Electronic Colloquium on Computational Complexity, Report No. 172 (2021)

Ideals, Determinants, and Straightening: Proving and Using
Lower Bounds for Polynomial Ideals

Robert Andrews* Michael A. Forbesf

December 1, 2021

Abstract

We show that any nonzero polynomial in the ideal generated by the r x r minors of an n x n
matrix X can be used to efficiently approximate the determinant. Specifically, for any nonzero
polynomial f in this ideal, we construct a small depth-three f-oracle circuit that approximates the
O(r'/3) x ©(r'/?) determinant in the sense of border complexity. For many classes of algebraic
circuits, this implies that every nonzero polynomial in the ideal generated by r x r minors is at
least as hard to approximately compute as the ©(r'/3) x @(rl/ 3) determinant. We also prove an
analogous result for the Pfaffian of a 2n x 2n skew-symmetric matrix and the ideal generated by
Pfaffians of 27 x 2r principal submatrices.

This answers a recent question of Grochow [Gro20, Conjecture 6.3] about complexity in
polynomial ideals in the setting of border complexity. Leveraging connections between the
complexity of polynomial ideals and other questions in algebraic complexity, our results provide
a generic recipe that allows lower bounds for the determinant to be applied to other problems in
algebraic complexity. We give several such applications, two of which are highlighted below.

e We prove new lower bounds for the Ideal Proof System of Grochow and Pitassi. Specifically,
we give super-polynomial lower bounds for refutations computed by low-depth circuits.
This extends the recent breakthrough low-depth circuit lower bounds of Limaye, Srinivasan,
and Tavenas [LST21] to the setting of proof complexity. Moreover, we show that for many
natural circuit classes, the approximative proof complexity of our hard instance is governed
by the approximative circuit complexity of the determinant.

e We construct new hitting set generators for the closure of low-depth circuits. For any
e > 0, we construct generators with seed length O(n®) that hit n-variate low-depth circuits.
Our generators attain a near-optimal tradeoff between their seed length and degree, and
are computable by low-depth circuits of near-linear size (with respect to the size of their
output). This matches the seed length of the generators recently obtained by Limaye,
Srinivasan, and Tavenas [LST21], but improves on the degree and circuit complexity of the
generator.
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1 Introduction

A central goal of algebraic complexity theory is to understand the resources needed to compute
multivariate polynomials in algebraic models of computation. Typically, one attempts to determine
the complexity of a single family of polynomials {f,(Z) : n € N}, such as the n x n determinant
or permanent. A generalization of this task is to examine the complexity of a family of ideals
{I, CF[z] : n € N} of polynomials. Recall that in a commutative ring R, an ideal I C R is a subset
of R such that (1) if a,b € I, then a +b € I, and (2) if @ € I and r € R, then ar € I. Ideals
naturally arise in commutative algebra and algebraic geometry; for example, the set of polynomials
that vanish on a subset V' C F" is an ideal. Closer to computer science and algebraic complexity,
ideals appear in the study of polynomial identity testing, polynomial factorization, and algebraic
proof complexity, though these appearances are not always made explicit. Due to the prominence of
ideals in algebra and algebraic complexity, it is both natural and worthwhile to study them from a
complexity-theoretic perspective.

Every nonzero ideal contains polynomials of arbitrarily large circuit complexity. This is a
straightforward consequence of the fact that ideals are closed under multiplication by arbitrary
polynomials. A more interesting task, then, is to determine the minimum possible complexity of a
nonzero polynomial in an ideal.

Unfortunately, little is known about the complexity of ideals aside from what is implicit in their
connection to other problems of algebraic complexity. A recent column by Grochow [Gro20| surveyed
these connections and posed some open questions, both general and concrete, about the complexity
of ideals. In particular, he raised the following question regarding an explicit family of ideals.

Conjecture (|Gro20, Conjecture 6.3]). Let X be a n x n matriz of variables and let I,, be the ideal
generated by the n/2 x n/2 minors of X. For every nonzero polynomial f(X) € I, there is a small
algebraic circuit with f-oracle gates that computes the m x m determinant for some m = n®W.

Due to the close relationship between the non-vanishing of minors and matrix rank, it is natural
to conjecture that such a circuit exists. If the oracle circuit is not restricted in any manner, then
the desired circuit exists simply because the determinant can be computed efficiently by algebraic
circuits. However, if the oracle circuit is required to be, for example, a formula, then this question
becomes nontrivial, as the determinant is not known to be computable by small formulas.

The main contribution of our work is to resolve this conjecture in the setting of approximate
algebraic computation.

Theorem. Grochow’s conjecture is true (with respect to border complexity).

Specifically, we show that for any nonzero polynomial f € I,,, the ©(n'/3) x ©(n'/3) determinant
can be approximately computed by a small depth-three f-oracle circuit with a single oracle gate. A
direct consequence of this is that for many circuit classes C, if the determinant cannot be approximated
by polynomial-size C-circuits, then neither can any polynomial in the ideal I,,. Naturally, this
has applications to polynomial identity testing and algebraic proof complexity by employing the
supporting role played by the complexity of ideals in those areas.

Before describing our results in more detail, we briefly survey what is known about the complexity
of ideals and its connections to polynomial identity testing and algebraic proof complexity.

1.1 The Complexity of Ideals

Most of what is known about the complexity of ideals is limited to ideals generated by a single
polynomial. The ideal (f) generated by a polynomial f(Z) consists of all multiples of f, so questions



about the complexity of this ideal become questions about the complexity of f and its multiples.
Determining the minimum complexity of a polynomial in (f) amounts to determining whether there
is a multiple of f that is significantly easier to compute than f itself. This leads to the question of
factoring algebraic circuits: given a small circuit computing a polynomial g(Z), can the factors of
g(T) be computed by small circuits?

This question was addressed in a celebrated result of Kaltofen [Kal87| (with alternate proofs by
Biirgisser [Biir00, Theorem 2.21] and Chou, Kumar, and Solomon [CKS19a]), who showed that factors
(of low multiplicity) of small circuits can be computed by small circuits. Taking the contrapositive,
if f(Z) cannot be computed by small circuits, then neither can any polynomial g € (f) which has f
as a factor of low multiplicity. Polynomial factorization has since been studied in restricted algebraic
circuit classes, including low-depth circuits [DSY09; CKS19b|, formulas [Oli16; DSS18|, algebraic
branching programs [DSS18; ST20], and sparse polynomials [BSV20]. This is motivated in part by
the use of Kaltofen’s theorem to establish hardness-to-pseudorandomness results for polynomial
identity testing, as done in the work of Kabanets and Impagliazzo [KI04].

Kaltofen’s result gives us a strong understanding of the complexity of the low-degree polynomials
in a principal ideal. Because algebraic complexity theory is primarily interested in the computation
of low-degree polynomials, this suffices for most applications. However, the situation would be
cleaner if lower bounds on the complexity of a polynomial f implied comparable lower bounds on
the complexity of all polynomials in the ideal (f), not just for those polynomials g € (f) for which
f is a factor of low multiplicity. Kaltofen [Kal87] asked in the language of factorization whether
this is the case; this question remains open and is now known as the Factor Conjecture. In the
setting of approximative algebraic computation, the analogue of the Factor Conjecture was proved
by Biirgisser [Biir04]. It is interesting to note that, coincidentally, we also make essential use of
approximative computation in our work.

For non-principal ideals, much less is known. What knowledge we do have stems from connections
to polynomial identity testing and the Ideal Proof System. We defer our explanation of these
connections to Subsection 1.2 and Subsection 1.3, respectively.

Approximate algebraic computation will play a key role in our work, so we briefly discuss it here.
For simplicity, we will focus on circuits and polynomials defined over the complex numbers; for more
details, including a field-independent definition of approximate computation, see Subsection 2.1.
We say that a polynomial f(Z) can be approximately computed by small algebraic circuits if there
is a collection of polynomials {f. : € > 0} such that (1) for all € > 0, the polynomial f. can be
computed by a small circuit, and (2) we have lim._,o fc = f, where convergence is coefficient-wise.
Over the complex numbers, this can be interpreted as saying that f lies in the closure (with respect
to the Euclidean topology) of the set of polynomials computable by small circuits. If f can be
approximated well by polynomials from a circuit class C, then we say that f is in C, the closure of C.
The circuit complexity of the approximating polynomials f. is referred to as the border complexity
of f. Naturally, one can also consider border complexity with respect to other classes of algebraic
circuits, such as formulas or branching programs.

Border complexity appeared as early as the late 1970s, when Bini, Capovani, Romani, and Lotti
[BCRLT79] and Bini [Bin80] improved upon the state-of-the-art algorithms for matrix multiplication
by considering an approximative version of the problem. The notion of border complexity also
plays a prominent role in the geometric complexity theory program of Mulmuley and Sohoni [MSO01].
Roughly speaking, the goal of that program is to prove super-polynomial lower bounds on the border
complexity of the permanent using techniques from algebraic geometry and representation theory.

In general, the relationship between exact and border complexity is not well-understood. Forbes
[Forl16] (see also Bléser, Dorfler, and Tkenmeyer [BDI21]) observed that exact and border complexity
are equivalent for read-one oblivious algebraic branching programs. Dutta, Dwivedi, and Saxena



[DDS21a] recently showed that polynomials in the border of depth-three circuits of bounded top
fan-in can be computed exactly by small algebraic branching programs. However, for classes like VP
and VNP (the algebraic analogues of P and NP), it is not clear how they relate to their closure.

Returning to the complexity of ideals, if we are content to operate in the setting of border
complexity, then the work of Biirgisser [Biir04] shows that up to polynomial factors, the complexity
of a principal ideal (f) is governed by the border complexity of its generator f. Unfortunately, this
seems to be where our understanding of the complexity of ideals stops. Even ideals generated by two
polynomials are not well-understood structurally from the viewpoint of complexity theory. There
are examples of explicit ideals, coming from polynomial identity testing, that are not principal and
for which we can prove lower bounds; see Subsection 1.2 below for more.

1.2 Polynomial Identity Testing

Polynomial identity testing (which we abbreviate as PIT) is the algorithmic problem of testing
whether an algebraic circuit computes the zero polynomial. Typically, one assumes that the circuit
computes a polynomial of degree at most n°(1), where n is the number of input variables. A simple
coRP algorithm for this problem follows from the Schwartz—Zippel lemma [Zip79; Sch80]. When the
input is allowed to be an algebraic circuit without further structural restrictions, no deterministic
algorithm is known that improves on the naive derandomization of this randomized algorithm. In
fact, even obtaining a nondeterministic algorithm running in subexponential time is known to imply
circuit lower bounds that lie beyond the reach of current techniques [KI04].

More is known for many restricted classes of circuits, including sparse polynomials [KS01], depth-
three [DS07; KS07; KS09; KS11; SS11; SS12; SS13| and depth-four [Shp19; PS20; PS21; DDS21b]
circuits of bounded top fan-in, read-once formulas [SV15; MV 18], read-once oblivious algebraic
branching programs [FS13; FSS14; AGKS15; GKS17; GKST17; AFSSV18; GG20; BS21], low-depth
multilinear circuits [KMSV13; AvMV15; OSV16; SV18], and low-depth circuits [LST21]. In general,
algorithms for PIT are designed by giving an efficient construction of a hitting set generator. That
is, we construct a low-degree polynomial map G : F* — F” with £ < n such that if f(Z) is a nonzero
polynomial computable by a small circuit, then f(G (7)) # 0. This reduces the number of variables in
the circuit without increasing the degree too much. We then obtain a faster deterministic algorithm
by using the brute-force derandomization of the Schwartz—Zippel lemma to test f(G(7)).

In fact, constructing such a generator G corresponds to proving lower bounds against a polynomial
ideal. Fix a circuit class C (for example, the class of n’-size circuits) and let G be a hitting set
generator for C. Let G(¥) = (G1(7), ..., Gn(7)) and consider the ideal of polynomials f(Z) that vanish
on G(¥), i.e., polynomials such that f(G(y)) = 0. This ideal can be written as the intersection

I = (2~ Gi(3) : i € [n]) N[z,

and in general is not generated by a single polynomial. Suppose f is a nonzero polynomial in the
ideal Ig. Because we assumed G to be a hitting set generator for the circuit class C, this means that
f cannot be computed by circuits from C. That is, proving that G is a generator for C is equivalent
to proving that no element of Ig can be computed by a circuit from C. To the best of our knowledge,
this connection accounts for all known examples of lower bounds for non-principal ideals. We remark
that this approach can prove lower bounds against “natural” non-principal ideals. For example,
[FSTW16, Corollary 6.7] easily generalizes to prove lower bounds against determinantal ideals for
weak circuit classes. However, this approach does not necessarily allow one to choose an ideal and
subsequently prove a lower bound against that particular ideal.

One can also construct hitting set generators using lower bounds for ideals. Kabanets and
Impagliazzo [KI04] used Kaltofen’s factorization result to show that circuit lower bounds for explicit



families of polynomials can be used to derandomize PIT. In the analysis of the Kabanets—Impagliazzo
generator, what is really needed is a lower bound for all low-degree multiples of a polynomial f,
which is exactly what Kaltofen’s theorem provides if f is assumed to be hard to compute. Further
work on the algebraic hardness-randomness paradigm in the setting of low-depth circuits [DSY09;
CKS19b| followed the approach of Kabanets and Impagliazzo [KI04], proving analogues of Kaltofen’s
factoring result for bounded-depth circuits.

One can also consider PIT for polynomials of small border complexity. Even in the randomized
setting, the complexity of this problem is unclear, as it is not obvious how to evaluate a polynomial
f(T) given only a circuit that approximates f(Z), nor is it clear that such an approximating circuit
even has a succinct description. However, one can still try to construct hitting set generators for
polynomials of small border complexity. Forbes and Shpilka [FS18| and Guo, Saxena, and Sinhababu
[GSS19] gave PSPACE constructions of hitting set generators for polynomials with small border
circuit complexity. One of the primary conceptual contributions of Forbes and Shpilka [FS18] was
the definition of a robust hitting set generator. Roughly, a generator G for a class C is robust if for
every nonzero polynomial f € C, the composition f(G (7)) is “far” from the zero polynomial (after
f has been suitably normalized). It is not hard to show that, over a field of characteristic zero, a
generator G for C is robust if and only if G hits the closure C of C. Over an arbitrary field, one can
likewise consider the problem of constructing hitting set generators for the closures of circuit classes,
although the notion of f(G(y)) being far from the zero polynomial is not as clear. In this setting we
drop the adjective “robust” and focus simply on hitting sets for the closure of a circuit class. The
preceding discussion on the relationship between PIT and the complexity of ideals extends to border
complexity.

Designing hitting sets for the closures of circuit classes has been explored as a possible avenue
towards resolving grand challenges in polynomial identity testing. Recent work by Medini and
Shpilka [MS21] and Saha and Thankey [ST21a| studied PIT for orbits of various classes C. The
orbit orb(C) of a class C corresponds to polynomials of the form f(AZ + b), where f(Z) € C and
A is an invertible n X n matrix. Studying PIT for orbits is motivated by the fact that for many
simple classes C, there is a far richer class D such that orb(C) = D. That is, in order to derandomize
PIT for a powerful class D, it suffices to construct hitting set generators for the closure of the much
simpler class orb(C). Unfortunately, this is not always feasible; for example, Medini and Shpilka
[MS21] showed that at least one instantiation of their hitting sets does not extend to the closure of
the circuit class it hits.

1.3 The Ideal Proof System

A central question of proof complexity is the following: given an unsatisfiable CNF formula ¢, what
is the length of the shortest proof of the unsatisfiability of 7 This question can be instantiated
with a myriad of different proof systems rooted in logic, algebra, and geometry. Our focus in this
work will be on a proof system based in algebra, namely the Ideal Proof System of Grochow and
Pitassi [GP18|. For a more comprehensive treatment of other proof systems (and proof complexity
in general), see the recent book of Krajicek [Kral9|.

Let ¢ be an unsatisfiable 3CNF formula. One way to prove that ¢ is unsatisfiable is to translate
 into a system of polynomial equations, swapping the roles of 0 and 1, as follows. The literals z and
—x are translated into the polynomials 1 — x and x, respectively. A clause £1 V £2 V £3 becomes the
polynomial py, pg,pe,, Where py, is the polynomial corresponding to the literal ¢;. Let fi,..., fn, be
the polynomials obtained from the clauses of . It is not hard to see that ¢ is satisfiable if and only
if there is a {0, 1}-valued solution to the system of equations f; = -+ = f,,, = 0; equivalently, ¢ is
satisfiable if and only if there is a solution to the system f; = - = f,, =22 —21 = --- = 22 — 1, = 0.



Thus, to show that ¢ is unsatisfiable, it suffices to prove that a system of polynomial equations
is unsatisfiable. This can be done by finding polynomials g1 (), ..., g (%) and hy(T),. .., hy(T) such
that >, 6;(Z) fi(T) + Y.y hi(T)(2? — ;) = 1, or more succinctly, by showing that 1 is in the ideal
generated by {f1,..., fm, 2 —x1,...,72 —x,}. As a consequence of Hilbert’s Nullstellensatz, such a
refutation always exists, provided the system is unsatisfiable. These refutations and various notions
of their complexity give rise to the Nullstellensatz [BIKPP96| and Polynomial Calculus [CEI96]
proof systems, both of which are well-studied and for which lower bounds are known [BIKPP96;
BIK-+96; Raz98; IPS99|.

The recent Ideal Proof System (abbreviated as IPS) of Grochow and Pitassi [GP18| measures the
complexity of a refutation by the algebraic circuit complexity of the certificate >, g; fi +>_; hi(2? — ;)
when the f; and iL'ZQ — x; are provided as part of the input to the circuit. Because a refutation in the
IPS is written as an algebraic circuit, there are connections between algebraic circuit lower bounds
and lower bounds for the IPS. Grochow and Pitassi [GP18] proved that super-polynomial lower
bounds on the size of IPS refutations of a family of CNF formulas imply VP # VNP. As a proof
system, the IPS is very powerful: Grochow and Pitassi [GP18] showed that the IPS polynomially
simulates Extended Frege, itself a strong logic-based proof system. This simulation also behaves
nicely if we consider IPS refutations coming from a restricted circuit class C. For example, over a field
of characteristic p > 0, the constant-depth version of the IPS polynomially simulates AC°[p]-Frege, a
proof system notorious for its current lack of super-polynomial lower bounds.

Lower bounds, both conditional and unconditional, are known for the IPS. Conditionally, Alekseev,
Grigoriev, Hirsch, and Tzameret [AGHT20| showed that the Shub—Smale hypothesis implies super-
polynomial lower bounds on the size of IPS refutations of a particular instance of subset sum. Later
work by Santhanam and Tzameret [ST21b| showed that over finite fields, if there is an explicit family
of polynomials that cannot be computed by polynomial-size algebraic circuits, then a particular
family of CNF formulas cannot be refuted by polynomial-size IPS refutations. Combined with earlier
work by Grochow and Pitassi [GP18], this establishes that over finite fields, proving super-polynomial
lower bounds for the IPS is equivalent to proving super-polynomial lower bounds for algebraic
circuits. Forbes, Shpilka, Tzameret, and Wigderson [FSTW16] used techniques from algebraic circuit
complexity to prove unconditional lower bounds for restricted subsystems of the IPS, including
those computed by depth-three powering formulas, read-once algebraic branching programs, and
multilinear formulas.

The Ideal Proof System is defined in terms of algebraic circuits, so it is natural to expect progress
on IPS lower bounds to mirror progress on lower bounds for algebraic circuits. Empirically, this has
been the case, although additional effort is required to translate circuit lower bounds into IPS lower
bounds. To prove circuit lower bounds, one only needs to show that a single polynomial cannot be
computed by small circuits. In contrast, to prove lower bounds on the circuit size of IPS refutations
of a system of polynomials, it is necessary to show that small circuits cannot compute any valid
refutation.

Luckily, the set of IPS refutations of a fixed system of equations exhibits some algebraic structure:
all refutations of a fixed system of polynomials lie in a coset of a particular ideal, as observed by
Grochow and Pitassi [GP18, Section 6|. Thus, one can try to prove lower bounds for the IPS by
proving circuit lower bounds for nonzero cosets of ideals. To the best of our knowledge, the only
known lower bounds for nonzero cosets of ideals are those that follow from previously-mentioned
lower bounds on the IPS. Notably, these proofs do not directly establish lower bounds for cosets of
ideal, but rather reduce the task of proving IPS lower bounds to the more-tractable task of proving
algebraic circuit lower bounds. One could hope that by better understanding the complexity of
(cosets of) ideals, this progress could be used to prove lower bounds for IPS and restricted variants
thereof. We refer the interested reader to Grochow and Pitassi [GP18] and Grochow |Gro20] for



further details.
For more on the Ideal Proof System, see the recent survey of Pitassi and Tzameret [PT16].

1.4 Our Results

We now describe our results in more detail. Throughout this subsection, we let X denote an n x m
matrix of variables and 19¢t ~C F[X] the ideal generated by the 7 x r minors of X. For simplicity,

n,m,r
we state our results over fields of characteristic zero (such as the rational or complex numbers).

1.4.1 Complexity of Determinantal Ideals

Our main theorem constructs, for any nonzero polynomial f(X) € Ig%,r’ a small f-oracle circuit
that approximately computes the s x s determinant for s = @(rl/ 3). This answers a question of

Grochow |Gro20, Conjecture 6.3 in the setting of border complexity.

Theorem 1.1 (Informal version of Theorem 3.8 and Corollary 3.9). Let F be a field of characteristic
zero. Let X be an n x m matriz of variables and let I,‘f}fﬁ” C F[X] be the ideal generated by the
r x r minors of X. Let f(X) € I3  be a nonzero polynomial. Then there is a depth-three f-oracle

n,m,r

circuit of size O(n*m?) that approzimately computes the s x s determinant for s = ©(r1/3).

More generally, the conclusion of Theorem 1.1 holds if the determinant is replaced by any
polynomial g that can be approximately computed by an algebraic branching program with r vertices.
The conclusion of Theorem 1.1 also holds if we have oracle gates that approximately compute f
instead of oracles that compute f exactly.

An immediate consequence of Theorem 1.1 is that for formulas and low-depth circuits, the border
complexity of any nonzero polynomial in Igf;?w is at least as large as the border complexity of the
O(r'/3) x ©(r'/?) determinant, up to polynomial factors. To the best of our knowledge, the only
complexity lower bounds for the ideal Igf;tn’r known prior to this work are due to Wiersig [Wie20)|
and Forbes, Shpilka, Tzameret, and Wigderson [FSTW16, Corollary 6.7], who showed that every
nonzero polynomial in Iﬁ?ﬁw is exp(Q2(r))-hard for several weak circuit classes.

To prove Theorem 1.1, we have to reason about arbitrary polynomials in IS?,EZ’,,. That is, if
{g1,...,g9n} are the r X r minors of X, we have to consider all nonzero polynomials of the form
Zfil figi, where the f; are arbitrary polynomials. This is difficult in part because if we apply a linear
change of variables X — L(X), it is not clear how to control the behavior of the f;. To circumvent
this, we use an alternate basis for F[ X ] instead of the monomial basis. This alternate basis consists of
products of minors (of possibly different sizes) of X that satisfy a particular combinatorial condition;
these products are known as standard bideterminants. Working in this basis, we gain a better
understanding of how the multiplicands f; behave under a change of variables.

The proof of Theorem 1.1 then proceeds in two steps. First, we find a change of variables that
takes a polynomial f € IS?,EW to an approximation (in the border complexity sense) of a standard
bideterminant A(X) in the support of f. The analysis of this step crucially relies on the use of the
standard bideterminant basis and its properties, which we describe in Subsection 2.5. Because f lies
in the ideal Igffn,r, one can show that h(X) is divisible by a t x ¢t minor of X for some ¢t > r. The
second step is to find a projection of h(X) to the ©(r'/3) x ©(r!/3) determinant. Since h may be a
product of minors of varying sizes, we need to find a projection that (1) behaves nicely on small
minors of X and (2) allows us to deal with the possibility that h may be a large power of a minor.

We accomplish this by modifying an argument of Valiant [Val79].



1.4.2 Complexity of Pfaffian Ideals

Let Y be a 2n x 2n skew-symmetric matrix. It is well-known that the determinant of Y is the square

of another polynomial, the Pfaffian Pf(Y) of Y. Let Igffgn C F[Y] be the ideal generated by the

Pfaffians of the 2r x 2r principal submatrices of Y. Our next result is an analogue of Theorem 1.1
. pfaff

for the ideal L5 -

Theorem 1.2 (Informal version of Theorem 4.4 and Corollary 4.5). Let F be a field of characteristic
zero. Let'Y be a 2n x 2n skew-symmetric matriz of variables and let Igffgr C F[Y] be the ideal

generated by the Pfaffians of the 2r x 2r principal submatrices of Y. Let f(Y) € Igfjgr be a monzero
polynomial. Then there is a depth-three f-oracle circuit of size O(n*) that approvimately computes

the s x s Pfaffian for s = ©(r1/3).

The proof of Theorem 1.2 is similar to that of Theorem 1.1. The primary difference is that we
now express polynomials in Igi?gr in an alternate basis consisting of products of Pfaffians of principal
submatrices of Y. Along the way, we modify some of the technical details of the construction to
accommodate for Pfaffians instead of determinants.

We remark that because the Pfaffian is the square root of the skew-symmetric determinant (in
the sense that Pf(Y)? = det(Y))), it is natural to attempt proving Theorem 1.2 using Theorem 1.1.
For any polynomial f(T), one can use the Taylor series expansion of v/1 4+ x2 to construct a small
f(%)?-oracle circuit that computes f(Z). Combining this with Theorem 1.1, one obtains an analogue
of Theorem 1.1 for the ideal generated by the squares of sub-Pfaffians of Y, which is weaker than
Theorem 1.2 above.

1.4.3 The Space of Partial Derivatives in Determinantal Ideals

The remainder of our work consists of three applications of Theorem 1.1 and its proof, the first
of which is to algebraic circuit complexity. For a polynomial f € F[X], let 0<o(f) denote the
span of the partial (Hasse) derivatives of f. The dimension of J<~(f) and related spaces has
been used successfully as a complexity measure in proving lower bounds for restricted classes of
algebraic circuits (see the survey of Saptharishi [Sap19] for more on this). While Theorem 1.1 shows
that computing a polynomial in I,‘%ifw is not much harder than computing the ©(r/3) x ©(r/3)
determinant, it is natural to ask if there are polynomials in Iﬁfﬁlyr that are “simpler” than the r x r
determinant with respect to complexity measures like dim(O<s(®)). Our next result shows that
among nonzero polynomials in the ideal I9¢t  the r x r determinant in fact minimizes the value of

dim(D<oo(e)). o

Theorem 1.3 (Informal version of Theorem 5.4). For every nonzero f(X) € Ig%’r, we have
dim(O<oo(f)) = dim(Ocoo(dety)) = (2:).

Using tools developed in the proof of Theorem 1.1, we can easily reduce the task of proving
Theorem 1.3 to the case where f(X) is a product of minors of X. As f is in the ideal IS%,T, at
least one factor of f must be an s x s minor of X for some s > r. We can then directly bound
dim(0<oo(f)) from below by a slight generalization of the argument used to bound dim (0« (dets)).

We note that one can easily prove a lower bound of dim(0<(f)) = 2" using observations due to
Forbes, Shpilka, Tzameret, and Wigderson [FSTW16| (see Section 5 for details). Our result improves

on this, obtaining an optimal bound of (2:) =04"/\/r).



1.4.4 Polynomial Identity Testing for Low-Depth Circuits and Formulas

Next, we use Theorem 1.1 to derandomize special cases of polynomial identity testing. It is a
straightforward consequence of Theorem 1.1 that for circuit classes like low-depth circuits and
formulas, computing any nonzero element of IS%T is effectively as hard as computing the @(7‘1/ 3) x
O(r'/3) determinant. Over an algebraically closed field, the ideal Igf,‘jw can be equivalently described
as the ideal of polynomials that vanish on matrices of rank less than . Using this alternate description,
we construct hitting set generators that unconditionally hit the closure of small low-depth circuits

and conditionally hit the closure of small formulas.

Theorem 1.4 (Informal version of Theorem 6.8 and Theorem 7.3). Let F be a field of characteristic
zero. For every k € N, there is a hitting set generator Gy, with seed length nt/2*+o() gnq degree
2k that hits the closure of polynomial-size low-depth algebraic circuits. The generator Gy can be
computed by either (1) a circuit of product-depth k and size n*+°M)  or (2) a formula of size n'*+o(M).
Assuming the border formula complexity of the determinant is super-polynomial, the generator Gy is
also a hitting set generator for the closure of polynomial-size algebraic formulas.

Our hitting set generators are very simple to describe. For k = 1, our generator takes as input
two matrices of variables Y and Z, where Y is a v/n x n°) matrix and Z is an n°®) x \/n matrix,
and outputs the product YZ. For k > 2, we construct the generator G, by arranging the input
variables of Gi_1 into a square matrix and replacing them with the product of an n1/25+0(1) » po(1)
matrix and an n°(1) x n!/2"+o(1) matrix.

To prove that our generators correctly hit polynomial-size low-depth circuits, we must show that
every small low-depth circuit does not vanish on the output of our generator. Using the description of
Igf;tn’r as the ideal of polynomials vanishing on matrices of rank at most r, establishing the correctness
of our generators equates to proving that no small low-depth circuit can compute a polynomial in
the ideal Ifl/% o) Such a lower bound follows in a straightforward manner by combining our
Theorem 1.1 with the recent breakthrough lower bounds of Limaye, Srinivasan, and Tavenas [LST21].

In the regime of n®M seed length, our generators attain a near-optimal tradeoff between seed
length and degree. It is not hard to show that a generator of seed length n'/ 2*+o(1) myst be of degree
at least 2%, and conversely that any generator of degree 2¥ must have seed length at least Q(nl/ 2k)
(see Lemma 2.6). We also note that the circuit complexity of our generators is near-optimal, as any
function with n outputs necessarily requires size 2(n) to compute.

Prior to this, the best-known hitting set generator for low-depth circuits was given by Limaye,
Srinivasan, and Tavenas [LST21|, using the hardness-randomness results of Chou, Kumar, and
Solomon [CKS19b]. They obtained, for all fixed € > 0, a generator with seed length O(n®) and degree
O(logn/loglogn). Our construction attains the same seed length, but improves on the degree (as
remarked above) and the circuit complexity of the generator. When instantiated to hit circuits of
size s, the generator of Limaye, Srinivasan, and Tavenas [LST21| necessarily has circuit complexity
Q(s). In contrast, our generator can be computed by a constant-depth circuit or formula of size
n!to()  even when hitting low-depth circuits of size O(nwwo).

For formulas, the best-known (conditional) constructions of hitting set generators prior to our
work are due to Dvir, Shpilka, and Yehudayoff [DSY09] and Chou, Kumar, and Solomon [CKS19b].
Both works yield generators with parameters similar to the low-depth generator of Limaye, Srinivasan,
and Tavenas [LST21]| mentioned above (although the generator of [DSY09] can only hit formulas of
small individual degree). While our construction has better parameters, we use a stronger hardness
assumption than what is needed by prior work. The constructions of Dvir, Shpilka, and Yehudayoff
[DSY09] and Chou, Kumar, and Solomon [CKS19b| can be instantiated with any explicit family of
polynomials that requires formulas of super-polynomial size. In contrast, our construction depends



crucially on super-polynomial lower bounds on the border formula complexity of the determinant.
This is a stronger assumption, as the determinant is computable by polynomial-size branching
programs and circuits, a fact which likely does not hold for all explicit families of polynomials.

1.4.5 Lower Bounds for the Ideal Proof System

Finally, we use Theorem 1.1 to prove lower bounds for the Ideal Proof System. Let X and Y be nxn
matrices of variables and let I,, be the n x n identity matrix. Consider the system of polynomial
equations given by {det, (X) = 0, XY — I,, = 0}. This system is unsatisfiable, as det, (X) = 0 if
and only if X is non-invertible, while XY — I,, = 0 implies that X is invertible with inverse Y. We
show that the constant-depth version of the Ideal Proof System cannot efficiently refute this system.
Assuming lower bounds on the border formula complexity of the determinant, we also show that
formula-IPS cannot efficiently refute this system. We remark that our lower bounds also hold when
the boolean axioms xfj — x;; = 0 are included in the system of equations, but we suppress these
here for brevity.

Theorem 1.5 (Informal version of Corollary 8.2 and Theorem 8.4). Let F be a field of characteristic
zero. Let X and Y be n X n matrices of variables and let I, be the n X n identity matriz. Then any
IPS refutation of the system {det(X) = 0, XY — I, = 0} cannot be approximately computed by a
constant-depth circuit of polynomial size. Assuming the border formula complexity of the determinant
is super-polynomial, then any IPS refutation of this system cannot be approximately computed by a
formula of polynomial size.

We do this by following the approach of Forbes, Shpilka, Tzameret, and Wigderson [FSTW16],
who showed that lower bounds for the IPS can be derived from circuit lower bounds for multiples
of a polynomial. Our choice of the system {det,(X) =0, XY — I, = 0} is motivated by the fact
that, using the techniques of [FSTW16], the desired IPS lower bounds follow from circuit lower
bounds for multiples of the determinant. We can obtain the necessary lower bounds by combining
our Theorem 1.1 with lower bounds against the determinant. In the case of low-depth circuits,
our IPS lower bounds are unconditional thanks to the recent breakthrough circuit lower bounds of
Limaye, Srinivasan, and Tavenas [LST21]. For formula-IPS, our lower bounds remain conditional.

We also show that computing an IPS refutation of our hard instance {det, (X) = 0, XY —I,, = 0}
reduces to computing the determinant. Namely, we give a small depth-three circuit with det,,-
oracle gates that computes an IPS refutation of our hard instance. Passing to border complexity
(using Lemma 2.3), this shows that the approximative complexity of the smallest IPS refutation
of {det,(X) = 0,XY — I,, = 0} is sandwiched between the approximative complexity of the
O(n'/?) x ©(n'/3) and n x n determinants.

The strongest unconditional lower bounds for the IPS prior to our work are due to Forbes,
Shpilka, Tzameret, and Wigderson [FSTW16], who proved lower bounds for subsystems of the
IPS computed by restricted classes of circuits, including read-once oblivious algebraic branching
programs and multilinear formulas. Impagliazzo, Mouli, and Pitassi [IMP20] showed that the
constant-depth version of Polynomial Calculus (PC) over finite fields is surprisingly strong. The
size of a constant-depth IPS refutation is essentially the number of lines in a constant-depth PC
refutation, so lower bounds for constant-depth IPS over finite fields imply comparable lower bounds
for constant-depth PC. However, our lower bounds do not extend to finite fields, nor do our lower
bounds hold for refutations of an unsatisfiable CNF, so we are unable to conclude lower bounds for
constant-depth PC and related proof systems.

We also mention a recent work of Alekseev [Ale21], who proved lower bounds on the bit-size of
refutations in a version of PC augmented with an extension rule. This is somewhat incomparable



to our result: Alekseev’s proof system allows for proofs of arbitrary depth, but must pay to use
constants of large bit complexity; on the other hand, we work with a low-depth proof system that
can use arbitrary rational numbers (or even arbitrary complex numbers) for free. Our lower bound
is on circuit size, which is analogous to the number of lines in PC, whereas Alekseev’s lower bound
is on the number of bits needed to write down a refutation, which does not necessarily imply a lower
bound on the number of proof lines.

2 Preliminaries

For a natural number n € N, we write [n] = {1,2,...,n}. We use T = (z1,...,x,) to denote a
vector of variables and X = (%; j)ig[n],je[m] t0 denote a matrix of variables. For a matrix A € F"*™
and sets R C [n], C' C [m], we denote by Ag ¢ the submatrix of A whose rows and columns are taken
from the sets R and C, respectively. A submatrix Ag ¢ is principal if R = C. Given a polynomial
f(x) € F[z], it will often be useful to view the variables T as the entries of a matrix, typically of size
[v/n] x [v/n]. The precise way in which the variables T are arranged into a matrix will not matter,
so we will perform this rearrangement implicitly without specifying the details. If X is an n x m
matrix of variables, then for » < min(n,m) we denote by Igf;tmr C F[X] the ideal of F[X] generated
by the r x r minors of X.

We endow F[X] with a (N” @& N™)-grading in the following way. Let €; € N™ denote the element
of N” with 1 in the i*? position and zeroes elsewhere. By abuse of notation, we also use €; to denote
the corresponding element of N'*. We assign degree €; @ €; to the variable z; ; and extend this to
F[X] in the natural way. The degree of an element f € F[X] with respect to this grading is called
the multidegree of f, written multideg(f). We say an element of F[X] is multihomogeneous if it is
homogeneous with respect to this grading.

Recall that given a field F and an indeterminate x, we write

e F[z] for the ring of polynomials in x with coefficients from F,
e F(z) for the field of rational functions in z with F-coefficients,
e F[z] for the ring of formal power series in = over F, and

e F((x)) for the field of formal Laurent series in = over F (equivalently, the field of fractions of

We assume familiarity with the basic notion of an algebraic circuit and restricted classes thereof,
including formulas, branching programs, and bounded-depth circuits. The interested reader may
consult the surveys of Shpilka and Yehudayoff [SY10] and Saptharishi [Sap19] or the text of Biirgisser,
Clausen, and Shokrollahi [BCS97] for more on algebraic circuits.

2.1 Border Complexity
We now define border complexity, a modification of the standard notion of algebraic complexity.

Definition 2.1. Let F be any field and let € be an indeterminate. Let f(z) € F[z]. We say that
an algebraic circuit C' border computes f if C' is defined over F((¢)) and computes a polynomial in
Fle][z] such that

C(@) = (@) +eg(T)
for some g(z) € F[e][z]. We abbreviate this as C(z) = f(z) + O(e). The border complezity of f is
the size of the smallest circuit C' that border computes f. %
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If C C F[Z] is a set of polynomials computed by some class of circuits, we denote by C C F[Z] the
set of polynomials computed by the border of this same set of circuits. For example, VP denotes the
class of n-variate polynomials that have n®(1) degree and can be computed by circuits of n®@) size,
while VP denotes n-variate polynomials of degree n®() that can be border computed by circuits of
n9W size.

Over fields of characteristic zero, one can interpret border complexity as a notion of approximate
computation. In this case, if C'(z) = f(Z) + O(e), then lim.,0C(Z) = f(Z), so C computes a
polynomial that coefficient-wise approximates f arbitrarily well as € goes to zero. Since the circuit
C' is defined over F((¢)), it may be the case that C' is not well-defined when € = 0, as intermediate
computations may involve division by . This prohibits setting € = 0 in order to obtain a circuit
that computes f exactly.

When the underlying field F has positive characteristic (for example, when F is finite), this
notion of approximation breaks down. However, we can consider “approximate” computation in the
symbolic sense defined above, which is still meaningful.

Alternatively, one can define border complexity using only the polynomial ring F[¢], avoiding the
use of F[e] and F((¢)). In this modified definition, we say that a circuit C' border computes f(Z) if

C' is defined over Fe] and there is a polynomial ¢g(Z) € F[¢][Z] and a natural number ¢ € N such that
C(T) = e1f(T) + 7 g(T).

We abbreviate this as C(T) = e?f(T) + O(e2*1). It turns out that these notions are equivalent, as
one can translate between them by appropriately modifying the constants appearing in the circuit;
see Biirgisser [Biir04, Lemma 5.6(1)| for a proof. (Note that the statement of [Biir04, Lemma 5.6(1)]
only claims equivalence up to a factor of 2 in complexity. This arises due to the fact that the
model of straight-line programs used in [Biir04] charges for scalar multiplications, whereas we allow
multiplication by scalars for free.)

Given a set of polynomials F':= {f1,..., fr} C F[Z], one can also define the border complexity
of F' to be the size of the smallest multi-output circuit C'(Z) over F((¢)) such that C' outputs
{fi+0(e),..., fr + O(e)}. Naturally, one can also consider (single- or multi-output) border
complexity with respect to subclasses of algebraic circuits, such as formulas, branching programs, or
constant-depth circuits.

It will be useful to make the dependence of a polynomial on the approximation parameter
explicit. In this case, we may write f(7,¢) for a polynomial in F[e][Z] or F[¢][Z], even though ¢ is
regarded as an element of the underlying ring and is not a variable. This affords convenient notation
for applying the map ¢ — e for some N € N or the map § — € for a second indeterminate §. We
can use this to compose approximations as in the lemma below.

Lemma 2.2 ([Biir04, Lemma 2.3(1)|). Let f(z) € F[z]. Suppose

1. ® is a circuit over F((e))[Z] such that ®(T,e) = f(T) + O(¢e) € Fle][z], and

2. W is a circuit over F((0))((¢))[Z] such that ¥(T,e,0) = ®(T, ) + O(0) € F[6]((e))[Z]
Then there is some sufficiently large N € N such that ¥(Z,e,eN) = f(Z) + O(¢) € F[e][z].

It is tempting to prove the preceding lemma by setting § = ¢ and concluding that ¥(7,e,¢e) =
f(@) + O(e). This is incorrect, as the O(J) error term in W(Z,e,0) may involve division by &, so
setting 0 = ¢ may introduce erroneous terms to the output of W(Z,¢,6). By setting 6 = eV for
sufficiently large N € N, this problem is avoided.

Let f(Z), g(T) € F[z] be polynomials such that f(Z) + O(e) can be computed by a circuit with
g-oracle gates. Suppose we want to replace the g-oracle gates with oracles that approximately
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compute ¢(T), i.e., oracle gates that compute some h(Z, ) = g(Z) + O(9). As a consequence of the
preceding lemma, we can obtain a circuit that computes f(Z) + O(g) by using h(%, e )-oracles for
some sufficiently large V.

Lemma 2.3. Let f(%),g(T) € F[z] be polynomials. Suppose f(Z)+O(g) can be computed by a circuit
of size s with g-oracle gates. Let h(T, ) € F[d][z] be a polynomial such that h(Z,d) = g(T) + O(0).
Then there is some N € N such that f(T) + O(e) can be computed by a circuit of size s with
h(z,eN)-oracle gates.

Proof. Let ®(7,¢) be a g-oracle circuit that computes f(Z) + O(e) over F((¢))[z]. Let ¥(z,¢,0) be
the circuit over F((6))((¢))[Z] obtained by replacing each g-oracle gate with an h(Z,d) oracle. Since
h(z,0) = g(T) + O(J), we have

U(T,¢,0) = (7, e) + O(5) € F[5]((e))[7]-

Applying Lemma 2.2 yields an N € N such that ¥(7,e,e") = f(Z) + O(¢) as desired. O

2.2 Polynomial Identity Testing

When designing deterministic algorithms for polynomial identity testing (PIT), our focus will be
on the black-box regime, where we are given access to a circuit ® through an evaluation oracle.
Derandomizing PIT in this setting is equivalent to giving an explicit construction of a hitting set,
defined below, for the set of polynomials computed by small circuits.

Definition 2.4. Let C C F[z] be a set of polynomials. A set H C F" is a hitting set for C if for
every nonzero f € C, there is some @ € H such that f(a) # 0. O

Alternatively, one can try to find an explicit, low-degree map G : F¢ — F” with £ < n such that
f(G(@)) # 0 if f is a nonzero polynomial computed by a small circuit.

Definition 2.5. Let C C F[Z] be a set of polynomials. A polynomial map G : F* — F” is a hitting
set generator for C if for every nonzero f € C, we have f(G(y)) # 0. We call £ the seed length of the
generator. The degree of the generator, denoted by deg(G), is given by max;cp, deg(G;). ¢

Small hitting sets (and hitting set generators with small seed length and low degree) are known
to exist non-constructively. In derandomizing PIT, one seeks efficient uniform constructions of these
objects. One can show that the notions of hitting sets and generators are essentially equivalent using
polynomial interpolation (see, e.g., Shpilka and Volkovich [SV15, Section 4]). In this work, we will
prefer the language of generators, as they are more amenable to composition than are hitting sets.

It is natural to extend the definition of a hitting set to the setting of border complexity. Over
fields of characteristic zero, Forbes and Shpilka [FS18] defined a notion of a robust hitting set for a
class C. Using continuity, one can easily show that if H is a robust hitting set for a class C, then H
is also a hitting set for the closure C. In this work, we will be concerned with hitting sets for the
closures of circuit classes, but we will not pay particular attention to the robustness parameter, as
some of our constructions take place in characteristic p > 0.

We note that a generator cannot simultaneously have very small seed length and very low degree.
In particular, a generator of degree ©(1) must have seed length n®),

Lemma 2.6. Let C C F[z]| be a set of polynomials such that C contains all linear polynomials.
Suppose G : F* — F™ is a hitting set generator for C of degree d. Then we must have (ezd) >n. In
particular, if d is a fized constant independent of n, then £ > Q(nl/d),
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Proof. For i € [n], let G;(7) be the i*h coordinate of G. Observe that each G;(%) is a polynomial in ¢
variables of degree at most d. The space of /-variate polynomials of degree at most d is a vector space

of dimension (sz). Suppose for the sake contradiction that (Zfld) < n. Then there is a non-trivial
linear relation among the n coordinates of G. That is, there is a linear polynomial L(x1,...,2,) # 0

such that

Since L(7) is linear, we have L € C. This contradicts the assumption that G is a hitting set generator
for C. O

2.3 Matrix Rank

We will frequently make use of the fact that the rank of a matrix can be characterized by the
(non-)vanishing of its minors. This is a straightforward consequence of the fact that the row rank
and column rank of a matrix coincide.

Lemma 2.7. Let A € F™™. Then rank(A) > r if and only if some r X r minor of A does not
vanish. Equivalently, rank(A) < r if and only if every r x r minor of A vanishes.

We now define the hitting set generator which will be the focus of our work on PIT.

Construction 2.8. Let n,m,r € N with r < min(n,m). Define the map Gy pm, : F"*" x > —
F>™ piq
Gnmo (Y, 2)ij = (Y Z)ij.

The following are immediate consequences of the definition of Gy, ,,, (Y, Z).
Lemma 2.9. Let Gy, 2 FP7 X F7X™ — F™"X™ be defined as in Construction 2.8.
1. The image of Gy m,r contains all n x m matrices of rank at most r.

2. Each coordinate of Gy m (Y, Z) is a 2r-sparse degree-2 polynomial in the variables Y U Z.

3. The map Gnmr(Y,Z) can be computed by a multi-output algebraic circuit of size 2nmr and
product-depth 1. Additionally, each coordinate of the output can be computed by a homogeneous
formula of size 2r.

In order to prove that Gy, ,,, is a hitting set generator for a class of circuits C, it will be useful
to understand which polynomials vanish when composed with G, . If f(X) € F[X] is a nonzero
polynomial such that f(G, m (Y, Z)) =0, then f necessarily vanishes on all n x m matrices of rank
at most r. The ideal of polynomials which vanish on matrices of rank at most r is well-understood
from the viewpoint of mathematics.

Let If}f,‘jw be the ideal generated by the r x r minors of a generic n x m matrix and let J;, , »
be the ideal of polynomials which vanish on all n x m matrices of rank at most r. It is clear
that Igf,fw 11 € Jnme- When the field F is algebraically closed, we in fact have the equality
IS%,T +1 = Jam,- This follows from Hilbert’s Nullstellensatz and the fact that Igf:fw is radical (see,
for example, [BV88, Theorem 2.10 and Remark 2.12]). This implies that if f(X) is nonzero and
f(Gnmr(Y,Z)) =0, then f € Jpmy =I5, ).

In the case where F is not algebraically closed, we can still conclude that f € Igf,tm, 4 if
f(Gnmr(Y,Z)) = 0. This follows from the fact that if f(G, m(Y,Z)) = 0, then f vanishes on
matrices of rank at most r with entries in any extension K D . In particular, f vanishes on matrices
of rank at most r with entries in [F, the algebraic closure of F.

We record the preceding observations as a lemma.
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Lemma 2.10. Let F be any field and let n,m,r € N with r < min(n,m). Let Iﬁ%m denote the

ideal of F[X] generated by the r x r minors of a generic n x m matriz and let f(X) € F[X]. Then
F(Gnmr—1(Y,Z)) =0 if and only if f(X) € IS%J.

2.4 Hasse Derivatives

In this work, we use Hasse derivatives in place of the standard partial derivative. Originally defined
by Hasse [Has36], Hasse derivatives are a notion of derivative that is more well-behaved over fields of
small positive characteristic. For a more thorough treatment of Hasse derivatives and their properties,
see, for example, the thesis of Forbes [Forl4, Appendix C].

Definition 2.11. Let F be a field and let f(Z) € F[z]. For @ € N, we define the @ Hasse derivative
of f(Z) to be

() = Coeftya(f(7 + 7).

where f(Z + 7) is viewed as a polynomial in F[Z][y]. O

Equivalently, one can define Hasse derivatives in terms of their action on monomials.

Lemma 2.12. Let a,b € N*. Then

where we use the convention that (Z) =01ib<a.

A straightforward consequence of the preceding lemma is that Hasse derivatives interact nicely
with degree.

Lemma 2.13. Let f(Z) € F[z| and let a € N". Then

deg(aia(f)> < deg(f) — llall;,

with equality if 22=(f) # 0.

oz
Hasse derivatives also respect the multigrading on F[X].

Lemma 2.14. Let f € F[X] be a multihomogeneous polynomial and let A € N™*™. Write X4 =
| H;nzl x?ljj for the monomial with powers given by the matrix A. If of # 0, then

XA
of

> = multideg(f) — multideg(X*).

Just like standard partial derivatives, Hasse derivatives commute with one another.

Lemma 2.15 (see, e.g., [Forl4, Lemma C.1.4(5)]). Let f € F[z] and let @,b € N*. Then

35 (550) = (3

Hasse derivatives obey a modified form of the product rule.
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Lemma 2.16 (see, e.g., [Forl4, Lemma C.1.7]). Let fi,..., fm € F[Z]. For any i € [n] and a € N,
we have

0 0 0
)= > (i) g (fm).

t ai1+-+am=a

We now define the space of (d'® order) partial derivatives of a polynomial. The dimension of this
space (and related spaces, like the space of shifted partial derivatives |[Kay12]) is a useful complexity
measure within algebraic circuit complexity.

Definition 2.17. Let f(Z) € F[z]. The space of partial derivatives of f, denoted O<oo(f), is defined
as

O<oo(f) = spanF{aaq‘; 1a € Nn}.

The space of d™-order partial derivatives of f, written 9q(f), is given by

0
Aua(f) = span]F{aga cae N |al, = d}.

We also write
d
O<a(f) = spanz | &i(f)
i=0
for the space of partial derivatives of order at most d. %

We will need the following lemma relating the dimension of the space of partial derivatives of a
polynomial f(Z) and a linear projection f(AT).

Lemma 2.18. Let f(Z) € F[z] and let A € F"*™. Then for every d € N, we have dim(0«4(f(A7))) <
dim(0<q(f(Z))). In particular, if A is invertible, then dim(0<q(f(AZ))) = dim(d<q(f(T))).

Proof. Using the chain rule for Hasse derivatives, one can show (see, e.g., [Forl4, Corollary C.2.7])
that for all € € N” with ||e||; < d, we have

8ie(f(Aa:)) € spanp{g(AT) : g(T) € d<a(f(T))}.

Let V := spanp{g(A7Z) : g(T) € 0<q(f(Z))}. This implies
d<a(f(AT)) CV,

SO

dim O<y(f(AZ)) < dim V.

We now show that dim V' bounded by dim 0<4(f(Z)). Let ¢1(Z),...,9x(T) € d<a(f(Z)) and suppose
that g1 (AZ), ..., g (AT) are linearly independent. This implies that ¢1(Z), ..., gx(T) are linearly inde-
pendent, as any linear relation satisfied by g1 (), . . ., g, (Z) will also be satisfied by g1 (AZ), ..., gx(AT).
If we select the g; such that {g1(AT),..., gx(AZ)} forms a basis of V, then we have

dimV =k < dim d<4(f(7)).

Combining this with the previous inequality completes the proof.
In the case where A is invertible, we use the fact that T = A~ AZ to obtain

dim 0<q(f(7)) < dim O<4(f(AT)) < dim O<q(f(T)),
so equality holds. O

We note that by taking d > deg(f) in Lemma 2.18, one can replace O<g(®) with O<s(e).
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2.5 Bideterminants and the Straightening Law

The proof of Theorem 3.8 relies on understanding how a polynomial f € Igﬁfw behaves under the

map X — AXB for invertible matrices A and B. For example, it is easy to see that f(AXB) also
lies in Igffmr. However, it is not clear if there is other structure we may take advantage of. By

working in a different basis of F[X], we can better understand how f(AX B) relates to f(X). Before
describing this basis, we recall the notions of a Young diagram and Young tableau.

Definition 2.19. A partition o = (01,09, ...,0%) is a non-increasing sequence of natural numbers.
If Zle o; = n, we write 0 F n. The transpose of o, denoted &, is the partition given by &; =
{j:0; >i}|. Associated with a partition o is its Young diagram D, C N x N, given by D, =

Note that 61 counts the number of rows in the Young diagram of o. We graphically depict
the Young diagram of a partition as a collection of boxes. For example, the Young diagram of the
partition (4,2,2,1) is

This partition has transpose (4,3, 1,1), with Young diagram given by

The lexicographic ordering on integer sequences induces an ordering on partitions, which we denote
by <ex-

We now define Young tableaux, which can be obtained by writing a number in each cell of the
Young diagram of some partition o.

Definition 2.20. Given a partition o, a Young tableau T' of shape o is a map T : D, — N assigning
a natural number to each cell of the Young diagram of 0. We denote the i*" row of T by T'(i, ),
which we will view as either a set or a one-row Young tableau depending on context. A Young tableau
is standard if its entries are strictly increasing along each column and along each row. A Young
tableau is semistandard if its entries are strictly increasing along each column and are nondecreasing
along each row. If T': D, — N is a Young tableau, its conjugate tableau T:Ds — Nis given by

A

T(i,7) = T(j,1). O

Continuing the example above, one Young tableau (of many) of shape (4,2,2,1) is given by

2[4]3]
2
1

BN

Next, we introduce bitableaux and bideterminants. A bitableau is simply a pair of Young tableau
of the same shape, while a bideterminant is a natural polynomial associated to this pair of tableaux.
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Definition 2.21. Let X = (211,...,%,) be an n x n matrix of variables. A bitableau (S,T) is a
pair of Young tableaux of the same shape o. If the entries of S and T" are from [n], we associate to
(S,T) the bideterminant (S|T)(X), defined as

xS(i,l),T(i,l) TS,1),T(4,2)  ~°  TS(3,1),T(i,0)

i,2),T(i, Ts(:,2),T(i, T T8(4,2),T (4,04

(S|T)(X Hdet : T(i,1) (2? (4,2) ‘ (2)‘ (4,04)
LS(i,0:),T(1,1)  LS(i,04),T(5,2) *°°  LS(3,04),T(3,0:)

The i** term in this product is the determinant of the submatrix whose rows and columns are listed
in the i*" row of the tableaux S and T, respectively. The width of the bideterminant (S|T’) is given
by o1. We say that the bitableau (S,T") and bideterminant (S|T) are standard if, as tableaux, both
S and T are increasing along each row and nondecreasing along each column (equivalently, that S
and T are both the transpose of a semistandard Young tableau). %

For example, associated to the bitableau

2[3]

1 3[4]
13 )
4]

‘wl\ﬁr—t
i~

is the bideterminant

T1,1 T1,3 T14 " "
det Tl X23 T24 det 1,2 14 det (.%4,3).
T3,2 T34
T3,1 T33 T34
Note that a bideterminant (S|T") is multihomogeneous of degree (s1€1+- - -+ $p€p) D (t1€1+- - - +1nen),
where s; and t; count the number of occurrences of ¢ in S and T, respectively.

It is easy to see that the bideterminants span F[X], since a monomial Hle Zr, c; is the bideter-
minant corresponding to the bitableau

Perhaps surprisingly, there is a natural subset of the bideterminants which form a basis of F[X].
Theorem 2.22 ([DRS74]). The standard bideterminants form a basis of F[X].

To show F[X] is spanned by standard bideterminants, it suffices to express non-standard bideter-
minants as linear combinations of standard bideterminants. The fact that this can be done, along
with some additional structural information, is known as the straightening law. For more on the
straightening law, including its history and its applications to invariant theory, see the introduction
of Désarménien, Kung, and Rota [DKRT7S].

Theorem 2.23 ([DRS74], see also [DKR78; dCEPS&0]). Let (S|T)(X) be a bideterminant of shape
o. Then (S|T)(X) can be expressed as a linear combination

(S|T)(X Z ca.p(A|B)(X),

where the ca p are integers and the sum ranges over all standard bitableaux (A, B) of shape T such
that T >1ex O
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One immediate corollary of this is a characterization of polynomials in the ideal IS?TEL’T by their
support in the standard bideterminant basis.

Corollary 2.24. A polynomial f € F[X] is an element of the ideal Igf;ﬁw if and only if f is supported
on bideterminants of width at least r.

2.6 Pfaffians

This subsection departs slightly from the setting of the previous subsections. Let X be a 2n x 2n
skew-symmetric matrix of variables. That is, the (7, j) entry of X is the variable x; ; and the variables
x;; and x;; satisfy the relation x; ; = —x;;. It is well-known that the determinant of X is the
square of a polynomial; this square root of the determinant is the Pfaffian of X. Formally, one can
define the Pfaffian Pf(X) as

27!
g€Say,

n
Pf(X) = ! > sen(0) [[#o@i-1).0@)
i=1
where Sy, is the group of all permutations on [2n] = {1,...,2n}. Each monomial in the above sum
appears 2"n! times, so every monomial in the support of the Pfaffian has a coefficient of 1 or —1. In
particular, the Pfaffian is well-defined even over fields of small characteristic.

As remarked above, we have Pf(X)? = det(X) when X is a skew-symmetric matrix. If X is
an m X m skew-symmetric matrix for odd m, then det(X) = 0, so we restrict our attention to
matrices of even order. The equation Pf(X)? = det(X) relates the Pfaffian and determinant of a
skew-symmetric matrix. For general matrices, we can relate Pfaffians and determinants via the
following lemma.

Lemma 2.25. Let A be a 2n x 2n skew-symmetric matriz and let B be an arbitrary 2n X 2n matriz.
Then BABT is skew-symmetric and Pf(BABT) = det(B) Pf(A).

We will also make use of the symmetries of the Pfaffian as described in the next lemma.

Lemma 2.26. Let A be an n x n matriz. Then
0 A n
Pf(_AT 0) = (=1)(®) det(A).

As with determinants, one can consider the ideal generated by sub-Pfaffians of the same size of a
skew-symmetric matrix. To ensure that the Pfaffian of a submatrix of X is well-defined, we restrict
our attention to principal submatrices. Recall that a submatrix X ¢ of X is principal if R = C. If
X is skew-symmetric, then so is any principal submatrix of X. Throughout this work, we will use
Igifgr to denote the ideal of F[X] generated by the Pfaffians of the 2r x 2r principal submatrices of
X.

Much like the case with determinants, one can understand the ideal Igi?gr using an analo-
gous straightening law for Pfaffians. To do this, we begin by defining the analogues of standard
bideterminants for Pfaffian ideals.

Definition 2.27. Let T be a conjugate semistandard Young tableau of shape ¢ such that every
row of T has even length. We associate to T" the standard monomial [T](X), which is a polynomial
defined as the product of Pfaffians

R Tr@i,1),r6E1)  TreE),r62) " TT36,1),T36,04)

o Tr@,2), 761  TT6,2),7G2) ~°°  T7(,2),T(i,0)
[T)(X) =[] Pt _ : :

i=1 :

LT(i,04),T(G,1)  LT(i,04),7(,2) " LT(,04),T(i,0%)
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That is, the i®® polynomial in the above product is the Pfaffian of the submatrix of X whose rows
and columns are listed in the i*" row of the tableau T. The width of [T](X) is o1, the size of the
largest Pfaffian in the above product. %

If we were to extend the above definition to all Young tableaux, it is clear that the resulting set
of polynomials spans F[X], since

. _ 0 @g) _
G =pe(_) ) =
However, we do not lose much by ignoring these non-standard monomials. In a manner analogous to
the determinantal case, de Concini and Procesi [dCP76] proved that the standard monomials form a
basis of F[X].

Theorem 2.28 (|dCP76, Theorem 6.5]). For any commutative ring R with unity, the standard
monomials form a basis of R[X].

To prove this, de Concini and Procesi [dCP76] showed that the standard monomials span R[X]
and that any non-standard monomial can be written as a linear combination of standard monomials.
The expression of a non-standard monomial as a linear combination of standard monomials is, as in
the determinantal case, known as the straightening law. Using the straightening law of de Concini
and Procesi [dCP76, Lemmas 6.1 and 6.2, one can show (following Doubilet, Rota, and Stein
[DRS74, Section 8]) that a non-standard monomial of width 2r is supported only on standard
monomials of width at least 2r. A straightforward corollary of this is that every polynomial in the
ideal generated by the Pfaffians of the principal 2r x 2r submatrices of a matrix X is supported on
standard monomials of width at least 2r.

Corollary 2.29. Let X be a generic 2n x 2n skew-symmetric matrix. Let Igé?gn be the ideal generated

by the Pfaffians of the 2r x 2r principal submatrices of X. Then any f € Igg‘?gr s supported on
standard monomials of width at least 2r.

2.7 Monomial Orders

Our use of border complexity stems from the need to construct circuits that compute only a particular
subset of the monomials appearing in the support of a polynomial f. To do this, we make use of
monomial orders and leading monomials, which we now define.

Definition 2.30. A monomial order < is a total order on the monomials of F[Z] which satisfies
1. 1 < z° for all nonzero @ € N”, and
2. if 7@ < 70, then T+ < 7%+ for all @, b, € N™. O

Definition 2.31. Let < be a monomial order and let f(Z) € F[Z] be a nonzero polynomial. The
leading monomial of f with respect to <, written LM(f), is the <-maximal monomial appearing in
the support of f. The leading coefficient of f with respect to <, denoted LC<(f), is the coefficient of
LM< (f) when f is written as a sum of monomials. ¢

We may write LM(f) and LC(f) for the leading monomial and coefficient of f, respectively, if
the order < is clear from context. A useful property of leading monomials is that taking the leading
monomial commutes with products of polynomials.
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Lemma 2.32. Let < be a monomial order and let f,g € F[Z] be nonzero polynomials. Then
LM<(fg) = LM<(f) - LM<(g).

We will primarily be interested in lexicographic orders, which are a special case of weight orders.
To specify a weight order, we are given some weight vector w € R", and we order two monomials
Z% and Z° by comparing the inner products (%,a) and <ﬂ, 5>. To obtain a total order on the set
of monomials, ties must be broken. This is done by choosing another weight vector w € R™ and
breaking ties by comparing (w,a) and <@, 5>. If ties are still possible, we continue choosing new
weight vectors until all ties are broken. It turns out that every monomial order can be obtained
from such a collection of weight vectors.

Theorem 2.33 (|[Rob86, Theorem 2.5|, see [Rob85] for a proof). Let < be a monomial ordering on
F[z]. Denote by (e, e) the standard inner product on R™. There is an integer s € [n] and vectors

aM, ..., 7 € R™ such that T < Z° if and only if there is some j € [s] such that

1. <6, U(i)> = <5, ﬂ(i)> for alli < j, and

2. (a,a¥) < (b,a¥).

Our focus will be on monomial orders specified by integral weight vectors, which includes all
lexicographic orders.

Fact 2.34. Any lexicographic monomial ordering can be specified by a collection of integral weight
vectors. O

Let f(z) € R[z] be a polynomial over a commutative ring R and let < be a monomial order
that corresponds to a collection of integral weights. It will be useful later on to find an assignment
x; +— €% of the variables to powers of ¢ such that f(7) evaluates to €™ LC<(f) + O(e™*!) for some
integer m. As a first step, we record as a lemma an argument of Biirgisser [Biir04, Example 2.2| on
degenerating a polynomial to a face of its Newton polytope.

Lemma 2.35 (|Biir04, Example 2.2|). Let R be a commutative ring and let f € R[Z] be given by
f@= Y azz"
acsupp(f)
Letu € Z", let X = maXgequpp(f)(@, ), and let H = {a € supp(f) : (@,u) = A}. Then
ey, ... e ay,) = Z azT" + O(g).
aesupp(f)NH

One can iteratively apply this lemma, further restricting the monomials of f to have exponents
that lie in the intersection of multiple hyperplanes.

Lemma 2.36. Let R be a commutative ring and let f € R[Z] be given by

f@= > oz

aesupp(f)
Let M, ..., a%) € R be vectors. For each i € [k], let
A= max <d, ﬂ(i)>
aesupp(f)NH1N--NH;—1

H; = {6 esupp(f)NH1N---NH;_q: <6,H(i)> = )\}.
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Then there are integers di,...,d, and m such that

emf(ehay,.. . e, = Z azT" + O(g).
aesupp(f)NH1N--NHy

Proof. We proceed by induction on k, noting that the case of k = 1 exactly corresponds to Lemma 2.35.
When k > 2, by induction we have integers d}, ..., d,, and m’ such that

’ U !/ — g—
g™ f(edlxla"'agdnmn): Z aﬁxa+5'g(xa€)a
aesupp(f)NH1N--NHg_1

where ¢(Z,¢) € F[¢][z]. By Lemma 2.35, we have

/ ’ —(k) ’ —(k)
™ fehd™ xy, ..., e 1)
—a s\ —a{® —aP
= Z 0gZT 4+ 6e - g(67" xq,..., 0" xp,e) + O(9).
aesupp(f)NH1N--NHy
S ) e o . .
The expression 0% e - g(6~" z1,...,0 " xp,¢) lies in the ring eF[0, 5", ¢][Z] and may have terms
whose coefficient involves a negative power of §. Let M be the largest power of § appearing in the
. . L. —(k) —(k
denominator of the coefficient of a monomial in 6 e - g(6~™ x1,...,0 7% x,,¢). Then under the
substitution
€ 2,_:MJrl
0 e,

ever ol of MM (o) _a® L :

y monomial of € gle ™™ x1,...,¢ Zn,€) has a coefficient in €F[e]. In particular, we
have

’ ’ —(k) ’ —(k) —
eMFMAM g dy (M) =0 g g dn (M) = gy — Z agz” + O(e).
aesupp(f)NH1N--NHy

This completes the proof of the inductive step. O

By applying Lemma 2.36 to a polynomial and subsequently setting x; +— 1 for all i € [n], we
can approximate the leading coefficient of f in the sense of border complexity. If the ring R is a
field, then this is not necessarily useful. However, we will apply this result when the ring R is a
polynomial ring in another set of variables, which makes this lemma useful.

Lemma 2.37. Let R be a commutative ring. Let f(T) € R[T| and let < be a monomial order on T.

Suppose that the ordering < can be specified by a collection of integral weight vectorsa?), ..., @) € N".
Then there is some m € Z and a collection of nonzero integers {dy,...,d,} such that the mapping
XTi Edi

sends f(T) to
g™ LC(f) + O(e™™).
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Proof. As in the statement of Lemma 2.36, for i € [k] let

A= max <E, E(i)>
aesupp(f)NH1N--NH;—1

H;, = {E esupp(f)NHN---NH;_q: <6,ﬂ(i)> = )\}.

Let ¢ = LM(f). Since @M, ..., a®) are weight vectors specifying a monomial order, it follows from
the definition of such an order that Hy = {€}. Applying Lemma 2.36 yields integers d,...,d, and
m such that

fehay, ... e%x,) =™ LC(f)LM(f) + O(e™Th).

Setting x; — 1 for all i € [n] yields
fet,. .. %)y =e™LC(f) + O(e™™)

as claimed. O

2.8 The Ideal Proof System

The ideal proof system of Grochow and Pitassi [GP18] is an algebraic proof system used to refute
unsatisfiable systems of polynomial equations. The complexity of a proof in this system is measured
by the size of the smallest algebraic circuit representing that proof.

Definition 2.38 ([GP18]). Let F be a field and let fi(Z),..., fm(Z) € F[Z]. An ideal proof system
(IPS) certificate that the system f1(Z) = --- = fin(Z) = 0 is unsatisfiable over the algebraic closure
F is a polynomial C(%,%) € F[z,7] such that

1. C(z,0) =0, and

2. C(x, f1(Z),..., fm(@)) = 1. O

The first condition equates to requiring that C(Z, ) is in the ideal generated by 1, ..., Ym. This,
along with the second condition, implies that C'(Z,7) is a certificate for the fact 1 € (f1(T),. .., fm(T)),
hence that f; = --- = f,, = 0 is unsatisfiable.

For a class of algebraic circuits C, one can also consider the C-IPS proof system wherein we
require the IPS certificate be computed by a circuit from C. We will primarily be concerned with
IPS certificates computable by formulas or low-depth circuits.

As mentioned in the introduction, proving lower bounds on the complexity of IPS refutations is
a priori more difficult than proving lower bounds for algebraic circuits. This is due to the fact that
there may be infinitely many IPS certificates for a single system of equations, so we are faced with
proving lower bounds for an infinite family of polynomials. However, these certificates all lie in a
coset of an ideal, so one could hope to understand this ideal well enough to prove lower bounds for
the relevant coset. See Grochow and Pitassi [GP18, Section 6] for more on the difference between
lower bounds for algebraic circuits and IPS.

The following lemma establishes a connection between lower bounds for multiples and lower
bounds for IPS. Forbes, Shpilka, Tzameret, and Wigderson [FSTW16]| originally stated and proved
this lemma with {z? — x; : i € [n]} as an additional set of axioms, but these are not necessary. We
will make use of this lemma when proving lower bounds for IPS.

Lemma 2.39 ([FSTW16, Lemma 7.1]). Let f(Z), g1(%), ..., gx(T) € F[x] be an unsatisfiable system of
equations where g1(T), ..., gx(T) is satisfiable. Let C € F[T,y,Zz] be an IPS refutation of f,g1,..., gk.
Then 1 —C(%,0,91(T), ..., gx(T)) is a nonzero multiple of f().
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3 Hardness of Determinantal Ideals

Recall that X denotes an n X m matrix of variables and IS?,%’,, C F[X] is the ideal generated by the
r X r minors of X. In this section, we study the minimum possible border complexity of a nonzero
polynomial in Ige,%r Our main result is that, up to polynomial factors, there is no polynomial
fe Igf“fm, that is easier to compute than the r x r determinant. We do this by constructing, for
every nonzero f € Igf}jw, a depth-three f-oracle circuit that border computes the ©(r/3) x ©(r!/?)
determinant.

The argument proceeds in two steps. First, we show that for every f(X) € Igffnvr, there is a linear
change of variables that takes f(X) to (S|T)(X)+O(e) for some bideterminant (S|7") of width at least
r. The analysis of this step crucially relies on the straightening law (Theorem 2.23). Second, for any
9(7) computed by an ABP of size at most  and any bideterminant (S|77)(X) of width r, we construct
a depth-three (S|T)-oracle circuit computing ¢g(7) + O(g). As the determinant can be efficiently

computed by ABPs, composing these steps yields an f-oracle circuit for det@(r1/3)(X) + O(e).

3.1 Computing a Single Bideterminant

For i,j € [n] with i # j, we define the substitution operator Sub;_,; acting on a transpose semistandard
Young tableau T as follows: for every row in T containing ¢ but not j, substitute ¢ with j and re-order
the row to be in increasing order. Let hg (T') denote the number of rows of 1" changed by applying
Sub;,; to T'. In general, the map T' — (Sub;—;(T), hf(T)) may not be injective. However, the
following lemma shows that mapping is injective when restricted to tableaux satisfying a particular
property.

Lemma 3.1 ([dCEP80, Proposition 1.6]). Let i,j € [n]. Suppose T is a conjugate semistandard
tableau with entries in [n] with the property that if a row of T contains an integer k < i, then that
row contains all integers in {i,i+1,...,5 — 1}. Then Sub;;(T) is also a conjugate semistandard

tableau and T is determined by Sub,;_,;(T") and hf(T)

While the condition in the above lemma seems strange at first, it arises in a natural way when one
repeatedly applies the Sub;_,; operators as described by the next claim. For the sake of completeness,
we provide a proof.

Claim 3.2 (implicit in proof of [dCEP80, Corollary 1.7]). Let T be a conjugate semistandard tableau
with entries in [n]. Let

(1,2) < (1,3)<---<(1,n) <(2,3) <---<(n—2,n—1) < (n—2,n) < (n—1,n)

be a partial order on [n)?. Leti,j € [n] be such thati < j and let (i, j') be the immediate predecessor
of (i,7) in the < order. Then the tableau

T" := Subj;_,js 0 - -+ 0 Suby_,3 0 Suby_2(T)

satisfies the hypothesis of Lemma 3.1 for (i,7). In other words, if a row of T' contains an integer
k < i, then that row contains all integers in {i,i+1,...,7 — 1}.

Proof. The case of (i,7) = (1,2) is vacuously true. Suppose (7, ) > (1,2) and that some row r of 7"
contains an integer k < .

o If k =1, then it must be the case that the operator Sub;_,;_1 o--- o Sub;_;y; did not replace
the 7 in row r. This implies that the tableau Sub;_1_, 0---0Sub;_,2(T") contains every element
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of {i,i+1,...,j — 1} in row r. Because of this, the operator Sub;_,j_j o --- o Sub;;11 does
not modify any of the entries in row r coming from the set {i,i +1,...,j — 1}, so row r of T”
contains every element of {7,...,j — 1}.

e If k < i, then the application of the composite operator Suby_,,, o Subg_y,_1 0 -+ 0 Subg_x11
in the definition of 7" did not replace the k appearing in row r of 7. This means that every
element of {k,...,n} appears in row r of the tableau Subg_1_,, o -+ o Subi_2(7). Applying
the operator Suby_,; o --- o Subg_x41 will not change this, so row r of T’ contains every
element of {k,...,n}. In particular, every element of {i,...,j — 1} appears in this row. [

For a partition o and natural number n € N, we let K, and K, denote the conjugate semistandard

tableaux whose i row has entries (1,...,0;) and (n —i + 1,n — i+ 2,...,n), respectively. For

example, if 0 = (4,3,1) and n = 5, we have

2[314]
2|3 K =

314][5]

Kz =

‘.-\._n)i

‘UlOJ[\D
B
ot

The operators Sub;_,; provide a convenient way to transform an arbitrary conjugate semistandard
tableau into K.

Lemma 3.3 ([dCEPS80, Corollary 1.7]). Let T be a conjugate semistandard tableau of shape o. Then
(Suby—1-3n © Subp_g_yy, © -+ 0 Subg_y3 0 Suby_p 0 - - - 0 Suby 3 0 Suby2)(T) = K.

Moreover, if we denote by hg the number of times i is replaced by j in the application of Sub;_,;
above, then T is determined by o and the h].

We are now ready to progress towards the main result of this section. Namely, for any nonzero
f € I ., we will find a linear change of variables that sends f to (K,|K,) + O(g) where o is
the shape of some standard bideterminant in the support of f when f is written in the standard
bideterminant basis. For comparison, it is easy to do something similar in the monomial basis: given

a polynomial f(Z) of degree d, there is some m € N such that
e f(e= @ gy e @D gy e ) = L (f) LMiey (f) + O(e)

where we take the lexicographic monomial order induced by z1 > 2 > --- > x,. To some extent,
we are constructing an analogous change of variables in the bideterminant basis.

The main difficulty lies in finding a useful change of variables. In the monomial basis, individual
terms can be distinguished by their degree, so it suffices to use a change of variables that only involves
multiplying each z; by some power of €. However, in the bideterminant basis, multidegree is too
coarse a notion to distinguish between bideterminants, so it seems that finding a clever substitution
x;; +— €%z, ; will not be enough.

We start by working in a larger polynomial ring F[X, A, Z]. We will give two changes of variables:
one that enforces structure on the tableaux encoding the rows of the bideterminants in the support of
a polynomial f, and another that handles the tableaux encoding the columns of the bideterminants.
The proof of this lemma is inspired by and borrows ideas from the proof of [dICEP80, Theorem 3.3|.

Lemma 3.4. Let A = ()\; ;) be an n xn matriz of variables and let <a be the lezicographic monomial
order on F[A] induced by the order \; j = Ao if i <k ori=k and j < {. Likewise, let = = (& ;) be
an m x m matriz of variables and let <z be the corresponding lexicographic monomial order on F[Z].

24



Then there are matrices M € F[A]"*™ and N € F[Z]™*™ with det(M) = £1 and det(N) = £1 such
that the following holds.

Let f(X) € Iﬁeﬁ” be a nonzero polynomial and let f(X) =3y 1y ok (Sk|Tk)(X) be the expansion
of f in the standard bideterminant basis. For k € [s], let oy, be the shape of the bideterminant (Sk|T}).
Then there are nonempty sets A, B C [s] such that

LC, (f(MX)) = ap(Kq, [Ti)(X)
keA

LC-(f( = ar(SulKq,)(X),
keB

where we take leading coefficients in the rings F[X]|[A] and F[X][Z], respectively.

Proof. We first construct the matrix M and prove the corresponding claim. For i, j € [n] with i # 7,
let E; j(z) be the n x n matrix with ones on the diagonal and z in the (4, j) entry. Let J, be the
n X n matrix whose (i, 7) entry is 1 if i + j = n + 1 and zero otherwise. We define the matrix M as

M =FEis(M2)E13(M3) - Ein(Mn)E23(X23) - Encin(An—1n)JIn-

Since det(J,) = +1 and det(E; ;(z)) = 1 for i # j, it follows that det(M) = £1.

We now analyze the polynomial f(MX). Recall that for a tableau .S, we denote by hg (S) the
number of entries changed from 4 to j when we apply the operator Sub;_,; to S. Observe that for a
bideterminant (S|T), it follows from properties of the determinant that

(SIT)(E:;(2)X) = 2" (Sub;;(S)|T)(X) + O (91,

where O(zhf(s)_l) denotes a polynomial in F[X][z] of degree at most h{(S) — 1. For i,j € [n] with
i # j, define

[ii(X,A) = f(Ei2(M2)E13(A13) - Ein(Ain)E23(Xo3) - By j(Ni ) X).

Note that f(MX) = fn_1a(Jn X, A).
We claim that for every i,j € [n] with ¢ < j, there is a non-empty set A; ; C [s] such that

LCL, (fij(X,A)) = Z a(Sub;_; 0 -+ 0 Suby_y3 0 Sub_yp 0 - -+ 0 Subj_3 0 Subi_2(Sk)|Tx) (X).
]CEAiJ

By Lemma 3.3, this implies
LC<, (fa-1(X, M) = D an(K oy | T) (X))

kEAnfl,n

Using the fact that (K,,|T)(JnX) = (Ko, |Tk)(X), this yields

LC<, (f(MX)) = LCx, (fa-1n(Jn X, A) = D an(Ko, |Ti)(X)

keAn—l,n
as claimed.
We now prove the claim by induction on (4, ) in the order (1,2) < (1,3) < --- < (1,n) < (2,3) <
-+ < (n—1,n). Let (¢, ) be the predecessor of (i, j) in the < order. In the case that (i,5) = (1, 2),
we abuse notation and set fy y = f and Ay j = [s]. Let

Hf = kg"l42:,/),(j’ h{(Subirﬁj/ o -+ 0Suby_2(Sk))
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and
Ai,j = {]{? € Ai’,j’ : hg(Subi/ﬁ\j/ ©---0 Sublﬁg(Sk)) = sz}

Note that A;; is necessarily non-empty, as sz is a maximum over a finite nonempty set. By
induction, there is some € € N"*™ guch that

fz",j’ (X, A) = AE Z Oék(Subi/_w'/ ©---0 Subl%Q(Sk-)‘Tk)(X) + g(X, A),
kEAi’,j’

where g(X,A) € F[X][A] is a polynomial in which every monomial is smaller than A® in the <y
order. Since fy j only depends on Aj,..., Ay jr, it follows that A® is a monomial in only these
variables. We then apply the definition of f; ; to obtain

fig (X, A) = fur i (Eij(Nij) X, A)

=A% > ap(Subyy o0 Suby o (S)ITR)(Bi i (M) X) + 9(Bij (M) X, A)
k’EAi/,]-/

_ J _
= Ae)\fj Z ag(Subjjo0---0 Subi2(Sk)|Tk) (X) + A°p(X, i)+ 9(Ei (X)X, A),
kEAi’j

where p(X, \i;) € FIX][A] is a polynomial of degree at most HY — 1 in \;;. This implies that
_ i

every monomial of A°p(X, A) is smaller than Ae)\f]? in the <, order. Observe that the substitution

X — E; j(A\ij)X only changes the \; j-degree of any A-monomial in g(X,A). In particular, because

every monomial of g(X,A) is smaller than A® in the <, order, the same holds true for every
A-monomial of g(£; ;(A;;)X,A). This implies that

LC_<A (f@j) = Z ak(SubZ-_>j O0-:-0 Subl_,g(Sk)\Tk)(X)
keA; ;

as claimed. This establishes the claimed properties of M.

To construct the matrix N, we overload notation and let E; j(z) be the m x m matrix with
ones on the diagonal and z in the (7, j) entry. Just as the matrix M consisted of a sequence of row
operations, the matrix N will be composed of a sequence of column operations. We define NV as

N = JnEpm—1m(En-1,m) - E23(&23) E1m(&1,m) -+ - E1,3(61,3) Er2(1,2)-

Since det(J,,) = £1 and det(E; j(2)) = 1 for i < j, we get that det(N) = £1.
As in the previous case, it follows from properties of the determinant that for a bideterminant
(S|T'), we have

(S|T)(XEi j(2)) = 2" D (S|Subs_,,; (T))(X) + O(z" D),

Using this, the analysis of the leading coefficient of f(XN) € F[X][Z] proceeds in a manner analogous
to the case of f(MX), so we omit the details. O

We now come to the main result of this subsection: a change of variables that sends a polynomial
f(X) to (K;|Ks)(X) + O(e) where o is the shape of some standard bideterminant in the support of

7.

Proposition 3.5. Let f(X) € Igf,fw be nonzero. There is a collection of nm linearly independent

linear functions £; ;(X, ) € F(e)[X] indexed by (i,7) € [n] x [m], an integer ¢ € Z, a nonzero o € F,
and a partition o with o1 > r such that

Fl11(X,8), .o lnm(X,€)) = ela(Ky| K, ) (X) + O(e?™).
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Proof. Let f =% ;1 o (Sk|Tk) be the expansion of f in the standard bideterminant basis. Let
M and N be the matrices constructed in Lemma 3.4. Let < denote the lexicographic order on
F[X][A, =] induced by Ai2 = A3 > -+ = Ap—in = &12 > -+ > Em—1,m. Lemma 3.4 implies that
there is a non-empty set A C [s] such that

9(X) = LC<(f = 3 an(Ko, ITH)(X),
keA

and likewise that there is a non-empty set B C A such that

LC~(g =3 (Ko, [ Ko, ) (X).
keB

This implies that
LOL(f(MXN)) = (Ko, |Kq, )(X),
keB

where o, denotes the shape of the bideterminant (Si|T)). By Corollary 2.24, each bideterminant in
the above sum has width at least r, so (o)1 > r for all k € A.
Let y and z be new indeterminates and let D := deg(f(X)). Consider the change of variables

D+1)¢ _(D+1)7
Tij e y( ) Z( ) Tij-

Let h(X,A,Z,y, 2z) be the image of f(M X N) under this map. By construction, an X-monomial of
multidegree (3°; a;e;) ® (3, bi€;) is multiplied by a factor of y2 ai(D+1)' ;225 65D+’ 1 particular,
since max; a; < D and max; b; < D, X-monomials of distinct multidegree have distinct (y, z)-degree
under this mapping. Observe that multideg((Ky|Ky)(X)) # multideg((K,|K,)(X)) for distinct

partitions o # 7. Since each bideterminant (K, |K,)(X) is mapped to a unique (y, z)-degree under
this substitution, we get that the polynomial

p(X) = LCy)(LC ) (WX, A, B, y, 2)))

is a nonzero multiple of the bideterminant (K,, |Ky,)(X) for some k € B. If we augment the
monomial order < by setting A > = > y > z and taking the corresponding lexicographic order, we
then have

LC<(h(X, A, By, 2)) = ap(Kq, | Ko, ) (X)

for some k € B.
Applying Lemma 2.37 to h(X, A, E,y, z) viewed as an element of F[X][A, Z,y, z], we get a map
¢: (NUEU{y,2}) — {e?: d € Z} such that

p(M(X, A By, 2)) = elap(Kq, [Ko, ) (X) + O

for some integer q.

Note that h(X, A, E,y, z) was obtained from f(X) by an invertible linear transformation of the
X variables. That is, there are nm linearly independent linear polynomials ¢} ;(X),..., €, ,(X) €
F[A, =, y, z][X] such that

WX A By, 2) = f(l1(X), - 6, (X))
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Set £;;(X,e) = @(¢; ;(X)) € F(e)[X] for each (i,5) € [n] x [m]. Since the transformation z;; —
¢; ;(X) is invertible as long as y # 0 and z # 0, the transformation x; j +— ¢; ;(X, €) remains invertible
under . Finally, it follows from the definition of ¢ that

Flol (X)), sl (X))

P(f( 1 (X)), b (X))

e(M(X, A B, y,2))

elap (Ko Ko ) (X) + 0. O

f(€171(X, 8), . ,fmm(X, 8))

3.2 Projecting to the Determinant

So far, we have constructed a linear change of variables taking a polynomial f € Ige,‘;l » to (Kq|Ky) +
O(e) for a bideterminant (K,|K,) of width at least r. Next, we show that a (K ]K )-oracle can
be used to compute g(7) + O(e), where g is any polynomial computable by an algebraic branching
program on 7 vertices. Ideally, one would like to appeal to the VBP-completeness of the determinant,
which gives a projection from det,(X) to ¢g(7), to prove such a result. The difficulty lies in the fact
that a bideterminant may be a product of multiple determinants of varying sizes. Because of this,
we need a projection that behaves well on proper minors of X and also allows us to deal with the
possibility that we may be projecting from a power of the determinant as opposed to the determinant
itself. We almost construct such a projection, but we will need some post-processing in the form of
an extra addition gate in order to handle powers of the determinant.

Let ¢g(y) be computable by a small algebraic branching program. We begin by describing a
projection ¢ : X — yUT of a generic matrix X such that det(¢(X)) = 1+ ¢g(y) and the leading
principal minors of ¢(X) have determinant 1. This is a small modification of an argument due to
Valiant [Val79, Theorem 1]; we include a proof for the sake of completeness.

Lemma 3.6. Let g(y) € F[y] and suppose g can be computed by a layered algebraic branching

program on m vertices. Then there is an m x m matriz A € F[y|™*™ whose entries are linear

polynomials in y such that
1. det(A) =1+ g(7), and
2. for every k € [m — 1], we have det( Ay ) =

Proof. We first recall the correspondence between cycle covers in graphs and the determinant. Let
G be a weighted directed graph on m vertices and denote the weight of the edge (i, j) by w(i, j).
Let A(G) = (a;,;) be the m x m matrix given by

a”:{w@ﬁ (i,4) € E(G)
Yoo (i,4) ¢ E(G).

Recall that a cycle cover C' of G is a collection of vertex-disjoint cycles in G which span the vertices
of G. Let CC(G) denote the collection of all cycle covers of G. Given a cycle cover C of G, let 7(C)
denote the product of the edge weights in C. If every cycle cover of G consists of odd-length cycles,
then the definitions of A(G) and the determinant imply that

det(A(G) = Y 7(0).
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We now proceed with the proof of Lemma 3.6. Suppose g(7) can be computed by a layered
algebraic branching program on m nodes. Let s and ¢t be the start and end nodes of this branching
program, respectively. Since the program is layered, every s-t path has the same length. If the
length of each s-t path is even, we add an edge of weight 1 from ¢ to s and a self-loop of weight 1 to
every vertex (including s and t); if the length of each s-t path is odd, we identify the vertices s and
t with one another (resulting in a graph on m — 1 nodes), add an isolated vertex r, and then add a
self-loop to every vertex. Denote the resulting graph by G. In both cases, G has one cycle cover for
every s-t path in the branching program, as well as a single cycle cover corresponding to the set of
self-loops in the graph. Moreover, every cycle cover in G consists solely of odd-length cycles.

For a cycle cover C' corresponding to an s-t path P in the branching program, it follows from the
definition of G that 7(C') = w(P), where 7(P) is the product of the weights on the edges of P. If C'
is the all-self-loops cycle cover, then 7(C') = 1. Since every cycle cover in G consists of odd-length
cycles, we have

det(A(G)) = > w(C)=1+) =n(P)=1+g(y),
P

CeCC(G)

where the second summation is over all s-t paths P in the branching program. This proves the first
part of the lemma.

To prove the second part, let vy, ..., v, be a topological ordering of the vertices in the algebraic
branching program. Note that v1 = s and v, = t. If every s-t path in the branching program has
even length, we order the rows and columns of A(G) such that

A(G)ij = w(vi,vj).
If instead every s-t path in the branching program has odd length, we set

w(r,v;) i=1
A(G)ij = quwlvi,r)  j=1

w(v;,vj) otherwise,

where 7 is the isolated vertex with a self-loop. In either case, note that if i > j and A(G);; # 0, then
we must have ¢ = m. This implies that for every k € [m —1], the matrix A(G),x is upper-triangular
with ones along the diagonal. Thus det(A(G)p,x) = 1 as desired. O

Although we want to construct an (K,|K,)-oracle circuit that computes any polynomial g(7)
that is computable by a small layered algebraic branching program, it will be convenient for us to
assume that g is homogeneous. This is not restrictive, as one can always introduce a new variable z
and consider the homogeneous polynomial §(7, z) == 298@g(y1 /2, ..., yn/z), which specializes to
9(7) under the map z — 1. One needs to show that (7, z) is as easy to compute as g(7). Below, we
provide a proof that this can be done for layered ABPs, although we technically show that this is
the case for 2%g(y1/z,...,yn/2) for some d > deg(g).

Lemma 3.7. Let g(y) € F[y] be a polynomial and suppose that g can be computed by a layered
algebraic branching program on m vertices. Let z be a new variable. Then there is a homogeneous
polynomial §(y, z) € F[y, z] such that g can be computed by a layered algebraic branching program on
m vertices and that §(g,1) = g(7).

Proof. Let G=(V=V,UuWViU---UVg, E) be an m-vertex ABP that computes g(7), where the V;
are the layers of the ABP. Without loss of generality, we assume that no vertex of G computes the
zero polynomial; if this is the case, we simply remove such a vertex. We relabel the edges of G as
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follows: if an edge e € E is labeled by the polynomial ¢.(y) = g + Y1 q a;y;, we relabel the edge e
with Ee(y, z) = apz+ g ;Y. Let G denote the relabeled ABP.

It is clear that G is an m-vertex layered ABP. For each vertex v € V, let g, (g) be the polynomial
computed by v in G, and let g,(¥, z) be the polynomial computed at v in G. We claim that for
each i € {0,1,...,k} and v € V;, the polynomial ¢,(7,z) is homogeneous of degree i and that
9v(",1) = g,(7). We prove this by induction on the depth of the vertex v in G, i.e., the layer of V'
containing v.

If v € Vy, then G,(y, 2) = g»(y) = 1 and we are done. Otherwise, we have v € V; for some i > 1.
By definition, we have

gv(ga Z) = Z gu%v(gv Z) ’ Qu@, Z)'
ueV;_1
By induction, for every u € V;_1, the polynomial g, (7, z) is a homogeneous degree-(i — 1) polynomial
that satisfies §,(7,1) = gu(y). Furthermore, each nonzero lﬁu_w@? z) is a homogeneous degree-1
polynomial, so it follows that §,(7, z) is a homogeneous degree-i polynomial. Setting z — 1, we have

gv(gv 1) = Z gu—)v(ya 1) : f]u@, 1)
u€eV;_1

= Z Cuso(Y) - 9u(Y)

ueVi_1
= Gv (@)

Thus, the polynomial §,(7, z) is as claimed.
To finish the proof of the lemma, observe that if v is the output vertex of G, then §,(7, z) is the
desired polynomial. O

Given a nonzero f(X) € I,‘%?Ttmr, we will use the preceding lemmas together with Proposition 3.5 to
construct a depth-three f-oracle circuit computing detg,1 /3)(X )+ O(e). In fact, for any polynomial
g(y) computable by a layered algebraic branching program on r vertices, we can construct an f-oracle

circuit computing g.

Theorem 3.8. Let f(X) € IS, . be a nonzero polynomial and let h(X,e) € F[e][X] be any
polynomial such that h(X,e) = f(X)+O(e). Let g(y) € F[y] be a polynomial in the border of layered
algebraic branching programs with at most r vertices. Then there is a depth-three h-oracle circuit ®

defined over F(e) such that the following hold.

1. ® has nm addition gates at the bottom layer, a single h-oracle gate in the middle layer, and a
single addition gate at the top layer.

2. If char(F) = 0, then ® computes g(g) + O(e).
3. If char(F) = p > 0, then ® computes g(5)*" + O(e) for some k € N.

Proof. By Lemma 2.3, it suffices to prove the theorem in the case where the oracle gates compute f
exactly. By assumption, there is a polynomial g(7,¢) € F[¢][y] such that g(7,e) = g(y) + O(e) and
9(7y,e) can be computed by a layered algebraic branching program on at most r vertices. Lemma 3.7
implies that there is a homogeneous polynomial §(y,¢,2) € F[e][y, z] computable by a layered
algebraic branching program on at most r vertices such that §(7g,e,1) = (7, ¢).

Applying Proposition 3.5 to f(X), we obtain linear functions ¢ 1(X,¢€), ..., €y, m(X, €), a nonzero
a € F, and some g € Z such that

Fl11(X,8), . lnm(X,€)) = ela(Ky | K, ) (X) + O(e41h)
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for some partition o of width at least r. Since §(¥, ¢, z) can be computed by a layered algebraic
branching program on at most r vertices, we can obtain a layered ABP on exactly r vertices
computing §(7, ¢, z) by adding isolated vertices. Let A(7, z) € Fle][y, z]"*" be the matrix obtained
by applying Lemma 3.6 to (7, ¢, z). Extend A(7, z) to an n x m matrix by adding ones along the
main diagonal and zeroes elsewhere. Then we have

11 (A®@, 2),€), - bnm(A(T, 2), €)) = é‘qa(K |Ko) (A7, 2)) + O(7)

=¢ela H deto'l [Uz] [Uz]) + 0(5(1+1)

=l H detm [Uz] 01] H detol [Jl] [Uz]) + O(gq-l—l)
10> 1:0;<T

=cta [] (1+3@2.2) + O+,
L0 =T

Let h(y,¢,2) = f(l11(A(T, 2),€), ..., bnm(A(Y,2),¢)) and let t = |{i : 0; > r}|. The above estab-
lishes h(7,¢,2) = ela(l + §(7, ¢, 2))t + O(e4T1).
Suppose char(F) = 0. Under the substitution y; — ¢ - y; and z — §, we have

h(6 ‘Y, €, 5) = 5qa(1 + g((S : g5575))t + 0(5(]4-1)
= ca(1 + 6980 4(7,¢,1))! + O(7)
=cla (Hédeg(g) (%) +0() +O0(e™™)

_Eqaz < >5zdeg g) @) + O(e7™)
= cla + eqadeg@)atg( )+ O(e95298@) 1 O(£711),

Performing the substitution

g el
d— ¢

for N sufficiently large yields
he-7,eN,e) = eWa + Vel atg(g) + O (AN Tdeal9)+1y,
The desired f-oracle circuit for g is then given by

hie-5,eN,e) —eNa

W) = K@

= 9(y) + O(e).

If instead char(F) = p > 0, the above proof only needs to be modified in the case that p divides
t. Let k € N be the largest natural number such that p* divides ¢ and write ¢t = p*b. In this case, we
instead get

h(5-T,e,8) = ela + £9598@P" apg ()P + O(96298@)P") 1 O(e9T).
Again, for N sufficiently large, we obtain an f-oracle circuit for g via

h(e-7,eN,e) —eNa
qN+deg(9)p* o p

o () = = g[@"" + O(e). O
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We now instantiate Theorem 3.8 with the determinant and iterated matrix multiplication
polynomials. These corollaries are essentially obvious, but seem interesting in their own right and
will be of use in later sections.

Corollary 3.9. Let f(X) € IS, . be a nonzero polynomial and let h(X,e) € F[e][X] be any

polynomial such that h(X,e) = f(X)+ O(e). Let t < O(r'/3). Then there is a depth-three h-oracle
circuit ® defined over F(e) with the following properties.

1. The bottom layer of ® consists of nm addition gates, the middle layer has a single h-oracle
gate, and the top layer has a single addition gate.

2. If char(F) = 0, then ® computes det(Y) + O(e).
3. If char(F) = p > 0, then ® computes dety(Y)?* + O(e) for some k € N.

Proof. Mahajan and Vinay [MV97, Theorem 2| constructed a layered ABP on O(t3) < r vertices
that computes det;(Y). The corollary then follows from Theorem 3.8. O

Corollary 3.10. Let f(X) € IS, . be a nonzero polynomial and let h(X,e) € F[e][X] be any

polynomial such that h(X,e) = f(X)+ O(e). Let w,d € N satisfy w(d — 1) + 2 < r. Then there is a
depth-three h-oracle circuit @ defined over F(e) with the following properties.

1. The bottom layer of ® consists of nm addition gates, the middle layer has a single h-oracle
gate, and the top layer has a single addition gate.

2. If char(IF) = 0, then ® computes IMM,, 4() + O(e).
3. If char(F) = p > 0, then ® computes IMMw,d@)pk + O(e) for some k € N.

Proof. 1t is clear that IMM,, 4(¥) is computable by a layered algebraic branching program on
w(d — 1) + 2 < r vertices. Theorem 3.8 completes the proof. O

We conclude this section with a remark on the fact that in characteristic p > 0, we only obtain
an oracle circuit for a p*™® power of the target polynomial g(7).

Remark 3.11. Let F be a field of characteristic p > 0. If we interpret Theorem 3.8 as a result
on “factoring” a polynomial Igfntw, then the appearance of p™ powers in the “factors” is not too
surprising. Most results on polynomial factorization [Kal87; DSY09; KSS15; CKS19b| only guarantee
a circuit that computes a p™ power of a factor if the multiplicity of this factor is a multiple of p* for
some k > 0. In fact, if f(Z)P can be computed by a size s circuit, it is open whether f(Z) can be
computed by a circuit of size poly(n,deg(f), s), although some results are known when n is small

compared to s [And20]. O

4 Hardness of Pfaffian Ideals

This section proves an analogue of Theorem 3.8 for ideals generated by sub-Pfaffians of a skew-
symmetric matrix. The outline of the proof is similar to that of Theorem 3.8, but some technical
details must be modified to accommodate the change to Pfaffians.
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4.1 Computing a Standard Monomial

In this subsection, we construct, for any nonzero f € Igrfj;fr, a change of variables that takes f to
[K5](X) + O(¢e) for some partition o with o1 > 2r. The outline of the proof is the same as the
proof of Lemma 3.4, replacing the straightening law for bideterminants with the corresponding
straightening law for Pfaffians.

The following lemma finds a change of variables that takes f to a sum of standard monomials of
the form [K,|(X). This is the Pfaffian analogue of Lemma 3.4 and borrows ideas from the proof of
Abeasis and Del Fra [AD80, Lemmas 2.1 and 2.2| in a manner analogous to the use of [dCEPS0,
Theorem 3.3| in proving Lemma 3.4.

Lemma 4.1. Let A = (\; ;) be a 2n x 2n matriz of variables and let <, be the lexicographic
monomial order on F[A] induced by the order N;j = Ap¢ if i <k ori=k and j <. Then there is a
matriz M € F[A]?"*?" with det(M) = £1 such that the following holds.

Let f(X) € Igffg, be a nonzero polynomial and let f(X) =3 11 ow[Sk](X) be the expansion of
f as a sum of standard monomials. For k € [s], let o be the shape of the tableau Sy. Then there is
a nonempty set A C [s] such that

LC<, (F(MXMT)) =~ ay[Kq,](X)
keA

where we take the leading coefficient in the ring F[X][A].

Proof. We begin with the construction of the matrix M. For ¢,j € [2n] with i < j, let E; j(z) denote
the matrix which has ones on the diagonal and z in the (i, j) entry. We then let M; j(A) € F[A]?7*2"
be the matrix

M;;(A) = E1p(M2)E13(M3) - Ern(Ain)E2,3(A23) - Eij(Nij)-

Letting Jo, denote the 2n x 2n matrix with ones on the anti-diagonal and zeroes elsewhere, we then
define M = M,,_1 n(A)Jy. It is clear from the definition of M that det(M) = £1.

We now show that the polynomial f(MXM T) behaves as claimed. Recall that if S is a Young
tableau, we let k7 (S) denote the number of entries changed from i to j when the operator Sub,_,; is
applied to S. Observe that if S is a one-row tableau, then the multilinearity of the Pfaffian and
Lemma 2.25 imply

[S1(X) + z[Sub;_,;(S)](X) if i appears in S but j does not

[SI(Eij(2) X Eij(z) ) {[S](X) otherwise.

Note that if both 4 and j appear in S or if neither appear in S, then S = Sub;_;;(S). Thus, viewing

the above as a polynomial in F[X][z], we see that the leading term is 2hi(S) [Sub;,;(S)](X). This
extends to a multi-row tableau S via

[S](E@J‘(Z)XE@]-(Z«)T) — Lhl(S) [Sub;_; ()] (X) + O(zhg(S)—l)’

where O(zhg(s)_l) denotes a polynomial in F[X][z] of degree at most hg(S) -1
For i, € [2n] with i < j, let

fig(X, ) = f(M; (M) X M; (M) ).
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Note that f(MXM") = fy_1,(JnXJ,). We claim that for every i, j € [2n] with i < j, there is a
nonempty set A; ; C [s] such that

LOZ, (fij(X,A)) = > oplSub; ;0 Suby g0 Suby, 0+ 0 Subyo(Sk)](X).
k€A; ;

Assuming this, Lemma 3.3 implies

LC%A(fn—l,n(Xa A)) = Z ak[KUk](X)

keAnfl,n
From this, we use the fact that [K,](J,XJ, ) = [K,](X) to obtain

LO<, (F(MXMT)) = LO=, (Factn(Ju X T)))

= Z ak[Fak](JnXJJ)
keAnfl,n

= D alKe]X)

keAnfl,n

as desired.

It remains to prove the claim about LC, (f; ;(X,A)). We proceed by induction on (i, ) in the
order (1,2) < (1,3) <--- < (1,n) < (2,3) <--- < (n—1,n). Let (¢, ;") be the predecessor of (i, j)
in the < order. If (4,5) = (1,2), we set fy j/(X,A) = f(X) and Ay jy = [s]. Let

Hf = max hg(Subiz_U-/ o---08Subj2(Sk))
kGAilyj/

and
Aiyj = {k S Ai/JI : hf(Subi/_Uv 0:--0 Sub1_>2(8k)) = HZJ}

The set A; ; is necessarily nonempty, as H, Z] is obtained by maximizing over a finite nonempty set.
By induction, there is some & € N?**2" such that

fo g (X, A) =A% > ag[Suby_j o+ o Subya(Sp)](X) + g(X, A),
k‘EAi/’j/

where g(X,A) € F[X][A] is a polynomial supported on monomials that are smaller than A® in the
< order. Because fi ; only depends on A1 2,..., Ay s, we know that A€ is a monomial consisting
of only these variables. Applying the definition of f; ;, we then have

Fii(X,A) = fu i (Bij(Ni )X Eij(Nig) T A)

=A% > ag[Subyj 00 Subi o (S)I(Biy (M) X Eij(Mig) ) + 9(Eij(Ni)) X Eij(hig) T, A)
keAi/,j/

NG z
= AN > agfSuby o0 Suby Lo (Sk)I(X) + AT(X, Aig) + 9(Bij (M) X Eij(Xij) | A),

aGAZ',j

where p(X, \; ;) € F[X][A] is a polynomial of degree at most Hlj —11in A;;. Because of this,

— _ J
every monomial of A°p(X, \; ;) is smaller than Ae)\f]? in the <5 order. The same holds true for

34



9(Ei j(M\i )X Ei j(Nij)T,A), as the substitution X +— E; ;(\ij)XFE;;(\i ;)7 only changes the \; j-

)

degree of a monomial in g(X, A) and every monomial of g(X, A) is already smaller than A® in the
< order. This implies that

LO, (£i(X,A)) = > ag[Sub;jo0- - o Suby9](X)
k€A; ;

as claimed. O

We now use the result of Lemma 4.1 to construct a change of variables that takes a nonzero
f e Igffgr to [K,](X) + O(e) for a partition o of width at least 2r. This is the analogue of
Proposition 3.5 for Pfaffians. The proof is similar to that of Proposition 3.5: after applying
Lemma 4.1, we scale the rows and columns of X by powers of a new variable y to isolate a single
standard monomial [K,](X).

Proposition 4.2. Let f(X) € Igflagr be nonzero. There is a collection of 4n? linearly independent
linear functions (; j(X,e) € F(e)[X] indexed by (i,j) € [2n] x [2n], an integer ¢ € Z, a nonzero
a € F, and a partition o with o1 > 2r such that

f(gl,l(X7 5), . ,Ezmgn(X,E)) = Eqa[KU](X) + O(Equl),

Proof. Let M € F[A]>"*2" be the matrix constructed in Lemma 4.1. Let f(X) = > kels) kS (X)
be the expansion of f as a sum of standard monomials. Then Lemma 4.1 implies

LOL, (F(MXMT)) = ap[Ky,]
keA

where A C [s] is nonempty and oy, is the shape of the tableau Si. From Corollary 2.29, we know
that (o)1 = 2r for all k € A.

Let d = deg(f(X)). Let y be a new indeterminate and let D € F[y]>"*?" be the diagonal
matrix given by D;; = (d + 1)*. Observe that (DXDT)M[,C] = D[ka]X[ka]D[E] k)" Using this and
Lemma 2.25, we have

Pfy(DXD') = Pf(D[k] 0 ]X[k] [k]D[ i)
_yZz 1(d+1) Pf,(X).

It then follows that for a partition o, we have
o1
[K,)(DXD") =[] Pf,,(DXD")
i=1

_ HyZ?:l(dH)J Pf,. (X)
i=1
_ yZ{'ilZ L (d+1)7 [K,](X)
o1 &
= yZes SR ().
Suppose o and 7 are distinct partitions with max(&1,71) < d. Then we can interpret deg, ([K] (DXD))
and deg, ([K](DX DT)) as numbers in base d + 1. Because these numbers differ in at least one place
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value, we have degy([Kg](DXDT)) # deg, ([K7] (DXDT)). In particular, if o and 7 are distinct
shapes of tableaux appearing in the support of f(X), then by our choice of d we have max(61,71) < d,
so deg, ([K,)(DXD')) # deg, ([K,J(DXDT)).

Consider the polynomial f(MDXDTMT). The preceding discussion implies

LC, (LC<, (f(MDXD™MT))) = LC, (2 ak[KakMDXDT))
keA

(k)1 = . i
=LC, (Z yEeo sy [KakKX))

keA
= a[Ko, J(X)

for some fixed k € A.
By taking leading coefficients in the ring F[X][A, y] with respect to the lexicographic order that
sets A = y, we then have
LC(f(MDXD " M")) = ap[K,,](X).

Invoking Lemma 2.37 yields a map ¢ : AU {y} — {' : i € Z,i # 0} that, when extended to a
homomorphism ¢ : F[X, A, y] — F(e)[X], gives us
p(f(MDXDTM")) = elay[Ky, )(X) + O(e7H)

for some ¢ € Z. Finally, the transformation X + (M D)Xp(DT M) is linear and invertible, since
det(p(M)) = £1 and det(p(D)) = ™ for some nonzero m € Z. O

4.2 Projecting to the Pfaffian

The previous subsection yields a change of variables that takes any nonzero f € Igflagr to [Ko|(X) +
O(e) for some partition o of width at least 2r. As in the case of the determinant, we now want to
find a projection of X that takes [K,|(X) to Pf,,,(X) for m as large as possible. Naively, we would
like to combine Lemma 3.6 with Lemma 2.26 to achieve this. This nearly works, but suffers from
the drawback that for a matrix A, the Pfaffians of the leading principal submatrices of

(3 )

do not correspond to minors of the leading principal submatrices of A. However, we can amend this
by suitably permuting the rows and columns of the above matrix to obtain a new matrix whose
leading principal sub-Pfaffians do correspond to minors of leading principal submatrices of A.

Lemma 4.3. Let A be an n X n matrixz. Then there is a 2n x 2n skew-symmetric matriz M such
that for every k € [n], we have Pf(Miy jo1)) = £ det(Ap )

Proof. Let o € Sy, be the permutation sending (1,2,...,2n) to (1,n+1,2,n+2,...,n,2n). Let

0 A
o= ()

and let C' be the permutation matrix corresponding to o, i.e., ¢; ; = 1 if and only if j = o(7). Then
M = CBC'" is the matrix whose i*® row (respectively 5 column) is row () (respectively column
o(j)) of B. We claim that for all k € [n], we have Pf(M[ap) 2x]) = £ det(Apy,(x])-

36



To see this, let k € [n] be arbitrary. Let 7 € Sy; be the permutation sending (1,5 + 1,2,k +
2,...,k,2k) to (1,2,3,...,2k) and let D be the corresponding permutation matrix. We will show
that Pf(DM[Qk]j[Qk]DT) =4 det(A[ka]) By Lemma 2.25, this implies Pf(M[ngQk}) == det(A[ka.}),
so M behaves as desired.

It remains to show that Pf(D Mgy 25D ") = £ det(Ap ). Note that for i € [2k], we have

U(T(i))Z{i if i <k

i—k+n ifi>k.
For i,j € [2k]|, we have, by definition,

(DMggy oD )i = (Mg o)) 7 ()7 ()
= Mzi),7(j)
= (CBCT) iy (5)

= Bo(r(1)).0(r(5))

0 ifit<kandj<k
Ai;  ifi<kandj>k
—Ajﬂ' ifi>kandj<k
0 ifi>kand j>k.

<
<

Thus, the matrix DM[Qk]’[Qk]DT is the 2k x 2k matrix given by

0 Al k]
DM2k,2kDT:<_ T KLY
AL Aymw 0

It follows from Lemma 2.26 that

k
2

PE(D Mo oy D) = (-1 )det(A[k],[H)
as needed. -

We are now ready to conclude our main result for Pfaffian ideals, an analogue of Theorem 3.8 for
Pfaffians. The proof is similar to the proof of Theorem 3.8, but augments the use of Lemma 3.6
with Lemma 4.3.

Theorem 4.4. Let X be a 2nx2n generic skew-symmetric matriz. Let f(X) be a nonzero polynomial
in the ideal generated by the Pfaffians of the principal 2r x 2r submatrices of X. Let h(X,e) € F[e][X]
be any polynomial such that h(X,e) = f(X)+ O(¢e). Let g(y) € Fly| be a polynomial in the border of
layered algebraic branching programs with at most r vertices. Then there is a depth-three h-oracle
circuit ® defined over F(e) such that the following hold.

1. ® has nm addition gates at the bottom layer, a single h-oracle gate in the middle layer, and a
single addition gate at the top layer.

2. If char(IF) = 0, then ® computes g(y) + O(e).

3. If char(F) = p > 0, then ® computes g@)pk + O(e) for some k € N.
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Proof. Using Lemma 2.3, we only need to consider the case where the oracle gates compute f exactly.
By assumption, there is a polynomial g(7,¢) € Fle|[y] such that g(7,e) = ¢(y) + O(¢) and g(7, ) can
be computed by a layered algebraic branching program on at most r vertices. Further, Lemma 3.7
yields a homogeneous polynomial §(7,¢, z) € Fl¢][y, z] computable by a layered algebraic branching
program on at most r vertices such that §(7,e,1) = g(y,¢). In what follows, we work with (7, ¢, 2).

Applying Proposition 4.2 to f(X) gives us linear functions ¢; ;(X, ) € F(e)[X], an integer ¢ € Z,
and a nonzero « € I such that

fl11(X ), bonan(X,€)) = ela[K,](X) + O(e7™)

for some partition o with o1 > 2r.

Because §(7, ¢, z) can be computed by a layered ABP on at most r vertices, we can obtain a
layered ABP with exactly r vertices that computes §(7, ¢, z) by adding dummy vertices if necessary.
Let A(y,z) € Fle][y, 2]"*" be the matrix obtained by applying Lemma 3.6 to §(7,¢,z). Extend
A(y, z) to an n X n matrix by adding ones along the diagonal and zeroes elsewhere.

Let M (g, z) be the 2n x 2n matrix obtained by applying Lemma 4.3 to A(7, z). Let ¢ : X —
Fle][y, z] be the substitution given by ¢(X) = M (y, z). Under this substitution, we have

f(le((p(X), 5)7 s ’EQn,Qn((p(X)v 5))
= 1K) (p(X)) + O(e)

= e [ [ Pto, (o(X) o] fo) + O™

o1
= +ela H detgi/Q(A(ga Z)[O'i/Q],[O'i/Q]) + O(6q+1)

i=1

=tela [ deto,p(AT 2) /2 002) - L] deto,2(AW, 2)ioj2)0:/2) + O
10 =22r 1:05<2r

=xela [ (1456 2) +0E").
B0 =21

Let h(y,e,2) == f(l11(p(X),€),...,lanon(p(X),e)) and let ¢ := |{i : 0; > 2r}|. In this notation,
the above establishes that h(7, ¢, 2) = £ela(l + §(7, ¢, 2))t + O(e7T).

Suppose char(F) = 0. Let § be a new indeterminate. By performing the substitutions y; — dy;
and z — J, we obtain

R(8y1, ..., 0Um,e,0) = £ela(1 4+ §(6 - 7,£,0)) + O(e7™)
N t
= +ea(1 + 698@g(g, e, 1)) +O(eT)

. t
= j:aqa<1 + §9°89) (77) + O(e)) + O(e1™)

_ igqaz ( >5t deg(g )t + O(€q+1)

= +ela + Eqédeg(g)atg( ) 4 O(e26%9°89)) 1 O (7).
Setting

e el
d— ¢
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for N sufficiently large yields
hey,. .. eym, e, e) = £t + etNHd80) o1 (7) + O (2N Tdes@)+1)

The claimed f-oracle circuit is then given by

h(eyi, ... ,sym,sN,s) F N

:tEqN—‘rdeg(Q) ot

O(y) = =9(y) + O(e).

In the case that char(F) = p > 0, we need to modify the above argument in the case that p
divides t. Let k € N be such that p* is the largest power of p that divides t. Write ¢ = p*b. We then
have

WSy, - .. 0ym,e,6) = +ela £ 967" 980 abg ()" + O(e26%" de8@) L O(9H1).

Again, for sufficiently large IV, we can construct an f-oracle circuit that approximately computes g
via
h(eyt, ... eym,eN,e) FeNa

— = pk
L eaN+pF deg(@) b =g[@" +O0(e). -

d(y) =

Since the Pfaffian can be computed efficiently by algebraic branching programs, we immediately
obtain the following corollary of Theorem 4.4.

Corollary 4.5. Let f(X) € Igffgr be a nonzero polynomial, let h(X,e) € F[e][X] be any polynomial

such that h(X,e) = f(X)+ O(e), and let t < O(r'/3). Then there is a depth-three h-oracle circuit ®
defined over F(e) with the following properties.

1. The bottom layer of ® consists of 4n? addition gates, the middle layer has a single h-oracle
gate, and the top layer has a single addition gate.

2. If char(F) = 0, then ® computes Pf;(X) + O(e).
3. If char(F) = p > 0, then ® computes Pf,(X)*" + O(e) for some k € N.

Proof. Mahajan, Subramanya, and Vinay [MSV04, Theorem 12| constructed a layered algebraic
branching program of size O(n?) that computes the 2n x 2n Pfaffian. Combining this with Theorem 4.4
completes the proof. O

5 Partial Derivatives in Determinantal Ideals

We now proceed to our applications of Theorem 3.8. Our first such application is the determination
of the minimum possible value of dim(d<co(f)) for a nonzero f € I3, . The dimension of the space
of partial derivatives (and variants thereof) has been successfully used as a complexity measure in
proving algebraic circuit lower bounds. Though Theorem 3.8 gives us a tool to prove circuit lower
bounds for any nonzero polynomial f(X) € Igffnvr, there may be instances where the f-oracle circuit
is too costly to implement. For example, if f is computed by a homogeneous or read-once circuit,
these properties are not inherited by the oracle circuit. In such cases, it may be useful to have direct
estimates for dim (9« (f)).

For notational convenience, let

dim(Ocoo (I3 ) = i dim(O< oo (f)).
im (< oo (In5m.r)) felgg;,}f\{o} im(O<oo(f))
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Since det,(X) € I . and dim(d<co(det,)) = (%), we clearly have dim(d<~o(I3,,)) < (¥).

n,m,r n,m,r r
Combining Corollary 3.9 with Lemma 2.18 establishes the existence of a universal constant ¢ > 0

such that dim(Oee (19, ,)) > dim(D<oo(det,1/s)) = (/s ).

Alternatively, one can use the observation of Forbes, Shpilka, Tzameret, and Wigderson [FSTW16,
Lemma 6.4] that the set of rank-r matrices contains all r-sparse vectors in F"*". This implies that
rank-r matrices are a hitting set for all polynomials that have a monomial supported on at most r
variables. For any f € Ig?fmr 41, it follows by definition that f(X) vanishes on matrices of rank r.
This implies that the leading monomial of f(X) is supported on at least r + 1 variables. From here,
it is straightforward to conclude that there are at least 27! distinct leading monomials among the

partial derivatives of f(X), which implies the stronger lower bound dim(9<oo (19t . 1)) > 27+1.

n,m,r+1
In this section, we will show that the naive upper bound on dim(9<s (I3, ) is tight. That is,

n,m,T

A0 (135,) = im0 (2)) = (7).

r

If one interprets dim(O<oo(f)) as a measure of the complexity of f, then this says the r xr determinant
det,(X) is of minimal complexity in ISS%’T.
We will show that dim(0<s((S]7T))) > (2:) for any bideterminant (S|T) € 19! = and then

n,m,r

extend this to all nonzero polynomials in Igfﬁw using Proposition 3.5. We start by considering
o4

Azl
3]

order-d Hasse derivative with respect to x; ;. In the lemma below, we abuse notation and allow a

bitableau to have rows whose lengths are not necessarily nonincreasing.

refers to the

partial derivatives with respect to a single variable. Recall that the operator

Lemma 5.1. Let X be an n x m matriz of variables and let (S|T)(X) be a nonzero bideterminant
of shape . Let (i, j) € [n] x [m] and let d = ideg,, (S|T)(X). Then
6d / /
5. CIX) = £(SIT)(X),
f s

where (S',T") is the bitableau whose k™ row (S'(k, ), T'(k,®)) is given by

@W“%T%”D:{@%nﬂﬁhﬂhﬁ\ﬁb if (i,5) € S(k. 0) x T(k,)

(S(k,e),T(k,e)) if (i,7) ¢ S(k,e) x T(k,e).
Proof. By definition, we have )
(SIT) = [ [ (S(k. )[T (k. 9)).
k=1

Let A C [61] be the set of indices given by
A={k:ie S(k,e) and j € T'(k,e)}.
For k € [61], we have

' 1 keA,
ldegxiyj (S(k7 .) ’T(k7 .)) = {0 otherWiSG

If ideg,, . (S(k,®)[T'(k,e)) = 1, then expanding the determinant (S(k, e)|T'(k, e)) by minors gives us
0

8.1:1‘7]‘

(S(k, 0)|T(k, o)) = £(5'(k, o)|T"(k,®)),
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where S’(k,e) and T'(k, ) are the one-row tableaux obtained by removing i from S(k,e) and j from
T'(k,e), respectively. Note that for £ > ideg,, (S(k,e)|T'(k,e)), we have
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(S(k,e)|T(k,e)) =0.

Using the product rule (Lemma 2.16), we then have

8d 8d 01
(W) (8IT) = <axd> (,I_W’ )IT(k, ->>)

o1 Gdk

- Z H Ok

dittds, =d k=1 9Tij

(S(k, ®)[T'(K, o))

o1
= [ (k, o) T' (K, 0)))
k=1
= +(ST") # 0. O
We now extend the preceding lemma to partial derivatives with respect to multiple variables.

Lemma 5.2. Let (S|T) be a nonzero bideterminant of shape o. Let R C S(1,e) and C C T'(1,e)
be subsets of the entries in the first row of S and T, respectively, such that |R| = |C|. Write
R=A{ry,...,r¢} and C ={cy,...,ce}. Then there are positive integers {dy,...,ds} such that

y4 6di
(H )((5|T)) # 0.

d.
=1 Ol e,

In the case char(F) =0, we may take dy = --- =d; = 1.
Proof. We prove this via induction on £. The case ¢ = 1 follows from Lemma 5.1. When ¢ > 2, let
dy :=ideg,, , (S|T). Lemma 5.1 implies

oh

d
OTry ey

(SIT) = £(5'1T"),
where (S’,7") is the bitableau obtained from (S,7T) as in the statement of Lemma 5.1. Let

R =R\ {r}and C'" :=C\ {c1}. Since S(1,e) C S'(1,8) U{r1} and R C S(1,e), it follows that
R’ C 5(1,e). Similarly, we have C’ C T"(1, ). By induction, there are positive integers ds, ..., dy

such that
l 8di
[1. 5 |« #o.

1=2

Z .
adl 8d1
S|T 0,
@2 %%@i) (89:%,01 el ”) #

so the fact that partial derivatives commute (Lemma 2.15) yields

l 8di
(H >((S!T)) # 0.

This implies

d;
i1 0%r) i
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If char(F) = 0, we also obtain

(H o ) ((S|T)) # 0. O

We now use Lemma 5.2 to lower bound the dimension of the space of partial derivatives of any
bideterminant.

Proposition 5.3. Let (S|T) be a nonzero bideterminant of width r. Then dim(d<o0((S|T))) = (¥).
If char(F) = 0, then we also have dim(d<4((S|T))) > Z?:o (:)2

Proof. Recall that because (S|T) is of width r, we have |S(1,e)| = |T'(1, )| = r. For sets R C S(1,e)
and C C T(1,e) with |R| = |C|, let R = {r1,...,r} and C = {c1,..., ¢} and define

o oo

dzrc i=1 axﬁf,cz'

9

where dy, ..., dy are obtained by applying Lemma 5.2 to (S|T'), R, and C. We will show that

= 9 : ° ° =
D-—{ T (SIT): R C S(1,9),C CT(Le) IR |cr}

is a set of linearly independent partial derivatives of (S|T"). From this, it follows immediately that

"\ ? 2r

dim@e(5T) > 101 = Y- (1) = (7))
=0

and, in the case char(F) =0,

d 2

r
dim(0<4((S|7))) > .
(o5 > 3 ;)

It remains to show that the elements of D are linearly independent. From Lemma 5.2, we know
that ((S|T)) # 0. It follows from Lemma 2.14 that

l
((S]T))) = multideg((S|T")) <Zd en) ® (Z dieci>.
i=1
Let R' C S(1,e) and C' C T'(1,e) be such that (R,C) # (R',C"). From the above, we have

(i)

o)
OzR,c

multideg ( 8xa
R,C

multideg< ((S|T))> . multideg(

OrRr.Cc

y4 Y ) ‘
= (Z déér; - Z dien) S3) (Z d;écg — Z die&_) )
i=1 i=1 i=1 i=1

Suppose without loss of generality that R # R’ and that 11 € R\ R’. Then the 1 coordinate of
S die,, — Y dle, , is nonzero, so

al'R/7C/

multideg <8f((S\T))> # multideg (8 0
C

xR’,C’

(s1)

)

The argument when C' # C’ is analogous. Thus, the elements of D are nonzero, multihomogeneous,
and of distinct multidegree. Polynomials of differing multidegree are linearly independent, so this
immediately implies that the elements of D are linearly independent as desired. O
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We now use Proposition 3.5 to extend Proposition 5.3 to all nonzero polynomials in I,.

Theorem 5.4. For every nonzero f € I8 . we have dim(9<x(f)) = (2:) = dim(J<oo(dety)). In

n,m,r’
the case char(F) = 0, we also have dim(d<4(f)) = Zfzo (:)2
Proof. Apply Proposition 3.5 to f to obtain linear functions ¢ 1(X,¢),..., 0 m(X,¢) € F(e)[X]
such that

9(X,e) = 6iqf(fl,l(x,g), e (X, 9)) = a( Ko K,) (X) + O(e)

for some ¢ € Z, a nonzero « € F, and a partition o with o1 > r.
Note that g(X,0) = a(K,|K,)(X). By Proposition 5.3, we have dim(d<o0(g(X,0))) > () >

(2:). This implies that dim(0<s(g(X,€)) = (2:). Since the change of variables z; j — £; (X, ¢) is
an invertible linear transformation over F(g), Lemma 2.18 implies

A0 (1)) = i (Ocng(X.2)) > (7).

r

When char(FF) = 0, Proposition 5.3 also yields dim(d<4(g(X,0))) > E?:o (271)2 > E?:o (T)Q. As

) i
above, this extends to a lower bound on dim(0d<4(g(X,¢))), so using Lemma 2.18 we get

d r 2
Aim(0-u(1)) = dim(@-utolx.2) > Y- 1) a

. 1
=0

Remark 5.5. The hypothesis char(F) = 0 in the second part of Theorem 5.4 cannot be avoided in
general. If char(F) = p > 0 and f € I¢¢t \ {0}, then a%i(fp) = 0 for all 7, so dim(9<1(fP)) =1 <

n,m,r

1+ 72, O

6 Hardness Versus Randomness I: Low-Depth Circuits

A recent breakthrough of Limaye, Srinivasan, and Tavenas [LST21]| obtained super-polynomial
lower bounds for low-depth algebraic circuits. Combining their result with the hardness-randomness
result of Chou, Kumar, and Solomon [CKS19b] yields a deterministic algorithm for identity testing
of low-depth algebraic circuits. Specifically, for every fixed € > 0, they construct an explicit
hitting set generator with seed length O(n®) and degree O(logn/loglogn) that hits polynomial-size
o(logloglogn)-depth circuits.

In this section, we give an improved construction of a hitting set generator for low-depth circuits.
For every k € N, we construct a generator with seed length nt/2"+o(1) and degree 2F that hits
polynomial-size o(logloglogn)-depth circuits. It follows from Lemma 2.6 that the tradeoff between
the seed length and degree of our generator is optimal up to the n°!) factor in the seed length. Our
generator is also computable by a circuit of product-depth k and size nito)  As remarked in the
introduction, existing techniques in algebraic hardness-randomness produce generators that cannot
be computed by circuits smaller than those they hit. Additionally, our generator hits the closure
of small low-depth circuits. We note that the generator of Chou, Kumar, and Solomon [CKS19b],
when instantiated with a polynomial hard for the border of low-depth circuits, can also be shown to
hit the closure of low-depth circuits.

Our result can be interpreted as a hardness-randomness framework for low-depth circuits in
an aggressive setting of parameters. In order to instantiate our generator, we need lower bounds
on the size of low-depth circuits that compute the determinant, which itself can be computed by
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small algebraic branching programs. In contrast, typical hardness-randomness results only require
lower bounds for a family of polynomials whose coefficients can be computed explicitly, but the
polynomials themselves need not be efficiently computable. In return for these strong lower bound
assumptions, we obtain a generator with parameters that improve on known constructions and are
near-optimal in the regime of n®®) seed length.

6.1 Making [LST21] Robust

In this subsection, we establish that the lower bound of Limaye, Srinivasan, and Tavenas [LST21]
extends to the border of low-depth circuits. This essentially follows from the fact that they use
a rank-based measure to prove their lower bound. The extension of lower bounds based on rank
measures to the setting of border complexity is a standard observation in algebraic circuit complexity,
but we make this explicit for the sake of completeness. Throughout this subsection, we assume
familiarity with the notation and definitions of [LST21].

The proof of Limaye, Srinivasan, and Tavenas [L.ST21| proceeds in two steps. They first establish
a lower bound against low-depth set-multilinear circuits. They then show that a low-depth circuit
computing a low-degree set-multilinear polynomial can be made set-multilinear without increasing
the depth or size too much. Combined, this establishes a lower bound against general low-depth
circuits.

We first observe that the lower bound against set-multilinear circuits is robust. To prove their
lower bound, they construct from a given polynomial f(Z) a matrix My such that My has small
rank if f can be computed by a small set-multilinear circuit of low depth.

Lemma 6.1 (|[LST21, Claim 16]). Let k > 10d and let w be any word of length d such that the
entries of w are |ak| and —k where o = 1/\/2. Then for any A > 1, any set-multilinear formula ®
of product-depth A and size s satisfies

_kd1/(2A71)

relrk,,(®) < s-2 0

Next, they show that M has large rank when f corresponds to the iterated matrix multiplication
polynomial IMM,, 4(Z). To do this, they show that a set-multilinear projection of IMM,, 4(Z) has
large rank. This projection behaves nicely in the setting of border complexity, as we describe below.

Lemma 6.2 (cf. [LST21, Lemma 8|). Let w € A? be any word which is b-unbiased. If there is a
set-multilinear circuit computing IMMg, 4(T) + O(¢e) of size s and product-depth A, then there is
also a set-multilinear circuit of size s and product-depth A computing P, + O(e) for a polynomial
Py € Fop[ X (w)] such that relrk, (P, + O(g)) > 27°/2.

Proof. |LST21, Lemma 8| establishes that such a polynomial P, can be obtained as a set-multilinear
projection of IMMss 4. Since a nonzero projection of any polynomial in eF[e][Z] remains in eF[¢][7],
the same projection takes IMMy, 4+ O(e) to Py, + O(e). It is clear that such a projection does not
increase the size or product-depth of a circuit. Further, since this projection is set-multilinear, the
set-multilinearity of the circuit is preserved.

It remains to show that relrk, (P, 4+ O(¢)) > 272, Limaye, Srinivasan, and Tavenas [LST21]
show that relrk,, (P,) > 27%2. Since P, can be obtained as a projection of P, 4 O(e) by setting
e = 0, the lower bound on relative rank extends to P, + O(e) for any error term O(e). O

Given the preceding lemmas, we now establish lower bounds on the size of low-depth set-
multilinear circuits computing IMM,, 4(Z) in the setting of border complexity. The proof is analogous
to that of [LST21, Lemma 15].
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Lemma 6.3 (cf. [LST21, Lemma 15]). Letn,d, A € N\{0} such that n > 419+ Any set-multilinear
circuit ® of product-depth A that computes IMM,, 4(T) + O(e) must have size

a1/ -1)
o

Given this lower bound, we now implement the second step of [LST21| by lifting this lower bound
to general low-depth circuits. Let f(Z) be a set-multilinear polynomial. Limaye, Srinivasan, and
Tavenas [LST21] lift their lower bound from set-multilinear circuits to general circuits by giving a
non-trivial simulation of low-depth circuits by set-multilinear circuits. Our goal is to perform this
same lifting in the border setting: given a low-depth circuit computing f(Z) + O(e), we want to find
a low-depth set-multilinear circuit that also computes f(Z) 4+ O(e).

There is a subtle issue in that the error term O(e) may not correspond to a set-multilinear
polynomial, so we cannot immediately conclude the existence of a low-depth set-multilinear circuit
computing f(Z) + O(e). However, if we allow the error term to change, such a transformation is
possible. Given a low-depth circuit computing f(Z) + O(g), the set-multilinearization procedure of
Limaye, Srinivasan, and Tavenas [LST21] in fact yields a small, low-depth circuit computing the
set-multilinear part of f(Z) + O(e). This only modifies the error term, which is permissible in our
setting.

Lemma 6.4 (cf. [LST21, Proposition 9|). Let s, N, and d, be growing parameters with s > Nd
and let A € N. Assume that char(F) = 0 or char(F) > d. If ® is a circuit of size at most s and
product-depth at most A computing P + O(e) for a set-multilinear polynomial P over the sets of
variables (X1, ..., Xq) (with |X;| < N), then there is a set-multilinear circuit ® of size d°@poly(s)
and product-depth at most 2A computing P + O(g).

Using Lemma 6.4, we now lift Lemma 6.3 to a lower bound against low-depth circuits without
the set-multilinear restriction. The proof is identical to that of [LST21, Corollary 4].

Corollary 6.5 (cf. [LST21, Corollary 4]). Let d < (logn)/100 and suppose either char(F) =0 or
char(F) > d. Any algebraic circuit of product-depth A which computes IMM,, 4(Z) + O(e) must have

. exp(—O0(A))
size at least n@" .

6.2 Constructing a Hitting Set Generator

We now use the lower bound of Corollary 6.5 to design hitting set generators for the closure of
small low-depth circuits. Of course, a generator with improved parameters can be constructed if
one assumes an even stronger lower bound on the size of low-depth circuits needed to compute
IMM,, 4(Z) + O(e). For ease of exposition, we directly instantiate our generator with the lower bound
of Corollary 6.5.

The generator of Construction 2.8 will act as a basic building block in our construction. In
order to make use of this generator, we need to extend Corollary 6.5 to a lower bound for any
non-zero polynomial in the ideal Igve,%vr. This essentially follows by combining Corollary 6.5 with
Corollary 3.10.

Lemma 6.6. There is a universal constant cgg > 0 such that the following holds. Let f(X) € 19

be a nonzero polynomial. Assume that either char(F) = 0 or char(F) > deg(f). Then any circuit (;f
product-depth A which computes f(X) + O(e) must be of size

T(IOg r)exp(—%.eﬁ)
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Proof. Without loss of generality, we assume that there is no n’ < n such that f € 19 and that

n’ ;m,r

there is no m’ < m such that f € IS’%,,T. If there is such an n’ or m’, we may zero out the n'"
row (respectively m™ column) of X without affecting the polynomial f. In particular, we may
assume that f depends on at least one variable in each row and column of X, so f depends on at
least max(n, m) variables. This implies that any circuit computing f + O(e) must have size at least
s > max(n, m).

Let ® be a circuit of size s and product-depth A that computes f(X)+O(e). Let d = (logr)/1000
and w = r/logr. Using Corollary 3.10, we obtain a circuit ¥(7) of size s + O(n?m?) and product-
depth A that computes

@) - IMM,, 4(y) + O(e)  if char(F) =0
YT MM 0@ + O(e)  if char(F) = p > 0.

In the case char(F) = p > 0, the fact that ¥ is obtained from ® by adding a layer of addition gates
above and below ® implies

k
deg(f) = deg(IMMY, ;) = dp".
By assumption, we have p > deg(f), so k = 0. That is, we have the equality

¥ (y) = IMM,,4(y) + O(e)
both when char(F) = 0 or when char(F) > deg(f). When r is sufficiently large, we have
d = (logr)/1000 < (logr — loglogr)/100 = (log w)/100.

Corollary 6.5 then implies

5+ O(n?m?) > w0 = plogr)>P o)

Since n?m? < O(s%), we conclude the desired lower bound on s. O

Having established border complexity lower bounds against low-depth circuits for all nonzero
polynomials in Igf,fw, we now turn to polynomial identity testing. Using Lemma 6.6, we show that

matrices of low rank are a hitting set for the closure of low-depth circuits.

Lemma 6.7. Let F be a field of characteristic zero or characteristic larger than s™. Let Gy (Y, Z)
be the gemerator defined in Construction 2.8. There is a universal constant cg7 > 0 such that for
r = 2(log 8)176@(%6‘7&, the map Q\/ﬁ’\/ﬁ’,,«_l(Y, Z) is a hitting set generator for the closure of n-variate
circuits of size s and product-depth A.

Proof. Let cg6 be the constant from Lemma 6.6 and choose k > 0 large enough so that exp(—cg6) <

(1/ 2)ﬁ Suppose for the sake of contradiction that the statement of the lemma fails for cg7 = kcgg.
Then there is a circuit ® of size s and product-depth A which computes f(X) 4+ O(e) for some

nonzero f(X) such that f(G 5 /m,—1(Y;Z)) =0. By Lemma 2.10, we have f(X) € I?/%,\/ﬁ,r' Since

f is computed by a circuit of size s and product-depth A, we have deg(f) < s2, so either char(F) = 0
or char(F) > deg(f). The lower bound of Lemma 6.6 implies

s S 2(]0gr)1+eXp(_06.6A) - 2(10gS)(l—exp(—(36'7A))(1+exp(—c6'6A)
= - .

We claim that
(1 — exp(—c6.7A))(1 + exp(—ce6A)) > 1.
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This would imply s > s, a contradiction, which would in turn prove that G \/ﬁ’ril(}/; Z) is a
hitting set generator for the closure.
To prove this inequality, we first note that it suffices to prove the equivalent

exp(—cp6A) > exp(—ce7A) + exp(—(ce.6 + c6.7)A).
By our choice of ¢g7 and the fact that A > 1, we have

exp(—ce.7A) + exp(—(ce.6 + c6.7)A) < 2exp(—ce.7A)
= 2exp(—kcg6A)
< 2exp(—cg6A) exp(—(k — 1)ce)
< exp(—ce.64),

1
where the last step follows from our choice of k so that exp(—cg ) < 2%-1. This establishes the
claimed inequality and completes the proof of the lemma. O

Lemma 6.7 constructs a hitting set generator for polynomial-size low-depth circuits with seed
length n!/2t°(M) and degree 2. By Lemma 2.6, this seed length is near-optimal for a degree-two
generator. To obtain hitting set generators with better seed length, we recursively apply the generator
of Lemma 6.7.

Theorem 6.8. Let F be a field of characteristic zero. For every fized k € N, there is an explicit
hitting set generator Gy, for the closure of n-variate, size-s, product-depth A < o(logloglogn) circuits
such that Gy has the following properties.

1. G has seed length n1/2* go(1)
2. deg(Gg) = ok,

3. Gi, can be computed by a circuit of product-depth k and size ns®V. Moreover, each product
gate in this circuit has fan-in 2.

Proof. We proceed via induction on k. Observe that Lemma 6.7 establishes the theorem in the case
k=1. When k > 2, let G;_1(w) be the generator given by induction and let ® be a nonzero circuit
of size s and product-depth A over F(¢). By induction, we have that Gx_1(w) hits ® even when
e =0, s0 ®(Gr_1(w)) # 0 and ®(Gi_1(w)) ¢ cFe][w]. Further, the composition ®(Gx_1(w)) can be
computed by a circuit of product-depth A + k — 1 and size s + ns®@ L gltod),

Let ng_1 and di_1 be the seed length and degree, respectively, of Gy_1(w). Arrange the variables

W into a /Mp_1 X /nr—1 matrix and let
Gr(Y, Z) = Gr—1(G ymizz,ymizrm (Y5 2)),

here (1) ( ( )
1+o0(1)\1—exp(—c A+k—1
ry = 2los(sT TR :

Lemma 6.7 implies that G m—, mr—, (Y, Z) hits ®(G—1(w)) even when € = 0. Equivalently, the
composition Gi(Y, Z) hits ® even when € = 0. We now analyze the parameters of Gi(Y, Z).

Seed length By definition, the seed length ny of G (Y, Z) is bounded by

ng < 2¢/NMgp_17k.
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1/2871 co(1)

It follows from induction that ni_1 < n , so we bound the above as

k
ng < 2n'/? Wy, .

We now bound ri. As k is fixed and A < o(logloglogn) < o(logloglog s), we have k + A <
o(logloglog s). This implies

1 1
—cg7(A+Ek—1)) > Zw| ——— |
exp(—ce7(A + ) exp(o(logloglog s)) w<10g log s)
From this, we obtain
B log s1+o(D)
(log (s o)) 1=exp(—cor(Ath—1))  (Jog(s1+o())) 1~ iggiags) < Og:’T < o(log s).

By definition, we have

sl+o(1))1fexp(7c6‘7(A+k71))

re = 210g( < 20(log s) < 80(1).

Thus n; < nl/2" go(1),
Degree Clearly, we have deg(Gy) = 2deg(Gx_1). By induction, deg(Gr_1) = 271, so deg(Gx) = 2F.

Circuit size We can compute G sm—, mi—, (Y; Z) with a circuit of product-depth 1 and size
O(ng—_17rr). Using induction to bound njg_; and the analysis of the seed length to bound
Tk, we have O(ng_17x) < ns®®) . By induction, we can compute Gr—1(w) with a circuit of
product-depth & — 1 and size ns®®). Composing these circuits yields a circuit computing
Gr(Y, Z) of product-depth k and size ns°(1). O]

Remark 6.9. While Lemma 6.7 holds over fields of sufficiently large positive characteristic, this
is not true of Theorem 6.8. This occurs because in our construction of the generator G, we apply
Lemma 6.7 to a polynomial of degree s*2¥. Doing so requires char(F) > s22F for all k, which is
not possible for fields of non-zero characteristic. Of course, for any fixed k, the generator G, can be
constructed over fields of sufficiently large characteristic. %

7 Hardness Versus Randomness II: Formulas

One can mimic the results of Section 6 in the setting of algebraic formulas. While we still lack
strong lower bounds for formulas, it seems reasonable to conjecture that neither iterated matrix
multiplication nor the determinant can be computed by polynomial-size algebraic formulas. If we
strengthen this assumption to a lower bound against border formula complexity, then we can obtain
hitting set generators for the closure of small formulas just as in Lemma 6.7 and Theorem 6.8. In
this section, we describe this construction.

We start by constructing a generator whose correctness is conditional on the hardness of
bideterminants for border formulas. By Theorem 3.8, such lower bounds are implied by lower bounds
on the border formula size of any family of polynomials computable by small ABPs, including iterated
matrix multiplication and the determinant. Phrasing our results in terms of the border formula
complexity of bideterminants allows us to derive hardness-to-randomness results for homogeneous
formulas as well as general formulas.

First, we show that lower bounds for bideterminants imply the generator G,, ., , of Construction 2.8,
with appropriate parameters, hits the closure of small formulas. Recall that for a partition o, the i*®
row of the tableau K, consists of (1,2,...,0;).
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Lemma 7.1. Let F be an arbitrary field. Lett: N — N be a function such that for every partition
o, the border formula complezity of (Kq|Ky)(X) is bounded from below by t(o1). Let Gy m (Y, Z) be
the generator defined in Construction 2.8. Then G m /mi-1(26n)-1 (Y, Z) is a hitting set generator
for the closure of n-variate formulas of size s.

Ift : N — N instead lower bounds the size of homogeneous formulas computing (K,|Ky)(X)+O(e),
then G /m1—1(2sn)—1 hits the closure of n-variate size-s homogeneous formulas.

Proof. We first consider non-homogeneous formulas. Let r := ¢~1(2sn). Suppose for the sake of
contradiction that G 5 7 ,_1(Y, Z) is a not a hitting set generator for the closure of size-s formulas.
Then there is some nonzero polynomial f(X) such that f(G 5 m,—1(Y,Z)) =0and f(X)+O(e) can
be computed by a formula of size s. Since f(G 5 m,—1) =0, Lemma 2.10 implies that f € Ifl/%t,\/ﬁ,r‘

By Proposition 3.5, there are linear forms ¢11(X,¢),... ,Kﬁyﬁ(X, £), some nonzero o € F, an
integer ¢, and a partition ¢ with o1 > r such that

%f(ém(X,e), b a(X,2)) = (Kol Ko)(X) + Oe).
)

This yields a formula of size sn that computes (K,|K,)(X )+ O(e). This contradicts the assumption
that any such formula must be of size at least t(o1) > t(r) > 2sn. Thus G 5 s ,—1(Y, Z) is a hitting
set generator for the closure of n-variate size-s formulas.

The homogeneous case is analogous. The only difference is that if f(X) is computed by a size-s
homogeneous formula, we need to establish that 1 f(¢11(X,¢),... A m ym(X,€)) is computable by a
homogeneous formula of size sn. This follows immediately from the fact that the ¢; ;(X, ) € F(e)[X]
are homogeneous linear polynomials in X. O

Assuming super-polynomial lower bounds on the border formula complexity of bideterminants,
we can recursively apply the generator of Lemma 7.1 to obtain generators with smaller seed length.
This is analogous to the derivation of Theorem 6.8 from Lemma 6.7. The only difference is in the
analysis, as we now have to compute the generator using formulas, not low-depth circuits.

Proposition 7.2. Let F be an arbitrary field. Lett : N — N be a function such that for every
partition o, the border formula complexity of (Ky,|Ky)(X) is bounded from below by t(o1). Assume
t(r) > () Then for every fized k € N, there is an explicit hitting set generator Gy, for the closure
of n-variate size-s (homogeneous) formulas with the following properties.

1. Gi has seed length nl/2* go(1)
2. deg(Gg) = ok,
3. Gp can be computed by a homogeneous formula of size ns®Y)

Proof. We use induction on k, noting that the case k = 1 follows immediately from Lemma 7.1. When
k > 2, let Gp_1(w) be the generator given by induction and let ® be a nonzero (homogeneous) formula
of size s. By induction, Gi_; hits ® even when € = 0, so ®(Gy_1(w)) # 0 and ®(Gy_1(wW)) ¢ eF[e][w].

Furthermore, the composition ®(Gi_1(w)) can be computed by a (homogeneous) formula of size
1+0(1)
ns .

Let ng_1 and di_1 be the seed length and degree, respectively, of Gi_1. Arrange the variables of
w into a /Mp_1 X /nr—1 matrix and let
Gr(Y, Z) = Gr—1(G =,y (Y5 Z)),
where 73, = t~H(ns't°W) and G,y (Y, Z) is the generator of Construction 2.8. By Lemma 7.1, the

generator G, m—, mr—,r, (Y, Z) hits the composition ®(Gy—1(w)) even when € = 0. Equivalently,
Gr(Y, Z) hits ®, even when € = 0. We now analyze the parameters of Gy.
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Seed length By construction, G has seed length 2, /n;_17;. It follows from induction that ni_1 <

nt/287 " go(1), By assumption, we have
i =t (ns' W) < (ns)°M < 520,
This lets us bound the seed length of G by

2/ Mp—17TE < nl/2" go(1)
as claimed.
Degree Clearly deg(Gr,) = 2deg(Gr_1). By induction, we have deg(Gr_1) = 2¢1, so deg(Gy) = 2*.

Formula size Each coordinate of G /mi—, mr—1,m% (Y, Z) can be computed by a homogeneous formula
of size 2r, < s°. By induction, the generator G,_; can be computed by a homogencous
formula of size ns®d). Composing these formulas gives a homogeneous formula of size ns°™)
that computes Gi. O

We now relax the hardness assumption of Proposition 7.2 using Theorem 3.8. This allows us to
construct hitting set generators for the closure of small formulas using lower bounds on the border
formula complexity of any family of polynomials that can be computed efficiently by algebraic
branching programs, including the determinant and iterated matrix multiplication.

Theorem 7.3. Let F be a field of characteristic zero. Let { f(T) : n € N} be a family of n®M -variate
polynomials such that (1) f,(Z) is computable by algebraic branching programs of size n®M), and
(2) the border formula complezity of fn(T) is bounded from below by n*1). Then the conclusion
of Proposition 7.2 holds for formulas; that is, for every fivred k € N, there is an explicit hitting set
generator Gy, for the closure of n-variate size-s formulas with the following properties.

1. Gy has seed length nl/2* go(1)
2. deg(Gr) = 2F.
3. Gr can be computed by a homogeneous formula of size ns®Y

Proof. Because the determinant is VBP-complete, the assumed lower bound on the border formula
complexity of f,, implies that the border formula complexity of det, (X) is bounded from below
by n“(M). Thus, it suffices to extend this to a lower bound on the border formula complexity of
bideterminants as in the hypothesis of Proposition 7.2.

Let X be an n X m generic matrix and let o be a partition. Let ® be a formula of size s
which computes (K,|K,)(X) + O(e). By using Corollary 3.9 and converting the resulting circuit
into a formula, we obtain a formula of size O(sn?m?) < O(s®) which computes det,(X) + O(e)

@) which in turn

for r = @(0%/3). Such a formula must be of size r*(!). This implies s > r
yields s > af(l)

generators. O

. Hence the hypothesis of Proposition 7.2 holds, so we obtain the claimed family of

8 Lower Bounds for the Ideal Proof System

Our final application of Theorem 3.8 is to proof complexity. We construct an unsatisfiable system of
equations JF such that no IPS refutation of F can be computed by a low-depth circuit of polynomial

50



size. We also show that if the border formula complexity of the determinant is super-polynomial,
then polynomial-size formulas cannot refute F.

In general, one cannot immediately transfer circuit lower bounds to proof complexity lower
bounds. The difficulty in proving lower bounds on the size of IPS refutations lies in the fact that for
a given system of equations F, there are many possible refutations of 7 and we must prove a lower
bound for each of them. The set of IPS refutations of F in fact has useful algebraic structure (see
[GP18, Section 6]), but to the best of our knowledge this has not been used successfully in proving
IPS lower bounds.

Forbes, Shpilka, Tzameret, and Wigderson [FSTW16| developed machinery to derive IPS lower
bounds from stronger notions of circuit lower bounds. Specifically, they showed that circuit lower
bounds can be lifted to IPS lower bounds if one can prove circuit lower bounds on either (a) circuits
that compute a polynomial f(Z) as a function over the boolean hypercube or (b) circuits that
compute any multiple of f(Z). Using this approach, they proved C-IPS lower bounds for various
restricted circuit classes C.

Recent work by Santhanam and Tzameret [ST21b| constructed a family of CNF formulas
that require IPS refutations of super-polynomial size if and only if VP # VNP. To the best of
our knowledge, this is the first instance where an algebraic circuit lower bound (without further
assumptions) is known to imply a lower bound for IPS. Their result requires the underlying field to
be finite; in contrast, we work with fields of characteristic zero, which are necessarily infinite.

Recall that Theorem 3.8 extends circuit lower bounds for det(X) to circuit lower bounds for
the ideal Id¢t . Since I9¢t is closed under multiplication by arbitrary polynomials, it is natural

n,m,r: n,m,r

to follow the strategy of [FSTW16] and attempt to lift the lower bound for I9¢'  to an IPS lower

n,m,r
bound. To do this, we need a system of polynomials f,gi,...,gr that satisfies the hypothesis of
Lemma 2.39 with the additional property that f € Igf’,%,,ﬂ, where r is not too small compared to n
and m. Fortunately, such a system is easy to construct. Recall that for two matrices A, B € F™"*™,
their Hadamard product A ® B is given by (A® B); j = a; ;b; ;. Let X and Y be two n x n matrices

of variables and I, be the n x n identity matrix. Consider the system

det,(X) =0
XY —1,=0
X0X-X=0
YOY-Y =0.

This system is unsatisfiable, since det,,(X) = 0 implies that X is not invertible, while XY — I,, =0
implies that X is invertible. However, removing the equation det, (X ) = 0 results in a satisfiable
system as witnessed by X =Y = I,,. Thus, this system satisfies the hypotheses of Lemma 2.39 and
is a natural candidate for IPS lower bounds.

Note the equations X © X — X =0and Y ©Y — Y = 0 can be removed without affecting the
hardness of this system. These equations enforce boolean constraints on the variables x; ; and y; ;,
which is the typical setting of proof complexity.

We now show that lower bounds for det(X) can be lifted to IPS lower bounds in the setting of
low-depth circuits.

Theorem 8.1. Let X and Y be n x n matrices of variables. Assume that

1. if char(F) = 0, any product-depth A circuit which computes dety,(X) 4+ O(g) must be of size at
least t(n, A) for some function t : N x N — N; and

2. if char(F) = p > 0, any product-depth A circuit which computes det,(X)P" + O(g) for any
k € N must be of size at least t(n,A) for some function t : N x N — N.
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Let C' be an IPS refutation of

det,(X) =0
XY —-1,=0
XOX-X=0
YooY -Y =0.

Then any product-depth A circuit that computes C(X, Y, z, W, U, V)+O(e) must be of size t(Q(n'/3), A+
1) — O(n?).

Proof. Suppose C' can be computed by a circuit of size s and product-depth A. The system above is
clearly unsatisfiable, as det,,(X) = 0 implies that X is not invertible, whereas XY — I,, = 0 implies
that X is invertible. Observe that if we omit the equation det, (X) = 0, then this system becomes
satisfiable (take X =Y = I,;). Lemma 2.39 implies that

1-C(X,Y,0,XY - I,,X0X-X,Y OV —Y) = f(X,Y)detn(X)

for some nonzero f(X,Y) € F[X,Y]. The coordinates of XY —I,,, X ©X — X, and Y ©Y —Y can
be computed by a multi-output circuit of size O(n?) and product-depth 1. This yields a circuit of
size s + O(n?) and product-depth A + 1 that computes f(X,Y)det,(X) + O(e). It is clear that
f(X,Y)det,(X) € Igﬁ?n,m where we view X UY as a 2n x n matrix of variables. Using Corollary 3.9,

we obtain a product-depth A + 1 circuit ® of size s + O(n?) such that

L. if char(F) = 0, then ® computes detg,1/5)(X) + O(e); and
2. if char(IF) = p > 0, then ® computes det@(nl/g)(X)plc + O(e) for some k € N.

In both cases, we must have s + O(n?) > t(Q(n'/3), A + 1), which completes the proof. O

Since Corollary 6.5 establishes unconditional lower bounds on the size of low-depth circuits that
border compute det,,(X) over fields of characteristic zero, we obtain corresponding lower bounds for
low-depth IPS.

Corollary 8.2. Let F be a field of characteristic zero. Let X and Y be n X n matrices of variables.
Let C' be an IPS refutation of

det,(X) =0
XY -I1,=0
XoOX-X=0
YOY-Y =0.

exp(~O(A))

Then any product-depth A circuit that computes C(X,Y, z, W, U, V)+O(e) must be of size n1o8™)
Proof. This follows immediately from Theorem 8.1 and Corollary 6.5. 0l

Remark 8.3. Over fields of characteristic p > 0, bounded-depth IPS can efficiently simulate ACO[p]—
Frege [GP18, Theorem 3.5|. Proving super-polynomial lower bounds on the length of AC?[p]-Frege
proofs is a longstanding open problem in proof complexity. Corollary 8.2 can be seen as a step
towards resolving this problem. In order to obtain ACO[p]—Frege lower bounds, two obstacles must
be overcome. First, one must extend the lower bound of Limaye, Srinivasan, and Tavenas [LST21]
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to hold over fields of small characteristic and to hold for p*™® powers of the determinant. Second, it is
necessary to prove an IPS lower bound for a system of equations that arises from the encoding of a
CNF formula. Our system is not the encoding of a CNF; the IPS lower bounds of Forbes, Shpilka,
Tzameret, and Wigderson [FSTW16| also suffer from this drawback. O

We can also carry out the reasoning of Theorem 8.1 with formulas instead of low-depth circuits.
The resulting formula-IPS lower bound is conditional, as we currently lack good lower bounds on
the formula size of any explicit polynomial, let alone the determinant.

Theorem 8.4. Let X and Y be n X n matrices of variables. Assume that

1. if char(F) = 0, any formula which computes det,(X) 4+ O(e) must be of size at least t(n) for
some function t : N — N; and

2. if char(F) = p > 0, any formula which computes detn(X)pk + O(e) for any k € N must be of
size at least t(n) for some function t : N — N.

Let C' be an IPS refutation of

det,(X) =0
XY —-1,=0
XOX-X=0
YOoY-Y =0.

n3

Then any formula that computes C(X,Y,z, W, U, V') + O(g) must be of size Q(M)

Proof. Suppose C can be computed by a formula of size s. As in the proof of Theorem 8.1, we
deduce from Lemma 2.39 that

1-C(X,Y,0,XY — I, XOX-X,YOY —Y) = f(X,Y)det,(X)

for some nonzero f(X,Y) € F[X,Y]. The coordinates of XY —I,,, X© X — X, and Y ©Y — Y can
each be computed by a formula of size O(n). This yields a formula of size O(sn) that computes
f(X,Y)det,(X) + O(g). From Corollary 3.9, we obtain a formula ® of size O(sn?) such that

L. if char(F) = 0, then ® computes detg,1/3)(X) + O(¢); and
2. if char(F) = p > 0, then ® computes dete(nus)(X)plc + O(e) for some k € N.

By assumption, we must have O(sn3) > t(Q(n'/3)), which implies the desired lower bound on s. [J

The previous results show that, in the setting of border complexity, the task of computing the
O(n'/3) x ©(n'/?) determinant can be reduced to computing any IPS refutation of the system
{det,(X) =0,XY — I,, = 0}. We complement this by constructing a depth-three det,-oracle circuit
that computes a refutation of this system. Together with our previous results, this shows that
for sufficiently well-behaved circuit classes, the approximate complexity of refuting {det,(X) =
0, XY — I, = 0} is bounded from below and above by the approximate complexity of computing the
O(n'/?) x ©(n'/3) and n x n determinants, respectively.

Proposition 8.5. Let F be any field and let X and Y be n X n matrices of variables. Then the
following hold.
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1. There is an O(n?)-size depth-three circuit with det,-oracle gates that computes an IPS refutation
of the system {det,(X)=0,XY — I, = 0}.

2. There is an O(n?)-size depth-three circuit with (det,, +O(e))-oracle gates that approzrimately
computes an IPS refutation of the system {det,(X)=0,XY — I, = 0}.

Proof. Item (2) follows immediately from (1) using Lemma 2.3, so it suffices to prove (1). Let Z be
an n x n matrix of variables and let w be an additional variable. We claim that

C(X,Y,w,Z) =1—det,(Z + I,) + w - det, (Y)

is an IPS refutation of the system {det,(X) = 0, XY — I, = 0}. It is clear from the expression
above that C(X,Y,w, Z) can be computed by a depth-three circuit with det,-oracle gates. To see
that C(X,Y,w, Z) is a valid IPS refutation, we have

C(X,Y,0,0) = 1 — det,,(I,) + 0 =0

and
C(X,Y,detn(X), XY — I,) = 1 — detn(XY — I, + Iy) + detn(X) detn(Y)
— 1 — det,(XY) + detn(XY)
=1.
Thus C(X,Y,w, Z) is an IPS refutation of the system {det,(X)=0,XY — I, = 0}. O

We end with a brief discussion on the hard instance used in this section.

Remark 8.6. Grochow and Pitassi [GP18, Example A.6] showed that a short IPS refutation of
{det,,(X) =0,XY — I,, = 0} can be used to construct a short IPS proof of the inversion principle
XY =1, = YX = I,,. The inversion principle is one of the “hard matrix identities” of Soltys
and Cook [SC04]|, which are four tautologies proposed as candidates for separating the Frege and
Extended Frege proof systems. Unfortunately, our methods are not able to prove lower bounds,

conditional or otherwise, on the size of IPS proofs of the hard matrix identities. O
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