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—— Abstract

We introduce Graphical Algebraic Geometry (GAG), a family of diagrammatic languages extending
the Graphical Linear Algebra programme. We construct several languages within this family and
prove that they are universal and complete for the corresponding (co)span semantics of commutative
algebras and affine varieties. This framework provides clear graphical representations of algebraic
structures — such as polynomials, ideals, and varieties — enabling intuitive yet rigorous diagrammatic
reasoning.

We showcase two practical viewpoints on GAG. First, we show that instances of counting
constraint satisfaction problem (#CSP) are recast as rewrite problems of closed diagrams in GAG.
This means that deciding rewritability in GAG is #P-hard, and GAG can be viewed as a complete
and compositional rewrite system for networks of polynomial constraints. Second, we characterize the
qudit ZH calculus, a diagrammatic language for quantum computation, as an extension of Graphical
Algebraic Geometry. This establishes the correspondence that Graphical Algebraic Geometry is to
the ZH calculus what Graphical Linear Algebra is to the ZX calculus. Using this construction, we
show that computing amplitudes in qudit ZH requires only a constant number of queries to a GAG
oracle.
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1 Introduction

Algebraic geometry and commutative algebra have been important influences in several fields
in computer science, for example in robotics [1], computer vision [38], and in cryptography [28].
In the converse direction, computational techniques have become influential in algebraic
geometry with the advent of computer algebra systems [23].
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Of particular interest to us is the use of commutative algebra and geometry in two related
areas of research. The first, and perhaps more obvious one, is that of Constraint Satisfaction
Problems (CSP) [67]. A CSP instance where constraints are given as polynomials is a problem
about an algebraic variety. In particular, in the case where the domain of the CSP is a finite
field F,, the corresponding #CSP instance [43] is to count F,-rational points in a variety
defined by polynomial constraints — a classical and central problem in 20th century algebraic
geometry [40, 70]. More recently, cryptographic proof systems such as SNARK and STARK
have relied heavily on algebraic techniques over finite fields, demonstrating the continuing
relevance of this approach [7, 35].

The second area is quantum information theory. It has long been known that algebraic
geometry can be used to design classical codes with good asymptotic behavior [63, 8, 34,
68, 42, 37, 69], and that via the CSS or stabilizer constructions these classical AG codes lift
to quantum error correction (QEC) codes with equally good properties [2, 59, 58, 29, 45,
44, 65, 66]. Such codes also played a central role in the groundbreaking construction of a
magic-state distillation protocol with constant overhead [71]. Aside from error correction,
algebraic geometry has also served as a useful language for foundational areas of research
such as quantum entanglement and quantum contextuality [19, 60, 55, 31, 27].

To systematically understand the role algebraic geometry can play in quantum information
theory, we propose that graphical calculi would be useful. Graphical calculi are compositional
diagrammatic languages based in category theory, equipped with formal “rewrite rules”
with which one can manipulate diagrams rigorously as equational terms. For an in-depth
exposition of graphical calculi and rewrite theory, see [9, 10, 11]. Such calculi are usually
designed to represent some family of physical phenomena or computational processes. For
instance, the ZX calculus and its related calculi have become prominent as languages for
representing quantum computational processes [17, 18, 24, 50, 49, 61].

When considering the classical algebraic structure inherent in quantum computing, we
often encounter fragments of the quantum calculi that are best characterized by languages
in the family called Graphical Linear Algebra (GLA) [13, 15, 73]. Broadly speaking, GLA
consists of diagrammatic languages that have denotational semantics built from classical
algebraic structure. On the semantics side, the GLA story begins with a category of classical
maps: for example, the linear maps between Fo spaces. It then applies the (co)span or the
(co)relation construction to that category to obtain a dagger-category. For example, Fy
linear maps give rise to spans of Fs linear maps, or to Fy linear subsets. On the syntactic
side, it builds a simple diagrammatic language with generators that have clear semantic
interpretations, and rewrite rules that characterize denotational equivalence.

Languages in the graphical linear algebra family are excellent at picking out fragments
of quantum computation that correspond to some given notion of a “classical-relational
backbone”. For example, the CSS codes resulting from classical Fs-linear codes correspond
to the phase-free fragment of the ZX calculus [48], which is picked out by the language of
interacting bialgebras [13], the language that kickstarted the GLA literature. Similarly, the
language of interacting Hopf algebras [15, 73] picks out the phase-free fragment of the qudit
ZX calculus, which models the linear-relational core of qudit computation. Expanding our
algebraic structure from linear to affine algebra, the language of graphical affine algebra [12]
picks out the phase-free ZX with a Pauli X gate, which is the affine-relational core of qubit
computation [20].

Of course, GLA has applications far beyond quantum computing. For instance, the
language for linear relations over a field of rational functions R(x) models signal flow graphs
and linear dynamical systems [14, 6, 26], while the language for affine relations models the
fundamental structure of concurrency [12]. The strength of GLA lies in its ability to model
a remarkably varied set of physical phenomena using the same formal structure.
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However, existing versions of GLA are not yet sufficient to model the fragment of quantum
computation with classical algebraic geometry as its “backbone”; nor can they reason about
generic constraint satisfaction problems built on polynomial constraints. This is because
commutative algebra involves a multiplication operator (an AND gate in the Fy case), which
is essentially nonlinear (and non-affine for that matter). A graphical calculus that models
classical algebraic geometry would need to supply such an operator, or equivalently, to supply
the Toffoli gate.

In the realm of quantum computing, the ZH calculus [3, 4] or equivalently the ZX&
calculus [20, 21] supplies such a gate for the Fy case, and the Galois-qudit ZH calculus [64, 30]
serves as the appropriate version in the nonbinary case. The motivating question of this paper
is therefore: can we extend GLA in a principled and simple way, to pick out the nonlinear
“classical backbone” of the ZH calculus, corresponding to classical algebraic geometry? If so,
can we provide a sound and complete set of rewrite rules for that extension?

The answer is yes. However, unlike in the linear case, in which algebra and geometry
coincide, we must deal with a gap between commutative algebra and algebraic geometry,
which is bridged by a family of theorems known as the Nullstellensatze [41, 32, 39]. Therefore
we construct our extension of GLA in two steps.

First, we develop a language GCAy, which we call graphical commutative algebra (GCA).
Diagrams in GCA are built from gates corresponding to copying, addition, scaling, multi-
plication, and the units of these operators — the standard generators featured in the theory
of commutative algebras. Diagrams can be reduced to a pseudonormal form that looks like

AR
(FlO— — OS> (1)

Denotational semantics are given as structured cospans of commutative algebras. In the
pseudonormal form (1), the vertical wires denote a commutative algebra quotiented by the
ideal (g1,...,9n), while f; and fs denote two algebra morphisms pointing into it. This
captures the nonlinear algebraic backbone of quantum processes in ZH. Our first main result
is a sound and complete rule set for GCA; with respect to these cospan semantics.

Second, we develop languages GAGy, and GAG,, which we refer to as Graphical Algebraic
Geometry (GAG) over algebraically closed fields and finite fields, respectively. Diagrams
in these are built from the same generators as diagrams in GCAg, but they are subject to
further rewrite rules that express the content of the Nullstellensatze. Denotational semantics
are given respectively, as structured spans of affine varieties, and of F,-loci of varieties (or,
equivalently, of finite sets). We still have the same pseudonormal form (1), but now the
vertical wires with polynomials g1, ..., g, denote an affine variety carved out by polynomial
constraints, and f, fo are polynomial maps pointing out of it. This captures the nonlinear
geometric backbone of quantum processes in ZH. Our second main result is that these
languages are sound and complete with respect to their span semantics.

Our languages bear a clear relation to CSP instances with polynomial constraints. As will
become clear, a diagram of the form —@>—0 just is the CSP instance with constraints g = 0,
while the diagram O—2—0 is the #CSP problem of counting the number of points satisfying
g. Our language, then, gives a compositional and complete rewrite system for networks
of CSP instances with polynomial constraints. Through this view of GAG, we show that
determining rewritability of an arbitrary pair of GAG diagrams is #P-hard. In the special
case where the field is 3, this just reduces to a compositional language for SAT instances.
This serves as an algebraic elucidation of two ideas already present in the literature: first,
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that the ZX& calculus completely models “qubit multirelations” [21]; and second, that the
ZH calculus can be used to model #SAT instances, and to reason about optimizations of
#SAT algorithms [51, 52].

On the other hand, we justify our claim that GAG is to ZH what GLA is to ZX by
characterizing the Galois-qudit ZH as an extension of GAG over finite fields. Indeed, we
show that once we have access to the “classical backbone” carved out by GAG, any process
in ZH can be built by consuming just a single basis state in the Fourier basis, up to a finite
number of global scalars.

Outline of the paper

We begin in Section 2 by covering the requisite theoretical background on category theory
and algebraic geometry. In Section 3, we discuss the Lawvere theory of commutative algebras,
which serve as a building block (the “forward fragment”) of our languages. We then construct
the (co)span semantics categories of interest, namely, the structured cospan category of
commutative algebras, and the structured span category of affine varieties, in Section 4. We
prove our first main result in Section 5, where we construct the language GCA and prove its
soundness and completeness for cospans of commutative algebras. The second main result
is proven in Section 6, where we construct the languages GAGy and GAG,, and prove their
soundness and completeness for spans of affine varieties and of rational loci, respectively. In
Section 7, we show that closed diagrams in GAG are equivalent to instances of #CSP, and
therefore rewriting in GAG is #P-hard. Finally, in Section 8 we show how the Galois-qudit
ZH can be built as an extension of GAG.

Related Work

There have been several previous works which present diagrammatic languages of a similar
flavor, although never from an explicitly algebraic-geometric angle. Lafont has presented an
graphical calculus [54] of Boolean circuits which is equivalent to our “polynomial fragment”
(Section 3), but modulo the additional rule that encodes the identity x?> = z for boolean
variables. As will become clear in Section 6.2, this makes it a “forward fragment” of the
language Lgpan constructed in section 6.2, for the finite field Fo. Wilson and Zanasi have
presented a diagrammatic language which formalizes differentiation of polynomials [72].
Underlying that language is a notion of polynomial circuits, which is again identical to our
polynomial fragment in Section 3, defined over arbitrary semirings. Finally, the ZX&-calculus
of Comfort [21] is the same language as the language GAG, constructed in Section 6.2 for
the field F5. However, the completeness proofs for the ZX&-calculus are tailored for that
specific field, so in comparison, our approach serves to elucidate the algebraic nature of the
language even in the case of Fs.

2 Background

2.1 Diagrammatic Languages

In this section we present the theory of PROPs as it relates to the construction of our
diagrammatic languages. For a more in-depth and theoretical discussion of PROPs, we
recommend the excellent note by Lack [53].



D. Gao, R. A. Shaikh, and A. Kissinger

D,Dy, Dy = "><

Figure 1 Recursive Definition of Diagrammatic Terms.

» Definition 1 ([57]). A Product-and-Permutation-Category (PROP) is a strict symmetric
monoidal category C with Ob(C) = N, whose monoidal product on objects corresponds to
addition of natural numbers.

A PROP morphism from C to D is a strict symmetric monoidal functor such that 1¢ — 1p,
or in other words, the objects are fized. A PROP isomorphism is a PROP morphism that is
fully faithful.

When we speak of a presentation of a PROP, we are speaking about a particular data
structure, which we describe here with terminology adopted from the graphical linear algebra
literature [15].

» Definition 2. A signature is a set S = {f; : n; = m;};cx where each element has a name,
a number of inputs, and a number of outputs, and is pictured as a node in a string diagram:

nit | f, | tmg
L N ‘

A diagrammatic term over a signature S is an inductive structure constructed as in
Figure 1.

A diagram over S is an equivalence class of diagrammatic terms, where the equivalence
relation is the one generated by the coherence axioms of strict symmetric monoidal categories,
under the standard interpretation of string diagrams as morphisms in strict symmetric
monotdal categories.

» Definition 3 ([15]). A symmetric monoidal theory (SMT) is a pair of sets (S, E), where
The set S is a signature, whose elements are also referred to as the generators or the
spiders;

The set E ={D; ~ D;}jej is a set of pairs of diagrams over S, where each pair relates
two diagrams with the same numbers of inputs and outputs. These pairs are called the
relations or rewrite rules;

» Definition 4. For any symmetric monoidal theory (S, E), there is a corresponding PROP
(S)/E, where:
Morphisms from n to m are equivalence classes of diagrams over S with n input wires
and m output wires, where the equivalence relation is the smallest one containing the
azxioms E while satisfying the laws of transitivity and substitution;
Composition is plugging together of wires, and monoidal product is side-by-side juxtaposi-
tion:

» Definition 5. If there is a PROP isomorphism (S)/E = C, we say (S, E) presents C.

Because a presentation, in this sense, lends itself to diagrammatic representation so
naturally, we use diagrammatic language for C as a synonym for a presentation of C.
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Often we have a concrete PROP C in mind (for example, the PROP Matg of finite
matrices over a ring R), and we want to find a presentation for it. It is useful, then, to think
of this as constructing a “syntax category” (S)/FE, and a “semantics functor” [—] : (S)/E — C.
If [-] is well-defined as a PROP morphism, we say that E is sound for C. If it is full, we say
that S is universal for C. If it is faithful, we say that E is complete for C. If it is all three at
the same time, then it is a PROP isomorphism, and so we have a genuine presentation of C.

The simplest useful examples of presentations of PROPs are Lawvere theories of well-
behaved algebraic theories, which we now define.

» Definition 6 (Lawvere Theory). A Lawvere theory is a PROP L whose monoidal product
s also its category-theoretical product, admitting a strictly identity-on-objects and product-
preserving functor Xg — L, where Rq is a skeleton of the category of finite sets and functions.
Intuitively, a Lawvere theory is a PROP equipped with a cartesian structure (of copying
and deleting).
A model of a Lawvere theory L is a finite product preserving functor I — Set. The models
of a fizred Lawvere theory form a category Mod(L).

» Proposition 7 (Standard Fact on Lawvere Theories. See for example [16]). Let T' be a monad
on Set that is finitary (i.e. it preserves filtered colimits). Then there is a Lawvere theory Ly,
defined by the equational theory of T, such that Mod(ILy) ~ Alg(T') where Alg(T) denotes the
FEilenberg-Moore category of T. Moreover, L is equivalent to the opposite of K1T| iy, the
Kleisli category of T restricted to finite objects.

For instance, suppose we want to find a presentation for the category Matg of finite
matrices over a ring R. Let T be the monad sending a set X to the free R-module generated
by X. Then Matp is equivalent to the opposite of K17'| ;. The Lawvere theory for finite-
dimensional R-modules is therefore equivalent to Matgr. But the Lawvere theory is also, in
itself, a neatly presented PROP: the generators are the operations in the Lawvere theory

{—cZ —O0 To— o— Vr € R}

(copy, delete, add, zero, scaling by ) and the rewrite rules are the usual axioms of R-modules.
This yields a diagrammatic presentation of the PROP Matp, as we wanted.

However, in the GLA literature, the target PROP is usually more complicated than the
Kleisli category of an algebraic monad. In particular, it usually has a dagger structure.
Building presentations of such PROPs requires us to be able to synthesize larger PROPs out
of smaller ones. The simplest way to do this is via PROP sum.

» Definition 8 ([73]). A sum of PROPs C + D is their coproduct in the category of PROPs.

» Proposition 9 ([73]). If C has a presentation (S1, E1), and D has a presentation (S, Es),
then C 4+ D has presentation (S1 U Sa, F1 U Es)

In the sum of PROPs, morphisms coming from two different PROPs of course do not
interact. To endow interactive behaviour on morphisms of C and D, we need the notion of
distributive laws of PROPs.

» Definition 10. A distributive law is a rewrite rule that distributes morphisms from the
. feCgeD g'eDf'eC
two different PROPs past each other: —— ~ ——
If FE is a collection of such rewrites, then C +g D denotes the PROP presented by

(S1USe, By UEs UE).

Note, this is not the traditional way in which distributive laws and their resulting categories
are defined, but in the case where C and D admit presentations (which is the only case we
encounter in this paper), this is in fact equivalent to the traditional definition [53].
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2.2 Algebraic Geometry

In reviewing the basic algebraic geometry tools required for our purposes, we follow standard
texts [22, 39, 25].

We denote by k an arbitrary field, and k its algebraic closure. Likewise we denote by F,
a finite field of size ¢ = p" for some prime p, and F, its algebraic closure. The category of
finitely generated commutative algebras over k is denoted CAIgL’g'.

2.2.1 \Varieties and Polynomial Mappings

The basic objects we will be concerned with are affine varieties. Intuitively, we think of
an affine variety as a place where certain polynomials evaluate to zero. If, say, a set S of
polynomials all evaluate to zero at a certain place in space, then it’s clear that any linear
combination of polynomials in S also evaluate to zero. Thus, we think of affine varieties as
being affiliated to ideals of polynomials, rather than just to sets of polynomials.

» Definition 11. Let I C k[z1,...,xz,] be an ideal. The zero-set of I is V(I) = {ack" |
Vfel, f(a) =0} An affine variety over k is a zero-set of any ideal of polynomials.

Notice that a variety is a subset in a space over the algebraic closure of the base field.
This is necessary, because in general the roots of polynomials exist only in the algebraic
closure. However, often we need to reason about the restriction of a variety, either to the
base field, or to some intermediate field. This is captured in the following notion:

» Definition 12. For an intermediate field k C k' C k, the k’-rational locus of a variety
Vck isvE) =vn (K")™; i.e. the set of points in V whose coordinates lie entirely in k'.
When we say “a rational locus over k” without naming an intermediate field, we mean the
k-rational locus of a variety over k.

We now define the category in which these geometric objects live:

» Definition 13. Let V C &k and W C k' be affine varieties over k. A function ¢ :
V — W is a k-polynomial mapping if there exists a polynomial tuple f = (f1,..., fm) €
(k[z1,. .., xn))™ such that ¢p(ay,...,an) = f(a1,...,ayn) for all (a1,...,a,) € V.

The polynomial mappings from V' to k itself form a commutative algebra over k, called
the coordinate ring of V, and denoted k[V].

» Definition 14 ([22]). For each fized field k, the polynomial mappings between affine
varieties over k form a category AffVary,. For each intermediate field k C k' C k, there is a
full subcategory Aff\/arfck ) ¢ AffVar, consisting of affine varieties that are k'-rational.

The following gives a basic rule regarding how the variety V, its set of vanishing polynomi-
als, and its coordinate ring are related to each other, thus yielding a functorial correspondence:

» Proposition 15 ([22]). The coordinate ring of V can be computed as k[V] =
klx1, ..., 2n]/Ik(V) where I (V) is the ideal of polynomials that vanish on V. The coordinate
ring map k(-] is a fully-faithful contravariant functor AffVary? — CAlg',;'g'.

2.2.2 The Nullstellensatze

We’ve seen how the coordinate ring functor k[—] associates an algebraic object to each
geometric shape (the variety). We will now show that this association is not an equivalence of
categories, but very close to being one. The connection in the opposite direction is provided
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by Hilbert’s Nullstellensatz for algebraically closed fields, and its alternative formulation for
finite fields. It’s not surprising that we will use these in Section 6 to move from graphical
commutative algebra to graphical algebraic geometry.

» Proposition 16 (Hilbert's Nullstellensatz). [39] Let k be an algebraically closed field, and
J C k[z1,...,2,] an ideal. Then I, (V(J)) = /J.

We want to see this as an equivalence between a category of algebraic objects and one of
geometric objects. So let us now translate this into the language of category theory:

» Definition 17. A commutative algebra is reduced if it has no nonzero nilpotents. The full

subcategory of CAIg‘;g' consisting of reduced commutative algebras is denoted CAlgzg" red.

» Proposition 18 ([25]). The functor (—),q : CAlgh® — CAlgh® ™" sending A — A/nil A
is the left-adjoint of the inclusion CAIgL‘g" red- CAIg‘;g'.

» Proposition 19 (Hilbert's Nullstellensatz, Categorically). [25] If k is an algebraically closed
field, then the coordinate ring functor k[—] gives an anti-equivalence of categories

k[~] : AffVar? ~ CAIgj® ™ (2)
Denote its inverse functor (up to isomorphism) as Spec : CAIgZ’g" red- _, AffVar?

We now turn our attention to the case of finite fields. While affine varieties over
algebraically closed fields are “rare” among the subsets of k™, any subset of Fy is an affine
variety over IF:

» Proposition 20. The category Aff\/arg‘I)

FinSet of finite sets and relations.

of rational loci over F, is equivalent to the category

Proof. It is well known [33, 56] that any subset of Fy is an affine variety, and any function
between them is polynomial. |

However, our results are most easily read if we think in terms of polynomial constraints
and morphisms, rather than subsets and functions. We retain the notation Aff\/ar]g") as a

reminder of this “attitude”.

» Proposition 21 (Finite Field Nullstellensatz). [32] Let J be any ideal of n-variable polynomials
over a finite field. Then I, (VEI()) =T+ L7 where Iy = (x] —x1,..., 0% — x,).

As with Hilbert’s Nullstellensatz, we now translate the Finite Field Nullstellensatz into a
statement about categorical equivalence:

» Definition 22. A commutative algebra A over F, is called q-reduced if for every f € A,
f? = f. The g-reduced algebras form a full subcategory CAIg}'qg" ared- CAIgFF'f'.

» Definition 23. For a finite field Fy and a finitely generated commutative algebra A over it,
define its q-radical as the ideal Ty(A) == (f1— f: f € A).

» Remark 24. If {z1,...,z,,} generate A over F, then I',(A) =T = (z{ — x1,...,2% — ).

L This is our terminology. In finite field error correction literature this is just called “reduced” [32], but
we need to avoid confusion with the aforementioned more standard notion of reduction from algebra.
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» Proposition 25. The functor (—)gred : CAIngF'f' — CAIg{F‘f" el apping A — AJT4(A) is
left-adjoint to the inclusion.

» Proposition 26 (Finite Field Nullstellensatz, Categorically). For a finite field Fy, the coordin-
ate ring functor Fq[—] restricted to the Fq-rational loci defines an equivalence of categories

Fyl] : AfVarf ™™ o CAIghs ot 3)

Denote its inverse functor as Spec : CAIngF'qg" ared. AfF\/arI(FE;Q)OP

Proof. Since Aff\/arg") ~ FinSet, this is really a nonbinary version of the Stone duality
between finite boolean algebras and finite sets [46]. For a proof along this approach see [56].
For a more algebraic perspective see also [36]. <

» Notation. The g-reduced versions of the free commutative algebras will be denoted Ry =
SF, (n)/Fg7 and the full subcategory of CAIg;qu' consisting of such algebras will be denoted
Poly]?fqed‘. Let F : Poly%;ed‘ — CAIg[fF‘qg‘ be its inclusion functor. This will used in Section /
when we define the span-semantics target of graphical algebraic geometry.

3 The Polynomial Fragment

Consider the free-forgetful adjunction Sy 4 U : CAlg;, = Set. On finite sets n, Si(n) is just
the polynomial algebra k[x1,...,x,]. Then let T}, = U o Sy be the associated monad.

» Definition 27. Let Poly, be the full subcategory of CAIg',;'g' given by the image of S
restricted to finite sets. In other words, let Poly, be the Kleisli category of Ty, restricted to
finite sets, corresponding to the polynomial algebras k[x1, ..., xy).

» Notation (Sharps and Flats). It is worth being careful about the equivalence between Poly,
and K1Ty| fin, the Kleisli category of Ty, restricted to finite objects. If f € (k[x1,...,x,])™ is
a tuple of polynomials, denote by f¥ its unique extension to an algebra morphism Si(m) —
Si(n). This acts on a polynomial g(y1, .. .,Ym) by substituting y; with f;(x1,...,z,). Notice
the contravariance implicit in this: algebra morphisms point and compose in the opposite
direction than polynomials. Conversely, if ¢ : Sp(m) — Sk(n) is an algebra morphism, denote
by ©* :m — Si(n) the corresponding tuple of polynomials defined by go?- = p(x;).

Recall from Section 2.1 that for any finitary monad T', there is an equivalence K1T'| f;,, ~
L7, where Ly denotes the Lawvere theory corresponding to 7. In our case, the Lawvere
theory is that of commutative algebras over k, which we denote L¢ 41q,. Then:

» Proposition 28. The generators and rewrite rules depicted in Figure 2 form a presentation
of the PROP L¢ ag, =~ Poly;”.

Proof. This is the standard presentation of the Lawvere theory of commutative algebras
over k, with the following interpretation for the diagrams: the white dots —C__ and —O
are read as copying and its counit deleting, the grey dots — 30— and O— are read as adding
and its unit zero, the yellow half-moons —{)— and (}— are read as multiplication and its
unit one, and the “squeeze” gadgets labelled by elements of k are read as the scaling
operation by the field k£ on a k-commutative algebra. The rewrite rules of the Lawvere theory
guarantee that each (finite variable) polynomial with coefficients in k can be expressed as a
diagram in this language uniquely up to rewrites. <
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Multiplication-addition distributivity

(2ERO-IN-K)

:4007

(k-ADD)
o p—"*

(kM)
= ™

Figure 2 The Theory Lcaig, of Commutative Algebras over k.

» Notation (Scalable Notation). We can now unambiguously introduce scalable notation for
diagrams in Lo alg, . For n € N we define n-labelled wire and gates, as depicted in Figure 3.
For every polynomial tuple f € (k[x1,...,2,]))™, we abbreviate the diagram (unique up to
rewrites) that corresponds to f# in Loayg, asn —>D—m.
For example, for the polynomial tuple f = (11 + 22, v123 +27)

- S

Notice that the contravariance between morphism composition and polynomial compos-
ition has been inherited by our diagrammatic language. Diagrammatically, everything is
drawn in the direction of the Lawvere theory Lc aig, . So n —>/>— m corresponds to a tuple
of polynomials (k[xy,...,2,])™, which corresponds to a morphism f# € Poly,(m,n). The
necessity for this will become clear in Section 6 when we construct the language for spans of

€ (k[z1, w2, z3])?, we have

(4)

affine varieties.

» Proposition 29. From the rewrite rules of Lcaig, it is possible to derive the rewrite rules
about polynomials in the scalable notation, as depicted in Figure 4.

Proof. See Appendix A in the full version of this paper. <
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n n
n . n .
n = = n =
n —0O n n
—0 — n : oO— — (F —

Figure 3 Scalable Notation for Lo aig, -

poL\:oPY) » (POLY-ADD)
- { p—=

29>
(POLY-DEL)
%:}O = —0
» (POLY-MULT)
(POLY-COMP) ..' =
—2P——D— = ——DgoH— ST

Figure 4 Rules for Scalable Notation.

4 (Co)span Semantics

In this section we describe the target semantics categories of graphical commutative algebra
and graphical algebraic geometry. We begin by recalling the definition of structured (co)spans,
which is of particular importance here:

» Definition 30 ([5]). Let F : A — X be a functor where X is a category with pullbacks.
Define the bicategory of structured spans pSp(X): its objects are those of A; its 1-cells
are pairs of X morphisms of the form FA < S — FB with A, B € A, which compose via
pullback (shown on the left), and its 2-cells are commuting diagrams (shown on the right):

SXFBT ‘/S\
S/ V \T FA l FB
A FB F

F C S’

Quotienting the categories of 1-cells of pSpP(X) by the 2-isomorphisms, we obtain a 1-category
r Span(X), whose objects are those of A, and morphisms are isomorphism classes of spans
FA+ S— FB.

For a functor F : A — X where X has pushouts, the bicategory of structured cospans
rCsp(X) and the 1-category g Cosp(X) are defined dually to the above, with 1-cells of the
form FA — S < FB and composition given by pushout instead of pullback.

The following is an immediate well-known consequence of the dual nature of the definitions
of structured cospans and spans:

» Proposition 31. If F: A — X is a functor and X has pullbacks, then X°P has pushouts,
and there is an equivalence g Span(X) =~ pop Cosp(X°P) where F°P : A% — X°P is the dual
functor of F.

LICS 2026
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» Definition 32. In the structured span construct, the category A embeds into p Span(X)
both covariantly by the graph embedding:

Gspan : (A EN B) s (FA —FA FB) (5)
and contravariantly by the cograph embedding:

G

Span :

(A EN B) > (FB Y raA= FA) (6)

Similarly in the structured cospan construct, the category A embeds into p Cosp(X) covariantly
by the graph embedding Gcosp and contravariantly by the cograph embedding G%’;Sp.
The following are not new results, but are recalled here as we shall need it immediately.

» Proposition 33. For any field k, the category CAIgZ‘g' of finitely-generated commutative
algebras over k has pushouts.

Proof. To construct the pushout: suppose A = k[z1,...,z,]/1a, B = kly1,...,ym]/IB,
C =klz1,...,2]/Ic with maps A < ¢ B. Then

S R TP T (7)
Ia+ 15+ 3021 (0(2i) — ¥(2:))

Where, by a slight abuse of notation, I4, I denote the images of I4, I via the embeddings
Elx1,...,2n] < kX1, Tny Yty Ym] < K[Y1, - Ym) <

A®c B =

» Corollary 34. If k is either algebraically closed or finite, the category Aff\/ar,(ck) has pullbacks.

We are now ready to define the three target semantics categories we meet in this paper:
one for graphical commutative algebra, and two for graphical algebraic geometry. As we
shall see later in proposition 37, structuring the (co)spans with respect to the appropriate
inclusion functors ensures that each of these semantics categories is a PROP.

» Definition 35 (Semantics Category for Graphical Commutative Algebra). Consider the
structured cospan category g Cosp(CAIg';g'), where F is the inclusion of the free commutative
algebras into the finitely generated commutative algebras. The objects of g Cosp(C/—\Ing‘) are
polynomial algebras klzy,...,x,], and its morphisms are structured cospans

Elz, .. zn] D AL klys, ... yml (8)

where A is some finitely generated commutative algebra over k.

» Definition 36 (Semantics Category of Graphical Algebraic Geometry). Consider the structured

(Fq)

span categories g Span(AffVary) and ¢, Span(AffVarqu ), where G and G4 are the inclusions

of the free spaces k™, Fy in the categories of affine varieties. The objects are free spaces k™
and By respectively, and morphisms in ¢ Span(AffVary) are spans of polynomial maps

E" =V — k™ Fy < W =T (9)
respectively, where V is an affine variety over k and W is a rational locus over Fy.

» Proposition 37. The three semantics categories constructed above are PROPs.
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Proof. The objects of g Cosp(CAlg;g') are the polynomial algebras k[z1,...,x,], the mon-
oidal product on objects is k[x1,...,2,] @ k[y1, ..., ym] = k[T1, .-, Zn, Y1, - -, Ym); and on
morphisms by the tensor-product of algebra morphisms on both legs of the cospans.

The braidings are given by the graphs of

ok, Ty Yty Ym] = KU1y Y, X1, X (10)
The proofs for the other two categories are similar. |

The semantics categories for GCA and GAG are related, and we now explain this relation.
First, note that the structured (co)span construction is “functorial”:

» Proposition 38 ([5]). Given F: A — X and F' : B — Y, with X, both having pullbacks,
AL x

if there is a commutative square of functors o] v and VU preserves pullbacks, then
B—Y

there is a functor Span(V¥,®) :p Span(X) — p/ Span()) which sends the structured span

(FA; <i D EEN FAs) to a structured span in g Span()) by hitting everything with V. The
dual statement is true for structured cospans.

» Corollary 39. In particular, in the situation of proposition 38, if ®, VU are both equivalences
of categories, then the induced functor g Span(X) — g Span(Y) is also an equivalence of
categories.

Now to explain how our three semantics categories are related: recall from proposition 25
from the background section that there are functors

(= )red : CAlgh® — CAlgl&” ™
(=)gred : CAIngF'f' — CAIngFf" qred. -

each of which are left-adjoint to the inclusion in the opposite direction, and therefore they
preserve pushouts. Moreover, they commute with the inclusions of the polynomial algebras
F : Poly, — CAIg;g' and F, : Poly%;ed' — CAIgFF'f'. The functoriality of the structured cospan
construction (proposition 38) implies there are functors

# Cosp(CAIgh®) 124, 1 Cosp <CAIg;‘g" d)

# Cosp(CAIgh®) 2%, Cosp (caighe =) (12)

Now recall that if k is algebraically closed, then there is an anti-equivalence (19)

Spec : CAlgh® ™% ~ AffVar? (13)
and if IF,, is finite of size g, then there is an anti-equivalence (26)

Spec : CAIngF‘qg" ared. AfFVarI(FIZ‘I)op (14)

Moreover, it is easy to check that these commute with the inclusions F|, Fy, G,G, in the
obvious way. So using the duality between span and cospan (31) we obtain maps

r Cosp(CAlg}®) e, - Cosp (CAlgﬁf" red') ~ ¢ Span(AffVary)

F Cosp(CAIngFf') mpq Cosp (CAIgEJf" qred') ~ g, Span(Aff\/arg‘Z)) (15)

48:13
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5 Graphical Commutative Algebra

We now work towards a diagrammatic presentation, which we refer to as Graphical Com-
mutative Algebra (GCA), of the structured cospan category g Cosp(CAIg‘;‘g'). All lemmas,
propositions, and theorems in this section are proven in Appendix B in the full version of
this paper, unless otherwise specified.

5.1 Defining the Calculus GCA,

Our language GCAj, will be defined essentially as an amalgamation, modulo certain additional
rewrite rules, of the Lawvere theory Lcaig, and its own opposite, so as to become a dagger-
category:

» Definition 40. Construct the PROP GCA, = Lo, +E LonAlgk where E is the set of
rewrite rules displayed in Figure 5.

We supply this PROP with an intended semantics functor [—] : GCA — g Cosp(C/—\IgL‘g')
by mapping each generator in Lcaig, via the cograph embedding, and each generator in
L¢targ, via the graph embedding.

o
L arg, ——— Poly?”

!

Loag, + Ly, — GCA, — -1 Cosp(CAlgi#)
! —

op Csp
_
LCAlgk Polyy,

GCsp

Figure 5 Additional Rewrite Rules for GCAy.

(X-BONE) (2-FROB) (2-FROB) (X-FROB) (X-FROB).
oo = == ==

(K-INV) (cup) (cap)
—— = O—C< =0« >>—o = P—0
vl € kX
oG (hl‘l(l’) “‘1‘“’) (ONE-TRP)
v = i\;ﬁ - 4<< ?Q_Q = 4D

We must first prove that the functor [—] is well-defined, which is equivalent to the following
statement:

» Proposition 41 (Cospan Soundness). Every rewrite rule in E is sound with respect to the
intended semantics [—].

Once well-definedness has been established, we can derive the following useful rewrite
rules from the given rules:

» Lemma 42. The following are some useful derived rules of GCAy:

(special)

—00—=——
Q@@ =——<E&—  Vfe(klr,... z])" (poly-trp)
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5.2 Universality and Completeness

To consider the nature of the (essential) image of [—] in g Cosp(CAIg;g'), we first prove the
following sequence of lemmas in the language GCAj, which will allow us to introduce an
essential piece of syntactic sugar for summarizing a diagram.

» Lemma 43. For any f € k[z1,...,x,], the following is derivable from the rewrite rules of
GCAk

\ = { (16)
So we just speak of gadgets of the form E
» Lemma 44. For any f,g € k[x1,...,x,], the following is derivable from the rewrite rules
of GCA:

é é 5 E (17)
O O

» Lemma 45. Let f1,..., fm € k[z1,..., 2], and pick some f inside the ideal (f1,..., fm)-
Then the following is derivable from the rewrite rules of GCAy:

ﬁﬁ @e | 1s)

Lemmas 44 and 45 mean that we can coherently define the following gadget:

» Definition 46. Let I C k[x1,...,x,] be an ideal. Since k[xy,...,x,] is Noetherian [25],
there exists a finite set of polynomials fi,..., fm € klx1,...,2,] such that I = (fi,..., fm).
Then define

43 4

Note that neither the choice of the basis fi,..., fm, nor the ordering of them, matters in the
definition, since any two such choices give diagrams which are rewritable to each other per
lemmas 44 and 45. For concreteness, we may always choose the reduced Grobner basis with
respect to some chosen monomial ordering.

» Corollary 47. Idempotence % = ﬁ is provable in GCAg.

We now explain the semantics of these gadgets.

» Proposition 48 (Quotient Gadgets). The semantics of the gadget is (any finite

presentation of) the finitely generated commutative algebra defined by I. More precisely, if
I CKk[zy,...,xy,] is any ideal, then

[ ﬁ] = (Sk(n) — Sy(n)/I « Sp(n)) (20)

where both legs of the cospan are the canonical projections 7y against I.

48:15
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This is essentially what brings us from a language for Poly, to a language that has full
information about CAIg}:’g', which forces us to introduce the following notation:

» Notation. If A = Si(n)/I, and f € (k[z1,...,2,])", denote by f§ : Si(m) — A the
algebra morphism one gets by passing to the quotient:

Se(m) L5 Se(n) = Se(n)/T = A (21)

Or equivalently, the algebra morphism one gets by reducing f against I component-wise to
obtain fr € A™, and then taking its extension to an algebra morphism fl# : Sk(m) — A.

» Proposition 49 (Cospan Universality). For any ideal I C k[x1,...,2z,] and tuples of

polynomials f € (k[z1,...,2,))™ and g € (k[zy,...,z,]))",
l«fm]=@xﬁ%miw>) 22

where A = Si(n)/I. Since every algebra morphism Si(m) — A is equal to ff& for some f,
[-]: GCA, —=F Cosp(C/—\Ig;g‘) is full.

It remains now to prove the completeness of the language GCAj;. We do this by reducing
diagrams to a pseudo-normal form as follows:

» Definition 50. A diagram D in GCAy is said to be in cospan form if it is drawn as

/\

Fedsp (23)

for some ideal I and some polynomial tuples f,g.
» Proposition 51 (Cospan Normal Form). Every diagram in GCAyg can be rewritten into

cospan form.

Thus, to show completeness of GCAg, it suffices to show that, for any two diagrams in
cospan form, if they have the same semantics in g Cosp(CAIng'), then they can be rewritten
into each other. We do this via the following lemmas:

» Lemma 52. Let I C k[x1,...,2,] be an ideal, and let f,g € (k[x1,...,z,])™ be any two
polynomial tuples such that f — g € I™. That is, let f,g be such that fI# = g?. Then the
following diagram rewrite is derivable in GCAg:

kS Z

» Lemma 53. Suppose I C Si(n) and J C Si(m) are ideals of polynomials and f € (Sk(n))™.
Suppose fI# Sk(m) — Sig(n)/I satisfies J C ker fl# Then the following rewrite holds:

48 - 4,
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» Lemma 54. Suppose I C Si(n) and J C Si(m) are ideals, o : Sp(m)/J — Sk(n)/I is an
isomorphism of algebras, and o, T are a pair of polynomial tuples such that they represent
a, ! respectively, i.e. such that the following commutes:

Sk(m) —2 Sp(m)/J «—— Sp(m)

R

Sk(n) —= Sk(n)/I «—— Sk(n)

Then the following rewrite holds:

%ZH - (26)

By composing —sa>— on the right to both sides of the equation in 54, we obtain:

> Corollary 55. If o : Sp(m)/J — Sk(n)/I is an isomorphism of algebras, and o €

n])™ represents a as in lemma 54, then

.’L‘17...,
2 - e

Lemmas 52, 53, and 54 suffice to show that any two diagrams in cospan normal form
which have the same semantics in g Cosp(CAIg;‘g') can be rewritten into each other. And
therefore:

» Proposition 56. The functor [—] is faithful. That is, GCAg is complete as a language for
F Cosp(CAIgL‘g').

We have now completed the demonstration of our first main theorem:

» Theorem 57. The functor [-] : GCA, — F Cosp(CAIng') is an isomorphism of PROPs.
Thus GCAy, is a sound, universal and complete language for g Cosp(CAngg').

Proof. Propositions 41, 49, and 56 together imply theorem 57. |

6  Graphical Algebraic Geometry

Our focus now turns from algebra to geometry. As mentioned in Section 2, this is where we
will make heavy use of the Nullstellensatze to bridge the gap from algebra to geometry.

In this section k will always denote an algebraically closed field, and F, will always denote
a finite field of size ¢q. All proofs are contained in Appendix C in the full version of this
paper, unless otherwise specified.

Recall from equation 15 that as a consequence of the Nullstellensatze, there are two
functors

F Cosp(CAIg;g') Spec(Z)red, ¢ Span(AffVary)

Spec(—)gred

r Cosp(CAIgh®) —““—%  Span(AffVar( ") (28)

We now seek diagrammatic presentations for ¢ Span(AffVary) and ¢, Span(Aff\/arI(FIZ‘l)). Since

we already have a presentation

GCA,, = Cosp(CAlg}®), (29)

48:17
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we seek to find GAG, and GAG,, that fit into the following commutative diagrams:

GCAr T Cosp(CAIgH®)  GCA, ——5 & Cosp(CAIgh#®)
| l&vee(—)m i lSpcc(—md
¥ ¥

GAGy - o Span(AffVar)  GAG, - , Span(Affvarg )

such that [—]; and [—], are both isomorphisms of PROPs.

6.1 GAG over Algebraically Closed Fields

For algebraically closed fields, Hilbert’s Nullstellensatz tells us that affine varieties correspond
to reduced coordinate rings. So we introduce the following rewrite rule (red), which intuitively
should be thought of as “reducing” all rings. This intuition is made formal in lemma 60.

» Definition 58. Let GAGy be the quotient of GCAy defined by the following additional
rewrite rule:

—op)o0=—0 (red)

» Proposition 59. The PROP morphism
GCA, Pelhred,  qpan(AffVary) (30)

factors through GAGy. In other words, rule (ved) is sound for affine varieties over an
algebraically closed field.

Thus we obtain a PROP morphism

GAG;, 1% Span(Affvary) (31)

It remains to show that this morphism is faithful: in other words, that our rewrite rules are
complete.

» Lemma 60. Let I C k[xy,...,x,] be an ideal. The following is derivable from the rewrite
rules of GAGy:

b/

Leveraging Hilbert’s Nullstellensatz, we see that lemma 60 alone is sufficient to prove
completeness for GAGy, (See Appendix C in the full version of this paper for details in proof):

» Proposition 61. The semantics map GAGy i)g Span(AffVary) is faithful. In other
words, GAGy, is complete for ¢ Span(AffVary).

Fullness, on the other hand, is inherited from GCAj. Thus:

» Theorem 62. The semantics map GAGy im Span(AffVary) is an isomorphism of
PROPs; GAGy, is a universal, sound, and complete language for ¢ Span(AffVary).
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6.2 GAG over Finite Fields

The recipe for obtaining a language for spans of rational loci of affine varieties over finite
fields is almost identical to the one used for spans of affine varieties over closed fields. We
begin by introducing a rewrite rule (qred) which intuitively g-reduces all rings:

» Definition 63. Let GAG, be the quotient of GCAy, by the following additional rewrite rule:

) e faed

» Proposition 64. The PROP morphism

Geay, ety Span(Affvarl) (33)
factors through GAG,. In other words, the rule gred is sound with respect to Fq-rational loci.

Thus we obtain a PROP morphism

GAG, o, a, Span(AfFVarg")) (34)
Now to show that this morphism is faithful: again, we start by showing that the extra rule
(qred) implies that “rings are g-reduced” in our language:

» Lemma 65. The following is derivable from the rewrite rules of GAG,:

- (35)

Together with the finite field Nullstellensatz, lemma 65 is sufficient for proving complete-
ness (See Appendix C in the full version of this paper for details in proof):

» Proposition 66. The semantics map [—|q is faithful. In other words, the rules of GAG,
are complete.

» Theorem 67. The semantics map [—]q is an isomorphism of PROPs.

6.3 Matrix Semantics for GAG

Given a structured span of affine varieties over a field k (not necessarily algebraically closed)

of the form k* < V ¥ k™ we can “repackage” the data of this structured span as an
indexed family of affine varieties
Vay =7 (x) NY7H(y) (36)

each of which is a subvariety of V.

In the particular case where k = IF; is a finite field, and V is an F,-rational locus, the
family of affine varieties Vi, consists of finite sets, which we can view as entries in an
N-matrix:

» Definition 68. Let M, : g, Span(AffVarg")) — Maty be the functor which sends a
structured span of F,-rational loci

n P P m
Fy <V — Fy (37)

to the ¢" X ¢™-matrix Mq(ﬁﬁ) with entries

My(E5) ey = o7 () N (y). (38)

48:19
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The following is immediate (proofs are given in Appendix C.2 of the full version of this
paper):

» Proposition 69. The functor M, is well-defined and fully faithful.

Since Aff\/arg“) ~ FinSet, this is just a restriction of the equivalence, well-known in
folklore, between Span(FinSet) ~ Maty in disguise.

But since we already know that GAG, is a sound, universal, and complete language for
a, Span(Aff\/ar](F[ZQ)) from Section 6.2, we have:

» Corollary 70. The diagrammatic language GAG, serves as a sound, universal, and complete
language for a full subcategory of Maty consisting of the objects ¢ with n € N.

We use [—], : GAG, — Maty to denote these new semantics.

7 From GAG to Counting CSP

We now briefly illustrate the direct connection between GAG and CSP. Recall that a constraint
satisfaction problem over a domain D and a constraint language I' (typically a set of finite
arity relations over D) is a pair (X, C), where:

X is a set of variables x1,..., Ty,

C = {Ci,...,Cp} is a set of constraints, each of which is a pair C; = (s;,g;) where

s; C X is the scope of the constraint, and g; € I' is the content of the constraint.

An assignment ¢ : X — D is said to satisfy the CSP if for every j, the tuple (o(z;))ics; is
in the relation g;. The problem of determining whether there exists an assignment o that
satisfies (X, C) is called the decision problem CSP(I'); while the problem of counting the
number of assignments that satisfy (X, C) is called the counting problem #CSP(T").

Now suppose that our domain of values is a finite field I, and our constraint language I
consists of polynomial maps g : Fy — F,, read as the requirement g = 0. Of course, every
finite-arity relation over F, can be expressed as an affine variety, and therefore our I is just
the set of all relations over D. The finite field GAG gives an easy representation of instances
of #CSP(T") in the following way:

» Proposition 71. Let (X,C) be a CSP instance over the domain F,, with set of variables
X ={x1,...,x,}, and polynomial constraints gi,...,gm € klx1,...,2,]. Let I be the ideal
generated by g1,...,9m. Then the span semantics of the ideal gadget is

nﬁn N P T RS 1 (39)

where, recall, V(I)¥* := {x € F}' : g1(x) = --- = g;(x) = 0}. In other words, it is the set of
assignments satisfying (X, C).

The same diagram composed with no wires on either side has the following matriz
semantic:

% Flg Ve

In other words, it is the number of assignments that satisfy (X, C).

(40)

» Theorem 72. The problem of rewriting arbitrary GAG diagrams into each other is #P-hard.
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Proof. This is a direct consequence of equation (40) in proposition 71.

We can fix a family of polynomials {g;};en such that each g, is a polynomial of some
number n; of variables with exactly j roots in Fq”.

The problem #CSP(T") reduces to rewriting a given diagram O—b into the form
for some j € N. Since #CSP(T") is #P-complete [43], so is the problem of rewriting arbitrary
GAG diagrams into each other. <

» Remark 73. In the case ¢ = 2, polynomial constraints are equivalent to boolean constraints,
and so #CSP(I") is #SAT.

» Remark 74. Conversely, since every diagram in GAG can be rewritten into cospan form,
so every closed diagram (a diagram without input or output wires) can be rewritten into:

f i % (PoLY- DEL) f g % (z- FUSION) % (41)

So determining the semantics of an arbitrary closed diagram in GAG is equivalent to

#CSP(T).

8 From GAG to Qudit ZH Calculus

The ZH calculus is a graphical language for quantum computation, and it has a natural
correspondence with the Toffoli-Hadamard gate set. In this section, we elucidate the
connection between algebraic geometry and the ZH calculus. We review the Galois-Qudit
ZH calculus introduced in [30] and show that the ZH calculus can be obtained as a fairly
minimal extension of finite-field GAG: adding a single state and one scalar suffices to recover
the ZH calculus in arbitrary dimension.

8.1 Qudit ZH Calculus

Here we give a brief overview of the qudit ZH Calculus as introduced in [30].

» Definition 75. [47] A Galois-Qudit is a quantum system represented by a Hilbert space of
dimension q = p* for some prime p and some natural number t, with a computational basis
labelled as |7) with j € Fy.

For a finite field F,, the Galois-Qudit ZH Calculus over F, is the free? dagger-PROP
generated by three families of generators:

W TrCm W DR @

7 spider H spider j-state
We will denote this PROP as ZH. It admits a semantics functor to the PROP ¢2 Matzj,:

zH 22 5 Maty, (42)

A morphism from n to m in ¢2 Matzy, is a matrix of the form qg A, where A is a ¢ X q"

matrix with entries in the ring Z[w], w is a primitive pth root of unity, and k& is an integer.

2 No complete set of rewrite rules is known for the qudit ZH. For the sake of full generality, we work with
the free dagger-PROP generated by the ZH generators.
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This functor is full [30] and is defined on the generators as follows:

nXm g 3 pyemgjen

icF,
~ [-] 1
0 I I D M R T
q iy dm€Rg
7;1;~~77;7L6Fq

@& & @) jer,

where tr = tr,/, is the field trace function.

8.2 ZH Calculus as an Extension of GAG

We now extend the language GAG, for finite field GAG to cover the entirety of the Galois-
Qudit ZH Calculus over F,.

» Definition 76. The dagger-PROP G/—\GZ°Llrier is generated by GAG, together with the
following additional generators.

O—

Here, @— is a state in the Fourier basis as we define below.

» Definition 77. We define the semantics functor [[fﬂgourier : GAGZourier — ¢2 Matgy,]. For

Zc’“rier to be the composition of [—], with the canonical

inclusion Maty < g2 Matgy,,. For the additional generators, we define:

[[ : ]]Sourier _ Z wtr(i) ‘Z> [[ ﬂZourier _ q

i€,

each generator of GAG,, we set [—]

MBS

(43)

Hence, the following commutes:

_]]Fourier

GAGgourier [ q q% Matz[w]

] ]

GAGq W MatN
q
The dagger-PROP GAGZQLlrier covers the entirety of the Galois-Qudit ZH Calculus. To

see this, we describe how its generators can be constructed in GAGZOurier and show that the
semantics agree.

» Definition 78. We have the functor tzy : ZH — GAG{';°“rier defined on the generators as
follows:
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» Proposition 79. The functor tzy is consistent with the semantics of the ZH Calculus. In
other words, the following diagram commutes:

__7 Fourier
GAGZourier -1g q% Matz[w]

] A
ZH

We will now show that by adding two rules to GAGZO“””, we can simulate any amplitude

computable in the ZH calculus using the rewrite rules of GAG and a constant overhead.

Consider the following rewrite rules.

: (Zl—(;)r\*) g (ZL:DEL) (44)

» Proposition 80. The rewrite rules in equation (44) are sound with respect to the semantics

[[_]]Zourier )

By working in the quotient GA /(44), We can reduce any diagram in GAGZOurier /(4a) to
a diagram in GAG, and a single @—, up to a finite scalar.

Fourier
Gq

» Proposition 81. For any diagram D in GAGZ°“'ie'/(44), there exists k € N and a diagram
D’ containing only the generators of GAG, such that

ol - w
a (®k)

Proof. The idea to pull all the occurrences of @— to the bottom of the diagram, and then
apply rule (zicorv) repeatedly to merge all the occurrences of @— into one. The detailed
proof is in Appendix E in the full version of this paper. <

This shows that just a single copy of the state in the Fourier basis is sufficient to extend

the expressive power of finite-field GAG to cover the entirety of the Galois-Qudit ZH Calculus.

Using this, we can compute amplitudes in the ZH calculus using finite-field GAG. Computing

an amplitude in the ZH calculus corresponds to evaluating the semantics of a scalar diagram.

We have the following result.

» Theorem 82. Let D be a scalar diagram in the ZH calculus over Fy. The scalar [D],,
can be computed using exactly q queries to an oracle O that evaluates the semantics of scalar
diagrams in GAG,.

9 Conclusion and Future Directions

We have introduced a family of diagrammatic languages, which we refer to collectively as
graphical algebraic geometry (GAG). This family of languages extends the existing literature
on graphical linear algebra (GLA) by introducing the nonlinear multiplication operator. We
construct three examples of languages within this family, and show that they are sound,
universal, and complete, for their respective semantics in (co)spans of commutative algebras
and affine varieties.
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We showed that closed diagrams in GAG correspond exactly to counting constraint
satisfaction problems, thereby showing that rewriting GAG diagrams into each other is #P-
hard. We show also that GAG forms the nonlinear classical “backbone” of the Galois-qudit
ZH calculus. Indeed, we show that all quantum processes in the qudit ZH calculus can
be represented by consuming a single Fourier basis state, up to a finite number of scalars,
meaning that a GAG oracle would be able to simulate the ZH processes with a constant
number of queries. These connections serve to illustrate the potential versatility of GAG.

There are several directions of future work. On the theoretic side, there is an open
question of constructing graphical algebraic geometry over R. Indeed, for a real-closed field,
one would be able to express inequality constraints of the form g(x) > 0 using the generators
of GAG; but finding a complete set of rewrite rules for such languages may prove difficult,
and will involve the Positivstellensatze. Such a language would have exciting applications in
the verification of hybrid systems, where the safety space is often given as a semialgebraic
set in R™, and dynamics are given by polynomial mappings [62]. On the practical side, there
are two obvious directions. The first is to explore the connection between GAG and CSP: in
particular, are their existing computational techniques that can optimize GAG rewriting, or
bound the complexity of rewriting between diagrams of a certain class? The second is to use
the characterization of ZH as an extension of GAG to “grok” quantum algebraic geometry
codes, in the same way graphical linear algebra has been used to “grok” CSS codes [48].
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