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The power of the Binary Value Principle

Yaroslav Alekseev* and Edward A. Hirsch'

Abstract

The (extended) Binary Value Principle (eBVP, the equation >, ;2" = —k for k > 0
and in the presence of 27 = m;) has received a lot of attention recently, several lower
bounds have been proved for it [AGHT20, Ale21, PT21]. Also it has been shown [AGHT20)]
that the probabilistically verifiable Ideal Proof System (IPS) [GP18] together with eBVP
polynomially simulates a similar semialgebraic proof system. In this paper we consider
Polynomial Calculus with the algebraic version of Tseitin’s extension rule (Ext-PC). Contrary
to IPS, this is a Cook—Reckhow proof system. We show that in this context eBVP still allows
to simulate similar semialgebraic systems. We also prove that it allows to simulate the
Square Root Rule [GHO03], which is in sharp contrast with the result of [Ale21] that shows
an exponential lower bound on the size of Ext-PC derivations of the Binary Value Principle
from its square. On the other hand, we demonstrate that eBVP probably does not help in
proving exponential lower bounds for Boolean formulas: we show that an Ext-PC (even with
the Square Root Rule) derivation of any unsatisfiable Boolean formula in CNF from eBVP
must be of exponential size.
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1 Introduction

Tseitin’s extension rule [Tse68] is a powerful concept that turns even very weak propositional
proof systems into strong ones: it allows to introduce new variables for arbitrary formulas (it
is enough to do this for the disjunction and the negation). In particular, it turns Resolution (a
rather weak system for which superpolynomial lower bounds are known since [Tse(8]) into the
powerful Extended Frege system [CR79] (a strong system for which we do not even know good
enough candidates for superpolynomial lower bounds).

Surprisingly, in the context of algebraic proof systems an exponential lower bound for a
system that uses Tseitin’s rule was proved recently [Ale21]|. This system, Extended Polynomial
Calculus (or Ext-PC), combines the algebraic version of the extension rule (so that we can
introduce new variables for polynomials) with the Polynomial Calculus (PC) [CEI96] system.
While it has more power because it allows to talk about polynomials over any algebraically
closed field (or, in the Boolean setting, even just over a ring, such as Z), the exponential lower
bound has been proved for a system of polynomial equations that does not correspond to any
Boolean formula (in particular, a formula in conjunctive normal form, as in Resolution). This
system, called “the Binary Value Principle”, is the equation ) ., 2;271 41 = 0 along with
the “Boolean axioms” z7 — x; = 0 for every variable z;. It has also been used for proving
other exponential lower bounds [AGHT20, PT21] and (as the Extended Binary Value Principle,
eBVP) for demonstrating a polynomial simulation of polynomial inequalities by polynomial
equations [AGHT20] for generalized proof systems that require polynomial identity testing for
the verification (the algebraic system is the Ideal Proof System, IPS, of [GP18]). Note that
polynomial inequalities are considered to be much more powerful than polynomial equations:
for example, no exponential size lower bound is known even for the simplest proof system LS
(motivated by the optimization procedure by Lészl6 Lovész and Alexander Schrijver, see [Pud99|
and |[GHP02]).

Our results. In this paper, we consider three questions about Ext-PC and eBVP, and prove
three results:

1. How powerful is Ext-PC? We prove (Theorem 5.2) that together with eBVP it polynomially
simulates a similar system that uses inequalities (namely, Ext-LSy ., which is LS with
extension variables, squares, and multiplication). This brings the result of [AGHT20] down
to conventional proof systems from proof systems that use polynomial identity testing for
proof verification. It is interesting how far we can weaken the proof systems to keep such
simulation (it becomes harder and harder when we weaken them to formulas or polynomials
written as sums of monomials).

2. Grigoriev and Hirsch [GHO3| introduced the square root rule that allows to conclude f =0
from f? = 0. It would be needed for the implicational completeness of PC in the non-
Boolean case. It is not needed at all in the Boolean context, however, it could shorten
the proofs. It is impossible to simulate it polynomially in Ext-PC ([Ale21] proves an
exponential bit-size-of-coefficients lower bound on derivations of Y #;2¢"1 + 1 = 0 from
(3" 2;271 +1)2 = 0) and PC ([PTT21] proves a linear degree lower bound on derivations
of Y x;+1 =0 from (3 z;+1)2 = 0). We prove (Theorem 6.1) that in the case of Ext-PC
derivations the square root rule can be polynomially simulated using eBVP.

3. Is it possible to use lower bounds for eBVP for proving lower bounds for formulas in
conjunctive normal form? One could imagine deriving the translation of an unsatisfi-
able formula in conjunctive normal form (using the extension variables) from eBVP and
concluding a lower bound for a formula in CNF. We prove an exponential lower bound



(Theorem 7.3) on the size of derivations of such formulas from eBVP, showing an obstacle
to this approach.

Our methods. The divisibility method suggested in [AGHT20, Ale21] allows to prove lower
bounds on the size of algebraic proofs by analysing the scalars appearing in them. The simplest
application of this method substitutes the input variables by the binary representations of all
possible integers, and shows that the constant in the final contradiction in the proof over the
integers divides all of them (if the system allows it). In this paper we further develop this
method: we prove lower bounds for the derivation of a translation of an unsatisfiable formula
in CNF (and not just a contradiction), so there is no single constant at the end. We show an
exponential lower bound over the integers by counting the primes that divide the multiplicative
constants in the derivation of every clause and Boolean equation. The lower bound for rationals
follows using the translation of [Ale21].

In order to show polynomial simulations we use the general approach suggested in [AGHT20]:
to use bit arithmetic for proving facts about (semi)algebraic proofs. However, IPS [GP18| con-
sidered in that paper uses polynomial identity testing for proof verification, and thus allows to
switch between the circuit representations of polynomials at no cost. Our setting is different:
we need to simulate everything using the extension rule. Therefore, in order to simulate in-
equalities we derive gradually the facts that the values produced by bit arithmetic equal the
values of polynomials in the original proof, and that these values are nonnegative. We also need
to define the circuit representation, in particular for the extension variables, in order to reason
about Ext-LS, . proofs. A somewhat similar approach works for the simulation of the square
root rule; however, we need to derive that all individual bits of the zero are zeroes, and then
take the square root.

The organization of the paper. The paper is organized as follows. Three preliminary sections:

Section 2. We define the proof systems and the measures of complexity we use.

Section 3. We define the circuit representation of polynomials appearing in an Ext-PC proof.
Section 4. We define the bit arithmetic translation of circuits and prove useful facts about it.
Sections describing the three results:

Section 5. We prove the Ext-PC+eBVP simulation of inequalities.

Section 6. We prove that eBVP allows Ext-PC to polynomially simulate the square root rule.

Section 7. We prove an exponential lower bound on the size of derivations of formulas in
conjunctive normal form from eBVP.

Eventually, in Section 8 we describe directions for further research.

2 Preliminaries

In this paper we work with polynomials over integers or rationals. We define the size of a
polynomial roughly as the total length of the bit representation of its coefficients. Formally, let
f be an arbitrary integer or rational polynomial in variables {z1,...,x,}.

o If f € Z[xy,...,zy] then Size(f) = > ([log|a;|] + 1), where a; are the coefficients of f.

o If f € Q[z1,...,2,] then Size(f) = > ([log |a;|] + [log |bi|] + 1), where a; € Z, b; € N and

3+ are the coefficients of f.



We also use algebraic circuits. Formally, an algebraic circuit is a dag whose vertices (gates)
compute binary operations (addition and multiplication), thus gates have in-degree two; the
inputs (or variables) and constants (nodes computing integers or rationals) are nodes of in-
degree zero. Every gate of an algebraic circuit computes a polynomial in the input variables in
a natural way; we sometimes identify a gate with the circuit consisting of all the nodes on which
the gate depends (thus this gate is the output gate of such circuit).

The size of the circuit is the number of its gates plus the sum of the bit sizes of all constants.
We will also be interested in the syntactic length of an algebraic circuit, defined for circuits over
Z: it is roughly a trivial upper bound on the number of bits of an integer computed by the
circuit. The definition essentially follows [AGHT20|, augmenting it with the multiplication.

Definition 1 (syntactic length of algebraic circuit). Consider the gates of an algebraic circuit
G1,...,Gg in topological order. We define the syntactic length inductively:

o [f G, is an integer constant, then the syntactic length of G; is [log(|G;l)].

o If G; = Gj + Gy, the syntactic length of G is t, and the syntactic length of Gy, is s, then
the syntactic length of G; equals max(s,t) + 1.

o If G; = Gj - Gy, the syntactic length of G is t, and the syntactic length of G}, is s, then
the syntactic length of G; equals s +t 4+ 3.

Note. 1. In the latter case the actual number of bits would be s+1t; we state s+t+3 because this
1s how it is computed in our implementation of the integer multiplication in Sect. , — howewver,
it does not change much asymptotically, the resulting length changes at most polynomially.

2. Note that the circuit size cannot exceed its syntactic length.

2.1 Algebraic proof systems
In what follows, R denotes Q or Z.

Definition 2 (Polynomial Calculus, [CEI96]). Let ' = {p1,...,pm} C Rlx1,...,xy,] be a set of
polynomials in variables {x1,...,x,} over R such that the system of equations py = 0,...,pm =0
has no solution. A Polynomial Calculus (PCr) refutation of T' is a sequence of polynomials
T1,...,7s where rs = const # 0 and for every | in {1,...,s}, either r; € T' or r; is obtained
through one of the following derivation rules for j, k < :

o 7 = arj + fBry, where o, 8 € R,
® T = T;Tk.
The size of the refutation is >, , Size(r;). The degree of the refutation is max; deg(r;).

Note. 1. In this paper we consider Q or Z as R in PCgr above or Ext-PCgr below. For both
of these rings, we consider the Boolean case, where azioms x? — x; = 0 are present for every
variable x;, and for this case our proof systems are complete.

2. Note that in the case R = Q one can assume rs = 1, while in the case R = Z an arbitrary
nonzero constant is needed to maintain the completeness.

Tseitin’s extension rule allows to introduce new variables for arbitrary formulas. We use an
algebraic version of this rule that allows to denote any polynomial by a new variable [Ale21].

Definition 3 (Extended Polynomial Calculus, Ext-PC). Let I' = {p1,...,pm} C Rlx1,...,zy]
be a set of polynomials in variables {x1,...,x,} over R such that the system of equations p; =



0,...,pm = 0 has no solution. An Ext-PCg refutation of I' is a Polynomial Calculus refutation
of a set

F/ = {p17 ey Pmy Y1 — (h(ﬂ?lv o 737n)792 - Q2($1, .. meZ/l)’ ceey
Ym — Qm(xla ey Ty Y1, - s 7ym—1)}

where ¢; € R[Z,y1,...,Yi—1] are arbitrary polynomials.
We omit R from the notation of PCr or Ext-PCr when it is clear from the context. The size
of the Ext-PC refutation is equal to the size of the Polynomial Calculus refutation of T”.

The square root rule [GH03] allows to conclude that f = 0 from f2 = 0. We can consider it
in the context of both PC and Ext-PC.

Definition 4 (PC‘/, Ext—PC\/). The proofs in PCV, Ext-PCY follow Definitions 2, 3 but allow

one more derivation rule in terms of Def. 2:
e derive 1y, if 7“12 =7
(derive a polynomial if its square has been already derived).
Note. If R is a domain and p* = 0 for some p € R[Z], then p = 0.

The extended Binary Value Principle (eBVP) says that that the (nonnegative) integer value of
a binary vector cannot be negative. In order to use this fact in the proof, we need to specify that
such a polynomial can be replaced by 1 (in particular, if eBVP is present without a multiplier,
it produces the contradiction 1 = 0).

Definition 5 (Ext-PC 4 eBVP). Ext-PC 4 eBVP operates exactly the same derivation rules as
Ext-PC with one more rule:

e derive rp = g if for some polynomials g, f1,..., fr and integer constant M > 0 we have
derived the polynomial r, = g - (M + f1 +2fa + ...+ 2" f) along with polynomials r, =
f12_f17"'7rkt :ftQ_ft'

Note. We can define Ext-PCY + eBVP the same way.

2.2 A semialgebraic proof system

We will consider the following proof system that can be viewed as a generalization of the LS
proof system [Pud99| by the algebraic extension rule. Note that we could move the introduction
of new variables to the beginning of the proof as we did in the definition of Ext-PC, however, it
does not matter.

Definition 6 (Ext-LS. ). Let I' = {p1,....pm} C Rlz1,...,2zy] be a set of polynomials in
variables {x1,...,xzn} over R such that the system of equations p1 > 0,...,pm > 0 has no
solution. An Ext-LS. . refutation of I' is a sequence of polynomial inequalities r1 > 0,..., 7y >0
where r, = —M (M > 0 is an integer constant) and each inequality r; is obtained through one
of the following inference rules:

2

° T’l:pifOT'SOTIl@i, orr; = x;, 07’7’[21—%'5‘, OTTl:.fC?—I‘Z‘, OTTl:SUZ‘—CCQ orr ==z

77
for any variable z.

o rp=1r;-1r; orr=r;+r; fori,j <l. (Note that we can infer 1 as x; + (1 — x;), thus we
can multiply by any positive constant.)

e [f variable y did not occur in polynomials ri,...,r;_1, then we can derive a pair of poly-
nomials rp = y — f, my1 = f —y, where f is one of the basic operations (addition,
multiplication, copying) applied to variables not including y, and constants.



Note that the newly introduced variables are not necessarily Boolean. The size of the refutation
is Y vy Size(r;). The degree of the refutation is max; deg(ry).

Note. 1. Once again, in the case R = Q we could assume M = 1, while we need an arbitrary
positive constant for R = Z in order to maintain completeness.

2. Note that while the definition of Ext-LS, . is written in a slightly different manner com-
pared to Ext-PC, it is not difficult to see that Ext-LSy . polynomially simulates Ext-PC (in par-
ticular, conversion of equations to inequalities and of ideal inference to cone inference can be
done similarly to [AGHT20, Sect. 4.1.1 of the Technical Report version]).

3 Circuit and equational representations

We will represent the polynomials of the Ext-LS, . derivation as circuits in the input variables.
In order to do this, we define circuit representations of axioms and extension variables.

Definition 7 (Circuit representation: axioms). For a polynomial f € Z[Z] appearing in the
axiom f > 0, we consider its arbitrary reasonable circuit representation

Zf71 = hﬁl(f), .. -,Zf,s = hf75(217 .. .,Zs_l,f)

where hy; is one of the basic operations (addition, multiplication), a constant or one of the initial
variables. We denote the resulting circuit Zy by Zy.

We next define circuit representation for the extension variables.

Definition 8 (Circuit representation: extension variables). Suppose we have a sequence of

extension variables yi, ...,y introduced in some derivation by axioms y; = g;(T,y1,.-.,Yj—1)
(where 1 < j < k). We can define their values by algebraic circuits computed in a natural way
(the azioms are substituted into each other): define the sequence of circuits Y1(Z),...,Yx(T) by

* Y1(Z) = 91(T),
o foreach 1< j <k, Y;(T)=g;(T Y1(Z),...,Y;-1(T)).
We call Y; the circuit representation of the extension variable y;.

With the circuit representation of the extension variables and axioms, we can define the
circuit representation of an Ext-LSy , proof.

Definition 9 (Circuit representation: Ext-LS. , proof). Given an Ext-LS. . refutation p; >
0,...,—M = pn > 0 of a system in variables x;, we construct the circuit representation
Py, ..., P, of its polynomials inductively:

o [fp; is an axiom, P, is the circuit representation of this axiom.
o Ifpy=uwx;, orpp=1—x;, then P, is the simple circuit computing p;.

o Ifp; = 2% for a variable z, then P, = Q- Q, where Q is the circuit representation of y (note
that typically, z is an extension variable).

o Ifp; is obtained using a binary operation o (addition or multiplication) from p; and p;, we
put Py = P; o P;.

o If p; introduces a new variable, or it is the Boolean axiom x? —x; (or x; — xz), we put

P, =0.

Note that the azioms and the extension variables appear in P;’s as subcircuits, and that the inputs
of P;’s correspond to the original variables of the system.



Definition 10 (equational representation). Any algebraic circuit can be represented by equations
(one equation per gate). More precisely, if we have gates Gy, ...,Gp, in topological order, then
we can consider variables vyi, ..., vm with the corresponding set of polynomial equations:

o IfG; = x; or 1 — x; for some input variable, then corresponding polynomial equation for
the v; would be v; = x; or v =1 — x;.

o IfG; = GoGy, then the corresponding polynomial equation for the ~; would be v; = vEoyy.
We refer to this set of equations as the equational representation.
The following lemma is used in the simulation of Ext-LS, ..

Lemma 3.1. Consider the circuit and equational representations of an Ext-LSi . proof p1 >
0,...,pt > 0. Consider P; corresponding to the equational representation with the output variable
;. Then there is a polynomial-size (in the size of the original proof ) Ext-PC derivation of m; = p;
using only the Boolean axioms and the definitions of extension variables of the Ext-LS, . proof.
The extension variables needed in the Ext-PC derivation are those appearing in the equational
representation.

Proof. First of all, note that if we consider any gate Y; from the circuit representation of the
extension variables, then there is a polynomial-size Ext-PC proof of the equality y; = v;, where
v; is the variable corresponding to the gate Y; in the equational representation. It follows by
induction on the construction of the circuit representation (the sets of equations for the variables
v; and y; are exactly the same). Similarly, for any variable Z¢ representing axiom f, there is a
polynomial-size Ext-PC proof of the equality f = ¢, where variable ¢ corresponds to the gate
Zs.

Now we prove the statement of the lemma. We proceed by induction on the steps of the
Ext-LS4 « proof:

1. If p; is an axiom, it follows from the discussion above.

2. Recall that if p; introduces a new variable y, or it is the Boolean axiom a;f —x; (or z; — xf),

we put P, = 0, that is, m; = 0 by definition. On the other hand, p; is an axiom for our
Ext-PC proof, that is, p; = 0 is derived in a single step. Therefore m; = 0 = p;.

3. If p; = x;, or pp = 1 — x;, then P is the simple circuit computing p;. Thus, it is also easy
to prove that m; = p;.

4. If p; = y? for a variable y, then P, = Y - Y, where Y is the circuit representation of the
extension variable y (if y is the input variable, the situation is trivial). By the discussion
above there is a polynomial-size derivation of v; = y;. Then using the equation m; = v; - v;,
we get that m; = v; - v; = yf =py.

5. If p; is obtained using a binary operation o (addition or multiplication) from p; and p;,
we have P, = P; o P;. Then the corresponding equation in the equational representation
m = m;om;, and we can use the induction assumption to derive m; = m; o m; = p; op; = pj.

O]

In order to simulate the square root derivation rule we need to consider a circuit represen-
tation of an arbitrary polynomial in extension variables, since a derivation in Ext—PC\/, unlike
derivations in Ext-LSy ., does not correspond to an algebraic circuit (algebraic circuits do not
use square root gates).



Definition 11 (Circuit representation: polynomials). Consider a polynomial g € Z|[Z,7y], where
T are original variables and 7 are variables introduced by the extension rule. Def. 8 defines

the circuit representation Y1,...,Y,, for the variables y1,...,ym. Then we can consider any
reasonable circuit GY, ..., G} computing the polynomial g given variables x1,...,xy, variables
Yi,---,Ym, and the constants. Substituting the subcircuits Yi,..., Yy, in place of the inputs

Yi,---Ym of Gi’s, we get the circuit representation Gy, ..., G of g.
The syntactic length of the polynomial g is defined as the syntactic length of the circuit
Gi,...,G).

The same proof works for a simplified version of Lemma 3.1:

Lemma 3.2. Consider any polynomial g over the extension variables y1, ..., yr and the original
Boolean variables x1, . .., xy, and consider any reasonable circuit representation GY, ..., G} of g.
Then we can substitute the subcircuits Y1, ..., Yy, in place of the inputs yi,...,ym of G}’s, and
get the circuit representation Gy, ...,Gy of g.

Then, if we consider an equational representation m1,...,m of the circuit G1,..., Gy, then
there is a polynomial-size (in the size of g) Ext-PC derivation of the equation

g = m.

4 Explicit BIT definition and basic lemmas

In our Ext-PC simulations in Sections 5 and 6, we argue about individual bits of the values
of the polynomials appearing in the Ext-LS, . proof. In this section we construct the circuits
corresponding to these bits and prove auxilary statements about our constructions. We basically
follow [AGHT20]| (Theorem 6.1 in the Technical Report version), however, there are important
differences:

1. In the case of Ext-PC proofs, the circuits are used in the meta-language only. In the actual
derivation, the bits are represented by extension variables defined through other extension
variables, etc. (essentially computing the circuit value).

2. Contrary to [AGHT20], we cannot magically switch between different representations of
polynomials, every step of the derivation has to be done syntactically.

The integers are represented in two’s complement form (see the definition of VAL below).
We use the following notation:

BIT;(F): if F () is a circuit in the variables Z, then BIT;(F') is a new variable defined through
other extension variables (and Z) that computes the i-th bit of the integer computed by
F' as a function of the input variables T, where the variables T range over 0-1 values. The
integer is represented in the two’s complement form, that is, its highest bit is the sign bit.

SIGN(F) is used to denote this sign bit.

BIT(F'): a collection of new variables that compute the bit vector of F'. Note that BIT(F') also
includes SIGN(F).

VAL(Z): the evaluation polynomial that converts bit encoding of an integer Z in two’s comple-

ment representation to its integer value. Given zg,...,25_1,
k—2
VAL(E) = Z 28z — k=1, 2k—1-
=0

We construct the representation of BIT;(F) by induction on the size of F.



4.1 Proof strategy for the simulation

Our plan for the simulation of Ext-LSy . in Sect. 5 is as follows:

e Suppose we have an Ext-LS. , refutation pi(Z,y) > 0,...,pn(Z,y) > 0, where p,, =
—M > 0. We will consider the circuit representation Py, ..., P, of polynomials p1,...,pm
in order to speak about BIT(P;), and will introduce more extension variables according to

the corresponding equational representation of P;’s.

e We will show by induction that we can derive the following statements in Ext-PC:

2. SIGN(P;) = 0.

Then given the fact that VAL(BIT(P,,)) = pm = —M, where M € N, and SIGN(F;) =0,
we can apply eBVP to derive a contradiction in Ext-PC.

Before we accomplish this, we need to define BIT (using the definitions for basic arithmetic
operation) and prove several useful lemmas about what can we derive in Ext-PC (basic facts
about the values, the signs, etc). These will be also useful for the simulation of the square root
rule in Sect. 6.

4.2 Basic arithmetic operations

We now describe circuit constructions of the basic operations that we will need for the BIT
definition. A formal definition of those arithmetic operations essentially follows the scheme of
[AGHT20]. There is, however, one key difference: while in [AGHT20] we defined the operations
as circuits, in our context we define them as new variables alongside with their defining (sets
of) equations. So all the capitalized notation above corresponds to new extension variables
(sometimes with implicit introduction of auxilary extension variables) or vectors of new extension
variables.

Definition 12 (arithmetization operation arit(-)). For a variable x;, arit(z;) := x;. For the
truth values false L and true T we put arit(L) := 0 and arit(T) := 1. For logical connectives
we define arit(A A B) := arit(A) - arit(B), arit(AV B) :== 1 — (1 — arit(A)) - (1 — arit(B)), and
for the XOR operation we define arit(A @ B) := arit(A) + arit(B) — 2 - arit(A) - arit(B).

Definition 13 (CARRY;, ADD;, ADD). When we use an adder for vectors of different size, we
pad the extra bits of the shorter one by its sign bit. Suppose that we have a pair of length-(k+1)
vectors of variables §y = (yo,.--,Yk), 2 = (20,-..,2k) of the same size. We first pad the two
vectors by a single additional bit yp11 = yx and zg41 = zg, respectively (this is the way to deal
with a possible overflow occurring while adding the two vectors). Define

(Yi—1 A zim1) V ((%i-1 V 2i-1) ACARRY ;1 (y,2)), i=1,....k+1;

CARRY,;(y,2) :=
@.2) {0, 1=0,

and

ADD;(7,z) := y; @ z; ® CARRY,(y,2), i =0,...,k.

Finally, define
ADD(ya 2) = (ADDt(yv E)a o 7ADD0(§> 2))

(that is, ADD is a multi-output circuit with k + 2 output bits).



Definition 14 (absolute value operation ABS). Let T be a (k + 1)-bit vector representing an
integer in two’s complement. Let s be its sign bit, and let T = e(s) be the (k + 1)-bit vector all
of whose bits are s. Define ABS(T) as the multi-output circuit that outputs k + 2 bits as follows
(where & here is bit-wise XOR):

ABS(7) := ADD(z, m) & m.

Definition 15 (product of two nonnegative numbers in binary PROD. ). Let @ be an (r+1)-bit
integer and b be a (k + 1)-bit integer where the sign bit of both a,b is zero. We define k + 1
iterations 1 = 0,..., k; the result of the i-th iteration is defined as the (r + i + 1)-length vector
S = Sir4iSirti—1" " 8i0, where

Sij = aj—; N\ b, Jori<j<r+i,
SijIZO for 0 <j <.
(Note that we use the sign bits a, b, in this process although we assume it is zero; this is done in

order to preserve uniformity with other parts of the construction.) The product of a (k + 1)-bit
and an (r+ 1)-bit integers is defined as the sequential addition of all the results in all iterations:

PROD, (@, b) := ADD (Sk, ADD (5;—1,...,ADD (51,5)) - . .) .
The number of output bits of PROD4 is formally k + r 4+ 2 including the sign bit.

Definition 16 (product of two numbers in binary PROD). Let 5 be an (r + 1)-bit integer and
Z be a (k + 1)-bit integer in two’s complement notation. Define the product of § and Z by first
multiplying the absolute values of the two numbers and then applying the corresponding sign bit:

PROD(y,z) := ADD (PROD. (ABS(y),ABS(z)) @m,s) ,

where s = y, @ zp, and M = e(s), with y,,z the sign bits of Y,z as bit vectors in the two’s
complement notation, respectively.

Note that the number of bits that PROD outputs is k+r +5: given a (k+ 1)-bit number, its
ABS is of size k + 2 (including the zero sign bit), the nonnegative product PROD, of ABS(T)
and ABS(7) has size (k+ 2) + (r + 2), bitwise XOR does not change the length, and adding s
augments the result by one more bit.

4.3 Definition of BIT

Following [AGHT20] we define the bit representation of the values of polynomials computed
by algebraic circuits. In doing this, we construct another circuit. We identify its nodes with
new variables that will appear in our Ext-PC 4+ eBVP proof, and the defining equation for these
variables are exactly the operations computed by the gates of the new circuit. Note that the
inputs of this circuit are the same as the inputs of the original circuit.

Definition 17 (BIT) Let Gy = fl(f), Gy = fg(f, Gl), e, Gy = fm(f, Gi,..., Gm—l) be a
topological order of the gates of an algebraic circuit over variables T.

For each G, we define BIT;(G,) to be a new extension variable with the corresponding
polynomial equation so that BIT;(G,) computes the i-th bit of G,.:
Case 1: G, = z; for an input x;. Then, BITy(G,) := z;, BIT1(G,) := 0 (in this case there
are just two bits).
Case 2: G, = «, for o« € Z. Then, BIT;(G,) is defined to be the i-th bit of o in two’s
complement notation.
Case 3: G, = G, +G;. Then BIT(G,) = ADD(BIT(G}), BIT(G))), and BIT;(y,) is defined to
be the i-th bit of BIT(y,).
Case 4: G, = G}, - G;. Then BIT(G,) := PROD(BIT(G}), BIT(G))), and BIT;(G,) is defined
to be the i-th bit of BIT(G,).

Recall that in the latter two cases the shorter number is padded to match the length of the
longer number by copying the sign bit before applying ADD or PROD.
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4.4 The binary value lemma

We now show a short proof of the fact that the BIT(G) circuit that we constructed computes
the same binary value as the original circuit G. Moreover, it can be compactly proved in Ext-PC
for the equational representation of BIT(G).

Lemma 4.1 (binary value lemma). Let y1 = f1(Z),y2 = fo(T,91), -, Ym = fo(T, 91, - -+, Ym—1)
be the equational representation of the algebraic circuit

G1(Z) = f1(@),...,Gm = (T, G1(T),...,Gpn-1(T))

over the variables T = {x1,...,x,}, and let t be the syntactic length of G1,...,Gpn,.
Then, there is an Ext-PC proof (using only the Boolean axioms and the equations of the BIT
encoding) of
yi = VAL(BIT(G)))

of size poly(t) for each 1 <1i < m.

Proof. For the proof we refer to the similar lemma from [AGHT20]. That paper talks about
another system, IPS, which incorporates polynomial identity testing for free. However, the proof
of this lemma is syntactic and does not use polynomial identity testing. We will briefly describe
the structure of the proof.

The proof proceed by induction. On each induction step we assume that we have already
constructed Ext-PC proofs for the equations

y1 = VAL(BIT(G1)), ..., y» = VAL(BIT(G,))

and construct the proof of the equation y,y; = VAL(BIT(G,11)). The construction of the
Ext-PC proof depends on the way in which the variable y,.,1 was introduced. For example, if
Yr+1 = Yk - Y1, then G,41 is a product gate and G,+1 = G - G;. We need to show that

VAL(PROD(BIT(Gy), BIT(G)))) = VAL(BIT(G})) - VAL(BIT(GY)),

which can be done exactly in the same way as in [AGHT20]. O

4.5 Useful lemmas about the BIT value

In this section we describe technical lemmas about individual bits in the bit representation that
will be used later in the proof of our simulation.

Lemma 4.2. For any vector of variables o, . ..,rg—1,7k, there is a poly(k)-size Ext-PC+eBVP
derivation of
n=...=Tg= 0
from
2 _ 2 _ k—1 k. _
ro—r0=0,....7, —rk=0and ro+2r1 +...+2% "rp_1 —2"r, = 0.

Proof. Multiply the last equation by 7 and replace 7“,% by 7. We get (rg+2r1 +...+28 1 —
2K)7, = 0, which has (the negation of) an instance of eBVP in the parentheses (for v/ =1 — ;).
It remains to apply the eBVP rule to prove that rp = 0. After that we get

o + 2ri1 4+ ...+ 2k_1rk_1 = 0.

Again, multiply this by r;_; and replace 7“,%71 by re—1. We get (ro +2ry 4+ ... + 2821 _o +
2F=1)r,_1 = 0 with an instance of eBVP inside. After applying the eBVP rule we get that
rr—1 = 0. We can continue in the same way for r;_o, ..., rg getting
T():...:Tkzo.
O
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Lemma 4.3 (monotonicity of addition and multiplication). For any two bit vectors ro, ..., Tx—1,7%
and 1, ...,r5_1, T, there is a poly(k)-size Ext-PC derivation of

SIGN(PROD(7, 7)) = 0 and SIGN(ADD(7,7)) = 0,

from
2 2 2
ro—r0=0,...,7%_1 —1k—1 =0,7; — 1, =0,
’2 / ;2 / 12 /
rg —rg=0,...,7_1 —1rp_1=0,7," —1r, =0,
Tk:O,
r;:O.

Proof. See [AGHT20] (Lemma 6.7 in the Technical Report version), as the derivation presented
in that paper is literally in Ext-PC. O

Lemma 4.4. 1. For any vector of variables ro,...,rx_1,7k, there is a poly(k)-size Ext-PC
derivation of
SIGN(PROD(7,7)) =0

1 0 1 0 sy N p— k—1 Tk k N

2. If additionally PROD(T,7) = 0 is given, there is a poly(k)-size Ext-PC derivation of
TOZO,...,TkZO.

Proof. By the definition of PROD,

PROD(7,7) = ADD (PROD. (ABS(7), ABS(7)) @ m, s),

where s = ri @ rp and m = e(s). Thus we instantly derive that s = 0 and m = 0 and obtain

PROD(7,7) = PROD.. (ABS(7), ABS(7)),

which completes the proof of the first statement (by the definition of PROD_ ).

Now we denote 7 := ABS(7). We already know from the definition of ABS that the sign bit
of 7 is equal to 0. Now we will derive that each bit r; is equal to zero by induction, starting
from ry.

Base case: We have the equation PROD4 (7/,7) = 0. Let us denote the vector PROD (7, 7")
as t.

Now recall the definition of PROD_: we have k + 1 iterations ¢ = 0, ..., k; the result of the
ith iteration is defined as the (k + i+ 1)-length vector 5; = s; p4iS; k+i—1 - - Si,0 Where

fori < j < k—+1i,
SijIZO for 0 < j <.

Eventually, PROD, is defined as
t := ADD (Sk, ADD (Sk—1,...,ADD (51,50)) - . .) -

From this definition, it is immediate that to = r{, since s;0 = 0 for ¢ > 0 (which matches the
intuition of the “school” multiplication procedure). So, we can easily derive that r{ = 0.

Induction step: Assume we already derived that r; = 0,...,7( = 0. After substituting
these values, the definition of 5; gives us immediately

12



5 =5_1=...=5 =0,

o 5, =0for0< 75 <1, 4>1,

o 5;;=0forl+1<diandl+1<j<2l+2,

e thus we can conclude that s;; = 0 for any i and 0 < j < 2[4 2.

Finally, for j = 2] + 2 we can derive that s;; = 0 for all i > [ + 1 because it is either defined
to be 0 or s;; = 75_; Ar; and 7;_; = 0 was derived already (since j —i < ). Also 3; = 0 for

i <1, 50 859142 = 0 for ¢ # [ 4 1. Together with the fact that s;; = 0 for any j < 2I + 2 we can
derive that

tol42 = Si41,2142

(we use here the definition of ADD, which is “school” addition, and we have just obtained that
not only all the bits in the column 2]+ 2 are zeroes, but also every bit in less significant columns
is zero).

On the other hand, by definition s;41 942 = (TZ_H ATi4q) = T4, so we conclude that
taryo = 1], which gives us r, | = 0.

Thus we have shown that ABS(7) = 0. Now using a simple induction argument again we
can show that 7 = 0. O

5 Ext-PCz + eBVP polynomially simulates Ext-LS, , 7

In this section we will show that Ext-PCz + eBVP polynomially simulates Ext-LSy , 7. This
will be done by gradually applying Lemma 4.1 to the circuit representation of the Ext-LS, . 7
derivation.

Theorem 5.1 (the derivation theorem). Suppose we have a system of polynomial equations
fi = 0,...,fk = 0, and that there is an Ext-LSy , 7 refutation p1 > 0,...,py, > 0 of the
corresponding system f1 >0, f1 <0,...,fr >0, fr <O0.

Consider its circuit representation according to Sect. 5. Denote the syntactic length of the
circuit Py,..., Py as t. Then, in terms of Sect. 3 there are poly(t)-size Ext-PCz + eBVP
derivations of the facts

1. p1 = VAL(BIT(P,)), . ..,pm = VAL(BIT(P,,)).

2. Fach sign bit in BIT(F;) is equal to 0 (written in the form of polynomial equation s; =0
where s; is a variable, corresponding to the sign bit of BIT(F;)).

The azioms used in these derivations are the boolean axioms, the axioms defining extension
variables, and (for the second statement) the input azioms.

Proof. 1. From Lemma 4.1 we know a short proof that the binary value of the BIT circuit
BIT(G) equals the variable corresponding to the output of the original circuit G in the
equational representation of G. By applying this lemma to all circuits appearing in the
proof we get m; = VAL(BIT(P;)), where the variable 7; corresponds to the output of P;.
It remains to prove the equation m; = p;, which is done by Lemma 3.1.

2. In order to prove that there are polynomial-size derivations of the facts that each sign bit
in BIT(P;) is equal to 0, we recall that previously proven lemmas give us three statements:

(a) If we have the equation VAL(BIT(F;)) = 0, then Lemma 4.2 provides a polynomial-
size derivation of SIGN(BIT(F;)) = 0.

13



(b) If we have equations SIGN(BIT(P;)) = 0 and SIGN(BIT(F})) = 0, then Lemma 4.3
provides a polynomial-size derivation of

SIGN(PROD(BIT(P;), BIT(P}))) = 0 and SIGN(ADD(BIT(P;), BIT(F;))) = 0.

(c) For any variable y;, Lemma 4.4 provides a polynomial-size derivation of

SIGN(PROD(BIT(Y;), BIT(Y;))) = 0.

We now proceed to proving the statement 2 by induction.

Base case: the base is one of the following cases:

e P; is a definition of an Ext-LS, , 7 proof extension variable or a Boolean axiom. Then
P; = 0 (that is, it is a trivial circuit) by the construction of the circuit representation
(cf. Lemma 3.1, second item in the proof).

e P, is an input axiom. By the first statement we derive VAL(BIT(P;)) = 0 and using
statement (a), we can derive that SIGN(BIT(F;)) = 0.

e P is an input variable or its negation; then SIGN(BIT(P;)) = 0 is easily seen from
the construction of BIT.

e P, isasquare (of a variable). Then statement (c) provides a polynomial-size derivation
of SIGN(BIT(F;)) = 0.

Induction step: Suppose we have already proved that SIGN(BIT(P;)) = 0 for j < k,
and Py is constructed using an operation P, = P; - P or P, = P; + F;. Then we can
apply statement (b) and show that SIGN(BIT(y;,)) = 0 with polynomial-size Ext-PC
derivation.

O]

5.1 The simulation theorem

Definition 18 (Syntactic size of a refutation). The syntactic size of an Ext-LS, . 7 refutation
is the syntactic size of a corresponding circuit representation from Sect. 3.

Theorem 5.2. Consider arbitrary system of polynomial equations fi1 = 0,..., fr = 0. Suppose
there is an Ext-LSy . 7z refutation for the system fi >0, f1 <0,..., fi, >0, fi, < 0 of syntactic
size S. Then there is an Ext-PCz 4+ eBVP refutation for the system f1 =0,..., fr =0 of size at
most poly(S).

Proof. We use the notation from the previous section.

Consider a size S Ext-LS, ,-refutation p; > 0,..., =M = p, > 0 of the system f; >0, fi <
0,...,fk > 0,fr < 0. By Theorem 5.1(1) there is a poly(S) derivation of the fact that the
value of the polynomial computed in the last line (py > 0, which is —M > 0) of the original
semialgebraic proof is a negative integer

—M = p = VAL(BIT(P,)).
On the other hand, by Theorem 5.1(2) there is a poly(S) derivation of the fact that
s =0,

where s is a variable corresponding to the sign bit of BIT(Pg). This means that we have an
equation of the form
—M = by + 2by + 4by + ... +2"b, — 2" s

where by, ..., b, s are the variables corresponding to the bit representation of BIT(Py). From
this we derive that
b0+2b1+4b2+‘..+2rbr+M:0,

which is exactly the case of eBVP, so the contradiction follows in a single step. (Note that
another application of eBVP is in Lemma 4.2.) ]
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6 Ext-PCz + eBVP polynomially simulates Ext-PC\Z/ + eBVP

In this section we show that eBVP simulates the square root rule.
We will be using the following strategy for the simulation:

e Suppose we want to derive g = 0 from g2 = 0, for some polynomial g.
e We consider the bit representation BIT(G?) of g%

e Lemma 4.1 provides a polynomial-size proof of VAL(BIT(G?)) = ¢?, thus we have VAL(BIT(G?)) =
0.

e From this, Lemma 4.2 provides a polynomial-size proof of BIT(G?) = 0. Here we make
use of eBVP.

e Now Lemma 4.4 provides a polynomial-size proof of BIT(G) = 0.
e From this we can derive that ¢ = VAL(BIT(G)) = 0.

The formal application of this strategy is given by the following lemma.

Lemma 6.1. Assume that we have a polynomial g € Z[x1,...,Tn,Y1,...,Ym]| where x1,..., Ty
are Boolean variables (that is, we have the equations CL‘ZQ —x; = 0), and variables y1, ..., ym are
other variables introduced via the extension rule (which means that each y; = hj(T,y1, ..., yj—1),

where hj is a basic arithmetic operation or a constant). Suppose the syntactic length (cf Def. 11
of the polynomial g ist. Then there is a poly(t)-size Ext-PCyz + eBVP derivation of the equation
g =0 from the equation g*> = 0 (using the equations x? — z; = 0 and y; — h;(Z,7y) =0).

3 —

Proof. Consider the circuit representation of the polynomial g. We can now consider the BIT
representation of this circuit, and get (by Lemma 4.1) a polynomial-size derivation of

m1 = VAL(BIT(GY)), ..., m = VAL(BIT(G))).
On the other hand, we can apply Lemma 3.2 to prove that
g = m.

Let us add one more gate G411 to the circuit: Gj11 = G - G;. The corresponding variable in
the equational representation would be 7,1 = 7; - m;. Then we can instantly derive from g% = 0
that

T =g> =0.

Thus, using the equation 711 = VAL(BIT(G41)) we can derive that
VAL(BIT(Gy41)) = 0.
Lemma 4.2 (that uses eBVP) allows us to derive

BIT(Gy11) = 0.

Now using the fact that BIT(G;41) = PROD(BIT(G;), BIT(G;)) and Lemma 4.4, we can derive
that
BIT(G;) = 0.

Now, using the equation g = VAL(BIT(G))) we instantly get that g = 0. O

We can now state the simulation result.
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Theorem 6.1. Consider arbitrary system of polynomial equations fi1 = 0,..., fr = 0. Suppose
there is an Ext—PC% + eBVP refutation for this system where the sum of the syntactic sizes of
all polynomials in derivation is equal to S. Then there is an Ext-PCz + eBVP refutation for the
system f1 =0,..., fr =0 of size at most poly(S).

Proof. We proceed by induction. Assume that we constructed an Ext-PC + eBVP derivation
of polynomials pi,...,p; that appeared in the original Ext-PCVY + eBVP derivation. We now
show how to derive the polynomial p;;. If this polynomial is an axiom, or is derived by the
extension rule, or is derived by the eBVP rule, or is derived by addition or multiplication from
previous polynomials, then we can derive it in Ext-PC using the same rule (note that the size
of the derivation is always at most the syntactic length). If the polynomial was derived by the
square root rule, then we can use Lemma 6.1 to simulate this derivation. O

7 eBVP cannot be used to prove CNF lower bounds

Exponential lower bounds on the size of proofs of eBVP have been demonstrated for several proof
systems including Ext-PCY [Ale21]. However, they have a caveat: eBVP is not a translation of
a Boolean formula in CNF. Is it still possible to use these bounds to prove an exponential
lower bound for a formula in CNF? For example, one could provide a polynomial-size Ext-PCY
derivation of a translation of an unsatisfiable Boolean formula in CNF from eBVP: together
with the lower bound for eBVP, this would prove a bound for a formula in CNF. One could even
introduce extension variables in order to describe such a formula.

In this section we show that this is not possible: any Ext-PCV derivation of an unsatisfiable
CNF from eBVP,, (that is, from Y 1 ; ;271 + M = 0) should have exponential size in n. We
start with proving a lower bound over the integers. Then we use this result to extend it to the
rationals. The proof can be viewed as a generalization of the lower bound in [Ale21]; however,
the lower bound is proved not for the derivation of M = 0, but for the derivation of an arbitrary
unsatisfiable CNF, possibly in the extension variables.

7.1 Lower bound over the integers

Suppose we have derived some unsatisfiable formula in CNF from eBVP,, in Ext—PC\Z/ . This
means that we have derived polynomial equations of the form C; -py = 0,...,Cp - pm = 0,
where each C}; is a nonzero integer constant and each p; is the translation of a Boolean clause.
The translation has the following form:

Di = Y51 " Yj, - 7Yy Yl

where each y; is a Boolean variable and —y, is a variable introduced via the extension rule
-y = 1 — yp. Note that each variable y; can be an extension variable, however, it is necessary
that we should derive that Cj - (y]2 —y;) = 0 for each y;, where C; € Z\{0}. We will fix those
equations CJ’- . (yj2 —y;) = 0 for later. Note that since we work over the integers, we cannot assume
that all C;’s and C]’-’s equal 1 (we cannot divide), though if we derive polynomials multiplied by
nonzero constants, it may still help in proving a lower bound for a CNF.

We start with formally defining how a substitution into the input variables changes polyno-
mials that use extension variables:

Definition 19. Suppose we have introduced variables yi, ..., Ym in an Ext—PCi/ derivation as
Y1 = Q1($17 o 7xn)73/2 = qQ(«le ey Iy yl)a ey Ym = Qm(xh o Iy Y1, - - 7ym—1)~

Then, for any wvariable y; and any vector of bit values {b1,...,b,} € {0,1}" we can define
substitution Yilg, =b, ... zn=b, i1 the following way:
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® Yiloi=br,..an=b, = q1(b1,...,bpn).

o Fori > 1 we define
yi‘xlzbl,...,anbn = qi(bla ce 7bTL7 yl’:ﬁ:bh...,xn:bn? < 7yi—1|x1=b1,...,xn=bn)'

For any polynomial f(x1,...,Tn,y1,...,Ym) € Z[T,y] we define flz —b,, . z,=b, i the following
way:
f|$1:b1,‘..,a§n:bn = f(blu o abnu yl’.l‘l:bl,.u,zn:bnv o 7ym|$1:bl,...,$n:bn)

Before proving our lower bound, we observe a property of Boolean substitutions:

Lemma 7.1. Suppose we have an instance of eBVP of the form M + x1 + 2xo + ... + 2" 1.
Consider any prime number p < 2™ and the binary representation by, ...,by of any number
0 <t < 2" such thatt = —M (mod p). Suppose we have an Ext—PC%/ derivation of the polynomial
equation f =0 from M + x1 + 229 + ... + 2" 'z, and the Boolean azioms xf —x; = 0. Then
the number flz =p, ... zn=b, 5 divisible by p.

Proof. The proof of this statement is a straightforward induction. It is obvious that the integers
M +by +2by+ ...+ 2n_lbn, bzz —b; =0 and (yl — Qi)|x1=bl,.--,xn=bn =0
are divisible by p. Now we will prove the induction step:

e If we have any derivation of the form f; = af; + 8 fi, where o, 8 € Z, then fi|y,=p, ... 20=bn
and fj|z,=p,,... zn=b, are divisible by p, so fi|z,=p,.... z,=b, is divisible by p.

o If fl = .I'jfk or fl = yjfka then

fl|$1:b1u~~-,xn:bn = bjfk‘zlzbly-wzn:bn or

Jtlar=br,.an=bn = Yjlar=br,...an=bn = [k|lz1=b1,..0n=bn>
SO filg1=b1,....zn=b, is divisible by p.

° f12 = fk, then since p is prime and fi|y,=b,,... 2,=b, is divisible by p, f; also should be
divisible by p.

O

Immediately we get the following corollary:

Corollary 7.1. Suppose we have an instance of eBVP of the form M +x1 +2x9+ ... +2" 1.
Consider any prime number p < 2" and the binary representation by,..., b, of any number
0 <t < 2" such that t = —M (mod p). Suppose we introduced extension variable y; for which
we have an Ext-PCi/ derivation of the polynomial equation C'- (%2 —vy;) =0 from M +x1+2x9+
...+ 2" g, Then, either the number C' is divisible by p, or Yilzy=by ... 5n=bn, = 1 (mod p), or
yi|751:bla---7xn:bn =0 (mOd p)'

Proof. Straightforward from Lemma 7.1. We know that C” - (y; ?cl:bl,...,mn:bn — Yilgr=b1 ... 2n=by, )
is divisible by p. Then, either ¢’ or (y;|?

C’31:1717---75’3n:bn
(yi|3:1=b1,...,xn=bn — Yilo1=b1,....zn=b, ) is divisible by p, then either y;|y —p,.. z,=b, = 1 (mod p),
O Yilz1=by,....on=b, = 0 (mod p). O

— Yilwy=by ... 5m=b,) 1s divisible by p. If

Now we are ready to prove an exponential lower bound over the integers:

Theorem 7.1. Suppose we have an Ext—PC%/ derivation of an unsatisfiable CNF from M + x1 +
...+ 27 g, = 0 and the Boolean azioms. Then at least one of the following three conditions

holds:
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o The number of clauses in this CNF is at least 2™/3.

e We have derived a polynomial equation C' - (yj2 —yj) = 0 and the constant C" is divisible
by at least Q(2"/3) different prime numbers.

o There is a clause C-yj, - - Yj, - Yo, - - ~Ye, such that the constant C' is divisible by at least
Q(2/3) different prime numbers.

Proof. Let Y be the set of variables occurring in our CNF.

Consider the set P of all prime numbers from {1,2,...,2" — 1}. Now consider any prime
number p € P. As in Lemma 7.1, we can take an arbitrary ¢t € Z, 0 < t < 2", such that
t = —M (mod p). Consider the binary representation by, ..., b, of this integer ¢. Corollary 7.1
says that for every y; € Y we have derived that C! - (y? — y;) = 0 and either C! is divisible by
Py OF Yilpy=by ... 5n=b, = 1 (mod p), or Yi|z,=p,,.. zn=b, = 0 (mod p). We fix now this particular
equation for y; in what follows.

Now suppose that for every y; € Y, the constant C! from equation C/ - (y? — y;) = 0 is not
divisible by p. Then we know that every number y;|z,=,, . z,=b, is Boolean modulo p. Thus
every number |y, =p, . z.=p, is also Boolean modulo p and

yi‘$1=b1,~~~7wn=bn =1- ﬂyi’11=b17--~7lﬂn=bn (mOd p)-

Then, since our CNF is unsatisfiable, we know that there is a clause C'-y;, -+ - yj, - =ye, - - 7We,.,
such that

(yjl gk s Yy _'yfr)’r1=bl7-~,rn=bn =1 (mod p).

On the other hand, from Lemma 7.1 we know that

C(Yjr Yj - "Yer Y8, w1 =by,....zn=b, = 0 (mod p).

Therefore, C' is divisible by p.

Summarizing everything, we get that for every prime p € P either we have derived a Boolean
equation C’ - (32 — y) where C is divisible by p, or there is a clause C - Yjo o Yg - 7Y Y,
where the constant C is divisible by p.

Now, if the number of clauses in our CNF is at least 2*/3, then the first condition of the
theorem holds. Suppose we have derived an unsatisfiable CNF with less then 2*/3 clauses. Then
we have less than 2/3 different variables in our CNF since it is unsatisfiable. Then we have
derived less than 2™/ equations of the form C!- (y? —y;) and less than 27/3 clauses of the form
C. (yj1 Y ey ﬁygr).

We showed that for any prime p € P there is either an equation C! - (y? — y;) such that C!
is divisible by p or a clause C'- (y;, - - ¥j, - ~We, - - - e, ) such that C' is divisible by p. So, since
the total number of those equations is less then 27/3+1 there is a constant C (maybe C' = CY)
from one of those equations that is divisible by at least 2,L|/L3|+1 prime numbers.

We know that the size of the set P is at least C” - 2"/n by the Prime Number Theorem
for some constant C”. Thus the constant C' should be divisible by at least C” - ﬁ prime
numbers, which is sufficient to satisfy the second or the third condition of the theorem. O

Corollary 7.2. Any Ext—PC‘Z/ derivation of an unsatisfiable CNF in n variables from eBVP,
requires size Q(2"/3).

Proof. If the number of clauses in this CNF is at least 2/3, then our derivation already has size

Q(2/3).
Otherwise, by Theorem 7.1 there is a constant C' in our derivation divisible by at least
Q (2”/ 3) different prime numbers. Thus, the bit size of this integer should be Q(2/3). O
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7.2 Lower bound over the rationals

In order to prove a lower bound over QQ, we need to convert an Ext—PCb{ proof into an Ext—PC%/
proof. We will use the following technical statement from [Ale21]:

Theorem 7.2 ([Ale21], Claim 12). Suppose we have an Ext—PCb{ derivation {Ry,..., R} from
some set of polynomials T' = {f1,..., fu} C Z[Z]. Also, suppose R, € Q[Z], which means that Ry
does not depend on newly introduced variables.

Then there is an Ext—PC‘Z/ derwation {RY, ..., R},} fromT', where

=0 S 6 .L?H C LRy
and
® C1,C2,...,Cl4¢ Gre some non-negative integers.
e Fach L; € N is the product of all denominators of coefficients of polynomial R;.

o The set of constants {61,02,...,0;} C N is the set of all denominators of the constants in
{71,72,-- s}, where {y1,72,...,m} C Q is the set of all constants o and 5 occurring in
linear combination steps in the proof. This means that some R;(Z,y) was derived by using
the linear combination rule with the constants o and 3, or in other words, R; = aR; + B3Ry,
for some previously derived polynomials R; and Ry.

Note. Observe that the size of the derivation {R',..., R},} can be exponentially larger then the
size of the deriwation {Ry,...,Ri}. However, this fact does not affect our proof, because in the
next theorem we are concerned with divisibility only.

Now we will use Theorem 7.2 to prove a lower bound over the rationals.

Theorem 7.3. Any Ext—PCé derivation of an unsatisfiable CNF from eBVP,, requires size
Q(2/3).

Note. Since diviston by integer numbers is allowed in Ext—PC\/, we can assume that the trans-
lation of the CNF has the following form:

Di = Y510 Yj, - 7Yy Yl
and the translations of equations for Boolean variables has the form y2-2 —y; = 0.

Proof. If the number of clauses in this CNF is at least 2"/3, then our derivation already has size
Q(2/3).

We can thus assume that the number of clauses is less than 27/3.

From Theorem 7.2 we know that there is an Ext—PC‘Z/ derivation from eBVP,, where all the
clauses have the following form:

55t ! -Lff“mLf“rt Yi Yik e e, = 0,
and all the Boolean equations for the variables in those clauses also have the form
2
5t ..5231 -Lfl“ . ..L§l+t (y; —yi) =0.

Then from Theorem 7.1 we know that for some clause or equation for Boolean variables 67" - - - (5lcl .
L™ - L{** is divisible by at least (2”/ %) different prime numbers.

Since 61,...,6;, L1,..., L are positive integers, we know that d;---9; - Ly - -+ Ly is divisible
by at least €2 (2”/ 3) different prime numbers. We also know that

log[d1] + -+ 4+ log[d;] +1log[L1] + -+ +1log[ L] < O(Size(S))
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because all constants Lq,...,L; are products of denominators in the lines of our refutation
{R1,...,R:} and all constants d1,...,d; are denominators of rationals in linear combinations
used in our derivation.

On the other hand, we know that for some constant C” the following holds:

§p---8 - Ly--- Ly > 20" 2"

since our product is divisible by at least (2 (2”/ 3) different prime numbers. Therefore, S >
Q(2"/3). O

8 Further research

A long-standing open question in semialgebraic proof complexity is to prove a superpolynomial
lower bound for a rather week proof system (called LS after Lovdsz and Schrijver), namely for
its most basic version [Pud99]: consider only polynomials of degree at most two, express then as
sums of monomials with coefficients written in binary, allow the addition and the multiplication
by the input variable z or its negation 1 — x only. (That is, no arbitrary multiplication, no
squares axioms (f? > 0), no extension variables.) Recently lower bounds on very strong proof
systems have been proved for systems of polynomial equations (based on eBVP) that do not
come from Boolean formulas. Does this generalization help to prove superpolynomial lower
bounds for polynomial inequalities, for example, for LS?

We have shown a polynomial simulation of Ext-LS, , proofs in Ext-PC augmented by the
eBVP rule, which was already known for stronger systems IPS vs CPS [AGHT20]. How can we
weaken the basic system so that the statement remains true? For example, following [Bus87| we
can simulate binary arithmetic in logarithmic depth (by formulas), which, unfortunately, gives
only log?n depth proofs. Is it possible to do better?
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