.5k 1
> .
= 4. 21(D)k (N#)tk (by Fact 1)
k
1 ntok 1 niok k .
> 1 od (eD- (Nﬂ)t> > 1 9d <eD : n1/4> (by choice of ¢)
1 125\ F
>_ - (=~
—4.2d ( eD ) ’
which implies the lemma. O

All that remains is to prove Lemma 42, which is done in section E of the appendix.

8.5 Lower bounds for XIIXII homogeneous formulas

In this section, we prove Theorems 3 and 4. The idea of the proof is to show that if IMM,, 4 or Det,,
has a small XIIXII homogeneous formula, then there is a restriction o € R such that IMM,, 4|, has

a small X11(P ]EH%E] formula (mod J) (for suitably chosen t and k). We then appeal to Lemma 41
to get the result. We first prove a restriction lemma for IMM,, 4.

Lemma 43. For all large enough n,d € N, any D,t,k > 1, we have the following. If IMM,, 4 has a

SHPISTT formula of size s < n'/10, then there is a restriction o € R and a EH[D]EHQB/Q” formula
C' of size at most s such that C' = IMM,, 4|, (mod J). Moreover, if C' is also homogeneous, then
we can find a homogeneous C' satisfying the above.
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Proof. We show that a random ¢ € R will meet our requirements with good probability. Formally,
choose ji,jq € [d] and B = (¢, € Sy, : p € [d] \ (P’ U{1,d})) each independently and uniformly
at random and set o = 7j, ;, p as defined in section 8.2. Note that for p € [d] \ P’, each variable
xz € X, is set to 0 with probability 1 — 1/n; moreover, the restrictions in X,,, X,y for p # p’ are
independent.

Let Cy be the formula obtained by setting all variables x € X to o(z) and removing Il-gates at
layer 1 which have an input set to 0; clearly, C; is a SHPISIT formula that computes IMM,, 4l
We call a 0 € R good if every gate g at layer 1 in C' computing a set-multilinear monomial such
that degy (g) > [t/2] has as input some variable that is set to 0 by ¢ and hence removed from C'.
We claim that o is good with probability at least 1/2.

To see this, consider any gate g at layer 1 in C' computing a set-multilinear monomial x! such that
degy (g) = [MSupp(x}) N ([d] \ P")| > [t/2]. We can factor x! as (I pemsupp(xiyn(ap py Zp) - xd for
some monomial xJ. Then, g survives in Oy iff no variable z,, (p € MSupp(x!) N ([d] \ P')) is set
to 0 by 0. Since the probability that each such z, is not set to 0 is at most 1/n and this event is
independent for distinct p, the probability that g survives in C] is at most # Taking a union
bound over all such g — of which there are at most s many — we see that the probability that any

such g survives in '} is at most s - ﬁ < 1/2 for large n since s < nt/10,

Now, fix any good ¢ and C = C|, which computes IMM,, 4|,. Let C" denote the formula obtained
from C by removing all gates g at layer 1 such that degy (g) > [t/2]. By our choice of o, all such
gates compute non-set-multilinear monomials in 7. Thus, C' = IMM,, 4|, (mod J) as claimed in
the lemma statement. Moreover, it is clear that C’ has size at most the size of C' which is s.

Finally, note that C’ was obtained from C' by removing some of the monomials computed at layer
1in C. If C is homogeneous, then we can assume w.l.o.g. that all the monomials feeding into a
Y-gate at layer 2 have the same degree. It thus follows that if C' was a homogeneous formula, then
sois C'. O

We now prove the lower bound for IMM,, 4.

Proof of Theorem 3. We first fix the parameters that we will be using. Choose t,k such that
t = min{|v/d], |logn/5000]} and d/4000 < kt < d/2000. Let C' be a homogeneous formula of size
s computing IMM,, 4. Note that since C' is homogeneous, it is in particular a SIS formula. If
s > n'/19 then we have the claimed lower bound and thus we are done.

Otherwise, we can use Lemma 43 and obtain a restriction o € R and a homogeneous EH[d]ZHgt/ 21l
formula C” of size at most s such that C’ = IMM,, 4|, (mod J). Note that, in particular, the top
fan-in s of C’ is at most s.

Since C" is EHW]ZH%&/ 2”, each input polynomial f to a II-gate g at layer 3 in C” satisfies degy (f) <
[t/2]. We now apply the following transformation to C’: if any Il-gate g at layer 3 in C” has two
inputs f1, fo such that degy (f1),degy (f2) < t/4, then we replace them by a brute force Zﬂgﬂt/ 21l
formula computing their homogeneous product fi fo. This process clearly ensures that the formula

remains ZH[d]EHgt/ 21 and moreover, does not increase the top fan-in of C’. We repeatedly apply
this transformation to C” until we have an equivalent homogeneous formula C” of top fan-in at
most s that moreover has the property that any Il-gate at layer 3 has at most one input f such
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that degy (f) < t/4. In particular, this last property along with the homogeneity of C” ensures

that any layer 3 II-gate in C" has fan-in at most 4d/t+1 < 5d/t. Hence, C" is a ZHHE’d/t“ZHgﬂt/m
formula of top fan-in at most s such that C” = IMM,, 4/, (mod J).

Lemma 41 tells us that by our choice of k and ¢ and for large enough n, we have

1 nkt\ 1 n Nk pd/4500t nQVa) 50
S>> — [ ) > — (—) > > .
S=8 = ad <5ed> =4 (60000> = gl SR

Note that the above lower bound is V9 when d < elog?n for a small enough ¢ > 0; for
d = Q(log? n), the above is n2(°8") Thus, we have the theorem. O

We now turn to the lower bound for Det,. We first need a lemma due to Toda [Tod92]. Given

parameters ni,d; > 2, we let X(ny,d;) denote the set of variables over which the polynomial
IMM,,, 4, is defined.

Lemma 44. For any ny,d1 € NT and any n > nidy, there is an n x n matric M whose entries
are either 0, 1, or variables from X (ni,dy) such that Det, (M) = IMM,,, 4,.

Proof of Theorem 4. For large enough n, we can fix ny and d; = @(log2 n1) such that n/2 < nydy <
n. Set t = |logny /25000 and k£ > 10 such that d; /4000 < kt < d;/2000.

Assume that C' is a homogeneous XIIXII formula of size s for the polynomial Det,,(y; ; : 4,j € [n]).

In particular, note that C' is a SIIMEII formula. If s > ni/ 10 Q(logn) then we have the claimed
lower bound and we are done. Otherwise, we can use Lemma 44 to transform C into an ST XII
formula C7 of size at most s for IMM,,, 4, by substituting each y; ; by M; ; throughout C. Now,

=N

we can apply Lemma 43 to C'; and obtain a restriction o € R and a EH[”]EHgt/ 2 formula € of
size at most s such that C/ = IMM,,, 4,|s (mod J). Note in particular that the top fan-in s of C’
is at most s.

Lemma 41 tells us that for large enough n we have

i k d1 /20000t
1 n%.% 1 n%'25 nk/5 nll/ _ ofd1) _ ,,Q(ogn1) _ _Q(logn)
=2 =n =n )

> . > . > >
= 9d \Ten ) T 228 \2enyd; ) T 4200 = 424

and since s < s, we have the theorem. ]

9 Conclusion

As mentioned in the introduction, proving good enough lower bounds (specifically gw(Vdlog N ))
for homogeneous depth four formulas yields superpolynomial lower bounds for general arithmetic
circuits. Our lower bound of 9(Vd1og N) (e temptingly close to this threshold. So a very natural
question would be to improve the exponent. A more modest aim might be to further understand
the power and limitations of our techniques/complexity measure. With this intent we formulate a
concrete conjecture that might serve as the goal of such an undertaking.

Conjecture 45. There exist a (family of) homogeneous polynomial(s) f of degree d in N = d°()
variables which can be computed by poly(d)-sized homogeneous circuits of depth six but for which
any homogeneous circuit of depth four must have superpolynomial (in d) size.
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A Proof of preliminaries

Lemma 46. Let a(n), f(n), g(n) : Zso — Z be integer valued function such that (f + g) = o(a).

Then,
(at+f)! (f +9)°
1 = Ina + M TS
S P (f+g)lna £ O "
Proof.
(a+ f)!
= (a + a+f—1)...(a—qg+1
=t e+ =) (a— g+ )
! f+yg
— af+9<1—9)f+g < et (14 ]
a (a—g)! a
9 (a+ f)! f
_Z < _ < I
—  (f+om(1-2) < i U rg)a < (f+g)1n<1+a
Using the fact that 7 <In(1 + ) <x for z > —1, it is easy to see that both the LHS and RHS
are bounded by O (@) O
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B Proof details for section 6.6

B.1 Estimating T

The following calculations show that S(u,w) is maximized at w = u = k.

S(u,w+1) 1 (N—-2d4+u+w+1)
S(u,w) d (N—-(—-2d+k+w+1) - (w—2k+u+1)

1 N

< d‘(N—(l}—Qd) (sincew —2k+u>0,u+w+1<k+w+1<2d)
1 N N

< ,.N(i) (forég,dzél)
4 (5 —2d) 2

< 1 (since N=d> d)

Thus for a fixed u, S(u,w) is maximized at w = 2k — u. Now for any u < (k — 1) we have

Stu+1,2k—u—1) N—0—2d+3k—u (k—u)?
S(u, 2k — u) B {—k+u+1 (u+1)
Loy N2 1
l k
> 4'% (for k < 4d)

8 N N
> N(E_Zd) <fOI‘£<2>

> 1 <since N=d > 1§d>

Thus S(u,w) is maximized at w = u = k.

B.2 Estimating 75

The following calculations show that S1(w,u,u,u2) is maximized at w = u = u; = ug = 0.

Si(w+ 1,u,uy,u9) 1 (N—-2d+2k—u—u —ug+w+1) d—k+u+u —w
S1(w, u, uy,uz) d l—d+k—u—u—ug+w+1 d—w
d—k+u+u —w 1
d—w w—u—u; —us+1
1 N-2d+2k4+w+1 1
< . : i <k
— d ft—d+k-2k+w+1l w—u—u —uz+1 (since u +ur,u +up < k)
1 N-2d+2k+d
< 7 E—djk:—;ro (since 0 <u+u +uz < (w+1) <d)
1 N d
< . f ¢
= 472 (Ork<2>

< 1 <f0r€>];]+2d>
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So for a fixed u,u;,u2, S(w,u,u;,ug) is maximized at w = u + u; + ug. Let So(u,ui,uz) =
S1(u + ug + ug, u,uy,uz). Then for any u < (k — 1) we have

So(u+ 1,u1,usz) 1 k—u, —u k—us—u 1
Sa(u, uy, uz) B g‘d—ul—ug—u'd—ul—ug—u.u—i—l
< 1 b . K (since u + uj,u + ug < k)
— d d—2k d-2k ’ -
<% <fork<g)
< 1

Thus for fixed u; and g, Sa(u,u1,usz) is maximized at u = 0. Proceeding in a manner similar to
above we see that So(u,u1,us) is maximized at

u=1u; =ug =0.

C Variance of u(g)

Recall that

ulg) = > e

DeSupp(NW;)
= Eu(g)) = pt-d¥ =y

Now, let us bound the variance of p(g). In the summations below, D, Dy, Dy run over all elements
in Supp(NW,.).

Var(u(g)) = Elulg)®] - Elu
B 2

2
= £ Ze% + Z ep, " €D, | — ZS[eD]] (by linearity of expectation)
D

D1,Dg L D

= €D ep+t Y epcepy| — ) Elepl’+ Y Elep,]-Elepy]| (as el = ep)

D Dy,Dy D Dq,Dy
L D1#Do i L D1#Do
= & ZSD *ZE[BD]QJrg Z €D, €Dy | — Z Elep,] - Elep,]
L D D Dq,Dy Dq,Dq
Dl;éDQ D13£D2
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Var(u(g)) = p*-d 2 —p* a4 )" g > €D, " €Dy | — > Elep,] - Elep,]
w=0

Dq,Dy Dq,Dy
D1#Da, ‘DlﬁDz‘ D1#Da, |D10D2|
= v-(1 _pd) + Z Z (€lep, - ep,] — Elen,] - Elen,])

D1,Do
| D1#D3,|DiNDa|=w
(by linearity of expectation)

= 7 (1=p)+ ) > (' =)
w=0 Dy,Da

_D175D2,‘D1QD2‘=’LU
(as Elep,lep, = 1] :pd_w if |D1 N Dy| = w)

SRR SRS V] ) SR SR Caty
D

1 Do
D175D2,|D1ﬂD2‘=’w

= ~-(1-pH+ Z ZRd(w,T) - p (p™" —1)| (recall R4(w,r) from section 6.5)
D

< v (L=ph)+p* D [ Ry(w,r) - p]
w=1
2r+2
< 4-(1-— Z ( since Rd(w,T)de‘w!)
%
< v (1—ph+A2- od (as pd = d'° > 2 if d > 277%)

D Proof of Lemma 40

By the definition of j ¢, we have py, o(F') = dim(Vy¢(f)) where

; O'F
Vi o(F) := spanp{x' - mg, ( ) | li| < ¢ and H a:Z Jq € Sy}

(p1) Pk)
8$11 1]1 : 83:%?]1@ q€k]

= spang{x' - 7g, (0;F) | |i| < £ and I € [n]**}

First observe that any 97 F is a monomial given by p1ps ... pgi1, where
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1 /
o= (s IO o2t ( T

1<p<p} P <p<p1
gt hi
_ (p) (pg) H (p)
pg = H L5 e | Tt Tioia (forl<g<k+1)
Pq—1<p<pj Py <p<pq
I I
9q hg
_ (») (Plos1) (p) (d)
Pl+1 = H Lirgr | Fir H i1 ] 4
P<p<Pj, P <p<d
TV
I I
k41 Pt

Due to the above structure of 9;F we have the following claim.

Claim 47. VI € [n]?*, 9;F € 5.

Claim 47 implies that for all I € [n)?*, g, (0;F) = OrF. Therefore, we get
Vio(F) = spang{x' - 9rF : |i| < £ and I € [n]**}

The analysis of the dimension of Vi ¢(F') is now very similar to the analysis of the dimension of the
shifted partial derivative space of F' as done in [FLMS13].

Let M = {x'-9;F : |i| < ¢ and I € [n]**}. Since M is a set of monomials, the dimension of the
span of M is exactly |M].

Another way of looking at M is M = [jcp2 M1, where M; := {x! | li|j<f+d—kand

OrF divides x'}. Therefore, we have the following claim.

Claim 48. For F and M; (I € [n]**) as defined above, we have dim(Vy((F)) = |M|, where
M == UIe[n]Qk M[-

In what follows, we do not distinguish between multilinear monomials over the variable set X and
subsets of X.

Claim 49. For any I,I' € [n]?*, we have

Oy F\9;F| > A(I,T) - V 3 1J

where A(I,1') denotes the Hamming distance between I and I'.

Proof. Consider any I, 1’ € [n]?*. Say I = (i1, 1, .-, ik, jr) and I’ = (i, 41, . .. ,i%s Jp)- Then, using
the notation from the definition of 9;F, we have

OpF\OF 2 | gk \gby )0 (b \ b

q€lk] q€[k]
> U @\gu U (kg \ k).
a€[kl:jq#iq qE[k]:iq#il,

36



where AUB denotes the union of disjoint sets A and B.
Now, when j, # jg, then the monomials ggﬂ and gé;rl are disjoint and hence |g£;1\gé+1| = |g§;1| >
|51, Similarly, when iq # iy, We have |hé/ \ hl] > |52 .

OpF\OrF| > > gl \gial+ > |h \ R
q€[k]:jq#d4 q€[k]:iq 71y

> A(11)- V;lJ ,

which completes the proof of the claim. O
Claim 50. For any I € [n)?*, we have |IM;| = (NZE).

Proof. A monomial x! € M iff there is a monomial x3 such that j </ and x! = x3 . 9;F. Thus,
|M]| is equal to the number of monomials of degree at most ¢, which is (N ;@)‘ O

Claim 51. For any I, I’ € [n)?*, we have

N+ —|(0pF\ O F
‘M[ﬁM[’|:< |(I \I )‘)

{—|(0pF \ OrF)|

Proof. Fix any I,I’ as above. Any monomial x! € M; N Mp may be factored as x! = xJ - 97 F -
(OpF\ OrF). where j <{l+d—k—(d—k)—|(OpF\ O1F)|=¢—|(0pF \ OrF)|.

Thus, |[M;N Mp| is equal to the number of monomials of degree at most ¢ — [(9p F \ OrF)|, from
which the claim follows. O

Claim 52. For any k € N and large enough n € N, there exists an S C [n]?* such that
° ’S‘ — Ln1.5kJ;
e For all distinct I,I' € S, we have A(I,1") > k/4.

Proof. We construct the set S by first greedily choosing vectors which have pairwise Hamming
distance at least k/4 and then prove that the set thus formed has size Lnl'f’kJ. A standard volume

2k
Vol (2K /3)
Vol,,(2k, k/4) stands for the volume of the Hamming ball of radius k for strings of length 2k over an

alphabet of size n. It is easy to see that Vol (2k, k/4) = Z,’fﬁ) (Qk) (n—1)¢, which is upper bounded

i

argument [GurlQ] gives that the set picked greedily as above has size at least where

by 2(,3/]“4) (n —1)*/%. This in turn is at most n*/3 for large enough n. Therefore, |S| is at least é‘TQ/’;,

i.e. |S| > n®*/3. By choosing a subcollection of the vectors thus chosen, we can ensure that |S| is
exactly Lnl'g‘kJ. O

Recall that a very similar claim (Claim 10) proved in [FLMS13] gave S = L(%)kJ This size of S

was sufficient for the proof of Lemma 11 in [FLMS13]. We will now see that a slightly larger sized
S will be useful for us to prove Lemma 40.
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Proof of Lemma 40. Fix § as guaranteed by Claim 52. By Claim 48, it suffices to lower bound
|M]|. For this, we use inclusion-exclusion. Since M = J; M|, we have

M| > | Myl
1eS
> IMil= >0 IMinMyl. ()
IS I#£I'eS

By Claim 50, we know that |M;| = (NZFZ). By Claims 51 and 49 and our choice of S, we see that
for any distinct I, I’ € S, we have

N+t—k/4-[(r—1)/2) N +£—dj40
M““M”§<z—meume>§<e—wm )

where the last inequality follows since |(r —1)/2] > d/10k for k < d/20 (recall that r denotes

-0

Plugging the above into (11), we obtain

N+ , (N +0—d/40
> . — . .
mizist (Y s (Y00

Since |S| = |n!**|, the lemma follows.

E Proof of Lemma 42

Fix C and f as in the statement of the lemma. By Lemma 39, we know that p,(C + f) <
i e(C) + pre(f). The latter term is handled first.

Claim 53. For every g € J and every I € [n]?*, we have g, (0rg) = 0. In particular, ux(g) = 0.

Proof. By linearity, it suffices to prove the above for every monomial x' € 7. Since x! is non-set
multilinear, there exists some p € [d] and x,y € X, (possibly equal) such that zy|x!. There are two
cases to consider:

e p&{p1,...,pr}: In this case, it is easy to see that xy|d;x as well and hence 7, (9rx!) = 0.

e pc {p1,...,pr}: Either z and y are distinct or z = y. In the former case, we note that
since we derive w.r.t. at most one of x or y, it must be the case that either z|9;x! or y|9;x!.
In the latter case, since we derive at most once w.r.t. x, we have x](?[xi. In either case,
TS, (Ofxi) = 0.

O]

Thus, we only need to bound py ¢(C). Assume that C = Y7 ; C;, where each C; is a H[D]ZHQE]
formula. By Lemma 39, it suffices to show that for each ¢ € [s], we have

pre(Ci) <27 <lk)) : (NZf(J;Ef;r);)k) (12)
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Let i € [s] be fixed for the rest of the proof. We may assume that the top fan-in of C; is exactly D
and hence Cj = []¢p] @p where degy (Qp) <t for each p € [d]. Consider any I € [n)?*. By the
product rule for differentiation, we can see that 0;C; can be written as

acy= ), [T ] @Qia
AC[D):|A|=D—k \peA
where for each A, Q/I,A satisfies degy(Q’I’A) < tk. Let Q4 denote HpEA Qp. Hence we have

{a](cl-)

Thus, we have by linearity,

{ms.(@r(C) | 1€ P} < spang {ms,(@a %) | 14] = D — k. desy () < th |

Ie [n]%} C spang {QA - x ‘ AC[D],|A] = D — k,degy (x)) < tk‘}

Now, by the definition of 7g,, ms, (Q4 - x}) = 0 if either xJ is non-set-multilinear or it is divisible

by a variable in qu[k] Xp,- Thus, in the expression above, we may range only over xJ that are set-
multilinear and not divisible by any z € ge[k] Xp,- In particular, this implies that degy (xd) <k

recall that Z = , X)) and hence |j| = degy (x) 4+ deg,(x3) < tk + k = (t + 1)k. Thus, we get
peP’ “*P Y Z

{ms,(01(C) | 1 € n**} € spang {ms, (Qu %) | 14] = D= k) € ME | < (4 Dk (13)

where we use M¥" to denote the set of all set-multilinear monomials over X.
To analyze the above, decompose @ 4 further as

Qa=Qxm+ > Q4
BC[d]

where Q"°™ is the sum of all the non-set-multilinear monomials in @ 4 (with the same coefficients)
and QF (for each B C [d]) is a linear-combination of set-multilinear monomials x'* appearing in
Q4 such that MSupp(x't) = B.

Since non-set-multilinear monomials lie in the kernel of g, we have for any x e M,

75, (Qa - x) =75, (QF™ - x) + Y 75, (QF X)) =0+ D 75,(QF - %) (14)

BC[d] BC[d]

What follows is a crucial observation: for any B C [d] and any xJ € M,

O’ lfBﬂ{plvvpk}?é(Z)’
. 0 if MSupp(x!) N {p1,...,px} # 0
B ) — ; PPAX )1 1P, - - - Pk ’
75, (@4 - x7) 0, if MSupp(x’) N B # 0,

Qﬁ -xJ,  otherwise.

In particular, along with (14), this implies that for any xJ € M, the polynomial 7g, (Qa -x3) lies
in spang {QF - xJ | B C [d]}. Plugging this into (13)

{ms(01(C2)) | 1 € )} < spang { Q- | |4l = D= k. Jj| < (¢t + Dk, B < [d]}
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We are now ready to bound s, ¢(C;). By linearity once more, we have
Vi Ci) = {x* - 5, (01(C) | T € In™, Jil < ¢
C spang { Q- x| |4] = D — k[j| < (¢ + 1)k, B C [d], fi] < ¢}

= spany {Qﬁ - x!

|A|=D —k,|i| <€+ (t+ 1)k, BC [d]}
Therefore, by the definition of ju, ¢, we get
ke (Ci) = dim(Vy ¢(Cy))

< [{@F ¥ |14l =D kil < £+ (t+ )k, B < [d}]
< (# of choices for B) - (# of choices for A) - (# of monomials of degee < ¢+ (t + 1)k)

() CE )

This finishes the proof of Lemma 42.
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