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Abstract

Neural ideals, originally defined in Curto et al., give a way of translating information
about the firing pattern of a set of neurons into a pseudomonomial ideal in a polynomial
ring. We give a simple criterion for determining whether a neural ideal is in canonical
form, along with an improved algorithm for computing the canonical form of a neural
ideal.

Keywords Neural ideals - Stanley—Reisner rings - Primary decomposition -
Receptive field structure

1 Introduction

Neural rings were first introduced in [4] as an algebraic tool to study receptive field
codes (RF codes). In certain regions of the brain, such as the hippocampus, neurons
have receptive fields, which are the locations where they fire in response to stimuli.
These receptive fields are typically convex subsets of the stimulus space, and the col-
lection of receptive fields covers the stimulus space. The receptive field code consists
of a binary codeword for each distinct intersection of receptive fields that appears in
the stimulus space. Typically, we consider stimulus spaces as subsets of a subspace
X of R?. One major question in the field is how to identify whether a given binary
code can arise from the intersection patterns of some collection of convex sets in some
Euclidean space [1-3, 5, 8-10].

The neural ring serves as a bridge allowing for algebraic methods to be applied to
neuroscience and coding theory. Given n neurons, the first step of the construction
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translates neural firing patterns to a binary code C < {0, 1}" where each possible
combination of neuron firing is translated into a codeword of length n. For a given
codeword ¢ = (cq, ..., cy), the entry ¢; = 1 means the ith neuron is firing whereas
¢;i = 0 means the ith neuron is not firing. Given a neural code C, the neural ring is
R/Ic, where R = Fa[xyq, ..., x,] and I¢ is the vanishing ideal of C. Using a vanishing
ideal enables us to apply tools from algebraic geometry to neural codes. However, this
ideal includes the trivial Boolean relations {x;(1 — x;) : 1 < i < n}; these hold
for every neural code and so are not useful in distinguishing neural codes from each
other. Instead, [4] defines the neural ideal Jo € Iz € R formed from the non-trivial
relations of the neural code. The two ideals relate through the equation

Ie=Je+xi(l—x):1<i=<n)

(cf. [4, Lemma 3.2]). As such, one can study the neural ideal in place of the vanishing
ideal.

The information encoded in the neural ideal is made more accessible by presenting
the ideal in canonical form (cf. [4, Sect. 4.3]). The canonical form of a neural ideal
can be used to identify various obstructions to convexity [3]. As such it is useful to
know whether or not a neural ideal is being presented in canonical form.

One downside to the neural ideal from an algebraic perspective is that it is generated
by pseudomonomials, products IT; ¢ x; I1;c; (1 —x;), which are neither graded nor local
and as a result are not as well studied in commutative algebra. To deal with this issue,
Giintiirkiin, Jeffries, and Sun give a process for polarizing a neural ideal, turning it into
a squarefree monomial ideal in the extension ring Fa[x1, ..., x4, y1, ..., Yu] [7]. In
our work, we utilize the polarization technique from [7] to apply monomial ideal results
to classify when certain (polarized) neural ideals are presented in canonical form. As
aresult, our main theorem below establishes sufficient conditions on the generators of
a polarized neural ideal to determine when it is in canonical form. Here, saying that
two monomials g and & “share an index" means that there is some 1 < i < n such
that x; | g and y; | & or vice versa.

Theorem 1.1 (Theorem 5.5) Let a = (g1, ..., &) be a polarized neural ideal such
that gj, 1 gj, forany 1 < j1 # jo < k, and x;y; {1 gj forany 1 < i < n and
1 < j < k. If for some pair g, gj, of generators of a, gj, and g, share exactly 1
index i and no other generator of a divides W
Otherwise, a is in canonical form. ’

, then a is not in canonical form.

This result will be useful to researchers trying to prove results about all neural
ideals, as they can restrict to the set of canonical forms described by this theorem.

As a consequence of this theorem, we are able to give a shortened algorithm for
computing the canonical form of a neural ideal (Algorithm 5.10). This algorithm
removes the need to compute the primary decomposition of a neural ideal, which
simplifies the process significantly, and appears to speed up the computation in initial
tests. It is distinct from the algorithm given in [12], which starts with a binary code
and produces a neural ideal in canonical form, whereas ours starts with a neural ideal.
As a result, we expect our algorithm to be more useful to mathematicians proving
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results about families of neural ideals, for example classification results, that can then
be applied to neural codes.

In Sect.6, we prove that it is possible to compute the almost canonical form of
a family of neural ideals all at once, by passing to a generic canonical form. We
anticipate that algebraic results about the generic canonical form should carry nicely
to every member of the corresponding family. This will make generic canonical forms
a useful tool for classifying neural ideals by their algebraic properties.

The structure of our paper is as follows. Section 2 covers the necessary background
information from [4] and [7]. We also recall some useful observations about squarefree
monomial ideals.

Section 3 is dedicated to translating the algorithm from [4] for computing the
canonical form of a neural ideal into an algorithm that can be applied to polarized neural
ideals (Algorithm 3.2). In Sect. 4, we identify common patterns in the algorithm based
off of the generators of our ideal, giving us a number of shortcuts through Algorithm
3.2.

Along with containing our main theorem, Sect. 5 includes a complete classification
of the canonical forms of all two-generated neural ideals and a simplified algorithm
for computing the canonical form of a neural ideal (Algorithm 5.10). In Sect.6, we
discuss a generic canonical form, a tool that allows us to use the canonical form of
a single neural ideal to compute the canonical forms of a number of related neural
ideals.

2 Background on Neural Ideals and Polarization

Throughout the paper, we make use of the following notation.

Notation 2.1 (1) R will denote the ring Fp[x1, ..., x,].
(2) A pseudomonomial is a product [[;., xi [[;c,(1 — x;) in R where 0,7 C
{1,2,...,n}ando Nt = @.

Definition 2.2 To get the neural ideal, we work with a space X € R? and open
sets Uy, ..., U, € X where neuron i fires at the points in U;. The neural ideal, as
introduced in [4], is an ideal of R that captures the RF-structure of a neural code,

specifically the relations
Nu<cUu. M
ieo iet
where o, T C {1, ...,n}and o0 Nt = . More precisely, the neural ideal is generated
by the pseudomonomials [ [, xi [ [;c, (I — x;) corresponding to the relations above
[4, Sect. 4.2].

Note that the Boolean relations U; € U; always hold, but they do not distinguish
between distinct neural codes, so they are not included in the neural ideal. Hence we
assume that no generator of a neural ideal is divisible by x; (1 —x;) forany 1 <i < n.

Definition 2.3 The canonical form of the neural ideal captures the minimal relations
in the RF-structure of the neural code, in the sense that in Eq. 1 from Definition 2.2
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the intersection on the left and the union on the right are irredundant (i.e., if we
removed any U; from either side of the inclusion, the inclusion would no longer hold).
The canonical form consists of the pseudomonomials corresponding to the minimal
relations and is a generating set for the neural ideal [4, Sect. 4.3].

One downside to these ideals is that they are generated by pseudomonomials, and
as aresult are neither graded nor local. This is an issue when applying techniques from
commutative and homological algebra as most of our tools require rings to be local
or graded, for example computing a minimal free resolution and corresponding Betti
numbers. In order to resolve this issue, Giintiirkiin, Jeffries, and Sun [7] developed a
method to pass from pseudomonomial ideals in R to squarefree monomial ideals in

S =Falx1, ..., Xn, Y1, - .., Yul by polarization.
Definition 2.4 ([7])
(1) S will denote the extension ring Fa[xy, ..., X,, y1, ..., yu] of R.

(2) For a monomial m we denote its largest square free divisor as [m]. For example,
[x3 y2] = xy. One can quickly check that if m| and m, are squarefree monomials,
then [mm3] = lem{m, my}.

(3) We work with neural ideals, which are generated by pseudomonomials.

(4) We will refer to a polarization function P (not a homomorphism) sending pseu-
domonomials in R to squarefree monomials in S via

[Tx [T =x0—[]x] ]
ico ier ieo i€t

(5) If A is an ideal of R, then P(A) is the ideal of S generated by P(f) for all
pseudomonomials f € A.

(6) We will refer to a depolarization map d : S — R, which is the ring homomor-
phism sending x; — x;, y; — 1 — x;. The map d induces an isomorphism of
S-modules R = S/ (X1 (xi + yi — 1)).

We will often work with the polarization of a neural ideal, while explaining how
this translates to the depolarized version.

Theorem 2.5 ([7, Theorem 3.2]) Let A = (g1,...,8) < R be a neural ideal in
canonical form. Then P(A) = (P(g1), ..., P(gr)).

However, this frequently does not hold when the ideal is not in canonical form.

Example 2.6 For example, (x1, x2(1 —x1)) contains x3, so P(xy, x2(1 — x1)) contains
xp. However,

x2 & (P(x1), P(x2(1 — x1))) = (x1, x2y1)-

The canonical form of (x1, x2(1 — x1)) turns out to be (x1, x).

Definition 2.7 ([4]) A pseudomonomial prime of R is an ideal p generated by a subset
of {x1,...,x,,1 —x1,...,1—x,} such that for each 1 <i < n, p does not contain
both x; and 1 — x;.
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Theorem 2.8 ([4, Theorem 5.4]) Let A be a pseudomonomial ideal in Fy[xy, ..., x,].
Then the primary decomposition of A consists of pseudomonomial primes, and so A
has no embedded primes. Hence its primary decomposition is unique.

Theorem 2.9 ([11, Sect. 4.5]) Let a be a squarefree monomial ideal in a polynomial
ring k[x1, ..., x,]. The primary decomposition of a consists of primes generated by a
subset of {x1, ..., X} (monomial primes), and so a has no embedded primes. Hence
its primary decomposition is unique.

Remark 2.10 Let g1, ..., gk be squarefree monomials in a polynomial ring k[x1, . ..,
x,]. If g j = hh' for any squarefree monomials /2, i’ in the ring, then

Q1o eees8jseo s &) = (81, oo by 8N (8L B 8R).

In order to compute the primary decomposition of (g1, ..., gk), we may use this rule
repeatedly until we get an intersection of monomial primes.

3 Computing the Canonical Form of a Polarized Neural Ideal

In this section we give a polarized version of the algorithm introduced in [4] for
computing the canonical form of a neural ideal and prove that it agrees with the
original algorithm in [4, Sect. 4.5].

We recall the original algorithm for computing the canonical form of a neural ideal
below.

Algorithm 3.1 ([4, Sect. 4.5])

(1) Start with a neural ideal A = (g1, ..., g¢) in R.

(2) Compute the primary decomposition of 4. By Theorem 2.8, the ideals p1, ..., p;s
in the primary decomposition will all be generated by a subset of {xy, ..., x,, 1 —
X1y ..oy L — x5}

(3) Compute the set of products 4 - - - hy where hy is a generator of py.

(4) Set x;(1 —x;) = O foreach 1 < i < n, and as a result remove any product
divisible by x; (1 — x;) and replace any power x/ by x; and (1 — x;)" by 1 — x;.
All remaining elements are now pseudomonomials.

(5) Remove any product that is a multiple of a product of lower degree.

The remaining products give the canonical form of A4 in R.
We give our polarized version of the algorithm below.

Algorithm 3.2 (1) Start with a squarefree monomial ideal a = (g, ..., gk) € S.
(2) Compute the primary decomposition of a. By Theorem 2.9, the ideals py, ..., p;s
in the primary decomposition will all be generated by a subset of {x1, ..., x,, y1,
<o Yn)-
(3) Setx; +y; = 1for1 <i < n, and as a result remove any ideal in the primary
decomposition containing both x; and y; forany 1 <i <n.
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(4) Compute the intersection of the remaining ideals. Since the p, are squarefree
monomial ideals, this is equivalent to computing [/ - - - h] for every set of choices
of hy a generator of py.

(5) Impose the relations x;y; = 0 for 1 < i < n, and as a result remove any
generator divisible by x;y; for some i. (These come from imposing the relations
x; (1 — x;) = 0 in the depolarized ideal.)

(6) Remove any generator that is a multiple of another generator of lower degree.

The remaining generators give the canonical form of a in S.

Lemma3.3 (1) Let f = [[;c, Xi [lier (1 — xi) be a pseudomonomial in R. Then
d(P(f) = f.

(2) Let g = [ ;o *i [ l;c; yi be a monomial in S. Then P(d(g)) = g.

(3) Leta = (g1, ..., gk) be asquarefree monomial ideal in S. Then d(a) = (d(g1),
..., d(gr))R, though the generators may not be minimal. If x;, y; € a for some
1 <i<n,thend(a) = (1).

(4) Let p be a pseudomonomial prime of R. Then p is in canonical form.

(5) Let p be a pseudomonomial prime of R. Then P(p) is a monomial prime of S.

(6) Let a be a squarefree monomial ideal of S. If for all 1 < i < n x;y; does not
divide any generator, then d(a) is an ideal of R generated by pseudomonomials.
In particular, if p is a monomial prime of S such that for all 1 <i < n, {x;, y;}
is not a subset of p, then d(p) is a pseudomonomial prime of R.

(7) Let A be a pseudomonomial ideal of R. Then A C d(P(A)). If A is a pseu-
domonomial prime, this is an equality.

(8) Let p be a monomial prime of S such that for 1 <i < n, at most one of x;, y; is
in p. Then P(d(p)) = p.

Proof Parts (1) and (2) are clear. Part (3) follows from observing that d is an S-module
homomorphism.

For (4), we note that p is in canonical form since it is preserved by Algorithm 3.1.
Then (5) follows by Theorem 2.5.

Statement (6) follows from (3) and the fact that an ideal generated by some x; and
some 1 —x; where there is no index for which we have both x; and 1 —x; as generators
is prime.

To prove (7), first let f € A be a pseudomonomial. Then by part (1), f =
d(P(f)) € d(P(A)).If Ais a pseudomonomial prime, then without loss of generality
ithas the form (x1, ..., xg, (1 —Xxg+1), ..., (1 —xg4¢)). Since this ideal is in canonical
form by (4), it follows from Theorem 2.5 that P(A) = (X1, ..., Xk, Yid1s « - > YVktt)-
Then d(P(A)) = A.

For (8), assume without loss of generality that

P = (X1, ooy Xk, Yktls oo o5 Vitt)-
Then d(p) = (x1, ..., xk, (1 — xg+41), ..., (1 — xk4,)) is in canonical form by (4).
The result now follows from Theorem 2.5. O

Example 3.4 Consider the ideal a = (x1, xoy1) of S. The depolarized ideal is d(a) =
(x1, x2(1 — x1)) = (x1, x2), so we see that there is a “more minimal" way to write
d(a), as mentioned in part (3) of Lemma 3.3.
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Lemma 3.5 Let A C R be a neural ideal, and let a C S be its polarization. The set of
associated primes of A is equal to the set of primes obtained by depolarizing the set
of associated primes of a, after removing primes containing both x; and y; for some
1<i<n.

Proof We need to prove two claims:

(1) If p is a minimal prime of A, then P(p) is a minimal prime of a.
(2) If p is a minimal prime of a and there is no 1 < i < n such that p contains both
x; and y;, then d(p) is a minimal prime of \A.

Note that by Theorem 2.9, the irredundant primary decomposition of a is unique.
Similarly, by Theorem 2.8, the irredundant primary decomposition of .4 is also unique.
O

Proofof Claim 1 Let p be a minimal prime of A. By Theorem 2.8, p is generated
by pseudomonomials x; and 1 — x; (where for each i, at most one of x;, | — x;
is a generator). By Lemma 3.3, P(p) is prime, and a € P(p). Suppose P(p) is
not minimal, i.e. there is a prime ¢ with a € g C P(p). Since a is a squarefree
monomial ideal, g is generated by a subset of the variables xi, ..., X,, Y1, ..., Yu.
Since g € P(p), which does not contain both x; and y; for any i, Lemma 3.3 implies
d(q) is prime in R. We have

ACd(P(A) =d(a) Sd(g) Sd(P(p) =p.

Since p was a minimal prime of A by assumption, d(¢g) = p. Suppose thatg & P(p).
Then there must be some z € {x1,...,X,, ¥1,..., yp} suchthat z € P(p),butz ¢ q.
Thend(z) € d(P(p)) = p = d(q). Applying Lemma 3.3,z = P(d(z)) € P(d(q)) =
g, since g does not contain x; and y; forany 1 <i < n.So g = P(p), which implies
that P(p) is a minimal prime of a. O

Proof of Claim 2 Let p be a minimal prime of a such that for 1 < i < n, p does not
contain both x; and y;. Then by Lemma 3.3, d(p) is a pseudomonomial prime and

ACd(P(A) =d(a) Sd(p).

Suppose there is some pseudomonomial prime g of R such that A € g C d(p).
Then P(q) is prime and a € P(q) < P(d(p)), which is equal to p by Lemma 3.3.
Since p is a minimal prime of a, P(q) = p. Then by Lemma 3.3 and since d is a
homomorphism, ¢ = d(P(q)) = d(p). So d(p) is a minimal prime of A, as desired.

Since neither A nor a has any embedded primes, this proves the result. O
Proposition 3.6 Let A C Fy[xy, ..., x,]beaneuralideal, and let a be its polarization.

The canonical form of A as computed in Algorithm 3.1 is equal to the depolarization
of the canonical form of a as computed in Algorithm 3.2.
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Proof First, by Lemma 3.5, at the end of Step 3 of Algorithm 3.2, the remaining set
of prime ideals, when depolarized, is equal to the set of prime ideals occurring in the
primary decomposition of A.

Next we prove that the set of products left at the end of Step 5 of Algorithm 3.2,
depolarized, agree with the products left at the end of Step 4 of Algorithm 3.1. We
need to show that if z and w are pseudomonomials in R, if we apply the relations
x; (I —x;) = 0to zw, the result is the same as if we compute [P (z)P(w)], impose the
relation x; y; = 0, and then depolarize. Suppose

z= Hx,- l_[(l —Xx;), and w = Hxi l_[(l_xi)~

i€o| ien i€ ien

Then the result of applying the first process to zw is

Hie(mUaz) Xi Hie(rlufz)(l —xi) (otUo)N(tiUn) =9
0 else.

The result of applying the second process to [P(z)P(w)] is

Hie(mu@) Xi Hie(‘L']U‘L’z) yi (orUo)N(nUn) =9
0 else.
Depolarizing, this agrees with the result of the first process.
Finally, by [7, Lemma 3.1], if z and w are two pseudomonomials in R, z | w if and
only if P(z) | P(w). Hence the depolarization of the result of Step 6 of Algorithm 3.2
agrees with the result of Step 5 of Algorithm 3.1. O

4 Deconstructing the Canonical Form Algorithm

In this section we prove a number of lemmas describing in more detail what happens to
the generators of a polarized neural ideal under the steps of Algorithm 3.2 and giving
us shortcuts through the algorithm.

Definition 4.1 We say two monomials m| and mj share an index i if x; divides one
of them and y; divides the other. If a single monomial is divisible by x; y;, we do not
count this as sharing an index with itself (see Remark 4.8). Moreover, we say that
the generators of a squarefree monomial ideal a share the index i if there are two
generators of the ideal sharing the index i.

Example 4.2 For example, x|y, and x3y; share the index 1. However, x|y, and x{y3
share no index, even though x divides both.

Remark 4.3 We state the results in this section for squarefree monomial ideals rather
than for polarized neural ideals so that we can apply them to ideals appearing as
intermediate stages in Algorithm 3.2, which may have generators divisible by x; y; for
somel <i <n.
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Definition 4.4 Let a be a squarefree monomial ideal in S. We say that a is recomposed
if it is the result of applying Steps 1-4 of Algorithm 3.2 to some squarefree monomial
ideal, and call the process of applying Steps 1-4 to a squarefree monomial ideal
recomposing it. We say that a is in almost canonical form if it is the result of applying
Steps 1-5 of Algorithm 3.2 to some squarefree monomial ideal.

Lemma4.5 Let a be a squarefree monomial ideal in S. For some 0 < t < n and
it,...,ip €{l,...,n}, wecanwritea=agNa; N...Na;, where

(1) ag is a (possibly empty) intersection of monomial primes, none of which contain
both x; and y; for any 1 <i < n, and

(2) for1 < j =1, ajis anintersection of monomial prime ideals containing both x;,
and yj;.

In particular, a; is either the unit ideal or a squarefree monomial ideal for each
0 < j < n. For any such decomposition, recomposing a returns ag, and so a and ag
have the same canonical form. In fact for any s < t, recomposing a’ = apNagN...Na;
yields ag, and so &' has the same canonical form as ay.

Consequently, if a = bNcwith b and ¢ squarefree monomial ideals and (x;, y;) € b
for some 1 < i < n, recomposing a returns the same result as recomposing .

Remark 4.6 If ag is empty, then the canonical form of a has no generators. This cor-
responds to the code containing all code words.

Proof We prove this by induction on ¢, the order of the set
I={i:1<i<n,(x,Yy) C pforsome pin a primary decomposition of a}.

Ift = 0, a = qag so the result is immediate. Suppose r > 0. Without loss of generality,
assume that I = {1, ...,¢}. For | <i <, set a; to be the intersection of the prime
ideals p appearing in a primary decomposition of a that contain x; and y;. Set ag to
be the intersection of the primes p appearing in the primary decomposition of a that
do not contain x;, y; forany 1 <i <n.

When we perform Step 3 of Algorithm 3.2, we will remove exactly the primes p
that contain a pair x;, y; for some 1 < i < t. This exactly corresponds to removing
ar, ..., as, leaving us with ag when we recompose a in Step 4.

The same argument holds for a’.

For the last statement, if a = b N ¢ with b and ¢ squarefree monomial ideals, where
(xi, ¥i) € bforsome 1 <i < n, every minimal prime of b will be part of a; for some
1 < s <t,sothey will all be removed in recomposing a. Thus it suffices to recompose
[ O

Definition 4.7 We call applying Steps 1-4 of Algorithm 3.2 to a squarefree monomial
ideal a € S butonly removing primes containing (x;, y;) fora particulari recomposing
a with respect to the index i. We may also refer to recomposing a with respect to a
subset of {1, ..., n}, by which we mean we recompose with respect to each index in
the set. If no set is specified, we are recomposing with respect to {1, ..., n}.
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Remark 4.8 We observe that a minimal prime of a contains (x;, y;) if and only if
at least two generators of a share the index i. The backward direction follows from
the process of decomposing a squarefree monomial ideal. For example, (x1, x2y1) =
(x1, x2) N (x1, y1). For the forward direction, if some minimal prime of a contains
(xi, i), then a must contain at least one multiple of x; and at least one (distinct)
multiple of y;.

As a result, the indices iy, ..., i{; from Lemma 4.5 are the indices shared by the
generators of a. Hence it suffices to recompose an ideal with respect to the indices
shared by its generators, as recomposing with respect to a non-shared index removes
no minimal primes and thus preserves the ideal.

This also explains why, in Definition 4.1, we do not count i as a shared index among
the generators of an ideal a if x;y; divides a single generator, but neither x; nor y;
divides any other generator of a (see Definition 4.1): such a generator does not give
us a minimal prime containing (x;, y;). For example, (x1y1, x2) = (x1, x2) N (¥1, X2).

Remark 4.9 In computing canonical forms, we may remove generators that are a mul-
tiple of another generator of lower degree (or duplicate generators) at any stage of the
algorithm, rather than waiting until Step 6. Removing such generators preserves the
ideal, and hence the primary decomposition as well as the intersection that occurs in
Step 4 of Algorithm 3.2.

Lemma4.10 Lett > 2. Let

t
a=a.
j=1

where a, a; are squarefree monomial ideals of S. Recomposing a with respect to an
index i is equivalent to recomposing each of the a; with respect to the index i and
then intersecting the results.

Proof We prove the case t+ = 2. The rest follows by induction. We show that the set
of primes {p;} appearing in a primary decomposition of a is equal to the subset of
the primes {g l.(l), qj(.z)} appearing in the primary decompositions of a; and a, obtained
by removing duplicates and primes that are now non-minimal: we first prove that any
prime minimal over a is minimal over a; or ay. Suppose p is minimal over a but
aj §Z p; we will show p is minimal over a;. Since a; Q p, there exists o € aj\p. We
observe that ¢a, € a; Nay = a € p. Since p is prime and o ¢ p, we must have
ay Cp.

To see that p is minimal over a;, we consider another prime p’ such thatap € p’ C p.
Since a C ap, we have a C p’ C p. Since p’ is prime and p is a minimal prime over a,
we must have p’ = p.

Next, we consider a prime p that is minimal over a; but not over a. In that case,
there is another prime p’ minimal over a such that a € p’ C p. By the minimality of
p over aj, we know that a; ¢ p’. Since p’ is minimal over a but not over a;, we find
that p’ is minimal over a,. Consequently, if we take all the primes minimal over a; or
a, and remove any primes that are not minimal over a or are duplicates, we obtain all
the primes minimal over a.
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This remains true after removing any primes containing (x;, y;) for some 1 <
i < n from both sets. Computing the intersection of the remaining p; is equivalent
to separately intersecting the remaining qi(l) and qi(z), and then intersecting the two

resulting ideals. O

Example 4.11 We use Lemmas 4.5 and 4.10 to compute the canonical form of a =
(x1x2x3, Xx4y1Yy2). We begin decomposing a as follows:

(x1x2x3, X4y1y2) = (X1, x4y1y2) N (X2, X4y1y2) N (X3, X4Y1y2)
= (x1, y1) N (x1, x4y2) N (x2, y2) N (x2, x4y1) N (X3, X4y1Y2).

We remove the 1st and 3rd pieces. Notice that it is impossible for any of the other 3
pieces to decompose into primes containing a pair x;, y;. By Lemma 4.5, these pieces
are recomposed, and by Lemma 4.10, their intersection is also recomposed, so we can
jump straight to Steps 4-6, performed together:

(x1, x4y2) N (x2, x4y1) N (X3, X4y1¥2) = (X1X2X3, X4Y1)2).

Notation 4.12 We refer to the generators of an ideal as gy, . . ., gk, frequently pulling
out x; and y; when i is a shared index between the g;. For example, we write
(x181, y182)- The g; will always be squarefree monomials.

For ease of notation, we write x1, x2, ... and yi, y2, ... instead of x;,, x;,, ... and
Yiy» Yiy, - - .. However, all of our results hold if we permute the indices 1, ..., n on the
variables.

Lemma4.13 Leta = (g1, ..., 8, h1, ..., he) be a squarefree monomial ideal in S

such that for every 1 < ji <kand1 < j, < ¢, g; and hj, do not share any indices
(resp. the index i). Then recomposing a (resp. with respect to the index i) gives the
same result as recomposing (g1, ..., gk) and (hy, ..., hy) (resp. with respect to the
index i) and taking the union of their sets of generators.

More generally, recomposing the neural ideal

a=0(81,1,->81,k1» 821+ 82kys > &mkp)

(resp. with respect to the index i), where g, 1, and g j, 1, do not share any indices (resp.
the index i) for any ji # ja, agrees with recomposing each of the (g 1, ..., 8j.k;)
(resp. with respect to the index i) and taking the union of their sets of generators.

Consequently, the canonical form (resp. almost canonical form) of a is the union
of the sets of generators of the canonical forms (resp. almost canonical form) of the
(8,15 -+ &j.t;), up to removing any generator divisible by another.

Proof We prove the result in the first paragraph; the second paragraph follows by
induction. We first prove the case where the g; and %, do not share the index i.
Suppose the generators of a share the index i. Without loss of generality, assume i is
a shared index for (g1, ..., g«). Then by our hypotheses, x; and y; do not divide any
h ;. Hence no minimal prime of (41, ..., h¢) contains either x; or y;.
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Consequently, we can write a = (G'NG;) + H = (G' + H) N (G; + H),
where H = (hy, ..., hy) and G’, G; are the components of G = (g1, ..., g) from
the statement of Lemma 4.5, where G; is the squarefree monomial ideal that is the
intersection of all minimal primes of G containing (x;, y;), and G’ is the squarefree
monomial ideal that is the intersection of the minimal primes of G not containing
(xi, yi). In particular, G’ is equal to the result of recomposing G with respect to the
index i. The minimal primes of G’ + H are all of the form p’ 4+ p where p’ is minimal
over G’ and p is minimal over H [11, Theorem 7.3.4]. Since no minimal prime of H
contains (x;) or (y;), G’ + H is equal to the intersection of the minimal primes of a
not containing (x;, y;), and G; + H is equal to the intersection of the minimal primes
of a containing (x;, y;).

By Lemma 4.5 applied to a, recomposing a is equal to recomposing G’ + H
(with respect to any index or set of indices). Further, G’ + H has no minimal primes
containing (x;, y;) so it is already recomposed with respect to the index i. Finally, by
Lemma 4.5, recomposing G’ agrees with recomposing (g1, ..., gx). As a result, if
instead we recomposed G and H separately with respect to the index i and add the
results, we will get G’ + H. This proves the result for a single index.

The multiple index result follows by recomposing a one index at a time as in Lemma
4.5; at eachindex i, no g, and h j, share the index i. The final paragraph of the result
follows by computing the almost canonical form or canonical form as appropriate.

O

Example 4.14 Let a = (x|x2, X2y1, X3X4Y5, X2X5Y4). We can write a = b + ¢, where
b = (x1x2, x2y1) and ¢ = (x3x4Y5, X2X5Y4), since these pieces share no indices with
each other. Note that x, appears in both, but since y, never appears, 2 is not a shared
index. The canonical form of b is (x2) and of ¢ is (x3x4Yy5, x2X5y4), so the almost
canonical form of a is (x2, x3x4ys, X2X5y4). Removing x2x5y4, which is a multiple of
xp, we are left with (x2, x3x4y5).

Lemma4.15 Let a = (g1, ..., &) be a squarefree monomial ideal of S. If for some
0 <€ < kandeveryt+1 < j <k, g shares no indices (resp. does not share the index
i) with any other generator, then g¢+1, . .., gk are generators of the recomposition of
a with respect to every 1 < i < n (resp. the index i). If in addition x;y; { g; for any
L+ 1 < j <k, they are generators of the almost canonical form of a.

In particular, if a does not have any shared indices, then the ideal is recomposed.
If in addition no generator is divisible by any x;y; and no generator is a multiple of
another, the ideal is in canonical form.

Proof This follows from Lemma 4.13. O
Example 4.16 By Lemma4.15, the neural ideal (x| y2, x3y2, x1x4) is in canonical form.

Lemma4.17 Let a = (X1811, ..., X181k;» Y1821, -+, V182> 831, - - - » 83k3), be a
squarefree monomial ideal in S, where k1,ko > 0 and the only factors of x1, y1
appearing among the generators of a are the ones shown. Then recomposing a with
respect to the index 1 returns

i
O =(X1811, -+ X181k » Y1821+ - - - » Y182ks» (8111820 1 <ji<ki,1<jo<ka> &31s - - - » &3k3)-
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If the only indices shared by the generators of a are the x1, y1 shown, & is the almost
canonical form of a. In this case the canonical form of a is found by removing gener-
ators of &' that are a multiple of another generator.

For any pair g1,, 82, that share an index, (g1, 82j,] will be removed in Step 5 of
Algorithm 3.2.

Proof By Lemma 4.15, we may assume k3 = 0. We prove this by strong induction on
ki +ky. If kj +k» = 0or 1, then k; = 0 or kp = 0. In this case, 1 is not a shared
index for the generators of a and a’ = a. The result follows from Lemmas 4.5 and
4.15. We do the base case of k| = k» = 1 so that k; + k» = 2. In this case, we have

a=(x181,y182). We write a = (x1, y1) N (x1, g2) N (g1, ¥182)-

Neither piece 2 nor 3 have a minimal prime containing (x1, y1), so by Lemma 4.5,
we remove the first component and intersect components 2 and 3, leaving us with
(x181,x1y182, [8182], y1&2). Since the second generator is divisible by the last, we
remove it, leaving us with (x;g1, y1£2, [g182])-

For the inductive step, suppose that k1 + ko > 2, k1, ko > 1, and without loss of
generality, that k1 > 1. We have

a= (X1, Y1821» - -» Y182k) N (811, X1812, - - -, X181k » Y1821+ - - - » Y182ky)-

By Lemma 4.10, it suffices to recompose these ideals with respect to the index 1 and
intersect the results. By the induction hypothesis, this gives us:

(*1, 8215 - - 82k)NN(&11, X1812, -+ X1&1ky> V18215 - -+ » Y182ks
[81/182)sl1<j1<ki, 1< jp<ka)-
Intersecting these, we get the desired result. O

Remark 4.18 We can interpret this lemma in terms of the RF-structure of the neural
code as well. For each pair of generators x1g1, y182, say g1 = ]_[ieg1 Xi nien y; and
&= ]_[iea2 X; Hierz vi, where 1 ¢ o1 U oy U 71 U 12, we have relations

vl v]lcsUu and ucuJlJui|-
i€oy I€T] €07 I€ET)
We claim that these two relations together imply the relation
Au o) s(UuUfUu
i€eoy i€oy et €T
To see this, we set X = Ui, A = (;,, Uis B = Uiy, Ui» € = (o, Ui»> and

D = Uje, Ui- Then XN A C Band C € X U D. Since ANC C C, it is also
contained in X U D. Then

ANCCANXUD)=(ANX)U(AND)C BU(AND) < BUD,
proving our claim.
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As a result, by [4, Sect. 4.3] the neural ideal contains a monomial

[g182] = l_[ Xi 1_[ yi

ieoiUop ietiUn

If g1 and g share no indices, then either this monomial or a monomial dividing it must
be in the canonical form. If g1 and g» share an index, this monomial will be removed
in Step 5 of Algorithm 3.2.

Proposition 4.19 Let a = (g1, ..., 8k) < S be a squarefree monomial ideal. Then
recomposing a (with respect to any shared index or to all shared indices) returns an
ideal whose generators include g1, . .., gk.

Consequently, for any j such that x;y; 1 gj for any 1 < i < n, the generators of
the almost canonical form of a include g ;. Any removal of such a g; happens in Step
6. Hence for each such j, the canonical form of a has a generator dividing g ;.

In addition, if a has a generator g; such that x;y; | g; for some 1 <i <n, g; may
be removed at any stage of Algorithm 3.2.

Proof To prove that recomposing a does not remove g; from the ideal, the main thing
we need to prove is that removing primes containing an x;, y; pair from the primary
decomposition of a does not remove g;. We prove the result for recomposing with
respect to a single index. The result for recomposing with respect to multiple indices
follows by induction.

Without loss of generality, suppose that 1 is a shared index for the generators of a.
Rename the generators of a as

a=(x1y1811, - - > X1 Y181k X18215 « « - s X182ks» V18315 - - -5 Y183k3» 8415 - - - g4k4),

where k; > O fori = 1,2,3,4, and x1, y; " gij for any i, j. We work by induction
onkj.

Ifki =0, a = (x1821, .., X182, Y1831, - - -, Y183ks» &41, - - - » 84ky). By Lemma
4.5, recomposing a agrees with recomposing the ideal a’ we get by removing all primes
containing both x| and y; from a. By Lemmas 4.17 and 4.15,

0" =(X1821, -+ s X182ky» YI1&31s - -+ » V1€3k3»
[82/,833)1=jp<ka 1< j3<ks» 841, - - - 8dky)-
This contains all of the original generators of the ideal. Thus when k1 = 0, the original
generators of a are generators of the recomposed ', and hence of the recomposed a.

Our induction hypothesis is that for £; = k; — 1, £», €3, £4 > 0, and any choices
of h;; not divisible by x; or yi, recomposing the ideal

a= (xythit, ..., xiythie, x1hat, ..., X1hoey, yih3t, ..., y1h3es, hat, ..., hagy)
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with respect to the index 1 returns

a = xiyihin, .., xiyihie, xithat, ... xthae,, yihsi, ..., yihae,
(h2),83j3)1<jo<ko, 1< j3<kss M4t - hagy).

If k1 > 0, we have:

a=(X1, Y1831 ---» Y183ks» &41s - ) N (Y1, X18215 - - - » X182%y» g41, - - )
N (811, X1Y1812 -+ » X1V181ky» X18215 - - - » X182kz» Y1831, - - - » V183k3» 8415 - - -)-

By Lemma 4.10, recomposing a with respect to the index 1 agrees with recomposing
(with respect to the index 1) and then intersecting the 3 components. Lemma 4.17
along with the induction hypothesis gives us their recomposed forms:

(X1, 8315+ - &3k3» 8415~ - YNV, 8215+ - 1 82Uy » 8415~ - IN(&11, X1V1&125- - > X1Y181ky »
X18215 -+ » X182kz» Y1831 - - - » Y183k (8283 j311<jo<ko,1<ji<kss &41» - - - 5 Laky)-

Note that in each of the first two pieces, we have already removed a number of pieces
divisible by x; (resp. y1), following Remark 4.9.

Intersecting the first two ideals (while removing monomials divisible by another
monomial) gives

(X1Y1, X18215- - +» X182k » Y1831s- - -» Y183k (82083 j311<jn<ko,1<js<kzs 8415 - -» 8dks)-

Intersecting this with the 3rd piece then gives

(X1Y18115 -+ -5 X1V181k; > X18215 - - - » X182Kky» Y1831, [821831], - - -, [82k, 8311,
o V183ks» (82183131, - - -5 (82028313 ], 8415 - - - s 84ka)

as desired. The original generators of a are still generators of this ideal, proving the
first statement.

For the second statement, we see by the first statement that every generator g; of a
appears in the recomposed a, and hence if x;y; { g; forany 1 <i < n, g; appears in
the almost canonical form of a. As a result, performing Step 6 of Algorithm 3.2 leaves
us with a generator that divides g; for each j such that x;y; { g; forany 1 <i < n.

We return to viewing a = (g1, . .., gx). Now suppose x;y; | g;j forsome 1 < j <k
and 1 < i < n. We see from the proof of the first statement that recomposing a with
respect to the index i or any other index i” such that x;/y;» | g; preserves g;, but g; does
not contribute to any of the new generators produced by this recomposition. When we
perform Step 5 of Algorithm 3.2, g; will be removed.

We have 3 cases for what happens to g; when we recompose a with respect to
an index i’ such that x; y; 1 g;: first, if x;/, yi7 { g, preserves g;, and g; does not
contribute to any of the new generators produced by this recomposition. When we
perform Step 5 of Algorithm 3.2, g; will be removed since it is divisible by x; y;.
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Second, if x;/ | g;, but y;s { g;, the recomposition produces g; and some number
of [%h] All of these are removed in Step 5 of Algorithm 3.2 as they are divisible by

x;yi. The third case, where y;/ | g; and x;/ i gj»1s similar.

Since any generator built from g; will be removed in Step 5 of Algorithm 3.2,
removing g; before recomposing a with respect to any index or set of indices does not
change the result of Algorithm 3.2. O

Remark 4.20 By Remark 4.9 and Proposition4.19, we may remove generators divisible
by x;y; for some 1 < i < n or by another generator of lower degree at any point
of Algorithm 3.2 without altering the result. We use this to shorten computations
throughout Sects. 5 and 6. Consequently, we refer to an ideal that only requires Steps
5 and 6 (resp. Step 6) of Algorithm 3.2 to find the canonical form as recomposed (resp.
in almost canonical form), even though these ideals may not agree with the results of
Step 4 (resp. Step 5) of the algorithm.

5 Classification of Canonical Neural Ideals

In this section, we apply the results of Sect.4 to determine which polarized neural
ideals are in canonical form. Our main result, Theorem 5.5, gives a simple criterion
for determining whether a neural ideal is in canonical form based only on the shared
indices in its generators. This allows us to describe explicitly the set of squarefree
monomial ideals in a particular ring Fa[x1, ..., x4, y1, ..., Y] that are neural ideals
in canonical form.

As an application of this result, we give a simpler algorithm for computing the
canonical form of a neural ideal in Algorithm 5.10. This algorithm starts with a
neural ideal, making it useful to mathematicians studying properties of neural ideals
with an eye towards applications to neural codes.

Notably, our results do not depend on the total number of neurons, only the indices
involved in the generators of the ideal.

Remark 5.1 Any neural ideal with a single generator is in canonical form. This is
because the components of its primary decomposition are all principal, and cannot
contain (x;, y;) for any 1 <i < n. Alternatively, with only one generator, there is no
pair of generators that can share an index.

Theorem 5.2 The canonical forms of polarized neural ideals with 2 generators, neither
dividing the other, are as follows:

(1) Any polarized neural ideal of the form (g1, g2) where g1 and g, share no indices
or at least two indices, is in canonical form.

(2) Any polarized neural ideal of the form (x181, y182), where g1 and g share no
indices, is not in canonical form. Recomposing the ideal yields (x1 g1, y1£2, [g182]),
and so the canonical form of this neural ideal is:

(@) (x181, 182, [g182)) if[g182] # &1. &2
(b) (x181,82) if[g182] = &2 # &1,
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(©) (g1,y182) iflg1g2]1 = g1 # &2
(d) and (g1) if g1 = g2

Proof (1) The case where g and g; share no indices follows from Lemma 4.15.
In the case where g; and g» share two or more indices, we can rewrite the ideal as
either

(X181, Y1+ - Y182),

where ¢ > 2 and g1 and g» share no indices, or

(X1 X Vel Veks &1 Xetl *+ Xy Y1+ * Vi 82),

where ¢, s > 0 and g; and g» share no indices.
We prove the first case by induction on k. First assume k = 2. We use Lemma 4.5
to simplify the computation. We have

(x1x281, y1y282) = (x1, y1) N (x281, y1) N (x1, y282) N (X281, ¥282)-

The first piece is the only piece containing (x1, y1), so we remove it. Next we look for
components containing (xz, y2):

(X281, y1) N (x1, y282) N (x281. y282)
= (x281, y1) N (x1, y282) N (x2, ¥2) N (x2, g2) N (g1, ¥2) N (g1, &2)-

Removing (x32, y») and completing Algorithm 3.2 yields (x1x281, Y1y282), as desired.
Now suppose ¢ > 2. We have

(X1 X 81,1 y182) = (X1, y1) N (X1, y2 -+ - ¥182) N (X2 - - - X, &1, Y1+ - Y1 &2)-

By Lemma4.5, the canonical form of the original ideal is equal to the canonical form of
the intersection of pieces 2 and 3. By (1) and the induction hypothesis, both pieces are
in canonical form. Hence by Lemma 4.10, we may apply Steps 5 and 6 of Algorithm
3.2 to their intersection to get the canonical form of the original ideal. Intersecting the
ideals

(e, y2 - ve81) N (X2 - X 81, Y1+ Vi &2)
and completing Steps 5 and 6 of Algorithm 3.2, we get the desired result.

We prove the second case by induction on ¢ +s, starting with the basecaser = s = 1.
In this case, we have

(x1y281, x2y182) = (x1, y1) N (x1, x282) N (¥2, x2) N (g1, x2) N (¥281, Y182)-

Removing the pieces (x1, y1) and (y2, x2) as in Lemma 4.5, we intersect the rest of
the ideals following Algorithm 3.2 to get the ideal (x1y2g1, X2Y182)-
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Now assume that 4+ s > 1, and without loss of generality that > 1. We have

(XL X Vi1 Vs &1 Xegl = Xpgs V1 -+ Vi 82)
= (X1, X1 o Xps Y1 Ye82) M (X2 - - X Ve = - Vets &1 Xekl *** Xpbs V1 -+ Vi1 82)-

By the induction hypothesis, the second piece is in canonical form (1 is no
longer a shared index). By part (4), the canonical form of the first piece is
(X1, Xp41 -+ Xr45¥2 - - - Y1 &2). Combining these using Lemma 4.10, we get the desired
result.

(2) We have (x1g1, y182) = (x1, 1) N (x1, g2) N (g1, ¥182). By Lemma 4.5, the
canonical form of the original ideal is equal to the canonical form of the intersection
of the second and third ideals. Removing the first piece and combining the other
two via Algorithm 3.2, we get the almost canonical form (x1g1, y182, [g182]). The
result follows by removing generators that are a multiple of another generator. If
[g182] # g1, &2, we remove no generators. If [g1g2] = g1 # g2, we remove x1g;. If
[8182] = g2 # g1, we remove yi 8. If [g182] = g1 = &2, we remove x1 g1 and y;&».

O

Example 5.3 We give examples of each case in Theorem 5.2.

(1) The neural ideal (x1yz, x3y2) is in canonical form.

(2) The neural ideal (x1x2Yy3, x4y1y2) is in canonical form.

(3) The neural ideal (x1y, x2y1) is in canonical form.

(4) The neural ideal (x1y7, x3y1) has canonical form (x1yz, x3y1, X3y2). In contrast,
the neural ideal (x1, x3y1) has canonical form (x1, x3).

Remark 5.4 Following the lead of Remark 4.18, in the case where the two generators
share a single index and either g; = 1 or go = 1, we can see that the ideal is not in
canonical form more directly from the generators and the conditions for the canonical
form given in [4, Theorem 4.3]:

First, we assume that go = 1, so the ideal is (x1g1, y1). Suppose that g; =
X2 -+ X Y41 - - - Vet+s- Then the generators tell us that

unt,n...NU; C U1 U...UUigg, X C U . 2)

Butthen U1 N...NU; = Uy N...N U, so the left hand side in Eq. 2 is non-minimal.
Hence (x1g1, y1) is notin canonical form. Further, removing x| from the first generator
fixes the issue, which agrees with the result of Theorem 5.2.

Now suppose that g = 1, so that the ideal becomes (x1, y1g2). Suppose that
82 = X2 -+ XtYr+1 - - - Yi+s. Then the generators tell us that

U=, UNn..NU CU UUi11 U...UU;4;. 3)

Since U1 = @, the right hand side in Eq. 3 is non-minimal. Hence (x1, y1g2) is not in
canonical form. In this case, removing y; from the second generator fixes the issue,
which is consistent with the result of Theorem 5.2.
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Theorem 5.5 Let a = (g1, ..., gk) be a polarized neural ideal such that g, 1 g, for
any 1 < ji # jo <k, andx;y; 1 gj foranyl <i <nand1 < j < k. If for some pair
gj1» &), of generators of a, g, and g, share exactly I index i and no other generator

.. [8j;8),] . . . . .. .
of adivides %, then a is not in canonical form. Otherwise, a is in canonical form.
gl

Proof First assume a has at least one pair of generators with exactly one shared index,
say the index 1. To distinguish the generators with a factor of x| or y;, we rewrite

0= (X1811s s X181kys V18215 - -+ V182ks §315 - - - » §3k3)» Where x1, y1 1 g ¢ for any
j, €. By Lemma 4.17, recomposing a with respect to the index 1 returns

= (X1811s- - -» X181ky» Y1821+ - -» Y1822+ (811820 1< i <ki 1<jp<ko» &31:- - 5 &3k3)>

which by Lemma 4.5 has the same canonical form of a.
By our hypothesis, some pair g1;,, g2j, has no shared indices, so by Proposition
[x181j;Y182j,1

T or has

4.19, the canonical form of a either has the generator [g1, g2j,] =
another generator g that is a proper divisor of [g1,£2/,].

If no original generator of a divides [g1, g2,], then g is not an original generator
of a, so a is not in canonical form.

If, however, for every index i and every pair of generators g j, and gj, of a that

share only the index i, some other generator of a divides L8, i’z

[gfngZ]

then every term of

the form is removed by Step 6 of Algorithm 3.2, and by Remark 4.9 may be
removed now. Hence recomposing a returns a. By the hypotheses that no x; y; divides
any g; and no g; divides another, a is in canonical form.

Next assume that no generators of a share any indices. Then a is in canonical form
by Lemma 4.15.

Finally, assume that no generators of a share exactly one index, and that at least
one pair of generators shares an index. Without loss of generality, assume 1 is a shared
index among the generators of a. Rewrite

= (X1811, > X181ky> Y1821s - - - » Y182kz+ &31s - - - » &3k3)>

where x1, y1 1 gj¢ forany j, £.
By Lemma 4.17, recomposing a with respect to the index 1 returns

= (X1811s---» X181k Y1821+ - -» Y182k (811 82011 <ji<ki,1<jo<kas &315- - -» &3k3)

which by Lemma 4.5 has the same canonical form as a.

However, since any two generators that share an index share at least 2 indices, each
[g1/182),]1s divisible by x;y; for some 2 < i < n. So they will all vanish when Step 5
of Algorithm 3.2 is applied. By Proposition 4.19, we can remove them now, leaving us
with a again. We repeat this process for each additional shared index, getting a again
each time. Then a recomposed is equal to a. By assumption, x; y; does not divide any
generator of a, so a is then in almost canonical form. Since we assumed no generator
of a divides another, a is in canonical form. O
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Note that the divisibility condition in Theorem 5.5 requires the ideal to have at least
3 generators, hence why it is not a part of Theorem 5.2.

Example 5.6 We include an example to illustrate the case where two generators gi

and g;, share exactly one index i, but another generator divides L 'g’z .Leta =

(x1x2, Xx3X4y1, X2x3). The first two generators share only the index 1, but this ideal is
nevertheless in canonical form. By Theorem 5.2 along with Lemma 4.15, the almost
canonical form of this ideal is

(X1x2, X3X4 Y1, X2X3X4, X2X3).

We remove xpx3x4 since it is divisible by xpx3, returning the original ideal. Hence a
is in canonical form.

Remark 5.7 We note that any squarefree monomial ideal in Fs[x,...,x,] can
be realized as a neural ideal in canonical form by passing to the extension ring
Falx1, ..., Xn, Y1, - .., Yul. For example, (x1x2, x2X3, X3X4, X4X5, X5X1) is the canon-
ical form of a neural ideal in Fa[x1, ..., x5, y1, ..., ¥s5].

However, remaining inside of a particular F»[x, ..., x,, 1, - - ., ¥n], Theorem 5.5
describes the set of squarefree monomial ideals that are canonical forms of neural
ideals.

Corollary 5.8 Let a be a polarized neural ideal such that any pair of generators that
share the index i share at least 2 indices. Then recomposing a with respect to the index
i returns a.

If each pair of generators that share any index share at least 2 indices, then recom-
posing a with respect to any set of indices returns a.
Proof This follows from the proof of Theorem 5.5. O
Corollary 5.9 Let a be a polarized neural ideal. In order to compute the canonical
form of a, it suffices to recompose a with respect to the indices iy, . .., i; such that for

each 1 < j <t, some pair of generators of a shares only the index i;.

Proof By Lemma 4.17, recomposing
0= (Xig11, - Xi&lky» Yi&21, - - -, Yi&2%ky» 831, - - - » 83k3)
with respect to the index i returns
0 = (XiQI1s s Xi&lkys Vig21s - - - » Vi82kns [81)182js V1< i<k, 1< js<kss &31s - - » 83k3)-

As in the proof of Theorem 5.5, if each pair x;g1},, yig2j, sharing the index i also
shares an additional index, every [g1, £2/,] can be removed by Proposition 4.19, and
we get a back. O
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We can now give a new algorithm for computing the canonical form, which avoids
computing a primary decomposition. Since this algorithm starts from a neural ideal,
this algorithm will be more useful to mathematicians studying neural ideals with an
eye towards future results classifying neural codes. Those beginning from a neural
code will likely prefer the iterative algorithm of [12].

Algorithm 5.10 Begin with alist of generators L = {gy, ..., g} forapolarized neural
ideal a € Fo[x1, ..., X0, Y1, -+, Ynl-
(1) Seti =1.

(2) For each pair of generators g,, g/, that shares only the index 7, add a generator

[i’i ijz] to a new list M.
(3) Join the lists L and M.
(4) Increment i and repeat steps 2 and 3 until i =n + 1.
(5) Remove any remaining generators divisible by x;y; for any 1 < i < n and any

generators divisible by another generator of smaller degree.

Remark 5.11 Note that in Step 4, it is only necessary to remove generators divisible

by x;y; if g1, ..., gk included such a generator. This algorithm will not otherwise
produce generators divisible by x;y; as if g, and g, share only the index i, [i’:‘—i,jz]
BEG!

will not be divisible by x;y; for any i.

Remark 5.12 The generators —; 181871 g” that we add relate directly to the RF structure of
1

the corresponding neural code: in Remark 4.18 we saw the relations corresponding to

the generators g, and g, imply the relation corresponding to the generator [i”—f""]
“ ll ll

must also hold.

Proof By Corollary 5.9, it suffices to recompose a with respect to the indices i such
that some pair of generators g; and gj, of a share only the index i. This is the
list made in Step 1. Performing Step 2 recomposes a with respect to the index i by
Lemma 4.17, with one change: any new generator coming from a pair of generators
gj1» &), that share more than one index is skipped, as by the proof of Theorem 5.5
they would be removed in Step 5 of Algorithm 3.2 and by Proposition 4.19 they may
be removed at any time. Hence after Step 3, a is recomposed. Step 4 removes any
remaining generators divisible by x;y; or by another generator that have not been
removed already, completing Steps 5 and 6 of Algorithm 3.2. O

Remark 5.13 We implemented Algorithms 5.10, 3.2, and a polarized version the itera-
tive algorithm from [12] in Macaulay?2 [6] to compare how long they took on examples.
We include data from a few initial examples here, and plan to include more extensive
speed testing data and complexity analysis in an upcoming Macaulay2 package and
associated paper.

All times are listed in seconds. If we interrupted a computation before it completed,
we list > ¢, where ¢ is the number of seconds at which we interrupted the code.

List of ideals:

(1) Iy = (x1x2, x3y1)
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(2) Iy = (x1x3, X2)1, X2X3)

(3) I3 = (x1x4, X2X3Y1, X4Y2)

(4) 1y = (x1y2, X2y3, X4Y3)

(5) Is = (x3y1, X1Y2, Y24, X2X4Y3, X3X4Y1Y2, X2X3X4 Y1, X1X3X4Y2)
(6) Is = (x1X2X4, X3YV1Y2, X4Y5, X4X5X6X7)

(7) Ir = (x1x2, X3Y4, X6Y7, X2X4X7, X6Y1Y2, X2X3X5X6Y7)

Ideal Number of neurons 32 5.10

I 3 0.0648534 0.00192403
I 3 0.061073 0.00157261
I3 4 0.143508 0.00402159
Iy 4 0.0800547 0.00117581
I5 4 0.367402 0.0249538
I 7 >173.618 0.00847768
I7 7 94.8539 0.0130173

Based on these initial results, we are optimistic that Algorithm 5.10 outperforms
Algorithm 3.2 in general, making it a better choice for computing the canonical form of
aneural ideal. We also find Algorithm 5.10 significantly easier to use when computing
small examples by hand than Algorithm 3.2.

List of codes:

(1) €y = {100, 101, 001, 000, 110}
(2) C, = {1001, 0110, 0000, 0111, 0010}
(3) C3 = {0000000, 1000000, 0110000, 0100000, 0000011, 0000101}

“4) ¢4 = {0000000, 1000000, 0110000, 0100000, 0000011, 0000101, 1000001,
1100010}
Code Number of neurons 3.2 5.10 Iterative
Cq 3 0.0539101 0.00636247 0.0323265
Cy 4 0.372083 0.0387233 0.0830163
C3 7 38.0215 > 157.579 0.107555
Cy 7 >368.461 >189.821 0.097687

However, when going from a neural code on more than 3—4 neurons straight to
its canonical form, the iterative algorithm from [12] appears significantly faster than
computing the neural ideal as in [4] and then performing Algorithm 5.10 (or Algorithm
3.2, as seen in [12]) to get the canonical form. On two 7-neuron examples we tried,
we interrupted our algorithm after some time, but the iterative algorithm finished in
under .1s.
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6 Generic Canonical Forms

The results of this section give us a way to compute a single almost canonical form for a
set of neural ideals that have identical patterns of shared indices among their generators
(e.g. (x1x2, x3y1) and (x1x2x3, x3y1)). We do this by passing to an extension ring,
computing a “generic" canonical form, and then returning to our original ring. These
generic canonical forms create families of canonical forms.

Notation 6.1 Let g1,..., gx € S be squarefree monomials sharing no indices. We
define an extensionring P = S[z1,...,zx]andamap 7 : P — S sending z; > g;.
Then S = P/(z; — g;).

We compute an analogue of the canonical form for squarefree monomial ideals in
P by modifying Algorithm 3.2 as follows:

Algorithm 6.2 Let P = S[zy, ..., zx].

(1) Start with a squarefree monomial ideal a = (f1,..., fin) in P, where f; =
Hiea Xi Hier Vi Hiev i

(2) Compute the primary decomposition of a. The ideals py, ..., ps in the primary
decomposition will all be generated by a subsetof (X1, ..., Xu, Y15« s Yns Z1s - -«
k).

(3) Impose the relation x; + y; = 1, and as a result remove any ideal in the primary
decomposition containing both x; and y; forany 1 <i <n.

(4) Compute [h - - - hy] for every set of choices of iy a generator of p,. (That is,
intersect the remaining prime ideals.)

(5) Impose the relations x; y; = 0, and remove any monomials with a factor of x; y;
forsome 1 <i <n.

(6) Remove any remaining products that are multiples of a product of lower degree.

Definition 6.3 We say that an ideal that is the result of Algorithm 6.2 is in generic
canonical form. As we did in S, we will refer to an ideal in P that has had Steps 1-4
of Algorithm 6.2 applied to it as generically recomposed, and an ideal that has had
Steps 1-5 of Algorithm 6.2 as being in generic almost canonical form.

As with their non-generic version (see Remark 4.20), we refer to an ideal that only
requires Steps 5 and 6 (resp. Step 6) of Algorithm 6.2 to find the generic canonical
form as generically recomposed (resp. in generic almost canonical form), even though
these ideals may not agree with the results of Step 4 (resp. Step 5) of Algorithm 6.2.

Lemma 6.4 Let by,...,br,81,...,8k € S be squarefree monomials such that the
gj share no indices with the b;g;. In recomposing a = (b1g1, ..., bigk), it is not
necessary to split the g; into their factors.

Proof We proceed by induction on k. We noted in Remark 5.1 that neural ideals with
one generator are in canonical form, so we begin with k = 2. In this case we have
(D181, b2g2) = (b1, b2) N (b1, g2) N (g1, b2) N (81, g2). By Lemma 4.15, since no
g; shares any index with any b;g;, the second, third, and fourth pieces are already
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recomposed, and by Lemma 4.10, recomposed a is equal to the intersection of the
recomposed components on the right hand side. This proves the case k = 2.
Now assume k > 2. We have

(b181s .-, bigr) = (b1, baga, ..., brgr) N (g1, b2ga, ..., bigk).

By Lemma 4.15, the recomposed second piece is equal to g; plus the recomposed
(b2g2, ..., brgk). By the induction hypothesis, we do not need to split the g; into
their factors to compute this. We continue to split the first piece:

(b1,b2g2, ..., brgk) = (b1, b2, b3gs, ..., brgr) N (b1, g2,b383, ..., brgi).

As before, we do not need to split the g; into their factors to recompose the second
piece. Continuing in this way, we eventually get

(b1,b2, ..., b1, bkgr) = (b1, ..., b1, bp) N (b1, ..., br_1, gk)-

The first piece has no gi, and as before, we do not need to split g into its factors to
recompose the second piece. O

Notation 6.5 Let (b1z1,...,brzr) be a squarefree monomial ideal of P. When
referring to the generically recomposed, almost canonical, or canonical form of
(biz1, - .., brzk), we will denote it

(f@is o z) = (11, s 2i)s s feZes oo v s 20))

for some ¢ where each generator f;(z1,...,2x) € P is a monomial. This allows us
to view the generically recomposed (resp. almost canonical or canonical) form as a
function of the z; that is determined by the b;.

Proposition 6.6 Let by, ..., by, g1,...,8 € S be squarefree monomials such that
the g share no indices with the bjg;. Let P = S[z1,...,zx]andmw : P — § be
the homomorphism sending S to itself and z; +— g;. If the generically recomposed
form of (b1z1, ..., brzx) in P is given by (f(z1, ..., 2k)), then the recomposed form
of (b1g1, ..., bkgk) in S is given by

[(r(f(zt, .- z)] = A fi(gr, .- 801 .., [fe(gr, oo, 8O D).

Further, if x;y; divides [ fj (g1, ..., &) for some 1 <i <nand1 < j <, then
x;y; divides fj(z1, ..., zk). Hence the canonical form of (b1g1, ..., bkgk) in S may
be computed by computing the generic almost canonical form of (b1z1, ..., brzk),
applying w and replacing any x{ for ¢ > 1 with x;, and then applying Step 6 of
Algorithm 3.2.

In particular, if we know the canonical form of (b1g1, ..., bxgk) (Where the g;
still share no indices with the b;g;), and g | g;j, we can find the canonical form of
(b1g1, .-, bj_18j-1.b;g, bjr18j+1. - - -, brgr) by computing the canonical form of
(b1g1, - - ., brgi), replacing g; by g, and then applying Step 6 of Algorithm 3.2 again.
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Proof Say that the generically recomposed (b1z1, . .., bxzx) in P is given by

(f(zl, ...,Zk)) = (fl(zl,...,Zk), ey fg(Zl, ...,Zk)),

where each f;(z1, ..., zx) € P. Applying 7, we get

(fl(gl’ ""gk)?"" fe(gl’ "’7gk))'

We claim that after replacing products with LCMs this is equal to the recomposed
(b1g1, - - ., brgr). By Lemma 6.4, since the g; contain no x; or y; with shared indices,
we can leave the g; alone when decomposing (b1g1, ..., brgk). Hence m applied to
the primary decomposition of (b1z1, ..., brzk) gives us a sufficient decomposition
of (b1g1, ..., brgr) to recompose the latter. Since 7 (x;) = x; and 7 (y;) = y;, the
components we remove in Step 3 of Algorithm 3.2 in S are equal to 7 applied to the
components we remove in Step 3 of Algorithm 6.2. The only potential difference is
in Step 4, and this is resolved by replacing products with LCM’s.

Since the g; contain no indices shared with the b;g; (i.e., if x; | g¢ for any
¢, then y; 1 II jbjgj, and the same with x; and y; reversed), this will hold after
recomposing (b1 g1, - .., brgx) as well. As a result, any generator of the recomposed
(b1g1, - - ., brgr) divisible by x; y; forsome 1 < i < nmustbe equal to w of a generator
of therecomposed (bz1, . . ., brzx) divisible by the same x; y;, up to replacing products
with LCMs. Applying Step 6 of Algorithm 3.2to (f1(g1, .-, 8&k)s .-, fe(g1, ..., &k))
now gives us the canonical form of (b1 g1, ..., brgk), as desired.

For the final statement, note that

a= (blgl,...,bkgk) and CL/ = (b1g1,...,bjg,...,bkgk)

have the same generic canonical form, (f(z1, ..., zx)). Applying 1 sending z; > g;
and 7, sending z; — g, we have effectively replaced g; by g everywhere it appears.
The only possible difference is in Step 6 of Algorithm 3.2. O

Example 6.7 Consider a = (x1xpx4, X3x4y1). Set P = S[z1, z2], with 7w (z1) = xpx4
and 7 (z2) = x3x4. Write @ = (x1z1, y1z2) € P. Using the proof of Theorem 5.2,
this ideal has canonical form (x1zy, y122,z1z2) in P. Passing back to S, we get
(x1x2x4, X3Xx4Y1, X2x3x4). In this case, no generator is a multiple of another, so we are
done. This computation agrees with the result of Theorem 5.2.

Further, by the last statement of the Theorem, the canonical form of b =
(xlxz, x3x4y1) is (xlxg, X3X4Y1, x2x3x4) and the canonical form of ¢ = (X1 s X3X4y1)
is (x1, x3x4). All of these agree with the result of Theorem 5.2.

Theorem 6.8 Suppose that the generic almost canonical form of the ideal (b1 z1, . . . , bk Zk)
inP=S[z1,...,zk]is

(fGrez) =@ 2, o fo(za, ooy 20)).

Leta = (bigi1, ..., b181y. 02821, - - 02821y, - - - Dicgk1. - - - D8k ), where for any
index i shared by the generators of a, x;, y; 1 [ | &, j»- Then the almost canonical form
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of ais

([gljlg2]2 o .gkjk.f(17 R} 1)]7
(82, &k S (&1eys 1o oo s DL I8y 8=y jiey S (1, 1, Gk,

[gkjkf(glﬂ PRI g(k—l)lk,p 1)]7 cee [glj] f(lv 8212, LRI gklk)]’
[f(gltls 82tp5 + v s gktk)])a

where j; ranges over the integers 1,2, ..., t; — 1 and all products have been replaced
with LCM’’s.

Remark 6.9 The statement of Theorem 6.8 is asymmetrical in the g;;,, with only the
giy; acting as input to the f’s. This is a result of the particular decomposition used
in the proof, and the result works equally well if we fix foreach 1 < i < k a
choice of 1 < s; < {;, replace every g;; with g;,,, and let j; range over the integers
1,2,...,3;,...,[,'.

We give an example before proving Theorem 6.8 in order to illustrate the notation.
Example 6.10 We compute the almost canonical form of

(x1811, X1812, Y1821, Y1822, Y1823)»

where the g, ;, contain no shared indices. Continuing from Example 6.7, the generic
canonical form of (x; g1, y1£2) is (x121, Y122, 2122). Here

Sfi(z1, z22) = xizi, f2(z1,22) = yiz2, f3(z1,22) = z122.
In this example, j; = 1 and j, € {1, 2}. Applying Theorem 6.8, we have

81182 f1(1, 1) = g1j,825%1,  81j:82), 2(1, 1) = g1j,82/, )1,
glj1g2j2f3(17 1) = 817182j»

so we will only need generators of the third type, which are [g11g21] and [g11g22]-
Similarly,

82j, f1(812, 1) = g2j,x1812  82j, f2(812, 1) = g2, y1  82j, f3(g12, 1) = 82j,812,
from which we get generators [g12221], [g12€22], y1€21, and y1g22,
g1y 11, 823) = gujpx1 gujy J2(1, g23) = g1, 71823 81y 3(1, 823) = &1,823,
from which we get generators x; g1 and [g11g23], and
f1(g12, 823) = x1812 f2(812, 823) = y1823  [f3(812, 823) = 812823,
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from which we get generators x1g12, y1223, and [g12g23]. Hence by Theorem 6.8, the
almost canonical form of a = (x1811, X1812, Y1821, Y1822, ¥1823) 18

([g11821], [g11822], (8118231, [g128211, [g12822], [g11823],
X1811, X18125 Y1821, Y1822, Y1823)-

This matches the result of Lemma 4.17. In this situation of only 1 shared index, using
Lemma 4.17 might be easier, but as the number of shared indices increases, Theorem
6.8 becomes more useful.

Proof We prove this by induction on Zle t.Ifty = ... =t = 1, we are done
by Proposition 6.6. Now suppose #; > 1 for at least one 1 < i < k. Without loss of
generality, assume #; > 1. We have

(b1g11,- - b1814y, b2g21,. . ) = (b1, baga1,.. ) N (g11, b1812,s- - -, b1811y» P28215- . ).

By Lemma 4.10 and Proposition 4.19, the almost canonical form of a is equal to the
result of applying Step 5 of Algorithm 3.2 to the intersection of the almost canonical
forms of the two components. By the induction hypothesis and Proposition 6.6, the
almost canonical form of the first piece is

([g2j2 o gkjkf(l’ LR 1)]7
835 gk f(L, 820, Ly oo s Do [82)0 - 8tk=)jicy S (1s ooy 1, k)]s

[gkjkf(lv 82127 ceey g(k—l)[k,I ) 1)]3 LRI [82]2f(1a 1! 8313» ceey gklk)L
[f(l, 8215+ -+ s gktk)])s

where j; ranges over the integers 1,2, ..., t; for2 <i < k. By the induction hypoth-
esis and Lemma 4.15, the almost canonical form of the second piece is

(811, [81j,82)p - - gk (A, ..., D],
lg2jo - - gkjp f (81> oo s DL ooy [81jy - - 8a—yjesy S (s ooy 1, Gra )]s

[gkjkf(glll PRI g(kfl)l‘kfla 1)]’ K] [gl]lf(lﬂ 8212» ) gktk)]a
Lf(g1ns 82125 - - -+ 8kt )]s

where j; ranges over the integers 1,2, ...,t — 1 for2 <i < k and jj ranges over the

integers 2, ..., t — 1.
We claim that

(Lfhy, oo i, Lhipy, oo b)) f (R, oo By, iy iy, o )]
=[fh,....,hi—1, hi higr, .. b))l
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To see this, note that for any s such that fi(z1, ..., zx) has no factor of z;, the two
components agree, and for any s such that fs(z1,..., zx) has a factor of z;, say
fs(z1, ..., zk) = zih, the first component gives & and the second component gives
hih, so their lem is h;jh = fg(hy, ..., hi—1, hi, hiy1, ..., hg).

Using this claim to intersect the two pieces, the proof is complete. O
Remark 6.11 In computing the canonical form of a, if fs(z1, ..., zk) contains factors
of, without loss of generality, z1, ...,z butnot z,41, ..., zk, then

fs(gltlv s gptp’ 1» ceey l) = fs(gltla cee gptp» g(p+l)tp+1’ ls ey 1)
== fs(gltls s gktk)'
(See the proof of Theorem 6.8 for justification of this fact.) So any term with a fac-
tor of fs(g1sy, .-, 8pgpe 1,...,1) or any of the intermediate lines is a multiple of
fs(81#» - - -, ks ) and will be removed in the canonical form.

We end by computing the canonical forms of a class of polarized neural ideals to
illustrate the benefit of the generic approach.

Theorem 6.12 The polarized neural ideal

a= (X181, X2Y182, X3Y283» - - - » Xk—1 Yk—28k—1> Yk—18Kk)»

where k > 2 and the only shared indices are the x; and y; shown, is not in canonical
form. The almost canonical form of a is

(x181, x28182], x3[818283]. - - ., xk—1l81 - - - k=11, [81 - - - 8«1,
x2y182, x3y1lg283l, ... xk—1y1lg2 - - - gk—11, y1lga - - - gkl
X3Y283 -+ Xk—1Y2083 - - - gk—11, y2[g3 - - - gl

Xk—1Yk—28k—1, Yk—2[8k—18k],
Vi—18k)-

Ifforany 1 <t <t <k [g gkl # (g g, and forany 1 < s’ <s <k,
[g1---gs] # gy - - gs), then this is the canonical form of the ideal.

Ifforsomel <s' <s <t <t <klg gl=I[g glandlg gl =
lg: - - g, where s is minimal, s' is maximal, t is maximal, and t' is minimal with
respect to these properties, then the canonical form of a is

(x181, x2[g182], ...  xs—1lg1 - - gs—1)s Xs[gy - -~ gs)s o X1
[gs - gr—1],[gs -~ &l
x2y182, x3y1(8283), - .., Xxs—1y1[82 - - - gs—11,
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Xy Vs —18ss - o> Xs—1Ys'—1[&s" - = - &s—11,
Xs/+1Ys' 8s'+15 xs’+2ys’[gs’-i-lgs’-i-Z]’ cees xt’—lys’[gs’+l S gr_1l Yy [gs’+l gl

XtY1-181s -+ X1 Ye—118 -~ &r—11, ye—1lg: - - - g1,
Xe41Yi8t+1s - -+ s Xk—1Ye (8141 -+ k=11, Yel&Gr+1 - - 8kls

Xk—1Yk—28k—1> Yk—2[8k—18k],
Vi—18k)-

Remark 6.13 1f k = 2, we are in the case of Theorem 5.2, so we skip that case here.
If k£ = 1, there are no shared indices and so the ideal is in canonical form by Lemma
4.15.

Notice that the canonical form of a usually has more generators than a, often
many more. The leftmost column of the canonical form above contains the original
generators of the ideal, and all other generators are additional.

Proof We prove this by induction, beginning with the case k = 3. We decompose the
ideal (x1g1, x2Y182, ¥283), removing any component that contains a pair (x;, y;) as
generators as we go by Lemma 4.5:

(x181, X2y182, ¥283) = (X1, X2y182, ¥283) N (81, X2Y182, ¥283)

= (x1, y1, y283) N (x1, X282, ¥283) N (g1, X2, ¥283) N (g1, Y182, ¥283)
— (x1, X2, y283) N (x1, g2, ¥283) N (g1, X2, ¥2) N (g1, X2, g3) N (g1, Y182, ¥2&3)
— (X1, x2, y2) N (x1, X2, 83) N (x1, &2, ¥283) N (&1, X2, 83) N (81, Y182, ¥283)
— (x1, X2, g3) N (x1, 82, ¥283) N (g1, x2, &3) N (81, Y182, ¥283)-

By Lemma 4.15, since none of the remaining pieces have any shared indices, each
piece is recomposed. By Lemma 4.10, to get the recomposed a, it suffices to intersect
these ideals. Intersecting these ideals and removing components divisible by x;y; or
by another component as in Proposition 4.19, we are left with the almost canonical

form(x1 81, x28182, 818283, X2Y182, 18283, ¥283)-
Now assume k > 3. We have

(X181, X2Y1825 -+ » Xk—1Yk—28k—1> Yk—18Kk)
= (X1, Y1, X3Y283, - - - » Xk—1Yk—28k—1, Yk—18k)
N (X1, X282, X3Y283, -+ -» Yk—18k) N (81, X2Y182, X3Y283+ - - - » Yk—18k)-

We remove the first piece, which contains the pair (x1, y;). By Lemma 4.10, the
recomposed a is equal to the intersection of the recomposed second piece with the
recomposed third piece. By the induction hypothesis, the generically recomposed
second piece is
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(X1, X282, X38283, - -+ » Xk—182 " - 8k—1, 82 * - * &k>
X3Y283, -+ Xk—1Y283 - &k—1, Y283 * - * 8k»

Xk—1Yk—28k—1> Yk—28k—18k
Vk—18k)-

Viewing y; g> as a piece sharing no indices with other generators, the recomposed 3rd
piece is
(g17 X2Y182, X3Y18283, - -+ » Xk—1Y182 - - 8k—1, Y182 " * " 8k>
X3Y283s « - s Xk—1Y283 - 8k—1, Y283 * * * 8k

Xk—1Yk—28k—1> Yk—28k—18k,
Vi—18k)-

Intersecting the two pieces and removing generators that are divisible by x; y;, we get

(X181, X281825 -+ - » Xk—181" " 8k—1, 81" " * k>
X2V182, X3V18283, - - - » Xk—1Y182 ** * 8k—1> Y182 " * 8k>»
X3Y283, -« » Xk—1Y283 " - 8k—18> Y283 "+~ 8k>

Xk—1Yk—28k—1> Yk—28k—18k
Vi—18k)-

Since by assumption, the g; share no indices, this is the almost canonical form of a.

If [g1---gs] # gy - gslforany 1 <s' <s <kandl[g --- gl #[g ---gv]for
any | <1t <t <k, itis not possible for any generator to be a multiple of another
generator, so we have found the canonical form. Otherwise, we remove generators
that are a multiple of another generator to get the result.

Regardless of the value of [g; - - - gx], it will always be a generator of the ideal.
Since [g1 - - - g«] has no factors of x; or y; for | <i < k — 1, whereas every original
generator of a has a factor of x; or of y;, the canonical form is distinct from the original
list of generators. O

Remark 6.14 Inthe case of Theorem 6.12, we note that the canonical form of a is never
equal to the original ideal. This is best illustrated by noting that [gy - - - gx] is always
added as a generator and is not divisible by any of the original generators since itisn’t
divisible by any of x1, ..., Xk—1, Y1, -+ Yk—1-

Example 6.15 Consider the polarized neural ideal a = (xg1, x2y1£2, ¥2€3), Where
the g; contain no shared indices. By Theorem 6.12, the almost canonical form of

this ideal is (x1 g1, x2[g182], [g18283], X2y182, y1[g243], ¥243). Consider g1 = x3,
82 = x4, and g3 = x3x4, so that [g1g283] = g3. Substituting our values of g1, g2,
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and g3 and removing generators that are a multiple of another generator, we are left
with (x1x3, X2y1x4, x3x4). This is a degenerate case like in parts of Theorem 5.2,
(4)—instead of adding generators to get the canonical form we change a generator.

If instead we set g1 = g» = g3 = x3, we find every generator is divisible by
x3 thereby making the almost canonical form (x3). This is similar to the last case of
Theorem 5.2.
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