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Abstract

We give upper and lower bounds on the power of subsystems of the Ideal Proof System
(IPS), the algebraic proof system recently proposed by Grochow and Pitassi [GP14], where the
circuits comprising the proof come from various restricted algebraic circuit classes. This mimics
an established research direction in the boolean setting for subsystems of Extended Frege proofs
whose lines are circuits from restricted boolean circuit classes. Essentially all of the subsystems
considered in this paper can simulate the well-studied Nullstellensatz proof system, and prior
to this work there were no known lower bounds when measuring proof size by the algebraic
complexity of the polynomials (except with respect to degree, or to sparsity).

Our main contributions are two general methods of converting certain algebraic lower bounds
into proof complexity ones. Both require stronger arithmetic lower bounds than common, which
should hold not for a specific polynomial but for a whole family defined by it. These may be
likened to some of the methods by which Boolean circuit lower bounds are turned into related
proof-complexity ones, especially the “feasible interpolation” technique. We establish algebraic
lower bounds of these forms for several explicit polynomials, against a variety of classes, and
infer the relevant proof complexity bounds. These yield separations between IPS subsystems,
which we complement by simulations to create a partial structure theory for IPS systems.

Our first method is a functional lower bound, a notion of Grigoriev and Razborov [GR00],
which is a function f : {0,1}™ — F such that any polynomial f agreeing with f on the boolean
cube requires large algebraic circuit complexity. We develop functional lower bounds for a va-
riety of circuit classes (sparse polynomials, depth-3 powering formulas, roABPs and multilinear
formulas) where f (T) equals 1/p(@) for a constant-degree polynomial p depending on the relevant
circuit class. We believe these lower bounds are of independent interest in algebraic complexity,
and show that they also imply lower bounds for the size of the corresponding IPS refutations
for proving that the relevant polynomial p is non-zero over the boolean cube. In particular, we
show super-polynomial lower bounds for refuting variants of the subset-sum axioms in these IPS
subsystems.

Our second method is to give lower bounds for multiples, that is, to give explicit polyno-
mials whose all (non-zero) multiples require large algebraic circuit complexity. By extending
known techniques, we give lower bounds for multiples for various restricted circuit classes such
sparse polynomials, sums of powers of low-degree polynomials, and roABPs. These results are of
independent interest, as we argue that lower bounds for multiples is the correct notion for instan-
tiating the algebraic hardness versus randomness paradigm of Kabanets and Impagliazzo [K104].
Further, we show how such lower bounds for multiples extend to lower bounds for refutations
in the corresponding IPS subsystem.
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1 Introduction

Propositional proof complexity aims to understand and analyze the computational resources re-
quired to prove propositional tautologies, in the same way that circuit complexity studies the
resources required to compute boolean functions. A typical goal would be to establish, for a give
proof system, super-polynomial lower bounds on the size of any proof of some propositional tau-
tology. The seminal work of Cook and Reckhow [CR79] showed that this goal relates quite directly
to fundamental hardness questions in computational complexity such as the NP vs. coNP question:
establishing super-polynomial lower bounds for every propositional proof system would separate
NP from coNP (and thus also P from NP). We refer the reader to Krajicek [Kra95] for more on this
subject.

Propositional proof systems come in a large variety, as different ones capture different forms
of reasoning, either reasoning used to actually prove theorems, or reasoning used by algorithmic
techniques for different types of search problems (as failure of the algorithm to find the desired
object constitutes a proof of its nonexistence). Much of the research in proof complexity deals
with propositional proof systems originating from logic and from geometry. Logical proof systems
include such systems as resolution (whose variants are related to popular algorithms for automated
theory proving and SAT solving), as well as the Frege proof system (capturing the most common
logic text-book systems) and its many subsystems. Geometric proof systems include cutting-plane
proofs, capturing reasoning used in algorithms for integer programming, as well as proof systems
arising from systematic strategies for rounding linear- or semidefinite-programming such as the
lift-and-project or sum-of-squares hierarchies.

In this paper we focus on algebraic proof systems, in which propositional tautologies (or
rather contradictions) are expressed as unsatisfiable systems of polynomial equations and alge-
braic tools are used to refute them. This study originates with the work of Beame, Impagliazzo,
Krajicek, Pitassi and Pudldk [BIK™96a], who introduced the Nullstellensatz refutation system
(based on Hilbert’s Nullstellensatz), followed by the Polynomial Calculus system of Clegg-Edmonds-
Impagliazzo [CEI96], which is a “dynamic version” of Nullstellensatz. In both systems the main
measures of proof size that have been studied are the degree and sparsity of the polynomials appear-
ing in the proof. Substantial work has lead to a very good understanding of the power of these sys-
tems with respect to these measures (see for example [BIK"96b,Raz98, Gri98,1PS99, BGIP01,AR01]
and references therein).

However, the above measures of degree and sparsity are rather rough measures of a complexity
of a proof. As such, Grochow and Pitassi [GP14] have recently advocated measuring the complex-
ity of such proofs by their algebraic circuit size and shown that the resulting proof system can
polynomially simulate strong proof systems such as the Frege system. This naturally leads to the
question of establishing lower bounds for this stronger proof system, even for restricted classes of
algebraic circuits.

In this work we establish such lower bounds for previously studied restricted classes of algebraic
circuits, and show these lower bounds are interesting by providing non-trivial upper bounds in these
proof systems for refutations of interesting sets of polynomial equations. This provides what are
apparently the first examples of lower bounds on the algebraic circuit size of propositional proofs
in the ideal proof system (IPS) framework of Grochow and Pitassi [GP14].

We note that obtaining proof complexity lower bounds from circuit complexity lower bounds
is an established tradition, and takes many forms. Most prominent are the lower bounds for
susbsystems of the Frege proof system defined by low-depth Boolean circuits, and lower bounds on
Resolution and Cutting Planes system using the so-called feasible interpolation method [Pud97].
We refer the reader again to the monograph [Kra95] for more details. Our approach here for



algebraic systems shares features with both of these approaches.

The rest of this long introduction is arranged as follows. In Subsection 1.1 we give the necessary
background in algebraic proof complexity, and explain IPS system. In subsection 1.2 we define the
arithmetic complexity classes that will underlie the subsystems of IPS we will study. In subsection
1.3 we state our results and explain our techniques, for both the arithmetic and proof complexity
worlds.

1.1 Algebraic Proof Systems

We now describe the algebraic proof systems that are the subject of this paper. If one has a
set of polynomials (called azioms) fi,...,fm € Flzi,...,2,] over some field I, then (the weak
version of) Hilbert’s Nullstellensatz shows that the system fi(Z) = --- = f,,(T) = 0 is unsatisfiable
(over the algebraic closure of IF) if and only if there are polynomials g1, ..., g, € F[Z] such that
>2;95()f(T) = 1 (as a formal identity), or equivalently, that 1 is in the ideal generated by the
{fils-

Beame, Impagliazzo, Krajicek, Pitassi, and Pudlak [BIK'96a] suggested to treat these {g;};
as a proof of the unsatisfiability of this system of equations, called a Nullstellensatz refutation.
This is particular relevant for complexity theory as one can restrict attention to boolean solutions
to this system by adding the boolean arioms, that is, adding the polynomials {z? — z;}"_; to the
system. As such, one can then naturally encode NP-complete problems such as the satisfiability of
3CNF formulas as the satisfiability of a system of constant-degree polynomials, and a Nullstellensatz
refutation is then an equation of the form 327" g; (%) f;(Z)+ 3271 (z)(z?—x;) = 1 for g;, h; € Fz).
This proof system is sound (only refuting unsatisfiable systems over {0, 1}") and complete (refuting
any unsatisfiable system, by Hilbert’s Nullstellensatz).

Given that the above proof system is sound and complete, it is then natural to ask what is
its power to refute unsatisfiable systems of polynomial equations over {0,1}". To understand this
question one must define the notion of the size of the above refutations. Two popular notions are
that of the degree, and the sparsity (number of monomials). One can then show (see for example
Pitassi [Pit97]) that for any unsatisfiable system which includes the boolean axioms, there exist
a refutation where the g; are multilinear and where the h; have degree at most O(n + d), where
each f; has degree at most d. In particular, this implies, when d = O(n), that for any unsatisfiable
system there is a refutation of degree O(n) and involving at most exp(O(n)) monomials. This
intuitively agrees with the fact that coNP is a subset of non-deterministic exponential time.

Building on the suggestion of Pitassi [Pit97], Grochow and Pitassi [GP14] have recently consid-
ered more succinct descriptions of polynomials where one measures the size of a polynomial by the
size of an algebraic circuit needed to compute it. This is potentially much more powerful as there
are polynomials such as the determinant which are of high degree and involve exponentially many
monomials and yet can be computed by small algebraic circuits. They named the resulting system
the Ideal Proof System (IPS) which we now define.

Definition 1.1 (Ideal Proof System (IPS), Grochow-Pitassi [GP14]). Let fi(Z),..., fm(T) €
Flz1,...,2,] be a system of polynomials. An IPS refutation that the polynomials {f;}; have
no common solution in {0,1}" is an algebraic circuit C(Z,9,z) € F[Z,y1,. .., Yms 21, -, 2n], Such
that

1. C(%,0,0) = 0.

0,
2. C(E,fl(f),...,fm(f),a?% —a:l,...,x% —xy,) = 1.



The size of the IPS refutation is the size of the circuit C. If C is of individual degree <1 in each
y;j and z;, then this is a linear IPS refutation (called Hilbert IPS by Grochow-Pitassi [GP1/]),
which we will abbreviate as IPSpy . If C is of individual degree < 1 only in the y; then we say
this is a IPSy v refutation. If C' comes from a restricted class of algebraic circuits C, then this is
a called a C-IPS refutation, and further called a C-IPSpin refutation if C is linear in 4y, Z, and a
C-IPS;y refutation if C' is linear in y.

Notice also that our definition here necessarily adds the equations {2? — x;}; to the system
{f;};. For convenience we will often denote the equations {z? — z;}; as > — Z. One need not add
the equations Z2 — T to the system in general, but this is the most interesting regime for proof
complexity and thus we adopt it as part of our definition.

The above discussion shows that the above proof systems are all sound, and that for any
complete class of algebraic circuits C (classes that can compute any polynomial, possibly requiring
exponential complexity) that C-IPSpy is a complete proof system. We note that we will also
consider non-complete classes such as multilinear-formulas (which can only compute multilinear
polynomials, but are complete for multilinear polynomials), where we will show that the multilinear-
formula-IPSpn system is not complete (Subsection 4.3) but that the IPSyn version is complete
(Theorem 4.6).

Grochow-Pitassi [GP14] proved the following theorem, showing that the IPS system has sur-
prising power and that lower bounds on this system give rise to computational lower bounds.

Theorem 1.1 (Grochow-Pitassi [GP14]). Let ¢ be a SCNF. If there is a Frege proof that ¢ is
unsatisfiable in size-s, then there is an IPS refutation of size poly(|¢|,s) computing a polynomial
of degree poly(|p|, s), and this refutation is checkable in randomized poly(|¢|,s) time. Conversely,
if every IPS refutation requires size > s then there is an explicit polynomial (that is, in VNP) that
requires > s-size algebraic circuits.

The fact that C-IPS refutations are efficiently checkable (with randomness) follows from the
fact that we need to verify the polynomial identities stipulated by the definition. That is, one
needs to solve an instance of the polynomial identity testing (PIT) problem for the class C: given a
circuit from the class C decide whether it computes the identically zero polynomial. This problem is
solvable in probabilistic polynomial time (BPP) for general algebraic circuits, and there are various
restricted classes for which deterministic algorithms are known (see Subsection 3.1).

Motivated by the fact that PIT of non-commutative formulas can be solved deterministically
([RS05]), Li, Tzameret and Wang [LTW15] have shown that IPS over non-commutative polynomials
can deterministically simulate Frege (see Li, Tzameret and Wang [LTW15] for a definition).

Theorem 1.2 (Li, Tzameret and Wang [LTW15]). Let ¢ be a 3CNF. If Frege can prove that ¢ is
unsatisfiable in size-s, then there is a non-commutative IPS refutation of formula size poly(|p],s)
computing a polynomial of degree poly(|p|,s), where the commutator azioms x;x; — xjx; are also
included in the polynomial system being refuted. Further, this refutation is checkable in deterministic

poly(|ep|, s) time.

The above results naturally motivate studying C-IPS for various restricted classes of algebraic
circuits, as lower bounds for such proofs then intuitively correspond to restricted lower bounds
for the Extended Frege proof system. In particular, as exponential lower bounds are known for
non-commutative formulas ([Nis91]), this possibly suggests that such methods could even attack
the full Frege system itself.



1.2 Algebraic Circuit Classes

Having motivated C-IPS for restricted circuit classes C, we now give formal definitions of the alge-
braic circuit classes of interest to this paper, all of which were studied independently in algebraic
complexity. Some of them define the state-of-art in our ability to prove lower bounds and pro-
vide efficient deterministic identity tests, so it is natural to attempt converting these to the proof
complexity framework. We define each and briefly explain what we know about it. As the list is
long, the reader may consider skipping to the results (Subsection 1.3), and refer to the definitions
of these classes as they arise.

Arithmetic circuits and formula (over a fixed chosen field) compute polynomials via addition and
multiplication gates, starting from the input variables and constants from the field. For background
on arithmetic circuits in general and their complexity measures we refer the reader to the survey
[SY10]. We next define the restricted circuit classes that we will be studying in this paper.

1.2.1 Low Depth Classes

We start by defining what are the simplest and most restricted classes of algebraic circuits. The
first class simply represents polynomials as a sum of monomials. This is also called the sparse
representation of the polynomial. Notationally we call this model XII formulas (to capture the fact
that polynomials computed in the class are represented simply as sums of products), but we will
more often call these polynomials “sparse”.

Definition 1.2. The class C = XII compute polynomials in their sparse representation, i.e., as
sum of monomials. The graph of computation has two layers with an addition gate at the top and
multiplication gates at the bottom. The size of a X1 circuit of a polynomial f is the number of
monomials in f.

This class of circuits is what is used in the Nullstellensatz proof system. In our terminology
YII-IPSy N is exactly the Nullstellensatz proof system.

Another restricted class of algebraic circuits is that of depth-3 powering formulas (sometimes
also called “diagonal depth-3 circuits”). We will sometimes abbreviate this name as a “>. A Y
formula”, where A denotes the powering operation. Specifically, polynomials that are efficiently
computed by small formulas from this class can be represented as sum of powers of linear functions.
This model appears implicitly in Shpilka [Shp02] and explicitly in the work of Saxena [Sax08].

Definition 1.3. The class of depth-3 powering formulas, denoted > A\ >, computes polynomials of
the following form

f@ =3 t@®,
i=1

where ;(T) are linear functions. The degree of this > N\ representation of f is max;{d;} and its
sizeism -y s 1(d; +1).

One reason for considering this class of circuits is that it is a simple, but non-trivial model that is
somewhat well-understood. In particular, the partial derivative method of Nisan-Wigderson [ NW96]
implies lower bounds for this model and efficient PIT algorithms are known ([Sax08,ASS13,FS13a,
F'S13b,FSS14], as discussed further in Subsection 3.1).

We also consider a generalization of this model where we allow powering of low-degree polyno-
mials.



Definition 1.4. The class >, AS.T]' computes polynomials of the following form
S
f@=> fi@"*,
i=1
where the degree of the f;(T) is at most t. The size of this representation is (njt) > (di +1).
We remark that the reason for defining the size this way is that we think of the f; as represented
as sum of monomials (there are (”jt) n-variate monomials of degree at most t) and the size captures
the complexity of writing this as an algebraic formula. This model is the simplest that requires
the method of shifted partial derivatives of Kayal [Kayl2, GKKSI14] to establish lower bounds,

and this has recently been generalized to obtain PIT algorithms ([Forl4], as discussed further in
Subsection 3.1).

1.2.2 Oblivious Algebraic Branching Programs

Algebraic branching programs (ABPs) form a model whose computational power lies between that
of algebraic circuits and algebraic formulas, and certain read-once and oblivious ABPs are a natural
setting for studying the partial derivative matriz lower bound technique of Nisan [Nis91].

Definition 1.5 (Nisan [Nis91]). An algebraic branching program (ABP) with unrestricted
wetghts of depth D and width < r, on the variables x1,...,xy,, is a directed acyclic graph such
that:

e The vertices are partitioned in D + 1 layers Vy,...,Vp, so that Vy = {s} (s is the source
node), and Vp = {t} (t is the sink node). Further, each edge goes from V;_1 to V; for some
0<t<D.

e max |V;| <.
e FEach edge e is weighted with a polynomial f. € F[x].

Each s-t path is said to compute the polynomial which is the product of the labels of its edges, and
the algebraic branching program itself computes the sum over all s-t paths of such polynomials.

e An algebraic branching program is said to be oblivious if for every layer ¢, all the edge labels
in that layer are univariate polynomials in a variable x;,.

e An oblivious branching program is said to be a read-once oblivious ABP (roABP) if the x;,’s
are distinct variables, so that D = n. That is, each x; appears in the edge labels in at exactly
one layer. The layers thus define a variable order, which will be ©; < --- < x, if not
otherwise specified.

o An oblivious branching program is said to be a read-k oblivious ABP if each variable x;
appears in the edge labels of at most k layers, so that D = kn.

Intuitively, roABPs are the algebraic analog of read-once boolean branching program, the non-
uniform model of the class RL. Nisan [Nis91] proved lower bounds for non-commutative ABPs
(and thus also for roABPs) and in a sequence of papers polynomial identity testing algorithms were
devised for it ([RS05,FS13b,FSS14, AGKS14], see also Subsection 3.1). Recently Anderson, Forbes,
Saptharishi, Shpilka, and Volk [AFST15] obtained exponential lower bounds for read-k oblivious
ABPs (when k = o(logn/loglogn)) as well as a slightly subexponential PIT algorithm.

We note that roABPs are known to simulate non-commutative formulas ([Nis91]). Thus, the
result of Li, Tzameret and Wang [LTW15] (see Theorem 1.2) demonstrates the importance of
studying IPS proofs over roABPs (see also Tzameret [Tzall]).



1.2.3 Multilinear Formulas

The last model that we consider is that of multilinear formulas.

Definition 1.6 (Multilinear formula). An algebraic formula is a multilinear formula (or equiv-
alently, multilinear algebraic formula) if the polynomial computed by each gate of the formula is
multilinear (as a formal polynomial, that is, as an element of Flxy, ..., xy,]).

Raz [Raz09, Raz06] proved quasi-polynomial lower bounds for multilinear formulas and sepa-
rated multilinear formulas from multilinear circuits. Raz and Yehudayoff proved exponential lower
bounds for small depth multilinear formulas [RY09]. Only slightly sub-exponential polynomial
identity testing algorithms are known for small-depth multilinear formulas ([OSV15]).

1.3 Owur Results and Techniques

We now briefly summarize our results and techniques, stating some results in less than full generality
to more clearly convey the result. We present the results in the order that we later prove them. We
start by giving upper bounds for the IPS (subsubsection 1.3.1). We then describe our functional
lower bounds and the TIPSy lower bounds they imply (subsubsection 1.3.2). Finally, we discuss
lower bounds for multiples and state our lower bounds for IPS (subsubsection 1.3.3).

1.3.1 Upper Bounds for Proofs within Subclasses of IPS

Grochow and Pitassi [GP14] showed that the full IPS proof system can simulate powerful proof
systems such as Frege. This left open the extent to which C-IPS can refute interesting sets of
polynomial equations for restricted classes C. We establish here that even restricted classes of IPS
are powerful, such as being able to refute interesting unsatisfiable systems of equations arising from
particular instances of NP-complete problems.

Our first upper bound is to show that linear-IPS can simulate the full IPS proof system when
the axioms are computationally simple.

Theorem (Theorem 4.1). For |F| > poly(d), if fi,..., fm € Flx1,...,zy,] are degree-d polynomials
computable by size-s algebraic circuits and they have a size-t IPS refutation, then they also have a
size-poly(d, s, t) IPSpin refutation.

This theorem is established by pushing the “non-linear” dependencies on the axioms into the
IPS refutation itself, which is possible as the axioms are assumed to themselves be computable by
small circuits. We note that Grochow and Pitassi [GP14] showed such a conversion, but only for
IPS refutations computable by sparse polynomials.

We then turn our attention to IPS involving only restricted classes of algebraic circuits, and
show that they are complete proof systems. This is clear for complete models of algebraic circuits
such as sparse polynomials, depth-3 powering formulas ' and roABPs. For multilinear formulas
this is more subtle as not every polynomial is multilinear, however we can show a simulation of
sparse-IPSy v by careful multilinearization.

Theorem (Subsection 4.3, Theorem 4.6). The proof systems of sparse-IPSpin, > AN>.-IPSpin
(in large characteristic fields), and roABP-IPSpin are complete proof systems. The multilinear-
formula-IPSpin proof system is mot complete, but the depth-2 multilinear-formula-IPSy proof
system is complete (for multilinear axioms) and can polynomially simulate sparse-IPSpn (for low-
degree azxioms).

!Showing that depth-3 powering formulas are complete (in large characteristic) can be seen from the fact that any
multilinear monomial can be computed in this model, see for example Fischer [Fis94].



We next consider the equation 1 ; ajz; — (3 along with the boolean axioms {xf —x;};. Deciding
whether this system of equations is satisfiable is the NP-complete subset-sum problem, and as
such we do not expect small refutations in general (assuming NP # coNP). Indeed, Impagliazzo,
Pudlak, and Sgall [IPS99] have shown lower bounds for refutations in the polynomial calculus
system (and thus also the Nullstellensatz system) even when @ = 1. Specifically, they showed that
such refutations require both Q(n)-degree and exp(£2(n))-many monomials. In the language of this
paper, they gave exp(€2(n))-size lower bounds for refuting this system in Y [[-IPSpin. In contrast,
we establish here poly(n)-size refutations for @ = 1 in the restricted proof systems of roABP-
IPSpin and depth-3 multilinear-formula-IPSyn (despite the fact that multilinear-formula-IPSy N
is not complete).

Theorem (Theorem 4.8, Theorem 4.9). Let F be a field of characteristic char(F) > n. Then the sys-
tem of polynomial equations S0, x;— 3, {x?—x;}*_, is unsatisfiable for 3 € F\{0,...,n}, and there
are explicit poly(n)-size refutations within roABP-IPSyy, as well as within depth-3 multilinear-
formula-IPSn.

This claim is proven by noting that the polynomial p(¢) := [[;;_(t—k) vanishes on }_; z; modulo
{22 — x;}1_;, but p(B) is a non-zero constant. This implies that 3, z; — 8 divides p(3; ;) — p(B).
Denoting the quotient by f(Z), it follows that % f@) - (2 — B) =1 mod {a? — z; ),
which is nearly a linear-IPS refutation except for the complexity of establishing this relation over
the boolean cube. We show that the quotient f is easily expressed as a depth-3 powering circuit.
Unfortunately, proving the above equivalence to 1 modulo the boolean cube is not possible in the
depth-3 powering circuit model. However, by moving to more powerful models (such as roABPs
and multilinear formulas) we can give proofs of this multilinearization to 1 and thus give proper
IPS refutations.

1.3.2 Linear-IPS Lower Bounds via Functional Lower Bounds

Having demonstrated the power of various restricted classes of IPS refutations by refuting the
subset-sum axiom, we now turn to lower bounds. We give two paradigms for establishing lower
bounds, the first of which we discus here, named a functional circuit lower bound. This term
appeared in the work of Grigoriev and Razborov [GR00] as well as in the recent work of Forbes,
Kumar and Saptharishi [FKS15]. We briefly motivate this type of lower bound as a topic of
independent interest in algebraic circuit complexity, and then discuss the lower bounds we obtain
and their implications to obtaining proof complexity lower bounds.

In algebraic complexity one computes polynomials syntactically as objects in the ring
Flzy,...,2z,]. Thus, even if one is only interested in evaluating the polynomial over the boolean
cube, yielding a function f :{0,1}™ — T, an algebraic computation of the polynomial necessarily
gives a method for evaluating the polynomial over F as well as any extension of F. However, some
polynomials such as the permanent are known in boolean complexity to have complex behavior
as functions even over boolean inputs, so one would expect that any polynomial f that agrees
with the permanent on boolean inputs must require large algebraic circuits. We call such results
functional circuit lower bounds. Prior work ([GK98, GR00,KS15]) has established functional lower
bounds over fixed-size finite fields, and the recent work of Forbes, Kumar and Saptharishi [FKS15]
has established some lower bounds for any field.

Goal 1.3 (Functional Circuit Lower Bound ([GRO00, FKS15))). Obtain explicit functions f

A

{0,1}" — F such that for any polynomial f € Flxq,...,zy,] such that f(Z) = f(T) for allT € {0,1}",
it must be that f requires large algebraic circuits.

IT: It should be

Corollary 22,
think.
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While it is natural to hope that existing methods would yield such lower bounds, many
lower bound techniques inherently use that algebraic computation is syntactic. In particular,
techniques involving partial derivatives (which include the partial derivative method of Nisan-
Wigderson [NW96] and the shifted partial derivative method of Kayal [Kay12, GKIKS14]) cannot
as is yield functional lower bounds as computing the partial derivative of a polynomial is not local,
so that knowing a polynomial on {0,1}" is not enough information to conclude information about
its partial derivatives.

We now explain how functional lower bounds imply lower bounds for linear-IPS refutations in
certain cases. Suppose one considers refutations of the unsatisfiable polynomial system f(z), {z? —
2} ;. A linear-IPS refutation would yield an equation of the form g(Z)-f(Z)+>; hi(T)-(2?—x;) = 1
for some polynomials g, h; € F[z]. Viewing this equation modulo the boolean cube, we have that
g(@) - f() =1 mod {x? — x;};. Equivalently, since f(Z) is unsatisfiable over {0,1}", we see that
9(z) = Yf@ for T € {0,1}", as f(T) is never zero so this fraction is well-defined. It follows that if
the function T — 1/f(z) induces a functional lower bound then ¢(Z) must require large complexity,
yielding the desired linear-IPS lower bound.

Thus, it remains to instantiate this program. While we are successful, we should note that this
approach as is seems to only yield proof complexity lower bounds for systems with one non-boolean
axiom and thus cannot encode polynomial systems arising from 3CNFs.

Our starting point is to observe that the subset-sum axiom already induces a weak form of
functional lower bound, where the complexity is measured by degree.

Theorem (Theorem 5.1). Let F be a field of a characteristic poly(n) and 5 ¢ {0,...,n}. Then
S wi — By {x? — x; ) is unsatisfiable and any polynomial f € Flx1,. .., x,] with f(T) = Z‘i.iﬁ for

T € {0,1}", satisfies deg f > n.

A lower bound of [§] was previously established by Impagliazzo, Pudlak, and Sgall [IPS99],
but the bound of ‘n’ (which is tight) will be crucial for our results.

We then lift this result to obtain lower bounds for stronger models of algebraic complexity. In
particular, by replacing “x;” by “x;y;” we show that the function m has maximal evaluation
dimension between T and g, which is measure of correlation. This measure is essentially functional,
so that one can lower bound this measure by understanding the functional behavior of the polyno-
mial on finite sets such as the boolean cube. Our lower bound for evaluation dimension follows by
examining the above degree bound. Using known relations between this complexity measure and
algebraic circuit classes, we can obtain lower bounds for depth-3 powering linear-IPS.

Theorem (Theorem 5.8). Let F be a field of characteristic > poly(n) and 5 ¢ {0,...,n}. Then
S wyi — B w2 — i, {y? — vi}i is unsatisfiable and any Y N\ S.-IPSpin refutation requires size
> exp(U(n)).

The above axiom only gets maximal correlation between a fized partition of the variables. By
introducing auxiliary variables we can create such correlation between any partition of (some) of
the variables. By again invoking results showing such structure implies computational hardness we
obtain more linear-IPS lower bounds.

Theorem (Theorem 5.12). Let F be a field of characteristic > poly(n) and 8 ¢ {0,.. ., (22")} Then
Dicj ZijTiTi — B {x? — 2}, {zzzj — Zijticj 15 unsatisfiable, and any roABP-IPSpy refutation
(in any variable order) requires exp(§2(n))-size. Further, any multilinear-formula-IPSy refuta-

tion requires n®*(1°8™) _size. and any depth-(2d 4+ 1) multilinear-formula-IPS} ;yy refutation requires
n(rogm) 4 )d%)_gire



Thus, we show that even though roABP-IPSyn and depth-3 multilinear formula-IPSy can
refute the subset-sum axiom in polynomial size, slight variants of this axiom do not have polynomial-
size refutations.

1.3.3 Lower Bounds for Multiples

While the above paradigm can establish super-polynomial lower bounds for linear-IPS, it does
not seem able to establish lower bounds for the general IPS proof system, even for restricted
classes. This is because such systems would induce equations such as h(Z)f(Z)? + g(z)f(z) = 1
mod {z? —z;}"_;, where we need to design a computationally simple axiom f so that this equation
implies at least one of h or g is of large complexity. In the linear-IPS case we could assume h was
zero, so that we can uniquely solve for g(Z) for 7 € {0, 1}". However, in general knowing f (%) does
not uniquely determine ¢(Z) or h(Z), which makes this approach significantly more complicated.
Further, even though we can efficiently simulate IPS by linear-IPS (Theorem 4.1) in general, this
simulation increases the complexity of the proof so that even if one started with a C-IPS proof for
a restricted circuit class C the resulting IPSyn proof may not be in C-IPSy .

As such, we introduce a second paradigm, called lower bounds for multiples, which can yield
C-IPS lower bounds for various restricted classes C. We begin by defining this question.

Goal 1.4 (Lower Bounds for Multiples). Design an explicit polynomial f(Z) such that for any
non-zero g(T) we have that g(T) f(T) is hard to compute.

We now explain how such lower bounds yield IPS lower bounds. Consider the system f, {x?—z;};
with a single non-boolean axiom. An IPS refutation is a circuit C(,y,z) such that C(z,0,0) =
1 and C(z, f,7%> — T) = 1, where (as mentioned) ¥?> — T denotes {z? — x;};. Expressing this
polynomial as a univariate in f, we obtain that >~ C;(Z,7*> — 7)f! = 1 — C(7,0,7% — 7) for
some polynomials C;. For many natural measures of circuit complexity 1 — C(z,0,7? — 7) has
complexity roughly bounded by that of C' itself. Though not strictly necessary for this method, it
is worth noting that the complexity of each of the C; is not much larger than that of C, as one
can compute the C; by homogenizing or interpolating C in the variable y (see for example the
survey of Shpilka and Yehudayoff [SY10]). Thus, we see that a multiple of f has a small circuit,
as (Zi>1 Ci(z,7% — E)fifl) -f=1-C(z,0,7% — 7). Thus, if we can show that all multiples of f
require large circuits then we rule out a small IPS refutation.

We now turn to methods for obtaining polynomials with hard multiples. Intuitively if a polyno-
mial f is hard then so should small modifications such as f?+z f, and this intuition is supported by
the result of Kaltofen [Kal89] which shows that if a polynomial has a small algebraic circuit then so
do all of its factors. As a consequence, if a polynomial requires super-polynomially large algebraic
circuits than so do all of its multiples. However, Kaltofen’s [KKal89] result is about general algebraic
circuits, and there are very limited results about the complexity of factors of restricted algebraic
circuits ([DSY09,01i15b]) so that obtaining polynomials for hard multiples via factorization results
seems difficult.

However, note that lower bound for multiples has a different order of quantifiers than the
factoring question. That is, Kaltofen’s [Kal89] result speaks about the factors of any small circuit,
while the lower bound for multiples speaks about the multiples of a single polynomial. Thus, it
seems plausible that existing methods could yield such explicit polynomials, and indeed we show
this is the case.

We begin by noting that obtaining lower bounds for multiples is a natural instantiation of
the algebraic hardness versus randomness paradigm. In particular, Heintz-Schnorr [HS80] and
Agrawal [Agr05] showed that obtaining deterministic (black-box) PIT algorithms implies lower



bounds (see Subsection 3.1 for more on PIT), and we strengthen that connection here to lower
bounds for multiples. We can actually instantiate this connection, and we use slight modifications
of existing PIT algorithms to show that multiples of the determinant are hard in some models.

Theorem (Informal Version of Theorem 6.2, Theorem 6.7). Let C be a restricted class of n-variate
algebraic circuits. Full derandomization of PIT algorithms for C yields an explicit polynomials all
of whose multiples require exp(€2(n))-size as C-circuits.

In particular, when C is the class of sparse polynomials, depth-3 powering formulas,
Z/\ZHO(I) formulas (in characteristic zero), or “every-order” roABPs, the n x n determinant
has multiples which are all exp(Q(n))-hard in these models.

The above statement shows that derandomization implies hardness. We also partly address
the converse direction by arguing (Subsection 6.1) that hardness-to-randomness construction of
Kabanets and Impagliazzo [KI104] only requires lower bounds for multiples to derandomize PIT.
Unfortunately, this direction is harder to instantiate for restricted classes as it requires lower bounds
for classes with suitable closure properties.?

Unfortunately the above result is slightly unsatisfying from a proof complexity standpoint as the
(exponential-size) lower bounds for the subclasses of IPS one can derive from the above result would
involve the determinant polynomial as an axiom. While the determinant is efficiently computable,
it is not computable by the above restricted circuit classes (indeed, the above result proves that).
As such, this would not fit the real goal of proof complexity which seeks to show that there are
statements whose proofs must be super-polynomial larger than the length of the statement. Thus,
if we measure the size of the IPS proof and the axioms with respect to the same circuit measure,
the lower bounds for multiples approach cannot establish such super-polynomial lower bounds.

However, we believe that lower bounds for multiples could lead, with further ideas, to proof
complexity lower bounds in the conventional sense. That is, it seems plausible that by adding
extension variables we can convert complicated axioms to simple, local axioms by tracing through
the computation of that axiom. That is, consider the axiom zyzw. This can be equivalently written
as {a—xy,b— zw,c— ab, c}, where this conversion is done by considering a natural algebraic circuit
for zyzw, replacing each gate with a new variable, and adding an axiom ensuring the new variables
respect the computation of the circuit. While we are unable to understand the role of extension
variables in this work, we aim to give as simple axioms as possible whose multiples are all hard as
this may facilitate future work on extension variables.

We now discuss the lower bounds for multiples we obtain.?

Theorem (Theorem 6.8, Theorem 6.9, Theorem 6.10, Theorem 6.18, Theorem 6.20). We obtain
the following lower bounds for multiples.

e All non-zero multiples of x1 - - - x,, require exp(2(n))-size as a depth-3 powering formula (over
any field), or as a S A TIOW formula (in characteristic zero).

o All non-zero multiples of (x1 +1)--- (zn + 1) require exp(2(n))-many monomials.

o All non-zero multiples of [1;(x; + yi) require exp(2(n))-width as a roABPs in any variable
order where T precedes .

2Although, we note that one can instantiate this connection with depth-3 powering formulas (or even
Z/\ZHOU) formulas) using the lower bounds for multiples developed in this paper, building on the work of
Forbes [Forl5]. However, the resulting PIT algorithms are worse than those developed by Forbes [Forl5].

3While we discussed functional lower bounds for multilinear formulas, this class is not interesting for the lower
bounds for multiples question. This is because a multiple of a multilinear polynomial may not be multilinear, and
thus clearly cannot have a multilinear formula.
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o All non-zero multiples of [1;' ;=1 (2ij - (i +xj + xix5) + (1 — 2 5)) require exp(2(n))-width as
a roABP in any variable order, as well as exp(2(n))-width as a read-twice oblivious ABP.

We now briefly explain our techniques for obtaining these lower bounds, focusing on the simplest
case of depth-3 powering formulas. It follows from the partial derivative method of Nisan and
Wigderson [NW94] (see Kayal [Kay08]) that such formulas require exponential size to compute the
monomial x1 ...z, eractly. Forbes and Shpilka [FS13a], in giving a PIT algorithm for this class,
showed that this lower bound can be scaled down and made robust. That is, if one has a size-s
depth-3 powering formula, it follows that if it computes a monomial x;, - - - x;, for distinct i; then
I < O(logs) (so the lower bound is scaled down). One can then show that regardless of what
this formula actually computes the leading monomial xfl” . xfg" (for distinct 4; and positive a;;)
must have that £ < O(log s). One then notes that leading monomials are multiplicative. Thus, for
any non-zero g the leading monomial of ¢ - z; ...z, involves n variables so that if g - 1 ...z, is
computed in size-s then n < O(log s), giving s > exp(€2(n)) as desired. One can then obtain the
other lower bounds using the same idea, though for roABPs one needs to define a leading diagonal
(refining an argument of Forbes-Shpilka [F'S12]).

We now conclude our IPS lower bounds.

Theorem (Theorem 7.1, Theorem 7.2). We obtain the following lower bound for subclasses of IPS.

e In characteristic zero, for m # n, the system of polynomials x1---xp, — L, 21 + -+ + Ty —
m, {x? — x;}_; is unsatisfiable, any S \ S.-IPS refutation requires exp(€2(n))-size.

e The system of polynomials, 1+H2j:1<2i,j (zi+x;—xij) + (1= 2 ), {22 — 2 }4, {zf] —2ij}ij
is unsatisfiable, and any roABP-IPS refutation (in any variable order) must be of width
exp(£2(n)).

Note that the first result is an encoding that AND(zy,...,z,) = 1 but OR(z1,...,z,) # 1.
The second is not as natural, but contains the simpler polynomial [];(u; + v; — wv;) + 1 (up to

renaming, and after appropriate substitution of the z; ; to values from {0,1}), which encodes that
AND(OR(u1,v1), -+ ,OR(upn,vy)) ¢ {0,1}.

1.4 Organization

The rest of the paper is organized as follows. Section 2 contains the basic notation for the paper.
In Section 3 we give background from algebraic complexity, including several important complexity
measures such as coefficient dimension and evaluation dimension (see Subsection 3.2 and Subsec-
tion 3.3). We present our upper bounds for IPS in Section 4. In Section 5 we give our functional
lower bounds and from them obtain lower bounds for IPSyn. Section 6 contains our lower bounds
for multiples of polynomials and in Section 7 we derive lower bounds for IPS using them. In Sec-
tion 8 we study the relative strength of fragments of IPS, compared to other close algebraic proof
systems that were studied in previous works. Finally, in Section 9 we list some problems which
were left open by this work.

2 Notation

In this section we briefly describe notation used in this paper. We denote [n] := {1,...,n}. For a
vector @ € N, we denote % := 2" --- % so that in particular ' = [[I"; 7;. The (total) degree
of a monomial 7%, denoted degz?, is equal to |a|;, and the individual degree, denoted idegz?, is
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equal to |@|s. Degree and individual degree can be defined for a polynomial f, denoted deg f and
ideg f respectively, by taking the maximum over all monomials with non-zero coefficients in f. We
will use < to denote a monomial order on F[Z], see Subsection 3.6.

Polynomials will often be written out in their monomial expansion. At various points we will
need to extract coefficients from polynomials. When “taking the coefficient of 7 in f € F[Z,7]” we
mean that both Z and 7 are treated as variables and thus the coefficient returned is a scalar in [F,
and this will be denoted Coeff75(f). However, when “taking the coefficient of y° in f € F[z][y]”
we mean that T is now part of the ring of scalars, so the coefficient will be an element of F[Z], and
this coefficient will be denoted Coeffflyg( f)-

For a vector @ € N" we denote a<; € N to be the restriction of @ to the first i coordinates. For
a set S C [n] we let S denote the complement set. We will denote the size-k subsets of [n] by ([Z}).
We will use ml : F[Z] — F[z] to denote the multilinearization operator, defined by Theorem 3.7.
We will use 2 — T to denote the set of equations {2? — x;};.

3 Algebraic Complexity Theory Background

In this section we state some known facts regarding the algebraic circuit classes that we will be
studying. We also give some important definitions that will be used later in the paper.

3.1 Polynomial Identity Testing

In the polynomial identity testing (PIT) problem, we are given an algebraic circuit computing some
polynomial f, and we have to determine whether “f = 0”. That is, we are asking whether f
is the zero polynomial in F[zq,...,z,]. By the Schwartz-Zippel-DeMillo-Lipton Lemma [Zip79,
Sch80, DL78], if 0 # f € F[z] is a polynomial of degree < d and S C F, and @ € S™ is chosen
uniformly at random, then f(@) = 0 with probability at most* d/|S|. Thus, given the circuit, we
can perform these evaluations efficiently,” giving an efficient randomized procedure for deciding
whether “f = 07”. It is an important open problem to find a derandomization of this algorithm,
that is, to find a deterministic procedure for PIT that runs in polynomial time (in the size of
circuit).

Note that in the randomized algorithm of Schwartz-Zippel-DeMillo-Lipton we only use the
circuit to compute the evaluation f(@). Such algorithms are said to run in the black-box model.
In contrast, an algorithm that can access the internal structure of the circuit runs in the white-box
model. It is a folklore result that efficient deterministic black-box algorithms are equivalent to
constructions of small hitting sets. That is, a hitting set is set of inputs so that any nonzero circuit
from the relevant class evaluates to nonzero on at least one of the inputs in the set. For more on
PIT we refer to the survey of Shpilka and Yehudayoff [SY10].

A related notion to that of a hitting set is that of a generator, which is essentially a low-
dimensional curve whose image contains a hitting set. The equivalence between hitting sets and
generators can be found in the above mentioned survey.

“Note that this is meaningful only if d < |S| < |F|, which in particular implies that f is not the zero function.

5To present algorithms that are field independent, this paper works in a model of computation where field op-
erations (such as addition, multiplication, inversion and zero-testing) over F can be computed at unit cost, see for
example Forbes [Forl4, Appendix A]. We say that an algebraic circuit is t-explicit if it can be constructed in ¢ steps
in this unit-cost model.
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Definition 3.1. Let C C Flz1,...,2,] be a set of polynomials. A polynomial G : F* — F™ is a
generator for C with seed-length s if for all f € C, f =0 iff f oG =0. That is, f(T) =0 in
F[z] iff f(G(y)) =0 in Fly].

In words, a generator for a circuit class C is a mapping G : F* — F”, such that for any nonzero
polynomial f, computed by a circuit from C, it holds that the composition f(G) is nonzero as well.
By considering the image of G on S?, where S C F is of polynomial size, we obtain a hitting set for
C.

In Subsection 6.2 we explain how one can use generators with small seed-length to obtain lower
bounds for any nonzero multiple of a given polynomial f. Such generators are known for several of
the models that we study in this paper.

Sparse Representation: There are many papers giving efficient black-box PIT algorithm for
YII formulas. For example, Klivans and Spielman [KKS01] gave a hitting set of polynomial size.

Depth-3 Powering Formulas: Saxena [Sax08] gave a polynomial time white-box PIT algorithm
and Forbes, Shpilka, and Saptharishi [FSS14] gave a hitting set of size s9(1°81925) for size-s depth-3
powering formulas.

SAYS Ho(l) Formulas: Forbes [Forl5] gave an s9085)_gize hitting set for size-s computation in
this model (in large characteristic).

Read-once ABPs: Raz and Shpilka [RS05] gave a polynomial time white-box PIT algorithm.

A long sequence of papers calumniated in the work of Agrawal, Gurjar, Korwar, and Sax-
ena [AGKS14], who gave a quasi-polynomial sized hitting set for roABPs.

Read-£ Oblivious ABPs: In a very recent work, Anderson, Forbes, Saptharishi, Shpilka,
Volk [AFST15] obtained a white-box PIT algorithm for read-k oblivious ABPs that run in time

~ k—1
20(71171/2 )

the ABP.

and needs white box access only to know the order in which the variables appear in

3.2 Coefficient Dimension and roABPs

This paper proves various lower bounds on roABPs using a complexity measures known as coefficient
dimension. In this section, we define this measures and recall basic properties. Full proofs of these
claims can be found for example in the thesis of Forbes [Forl4].

We first define the coefficient matriz of a polynomial, called the “partial derivative matrix”
in the prior work of Nisan [Nis91] and Raz [Raz09]. This matrix is formed from a polynomial
f € F[z,y|] by arranging its coefficients into a matrix. That is, the coefficient matrix has rows
indexed by monomials Z% in Z, columns indexed by monomials 7° in 7, and the (%, 7°)-entry is the
coefficient of Z%%° in the polynomial f. We now define this matrix, recalling that Coeffﬁgg( f) is

the coefficient of 7% in f.

Definition 3.2. Consider f € F[z,7y]. Define the coefficient matriz of f as the scalar matriz
(Ctlap = Coeffiggg(f) ,
where coefficients are taken in F[Z,7|, for |ali, |b|1 < deg f.

We now give the related definition of coefficient dimension, which looks at the dimension of the
row- and column-spaces of the coefficient matrix. Recall that Coeﬁflgg( f) extracts the coefficient

of 7 in f as a polynomial in Flz][y].
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Definition 3.3. Let Coeffyy : F[7,7] — o= be the space of F[z|[y] coefficients, defined by

Coeffzy(f) = { Coefl 5(f) ).
where coefficients of f are taken in F[Z|[y].
Similarly, define Coeffyz : F[7,7] — 2FW] by taking coefficients in F[g][z].

The following basic lemma shows the rank of the coefficient matrix equals the coefficient di-
mension.

Lemma 3.1 (Nisan [Nis91]). Consider f € F[x,5y]. Then the rank of the coefficient matriz Cy
obeys

rank C'y = dim Coeffﬂy(f) = dim Coeﬂ'mz(f) ]

Thus, the ordering of the partition ((Z,y) versus (7, Z)) does not matter in terms of the resulting
dimension. The above matrix-rank formulation of coefficient dimension can be rephrased in terms
of low-rank decompositions.

Lemma 3.2. Let f € F[z,7y]. Then dim Coeffzy(f) equals the minimum r such that there are
g € F[x]" and h € F[y]" such that f can be written as f(Z,7) = Si—_; 9:(T)h: ().

We now state a convenient normal form for roABPs (see for example Forbes [Forl4, Corollary
4.4.2]).

Lemma 3.3. Consider a polynomial f € Flz1,...,x,] and let 7 : [n] — [n] be a permutation. The
polynomial f is computed by width-r roABP in variable order  iff there exist matrices A;(Tr(;)) €
Flar;)]"™" of (individual) degree < deg f such that f = (I[;=1 Ai(T@)))1.1-

By splitting a roABP into such variable disjoint inner products one can obtain a lower bound
for roABP width via coefficient dimension. In fact, this complexity measure characterizes roABP
width.

Lemma 3.4. Let f € F[xy,...,x,] be computed by a width-r roABP in variable order z1 < --- <
Tn, so that f can be computed as f(T) = (I[iz; Ai(xi)), , for matrices A;(x;) € Flzg)]"™*". Then
r > max; dim Coeffz_,z_,(f). Further, f is computable by7 a roABP in variable order x1 < --- < z,
of width max; dim Coeffz_,z_,(f)-

Using this complexity measure it is rather straightforward to prove the following closure prop-
erties of roABPs.

Fact 3.5. If f,g € F[z] are computable by width-r and width-s roABPs respectively, then
e f+ g is computable by a width max{r,s} roABP.
e f-g is computable by a width-(rs) roABP.

Further, if f(Z,y) € F[z,y| is computable by a width-r roABP in some variable order then the
partial substitution f(T, @), fora € FlUl, is computable by a width-r roABP in the induced order on

x.
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3.3 Evaluation Dimension

While coefficient dimension measures the size of a polynomial f(Z,7) by taking all coefficients in
Y, evaluation dimension is a complexity measure due to Saptharishi [Sapl2] that measures the
size by taking all possible evaluations in 7 over the field. This measure will be important for
our applications as one can restrict such evaluations to the boolean cube and obtain circuit lower
bounds for computing f(Z,7) as a polynomial via its induced function on the boolean cube. We
begin with the definition.

Definition 3.4 (Saptharishi [Sap12]). Let S C F. Let Evalgy g : F[7,7] — oF=] be the space of
F[z][y] evaluations over S, defined by
Evaly; s(f(7,9) = {/(@.5)}

Define Evalgy : F[,y] — 2F 7 1o be Evalgy ¢ when S =F.
Similarly, define Evalyz g : F[T,y] — oFW by replacing T with all possible evaluations @ € S,
and likewise define Evaly; : F[Z,7] — oFul,

Beslvl -

The equivalence between evaluation dimension and coefficient dimension was shown by Forbes-
Shpilka [F'S13b] by appealing to interpolation.

Lemma 3.6 (Forbes-Shpilka [F'S13b]). Let f € F[Z,7y]. For any S C F we have that Evalgy o(f) C
span Coeffz;(f) so that dim Evalzy 5(f) < dim Coeffzy(f). In particular, if |S| > ideg f then

3.4 Multilinear Polynomials and Multilinear Formulas

We state some well-known facts about multilinear polynomials.
Fact 3.7. For any two multilinear polynomials f,g € Flz1,...,zy], f = g as polynomials iff they

agree on the boolean cube {0,1}". That is, f = g iff fl10,13» = 9l10,137-
Further, there is a multilinearization map ml : F[z] — F[Z] such that for any f,g € F[z],

1. ml(f) is multilinear.
2. f and ml(f) agree on the boolean cube, that is, f|o13» = ml(f)|f0,13-
3. degml(f) < deg f.

4. ml(fg) = ml(ml(f) ml(g)).
5. ml is linear, so that for any o, f € F, ml(af + Bg) = aml(f) + Fml(g).

Throughout the rest of this paper ‘ml” will denote the multilinearization operator. Raz [Raz09,
Raz06] gave lower bounds for multilinear formulas using the above notion of coefficient dimension,
and Raz-Yehudayoff [RY08,RY09] gave simplifications and extensions to constant-depth multilinear
formulas.

Theorem 3.8 (Raz [Raz09,RY09]). Let f € Flz1,...,xm,Z] be a multilinear polynomial in the set
of variables T and auziliary variables Z. Let fz denote the polynomial f in the ring F[Z][Z]. Suppose
that for any partition [2n] = SUT with |S| = |T| = n that

f222n)

dlmF@) Coeff

5|S|§\T
then f requires > n®(1°8™) _size to be computed as a multilinear formula. For d = o(logn/loglogn), f

requires n((Nosm)V /) _give maitilinear formulas of depth-(2d + 1).
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3.5 Depth-3 Powering Formulas

In this section we review facts about depth-3 powering formulas. We begin with the duality trick
of Saxena [Sax08], which shows that one can convert a power of a linear form to a sum of products
of univariate polynomials.

Theorem 1 (Saxena’s Duality Trick [SWO01,Sax08,FSG13]). Letn > 1, andd > 0. If |F| > nd+1,
then there are poly(n, d)-explicit univariates f; j € Fla;] such that

(X1 +---+ :Un)d = Z fia(w1) -+ fin(xn) ,
i=1

where deg f; j < d and s = (nd +1)(d + 1).

The original proof of Saxena [Sax(08] only worked over field over large enough characteristic,
and gave s = nd + 1. A similar version of this trick also appeared in Shpilka-Wigderson [SWO01].
The parameters we use here are from the proof of Forbes, Gupta, and Shpilka [FSG13], which has
the advantage of working over any large enough field.

Noting that the product f;i(z1)--- fin(xyn) trivially has a width-1 roABP (in any variable
order), it follows that (z1 + --- + z,,)¢ has a poly(n, d)-width toABP over a large enough field.
Thus, size-s Y A Y. formulas have poly(s)-size roABPs over large enough fields by appealing to
closure properties of roABPs (Theorem 3.5). As it turns out, this result also holds over any field
as Forbes-Shpilka [FS13b] adapted Saxena’s [Sax08] duality to work over any field. Their version
works over any field, but loses the above clean form (sum of product of univariates).

Theorem 2 (Forbes-Shpilka [FS13b]). Let f € F[Z] be expressed as f(T) = > i (i 0+04 124+
QinTn)%. Then f is computable by a width-r roABP in any variable order, where r = 3 ;(d; + 1).

One way to see this claim is to observe that for any variable partition, a linear function can
be expressed as the sum of two variable disjoint linear functions ¢(Z1,T2) = £1(T1) + ¢2(T2). By
the binomial theorem, the d-th power of this expression is a summation of d 4+ 1 variable disjoint
products, which implies a coefficient dimension upper bound of d + 1 (Theorem 3.2) and thus also
a roABP-width upper bound (Theorem 3.4). One can then sum over the linear forms.

While this simulation suffices for obtaining roABP upper bounds, we will also want the clean
form obtained via duality for application to multilinear-formula IPS proofs of the subset-sum axiom
(Theorem 4.9).

3.6 Monomial Orders

We recall here the definition and properties of a monomial order, following Cox, Little and
O’Shea [CLOO07]. We first fix the definition of a monomial in our context.

Definition 3.5. A monomial in F[xy,...,2,] is a polynomial of the form T = xf{' -z for
aeN".

We will sometimes abuse notation and associate a monomial ¢ with its exponent vector @, so
that we can extend this order to the exponent vectors. Note that in this definition “1” is a monomial,
and that scalar multiples of monomials such as 2z are not considered monomials. We now define a
monomial order, which will be total order on monomials with certain natural properties.

Definition 3.6. A monomial ordering is a total order < on the monomials in F[Z] such that
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e Forallae N\ {0}, 1 < 7%
o For all@,b,c € N*, 7@ < 7 implies T8¢ < T+,

For non-zero f € F[z], the leading monomial of f (with respect to a monomial order
<), denoted LM(f), is the largest monomial in Supp(f) := {z% : Coeff_z(f) # 0} with respect to
the monomial order <. The trailing monomial of f, denoted TM(f), is defined analogously to be
the smallest monomial in Supp(f). The zero polynomial has neither leading nor trailing monomial.

For non-zero f € F[z], the leading (resp. trailing) coefficient of f, denoted LC(f) (resp.
TC(f)), is Coeff_z(f) where T = LM(f) (resp. z* = TM(f)).

Henceforth in this paper we will assume F[z] is equipped with some monomial order <. The
results in this paper will hold for any monomial order. However, for concreteness, one can consider
the lexicographic ordering on monomials, which is easily seen to be a monomial ordering (see also
Cox, Little and O’Shea [CLOOT]).

We begin with a simple lemma about how taking leading or trailing monomials (or coefficients)
is homomorphic with respect to multiplication.

Lemma 3.9. Let f,g € F[z] be non-zero so that fg # 0. Then the leading monomial and trailing
monomials and coefficients are homomorphic with respect to multiplication, that is, LM(fg) =

LM(f)LM(g) and TM(fg) = TM(f) TM(g), as well as LC(fg) = LC(f)LC(g) and TC(fg) =
TC(f) TC(g).

Proof: We do the proof for leading monomials and coefficients, the claim for trailing monomials
and coeflicients is symmetric. ~
Let f(T) = Y g0gz” and g(T) = Y Bgfb. Isolating the leading monomials,

f@) =LC()-LM(f)+ > agzz, 9(@) =LC(g) - LM(g) + Y B,

z%-LM(f) 70-LM(g)

with LC(f) = apm(y) and LC(g) = Brm(g) being non-zero. Thus,

F@)g(@) = LC(f)LC(g) - LM(f) LM(g) + LC(H)IM(f) [ > B"

70~ LM(g)

+LC(QIM(g) | Y am |+ | Y aqE® S s

T*-LM(f) T*~LM(f) z°-LM(g)
Using that 7%z = Z°LM(g), LM(f)z° = LM(f)LM(g) shows that LM(f)LM(g) is indeed the
maximal monomial in the above expression with non-zero coefficient, and as its coefficient is

LC(f)LC(g). O

We now recall the well-known fact that for any set of polynomials the dimension of their span
in F[z] is equal to the number of distinct leading or trailing monomials in their span.

Lemma 3.10. Let S C F[z] be a set of polynomials. Then dimspanS = |LM(spanS)| =
|TM(span S)|. In particular, dimspan .S > |[LM(S)|, |TM(S)|.
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4 Upper Bounds for Linear-IPS

While the primary focus of this work is on lower bounds for restricted classes of the IPS proof
system, we begin by discussing upper bounds to demonstrate that these restricted classes can prove
the unsatisfiability of non-trivial systems of polynomials equations. This shows that obtaining lower
bounds even for these restricted cases is non-trivial.

We begin by discussing the power of the linear-IPS proof system. While one of the most novel
features of IPS proofs is their consideration of non-linear certificates, we show that in powerful
enough models of algebraic computation, linear-IPS proofs can efficiently simulate IPS proofs. This
result was obtained by Grochow and Pitassi [GP14] for the special case of sparse IPS. We then
consider the subset-sum axioms, previously considered by Impagliazzo, Pudlék, and Sgall [IPS99],
and show that they can be refuted in polynomial size by the C-IPSpin proof system where C is
either the class of roABPs, or the class of multilinear formulas.

4.1 Simulating IPS Proofs with Linear-IPS

We show here that general IPS proofs can be efficiently simulated by linear-IPS, assuming that the
axioms to be refuted are described by small algebraic circuits. Grochow and Pitassi [ GP14] showed
that whenever the IPS proof computes sparse polynomials, one can simulate it by linear-IPS using
(possibly non-sparse) algebraic circuits. We give here a simulation of IPS when the proofs use
general algebraic circuits.

We omit the boolean axioms in the below set of axioms as they do not play a role in this
particular result.

Proposition 4.1. Let F be a field with |F| > d+ 1. Let fi,...,fm € Flz1,...,2,] have an
IPS proof C' € F[Z,y1,...,Ym], where fi,..., fm,C have degree-(< d) and are computed by size-s
algebraic circuits. Then fi,..., fm have a linear-IPS proof C' € F[x,y] where degC' < poly(d)
(and degz; C' < 1), and C" is computable by a poly(d, s)-size algebraic circuit.

Proof: Express C(7,7) as a polynomial in F[Z][g], so that C(Z,7) = > 2.5 Ca(Z)y®, where we use
that C(Z,0) = 0 to see that we can restrict @ > 0. Partitioning the @ € N™ based on their first
non-zero value, and denoting a; for the first ¢ — 1 coordinates of @, we obtain

C@,y) = Ca@y"
a>0
= Z Z Ca(T)y®
=1 G:a;=0,

a; >0

Now define Ci(7,7) := > 54 <i=0 Cz(T)y* %, where €; is the i-th standard basis vector. Note that
a; >0
this is a valid polynomial as in this summation we assume a; > 0 so that a —¢; > 0,

=Y Ci(T.9)y: -
i=1

We now claim that C'(z,7) = I, Ci(%, f(T))y; is the desired linear-IPS refutation, where
we have partially substituted in the f; for the y;. First, observe that it is a valid refutation, as

C'(.0) = S, Ci(@, F(@)0 = 0, and C'(Z, (@) = Xy Gi(# F(@) fi(@) = C( f(z)) = 1 via

the above definition.

18



We now argue that C’ has a small circuit, for which it is enough to show the size claim for each
C;. First, note that

(@Y= Y, Cal

a:a.;=0,
a; >0

C(fa 67 yi7?>z’) - 0(57 67 Oag>i) )

where each “0” here is a vector of ¢ — 1 zeros. Clearly each of C(7,0,y;,7~,) and C(%,0,0,7-;)
have size-s circuits, and it remains to show that i(C(f, 0,vi,9-;) — C(7,0,0,7-;)) (which is a
polynomial) has a small circuit. A heavy-handed approach would be to use Strassen’s [Str73]
elimination of divisions. Another approach is to interpolation (or more generally, homogenization,
see Shpilka and Yehudayoff [SY10]). That is, view D(y;) := C(%,0,v;,7~;) — C(7,0,0,7;) as a
univariate polynomial in the ring F[Z,¥-,]|[y;], which thus has degree < d. By evaluating D(y;)
at d + 1 distinct points in F, one can for any j take suitable linear combinations to obtain the
coefficient of y! in D(y;). By multiplying this coefficient by y ! and summing over j, one obtains

D(y;)/yi. As this takes poly(d) evaluations of a size-s circuit one obtains that C;(Z,y) has poly(s, d)
size. As f also has such a size, it follows that C;(, f()) has poly(s, d) size as desired. O

We remark that this simulation also roughly preserves the depth of the IPS proof, assuming
the axioms themselves also are computable by low-depth circuits. One can also remove the need
for a large field by using homogenization, but this increases the depth complexity (see Shpilka and
Yehudayoff [SY10]).

4.2 Multilinearizing roABP-IPSyin

In this section we show that for roABP-IPSyn and multilinear-formula-IPSyny one can efficiently
prove that a refutation equals its multilinearization modulo the boolean axioms. That is, for an
axiom f and polynomial g we wish to prove that ¢ - f = ml(g- f) mod Z? — T by expressing
g-f=>3,hi(z? — x;) where the h; have small circuits. We will use this multilinearization in our
construction of IPS refutations of the subset-sum axiom (Subsection 4.4).

We begin by noting that multilinearization for these two circuit classes is rather special, as these
classes are both not too weak and not too strong. That is, some circuit classes are simply too weak
to compute their multilinearizations. An example is the class of depth-3 powering formulas, where
(14 -+ x,)™ has a small > A > formula, but is multilinearization has leading term nlx; - - -z,
and thus requires exponential size as a Y. A Y. formula (by appealing to 3). On the other hand,
some circuit classes are too strong to admit efficient multilinearization (under plausible complexity
assumptions). That is, consider f(X,7) := (x11y1+ - +Z10Yn) - (Tn1Y1 +- -+ Tpnyn), which is
clearly a simple depth-3 ([T > I]) circuit. Viewing this polynomial in F[X]|[y] where X is an n x n
matrix, one sees that Coeff x|y, ..., f = perm(X), where perm(X) is the n X n permanent. Viewing
ml(f), the multilinearization of f, in F[X][y] one sees that ml(f) is of degree n and its degree n
component is the coefficient of yj - - -y, in ml(f), which is still perm(X). Hence, by interpolation,
one can extract this degree m part and thus can compute a circuit for perm(X) given a circuit
for ml(f). Since we believe perm(X) does not have small algebraic circuits it follows that the
multilinearization of f does not have small circuits.

We begin by multilinearizing roABPs, where we multilinearize variable by variable via telescop-
ing.

F[xl,.. , Ty be computable by a width-r roABP in variable order

Proposition 4.2. Let f €
) = (ITit1 Ai(xi)),, where A; € Flz;]™" have deg A; < d. Then ml(f)

x1 < -+ < Ty, so that f(T
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has a width-r roABP in variable order x1 < --- < x,, and there are poly(r,n,d)-ezxplicit width-r
roABPs fi,..., fn € F[Z] in variable order x1 < --- < x,, such that

f@) =ml(f)+ D fi- (af — i)
i=1

Further, the individual degree of the roABP for ml(f) is < 1.

Proof: First observe that we can extend the multilinearization map ml : F[Z] — F[Z] to matrices
ml : F[z]"*" — F[z]"*" by applying the map entry-wise. It follows then that A;(x;) —ml(A4;(x;)) =0
mod z? — x;, so that A;(x;) —ml(A;(x;)) = B(z;) - (2 — x;) for some B;(z;) € Fla;]™". Now define
ml<; be the map which multilinearizes the first ¢ variables and leaves intact the others, so that
ml<g is the identity map and ml<,, = ml. Telescoping,

=1 =1

n n

HAmwzm@(H&@@+§3
i=1

=1 7=1

using that ml(gh) = ml(ml(g) ml(h)) (Theorem 3.7), even for these partial-multilinearization maps,

=ml<, (H Ai(fb‘z)) +) |mley (H mlc;(A;i(;)) HAi(iUi))

i=1 i<j i>j

i< i>j

dropping the outside ml.; and ml<; as the inside polynomials are now multilinear in the appropriate
variables, and replacing them with ml as appropriate,

J=1 [i<j 127

1<j i>]

[[mi Aw)) + 3 T ml(As(a)) (Ayay) — (4 () TT Al
i=1 j=1i<j i>]
L[ mi

i(x5) —i—ZHml () HA x;) :n —xj) .

J=1i<y i>j
Taking the (1, 1)-entry in the above yields that

fm=<ﬁmw0
=1 1,1

)

=ﬁhM&m@ +i(Hmmmm&@nLMm)-m%ww
i=1 1,1 1,1

1<j i>]

Thus, define f; == (TTc; ml(A(2:)) By () [Lis; Ai(ws)) | and define f' = ([T ml(Ai(z:))); 5,

which is an roABP of individual degree 1 as each ml(A; ( i)) is linear. As the above yields that
f=1+>1 ( —x;) and f’ is multilinear, it follows that ml( f) = f’ and that this is the desired

expressmn O
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4.3 Multilinear-Formula-IPS

We now turn to multilinear-formula-IPS, with the aim of showing that this efficiently simulates
sparse-IPSp1n. We begin by noting that linear-IPS over multilinear polynomials is not a complete
proof system (for the language of all systems of polynomial equations with no 0-1 roots).

Example: Consider the unsatisfiable system of equations zy+1, 22—z, y? —y. A multilinear linear-
IPS proof is a tuple of multilinear polynomials (f,9,h) € Flz,y] such that f-(xy+1)+g-(x?—z)+h-
(y?> —y) = 1. In particular, f(z,y) = w7 +1 for z,y € {0, 1}, which 1mphes by 1nterpolat10n over the
boolean cube that f(z,y) =1-(1—-2)(1-y)+3-(1-2)y+i-z(l-y)+3-ay=1—3-2—3-y+3 xy
Thus f - (zy + 1) contains the monomial z%y?. However, as g, h are multilinear we see that x2y?

cannot appear in g-(2? —z)+h-(y?>—y)—1, so that the equality f-(zy+1)+g-(2®>—z)+h-(y*>—y) = 1
cannot hold.

As such, to simulate sparse-IPSp N (a complete proof system) we must resort to using general
IPS. We first show how to multilinearize a monomial.

Lemma 4.3. Let 7! = 1 xi. Then,
( Z H 3 — ;) H x; .
O<a<1ai=1 a;=0

Proof:

n n

@)? — 7t = [[((a? — ;) + @) — []

i=1 =1

=2 M@i-=) ] Hﬂfz

0<a<iai=1 a;=0
Z H x — ;) H T; . O
0<a<laz*1

We now give an IPS proof for showing how a polynomial times a monomial equals its multilin-
earization.

Lemma 4.4. Let f € F[Z,y1,...,yq) be multilinear be expressed as f = > 0<a<i fz(Z)y® in the ring

F[z][y]. Then ~ ~
f@y) 7' -nl(f(.7) 7)) =CE.3.5" -7,

where C € F[T,Y,21,...,24] is defined by C(Z,7,Z)

C(z,7,0) =0.

Proof: Simple calculation yields

appealing to Theorem 4.3,



That C(Z,7,0) = 0 is clear. O

We now extend the above to a polynomial times a sparse polynomial, keeping track of the
complexity of this IPS proof.

Corollary 4.5. Let f € Flxy,...,xz,] be computable by a multilinear formula of size-s, and let
g € F[z] be a t-sparse multilinear polynomial with degg < d. Then

g-f-ml(g-f)=0CZz 1),

for C € F[T,u1, ..., u,) where C(F,0) = 0 and C is computable by a poly(t,2% n, s)-size multilinear
formula. Further, if f is actually depth-2 then C is computable in poly(t,2% n,s)-size and depth-2.

Proof: As ml is a linear map, it suffices to show the claim for ¢ = 1 where g = [];cq for some
S C [n] with [S| < d. Partition T = (7, %) so J = Z|,)\s and Z = T|g so that g = z!, and thus Z has
< d variables. Express f in F[y][z] as f = > 51 fz(1)z% By Theorem 4.4,

where C(y, 2, W) = > fa(y) 2 g5z [1p,=1 Wi [I,—0 2i- We now claim that C has a poly(2%,n, s)-size
multilinear formula. First notice that C' is indeed multilinear as each fz is multilinear Next notice
that each fz(7) has a poly(2%,n, s)-size formula as it can be computed by interpolating f(7, %) over
7 € {0,1}71, so that fz(7) = > gefo.13= Baf (Y, @) for some g € F. Clearly > 75 g [1p,—1 wi [lp,—0 2
has the requisite size formula. Finally, summing over all @ only multiplies the complexity by at most
2¢. The claim about sparsity (depth-2 computation) follows by inspection of the above process,
noting that we can push all multiplication gates to the bottom of the above computation for C'. [

We now conclude by showing that multilinear-formula-IPS; v can efficiently simulate sparse-
IPSpin when the axioms are low-degree. As this latter system is complete, this shows the former
is as well. That is, we allow the refutation to depend non-linearly on the boolean axioms, but only
linearly on the other axioms.

Corollary 4.6. Let fi,..., fm € Flxy1,...,x,] be degree < d multilinear polynomials unsatisfiable
over the boolean cube. Suppose that there are s-sparse polynomials gi,...,gm,NR1,...,hn € F[T]
such that Z L gifi+ e hi-(x? —x;) = 1. Then f, 7> —7 can be refuted by a depth-2 multilinear-

formula-IPS; ;yr proof of size poly(2d7 n,s,m).

Proof: Clearly Z;”Zl g;f; =1 mod 72 — 7, and thus by multilinearizing we also have the equation
>timl(g;)f; =1 mod 72 — T, where we used that the f; are already multilinear. Now note
that each ml(g;) is an s-sparse multilinear polynomial of degree < d, and thus is computable
by a poly(n, s)-size multilinear formula. By Theorem 4.5, it follows for each j that ml(g;)f; —
ml(ml(g;)f;) = C;(F, 72 — T), where C;(F,0) = 0 and C; is computable by a poly(2¢,n, s)-size
depth-2 multilinear formula, as each g; is sparse. Summing over j, it follows that

m

ZO 3 —7) =Y (ml(g;)f; — ml(ml(g;) f;))

7j=1
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where in the last step we used that Z;” yml(g;)fj =1 mod 7% — 7. Thus, defining the refutation
C(Ty1- - Yms 21 -+, Zn) by 325 [f5(T) -y — >, C4(T, Z) we see that C(z,0,0) =0, C(z, f, T 2_7%) =

1, and C has a poly(2%,n, s, m)-size multlhnear formula. This formula is even depth-2 as each Cj
is depth-2, and f;(Z) - y; is depth-2 by pushing y; to the bottom multiplication gate. O

4.4 Refutations of the Subset-Sum Axiom

We now give efficient IPS refutations of the subset-sum axiom, where these IPS refutations can
be even placed in the restricted roABP-IPSyny or multilinear-formula-IPS 1y subclasses. That is,
we give such refutations for whenever the polynomial >, o;x; — 3 is unsatisfiable over the boolean
cube {0,1}", where the size of the refutation is polynomial in the size of the set A := {}°; az; :
Z € {0,1}"}. The most natural example is when @ =1 so that A ={0,...,n}.

To construct these refutations, we first show that there is an efficiently computable polynomial
f such that f(Z) - (3; asz; — 3) =1 mod T% — 7. This will be done by considering the univariate
polynomial pa(t) := [[,ca(t—a). As for any univariate p(x) we have that « —y divides p(z) —p(y),
so that pa(>; aiwi) — pa(B) is a multiple of Y, cyz; — 5. As Y, ayw; — [ is unsatisfiable it must
be that 3 ¢ A. This implies that p4(>; a;r;) = 0 mod 72 — T while pa(3) # 0. Consequently,
pa(>; cizi) —pa(B) is equivalent to a non-zero constant modulo Z2 — 7, yielding the Nullstellensatz

refutation
1 pa(;ouzi) —pa(B)
—pa(B) > iz — 3

By understanding the quotient pA(% a;g_c;):m(’g) we see that it can be efficiently computable as a

small 3> A Y formula and thus a roABP, and we can then multilinearize this roABP (Theorem 4.2).
Over large fields, we can also convert the quotient to a sum of products of univariate linear forms
using duality (1) and multilinearization.

Proposition 4.7. Let a € F*, B € F and A := {3} { iz : T € {0,1}"} be so that 3 ¢ A. Then
there is a multilinear polynomial f € F[Z] such that

f@) - (i —B)=1 modz* —7 .

For any |F|, f is computable by a poly(|A|,n)-explicit poly(|A|, n)-width roABP of individual degree
<1
If |F| > poly(|A|,n), then f is computable as

(i — ) =1 mod T — 7T .

f(@) = ifi,l(:m) o fim(zn)
=1

where each f; j € Fla;] has deg f; j < 1, s < poly(|A|,n), and this expression is poly(|A|,n)-explicit.

Proof: defining f: Define pa(t) € F[t] by pa := [[,ea(t — @), so that pa(A) = 0 and pa(5) # 0.
Express p4(t) in its monomial representation as pa(t) = ZLA:'O vst*. Then observe that

|A] Bk
pa(t) — (Z "5 ) )
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Al k-1
(RS

k=0  j=0
A1 /1A N

= (Z ( > %ﬁ(k_l)_j) t]) t—20).
=0 \k=j+1

Thus, plugging in t < >, a;x;, we can define the polynomial ¢(Z) € F[z] by
— . pa(Xiizi) — pa(f)

Al-1 [ |4] ‘ j
(8 ) () 0
=0 \k=j+1 i
Hence,
9(@) (s — ) = pa(X;0uxi) — pa(B) . (2)

For any = € {0,1}" we have that Y, ayxz; € A. As pa(A) = 0 it follows that pa(>°; a;x;) = 0 for
all T € {0,1}". This implies that pa(}>"; a;x;) =0 mod T2 — 7, yielding

9(@) (X0 — B) = —pa(B) mod 7° — 7T .
As —pa(B) € F\ {0}, we have that

1
-9(T) - O ux — B) =1 mod T2 — T .
—pa(B) A )
We now simply multilinearize, and thus define the multilinear polynomial f(Z) := ml(m .

g(Z)). First, we see that this has the desired form, using the interaction of multilinearization and
multiplication (Theorem 3.7).

1 =ml <_Pj(ﬂ)g(9ﬁ) (T — ﬁ))

= ml (ml (-pi(ﬁ) . g(:E)) ml(> ey — ﬂ))
ml (f -ml(Y ;02 — 5))
= ml (f (X0 — 5))

Thus, f- (3 ;052 — ) =1 mod 2 — T as desired.

computing f as a roABP: By Equation 1 we see that ¢g(Z) is computable by a poly(|A|,n)-
size Y A Y -formula, and by 2 ¢(Z) and thus m - g(T) are computable by poly(|A|,n)-width
roABPs. Noting that roABPs can be efficiently multilinearized (Theorem 4.2) we see that f =
ml(m - g(T)) can thus be computed by such a roABP also, where the individual degree of this
roABP is at most 1.

computing f via duality: We apply duality (1) to see that over large enough fields there are

univariates g;; where

11 /14 | j
9@ = ( > Vkﬁ(kl)J) (Zam)

j=0 \k=j+1
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§=0 \k=j+1 =1

[A]-1 |A] N\ (+D(+1)
= Z Z B Z 9j.e1(x1) - gjen(zn)

1]

Absorbing the constant ( ki1

Bk =i ) into these univariates and re-indexing,

S
= gi1(®1) - gin(2n)
i-1

for some univariates g; ;, where s < [A|(n|A| + 1)(|A| + 1) = poly(|A[,n).
We now obtain f by multilinearizing the above expression, again appealing to multilinearization
(Theorem 3.7).

1 _
7 =i ( = 90)
1 S
=ml <—pA(5) ;gi,l(xl) T gi,n(xn)>

absorbing the constant 1/-p.(8) and renaming,

= ml (Z ml(gi 1 (21)) - ml(gé,n(fcn))>

i=1

defining f; j(z;) := ml(g; j(z;)), so that deg f; ; <1,

= ml (i: fia(wr) - fz’,n(ﬂfn)>
i=1

and we can drop the outside ml as this expression is now multilinear,

=Y fialz) - fin(zn) |
=1

showing that f is computable as desired. O

Note that computing f via duality also implies a roABP for f, but only in large enough fields
|F| > poly(|Al,n). Of course, F must have |F| > |A| at least, but by using the field-independent
conversion of Y A > to roABP (2) this shows that F need not be any larger than A for the refutation
to be efficient.

The above shows that one can give an “IPS proof” g(Z)(>; cix; — B) + X hi(T) (2?2 — ;) = 1,
where ¢ is efficiently computable. However, this is not yet an IPS proof as it does not bound the
complexity of the h;. We now extend this to an actual IPS proof by using the above multilineariza-
tion results (Theorem 4.2). Note that while the above result gives a small >> A > formula g such
that g- (3; asx; — 3) = —pa(B8) mod T2 — T for non-zero scalar —p4(3), this does not translate to
a y_ A\ >_-IPS refutation as > A Y formulas cannot be multilinearized efficiently (see the discussion
in Subsection 4.2).
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Corollary 4.8. Leta € F", 5 € F and A := {37, ax; : T € {0,1}"} be so that 3 ¢ A. Then
S — B, T2 — T has a poly(|A|,n)-explicit poly(|A|,n)-size roABP-IPSry refutation in any
variable order.

Proof: We prove the claim for the variable order x; < --- < x,, the proof for other orders is
symmetric. By Theorem 4.7 there is a multilinear polynomial f € F[z] such that f(Z) - (3, aizi —
B) =1 mod x>—7 and so that f has a poly(|A|,n)-size roABP. Similarly, >*; a;z;— 3 is computable
by a poly(n)-size roABP. From Theorem 3.5 it follows that f - (3, auz; — ) is computable by a
poly(|A|, n)-size roABP. Thus, by efficient multilinearization of roABPs (Theorem 4.2) f-(3; ajz;—
B) =1+, fi(@) - (x? — ;) for f; € F[T] computable by poly(|A|,n)-size ToABPs (all in the
variable orders x; < --- < x,). The desired roABP-IPSy N refutation is thus C(Z,y, 21, ..., 2n) :=
f@y— fi(@)z1 — - -+ — fn(T)zpn, which has a poly(|A|,n)-size roABP (in any variable order of the
T,y,Z respecting x1 < --- < x,,) by appealing to Theorem 3.5 again. O

We now turn to refuting the subset-sum axioms by multilinear-formula IPSy N (which is not
itself a complete proof system, but will suffice here). While one can use the multilinearization
techniques for multilinear-formula-IPS of Subsection 4.3, we directly multilinearize the refutations
we built above using that the subset-sum axiom is linear.

Proposition 4.9. Let @ € F", f € F and A = {3, az; : T € {0,1}"} be so that B ¢ A.
If |F| > poly(|A|,n), then ¥, cux; — 3,72 — T has a poly(|A|,n)-explicit poly(|A|,n)-size depth-3
multilinear-formula-IPS v refutation.

Proof: By Theorem 4.7, there is a multilinear polynomial f € F[z] such that f(Z) (> ;ciz; — 8) =1
mod 72 — 7, and f is explicitly given as as

f(@) = ifi,l(:m) o fin(zn)
=1

where each f; ; € Flx;] has deg f; j < 1, s < poly(|A4],n).
We now efficiently prove that f(z) - (3/2; asx; — () is equal to its multilinearization (which is
1) modulo the boolean cube. The key step is that for a linear function p(x) = yx 4+ & we have that

(vw;h@ﬂ: = (7 +0)z +7(2? —2) = p()z + (p(1) — p(0))(2 — 2).

(@) - (Cicami — B)
= (Z Jia(zy)-- fzn(wn)> - (icimi — )
i=1

=Y —Bfia(x1) - fin(zn)
=1

+ 33 oy [T forl@n) - (Fig (s + (fis(1) = £y (0)(2F = zy))

i=1j=1  k#j

=Y —Bfia(@1) - finlwn) + D) ay [ firlzw) - fig(D;
=1

i=1j=1  k#j

+ 303 g T filow) - (Fig (1) = fi(0)) - (a3 = )

i=1j=1  k#j
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absorbing constants and renaming, using 7 = 0 to incorporate the above term involving (3,

:iiﬁfi,j,k(wk)Jrzn:(iﬁh,gk m) x5 — ;)

i=1j=0 k=1 7j=1 \i=1k=1

where each f; ;1 and h; j are linear univariates. As f(Z) - (Xl ix; —B8) =1 mod 72 — T it
follows that >_; >~ [ fijre(zr) =1 mod 72 — T, but as each fijk is linear it must actually be
that >, Zj [1x fije(xr) =1, so that,

_1+z<znh,wk> 2 ).

i=1 k=1

Define C(7,y,2) = f(@T)y — >j-1 hi(T )zj, where h;(T) := Y7 1= hiji(zk). It follows that
C(%,0,0) = 0 and that C(%,Y; ayx; — 3,2 —T) = 1, so that C is a linear-IPS refutation. Further,
as each f, h; is computable as a sum of products of linear univariates, these are depth-3 multilinear
formulas. By distributing the multiplication of the variables vy, z1, . .., 2z, to the bottom multiplica-
tion gates, we see that C itself has a depth-3 multilinear formula of the desired complexity. O

5 Lower Bounds for Linear-IPS via Functional Lower Bounds

In this section we give functional circuit lower bounds for various measures of algebraic complexity,
such as degree, sparsity, roABPs and multilinear formulas. That is, while algebraic complexity
typically treats a polynomial f € Flzy,...,z,] as a syntactic object, one can also see that it defines
a function on the boolean cube f : {0,1}™ — F. If this function is particularly complicated then
one would expect that this implies that the polynomial f requires large algebraic circuits. In this
section we obtain such lower bounds, showing that for any polynomial f that agrees with a certain
function on the boolean cube must in fact have large algebraic complexity. We stress that f need
not be multilinear, though for the restricted classes we consider here one can assume that f is
multilinear without increasing its size (see Subsection 4.2 and Subsection 4.3).

We then observe that by deriving such lower bounds for carefully crafted functions f :{0,1}" —
F one can easily obtain linear-IPS lower bounds for the above circuit classes. That is, suppose
that the function f obeys the functional equation f(Z) = 1/p() for all T € {0,1}" for a polynomial
p(Z) € F[Z]. Then consider the system of equations p(¥), 7> — T, where p(Z) is chosen so this system
is unsatisfiable. Any linear-IPS refutation yields an equation g(Z) - p(z) + >, hi(ZT)(2? — x;) = 1,
which implies g(T) = 1/p(@), for all Z € {0, 1}", so that the polynomial ¢g(Z) agrees with the function
f on the boolean cube. The functional circuit lower bound then implies that g must have large
complexity.

5.1 Degree of a Polynomial

We begin with a particularly weak form of algebraic complexity, the degree of a polynomial. While
it is trivial to obtain such bounds in some cases (as any polynomial that agrees with the AND
function on the boolean cube {0, 1}" must have degree > n), for our applications to proof complexity
(Subsection 5.3) we will need such degree bounds for functions defined by f(Z) = 1/p(z) for simple
polynomials p().

We show that any multilinear polynomial agreeing with 1/pz), where p(Z) is the subset-sum
axiom Y, x; — (3, must have the maximal degree n. We note that a degree lower bound of [7/2]
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was established by Impagliazzo, Pudldk, and Sgall [IPS99]. They actually established this degree
bound ¢ when p(Z) = 3, ayz; — (3 for any @, while we only consider @ = T here. However, we need
the tight bound of n here as it will be used crucially in the proof of Theorem 5.6.

Proposition 5.1. Let n > 1 and F be a field with char(F) > n. Suppose that 5 € F\ {0,...,n}.
Let f € Flxq,...,zy] be a multilinear polynomial such that

7) (Zf”i_5> =1 modZ’—7T.
Then deg f = n.

Proof: Clearly deg f < n as f is multilinear, so it remains to show the lower bound.
Begin by observing that as 8 ¢ {0,...,n}, this implies that >, z; — § is never zero on the
boolean cube, so that the above functional equation implies that for = € {0,1}" the expression

is well defined.
Now observe that this implies that f is a symmetric polynomial. That is, define the multilinear
polynomial g by symmetrizing f,

g(l‘l,..., n . ' Z f (n))a

’ 0'6671,

where &,, is the symmetric group on n symbols. Then we see that f and g agree on T € {0,1}", as

g(f): n Z f Lo()s--> T ())

'0'6611
1 1
B !oez(‘; Zxaz)_ﬁ n!aezénz:ixi_/@
:i-n!- ! = ! = f(@).

n! Yixi— B Xixi— B

It follows then that g = f as polynomials, since they are multilinear and agree on the boolean cube
(Theorem 3.7). As g is clearly symmetric, so is f. Thus f can be expressed as f = ZZ:O VS, (T),
where d := deg f, S, = ZSQ([Z]) [lics @i is the k-th elementary symmetric polynomial, and
i € F are scalars with 4 # 0.

Now observe that for £ < n, we can clearly understand the action of multiplying S, by

Zi x; — 3
(>iwi — 5)Sn,k(f) = Z >z — B) [Lics i

se(y)

= > (Zjes Tjllies T + 2 j¢5 i [lies ©i — B1lics 331)

se()

5The degree lower bound of Impagliazzo, Pudlak, and Sgall [IPS99] actually holds for the (dynamic) polynomial
calculus proof system, while we only consider the (static) Nullstellensatz proof system here. Note that for polynomial
calculus there is also a matching upper bound of [7/2] for & = 1.
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=Y > IIzi+&=8)]]zi| modz*-z

[n] T|=k+1:i€T €S
se() || ngg_
= (k+ 1)Sn,k+1 + (k — B)Sn,k mod 7° — 7 .

Note that we used that each subset of [n] of size k is contained in n — k subsets of size k + 1, and
every subset of size k + 1 contains k£ 4 1 subsets of size k.
Putting the above together, suppose for contradiction that d < n. Then

= f(z) (vaz — B) mod 72 — T

( %Snk> (sz ) mod 7% — T

(Z% (k+1)Sy k1 + (E—0) nk)) mod 72 — T

=va(d+ 1)Sp.ay1 + (degree <d) mod 7° — 7

However, as 74 # 0, d+1 < n (so that d+1 # 0 in F and S, 441 is multilinear) this is a contradiction
to the uniqueness of representation of multilinear polynomials modulo Z2 — Z. Thus, we must have

d=n. O

To paraphrase the above argument, it shows that for multilinear f of deg f < n with ml(f(Z) -
(>;zi — B)) = 1 it holds that degml(f(Z) - (>;x; — 3)) = deg f + 1. This contradicts the fact
that deg1 = 0, so that deg f = n. It is tempting to attempt to argue this claim without using that

ml(f(Z)-(>; z;—F)) = 1 in some way. That is, one could hope to argue that deg(ml(f(Z)- (>, z; —

B))) = deg f + 1 directly. Unfortunately this is false, as seen by the example ml((z + y)(z —y)) =

ml(x? — y?) = 2 — y. However, one can make this approach work to obtain a degree lower bound
of [7/2], as shown by Impagliazzo, Pudlak, and Sgall [IPS99].

Putting the above together we obtain that any polynomial agreeing with D L

on the boolean
z;—f3

cube must be of degree > n.

Corollary 5.2. Let n > 1 and F be a field with char(F) > n. Suppose that 3 € F\ {0,...,n}. Let
f €F[xy,...,x,] be a multilinear polynomial such that

f(@) (in—ﬂ) =1 mod7* 7.
Then deg f > n.

In Appendix A we give another, more concrete, proof of the above fact, which exactly computes

the unique multilinear polynomial agreeing with D :18__ 5 (see Theorem A.1).

5.2 Sparse polynomials

We now use the above functional lower bounds for degree, along with random restrictions, to obtain
functional lower bounds for sparsity. We then apply this to obtain exponential lower bounds for
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sparse-IPSyn refutations of the subset-sum axioms. Recall that sparse-IPSpn is equivalent to
the Nullstellensatz proof system when we measure the size of the proof in terms of the number
of monomials. While we provide the proof here for completeness, we note that this result has
already been obtained by Impagliazzo-Pudlak-Sgall [IPS99], who also gave such a lower bound for
the stronger polynomial calculus proof system.

We first recall the random restrictions lemma. This lemma shows that by randomly setting
half of the variables to zero, sparse polynomials become sums of monomials involving few variables,
which after multilinearization is a low-degree polynomial.

Lemma 5.3. Let f € F[z1,...,x,] be an s-sparse polynomial. Let p : F[z] — F[z] be the homo-
morphism induced by randomly and independently setting each variable x; to 0 with probability 1/2
and leaving x; intact with probability 1/2. Then with probability > 1/2, each monomial in p(f(T))
involves < lg s+ 1 variables. Thus, with probability > 1/2, degml(p(f)) <lgs+ 1.

Proof: Consider a monomial Z% involving > ¢ variables. Then the probability that p(Z?) is non-
zero is at most 27t Now consider f(T) = Zj-:l «;7%. By a union bound, the probability that any
monomial T% involving at least ¢ variables survives the random restriction is at most s27%. For
t =lgs+1 this is at most 3. The claim about the multilinearization of p(f(z)) follows by observing

that for a monomial Z% involving < lg s + 1 variables it must be that deg p(z%) < lgs + 1. O

We now give our functional lower bound. This follows from taking any refutation of the subset-
sum axiom and applying a random restriction. The subset-sum axiom will be relatively unchanged,
but any sparse polynomial will become (after multilinearization) low-degree, to which our degree
lower bounds (Subsection 5.1) can then be applied.

Proposition 5.4. Let n > 8 and F be a field with char(F) > n. Suppose that 3 € F\ {0,...,n}.
Let f € Flz1,...,x,) be a polynomial such that

. 1
f@) = Zﬂ?i—ﬂ7

for T € {0,1}". Then f requires > 2"/*~1 monomials.

Proof: Suppose that f is s-sparse so that f(Z) = >7_; @;7%. Take a random restriction p as in
Theorem 5.3, so that with probability at least 1/2 we have that degml(p(f)) < lgs+ 1. By the
Chernoff bound,” we see that p keeps alive at least /4 variables with probability at least 1 —e 2 42'”,
which is > 1 —e™! for n > 8. Thus, by a union bound the probability that p fails to have either
that degml(p(f)) < lgs + 1 or that it keeps at least /4 variables alive is at most 1/2 +e~! < 1.
Thus a p exists obeying both properties.

Thus, the functional equation for f implies that

f(@) <Z$z —5> =1 +Zhi(5)($% - i),

for some h; € F[z]. Applying the random restriction and multilinearization to both sizes of this
equation, we obtain that

ml(p(f)) - ( Y wi- B) =1 mod {2} — 2} p(a;)20 -
p(x:)7#0

"For independent [0, 1]-valued random variables X1, ..., Xy, Pr [El Xi— > EX] < —en] < e 2°n,
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Thus, by appealing to the degree lower bound for this functional equation (Theorem 5.1) we obtain
that lg s +1 > degml(p(f)) is at least the number of variables which is > n/4, so that s > 2"/4~1 as
desired. O

As sparse-IPSp N refutations of 3, #; — 3,72 — T give rise to functional equations of the above
form we obtain the lower bound for such refutations.

Corollary 5.5. Let n > 1 and F be a field with char(F) > n. Suppose that 3 € F\ {0,...,n}.
Then Y, x; — 3,@% — T is unsatisfiable and any sparse-IPSpy refutation requires size exp(€2(n)).

5.3 Coeflicient Dimension in a Fixed Partition

We now seek to prove functional circuit lower bounds for more powerful models of computation such
as roABPs and multilinear formulas. As recalled in Section 3, the coefficient dimension complexity
measure can give lower bounds for such models. However, by definition it is a syntactic measure
as it speaks about the coefficients of a polynomial. Unfortunately, knowing that a polynomial
f € F[z] agrees with a function f : {0,1}" — F on the boolean cube {0,1}" does not in general give
enough information to determine its coefficients. In contrast, the evaluation dimension measure
is concerned with evaluations of a polynomial (which is functional). Obtaining lower bounds for
evaluation dimension, and leveraging the fact that the evaluation dimension lower bounds coefficient
dimension (Theorem 3.6) we can obtain the desired lower bounds for this complexity measure.

We now proceed to the lower bound. It will follow from the degree lower bound for the subset-
sum axiom (Theorem 5.1). That is, this degree bound shows that if f(2)-(3; zi—8) =1 mod 2 —%
then f must have degree > n. We then replace Z < Z o § where ‘o’ is the Hadamard (entry-wise)
product. We then leverage the degree bound to show that the evaluation dimension, which can be
thought as measure of the “correlation” between T and ¥ is maximal.

Proposition 5.6. Let n > 1 and F be a field with char(F) > n. Suppose that 5 € F has that
BeF\A{0,...,n}. Let f € Flxy,...,xn,y1,--.,Yn] be a polynomial such that
1
JZy) ="
for T, 5 € {0,1}". Then dim Coeffzyf > 2".

Proof: By lower bounding coefficient dimension by the evaluation dimension over the boolean cube
(Theorem 3.6),

dim Coeflzy f > dim Evalgpy (0.1} f
= dim{f (7, Ls) : S C [n]}

> dim{ml(f(7, 1g)) : S C [n]},

]

where 1g € {0,1}" is the indicator vector for a set S, and ml is the multilinearization operator.
Note that we used that ml is linear (Theorem 3.7) and that dimension is non-increasing under
linear maps. Now note that for 7 € {0,1}",

_ 1
Ziesmi - p ’

It follows then ml( f(7, 1)) is a multilinear polynomial only depending on Z|g, and by its functional
behavior it follows from Theorem 5.1 that degml(f(Z, 1g)) = |S|. As ml(f(Z,1g)) is multilinear

f(fa ]lS) =
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it thus follows that the leading monomial of ml(f(Z, 1g)) is [[;cg x;, which is distinct for each
distinct S. This is also readily seen from the explicit description of ml(f(Z, 1g)) given by Theo-
rem A.1. Thus, we can lower bound the dimension of this space by the number of leading monomials
(Theorem 3.10),

dim Coeffz; f > dim{ml(f (7, 1s)) : S C [n]}
> |LM ({ml(f(z, 1)) : S C [n]})|
= {le : S C [n]}‘
€S
=", O

Note that in the above proof we crucially leveraged that the degree bound of Theorem 5.1 is
exactly n, not just Q(n). This exact bound allows us to determine the leading monomials of these
polynomials, which seems not to follow from Q(n) degree lower bounds.

As coefficient dimension lower bounds roABP width (Theorem 3.4) and depth-3 powering for-
mulas can be computed by roABPs in any variable order (2), we obtain as a corollary our functional
lower bound for these models.

Corollary 5.7. Let n > 1 and F be a field with char(F) > n. Suppose that 3 € F has that
BeF\{0,...,n}. Let f € Flxy,...,xn,y1,--.,Yn] be a polynomial such that

1
Sixiyi— 37

for T,5 € {0,1}"™. Then f requires width > 2™ to be computed as a ToABP in any variable order
where T precedes y. In particular, f requires exp(2(n))-size as a depth-3 powering formula.

f@,y) =

We now conclude with a lower bound for linear-IPS over roABPs in certain variable orders, and
thus also for depth-3 powering formulas.

Corollary 5.8. Let n > 1 and F be a field with char(F) > n. Suppose that 8 € F\ {0,...,n}.
Then Y, z;y; — 3,2 — T, 7" — 7 is unsatisfiable and any roABP-IPSy 1y refutation, where the roABP
reads T before y, requires width > exp(2(n)). In particular, any Y N\ > -IPSrin refutation requires
size > exp(Q(n)).

Proof: That this system is unsatisfiable is clear from construction. Now consider a width-r
roABP C(Z,9, z,u,v) which reads T before 7, and which is a roABP-IPSyn refutation. That is,
C(Z,7,2,1,0) = f(Z,9) 2+ >0 ¢i(Z, Y ui+ 11 hi(T,y)v; and C(T,7, > ; viyi — B, T2 —T, P —7) =
1. In particular, f(Z,y) = C(%,7,1,0,0) is computable by a width-r roABP reading T before 7
(Theorem 3.5). Thus, f(Z,7)-(3; ziyi—B) =1 mod T>—7, 7 —7 so that our functional lower bound
(Theorem 5.7) implies that the width of f (and thus C) must be > 2™. One obtains the conclusion
about depth-3 powering formulas similarly, as these are also closed under partial substitution. [

Note that while Theorem 5.7 gives a lower bound for roABP refutations in any variable or-
der where T precedes 7, if we allow the roABP to read the variables in the interleaved order
T1,Y1, X2, ..., T, Yn then a simple modification of Theorem 4.8 would show that there is a simple
poly(|Al|, n)-size roABP-IPSpN refutation of -, x;y; — 3,72 — 7,77 —y. We thus obtain the following
separation between roABP-IPS; 1y and IPSy N over depth-3 powering formulas.
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Corollary 5.9. Leta € F", € F and A := {3 ;- aiziy; 1 T,y € {0,1}"} be so that 5 ¢ A. Then
S airy — 3,72 — T,7% — 7 has a poly(|Al,n)-explicit poly(|A|,n)-size roABP-IPSyy refutation
in the variable order x1 < y1 < ... < Ty < Yn. On the other hand, any >, \>.-IPSrin refutation
requires size > exp(£2(n)).

5.4 Coefficient Dimension in any Variable Partition

The previous section gave functional lower bounds for coefficient dimension, and thus roABP width,
in the Z|y variable partition. However, this lower bound fails for other variable orderings. In this
section we extend the lower bound to any variable ordering by using suitable auxiliary variables
to plant the previous lower bound into any partition we desire by suitably evaluating the auxiliary
variables.

We begin by developing some preliminaries for how coefficient dimension works in the presence
of auxiliary indicator variables. That is, consider a polynomial f(Z,¥,%) where we wish to study
the coefficient dimension of f in the Z|y partition. We can view this polynomial as lying in F[z][Z, 7]
so that its coefficients are polynomials in Z and one studies the dimension of the coefficient space
in the field of rational functions F(Z). Alternatively one can evaluate Z at some point Z «— @ so
that f(z,y,@) € F[z,7] and study its coefficient dimension over F. The following straightforward
lemma shows the first dimension over F(Z) is lower-bounded by the second dimension over F.

Lemma 5.10. Let f € F[Z,7,Z|. Let fz denote f as a polynomial in F[Z][Z,7], so that for any
@ € FIZ we have that f € F[z,y]. Then for any such @,

dimpz) Coeffz; fz(Z,7) > dimp Coeffzpy fz(7,7) -

Proof: By Theorem 3.1 we see that dimpz) Coeffz; fz(Z,7) is equal to the rank (over F(Z)) of the
coefficient matrix Cy_, which has entries in F[z]. Similarly, dimp Coeffz;f=(Z,7) is equal to the
rank (over IF) of the coefficient matrix Cy_, which has entries in F. It follows that Cy_|zq = C_.
The claim then follows by noting that for a matrix M (w) € F[w]"*" it holds that rankp) M (w) >
rankp M () for any 3 € Fl®l. This follows as the rank of M (@) is equal to the maximum size of
a minor with a non-vanishing determinant. As such determinants are polynomials in w, they can
only further vanish when w « (. O

Proposition 5.11. Let n > 1 and F be a field with char(F) > (22") Suppose that 3 € F has that
B eF\{o,..., (22")} Let f € Flzq,...,Ton, 21,-- -, Z(Qn)] be a polynomial such that
2

f(z.%) = ! ,

Dicj ZigTity — 3

forz € {0,1}*", z € {0, 1}(2;). Let fz denote f as a polynomial in F[Z][Z]. Then for any partition
[2n] = SUT with |S| = |T| =n,

dlm]}?(g) Coeﬁ.ﬂS’ﬂT'fE > 2” .

Proof: As S and T are of the same size, define an arbitrary bijection ¢ : S — T. Then define the
Z-evaluation @ € {0, 1}(3) to restrict f to sum over x;x; in the matching, so that

a“:{lizdﬁ‘

0 else
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It follows then that f(Z,@) = «————— for T € {0, 1}?", which is, up to renaming, the polyno-

C DiesTiTo(i) B
mial studied in the previous section. Thus, by appealing to our lower bound for a fixed partition

(Theorem 5.6) and the relation between the coefficient dimension in fz versus fz (Theorem 5.10),

dimF(g) Coeff f2(§|57f‘T) > dimy Coeff_ |_ fa(f|5,T|T)
$|S|$\T

ElS‘E|T
> 2", O

We remark that this lower bound is only exp(£2(y/m)) where m = 2n + (22") is the number

of total variables, while one could hope for an exp(€2(m)) lower bound. One can achieve such a
lower bound by replacing the above auxiliary variable scheme (which corresponds to a complete
graph) with one derived from constant-degree expander graphs. That is because in such graphs
any large partition of the vertices induces a large matching across that partition, where one can
then embed the fixed-partition lower bounds of the previous section (Subsection 5.3). While this
would strengthen our result for functional lower bounds of roABPs, it would not suffice for the
below application to multilinear formulas (Theorem 5.12) as that application requires a full rank
polynomial. Indeed, the lower bound here of 2™ is also the trivial upper bound for the coefficient
dimension of any multilinear polynomial, so that the above result is particularly sharp.

We now obtain our desired functional lower bounds for roABPs and multilinear formulas.
Corollary 5.12. Let n > 1 and F be a field with char(F) > (22") Suppose that 3 € F has that
g eF\A{o,..., (22”)} Let f € Flzq, ..., 290,21, .- ,z(zn)] be a polynomial such that

2

f(f,f) = ! >

Dicj ZijTitj — 3

for T € {0,1}>", z € {0,1}<22n). Then [ requires width > 2™ to be computed by a roABP in
any variable order. Also, f requires n1°8™) _size to be computed as a multilinear formula. For
d = o(logn/loglogn), f requires nU((oem) @) ive multilinear formulas of depth-(2d +1).

Proof: toABPs: Suppose that f(Z,Z) is computable by a width-r roABP in some variable order. By
pushing the z variables into the fraction field, it follows that fz (f as a polynomial in F[z][Z]) is also
computable by a width-r roABP over F(Z) in the induced variable order on T (Theorem 3.7). By
splitting T in half along its variable order one obtains the lower bound by combining the coefficient
dimension lower bound of Theorem 5.11 with its relation to roABPs (Theorem 3.4).

multilinear formulas: This follows immediately from our coefficient dimension lower bound
(Theorem 5.11) and the Raz [Raz09] and Raz-Yehudayoff [RY09] results (Theorem 3.8). O

As before, this immediately yields the desired linear-IPS lower bounds.

Corollary 5.13. Let n > 1 and F be a field with char(F) > (22”) Suppose that 3 € F has that
g eF\{o,..., (22")} Then 3=, ; %ijTitj — B,7% — T, 7% — Z is unsatisfiable, and any roABP-IPSyn
refutation (in any variable order) requires exp(2(n))-size. Further, any multilinear-formula-IPS |
refutation requires n21°8™ _size, and any depth-(2d + 1) multilinear-formula-IPSy ; refutation re-

Q((nf10gn)'/4/d?)

quires n -size.

Proof: Clearly the system is unsatisfiable. The roABP-IPSyn lower bound follows as in Theo-
rem 5.8. For the multilinear-formula result, note that a IPSyn/-refutation must be linear in those
axioms aside from 72 — 7,%z2 — Z. Thus, taking the refutation modulo these equations we obtain
f(@,2) - (Xicjzijriv; — ) =1 mod 72 — 7,%Z2 — Z which by the above functional lower bound
implies the desired lower bound for the complexity of f. As the size of f is at most the size of the
refutation (as argued in Theorem 5.8) this gives the claim. O
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6 Lower Bounds for Multiples of Polynomials

In this section we consider the problem of finding explicit polynomials whose non-zero multiples
are all hard. Such polynomials are natural to search for, as intuitively if f is hard to compute than
so should small modifications such as 1 f2 +43. This intuition is buttressed by Kaltofen’s [Kal39]
result that if a polynomial has a small algebraic circuit then so do all its factors. The problem
is that this result is only known to hold for general algebraic circuits, or for small depth circuits
(with some additional restrictions ([DSY09,0li15b])) and not when the polynomial is computed by
a restricted circuit such as roABPs or depth-3 powering formulas.

We will begin by discussing the applications of this problem to the hardness versus randomness
paradigm in algebraic complexity. We then use existing derandomization results to show that
multiples of the determinant are hard for certain restricted classes. However, this method is very
rigidly tied to the determinant. Thus, we also directly study existing lower bound techniques for
restricted models of computation (depth-3 powering formulas, sparse polynomials, and roABPs) and
extend these results to also apply to multiples. We will show the applications of such polynomials
to proof complexity in section Section 7.

6.1 Connections to Hardness versus Randomness and Factoring Circuits

To motivate the problem of finding polynomials with hard multiples, we begin by discussing the
hardness versus randomness approach to derandomizing polynomial identity testing. That is, Ka-
banets and Impagliazzo [KI04] extended the hardness versus randomness paradigm of Nisan and
Wigderson [NW94] to the algebraic setting, showing that sufficiently good algebraic circuit lower
bounds for an explicit polynomial would qualitatively derandomize PIT. While much of the con-
struction is similar (using combinatorial designs, hybrid arguments, etc.) to the approach of Nisan
and Wigderson [NW94] for boolean derandomization, there is a key difference. In the boolean set-
ting, obtaining a hardness versus randomness connection requires converting worst-case hardness
(no small computation can compute the function everywhere) to average-case hardness (no small
computation can compute the function on most inputs). Such a reduction (obtained by Impagli-
azzo and Wigderson [IW97]) can in fact be obtained using certain error-correcting codes based in
multivariate polynomials (as shown by Sudan, Trevisan and Vadhan [STVO01]).

Such a worst-case to average-case reduction is also needed in the algebraic setting, but as
multivariate polynomials are one source of this reduction in the boolean regime, it is natural to
expect it to be easier in the algebraic setting. Specifically, the notion of average-case hardness for a
polynomial f(Z) used in Kabanets-Impagliazzo [K104] is that for any g(7, y) satisfying g(z, f(Z)) =
0, it must be that g then requires large algebraic circuits (by taking ¢(Z,y) := y — f(Z) this implies
f itself requires large circuits). This can be interpreted as average-case hardness because if such a
g existed with a small circuit, then for any value @ we have that g(@,y) is a univariate polynomial
that vanishes on f(@). By factoring this univariate (which can be done efficiently), we see that such
g give a small list (of size at most deg g) of possible values for f(@). By picking a random element
from this list, one can correctly compute f(Z) with noticeable probability, which by an averaging
argument one can convert to a (non-uniform) deterministic procedure to compute f(Z) on most
inputs (over any fixed finite set). While this procedure (involving univariate factorization) is not
an algebraic circuit, the above argument shows that the Kabanets-Impagliazzo [KI04] notion is a
natural form of average case hardness.

To obtain this form of average-case hardness from worst-case hardness, Kabanets and Im-
pagliazzo [KI04] used a result of Kaltofen [Kal89], who showed that (up to pathologies in low-
characteristic fields), factors of small (general) circuits have small circuits. As ¢(Z, f(z)) = 0 iff
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y — f(Z) divides ¢(Z,y), it follows that if g(Z,y) has a small circuit then so does y — f(Z), and
thus so does f(T). Taking the contrapositive, if f requires large circuits (worst-case hardness) then
any such ¢(7,y) with ¢(z, f(Z)) = 0 also requires large circuits (average-case hardness). Note that
this says that any worst-case hard polynomial is also average-case hard. In contrast, this is prov-
ably false for boolean functions, where such worst-case to average-case reductions thus necessarily
modify the original function.

Unfortunately, Kaltofen’s [Kal89] factoring algorithm does not preserve structural restrictions
(such as multilinearity, homogeneousness, low-depth, read-once-ness, etc.) of the original circuit, so
that obtaining average-case hardness for restricted classes of circuits requires worst-case hardness
for much stronger classes. While follow-up work has reduced the complexity of the circuits re-
sulting from Kaltofen’s [Kal89] algorithm (Dvir-Shpilka-Yehudayoff [DSY09] and Oliveira [Oli15b]
extended Kaltofen’s [Kal89] to roughly preserve the depth of the original computation) these works
are limited to factoring polynomials of small individual degree and do not seem applicable to other
types of computations such as roABPs. Indeed, it even remains an open question to show any
non-trivial upper bounds on the complexity of the factors of sparse polynomials. In fact, we ac-
tually have non-trivial lower bounds. Specifically, von zur Gathen and Kaltofen [vzGK85] gave
an explicit s-sparse polynomial (over any field) which has a factor with sog5) monomials, and
Volkovich [Vol15b] gave, for a prime p, an explicit n-variate n-sparse polynomial which in charac-
teristic p has a factor with (”J“ﬁ*Q) monomials (an exponential separation for p > poly(n)). .

While showing the equivalence of worst-case and average-case hardness for restricted circuit
classes seems difficult, to derandomize PIT via Kabanets-Impagliazzo [K104] only requires a single
polynomial which is average case hard. To facilitate obtaining such hard polynomials, we now give
a lemma showing that polynomials with only hard multiples are average case hard.

Lemma 6.1. Let f(Z) € F[z] and g(z,y) € F[z,y] both be non-zero. If g(Z,f(ZT)) = 0 then
f(@)|g(z,0).
Proof: Let g(Z,y) =Y; gi(f)yi, so that ¢(Z, 0) = go(f). That ¢(Z, f(Z)) = 0 implies that

0=g(T, f(T Zgz 7)) = 90(Z) + Y 6:(@)(f(T))’

i>1
so that go(Z) = f(T) - (— dis1 gi(f)(f(f))i“) as desired. O

That is, as the size of computing ¢(, 0) is bounded by that of ¢(Z, y) (for most natural measures
of circuit size), we have that if f(%) has only hard multiples then it is also average-case hard in the
sense needed for Kabanets-Impagliazzo [K104]. However, note that the converse of this lemma is
false, as seen by considering g(z,y) := y — x(x + 1), so that z|g(x,0) but g(x,z) # 0.

6.2 Lower Bounds for Multiples via PIT

This above discussion shows that obtaining lower bounds for multiples is a weaker condition suf-
ficient for instantiating the hardness versus randomness paradigm. While at first this may seem
no easier than the more general problem of bounding the complexity of factors, we now observe
that one can obtain such polynomials with hard multiples via derandomizing (black-box) PIT,
or equivalently, producing generators with small seed-length. That is, Heintz-Schnorr [HS80] and
Agrawal [Agr05] showed that one can use explicit hitting sets for small circuits to obtain explicit
hard polynomials, and we observe here that the resulting polynomials also have only hard multiples.

Lemma 6.2. Let C C F[Z] be a class of polynomials and let G : B¢ — F® be a generator for C.
Suppose 0 # h € F[Z] has hoG = 0. Then for any non-zero g € F[z] we have that g-h ¢ C.
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Proof: By definition of G, for any f € C, f = 0iff f oG = 0. Then for any such g, g-h # 0 and
(g-h)oG=(goG)-(h-G)=(g0G)-0=0. Thus, we must have that g-h ¢ C. O

While one can analogously prove the hitting-set version of this claim, it is a weaker claim. That
is, it is possible to consider classes C of unbounded degree and still have generators with small
seed-length (see Theorem 6.5 below), but for such classes one must have hitting sets with infinite
size (as hitting univariate polynomials of unbounded degree requires an infinite number of points).

Thus the above claim shows that obtaining black-box PIT yields the existence of a polynomial
with hard multiples, which yields average-case hardness, which (for general enough classes) will
allow the Kabanets-Impagliazzo [KI04] reduction to again yield black-box PIT. Thus, we see that
obtaining such polynomials with hard multiples is essentially what is needed for this hardness versus
randomness approach.

While there are now a variety of restricted circuit classes with non-trivial (black-box) PIT
results, it seems challenging to find for any given generator G an explicit non-zero polynomial f
with foG = 0. Indeed, to the best of our knowledge no such examples have ever been furnished for
interesting generators. Aside from the quest for polynomials with hard multiples, this question is
independently interesting as it demonstrates the limits of the generator in question, especially for
generators that are commonly used. There is not even a consensus as to whether the generators
currently constructed could suffice to derandomize PIT for general circuits. Agrawal [Agr05] has
even conjectured that a certain generator for depth-2 circuits (sparse polynomials) would actually
suffice for PIT of constant-depth circuits.

We consider here the generator of Shpilka-Volkovich [SV09]. This generator has a parameter
£, and intuitively can seen as an algebraic analogue of the boolean pseudorandomness notion of a
(randomness efficient) ¢-wise independent hash function. Just as ¢-wise independent hash functions
are ubiquitous in boolean pseudorandomness, the Shpilka-Volkovich [SV09] generator has likewise
been used in a number of papers on black-box PIT (for example [SV09, AvMV 11, FS13a, FSS14,
Vol15b, Forl5] is a partial list). As such, we believe it is important to understand the limits of this
generator.

However, f(-wise independence is a property of a hash function and likewise the Shpilka-
Volkovich [SV09] generator is really a family of generators that all share a certain property. Specif-
ically, the map ??; : F* — F” has the property ® that the image EEZL(FT) contains all /-sparse
vectors in F”. The most straightforward construction of a randomness efficient generator with this
property has that r = 24, though even in this construction there is freedom to choose the finite set
of points where Lagrange interpolation will be performed. To understand the power of the above

property we are free to construct another generator ?2\; with this property for which we can find

an explicit f where f o ?2\;; = 0 for small /. We choose a variant of the original construction so
that we can take f as the determinant.

In the original Shpilka-Volkovich [SV09] generator, one first obtains the £ = 1 construction by
using two variables, the control variable y and another variable z. By using Lagrange polynomials to
simulate indicator functions, the value of y can be set to choose between the outputs z€y, ..., z€e, €
F[z]™, where €; € F" is the i-th standard basis vector. By varying z one obtains all 1-sparse vectors
in F". To obtain ?Z\; one can sum ¢ independent copies of ?i\; In contrast, our construction will

8The most obvious algebraic analogue of a f-wise independent hash function would require that for a generator
G :F" — F" that any subset S C [n] with |S| < £ the output of G restricted to S is all of F°. This property is implied
by the Shpilka-Volkovich [SV09] property, but is strictly weaker, and is in fact too weak to be useful for PIT. That is,
consider the map (z1,...,2Zn) — (Z1,...,%n,T1+- -+ ). This map has this naive “algebraic n-wise independence”
property, but does not even fool linear polynomials (which the Shpilka-Volkovich [SV09] generator would).
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simply use a different control mechanism, where instead of using univariate polynomials we use
bivariates.

Construction 6.3. Let n,¢ > 1. Let F be a field of size > n. Let Q := {wy,...,wp} be distinct
elements in F. Define ??Xm (3 — T by

(G (@.v.2)) =2 Tu0(0) Ly o)

l’.]

where 1,, o(x) € Flz] is the unique univariate polynomial of degree < n such that

1 1=
ﬂwin(wj) = { .

0 else

Define azvn/ : F3¢ — F™*™ by the polynomial map

—sv/ =SV —sv/
gf,n (x17yl’zl7 cee ,CCg,yg,Zg) = gl,n(xl’yl’zl) + glyn(fbg,yg,Zg) ,

working in the ring F[Z,7,Z].

Note that this map has n? outputs. Now observe that it is straightforward to see that this map
has the desired property.

Lemma 6.4. Assume the setup of Theorem 6.3. Then the image of the generator, ??‘; (F36),
contains all £-sparse vectors in F**™,

As this property is all that is used ? about the Shpilka-Volkovich [SV09] generator, we replace
it with our construction in known black-box PIT results (such as [SV09, ASS13, FS13a, FSS14,
GKST15,Forl5]), some of which we now state.

Corollary 6.5. Assume the setup of Theorem 6.3. Then ?SOV(
classes of n-variate polynomials, of arbitrary degree.

logs),n 15 @ generator for the following

e Polynomials of sparsity s ([SV09, GKST15, Forl5]).
e Polynomials computable as a depth-3 powering formula of size s ([AS5513, FS13a]).
e Polynomials computable as a Y. A\ Ho(l) formula of size s ([Forl5]), in characteristic zero.

e Polynomials computable by width-s roABPs in every variable order, also known as commuta-
tive roABPs ([['SS51/]).

The above result shows the power of the ??‘,’1 generator to hit restricted classes of circuits. We
now observe that it is also limited by its inability to hit the determinant.

Proposition 6.6. Assume the setup of Theorem 6.3. The output ofgz\;/ is an n X n matriz of rank
< ¢, when viewed as a matrix over the ring F(Z,y,Zz). Thus, taking det,, € F[X] to be the n x n

determinant, we have that det,, o ?Z'V =0 for L <n.

9Note that for black-box PIT it is important that we use a generator that contains all sparse vectors, instead of
just the set of sparse vectors. As an example, the monomial x; ... x, is zero on all k-sparse vectors for k < n, but is
non-zero when evaluated on the Shpilka-Volkovich [SV09] generator for any £ > 1.
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Proof: £ =1: For a field K, a (non-zero) matrix M € K"*" is rank-1 if it can be expressed as
an outer-product, so that (M);; = o;f8; for @, € K". Taking @, € F(z,y,Z)" defined by

ai = 21y, o(r) and B; == 1, o(y) we immediately see that ?i\;(aj,y, z) is rank-1.

£ > 1: This follows as rank is subadditive, and ?2\/ is the sum of ¢ copies of Eﬁv .
det,, vanishes: This follows as the n x n determinant vanishes on matrices of rank < n. ]

Note that in the above we could hope to find an f such that fo ?ZV, =0 for all £ < n?, but we
are only able to handle ¢ < n. Given the above result, along with Theorem 6.2, we obtain that the
multiples of the determinant are hard.

Corollary 6.7. Let det,, € F[X]| denote the n xn determinant. Then any non-zero multiple f-det,
of dety, for 0 # f € F[X], has the following lower bounds.

e f-det, involves exp(2(n)) monomials.
o f-det, requires size exp(€2(n)) to be expressed as a depth-3 powering formula.

o f-det, requires size exp((n)) to be expressed as a S A [ICWY formula, in characteristic
zero.

o f-det, requires width-exp(2(n)) to be computed as a roABP in some variable order.

Proof: By Theorem 6.5, G%V(/log s$)m
classes. However, following Theorem 6.2, (f - dety,) o (@2\;) =0 for £ < n. Thus, if f - det,, (which
is non-zero) is computable in size-s it must be that O(log s) > n, so that s > exp(2(n)). O

is a generator for the above size-s computations in the above

Note that the above results do not directly apply to other polynomials, as we crucially leveraged
that the determinant vanishes on low-rank matrices. However, one can extend some of these results
to (say) the permanent by using VNP-completeness of the permanent, but we do not do so here as
it does not qualitatively change the result.

6.3 Lower Bounds for Multiples via Leading/Trailing Monomials

We now use the theory of leading (and trailing) monomials to obtain explicit polynomials with
hard multiples. We aim at finding as simple polynomials as possible so they will give rise to
simple “axioms” with no small refutations. These results will essentially be immediate corollaries
of previous work.

6.3.1 Depth-3 Powering Formulas

Kayal [Kay08] observed that using the partial derivative method of Nisan and Wigderson [N'W96]
one can show that these formulas require exp(€2(n)) size to compute the monomial z; - - - z,,. Forbes
and Shpilka [FS13a] later observed that this result can be made robust by modifying the hardness
of representation technique of Shpilka and Volkovich [SV09], in that similar lower bounds apply
when the leading monomial involves many variables, as we now quote.

Theorem 3 (Forbes-Shpilka [F'S13al). Let f(Z) € F[z] be computed a Y>> \Y. formula of size < s.

Then the leading monomial T¢ = LM(f) involves |a|o < lg s variables.

We now note that as the leading monomial is multiplicative (Theorem 3.9) this lower bound
automatically extends to multiples of the monomial.
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Corollary 6.8. All non-zero multiples of x1---x, require size > 2™ to be computed as Y. A\D
formula.

Proof: Consider any 0 # ¢(Z) € Flxy1,...,x,]. Then as the leading monomial is multiplicative
(Theorem 3.9) we have that LM(g- 21 ---x,) = LM(g) - 21 - - - T, so that LM(g-x1 - - - z,) involves n
variables. By the robust lower bound (3) this implies ¢(Z) - 1 - - - x,, requires size > 2" asa A Y.
formula. O

6.3.2 Y AY Ho(l) Formulas

Kayal [Kay12] introduced the method of shifted partial derivatives, and Gupta-Kamath-Kayal-
Saptharishi [GKKS14] refined it to give exponential lower bounds for various sub-models of depth-
4 formulas. In particular, it was shown that the monomial x; - - -z, requires exp(€2(n))-size to be
computed as a > A Ho(l) formula. Applying the hardness of representation approach of Shpilka
and Volkovich [SV09], Mahajan-Rao-Sreenivasaiah [MRS14] showed how to develop a deterministic
black-box PIT algorithm for multilinear polynomials computed by >> A > Ho(l) formulas. Indepen-
dently, Forbes [Forl5] (following Forbes-Shpilka [F'S13a]) showed that this lower bound can again
be made to apply to leading monomials ' (which implies a deterministic black-box PIT algorithm
for all > A S T1°W formulas, with the same complexity as Mahajan-Rao-Sreenivasaiah [MRS14]).
This leading monomial lower bound, which we now state, is important for its applications to poly-
nomials with hard multiples.

Theorem 4 (Forbes [For15]). Let f(Z) € F[@] be computed as a S NS 1" formula of size < s. If
char(F) > ideg(z?), then the leading monomial T = LM(f) involves |alo < O(tlg s) variables.

As for depth-3 powering formulas (Theorem 6.8), this immediately yields that all multiples (of
degree below the characteristic) of the monomial are hard.

Corollary 6.9. All non-zero multiples of x1 ---xy, of degree < char(F) require size > exp(n/t) to
be computed as S, NS T formula.

6.3.3 Sparse Polynomials

While the above approaches for > A>" and Y /\Z]_[O(l) formulas focus on leading monomials,
one cannot show that the leading monomials of sparse polynomials involve few variables as sparse
polynomials can easily compute the monomial x; ---xz,. However, following the translation idea
of Agrawal-Saha-Saxena [ASS13], Gurjar-Korwar-Saxena-Thierauf [GKST15] showed that sparse
polynomials under full-support translations have some monomial involving few variables, and
Forbes [Forl5] (using different techniques) showed that in fact the trailing monomial involving
few variables (translations do not affect the leading monomial, so the switch to trailing monomials
is necessary here).

Theorem 5 (Forbes [Forl5]). Let f(Z) € F[z] be (< s)-sparse, and let & € (F\ {0})" so that @ has
full-support. Then the trailing monomial T = TM(f(Z + @)) involves |alo < lg s variables.

This result thus allows one to construct polynomials whose multiples are all non-sparse.

Corollary 6.10. All non-zero multiples of (x1 + 1)---(x,, + 1) € F[Z| require sparsity > 2.
Similarly, all non-zero multiples of (x1+y1) -+ (Tn + yn) € F[T, 7] require sparsity > 2".

0The result there is stated for trailing monomials, but the argument equally applies to leading monomials
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Proof: Define f(z) = [[i;(z; +1). For any 0 # ¢(%) € F[z] the multiple ¢(Z)f(Z) under the
translation T — T — 1 is equal to g(Z — I)[[; #;. Then all monomials (in particular the trailing
monomial) involves n variables (as ¢g(T) # 0 implies g(T — 1) # 0). Thus, by 5 it must be that
9(Z) f(T) requires > 2" monomials.

The second part of the claim follows from the first, noting that setting 77 « 1 does not increase
sparsity in a multiple g(Z,7) - [1;(x; + vi)- O

6.4 Lower Bounds for Multiples of Sparse Multilinear Polynomials

While the previous section established that all multiples of (z; 4+ 1)--- (2, + 1) are non-sparse,
the argument was somewhat specific to that polynomial and fails to obtain an analogous result for
(r1 4+ 1) -+ (xp + 1) + 1. Further, while that argument can show for example that all multiples of
the n x n determinant or permanent require sparsity > exp(€2(n)), this is the best sparsity lower
bound obtainable for these polynomials with this method.'' In particular, one cannot establish
a sparsity lower bound of “n!” for the determinant or permanent (which would be tight) via this
method.

We now give a different argument, due to Oliveira [Olil5a] that establishes a much more general
result showing that multiples of any multilinear polynomial have at least the sparsity of the original
polynomial. While Oliveira [Olil5a] gave a proof using Newton polytopes, we give a more compact
proof here using induction on variables (loosely inspired by a similar result of Volkovich [Voll5a]
on the sparsity of factors of multi-quadratic polynomials).

Proposition 6.11 (Oliveira [Olil5al]). Let f(Z) € F[z1,...,zy] be a non-zero multilinear polyno-
mial with sparsity exactly s. Then any non-zero multiple of f has sparsity > s.

Proof: By induction on variables.

n=0: Then f is a constant, so that s = 1 as f # 0. All non-zero multiples are non-zero
polynomials so have sparsity > 1.

n > 1: Partition the variables T = (7, 2), so that f(7,2) = fi1(¥)z + fo(y), where f;(y) has
sparsity s; and s = s1 + so. Consider any non-zero ¢(7,z) = ;l:do gi()z* with ga, (9), ga, (¥) # 0
(possibly dy = dy). Then

9@, 2)f@.2) = (K@= + fo@)) - (Zgz )

i=do

= (@@ + | Y (A@e @ + fo@a®)7 | + fol@)ga, @)2"

do<i<d;

By partitioning this sum by powers of z and focusing on the extreme points,
|Supp (9(7,2) /(7 2))| > | Supp (£1@)ga, @) )| + | Supp (fo(@)9a, D))

so that appealing to the induction hypothesis, as fo and fi are multilinear polynomials of sparsity
sp and s respectively,

>s1+Ss9p=s. ]

Hgpecifically, as the determinant and permanent are degree m multilinear polynomials, and thus so are their
translations, their monomials always involve < m variables so no sparsity bound better than 2™ can be obtained by
using 5.
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We note that multilinearity is essential in the above lemma, even for univariates. This is seen
by noting that the 2-sparse polynomial z™ — 1 is a multiple of 2! + ... + 2 + 1.

Thus, the above not only gives a different proof of the non-sparsity of multiples of [],(z; + 1)
(Theorem 6.10), but also establishes that non-zero multiples of [];(z; + 1) — 1 are > 2™ — 1 sparse,
and non-zero multiples of the determinant or permanent are n! sparse, which is tight. Note further
that this lower bound proof is “monotone” in that it applies to any polynomial with the same
support, whereas the proof of Theorem 6.10 is seemingly not monotone as seen by contrasting
[I;(z; +1) and [[;(2; + 1) — 1.

6.5 Lower Bounds for Multiples by Leading/Trailing Diagonals

In the previous sections we obtained polynomials with hard multiples for various circuit classes by
appealing to the fact that lower bounds for these classes can be reduced to studying the number
of variables in leading or trailing monomials. Unfortunately this approach is restricted to circuit
classes where monomials (or translations of monomials) are hard to compute, which in particular
rules out this approach for roABPs. Thus, to develop polynomials with hard multiples for roABPs
we need to develop a different notion of a “leading part” of a polynomial. In this section, we
define such a notion called a leading diagonal, establish its basic properties, and obtain the desired
polynomials with hard multiples. The ideas of this section are a cleaner version the techniques used
in the PIT algorithm of Forbes and Shpilka [FS12] for commutative roABPs.
We begin with the definition.

Definition 6.1. Let f € Flx1,...,2pn,y1,.-.,Yn] be non-zero. The leading diagonal of f, denoted
LD(f), is the leading coefficient of f(T o Z,7 o Z) when this polynomial is considered in the ring
F[z,y][z1,. .., 2n], and where T o Z denotes the Hadamard product (x121,...,2Tn,2,). The trailing
diagonal of f is defined analogously. The zero polynomial has no leading or trailing diagonal.

As this notion has not explicitly appeared prior in the literature, we now establish several
straightforward properties. The first is that extremal diagonals are homomorphic with respect to
multiplication.

Lemma 6.12. Let f,g € Flz1,...,2n,Y1,...,Yn| be non-zero. Then LD(fg) = LD(f)LD(g) and
TD(fg) = TD(f) TD(g).

Proof: As LD(f) = LCz3z(f(T0Z,70Z)), where this leading coefficient is taken in the ring F[7, 7][Z],
this automatically follows from the fact that leading coefficients are homomorphic with respect to
multiplication (Theorem 3.9). The result for trailing diagonals is symmetric. O

We now show how to relate the leading monomials of the coefficient space of f to the respective
monomials associated to the leading diagonal of f.

Proposition 6.13. Let f € F[z1,..., %0, y1,...,Yn]. For any b, if Coeffjlgg(LD(f)) # 0, then

LM (coeffmg(LD( f)) =LM (coeﬁmg( n) -
The respective trailing statement also holds.

Proof: We prove the leading statement, the trailing version is symmetric. Let f =) _;a- Efaﬂg.
We can then expand f(Z oZ,y 0 z) as follows.

f@o%70%) = e (Laypms 02 37°0")
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choose € so that LCz5z(f) = Coeff 725, (f), we get that

— (Y o FP) 5 P
- (ZEer:EO a@bzv Y )Z + ZE-<EU (Za+bzé aﬁ,bx Yy )Z ’

where LD(f) = >; 5 2 O gfagg and > o 7 o« gfaﬂg = 0 for ¢ > ¢y. In particular, this means
that for any b we have that azyp =0 for @ > ¢y — b.
Thus we have that
b
LM (Coeffﬂgg(LD ) Coeﬁ,ly ( a+b=zo Y pTY ))

M
( ) bfco b)

I
&z\

as we assume this leading monomial exists, which is equivalent here to ST #0.
In comparison,

M (coeffmg( f)) LM (coeﬁg' § (E bfayb))
=LM (Ea O‘a,Ex )
=LM (ZE>EO -b O‘aﬁfa +ag, _575550_5 + 2 a5 O‘E,EEE>

as o B:Ofora>co—b

_ —Co— b _=a
= LM (ac —b, »T + Za<00 Oéa,b'r )

where in the last step we used that X b # 0. This establishes the desired equality. O

We now relate the extremal monomials of the coefficient space of f to the monomials of the
coefficient space of the extremal diagonals of f.

Corollary 6.14. Let f € F[z1,...,Zn,Y1,-..,Yn]. Then

(Coeﬁ:x|y(f)) 2 LM(Coeﬁx\y( (f))) )

and likewise for trailing monomials.

Proof: This follows as LM(Coeffz(LD(f))) is equal to {LM(Coeff,‘ (LD(f )))|Coeff,| 5(LD(f)) 7é|
0}, but by Theorem 6.13 this set equals {LM(CoeffEbe( ))]Coeff,‘ 5(LD(f)) # 0}, which is clearly
contained in LM(Coeffz;(f)). O

We now observe that the number of leading monomials of the coefficient space of a leading
diagonal is equal to its sparsity.

Lemma 6.15. Let f € Flxy,...,2n,Y1,...,Yn]. For a polynomial g, let |glo denotes its sparsity.
Then
| LM(Coeffz5(LD(f)))| = [LD(f)lo ,

where the respective statement also holds for trailing monomials.
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Proof: We prove the claim for the leading diagonal, the trailing statement is symmetric. As above,
let f = ZE,E aﬂﬁy" so that LD(f) = > B=2 aagfayb =23 o, _REEEO_I’@(’ for some ¢y € N™. Then
Coeffﬂgg(LD( )= an—E,BEEO_E' As the monomials 7%~ are lincarly independent for distinct b, it
follows that dim Coeffz;(LD(f)) = [{bleg, 55 # 0}], which is equal the sparsity | LD(f)lo. O

Finally, we now lower bound the coefficient dimension of a polynomial by the sparsity of its
extremal diagonals.

Corollary 6.16. Let f € Flxy,...,2n,y1,.--,Yn]- Then
dim Coeffz(f) = | LD(f)lo. [ TD(f)lo ,

where for a polynomial g, |glo denotes its sparsity.

Proof: Combining Theorem 6.14 with Theorem 6.15 we get

dim Coeff5;(f) > dim Coeffz;(LD(f)) > |LD(f)lo, | TD(f)|o -

6.6 Lower Bounds for Multiples for Read-Once and Read-Twice ABPs

Having developed the theory of leading diagonals in the previous section, we now turn to using this
theory to obtain explicit polynomials whose non-zero multiples all require large roABPs and read-
twice ABPs. As Y. A Y. formulas and sparse polynomials have small roABPs, these polynomials
will also have multiples requiring large complexity in these models as well and thus qualitatively
reproving some of the above results in this section. However, we included the previous sections as
the hard polynomials there are simpler (being monomials or translations of monomials), and more
importantly we will need those results for the proofs below.

The proofs will use the characterization of roABPs by their coefficient dimension ( Theorem 3.2),
the lower bound for coefficient dimension in terms of the sparsity of the extremal diagonals (The-
orem 6.16), and polynomials whose multiples are all non-sparse (Theorem 6.10).

Proposition 6.17. Let f(z,7) := [[in, (i +vi + ciziyi) € Flxy, ..., 20, Y1, ..., Yn], for any a; € F.
Then for any 0 # g € F[Z, 7],

In particular, all non-zero multiples of f require width at least 2" to be computed by a roABP in
any variable order where T < 7.

Proof: Observe that trailing diagonal of f is insensitive to the «;. That is, TD(z;+y;+o;x:y;) = 2+
Yi, so by multiplicativity of the trailing diagonal (Theorem 6.12) we have that TD(f) = [;(z; +yi)-
Thus, appealing to Theorem 6.16 and Theorem 6.10,
dim Coeffz(g - f) = [TD(g - f)lo
= | TD(g) - TD(f)lo
= [TD(g) - [ [(xi + wi)lo

]

> 2",

The claim about roABP width follows from Theorem 3.2. O
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Note that this lower bound works in the “monotone” setting, as we only used the zero/non-zero
pattern of the coefficients.

Corollary 6.18. Let f(Z,y) := [[iv; (i + i + ziyi) € Flx1, ..., 20, y1,-..,Yn]. Then, any roABP
for g- f, for any 0 # g € F[Z, 7|, has width > 2™.

Proof: The proof follows from combining Theorem 6.17 with Theorem 3.2. O

To obtain a lower bound for read-twice ABPs we need the following theorem of Anderson et al.
[AFST15].

Theorem 6.19 (Theorem 4.3 of [AFST15)). Let f € Flx1,...,x,] be a polynomial computed by
width-w read-k oblivious ABP. Then, there exist three disjoint subsets ULV UW = [n], such that

1 UL V] = n/kO®),
2. [W| <n/10, and

3. dim Evalg, 7, r(f) < w?*, where we compute the dimension over the field F(Tw ), and by Ty
(similarly, Ty, Tw ) we mean the variables in T whose indices belong to U.

Corollary 6.20. Let f(z,%) := [[}';= (21 (zitzj+aizg) +(1—2i5)) € Flz1, ... 20,211, -, Znal-
Then, any read-2 oblivious ABP for g - f, for any 0 # g € F[Z,Z|, has width > exp(n).

Proof: Consider a read-2 oblivious ABP for ¢g- f of width w. Let us think of the variable Z as being
part of the field. By Theorem 6.19 (for k = 2) we can partition to variable T to three sets Ty, Ty
and Ty such that when we add Ty to the field, dim Evalg, |z, r(f) < w?*. To simplify notation
let us assume that |U| < |V| and that U = {1,3,5,...,2|U| —1} and V = {2,4,6,...,2|V|}. Then
we can express f as f = lell(zzi_l,zi(x2¢_1 + w2 + x2i—1 - ®2i) + (1 — 22i—1,2i)) - f'. In particular,

U]
fg= H(Zzi—1,2i(332z‘—1 + xi + o1 - o) + (1 — ZQz’—l,Qz‘)) '9/ )

=1

for some nonzero ¢'(z,z). From Theorem 6.17 (or, in fact, a small variation of it) we get that
dim Coeffz 7, (g - f) > 2Vl Combining with Theorem 6.18 we get w* > 2V, which implies
w = 220U1) = 99(n) 0

7 IPS Lower Bounds via Lower Bounds for Multiples

In this section we use the lower bounds for multiples of Section 6 to derive lower bounds for C-
IPS proofs for various restricted algebraic circuit classes C. While we consider most of the same
classes for which we proved linear-IPS lower bounds in Section 5, our simulation of IPS by linear-
IPS (Theorem 4.1) does not work for these restricted classes and thus we need further ideas to
obtain IPS lower bounds. Unfortunately, as discussed in the introduction (subsubsection 1.3.3),
this approach will necessarily give lower bounds for C-IPS where the axioms themselves are hard
to compute within C (but may be computable by general algebraic circuits).
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7.1 IPS Lower Bounds for Depth-3 Powering Formulas
We begin by proving lower bounds for IPS proofs written as depth-3 powering formulas.

Proposition 7.1. Define f,g € Flzy,...,xp] by f =212y, —1 and g =21+ -+ + x, — m, for
m € F. Then for m # n, the equations f,g,T> —T are unsatisfiable, and any 3 \ S.-IPS refutation
must be of size exp(Q2(n)).

Proof: To see that the equations f, g, 7> — Z are unsatisfiable note that in order to satisfy f, all
variables must be set to 1. This assignment however does not satisfy g.

We now move to proving the lower bound. By definition, an IPS refutation gives rise to a
computation of the form

1= C(fvgaBlw"’Bn?f)

where C is a >_ A\ Y formula. In particular, C' computes a polynomial of the form

s

d;
n n

C(f,9.B1,...,Bn,T) =Y (ai,l fHaia-g+ Y BB +Z’Yt'fﬂt> )
=1 =1

i=1

where the o, 3,7 are constants in the field. As g is a linear polynomial and and the B; are quadratic

we can rewrite C' as
S

n
C(f7gaBl7 s aBnyf) = Z(al : H i + Q’L’)div
i=1 i=1
where Q; are quadratic polynomials. Thus, 1 = Y5 (a; - [[/; 2 + Q;)%. We now observe that
this implies that there exists some nonzero polynomial h such that

hE) - [Jzi=1-> 0 (3)
i=1 i=1

Indeed, to prove that A is nonzero it is enough to notice that if h was zero then the equality
1=0C(f,9,B1,...,Bpn,T) would not depend on f and thus replacing it with, say 0, would make
the set of initial polynomials satisfiable, thus contradicting the fact that we have a refutation.

4 implies that the leading monomial of the RHS in (3) contains at most O(log s) many variables.
This implies s = exp(n), which is what we wanted to prove. O

7.2 IPS Lower Bounds for roABPs

We now prove lower bounds for roABP-IPS. The argument is similar to the previous section and
is based on Theorem 6.20. Let f =1+, ;(2i;(%; + 75 — mw5) + (1 — 2;5)). It is easy to see that
over the boolean cube f is never zero, this is it never satisfiable.

Proposition 7.2. Let f = 1+ [, j(zij(zi + z; — ziz;) + (1 — z;5)). Then, the polynomial set
{f, 7% — T} is not satisfiable, and any roABP-IPS refutation must be of width exp(Q(n)).

Proof: Let C(%,%,y,) be aroABP of width w so that C(%,0,0) = 0 and C(7, Z, f, 22 —x1, . . ., z?w—
Znn) = 1. Let C'(z,%,0) £ C(7,%,0,0). Clearly C’ is a roABP, and its width is at most w. It is
also immediate that
C(z,z,y,0)=C(z,z,0)+y-C"(Z,%,0) ,
for some polynomial g(Z,z,v). Substituting the boolean axioms to the variables ¥ and f to y we
get,
1=C(x,%, f,23 — 1, .. .,z,?w — Zpn) = C'(T, 2,23 — :L‘l,...,zﬁm —Znm)+f-4,
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for some polynomial ¢’'(Z,z). Note that ¢’ # 0 as otherwise we will get a contradiction by setting

all variables to zero using C(%,0,0) = 0. By rearranging we get that f-g¢ = 1 — C'(7,z,2? —
Ti,. .., zfm — Zn.n). We now observe that as C” is read-once in the variables 7, Z, what we get after
substituting the boolean axioms to T is a read-2 oblivious ABP in the variables Z,Z. Corollary 6.20

implies that w = exp(n) as claimed. O

8 The Relative Strength of IPS Fragments

Here we further study the relative strength of the IPS fragments considered in previous sections,
comparing them to several related propositional proof systems studied in proof complexity litera-
ture. We have already seen that our fragments of IPS (excluding depth-3 powering formulas IPS)
sit strictly above the Nullstellensatz refutation system (measured by sparsity). Here we show that
our fragments are polynomially simulated by semantic tree-like versions of the Polynomial Calculus
in which proof-lines are written with either roABP or multilinear formulas, respectively, as con-
sidered in [RT08,Tzall]. We further observe that both roABP-IPS and multilinear-formulas-IPS
have exponential speedups over PC, from which we derive new separations between tree-like PC
over multilinear-formulas and roABPs, and PC (measured by sparsity). We discuss the relations
between fragments of IPS to Frege systems, as well as to the non-commutative-IPS proof system
that efficiently simulates Frege.
We start by a brief formal summary of basic notions from propositional proof complexity.

8.1 Basic Concepts in Propositional Proof Complexity

A propositional proof system, sometimes called a Cook-Reckhow proof system following the definition
given in [CR79], is simply a polynomial-time function f from a set of finite strings over some given
alphabet onto the set of propositional tautologies. Thus, f(x) = y means that the string x is
the proof of the tautology y. Note that since f is onto, all tautologies and only tautologies have
proofs (and thus the proof system is complete and sound). The idea behind this definition is that a
purported proof £ may be much longer then the tautology ¥ it proves, but given the proof it should
be possible to efficiently check (efficient with respect to the proof length) that the proof is indeed
a correct proof of the tautology.

This definition of a Cook-Reckhow proof system encompasses most standard proof systems for
propositional tautologies, such as resolution and Frege proofs. We can also relax the verification
of propositional proofs to be efficient in probabilistic polynomial-time, namely the proof system f
above is now assumed only to be in BPP. This relaxation is relevant to fragments of IPS, and it
was already considered before in several works in proof complexity (cf. [Pit97, RT08, GP14]).

Considering a BPP verifiable propositional proof system is frequent when dealing with algebraic
proof systems, in which verification of proofs naturally depends on a polynomial identity testing
(PIT) algorithm for arithmetic circuits. For general arithmetic circuits only a BPP (in fact, coRP)
efficient PIT is currently known [Zip79,Sch80]). But for certain restricted circuit classes, such as
roABPs [RS05] (and trivially, ¥.II formulas) there is a deterministic polynomial time PIT algorithm.

8.1.1 Simulations

For the purpose of comparing the relative complexity of different proof systems we have the concept
of a simulation. Concrete examples of simulation results where given in this work above. Formally,
we say that a propositional proof system P polynomially simulates another propositional proof
system (@ if there is a polynomial-time computable function f that maps Q-proofs to P-proofs of
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the same tautologies (if P and @ use different representations for tautologies, we fix a (polynomial)
translation from one representation to the other). In case f is computable in time ¢(n) (for n the
input-size), we say that P t(n)-simulates Q. We say that P and @ are polynomially equivalent in
case P polynomially simulates () and @ polynomially simulates P. If P polynomially simulates @
but @ does not polynomially simulates P we say that P is strictly stronger than @ (equivalently,
that @ is strictly weaker than P), and we also say that P is separated from Q.

8.2 Relations with Polynomial Calculus

Most propositional proof systems considered in proof complexity are so-called sequential proof
systems, sometimes also termed dynamic proof system to contrast them from “static” ones. In
sequential proof systems, a proof is a sequence of formulas, each derived by a set of finite derivation
rules from previous formulas. Each formula in a proof-sequence is referred to as a proof-line.

The Polynomial Calculus (introduced by Clegg et al. [CEI96]) and its variants, are sequential
proof systems for finite collections of polynomial equations having no 0-1 solutions over a given
field.'?

Definition 8.1 (Polynomial Calculus (PC)). Let F be a field and let FF = {f1,..., fm} be a
collection of multivariate polynomials from Flxy,...,x,]. A PC proof from @ of a polynomial g is
a finite sequence m = (p1,...,p¢) of multivariate polynomials from Flxq, ..., xy], where pp = g and
for every 1 < i < {, either p; = f; for some j € [m], or p; is a Boolean axiom x; - (1 — ;) for some
i € [n], or p; was deduced from pj,py , for j,k <i, by one of the following inference rules:

(i) product rule: from p, derive g-p, for g any polynomial in Flxy, ..., z,];

(ii) addition rule: from p, derive ap + bq, for a,b € F.
A PC refutation of F' is a proof of 1 (which is interpreted as 1 = 0, that is the unsatisfiable
equation standing for false) from F'. The degree of a PC-proof is the mazximal degree of a polynomial
in the proof. The size of a PC proof 7 is the total number of monomials (with nonzero coefficients)
in all the proof-lines, denoted |r|.

We say that a PC proof is a tree-like proof if the underlying proof-structure is a tree, or in
other words, if every proof-line can be used at most once as the premise of an inference rule.

Note: It is important to notice that the product rule for PC we use in Definition 8.1 is slightly
different from the standard product rule [CEI96] which assumes that g is a variable. For PC proofs
in which polynomials are written as sums of monomials or as algebraic formulas, both definitions
are polynomially equivalent to each other (cf. [RT08]); this is because we can polynomially simulate
a product by g, by a straightforward induction on the formula size of g. However, if we consider
tree-like PC proofs, we cannot in general polynomially simulate the rule “from f derive f - g”
using the rule “from f derive x; - f”, since in a tree-like PC proof the latter rule would amount to
multiplying f by all the monomials in g, one by one. Because we are going to consider tree-like
PC proofs, we therefore define PC with the more general rule “from f derive f - g”.

Notice also that the size of PC proofs in Definition 8.1 can be defined equivalently (up to a
factor of n) as the total formula size of all proof-lines, where polynomials are written as sums of
monomials and equivalently as XII formulas (Definition 1.2). We will consider in what follows PC
proofs in which proof-lines are taken from different algebraic circuit classes.

Clegg et al. [CEI96] proved that every PC proof of the subset sum principle >1* ; x; = m (for
m > n) over the reals cannot have subexponential size (namely, it must contain exponentially many
monomials). Thus, by Theorem 4.8 and Theorem 4.9:

12Formally, each different field yields a different algebraic proof system.
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Corollary 8.1. PC (over the reals) does not polynomially simulate neither roABP-IPSpy nor
multilinear-formulas-IPSyn.

We leave it open whether either roABP-IPSyn or multilinear-formulas-IPStn polynomially
simulate PC.

8.3 Relations with PC over roABPs

Tzameret [Tzall] considered the strength of polynomial calculus where polynomials are written
as roABPs. This work focused on ordered formulas and defined the system OFPC, standing for
ordered formulas PC. Ordered formulas is the formula class corresponding to roABPs, similar to
the way that non-commutative formulas correspond to non-commutative ABPs. More precisely,
an ordered formula is a non-commutative formula in which every node computes a polynomial
such that the multiplication order of variables in each monomial respects a fixed total order on
the variables (e.g., ascending order z1 < z3 < ... < x,). Nevertheless, as discussed in [Tzall] all
results in that paper also hold for roABPs.

Definition 8.2 (PC over roABP). PC over roABPs is the semantic version of PC where proof-size
is defined to be the total roABPs size of the polynomials in the proof (for some fized total order on
variables).

Note that we say that PC over roABP is semantic to mean that a polynomial p in a proof can
be written as any roABP that computes that polynomial. Though the proof system is semantic in
this sense, it still polynomially verifiable (i.e., it is a Cook-Reckhow proof system), because roABPs
have an efficient PIT algorithm (due to [RS05]; see [Tzall] for details).

The following is an easy observation:
Corollary 8.2. Tree-like PC over roABP polynomially simulates roABP-IPSn.

Proof: Let P =3"1" pi(x) - fi(x) = q(x) be an roABP-IPSp N proof of the polynomial ¢ from the
initial polynomials fi,..., f;, € Flz1,...,2,]. Our desired tree-like PC over roABPs proof of ¢
simply adds one by one the products of the initial polynomials f; by p;, using the product and
addition rules of PC. O

From Theorem 8.1 we can conclude the following:
Corollary 8.3. Tree-like PC over roABPs has an exponential speed-up over PC (over the reals).

Previously, only a speed-up between (dag-like) PC over roABPs and PC was known [Tzall].

8.4 Relations with Non-Commutative-IPS and Frege

Li et al. [LTW15] studied C-IPS for C the set of non-commutative formulas. They showed that C-
IPS, using non-commutative polynomials over finite fields or the rational numbers, and adding the
commutator z;x; — xjx; for any pair of variables as an axiom (for the sake of completeness), poly-
nomially simulates Frege propositional proofs. They also showed that Frege can quasipolynomially
simulate C-IPS over GF'(2). Since the class of non-commutative ABPs (Definition 1.5) is at least
as strong as non-commutative formulas, non-commutative-ABP-IPS (Definition 8.3) polynomially
simulates Frege proofs as well.
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Definition 8.3 (Non-commutative IPS). Let F be a field. Assume that f1(T) = fo(T) = -+ =
fm(T) = 0 is a system of non-commutative polynomial equations from the ring of non-commutative
polynomials denoted F(xy,...,x,), and suppose that the following set of equations (axioms) are
included in the fi(T)’s: (i) x;- (1 —a3), forall 1 < i < n; (i) ;- x5 —x; -2, for all
1 <i<j<n. Suppose that the fi(T)’s have no common 0-1 solutions.'> A non-commutative-IPS
refutation that the system of f;(T)’s is unsatisfiable is a non-commutative polynomial §(T,7) in the
variables x1,...,x, and y1,...,ym (i.e. § € F(T,7)), such that:

1. F(x1,...,20,0) =0
2. F(z1,..., 20, FA(T),..., Fn(T)) = 1.

We can assume that non-commutative-IPS refutations are written as a non-commutative-ABPs
(namely, an ABP as in Definition 1.5, in which the order of multiplication along a path in the ABP
corresponds to non-commutative multiplication; note that a non-commutative ABP may not be a
read once ABP, since the multiplication of variables can be done in every possible order). In this
case, the size of a non-commutative IPS refutation is the minimal size of a non-commutative-ABP
computing the non-commutative-IPS refutation.

We have the following:

Corollary 8.4. Non-commutative-ABP-IPS polynomially simulates roABP-IPS (and hence, also
T’OABP—IPSL[N).

Proof: This is almost immediate from the definitions. We observe that there is no need to use the
commutator axioms x;x; — xjr; in roABP-IPS.

Indeed, notice that the polynomial computed by an roABP, considered as a mon-commutative-
ABP, is a non-commutative polynomial in which the product in every monomial respects the same
total order on variables. Thus, every roABP-IPS refutation is also a non-commutative ABP-IPS
(since there is no need to use the commutator axioms, as all products are ordered according to the
same fixed total order on variables). Ol

This shows that getting rid of the ‘read-once’ restriction in the roABP-IPSpn lower bound
(Theorem 7.2) is very close to proving super-polynomial Frege lower bounds.

8.5 Relations with PC over Multilinear Formulas

We recall the concept of multilinear proofs introduced by Raz and Tzameret in [RT08], denoted fMC
(formula multilinear calculus). Essentially, fMC is a semantic variant of PC in which proof-lines
are written as multilinear formulas (instead of by sparse representation). However, to guarantee
that every PC proof-line is indeed a multilinear polynomial one needs to add new formal variables
T;, that will stand for the “negation of z;”. Formally, to make T; equal to the negation of x; we
add the axiom x; + T; — 1, for each (“original”) variable z; (and so z; is 0 iff Z; is 1).

Definition 8.4 (PC over multilinear formulas (fMC) [RTO08]). Fiz a field F and let F :=
{fi,---ys fm} be a collection of multilinear polynomials from Flxy,...,xpn,Z1,...,Zy]. Call the set
of polynomials consisting of x; +T; — 1 and x; - T; for 1 <i <n, the Boolean axioms of fMC. An
fMC proof from F of a polynomial g is a sequence m = (p1,...,p¢) of multilinear polynomials from
Flz1,...,2n,Z1,..., s, such that py = g, and for each i € [{], either p; = f; for some j € [m],
or p; is a Boolean aziom of fMC, or p; was deduced by one of the following inference rules using
pj, Pk for g,k <i:

30ne can check that the f;(Z)’s have no common 0-1 solutions in F iff they do not have a common 0-1 solution in
every F-algebra.
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(i) Product rule: from p deduce q-p, for some polynomial q € Flxy,..., 2y, Z1,...,Ty,) such that
p - q is multilinear,

(i¢) Addition rule: from p, q deduce o-p+ (- q, for some o, 3 € F.

All the polynomials in an fMC proof are written as multilinear formulas. An fMC refutation
of F' is a proof of 1 from F. The size of an fMC proof m is defined as the total sum of all the
formula sizes in 7 and is denoted by |x|.

Note, once more, that the fMC system is a semantic proof system, namely in every proof-
line computing the multilinear polynomial f we can choose to write any multilinear formula that
computes f.

[RT08] showed that fMC is strictly stronger than PC (as well as PC with resolution, denoted
PCR), and can refute efficiently the pigeonhole principle and the graph Tseitin’s formulas, among
other principles. Here we show that tree-like fMC polynomially simulates multilinear-formula-
IPSpin (for the language of unsatisfiable systems of low degree polynomials). Since a proof in
multilinear-formulas-IPSy;ny may be a sum of polynomials that are not necessarily multilinear we
need to simulate the proof using the negative variable X in fMC.

Theorem 8.5. Let C be the class of multilinear formulas and let F' be an unsatisfiable system of
multilinear polynomials of degree at most d. If there is a C-IPSpiy refutation of F' with size s,
then there exists a poly(2%,s) tree-like fMC refutation of F. In particular, when d = O(logs) the
tree-like fMC' refutation is polynomial in s.

Note that standard polynomial translations of unsatisfiable 3CNFs, as well as the subset-sum
principle (and their extensions) considered in previous sections, are all multilinear and of constant
degree.

Proof: Let P = Y1 pi(x) - fi(x) + 374 hi(x) - (27 — 2;) = 1 be a multilinear-formula-IPSp Ny
refutation from the initial polynomials fi,..., fi, € Flx1,...,x,] (for the sake of convenience we
assume the Boolean axioms are not included in the f;’s. We also assume for simplicity that all pls
are nonzero). We will use the following claim:

Claim 8.6. For every i € [m] and every set I C [n] with [I| =d, pi = 3 ;c1(ps - [ljes ), where
each summand in this sum is multilinear and can be computed by a multilinear formula of size at
most poly(2%, s).

Proof of claim. This is proved by “factoring out” from p; all the monomials determined by the
indices in I. This is done by using the (interpolation) formula g(z;) = z; - (¢(1) — g(0)) — g(0),
inductively on the size of I. O

The tree-like fMC refutation is constructed as follows. Recall that in fMC we have the “negative”
variables T; that equal 1 — z; using the Boolean axioms x; + ZT; — 1, as well as the other Boolean
axioms z;Z;. We denote the set of negative variables by X. Recall also the fMC is a semantic proof
system, and so any multilinear polynomial can be written in any desired way.

Let p}(X) be p;(x) in which every occurrence of the variables z1,...,x, is substituted by (1 —
T1),...,(1 —Tp), respectively (we shall sometimes suppress the explicit mention of the variables
X and x in what follows). We start the proof with p - f;, for all i € [m] (note that indeed these
products are multilinear).

Since the degree of the multilinear polynomial f; is at most d, we can write f; as a sum of 29(<)
monomials. Thus, p} - fi = >, (p} - M), where M}, are the monomials in f;.
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For a monomial M, denote by I; C [n] the indices of the variables in M. By the claim above
(when we substitute each variable z; by (1 — %)), for any I C [n] there exists P}s such that
Pi = 2.ycI Hje 7(1 —1T;) - p/;, where each summand is multilinear over the variables X, and can be
computed by a multilinear formula of size at most poly(2¢,s). We thus get

pi(%) - fi(x) =) (i - My) ZMk > Ia-z)») (4)
k

JCIn, jEJ

(the p/;’s depend of course on Mjy).

Since fMC is a semantic proof system, we can actually write p} - f; as the right hand side of (4).
Note that in the right hand side of (4) there may be variables z; in M, that appear as (1 —Z;) in
[Lje (1 — ;) (but not in p;). Using the axioms z; - Z; we can derive (for each k that appears in

(4))
ml(Mj, - [] zj) — Mi- [J(1 =),
jed jed
with a tree-like fMC proof of size poly(deg(My),d). Thus, using substitutions in Y, My -
Sycrljes(1 —Z;) - py in (4) we can derive, with a linear size tree-like fMC proof (linear in
the size of the term in which we substitute),

ZZml (Mk H €J$]> Py

k JCI

By using the axiom x; + T; — 1 we can substitute in the last term every occurrence of (1 — ;) by
z; in p/;. This also is doable with a tree-like fMC proof of polynomial-size in the formula in which
we substitute. Notice that by construction the variables in My, - [[;c; x; are disjoint from those in
pj. We thus derive

D BEST 1 ) ) B

k JCI

v

;%ml<Mk H ST py(x >

= ml (p;(x) - fi(x)) .

Since the multilinearization of the Boolean axioms x? — z; is 0, we get
n
=ml (sz ) + ml (Z hi(x) - (a:f — $Z)>
i=1
—Hll(z:pZ - fi(x >:1.

Now, the tree-like fIMC refutation of fi(x),..., f;(x) will simply add one by one the proof-lines
ml (p;(x) - fi(x)) that we have derived above, until we reach the polynomial 1, concluding the
refutation.

Note that the total size of the tree-like fMC refutation is poly(2d, s), as each proof-line was of
this size-order, and each of the derivations used only poly(2¢,s) many proof-lines. O

From Theorem 8.1 we conclude:
Corollary 8.7. Tree-like fMC has an exponential speed-up over PC (over the reals).

Previously, an exponential speed-up over PC was known only for (dag-like) fMC.
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9 Open Problems

Open Problem 9.1. Can the lower bounds on roABP-IPSyn and multilinear-formulas-IPS N
from Theorem 5.13 be extended to (tree-like or dag-like) PC over roABPs or PC over multilinear
formulas fMC, respectively (Section 8)?
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A Explicit Multilinear Polynomial Satisfying a Functional Equa-
tion

In Subsection 5.1 we showed that any polynomial that agrees with function  — 1/(}", z;—3) on the

boolean cube must have degree > n. However, as there is a unique multilinear polynomial obeying

this functional equation it is natural to ask for an explicit description of this polynomial, which we
now give.

Proposition A.1. Letn > 1 and F be a field with char(F) > n. Suppose that 3 € F\ {0,...,n}.

Let f € Flxq,...,z,] be the unique multilinear polynomial such that
1
(@) = :

for T € {0,1}"™. Then

==Y o ]

s T2 (8 — k) ics

Proof: 1t follows from the uniqueness of the evaluations of multilinear polynomials over the boolean
cube that

= > fp) [Ja [T =)

TC[n] €T igT
where 17 € {0,1}" is the indicator vector of the set T', so that
- Y i eI
TCn] ZGT i¢T

Using this, let us determine the coefficient of [[;cqx; in f(Z), for S C [n] with |S| = m. First
observe that setting x; = 0 for ¢ ¢ S preserves this coefficient, so that

Coeft] ., (r@) = Coefy ., (f@ls,0))

—Coeffnles (Z T ‘_BH%H )

TC[n] €T i¢T

z;<—0,4€S

and thus those sets T with T' Z S are zeroed out,

= Coeffl—[ies o ( Z

TCS

e I ‘””"))
— Z ’T| COGHH (H €T; H (1—.%‘))

TCS i€l eS\T
— Z m—|T|

7cs ITI

Ui 1

P k)k—



m__ (s)
1,3 - k)

T IS (B—k)

where the last step uses the below subclaim.

Sub claim A.2.
"o (m 1 m!
— = (1 m—k _ )
;)(k)k—ﬂ( ) (7= )

Sub-Proof: Clearing denominators,

[IG-5-3 (’;’j)kiﬂmmk =y (C’j)(—mmk I1G-5)

=0 k=0 k=0 j#k

Note that the right hand side is a degree < m polynomial in 3, so it is determined by its value on
¢ €{0,...,m}. Note that on these values,

i(?)(—l)mkn(j—@: (”Z)(—l)mf Il G=0- 11 G0

k=0 j#k 0<j<t <j<m

= (”Z) (—1)" - (1) - (m — 0)!

=(=1)"m!.
Thus 7o (1) (=1)™ * T1;2.(j — B) = (=1)™m! for all 3, and thus dividing by [TjLo(k — 3) and
clearing —1’s yields the claim. O
This then gives the claim. O
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