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1 Introduction

In the field of commutative algebra, minimal free resolutions are one of the basic
invariants associated to a module M over a commutative ring R. Several other
invariants of a graded module M, for example the Betti numbers or the Hilbert
Function, can be defined via, or easily obtained from, this resolution of M.
If the module M comes from a geometrical setting, many of these invariants
reflect geometrical properties. From a computational point of view, the question
of how to efficiently compute the minimal free resolution and related invariants
is an interesting topic in itself.

In the case of a module over a polynomial ring P = k|xy, ..., ], Buchberger
introduced Grébner bases (see [Buc06] for an english version of his PhD thesis):
Grobner bases provide a first idea for a systematic construction of a resolution,
which can be minimized to obtain a minimal free resolution. However, arbitrary
Groébner bases have the downside that, in general, they are a primarily compu-
tational tool and might not contain much information about the algebraic struc-
ture of M. However, the subclass of involutive bases provides a relatively new
approach, introduced in [GB98]|, which reflects interesting algebraic properties
of M in a way that is useful from both a computational-algorithmic perspective
as well as from a theoretical perspective. New types of involutive bases have
been introduced very recently [GB11].

To obtain an involutive basis, one first needs an involutive division. There
are many different classes of involutive divisions, each with advantages and
downsides. The Pommaret division is typically the most useful involutive divi-
sion when one intends to make purely theoretical arguments. Many well-known
results such as the Auslander-Buchsbaum formula can also be proved with Pom-
maret bases, see [Seil0]. While Pommaret bases are helpful for most explicit
calculations, their use is hampered by the fact that in some non-generic cases
they do not exist. Here, the Janet division can be considered the closest substi-
tute which avoids this pitfall.

Either of these involutive divisions induces a free resolution, which is gener-
ally not minimal. Coming from a different direction, discrete algebraic Morse
theory (see [For98|, [TWO09] or [Sko06]) also offers a technique to construct res-
olutions. While this theory has its origins in the field of cellular complexes,
Skoldberg has in [Sk11] applied this theory to modules with initially linear
syzygies, a situation which typically arises in the context of involutive bases.
The main idea of the present work is to further investigate this construction
and see what results it brings.

Our first main result, Theorem [£.2.3] states that the combination of these
approaches yields a new construction for the iterative construction of involutive
bases of syzygy modules. Additionally, this approach enables us to directly com-
pute some parts of the differential anywhere in the resolution without having
to compute other parts of the resolution. Consequently, we can compute Betti
numbers without having to do the “unnecessary” computations for lower homo-
logical degrees. This algorithm has been implemented in CoCoAL1B [AB| by
Mario Albert, and it appears to be very efficient at computing Betti numbers.



Next, we are able establish that our resolution is highly structured. It is then
natural to ask if this structure enables us to make purely theoretical statements,
for example which properties can be deduced for the minimal resolution, or more
precisely, what part of the structure is retained during a minimising process. It
turns out that the rules for minimising a resolution make it possible to give,
based on our resolution, some non-vanishing statements about certain Betti
numbers of Veronese subrings.

The Veronese subrings S9 = k[z# | deg(z*) = d] C k[xo, ..., 2,,] are among
the most studied examples of graded modules. In [EL12|, Ein and Lazarsfeld
showed that for every ¢ > d + 1, the (shifted) Betti numbers 3, , of S are
nonzero if

(1)) o= (1) (20 ) () o

Using our theory established earlier, one of our main results, Theorem [6.2.6] is
a generalization of the bound on the left to
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with certain integers sq, d(q)s,, 4 as in Deﬁnition This bound then holds
without any restriction on ¢, apart from the obvious 1 < ¢ < reg S@.

We conclude with a topic that shows a different application of involutive
bases: The study of the behavior of the Hilbert function under some ideal-
theoretic operations has brought some interesting results such as the Theorem
of Macaulay, the Persistence and the Regularity Theorem of Gotzmann or the
Hyperplane Restriction Theorem, see [Gre98]. Using the technique of Pommaret
bases, we are able to give a new proof of the Hyperplane Restriction Theorem,
though we are limited to sufficiently large degrees.

This thesis is structured as follows:

Chapter 2] presents basic definitions and results that are needed throughout
the remaining chapters. In particular, we will briefly outline the concept of
the minimal free resolution of a graded module, and the invariants defined via
this resolution. While we suppose that the readers have encountered these
constructions before, the same cannot be said about the other major topic of
this chapter, involutive divisions and involutive bases. This field is much more
specialized, and therefore we devote the larger part of the chapter to introducing
and illustrating the basic ideas behind involutive divisions, with the goal of
explaining every aspect of involutive divisions necessary for comprehending the
remaining chapters. We close this chapter with some remarks about homological
algebra, which build the foundation for the next chapter.

Chapter [3] introduces algebraic discrete Morse Theory. This chapter is heav-
ily based on two papers by Emil Skoldberg, [Sko06] and [Sk6IT]. We repeat
several constructions and theorems from both papers. We have included most
of the proofs given in the references. Occasionally, we have revised some of these
proofs and added some arguments, hoping to improve accessibility.



Our first original results appear in chapter [} We see that certain classes of
involutive bases can be combined with algebraic discrete Morse theory, yielding
a free resolution. We will see that this is essentially the same resolution as
the resolution induced by the involutive basis. This approach leads to new
possibilities to calculate syzygies, which in particular includes the possibility to
compute single Betti numbers without having to compute the entire resolution.
The theory of this chapter has been implemented in COCOALIB by M. Albert.
We will give a short introduction to this implementation and see that it often
favorably compares to other computer algebra systems.

Earlier versions of the content of this chapter, joint work with M. Albert and
W.M.Seiler, have been published in [AFSS15| and [AFSI15]. In the first paper,
the respective results have been given for the special case of Pommaret bases,
and in the second paper they were extended to Janet bases.

The next two chapters share the results of chapter [ as a common basis, but
they lead in overall rather different directions.

In chapter [5} we further analyze the newly constructed resolution of chapter
[] which is, in general, not the minimal free resolution. It is interesting to see
where in this resolution the differentials contain constants. We will show that
in this resolution, the appearance of some constants is interlinked, or more pre-
cisely, some sets of constant share a common origin. We caution that stating
these theorems in a precise manner makes them look rather technical, and also
that their proofs require several technical results to be established in advance.
We discuss how these results can be used to further improve future implemen-
tations in COCOALIB.

In chapter [6] we apply the results of chapter [] to the Veronese subrings
generated by the monomials of degree d in n 4+ 1 variables. Here, we restrict
to Pommaret division. As first important step, we will construct a Pommaret
basis for the ideal arising from the Veronese subrings. As a corollary, we will
obtain new proofs for some well-known properties of the Veronese subrings.
Additionally, we will prove that some Betti numbers of the Veronese subrings
do not vanish. In [EL12], the respective result was proved for d > ¢+ 1, where ¢
is a fixed degree of the “shifted” Betti number in question, but our result covers
any value of d. While the main focus of this chapter is different from chapter
we do occasionally require some of the lemmata of said chapter. Our result
regarding these Betti numbers can be understood via some purely combinatorial
conditions regarding multiindices.

In chapter [7] we show another new application of Pommaret bases: We
derive a formula that connects a Pommaret basis of an ideal and the unique
saturated lex segment ideal with the same Hilbert polynomial. We will use this
link to give a new proof for a part of Green’s Hyperplane Restriction Theorem.
This chapter does not require Morse theory and is independent of Chapters [3}[6]



2 Basic definitions and theorems

Definition 2.0.1. A (directed) graph T = (V, E) consists of an arbitrary set
V', called wvertices of I' and a set E C V x V, called edges of I'. For an edge
e = (a,b) € E, we will use the notation a — b, and say that a,b are incident to
e. We call a the source and b the target of e.

Definition 2.0.2. Let I' = (V| E) be a directed graph. A path in I is a finite
(ordered) subset ag, ..., a,, € V such that a; — a;41 € Eforall 0 <i<m— 1.
Equivalently, we will view any (ordered) set {(ag — a1), ..., (@m-1 — am)} € E
as a path. We will usually write

ag — ... — Qp

for such a path.

A cycle of T is a path ag — ... = a,, in ' such that ag = a,,. We say that
I is acyclic if there are no cycles in I'.

For two paths p1 = (@ — ... = b), p2 = (b = ... = ¢), we write py o p; for
the concatenation of the paths, i.e. the patha — ... b — ... > c.

Even though the definition of the concatenation possibly looks reversed to
what one might initially expect, we prefer this order, for we will later associate
maps p, to paths p in certain graphs. For these maps, we will have

Ppzop1 = Ppz © Ppys

and here our notation is indeed natural.

2.1 Free resolutions

We will start by presenting some basic definitions and results on free resolutions.
The presentation is heavily inspired by [CLO98|, Chapter 6].

Definition 2.1.1. A chain complex F over a commutative ring R consists of
R-modules F; for | € Z and homomorphisms

o P S RS R
such that ¢; 041 =0 for all [ € Z. We call
H;i(F) = ker(¢i)/ im(pit1)

the i-th homology module of F. The maps ¢; are called the differential of F.
We call a chain complex F an exact sequence if H;(F) =0 for all i € Z.
Let M be an R-module. A free resolution of M is an exact sequence

...*)Fgﬁ)FlgFoﬁM*)O,

where F; = R is a free R-module for all i. We say that the elements of F; are
of homological degree 1.



Equivalently, we say that a chain complexﬂ F with
B LA
is a free resolution of M if and only if every Fj is a free R-module and
Hy(F)=Fy/im(p1) =M and H;(F) =0 foralli>1.

We say that the (free) resolution is finite of length I, if there is an [ such that
Fii;=0fori>1and F; # 0. In this case, we usually write

0O->F—F 1—>..>F —Fp—>M-=—0.

For our purposes, we usually take R to be the ring P = k[zo,...,x,] of
polynomials in n + 1 variables over a field k of arbitrary characteristic, and M
to be a finitely generated P-module. While in more general situations, finite free
resolution do not necessarily exist, the next theorem guarantees the existence
of finite resolutions over P.

Theorem 2.1.2 (Hilbert’s Syzygy Theorem). Let P = k[zo,...,x,]|. Then for
every finitely generated P-module, there is a free resolution of length at most
n+1.

Proof. A standard proof is given in [CLO98, Chapter 6, Theorem 2.1]. The
statement also follows from Theorem [2.3.59] which gives an alternative proof,
using involutive bases. O

Definition 2.1.3. Let s > 0 be an integer. Then we define P, to be the set of
all polynomials of total degree s, together with 0. Obviously, we now have

P =P
s>0

as k-vector spaces. We will call this decomposition the (standard) grading on
P. Using this decomposition of P, a (standard) graded module over P is a P-
module M with a family of subgroups {M;|t € Z} C M of the additive group
of M such that

o M= P M; as additive groups,
te

e PM; C Mgy forall s>0andteZ.
The elements of M; are called (homogeneous) elements of degree t.

This notation is consistent with the standard grading on P. More generally,
any decomposition of P as a direct sum

P=P

s>0

ITo formally match the definition of a chain complex, we extend F to the right with a
chain of trivial modules 0 and trivial homomorphisms.

10



of finite-dimensional k-vector spaces P, such that P,P; C P/, for all s,t >0
allows us to define a grading by taking as elements of degree s the nonzero
elements of P.. In the same manner, the definition can be extended to graded
modules with respect to the new grading. Examples of gradings that are dif-
ferent from the standard grading can be found, for example, in [KR05, Section
4.1.].

We will work exclusively with the standard grading on P and graded modules
with respect to the standard grading on polynomial rings:

Assumption 2.1.4. From now on, unless stated otherwise, any graded module
M is a standard graded P-module for a polynomial ring P. With the exception
of Chapter [6] we take P = k[zo, ..., ,] to be the polynomial ring in n + 1
variables over a field k.

Assumption 2.1.5. We write N for the set of non-negative integers. In par-
ticular, N contains 0.

Definition 2.1.6. A monomial in P is a term of shape z/°-- -z where we
have pg, ..., i, € N. We write T for the set of all monomials in P.

To be consistent with this general assumption, we define multiindices to also
have n + 1 entries:

Definition 2.1.7. We call a vector u = (g, ..., ftn) € Z" 1 a multiindex. For
a multiindex g such that p; > 0 for all 0 < ¢ < n, let * be the monomial
zh = zf° - atn € Kz, ..., x,). We also say that u is the ezponent vector of
z#. For a monomial z*, we define

supp(z") = supp(p) = {i | ;i > 0}.

For 0 < i < n, we define 1; the multiindex whose i-th entry is 1 and whose
remaining entries are 0, i.e.

e (1;); =1and
L] (1i)j =0 fOI‘j7é 1.

Thanks to the identification of multiindices and monomials as in this defi-
nition, many objects and definitions related to multiindices can just as well be
understood via the corresponding monomials. Occasionally, when the context
ensures that there cannot be confusion, we will use this fact for a minor abuse of
notation and write p instead of z# and vice versa, depending on what is better
suited for the respective context.

Theorem 2.1.8. Let d € Z. Let M(d) be the direct sum

M(d) = P M(d).,

teL

where M(d); = Mgyt. Then M(d) is a graded P-module.

11



Proof. Obvious. O

We call such an M(d) a shifted module. Of special interest are the shifted
modules P(d).

Definition 2.1.9. Let M, N be graded P-modules. We say that a homomor-
phism p: M — N is a graded homomorphism of degree d if o(M;) C Nyyq for
all t € Z. A graded resolution of M is a free resolution

o B RS F 2 M0

such that each Fj is a shifted graded free module P(—d;) & ... & P(—d,) and
each ¢; is a graded homomorphism of degree 0.

Assumption 2.1.10. Unless stated otherwise, we will from now on take any
graded homomorphism to be of degree 0. In particular, if we speak of iso-
morphisms of graded modules, we will always assume that the modules are
isomorphic via a graded isomorphism of degree 0, unless stated otherwise.

Theorem 2.1.11 (Graded Hilbert Syzygy Theorem). Let P = k[zg, ..., zp].
Then any finitely generated graded P-module has a finite graded resolution of
length at most n + 1.

Proof. See for example [CLO98, Chapter 6, Theorem 3.8]. O
Definition 2.1.12. Let M be a finitely generated graded P-module and

.o F > F 1> ... > Fp—>M-=0

a graded resolution of M. The resolution is called minimal if for all [ > 1, the
non-vanishing entries of the matrix of ¢; (which represents the map F; — F;_1)
are of positive degree. If one of these matrices contains has an entry contained
in Py = k, we call this entry a constant of F and we say that F contains a
constant.

We will briefly explain the use of the word “minimal” in this context: In
Section we will see that from any resolution for which a matrix of some
@ contains a non-vanishing entry of degree 0 (i.e. a constant), we can con-
struct another free resolution of M whose modules have smaller ranks. Thus, it
makes sense to say that any resolution which contains a constant is not minimal,
justifying this definition of minimality for resolutions.

Definition 2.1.13. Two chain complexes
o B 22 R o and . G RN G, — ...

are called isomorphic if there are graded isomorphisms a;: F; — G; (of degree
0) for I > 1 such that a; o ;11 = ¥, 0 gy for all [ > 0 holds.

Theorem 2.1.14. Any two minimal resolutions of M are isomorphic.

12



Proof. |[CLO98, Chapter 6, Theorem 3.13| O

Remark 2.1.15. From definition we now immediately see that for any
isomorphism M = M’, the minimal free resolutions of M and M’ are the same,
up to isomorphism. In particular, this is the case if M’ arises from M via a
change of coordinates, i.e. an automorphism of P given by z} = Z?:o Ajjx; for
an invertible matrix A = (A;;) € k(n+x(n+1),

Additionally, by Theorem the minimal free resolution is unique up
to isomorphism. For each Fj, there are numbers di,...,d, € Z such that there
exists a graded isomorphism F; = R(—dy) & ... & R(—d,) of degree 0. Thus the
invariants of the definitions below are indeed well-defined:

Definition 2.1.16. Let M be a graded P-module and
0= @PP=d)frs - PP(-d)frre - ... » PP(=d)f+ - M =0

deZ dez dez
(2.1.1)

a minimal free resolution of M.

e The numbers f; ; = f; ;(M) are called the graded Betti numbers of M.
Bi(M) = >~ B;,;(M) is called the j-th total Betti number of M.
JEZL

e We call the numbers 3] ; = f;+; the shifted graded Betti numbers (of

e pd(M) = max{i € Z|3i : §; ;(M) # 0} is called the projective dimension
of M.
e reg(M) = max{j € Z|Fj : B ;(M) # 0} is called the Castelnuovo-

Mumford-regularity of M (or simply the regularity of M).

In particular, any two minimal generating sets of M have the same number
of generators in every degree.

Remark 2.1.17. The graded Betti numbers of a module M can be represented
in a compact way by a (finite) matrix, which is called the (graded) Betti table
of M. The graded Betti table of M contains the numbers 61{73" For example,
suppose M has a minimal free resolution of shape

0 — P(=7) = P(-5) ® P*(=6) —

P(—3) @ P°(—4) ® P(=5) —
P3(-2) & P*(=3) = P(0) = M — 0,

then the graded Betti table of M is

(001 2 3 4
0[1T 000 0
110 3 1.0 0
2(0 2 51 0
3]0 01 3 1

13



In fact, in example we will introduce an ideal I for which the module
M = P/I has exactly this Betti table (see also example [2.3.66)).

Definition 2.1.18. The Hilbert function of M is defined as
HFp :Z — Z, t— dimg(M,y).

In the context of an ideal I <P and the module P/I, we call HF the volume
Junction of I, while the Hilbert function of I is given by HFp .

It is a well-known fact that for large values of ¢, the Hilbert function becomes
a polynomial function; this fact also follows as a corollary from the ideas of
Remark [2.1.20| Lemma [2.3:64] Again, we see ensures that the next definition is
well-defined:

Definition 2.1.19. Let M be a P-module. The Hilbert polynomial HP »q of
M is the unique polynomial such that for ¢ > 0, we have

HP 0 (t) = HF \((2).

As with the Hilbert function, for an ideal I <P, we will refer to HPp,; as the
Hilbert polynomial of I. Whenever it is necessary to make a distinction between
HP; and HPp /7, we will explicitly state the polynomial in question.

Remark 2.1.20. It is possible to calculate the Hilbert function and the Hilbert
polynomial from the ranks of the modules in a free resolution, i.e. the Betti
number, via an inclusion-exclusion-principle. We note that here we are implicitly
using Assumption 2.1.10] thanks to which the formulas here remain as compact
as possible. Let

o B2 RS R M0

be a (finite) free resolution of M. Then we haveﬂ

HF v (t) = dim M, = Y (—1)" dimy Fy ;.
i>0

Using the Betti numbers as in Definition [2.1.16] i.e. for the minimal resolution

given by
F; = D P(-d)’,
deZ
we obtain i
HP o (t) = 1" )
) = 323 raa("7

as soon as t is large enough. In particular, we see that Betti numbers contain
more information than the Hilbert function or the Hilbert polynomial. Addi-
tionally, we remark that we could even drop the assumption of the resolution
being minimal, as the analogous sum formula holds for any free resolution, not
just the minimal one.

IWe denote by F; ¢ the component of degree ¢ of the module Fj.

14



2.2 Minimising free resolutions

Lemma [2.2.2] below explains how an exact sequence of P-modules can be re-
placed by a smaller exact sequence. We will use this lemma in multiple instances
since it gives us a way to algorithmically “minimise” a given resolution step-by-
step by iterating the construction given in the lemma. If the original resolution
was finite, we will obtain a minimal free resolution after a finite number of steps.
The idea is as follows: For a nonzero constant in the differential (i.e. a con-
stant entry in a matrix representation of one of the ¢, see definition , we
eliminate the generators that belong to this constant and slightly change the
differential to obtain a “smaller” exact sequence, i.e. an exact sequence where
the ranks of most modules remain unchanged, but some ranks are indeed smaller
than in the original exact sequence. The sum of all ranks of the free modules
in the new exact sequence is smaller than the sum for the exact sequence we
started with. Hence at some point we obtain a resolution without any constants,
i.e. a minimal free resolution. Therefore, if we started with an arbitrary finite
free resolution, we can reduce it until we obtain a minimal free resolution. The
lemma is implicitly stated and proved in [CLO98, Chapter 6, Theorem 3.15];
we formulate it here in an explicit manner, using mostly the same notation. In
[CLO98], only graded modules are considered, yet the generalisation to any free
module holds trivially. Since we will often remove elements from (index) sets,
it is useful to introduce the following notation of the ~-symbol:

Definition 2.2.1. For any finite set a = {aq, ..., an }, let

ar ={a1,...,lr,...,am} = {a1,...,an} \ {a }.
In the same way, we extend this notation to any ordered set.

Lemma 2.2.2. Let Fii1, ..., Fi_o be free P-modules. Let
o P S RS R 2N R,

be an exact sequence. Let {e1,...,en} be a basis of Fy and {uq,...,u:} a basis of
Fi_1. Let (A;)rs be a non-vanishing constant entry of the matriz A; of ¢;. Let
G C F; be the module with basis {eq, ..., s, ...,em} and Gi—1 C F;_1 the module
with basis {u1, ..., Uy, ..., us }. Then there is an exact sequence

e = E+1 % Gl % Gl,1 M Fi_9— vy
where the differentials are given by V111 = wg, (Yi+1) with the canonical projec-
tion 7g, - Fi = Gy, the map ¢ given by

o) = (o= 1)

fori e {1,. 7 ...,m}, and i1 = o1-1|¢,_,. The remaining differentials are
unchanged.

15



Proof. See proof of [CLO98, Chapter 6, Theorem 3.15|. O

Definition 2.2.3. For a given exact sequence
Pi+1 P Pr—1
F= Fp—FH—F 11— F_

and (4;),s a non-vanishing constant entry of the matrix A; of ¢;, we use the
notation F, ; for the the exact sequence

Fro= (i 25565 Gy 225 Fy),

as constructed in Lemma@ and call this exact sequence the F, s-sequence of

F.

Additionally, as a consequence of this lemma, we see that any free resolution
of M gives upper bounds for the Betti numbers and the invariants of definition
2.1. 10l

In particular, applying Lemma [2.2.2] to the resolution whose existence is
guaranteed by Theorem [2.1.11] we immediately obtain:

Corollary 2.2.4. We have pd(M) <n+ 1.

Now if we are minimising a given (finite) resolution step-by-step via Lemma
from Theorem we know that, after a finite number of steps, we
always obtain the unique (up to isomorphism) minimal free resolution. However,
we can pick the minimisations (or equivalently, the constants) in any order,
and therefore depending on the chosen order of minimisations, the resolutions
obtained during this process may vary. The next lemma aims to show that the
appearance of constants in the process is not completely arbitrary. Later, we
will use this lemma as a criterion to see that certain generators cannot vanish
throughout any minimisation process:

Lemma 2.2.5. Let Fiyq,...,Fj_o be free P-modules of finite rank. Let F be an
exact sequence

Pi+1 (4 Pr—1
FogWw—F—F_,——F_.

Let (A;)rs be a non-vanishing constant entry of the matriz A; of ;. If we have
that (A;)i,. = 0, but (By)¢. is a non-vanishing constant entry of the matriz By of
Yy in the resolution F, s, then the entries (A;)y. and (A;)y s are non-vanishing
constants, the entry (D;): s of the matriz of the differential in F,,, is nonzero
and we have (Frs)en = (Fru)t,s-

Proof. If (A;)¢ = 0, we have

(Bl)t,u = (Al)t»“ - (Al)t,s (Al)'f,u = _(Al)t,s (Al>r,u

(Al)r,s N (Al)r,s ’

so if the left side is nonzero, then so are all terms on the right side.
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Since the assumption (Dp)r,s = (Ai)s — (Al)eu 9= = 0 is equivalent to
(Al)r,u ,

(B)tuw = (A)euw — (A)es Aot = 0, we see that (D) s must be nonzero.
Writing A, ,, instead of (A;):., we obtain that an entry C, ,, in the matrix
of the differential in the exact sequence (F; s)¢ . is given by

Cv7w
-B Bv,uBt,w
“Buw = =g
t,u
Ay, sAru At,sAr,w

4 Ay sArw (Avu — A J(Aw — A, )
—vw o At,sAryu

Ar,s At,u _ Ltsfru

Ay

_Av,wAt,uAr,s - Av,wAt,sAr,u - Av,sAr,wAt,uAr,sA;; + Av,sAr,wAt,sAr,uA;,;
a AruArs — ApsAra

N —ApuAtwArs + ApuArsArw + At w A sAru + Ay s AruAr s Ar AL L

At uArs — A sAru

_AvwAruArs — Avw s Aru — Av s ArwAtu
a ApuArs — ApsAra

n —AvuAtwArs + AvuAisArw + AtwAvsAru

AtuArs — ArsAr

We see that the last term is invariant under permutation of s and w (the sign
changes of the numerator and denominator cancel each other out). O

Lemma 2.2.6. Let Fjyq,..., Fj_5 be free P-modules of finite rank. Let F be an
exact sequence

Pr+1 ®1 Pr—1
Fow——F —F 1—F

Let (A;)rs be a non-vanishing constant entry of the matriz A; of ;. Let (A)ys
and (A;)¢ . be non-vanishing constant entries of the matriz A; of ¢y.

o If (Bl)tw is a non-vanishing constant entry of the matriz By of vy, then
we have (Frs)tn = (Feu)r,s-

o If (B))tu =0, then also the entry (Ci)r s in the matriz of the differential
of Fiu is zero.

Proof. For the first point, we see that the formula for the differential of the
complex (Fy. )i, in the proof of Lemma remains invariant if we exchange
the roles of r and t, and s and w.

For the second point, we note that (C}), s = (A1)rs — (Ai)ru E:Z;:u =0is
(Al)'r',u Y

equivalent to (Bq)ey = (A1)tu — (Al)t’sm = 0, since by assumption (A;), s

and (A;)¢,, are nonzero.
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2.3 Involutive bases

Involutive bases are special classes of Grébner bases. Compared to Grobner
bases, involutive bases tend to contain a larger amount of combinatorial prop-
erties than minimal Grébner bases; this information is often contained in addi-
tional (compared to a minimal Grébner bases) elements of involutive basis.

Involutive bases and were introduced by Gerdt and Blinkov (see [GB98]) who
combined ideas from the Janet-Riquier theory of differential equations with the
theory of Grébner bases. Some of the results on Pommaret bases presented in
this chapter were obtained earlier by Amasaki [Ama90], who was using the term
Weierstraf$ bases.

2.3.1 Monomial orders

Definition 2.3.1. Let M = P™. Let {ey,...,en} be the standard basis of M.
A monomial in M is an element x%e;, where x® is a monomial in the polynomial
ring P in the sense of Definition 2.1.60 A monomial order on P™ is a relation
=< on the set of monomials in P™ such that

e < is a well-ordering and

o if m,,mg € P™ and 27 € P are monomials in M respectively P with
m, < mg, then also 27m, < z"mg.

Given a term f = )" com,, where the m, € M are monomials and ¢, # 0
for all o, the largest monomial appearing in f with respect to a given monomial
order < is called the leading monomial of f, which we will denote by 1t~ (f),
or just It(f) if the monomial order is clear from the context. Given a set B of
terms in P (or M), we will write It<(B) = {z“|3f € B : ltx(f) = 2*} C P
or It<(B) = {z%¢;|3f € B : Itx(f) = x%¢;} C M respectively for the set of
leading monomials of B. In cases where B itself is an ideal or a submodule, we
will also use the notation 1t (B) for the ideal generated by these terms, which
is called the leading ideal of B.

It appears to us that this ambiguous use of the notation lt<(B) is common
practice. To avoid confusion, whenever necessary we will explicitly state when
we want lt<(B) to be (just) a set of monomials, or the leading ideal of B.

Definition 2.3.2. Let M C P™ be a nonzero polynomial module. Let < be
a monomial order order on P™. A finite set G C M is a Grébner basis (with
respect to < if 1t (M) = 1t<(G).

Depending on the given problem, there are various practically relevant mono-
mial orders on a given polynomial ring P. For a reference, see [CLO98, Chapter
1, Section 2| or other books about Grobner bases. For our purposes, we will
mention some monomial orders which are particularly interesting:

Definition 2.3.3. Let 2%, 2% € P be two monomials, where a = (ay, ..., o)
and 8 = (o, ..., Bn) are the exponent vectors.
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o The degree reverse lexicographic order <degreviex (also called the graded
reverse lexicographic order) on P is given by % >gegreviex P if

degaziai >i5i=d€g5

=0 =0

n n
or if Y a; = Y B; and in the difference o — 3 € Z"*! the first nonzero
i=0 i=0
entry is negative.
e The lexicographic order <jex on P is given by % ey 2? if in the difference
a — B € Z™!, the last nonzero entry is positive.

e The degree lexicographic order <geglex On P is given by ¢ > geglex 2P if

dega = zn:ai > iﬂi = deg j3,

=0 =0

n n
or if 3> a; = Y B; and in the difference o — 8 € Z"T!, the last nonzero
i=0 i=0
entry is positive.

In our context, we will usually only we compare multiindices of the same de-
gree, and for such multiindices, the lex and the deglex order obviously coincide.
We note that by our definitions, we have xy < x1 < ... < x,, for either of these
three orders. We encountered both this and the reverse convention in literature,
so we had to make choice which we will stick to for the remainder of this work.

The next two lemmata explain how via Groébner bases, we obtain induced
monomial orders on syzygy modules.

Lemma 2.3.4. Let G = {g1,...,8s} € P™\ {0} be a finite set. Let < be a
monomial order on P™. Then there is a monomial order <g on P*® defined as
follows:
z%; =g 17e;
if
It (27g:) < lt<(2"g;)
or if
It (2%g;) =t (2Pg;)  and i > 3.

Proof. This lemma is a slightly more general version of one part of [CLO98|
Chapter 5, Theorem 3.3], where its proof is left to the reader as an exercise. It is
obvious that <g is a linear ordering and that it is preserved under multiplication
with monomials x* € P. To show that it is a well-ordering, we remark that
z%; =g 2Pe; implies 1t~ (z*g;) > lt<(2g;). But since for a given monomial
m € P™, we can have at most < s monomials 2%¢; such that lt<(z”g;) = m.
So the existence of a strictly descending infinite chain

e =g x%%ex =g ...

19



with respect to <g gives an infinite chain
g, > x%g > ..

where we have a strong inequality at at least every s-th step. So we have a
strictly descending infinite descending chain with respect to <. But then since
< is a well-ordering, this is impossible. O

Definition 2.3.5. In the situation of Lemma [2.3.4] the monomial order <g is
called the Schreyer order on P*® (with respect to G and <).

Definition 2.3.6. For a finite set G = {¢1,...,ts} C P™, we call

SYZ(G) = ijej € p? | ijtj =0
j=1 j=1

the (first) syzygy module of T'. An element of Syz(T') is called a syzygy of T
We recursively define Syz'(G) = Syz(G) and Syz'(G) = Syz(Syz'(G)) for i > 2.

Definition 2.3.7. Let G = {g1,...,8s} C P™ be a Grobner basis with respect
to a monomial oder < on P™. For two monomials z*e;,z"e; € P™, we define
the least common multiple to be

1 noae; ifi=j
ICIH($M61,ZEV€]~) _ { cm(m , L )6 1=

0 otherwise,

where lem(z#, 2¥) is the usual least common multiple in P. Since G is a Grébner
bases, for any g;,g; € G with lem(1t(g;),1t(g;)) # 0, there are polynomials P,
such that

lem(lt(g:), lt(g;))  lem(lt(g)16(g;) <~ iy .
1t(g:) &~ 1t(g;) gj = kz::lpk g, € P*,

where the sum on the right is a standard representation (which is not necessarily
unique) with respect to G, i. e. we have

| lcm(lt(gi),lt(gj)) o lcm(lt(gi),lt(gj))
t(g) It(g;)

gj) = 16(Py 7 gy,)

for all P,i’j gr. For such a standard representation, we have that

 lem(lt(gi), l6(gy))  lem(lt(gi), 16(gy))

S; i = €; e; — Pie, e P*
N 1t(g;) 1t(g;) 2B

k=1

is an element of Syz(G). For a given pair (4, j), there may be multiple syzygies
of shape s; j, as the choice of the P;”ej is not necessarily unique.
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Theorem 2.3.8 (Schreyer’s Theorem for Grobner bases). Let G = {g1,...,8s}
be a Grobner basis for (G) C P™ with respect to the monomial order <g. Then
any set S C P® which contains exactly ones; ; for each pair (i,7) with i # j and
lcm(lt(gi),lt(gj)) # 0, is a Grobner basis for the syzygy module Syz(g1, ..., 8s)
with respect to the Schreyer order <g.

Proof. This is the other part of [CLO98, Chapter 5, Theorem 3.3], which is
proved in the reference: There, a fixed division algorithm is considered, and as a
consequence, the P, e, are uniquely defined. But the proof remains unchanged
for any other valid choice of P,i’j €k- O

Remark 2.3.9. There are two aspects of the Schreyer order and the Schreyer
Theorem which we emphasize:

e The Schreyer order depends on how the set G is ordered. We will later
see in Section that some involutive bases admit certain “intrinsic”
orderings. This property of involutive bases is typically not present for
arbitrary Grobner basis.

e Given a chain complex, and in particular a free resolution
e > Fp > Fj_1— ... > Fy—>M—=0,

we can construct Schreyer orders for every module F;. The idea is as
follows: Let eq,...,es be the standard basis on P°. For any given homo-
morphism ¢: P° — P™, with the properties that

p(eq) # 0 for all «

any monomial order on P™ induces a Schreyer order on P? (after ordering
the elements of the set {eq, ..., e5}, or their images under ). Now we can
obtain Schreyer orders on the F; by iterating this principle, provided no
generator of an F; is mapped to 0. Explicitly, this means that from a
monomial order <pm on P™, we obtain a (Schreyer) order <ps on P* by
defining
xteq <ps xVeg

if and only if

It (p(zteq)) <pm 1t (p(a"ep))
or

It (p(z"eq)) <pm It (¢(zVep)) and a < B.

Later on, we will consider the situation where the images (under the dif-
ferential) the basis elements of Fjy; are an involutive basis of the image
of Fy, so here indeed no generator is mapped to 0 and this idea can be
applied to such a situation.
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2.3.2 General involutive divisions

We will state some definitions about involutive bases and their properties. First,
we will shortly sketch the general idea: Given any finite set H C P, we want
to assign to each h € A a subset of the variables {zo, ..., z,}, which we will
call the multiplicative variables of h. Now an involutive division can simply be
seen as a set of rules which tell us how to find these multiplicative variables.
If these rules depend on h, but not on H, we will call the involutive division
a global (involutive) division. Additionally, we will also assign to h the set
of non-multiplicative variables; this set simply contains all variables that are
not multiplicative for h. The presentation in this chapter is based on [Seil(),
Chapter 3.

Definition 2.3.10. An involutive division L is defined on the monoid (T, -), if
for any finite subset B C T and every z¥ € T, there is a subset

Np.g(x”) = Np,p(v) €{0,...,n},
called the multiplicative variables, and a submonoid
L(v, B) = L(z¥,B) = {a" € T | Vj & Npp(z"): u; = 0},

such that for the involutive cones Cp, g(z") = x” - L(z”, B) C T, the following
conditions hold:

e If 2V, 2* € B and CL,B(:L'V) = CL,B(xM) 75 Q)’ then CL,B(&CV) C CL,B(CU”)
or Cr g(a") C Cp, g(z”) holds.

e If B’ C B, then Ny g(2¥) C N p/(2¥) for all ¥ € B'.

We call Np p(z¥) = {0,...,n} \ N g(x") the non-multiplicative variables of

z”. An involutive division is global, if for any given z*, the set N p(z") is

independent of the choice of B. We say that x* is an involutive divisor of x”,
or that =¥ is involutively divisible by z* if ¥ € Cp g(z').

Definition 2.3.11. For an involutive division L and a finite set B C T, the
involutive span of B is given by

(B)r = U Cr.p(z"). (2.3.1)

zveB
The set B is called (weakly) involutive if
(B). =(B)NT,
and a weak involutive basis of a monomial ideal I, if we have
(B),=INT.
We say that B is (strong) involutive basis or an L-basis of I if B is a weak

involutive basis of I and additionally, the union in Equation (2.3.1) is disjoint.
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Let I < P = K[z, ...,x,] be an ideal, < a monomial order and H C I a
finite subset with 1t(hy) # lt(hy) for hy,hy € H with hy # hy. We say that H
is an involutive basis of I (with respect to the monomial order <), if we have
that the finite set {z¥ | Fh € H: lt<(h) = ¥} is a strong involutive basis of
the leading ideal 1t (I); i.e. the leading monomials of H are a strong involutive
basis of the leading ideal 1t (1).

Given a polynomial submodule M C P™  we say that a finite subset H C M
(again with 1t(hy) # lt(hy) for hy,hy € H with hy # hy) is an involutive basis
of M (for the monomial order <), if for any 1 < j < m, the set

H;={z"|FheH: ltx(h) =a"¢;},
where {ey, ..., e, } is the standard basis of P™ is an involutive basis of the ideal
({=” | 3f € M: It(f) =z"e;}) CP.

For ideals and modules, we will use the notations X7, 3, < (h) for the multi-
plicative variables of h and X, 4 « (h) for the non-multiplicative variables.

A first important fact about involutive bases is the Theorem below, which
follows immediately from the the definition of involutive bases.

Theorem 2.3.12. Any involutive basis is a Grobner basis.

Obviously, any statement concerning involutive bases can be given as a state-
ment about ideals in P; we will usually prefer this approach. As Definition[2.3.11]
above is key to this work, we reformulate it once more for ideals of P.

Remark 2.3.13. Let < be a monomial order on P, H C P a finite set such that
1t(hy) # lt(hy) for hy, hy € H with h; # hy, and L an involutive division. The
set H is a weak L-basis for the ideal I = (H) C P, if we have E|

I=> KX (h)h (2.3.2)
heH
The set H is a strong L-basis for the ideal I < P, if we have
1= kXL < (h)]h.
heH

In both cases, we take (direct) sums of k-vector spaces.
In general, the involutive span of H (with respect to L and <) is given by

(H)p,< = Z k[XL 3 < (h)]h.

heH

For involutive bases for polynomial modules M C P these notions are ex-
tended in analogy to ideals.

IFor any set X of variables, we understand k[X] = k[z; | i € X].
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Definition 2.3.14. Let L be an involutive division with respect to a monomial
order < on P™. A finite set G C P™ is (head) auto reduceaﬂ if no leading term
of an element of G is an involutive divisor of another leading term, i.e. for all
81,82 € G with g1 # g, we have It (g1) & XL g (82).

Combining this concept with Definition [2.3.10] of involutive divisions, we see
that for an auto reduced set G, the involutive cones of the elements of G are
pairwise disjoint. Hence we have an alternative definition of involutive bases:

Theorem 2.3.15. Let L be an involutive basis and < a monomial order on P™.
Let H be a finite subset of the polynomial module M < P™. H is an involutive
basis of M (with respect to L and <) if and only if the following conditions are
satisfied:

o lt- (1) =1t<((H)r,<)-
o H is auto reduced.

Assumption 2.3.16. For simplicity of notation, from now on we will refer to
strong involutive bases simply as involutive bases.

For later use, we note two more properties related to involutive divisions:

Definition 2.3.17. Let L be an involutive division. The division L is continu-
ous, if it satisfies the following condition: For any finite set B C NSH and any
finite sequence b', ..., b™ € B where for each p < m there is a non-multiplicative
variable i € Ny, p(bP) with b + 1; € C g(bPT1), we have that all elements of
this sequence are pairwise distinct.

Definition 2.3.18. An involutive division L is of Schreyer type for the mono-
mial order <, if for any involutive set # C P and any h € H, the set X' 3, < (h)
is again (weakly) involutive.

In order to check if a given set is an involutive basis, at least in the case of
a continuous division, it is often easier to take the next lemma as a criterion:

Lemma 2.3.19. Let < be a monomial order on P, H C P a finite set and L
an involutive division. The set H is an L-basis for the ideal I = (H) C P if and
only if for each h € H and each x; € X1, 3, < (h), we have x;h € (H) <.

Proof. Obviously, if H is an involutive basis, then (H) = (), < and any prod-
uct of z;k and an h € H and a variable z; € X1, 3 < (h) is contained in (H)y <.
For the other direction, it suffices to check that any product z*h is contained
in (H)r,<. The proof is a variation of the proof of Lemma [£.1.6, which is based
on the proof of [AFS15, Lemma 13]:
Consider the following algorithm:

1One could also define G to be auto reduced if no arbitrary monomial summand of g is
contained in a X7, g (g2). Then, the term “head auto reduced” would be used to imply that
one is only concerned about the leading term of g1, as is the case in the definition presented
here. However, this more general definition is of no real further importance for this work.
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Given a product z#h, we check if x* contains any variables which are non-
multiplicative for h. If this is not the case, then the algorithm terminates, giving
z#h as the output. Otherwise, we pick one such non-multiplicative variable x;.
Let g be the representation of z;h as an element of (#); ~, which exists by
assumption, so g = >} 4 Poho with Py € k[A7 < (ho)] for all a. Then we
have i—” 1t(g) = = 1t(h)

Let hg be such that 1t-(Pghg) = 1t g. Now we iterate our algorithm, by
looking at the leading monomial of % 1t (Pghg), which, as we have just seen,
has the same leading monomial as the input.

Our claim is that this algorithm

e terminates after a finite number of steps.

e gives as output a term z”h’ whose leading monomial is a product of an el-
ement h' € H with a monomial ¥ € k(X < (h')], i.e. ¥ is multiplicative
for h'.

Indeed, the last part is obvious by construction of the algorithm, if it does
terminate.
Now assume the algorithm does not terminate: Then we obtain an infinite
chain
h,, -h, — ..

of elements of H by picking as h,, the hg calculated in the i-th iteration of
the algorithm. Since H is finite, this means that at least one element appears
more than once in this chain. But since L is continuous, this is impossible (see
definition .

Now since the difference of a*1t(h,) and the output of the algorithm is
smaller than z# 1t(h,) with respect to the monomial order <, we can use this
algorithm to construct the involutive standard representation of z*1t(h,). O

Remark 2.3.20. We note that this proof does in fact leads to an idea how one
could try to find an involutive basis: Given a finite set H, one can calculate the
non-multiplicative variables, take the involutive product and then iteratively
reduce the leading monomial like in the algorithm in the proof above. If not
this process terminates with a nonzero element, we add this element to the set H
and continue. While this algorithm might terminate in a finite number of steps,
with an involutive basis as the output, there are nevertheless some problems,
for example situations for which this algorithm does not terminate even in cases
where an involutive basis exists. See [Seil0l Section 4.1] for a more detailed
treatment of these topics.

For our purposes, this lemma is usually a sufficient criterion to check if a
given set is an involutive basis, which is exactly what we will need at several
points later in this work. Nevertheless, we point out that from our experience,
the task of finding an involutive basis for a given ideal tends to be more chal-
lenging than verifying that the candidate set, once it is found, is indeed an
involutive basis.
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2.3.3 Examples of involutive bases

Now we will introduce some examples of involutive divisions: The Pommaret
division, the Janet division and the class of pairwise divisions, which was recently
introduced by Gerdt and Blinkov [GBI1]. We will see that both the Pommaret
and the Janet are continuous and of Schreyer type.

Definition 2.3.21 (The Pommaret division). Let P = kg, ..., 2] and < be a
monomial order on P. For an exponent vector p = (g, .., ftn ), and the mono-
mial z# # 0, we set

cls(z*) = min{i | p; # 0},
or cls(z#) = n if z# is a nonzero constant. We call cls(z#) the class of z* (or
the class of j1). Then we define Xp (/) = {20, ..., Teig(en) }- For a term f € P,
we define the (Pommaret) multiplicative variables to be

Xp < (f) = Xp (It<(f)) = {5507 = Pas (1<) }

Since this assignment is independent of H, we will omit the index H when talking
about (non)-multiplicative variables with respect to the Pommaret division. For
the non-multiplicative variables, we have

yp,< (f) = {xcls(lt<(f))+17 7xn} .

For a module M = P™, a monomial order < on M and an element f € M
with leading monomial 1t (f) = z*e;, we define cls(f) = cls(z*), implying

XP,-< (f) =Xp (lt-<(f)) = {an '~7xcls(w“)} .

Theorem 2.3.22. [Seil0, Theorem 3.1.8] The Pommaret division is an invo-
lutive division.

We point out a special relationship between the degree reverse lexicographic
order and the Pommaret division (or more precisely, the concept of the class
cls(f) of f as in definition 2.3:21)). The degrevlex-order trivially satisfies the
definition below.

Definition 2.3.23. We say that a monomial order > on P is a class-respecting
order, if it satisfies

cls(f) < cls(g9) = f <degreviex g

of all polynomials f,g € P.

Note that even in the case of the degrevlex-order, the inverse of this definition
does not hold.

We will now give an example of a Pommaret basis. Throughout this work,
we will often come back to this example, using it to illustrate newly introduced
constructions.
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Example 2.3.24. Let k be of characteristic # 2. Let I < k[xq, z1, 22, 23] be
the ideal

3 2 2 2 2 2
I = (xy+2x5x1, ziws+ 22523, T1T2, T3, T3).

Obviously, this generating set is minimal. If we use in advance the fact that the
Pommaret division is continuous by Lemma[2.3.36] and the alternative definition
for involutive basis of Lemma, in this special case, one can check that a
Pommaret basis of I (with respect to the degrevlex order %degrevlex) is given by

2 3 2 2 2 2 2 2
H = {zgaaxs, x5 + 2x5x1, 21T3 + 205T3, T1T2T3, Toky, T1T2, L5, T3}

The multiplicative variables are given by

2 3 2 2 2 2 2| .2
h ‘ THT2T3 ‘ ] + 2x5x1 ‘ T1T3 + 2x5T3 | T1T273 ‘ T5T3 ‘ T1T2 ‘ T5 ‘ T3
Lo
Zo o
Zo Zo Lo To T
Xp<(h) | o Ty T
' 1 1 1 - 1o | P2
2 2
T3

Definition 2.3.25 (The Janet division). Let P = Kk[zg,...,z,] and < be a
monomial order on P. For a finite set H C P of monomials, we define the sets

(dka adn) = {Ia S H|OZ1 = dz Yk < 7 < n}

The variable x,, is (Janet) multiplicative for x®, if o, = max scy {0} and xy
with & < n is multiplicative for x® if a = maxgsc(a,,,,....an) 10k} For a finite
set H of terms, we then define

X< (f) = X< (6<(f)) -

For a module M = P™, a monomial order < on M and a finite set H C M
we define the sets

H; = {2f € P|Fg € 1 :1t<(g) = 2Pe;}

for all 1 < j < m. Now for a term f € H with leading monomial It (f) = z“¢;,
this means we have

Xy<n (f) = X1 <10 ) (@)

Theorem 2.3.26. [Seil0, Theorem 3.1.5] The Janet division is an involutive
division.

Note that the Pommaret division is a global division, while the Janet division
is not. We will reflect this fact in the notation for the multiplicative variables, as
for a finite set H and f € H, we will simply write Xp < (f) instead of Xp 3 < (f)
when we restrict to the Pommaret division. With this in mind, we will keep
‘H as an index when making statements about involutive divisions, in order to
cover the general case.

Now, another obvious question is the (non-)existence of (strong) involutive
bases. This time, the answer actually depends on the involutive division:
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Theorem 2.3.27. Let < be a monomial order on P. Then every ideal I <P
has a strong Janet basis with respect to <.

Proof. This theorem is a special case of [Seil0, Theorem 4.5.13]. O

Remark 2.3.28. Unfortunately, there are modules for which Pommaret bases do
not exist. However, we will see that this is only a question of “choosing the right
coordinate system”, at least if k is an infinite field. It even suffices to require the
field k to be a sufficiently large field (with respect to the number of elements in
a minimal generating system and their degrees). We will not treat this question
in full detail, but just sketch the ideas and give the main results. For a more
detailed view on this subject, see [Seil0l Section 4.3].

For the ring P = k[xo, ..., 2], an invertible matrix A € k(**D*("+1) defines
an automorphism of P by setting =} = Z?:o A;jx;, called a change of coordi-
nates. In this way, we can view x = (zy,...,x},) (or respectively, the invertible
matrix A € k(*TD*("+1)) a5 a coordinate system. Of course, the initial coordi-
nate system corresponds the identity matrix. Now if we have an ideal I < P
for which no Pommaret basis exists with respect to a given monomial order <,
we can apply a change of coordinates and look at the image I’ of I in the ring
P’ = Kk[zg, ..., z,]. Next, we ask the question whether I’ has a Pommaret basis
for the monomial order < on P’, which we want to be the “same” monomial
order as it was on P, in the sense that 2/® < /% < 2 < 28. We will see that,
at least for infinite fields, it is always possible for a given ideal to find a suitable
coordinate system (or equivalently, a change of coordinates) for which the ideal
has a Pommaret basis.

While we consider this question of coordinate systems, we seize this oppor-
tunity to define the notion of “genericity”

Definition 2.3.29. We say that a statement holds generically or in generic
coordinates, if there is an open subset (with respect to the Zariski topology on
k(n+Dx (1)) of coordinate systems for which the statement holds.

Definition 2.3.30. Let I < P be an ideal and < a monomial order on P. The
variables x = (x, ..., x,,) are called d-regular for I and <, if there is a Pommaret
basis for I with respect to <. Otherwise, the variables x are called §-singular
for I (and <).

We will also say that an ideal I < P is §-regular if I has a Pommaret basis.
If I is additionally a monomial ideal, we say that I is quasi-stable.

Definition 2.3.31. Let I < P be a monomial ideal. I is stable if for any z# € [
with g; > 0 and any j < 4, we have that z#~ Y+l ¢ .

Theorem 2.3.32. [Seil(, Theorem 4.3.15] Let k be infinite and let < be a
monomial order on P. Then every ideal I <P has a Pommaret basis in suitably
chosen coordinates.

Recall that by our definition, any involutive basis is finite. We note that in
the theorem it would be enough to have a sufficiently large field, if the number
and the degree of the generators of I are fixed.

In fact, “almost every” coordinate system is J-regular:
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Corollary 2.3.33. [Seil(, Theorem 4.3.16] The set of coordinate systems x
(seen as matrices, see Remark which are §-singular, for a given ideal
I < P and a monomial order <, form a Zariski closed proper subset of the
affine space Aﬁ(nﬂ)x("ﬂ),

Obviously, I is d-regular if and only if 1t(I) is quasi-stable. Additionally,
d-regular coordinates are generic coordinates in the sense that if a statement is
true in d-regular coordinates, then it holds generically.

Example 2.3.34. The “most basic” example of an ideal which does not have a
Pommaret basis is the ideal

(zo) < klzo, 21,

for any monomial order < satisfying xg < x;. However, after any change of
coordinates which maps zg to az| + baj, with a # 0, we obtain the ideal

(oa, + beb) < Klzf, 23],

whose leading term is 2. Hence this ideal is §-regular for any monomial order
satisfying x{, < z}, in particular for the degrevlex order.

In characteristic 2, an example of an ideal which is neither d-regular in the
given coordinates nor after any change of coordinates is the ideal

(x2x1 + 202?) < Falxg, 1]

This behavior is independent of the given coordinate system, as the ideal is in
fact invariant under any change of coordinates. Therefore, with respect to any
monomial order satisfying zy < x1, the leading monomial of the generator is of
class 0 in any coordinate system.

The following theorem states that the Janet and the Pommaret division are
closely related:

Theorem 2.3.35. Let I < P be an ideal and < a monomial order on P. If
I has a Pommaret basis H with respect to <, then H is also a Janet basis
with respect to <, and for each h € H, the Pommaret and Janet multiplicative
variables coincide, i.e. Xp < (h) = X;4 < (h).

So example [2.3.24] is also an example of a Janet basis.

Proof. |Seil0l Corollary 4.3.9] states that any Pommaret multiplicative variable
is also Janet multiplicative. But now if H is a strong Pommaret basis and if
there were more Janet multiplicative variables, the involutive cone of H with
respect to the Janet division would not be a direct sum, contradicting [Seil0l
Corollary 4.3.11]. O

For later use, we state:

Lemma 2.3.36. [Seil0, Lemma 4.1.5] The Pommaret and the Janet division
are continuous.
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and

Lemma 2.3.37. [Seil0, Lemma 5.4.9] The Pommaret and the Janet division
are of Schreyer type for any monomial order <.

One major advantage of Pommaret bases is that several properties of an
ideal I < P and the quotient ring P/I (or a submodule M C P* and P*/ M)
can be read off from a Pommaret basis of I in very simple ways. We use a
different language than in given reference, to avoid the introduction of more
technical terms which would be of no further use for the purposes of this work.

Definition 2.3.38. Let M be a P-module. A finite sequence r1,...,7x € P
is called a regular sequence for M, if ry is not a zero divisor for M and for
1 <i< k,r;is not a zero divisor for M/(ry,...,7;_1)M. A regular sequence
is maximal, if it cannot be extended to a longer regular sequence. It is a well-

known fact that all maximal regular sequences of M have the same length. This
length is called the depth of M.

Theorem 2.3.39. [Seil(, Theorem 5.2.7| Let H be a Pommaret basis of the
ideal I <P with respect to the degrevlex order. Let d = minpecy clsh. Then the
variables xq, ...,xq are a maximal reqular sequence of I and we have depth I =
d+1 and depth(P/I) =d.

Definition 2.3.40. Let M be a P-module. The dimension of M is given by
dim(M) = 1 + deg HP »4. The module M is called a Cohen-Macaulay module
if dim M = depth M.

Theorem 2.3.41. [Seil(, Theorem 5.2.1] Let H be a Pommaret basis of the

ideal I < P with respect to a monomial order. Let q = Lnaé( degh. Then we
€

have

dim(P/1) = min{i | (H, 2o, zio1)g = Py}.

Theorem 2.3.42. [Seil0l, Theorem 5.2.9] Let H be a Pommaret basis of the ideal
I < P with respect to the degreviex order. P/I is a Cohen-Macaulay module,
if and only (H,xo,...,2d—1)q = Pq, where d = depth(P/I) = minpey clsh and
q = maxpcy degh.

Theorem 2.3.43. [Seil0, Theorem 5.5.11] Let H be a Pommaret basis of the
polynomial module M C P*® with respect to class-respecting monomial order <.
Let d = depth(P/I) = minpey clsh. Then the projective dimension of M is
pd M =n —d. Equivalently, we have pd(P*/M) =n—d+ 1.

Corollary 2.3.44 (The Auslander-Buchsbaum formula). [Seil0), Corollary 5.5.12]
Let M be a polynomial P-module. Then we have

depth M +pd M =n+ 1.

Theorem 2.3.45. [Seil(, Theorem 5.5.15] Let H be a Pommaret basis of the
module M < P* with respect to the degrevlex order. Let ¢ = maxpcy degh.
Then the Castelnuovo-Mumford regularities of I and P/I are given by regI = q
and reg(P/I) =q — 1.
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Definition 2.3.46 (Pairwise divisions). An involutive division L is pairwise if
for any finite set U C T, and any u € U, we have

?L,U (1) = U ?L,{p,v} (1) - (2.3.3)
velU

Theorem 2.3.47. [GB11) Theorem 1| Let C be a total order on T. Let p € T
be a multiindex and o € Sy, 41 be a permutation of the variables. For anyv € T,
let an assignment for non-multiplicative variables be given by

. U fvCpor(pCvAvip).
XL,{;L,V} (:U’) = . . . [
Ty where i =max{j | pu; < v;} otherwzse
For any finite set U C T, let X1, 17 () be given by Equation (2.3.3)). Then this
assignment defines an involutive division L.

Remark 2.3.48. An involutive division given by Theorem is called a C-
divisionﬂ There are some orders C which are particularly interesting:

e If C is the lex-ordering, the <jex-division is in fact the Janet division (for
o = id), see also [Sem06l, page 266].

e In [GB11] the authors introduce the Cjex-division for the C4jex-order given
by

[ <atex g < (deg(f) > deg(g)) V (deg(f) = deg(g) A f <iex 9)-

The authors argue that the C,ex-division is, from a computational point
of view, heuristically better than the Janet division, which until then has
been considered the computationally best involutive division. The main
reason behind is that compared to the Janet division, there tend to be more
Calex-multiplicative than Janet-multiplicative variables. Consequentially,
one can expect [ aex-bases to usually contain fewer elements than Janet-
or Pommaret bases.

Nevertheless, if one looks the example given in Example we see that
occasionally, the inverse behavior can occur: Again, consider the ideal given by

3 2 2 2 2 2
I = (xy] +2x521, ziT3+ 22523, T1T2, T3, Tj).

One can check, again using Lemma [2.3.19] that a Cajex-basis of I with respect
tot the degrevlex-order and for the permutation o = id is given by the set
H whose elements are given in the chart below, together with the respective
multiplicative variables:

Imore precisely, we want ?L,{M,,j} (1) to be the set containing this element

2In the literature about such C-divisions, it is more common to use the term <-division.
However, in our context, < commonly denotes the monomial order which determines the
leading terms, while the total order C is in general different from <.
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h XEalex7H7‘< (h)
2
3'53 X0, L1,T2,T3
2
T3 Lo, L1, T2
T2x1 Lo, L1
2
LL’3$2 o, T2
T3T2X1 Lo, T1
xga:% + ngm% o, T1
x:f + 2961;108 T, L1
T3257 0, T2
2
T3T2X i)
l‘giﬂ%l’% )
.23333%1‘? T1,T2
.%‘35(1%;6%1‘0 T2
1’358%1':{1’0 T1,T2
x;w%x%x% o, T2
2,.3,.2
ZL’3.’E2{E1£BO o, xL1,I2

As one immediately sees, this involutive basis is much larger than the Pommaret
basis given in Example additionally the appearing sets of multiplicative
variables are more diverse than in the case of Pommaret division.

2.3.4 Combinatorial decompositions

Involutive bases induce a decomposition of an ideal I < P as in Equation (2.3.2)).
Analogously, often one is also interested in an analogous decomposition of the
module P/I.

Definition 2.3.49. A Stanley decomposition of P/I consists of a homomor-
phism as k-linear spaces

P/I= @]k[xg] 8

geg

where G C T is a finite set of monomials, Xg C {0,...,n} is a set of variables
for each g € G. The elements of X are called the multiplicative variables of g.

From this definition it immediately follows that a Stanley decomposition of
P/I is also a Stanley decomposition of P/1t(1).
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Remark 2.3.50. From a decomposition of I # P given by an involutive bases
H of I, it is possible to directly construct a Stanley decomposition of P/I. We
will present an algorithm for Pommaret bases, as this decomposition is, directly
or implicitly, used at several points later in this work. This will also serve
as motivation why we speak of multiplicative variables both in the context of
involutive bases and Stanley decompositions.

Let H be a Pommaret basis of an ideal I < P. Let r = max{degh | h € H}.
We set

G = J{=" | dega” =t,2” ¢ 1t(I)}.
t=0
The multiplicative variables are given by
o X, =0ifdegg <.
o X ={0,...,clsg}if degg =r.

Using the decomposition of I from Equation (2.3.2)), we see that any monomial
is contained either in 1t() or in some k[Xg]g, from which the correctness of this
definition follows immediately.

However, this decomposition is not optimal, as we can remove some redun-
dant elements: If for an g in G with Xz = ), we have that

e z;g € (G foralli<clsgand
o X, ={0,...,cls(z;g)}
then we can remove all z;g from G and redefine Xz = {0, ..., cls g}, since

clsg

klzg,...,zg}]g = kg ® @]k[xo, oy T4 T4 8.
i=0

A class examples of such Stanley decompositions which is minimal (i.e. contains
no redundant elements) will be constructed in the proof of Corollary
2.3.5 Syzygies of involutive bases

Lemma 2.3.51. [Seil0, Theorem 3.4.4] Let M C P™ be a polynomial module,
H = {hy,...,hs} an involutive basis for M with respect to an involutive division
L and < a monomial order on P™. By definition[2.3.11, we have

0 = @D KXy 1 < (B B

a=1

For any f € M, there are unique polynomials P € k[Xy 7 < (hy)] such that

f= Z Plh,
a=1

and
lt2(P/hy) <162 (f) for all a.
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Definition 2.3.52. In the situation of Lemma [2.3.51] given the representation

F=3 P,
a=1

we call the sum on the right the involutive standard representation of f (with
respect to H, L, <).

Now for a polynomial module M C P™ an involutive basis H of M, h, € H
and any variable xj € P, we may look at the involutive standard representation
of zih,. There are two cases which can occur:

o 1y, € Xy < (hy): Here z;h, is its own involutive standard representa-
tion.

e 1, € X1 % < (hy): Here by definition, x;h, is not an involutive standard
representation, so the involutive standard representation can be written
in a unique way as

zrhe = Y P hg, (2.3.4)
B=1

which serves as the defining equation of the polynomials Péa’k).

Therefore, taking the involutive standard representation of xih,, we see that
we obtain a syzygy

Sesk = Thea — Z P/ga’k)eﬂ € Syz(H). (2.3.5)
p=1

So for each product zkh, of an element h, of an involutive basis H with
a non-multiplicative variable z; € YL’HH (h,), we obtain an element of the
syzygy module Syz(#) of H. This corresponds to taking s; ; in the theory of
Grobner basis, see definition [2:3.7) and Theorem [2.3.8]

For a Grobner basis G, we obtain a Grobner basis of Syz(G) with the help
of the S-polynomials, i.e. by calculating standard representations. We will now
work towards the corresponding result for involutive bases. In order to obtain
such a result, we first need to introduce some definitions.

Definition 2.3.53. Let H C P™ be an involutive basis for an involutive division
L. Any partial ordering C on H satisfying

dxy € ?L,H7-< (ha) : 1t_<(h,3)|xk 1t_<(ha) — h, C hg

for all h,,hg € H is called an L-ordering on H.
If there is an L-ordering C on H such that h, C hg = a < §, we say that
H is ordered according to an L-ordering, or simply that H is L-ordered.

Now, an obvious question is whether L-orderings exist.
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Definition 2.3.54. Let H C P™ be an involutive basis for an involutive division
L. To H, we associate a directed graph, called the L-graph of H, defined as
follows:

e The set of vertices is H.

e For any two vertices h,,hg € H, the graph contains the directed edge
h, — hg if and only if there is a z, € X1 9 < (hy) such that 1t (hg) is
involutively divisible by z 1t < (h,).

With this definition, we see that the question of the existence of L-orders
can be reformulated in terms of the L-graph: An L-ordering exists, if and only
if there are no elements h,,, ..., h,, € H such that there is a cycle

h,, - .. —h,, = h,,
in the L-graph, i.e. the L-graph of H is acyclic.

Lemma 2.3.55. Let H C P™ be an involutive basis for continuous involutive
division L. Then the L-graph of H is acyclic. In particular, for any Pommaret
or Janet basis, P-orders (or J-orders) exist.

Proof. In [Seil(, Lemma 5.4.5], the lemma is proven for ideals of P and involu-
tive bases with respect to any continuous involutive division L. But since any
L-graph of H consists of (at most) m disjoint graphs

{z" | 3f € (H): It(f) = z"e;},

one for each each 1 < ¢ < m, the lemma also holds for modules. From Lemma
[2:3336] we see that both the Pommaret division and the Janet division are
continuous, so the claim of the lemma follows for either type of involutive bases.

O

Lemma 2.3.56. Let H = {hy,....,h,} C P™ be an involutive basis for a con-
tinuous involutive division L with respect to a monomial order < on P™. Let
h, € H. Let H be ordered according to an L-ordering. Let v € X1 2 < (ha).
Then we have .

1t<7~{ (Sa;k) = TkCqy-
Proof. [Seil0), Lemma 5.4.7] establishes the lemma for involutive bases of P, but
the proof remains the same for P™. O

Definition 2.3.57. Let H C P™ be involutive basis for a continuous involutive
division L, ordered according to an L-ordering. Then we define

Hsyy = {S_'a;k | hy, € H,zp, € YL,HA (ha)}'

Now we have finished the preparations to state the involutive version of the
Schreyer Theorem [2.3.8]
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Theorem 2.3.58. [Seil0, Theorem 5.4.10] Let L be a continuous involutive
division of Schreyer type. Let H C P™ be an L-ordered involutive L-basis with
respect to a monomial order <. Then the set Hgy, is an L-basis for the module
Syz(H) with respect to the Schreyer order <.

In particular, combining Lemma |2.3.36] and Lemma we see that this
theorem holds for the Pommaret and the Janet division.
By iterating the construction of Hgy,, we obtain:

Theorem 2.3.59. Let H C P™ be an involutive basis for the polynomial module
M = (H) CP™, with respect to a continuous involutive division L of Schreyer
type. We define ﬁék) to be the number of elements of H with exactly k non-
multiplicative variables and d = min{k|ﬁék) > 0}. Then M has a free resolution

0— Plr-d 5 . =Pl 5 Plo 5 M —0

where the ranks of the free modules are given by

R ()

k=0

Proof. See [Seil(, Theorem 5.4.12] for Pommaret bases, and [Seil(, Remark
5.4.13] for the more general case. O

Lemma 2.3.60. The resolution introduced in Theorem|[2.3.59 is minimal if and
only if all first syzygies Sy, do not contain any constants.

Proof. In [Sei09, Theorem 8.1], a proof for Pommaret bases is given. How-
ever, the proof remains unchanged for any other involutive basis satisfying the
assumptions of Theorem [2.3.59} O

Remark 2.3.61. We note that this lemma can also be adapted for the resolution
0— Plr-d —» . 5P 5 Plo 5P 5 P /M —0

to get an equivalent statement for P™ /M.

Remark 2.3.62. In [SeilQ, page 200], it is explained how the resolution intro-
duced in Theorem [2.3.59] can be presented in an explicit manner as a complex,
using the exterior algebra. While in the reference, the construction is established
only for Pommaret bases, again by [Seil(, Remark 5.4.13], it can be extended to
any involutive basis with respect to a continuous involutive division L. This idea
is central for the statement of one of our main results, Theorem We will
make some minor adaptations in our notations, but the idea of the construction
remains unchanged. The correctness of this approach is treated en detail in the
given references, so we will skip it here.

Let A be an involutive basis of M with || = s elements. Let W be a free k-
module with s elements whose elements will be denoted by {vy @y hlh, € H}.
Let V be a free k-module of rank n + 1 with basis vy, ..., v,, i.e. we have one
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generator v; for each variable z; € P. Let AV be the exterior algebra over V.
We set C; = P @y (A'Y @, W) = (P @k AYV) @p (P @, W). A basis of AV
is given by the elements of shape vi = vi, A ... A vi,, where k = (kq, ..., k;)
is an ordered sequence of length ¢, i.e. 0 < k; < ... < k; < n. Now a basis
for A’V ®y W is given by the elements of shape vi ®x vy ®x h,. In order to
shorten our notation, for these elements, we will just write vy ®yx h,, for such an
element. Now consider the submodule G; C C; which is generated by the basis
elements vy ® h,, for which k C X, < (h,) holds.

For each pair k, h,, with |k| = ¢ > 1 which gives a generator of a G;, we have
an element g(a7k) € Syzi(H) C G;_1; and for each k; 1 > k;, we have a unique
involutive standard representation

S
o _ (a,k,kiv1) @
Tk Sago = ) ) P Sae,
=1 ¢

where the second sum ranges over all ordered sequences £ = (ly, ..., ;) of length
7 such that 0 <7 < ... <; < n. We define homomorphisms dy: Gy — M by

do(vp ®x hy) =h, € M

and dz Gi+1 — Gi by

3 - Kok
di(Vik®uU{k; 11 0a) = S(a,kU{kii1}) = Thipr Vk@xha— § § Pﬁ(% ve@ihg.
=1 ¢

Now with these homomorphisms as differential, (G, d) is a free resolution of M.

If we further take the degrees of the elements of the involutive basis H into
consideration, and recall the definition of the bigraded Betti numbers, we
have the motivation for

Definition 2.3.63. In the situation of Theorem [2.3.59] let ﬂ(()]f} be the number
of elements of H of degree f and with exactly k£ non-multiplicative variables,
ie.
& _
B} = [{heH|degh = f,[X13< ()| = k}|-
Then we say that the numbers

n—u

% n—k (k)
if = Z( i >ﬂo,f

k=0

are the (bigraded) pseudo Betti numbers of M for the involutive basis H. In
analogy to the Betti table, we define the pseudo Betti table of M.

With equation , which can be easily generalised to be applicable to
modules, we see how to obtain the Hilbert function and the Hilbert polynomial
of a P-module M from an involutive basis of M with a simple combinatorial
argument:
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Lemma 2.3.64. [Seil0l Equation (4.6)] Let H = {hy,...,h:} be an involutive
basis of the module M = (H) C P™. For every h,, let ky be the number of
multiplicative variables of h,,. Then we have

L/t —deg(hy) + ko — 1 (= f+Ek—=1\ )
HF pq(t) :Zjl( i~ deg(bo) ) i;ﬂ;}( g )ﬁo,f.
- (2.3.6)

Remark 2.3.65. Note that only finitely many 5(()]32 are nonzero, so the second

sum is indeed a finite sum. We understand the binomial coefficient (Z) to be 0
if a < b (or equivalently b < 0).

Example 2.3.66. Obviously, the pseudo Betti numbers are upper bounds for
the Betti numbers.

If we look at how the set Hgy, is defined, we see that (for a graded module
M) for any h, € H, the degree of ga;k is the degree of h,, plus 1. Hence for
graded modules, this statement can be reformulated to a more precise version
including statements about the degrees of the generators of the shifted graded
free modules in the graded resolution of M.

For Pommaret bases, any set of non-multiplicative variables is of the shape
{Tastha)41s > Zn}. Thus we see that for Pommaret bases, we have

) — #(h, € H|cls(hy) = n — k}.

Going back to the ideal I given in example [2.3.24] the pseudo Betti table of
I for the Pommaret basis given there is

01 2 3
213 3 1 0
314 7 3 07
411 3 3 1

)

where all other numbers are understood to be 0. By remark this gives
the pseudo Betti table

0[1 2 34 5
0T 00 0 0
110 3310
2(0 4 73 0
3]0 13 3 L

of M = P/I. However, computing the Betti table of I (for example, with
CoCoOALIB), one sees that the Betti table of I is given by

01 2 3
213 1.0 0
312 51 0
410 1 3 1

)

which translates to the Betti table of M = P/I given in remark
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2.4 Homological algebra
The presentation in this chapter is based on [Wei95].

Definition 2.4.1. Let F and G be two chain complexes

Feu s P P B and G=..— Gy 255 Gy

e A chain map a: F — G is a set of homomorphisms «;: F; — G; (of degree
O) such that QO P41 = 1/}[ o Q41 for all [.

e It is a simple fact that any chain map a: F — G satisfies a(im ;) C im 1)
and a(ker ¢) C ker ;. Hence a induces a well-defined map o*: H;(F) —

H;(G) on the homology groups for all [ by setting a*(g) = a(g), where *
denotes the respective equivalence classes.

e A chain map a: F — G is called null homotopic if there is a set s of maps
si: Fy = Gy such thatﬂ
a = 1Ps+ sp.

s is called a chain contraction of a.

e Two chain maps «, 8: F — G are called chain homotopic if the difference
« — (8 is null homotopic.

e A chain map a: F — G is called a chain homotopy equivalence if there is
a chain map : § — F such that o 5 and § o a are chain homotopic to
the respective identity maps of F and G. In this situation, we say that F
and G are homotopy equivalent.

Lemma 2.4.2. [Wei95, Lemma 1.4.5] If a, 8: F — G are chain homotopic,
then they induce the same maps H;(F) — H;(G).

Corollary 2.4.3. If F and G are homotopy equivalent, then their homology
modules are identical. In particular, if F is a free resolution of a module M
and G is homotopic to F, then G is also a free resolution of M.

Proof. If F and G are homotopy equivalent, then the concatenated induced
maps H;(F) — H|(G) — H|(F) and H;(G) — H;(F) — H,(G) are the identity
maps on H;(F) and H;(G). O

We will now give an alternative definition for the Betti numbers, using the a
special case of the Tor-functor. We abstain from giving a more general definition
of this functor, as it would serve no further purpose for this work.

Definition 2.4.4. Let M, N be P-modules. Let

*)Fgﬁ}FlgFoﬂ)Mﬁo

LFor such sets of maps it is common practice to omit the indices of the maps ¢;, i.e. the
given equations are supposed to hold for all eligible values of .
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be a free resolution of M and F ®p A be the chain complex
i > @p N - FL@p N - Fy@p N - Mep N — 0.

Then we define
Tor? (M, N) = Hy(F ©@p N).

One can show that this definition is indeed independent of the choice of F. Of
course, this definition can be easily extended to keep track of gradings. With
this in mind, we obtain another interpretation of the graded Betti numbers.
Note that we have k = P /(x, ..., ), thus the action of P-module on k is given
by, for a polynomial f € P acting on k, multiplication with the constant term of
f- This gives a well-known alternative approach to calculate the Betti numbers,
presented in the lemma below.

Lemma 2.4.5. Let M be a P-module. Then we have

Tor] (M, k) = @ k(~()) ™.
JEZL
2.5 Splitting homotopies and strong deformation retracts

In this section, we explain another idea which allows us reduce a given chain com-
plex to a smaller complex while preserving homology. The concept of splitting
homotopies was introduced by Barnes and Lambe in [BLI1|. The advantage of
this idea, when compared to the step-by-step approach of Section [2.2] is that,
given suitable circumstances, it enables us to “minimise” infinite resolutions.

Assumption 2.5.1. For the remainder of Section[2.5] let F be a chain complex

diy1
o =m Fiyg — Fp— .

with differential d.

Definition 2.5.2. A splitting homotopy is a set ¢ = {¢;} of homomorphisms
¢1: Fy — Fiyq such that

o $?=0.
o Odop = ¢.

Lemma 2.5.3. Let ¢ be a splitting homotopy. Let the set w of maps w: F; — F;
be given by
T =idr —¢d — d¢

and let v: w(F) — F be the inclusion. Then 7 satisfies
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o T =T.
o dm = nd.
Proof. Regarding the first point, we have
7% =id —¢d — dp — ¢d + ¢pdpd + ¢pdde — dp + dodd + dpde
id—¢d —d¢p — ¢d + ¢d — do + d¢
=id —¢d — d¢

= T.

From this equation, the second point follows at once, while the third point is
obvious anyway. Regarding the last point, we note the equations

dn =d — dod — ddop = d — dod
and
wd =d— ¢dd — dpd = d — dod.
O

We would like to turn 7(F) into a chain complex. The lemma below ensures
we can indeed define a differential on m(F).

Lemma 2.5.4. Let the maps ¢, m, ¢ be given as in Lemma[2.5.3 For the maps
0: w(Fry1) — w(Fr) defined by
6 = md,

we have 6§ =0, i.e. w(F) together with the differential § is a chain complez.
Proof. Using Lemma [2.5.3] we obtain

6% = rdurde = wdmdr = wwdde = 0.
O

Now what are the properties of this complex? The most important fact for
our purposes is that the homology remains unchanged.

Theorem 2.5.5. The chain complexes F and w(F) as in Lemma are
homotopy equivalent. A chain homotopy equivalence is given by the map:ﬂ s
and t.

Proof. Checking definition [2.4.T] for homotopy equivalence. Again using Lemma

we have
wr —idr =7 —idr = —(od + do)

and
T — idﬂ,(]:) = id,r(]:) - idﬂ,(]:) = 0.
O

IStrictly speaking, we are working with the map obtained from 7 by restricting its
codomain to w(F).
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Remark 2.5.6. We can also give a formula for § in terms of d and ¢ instead of
d and w. Depending on the context, either formula may be useful. We have

d =mnde = (idg —¢d — do)de = dv — ¢pdd — dpdr = dv — dd.
Usually we will omit ¢ in there formulas and simply write

§=d— dod.
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3 Algebraic discrete Morse theory

In this chapter, we will discuss some elements of algebraic discrete Morse theory.
Our goal is to explain how algebraic discrete Morse theory allows us to construct
a free resolution of some modules. We will see that this concept can be applied
to a class of involutive bases with respect to a continuous involutive division of
Schreyer type, which in particular includes Pommaret and Janet bases.

Discrete Morse theory was developed by Forman, see [For98| and [For02],
allowing a CW-complex to be reduced to a smaller, homotopy-equivalent CW-
complex. An algebraic version of this theory was established by Skéldberg in
[Sk&06] and by Jollenbeck and Welker in [JTW09].

Our basic notation is the same as in the paper [AFSS15]; the presentation
there is in turn based on the papers [Sk606| and [Skoll] by Skoldberg. Unless
stated otherwise, any proof of a theorem, lemma or corollary which is cited
from the papers [Sk606] and [Sko11] is mathematically the same proof as in
those papers; with some occasional minor changes to the notation. However, in
a few cases, some proofs in this chapter have been partially rewritten, or contain
some additional arguments; if this is the case, it is explicitly mentioned at the
beginning of the respective proof.

In order to make the definitions apply to a more general situation than in
[AFSS15], we will make some minor adaptations.

3.1 Basics of discrete Morse theory

Definition 3.1.1. Let R be a commutative ring and C a finite chain complex
of R-modules
0 —Cp,—Cpg — -+ —Cy—0 (3.1.1)

where each module C, = P,c; K, is written as a direct sum of R-modules
with disjoint index sets I, (Skoldberg call auch a complex a based complez).
Note that we require C to be of finite length, however the index sets I,, may
be infinite. To such a complex, we associate a directed graph I'c: The set of
vertices is the disjoint union U,, I, and the graph contains the edge a — b if and
only if a € Ip41, b € I, for some m > 0 and dy , = mp(dc|k,) # 0. Here, d¢
is the differential in C and for C,, = EBaE 1, Kas ™ is the canonical projection
mp: C — K for b € I, while |k, denotes the restriction to K,.

A partial matching on a directed graph D = (V, E) with vertices V and
edges F is a subset A C E of edges such that no vertex is incident to 2 or
more edges in A. Given a partial matching A, we define a new directed graph
D4 = (V, E#) which is obtained from D by reversing all the arrows contained
in A: Thus the graph D# has the same vertices as D and contains the edge
a — b if and only if

(b—a)e AV ((a—b) € E\ A).

We define AT C V to be the (sub-)set of vertices of D that are sources of the
arrows in A, i.e.

At ={acV |IeV:(a—b) e A},
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and A~ C V as the sources of said arrows, i.e.
AT={acV|IeV:(b—a) e A};

finally AY C V contains all vertices which are not incident to any arrow con-
tained in A, i.e.

A'={acV|AecV:(a—bcAV(b—a)cA}=V\(ATUA).
Vertices contained in A° are called A-critical. Furthermore, we define

A, =A"NnI, Al=A"nI,, A% =A4°N1,

m
for each m € N.

For our applications, starting with chapter [4 we will work exclusively in
a situation where every C,,, = @ K, is a free module and every K, is a
shifted module P(d).

a€l,y,

Definition 3.1.2. A Morse matching on the directed graph I'¢ is a partial
matching A satisfying the following conditions:

e For every edge (a — b) € A, the map dp 4 is an isomorphism.

e For every index set I, there is a well-founded partial order C on I,,, such
that for any a,c € I,,, with a # ¢, we have ¢ C a if and only if there is a
path a — b — ¢ in F’c“. We say that such an order C respects the Morse
matching A.

If the modules of the complex C are finitely generated, the differential can
be represented by matrices. So in this case, the graph I'¢c contains a directed
edge for every nonzero entry of these matrices. For an edge to be contained in
a Morse matching, it is necessary that the edge corresponds to a constant entry
in the matrix representing the differential.

However, we already know a way how to minimise a finite resolution in this
case, see Lemma [2.2.2] Thus, for our purposes, Morse theory will be needed in
particular when (some of) the modules C), are not finitely generated.

First, we give an alternative definition of Morse matchings under the condi-
tion that the graph I'c is finite. While we have just mentioned that we do not
require Morse theory for finite graphs, we will later use this Lemma in situations
where we can represent an infinite graph by (infinitely many) finite equivalence
classes.

Lemma 3.1.3. [Sko06, Lemma 1] Let C be a based complex such that the graph
[ is finite. Let A be a partial matching on ¢ such that dy, o is an isomorphism
whenever the edge a — b is contained in A. Then A is a Morse matching if and
only if Fé‘ has no directed cycles.
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Proof. <=: Let u € I,,, and define

l(u) =

max{t | Juy, ..., U, V1, ..c,p € Iy 1 g = vp = Up—1 — ... > u3 > v; > u € L'}

Since T'¢ is finite and there are no directed cycles in T'¢, I(u) is finite. We
set u C v if I(u) < l(v). Obviously, this is a well founded partial order which
respects the Morse matching.

—: Let < be an order that respects the Morse matching. We immediately
see that the existence of a directed cycle

U=V = U —> ... D> Us_1 > Vs_1 —>Us =u€E ¢

would imply v 3 w; J ... O u, contradicting the fact that C is a well founded.
O

Even when a based complex is not finitely generated, Lemma [3.1.3| can still
be useful thanks to the next lemma:

Lemma 3.1.4. [Sko06l Lemma 7| Let C be a based complex. Let ~ be an
equivalence relation on the set V of vertices of I'c. Let 4 be a partial order on
the set of equivalence classes satisfying [b] 4 [a] whenever there is an edge a — b
in Uc. If there is a Morse matching Ajq) on Uc N[a] for each [a] € V/ ~, then
U[a]e\//~ Alq) is a Morse matching on Tc.

Proof. If A, is a Morse matching on [a], then there is a well-founded partial
order Cq) on [a] such that C,) respects the Morse matching Af,). Let C be a
partial order on V defined by a C b if [a] < [b] or [a] = [b] and a T, b. Let
(a;)ien be a decreasing sequence with respect to C, so a; J a;1 for all 4. Since

<« is well-founded on V/ ~, there is an N € N such that [a;] = [an] for all
i > N. Since C[,,) is well-founded on [a;], there is a M > N such that a; = an
for all j > M. So C is well-founded. O

Later, we will apply the idea of this Lemma to the following situation: Given
a based complex of certain P-modules which are not necessarily finitely gener-
ated, but still only have a finite number of generators in every degree and no
generators in degree < N, we take two generators to be equivalent if they are
of the same (total) degree.

Our next goal is to use a Morse matching on I'¢ to construct a complex that
is “smaller” than C, but with the same homology.

Remark 3.1.5. Given a based complex C and a Morse matching A on I'¢, we
recursively define a P-linear map ¢ as follows:
For an a that is minimal with respect to C and = € K, let

d-1(z) ifb— ae A for some b
o) = { Qo) :
0 otherwise.

If @ is not minimal with respect to C and = € K, let
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o) d 3 (x) — Zb;»c (podepod,;)(z) ifb— a€ Afor some b
) = ’ aFc ’
0 otherwise.

Lemma 3.1.6. Let z € K,. If 7k, ((b(x)) % 0, then the graph Fé contains a
path of shape a — ... = b.

Proof. By the recursive definition of ¢, this is obvious. O

For simplicity of notation, from now on we will often omit the o-symbol for
concatenations of maps.

Lemma 3.1.7. [Sk606, Lemma 2| Let A be a Morse matching on a based com-
plex C. Then the map ¢ satisfies:

¢* =0, pdp = ¢.

In other words, ¢ is a splitting homotopy, and therefore we can later on make
use of the theory presented in Section [2.5

Proof. The first equation follows from the fact that A is a partial matching,
since there are no a, b, ¢ such that both a — b and b — ¢ are contained in A.
In fact, we see that for m, (¢(x)) to be nonzero, it is necessary that b € A~ and
x € K, for some a € AT.

We will prove ¢d¢ = ¢ by induction over C. Let a be minimal with respect
toC and z € K,. If a € A™, we have just seen that

¢do(z) = 0 = ().

Now assume that @ € A~ and b — a € A. Since a is minimal, we see that
d|k, = dap, as otherwise I'c would contain the edge b — ¢ for some ¢, and so
a —b— c€T§, contradicting the minimality of a. So we have:

¢dg(x) = pdd, (x) = ¢pdapd, ,(z) = ().

Now suppose a is not minimal with respect to C. If a € A™, the argument
remains unchanged. So we assume that a € A~ with b — a € A and = € K.
Now we obtain

¢dp(x) = ¢d(dy (x) = Y ¢depd, ()

b—c

c#a
= pddy }(z) — Y ddedeydy }(z)
re
= ddapd, (@) + Y ddddesd; b(@) — 3 ¢dédeyd, }(x)
b—c b—c
cta c#a

= ().
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Regarding the second-to-last equality, we note that for any c¢ appearing in
the sum, we have a — b — ¢ € T4 and therefore ¢ C a, so by induction

ddo(y) = d(y) for all y € K. O

Lemma 3.1.8. [Skd06, Lemma 3| Let C be a based complex, A a Morse matching
on T'c and the map ¢ as defined in remark[3.1.5. For x € K,, we have

x+ >y ifa€ A
dqf)(.%) = -
0 otherwise.

Here, with the notation ), y» we mean that the sum is taken over some
elements yp, where y, € Ky for all b.

Proof. By induction over C. Let a be minimal with respect to C. If a & A~
we again have d¢(z) = 0. Solet a € A~ with b — a € A. As in the proof of
Lemma we have d|g, = d, and so:

dp(x) = dd 4 (z) = dapd, (x) = .

Finally, let @ be non-minimal with respect to C. Again, if a € A™, then we have
dp(x) =0. Soifa e A~ and b — a € A, then:

dp(x) = d(d (x) = > ddep,d, ()

b—c

c#a

=2+ Y depdy (@) —do Y depdy ().
b—c b—c
eta c#a

For each term appearing in these sums, we have ¢ C a, since (a = b — ¢) € I"C“.
O

Lemma 3.1.9. [Skd06, Lemma 4] Let C be a based complex, A a Morse matching
on T'c and the map ¢ as defined in remark[3.1.5. For z € K,, we have

x ifae AT
¢d(z) = > uyp otherwise,
bCa

where again the sum is taken over some elements y, € K for allb, as in Lemma
5. 1.5

Proof. While as mentioned before, this proof presented here is mathematically
the same as the one in [SkG06], here we have also included some arguments
added for clarification.

Induction over C. Let a be minimal with respect to C. If a € AT with
(a — b) € A, then for any ¢ # b with a — ¢ we have ¢ ¢ A~ for otherwise
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there would be some d such that a — ¢ — d is a path in I'? and hence d C a,
contradicting the minimality of a. So ¢|x, = 0 and we get

¢d(x) = ¢dpa(x) + Y ¢dea(x) = dy adp.a(r) = 2.

a—c

c#b

If a & AT, we get
¢d(x) = ¢ > dya(r) =0

a—b

since again b ¢ A~ for all b appearing in the sum, for otherwise a would not be
minimal.

Now let a be non-minimal with respect to C and = € K,. If a € AT with
(a = b) € A, then

¢d(x) = ddya(x) + Y dde ()

a—c

c#b
= dyodpa(@) = Y ddea(r) + D pdea()
P g
= .
If a g AT, then
¢d(x) = ¢ Y dya(x)
a—b
= 3 dldpa(@) — Y Y daed, Ly a(2).

Srea Svea i

For the summands in the first sum, we immediately see that any summand is
contained in some K. for an index ¢ such that ¢« — b — ¢ is a path in Fé‘ and
hence ¢ C a. So these summands are of the shape given in the lemma. In the
same manner, for the summands in the second sum, using Lemma [3.1.6] we see
that whenever the term 7, (d)ddmdb_jdb,a(w)) is nonzero for some e, there are
paths

a—+b—=c—=d—..—e

in Fé. This concludes the proof. U

Theorem 3.1.10. [Skd06, Theorem 1] Let A be a Morse matching on T'¢. Let
m: C — C be defined by m = id —(¢d + dp). Then the complezes C and 7(C)
are homotopy equivalent. Additionally, for each m there is an isomorphism of

modules
m(Crm) = @ K,.

acAl,
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Proof. The homotopy equivalence follows directly from Theorem
All that is left to prove is

W(C):w<@ KC>.

ceAO

We will do so by showing that 7(K,) C 7(6D,.c 40 K.) for all a by induction over
[
Let « € K, where a is minimal with respect to . If a € A°, the statement

is obvious. If a € A%, then 7(z) = 0 by Lemma and Lemma

Now let x € K, and a be not minimal with respect to C. Again if a € A°,
there is nothing to prove. Using Lemma and Lemma we see that
there is a set Kj with ¢ C «a for all ¢ € J and some y. € K; such that

m(z)=m(z) =7 _ye) = Y mye)+ > 7(ye).

celJ ceJ ceJ
ce A0 cg A0

From this equation the statement follows by induction.
To conclude the proof, we will prove that the homomorphism

T @ K,=7n(Cp) = Cpn,

aeA?n

which is obtained from the homomorphisms of 7 by restricting the domain, is
injective. Again, from Lemma and Lemma we see that for a € A°
and x € K, there is once again a set K ;, with ¢ C a for all ¢ € J and and some

Yy € K, such that
77(3;‘) =T+ Zyc-
ceJ

So the restricted map is injective. O

Now we define a new chain complex (D, d) with modules

Dy =7(C) = P Ko

a€ A0
For the differential d on D, we know from Remark that is given by
d = (d— dod). (3.1.2)

Altogether, we once again state that we have found the theorem below. In the
given reference requires a proof, for there the complexes which take the role of
D and 7(C) are not a priori identical.

Theorem 3.1.11. [Sk606, Theorem 2| (D, d) is a chain complex which is ho-
motopy equivalent to the complex C.
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3.2 Constructing the differential in the complex D

Now while we know how to construct the complex D, for the differential d we
only have the recursive definition involving the splitting homotopy ¢. In this
chapter, we will see that is possible to give an alternative definition of d which
is based on paths in the Morse graph. This apporach allows us to give a non-
recursive description of ¢ and d, at the cost of an increase in technical language.

As a first step, the construction below and Lemma establish how we
can use paths in the Graph I‘fé to construct the splitting homotopy ¢ and the
“reduced differential” d.

If we have a € I, and b € I, 41 (or b € I,,—1 resp.), let T'y , be the set of
directed paths p in the Graph Fé‘ of shape

p= c1 —> CQ —> ... > Cok—1 — C2k,

where ¢; = a, ¢z, = b and all ¢; are contained in Iy, if j is odd, or in I,41 (or
I, resp.) if j is even.
Ifbe€ I+ and p € 'y q, let

0p = (—1)*1d -t ced ey e

C2k,C2k—1 "Cok—2,C2k—1 C2,C3

andif b€ I, and p € 'y 4, let

_ k=1 7-1 _
Op = (_1) d02k702k71d02k—2702k—1 o dcz c3dcg,c1
Using this notation, we have

Lemma 3.2.1. [Sk606, Lemma 5] Let a € I,, and x € K,. Then we have

Z Z 2p(2)

b€lm+t1 pElD,a

Proof. We use induction with respect to C. If a is minimal with respect to C
and a € A™, then ¢(z) = d;})(m), for there is exactly one b with b — a € A,
and for this b there is no ¢ with b — c € I'¢. If a ¢ A, then there is no b with
b— a € A and we have ¢(z) = 0.

Now let a be non-minimal with respect to C. If a & A™, we still have
¢(x) = 0 by the same argument as before. So let a € A~. Then we get

— " $de sy ()

b—e
e#a

:d;,lla_z Z Z Op deab z)

be c€lmy1 peElec e

2. Z@M

be[771+1 PEFb,a
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where to obtain the last equation, we have used the fact that we obtain all paths
a — ... = e (of length > 1) by taking the disjoint union (over b) of all paths of
the shape a b —c— ... > e. O

Corollary 3.2.2. [Sko06, Corollary 3] For a € I,, and x € K,, we have

J(x): Z Z Qp(x).

b€lm—1PElp, o

Proof. By Lemma we have

(d—ded)(@)= > > opl),

belm_1 perb,a

where we again use the same disjoint union as in the proof of Lemma O

3.3 Morse theory for modules with initially linear syzygies

In his paper [Skoll], Skoldberg applied algebraic discrete Morse theory, as in-
troduced in Sections [3.1] and [3:2] to modules with “initially linear syzygies”.
One of his goals was to directly construct the minimal free resolution of a mod-
ule. However, his construction is still useful for constructing other non-minimal
finite resolutions, which might not be minimal, but can be minimized using
lemma

From a technical point of view, an important feature of this chapter will be
the introduction of reduction paths. This concept provides a way to represent
and calculate the differential obtained from initially linear syzygies (see below)
with the help of a Morse matching. While this construction is rather technical,
it cannot be avoided, as it is used later in many theoretical proofs while also
serving as foundation of the implementation of the theory in the computer
algebra system COCOALIB.

Definition 3.3.1. A polynomial module M has initially linear syzygies if M
possesses a finite presentation

S
0 — kern — W =P =P Pwa > M-—0 (3.3.1)
a=1

such that with respect to some monomial order < on the free module W, the
leading module 1t kern of the kernel of 5 is generated by terms of the form
T;Wo. We say that M has initially linear minimal syzygies, if the presentation
is minimal in the sense that ker n C m?®, where by m we denote the homogeneous
maximal ideal m = @, P;.

These notions go back to [Sko11] who, however, does not consider the non-
minimal case. In his work, the term “initially linear syzygies” always refers to
initially linear minimal syzygies. His construction begins with the following
two-sided Koszul complex (F,dz), defining a free resolution of the module M
(see Lemma [3.3.4), which we will take as a fixed notation for the remainder of
this work.
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Definition 3.3.2. For an (ordered) sequence k = (k1,...,k;) and 1 <14 < j, we
denote by k; the (ordered) sequence k without the element k;, i.e. k; = k\ {k;}.

Assumption 3.3.3. We will fix a complex F with modules F; and differential
dr as follows: Let V be a k-linear space with basis {vg,...,v,} (recall that
n + 1 is the number of variables) and let

Fj =P ok AV @ M, (3.3.2)

which obviously yields a free P-module. Choosing a k-linear basis {m, | a € B}
of M, a P-linear basis of F; is given by the elements of shape 1 ® vk ® m, with
ordered sequences k of length j. The differential is now defined by
j .
dr(1QkVvk®xmg,) = Z(_l)erl (xki Rk Vi, QMg — 1R Vi, ®]kxkima). (3.3.3)
i=1

It should be noted that in general, the second term of the summands on the
right hand side is not yet expressed in the chosen k-linear basis of M. For
notational simplicity, we will drop in the sequel the index of ®y, or even the
tensor signs ®j; entirely. We will also omit the leading factor if it is equal to 1,
i.e. we will use the notation

vikh, = 1 ®y vk Qu h,,.

We remark that, unless M is an artinian module, the modules of this two-
sided Koszul complex are not finitely generated. Thus, if we want to minimise
this complex later to the point where the reduced complex is finite, we cannot
rely on the step-by-step approach from Lemma [2:2.2] However, using Morse
theory, such a “minimisation” becomes possible.

We also point out that this complex also on the surface looks similar to the
free resolution induced by an involutive basis, understood as Remark 2:3.62} A
large part of Chapter [ is dedicated to formally establishing links between the
behavior of these complexes.

Lemma 3.3.4. [Skolll Lemma 1| The complex F is a free resolution of M (in
the sense that we have a complez as in definition[2.1.1], but its modules are not
necessarily finitely generated).

Proof. While this proof is based on the proof given in [Sk611], it also includes
some additional aspects which have been added for further clarification.

Since dx(F}) is generated by all relations z;vgm — vga;m, we immediately
see that Ho(F) = M.

Now we have to prove that H;(F) =0 for all ¢ > 1.

We consider F to be a based complex of k-vector spaces via the natural
decomposition

P@ﬂ(A(@ﬂ(Mg@ﬂ{'{L‘MV[mm

where the direct sum is taken over all p, I, m, such that p € N*, T C {0,..,n}
and m, € B where B is a basis of M as a k-vector space.
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For each ¢ > 0 and m, € B, let
Vim, = {aHvimg | dega® + |I| = i}

be a subset of the vertices of I' 7. We define a partial matching E; ,,, on I z|y,
by

mq

('vimg — xtx;vp jma) € Ejm, if and only if j = min(supppUT) Aj € 1.

It is clear that E; ., is a partial matching. Since any V; ,,, is finite, by Lemma
3.1.3} Ej ., is a Morse matching on 'z[y; ,,  if there are no directed cycles on

(F]:|V1.)M)Ei’m“, where by this notation meant to describe the graph that is
given by taking the graph I'r|y, , — and reversing the arrows contained in the
Morse matching F; ,,, (see Definition [3.1.1). So let

zhovimg = aMtvmg — o — gty omg — 2tV mg = atrvm,

Ei,'ma

%,ma) . Since Ej; ,,, is a partial matching on a
based complex, for such a cycle we can assume that z*'v;m, € (E,'ma)+ if [
is even and z"'vym, € (E;m,) if [ is odd. From the definition of E; ,,,, we

then have

be a directed cycle in (F F

2o <lex M2 <lex - =lex U2k = H0,

which is impossible (recall that according to our conventions of Definition [2.3.3]
we have xg < 1 < ... < x, for the lex order). So E; = UmaeB E; , is a Morse
matching on the graph I'z|y,, where V; = UmaeB Viime-

Now for any (z#°vi,m, — z#1vym,) € 'z, we must have

deg x"° + |Iy| > deg ™' + |I1],

and so by Lemma E =\, E; is a Morse matching on I' . But then, there
are no E-critical vertices in (homological) degree > 1. By Theorem this
means that all homology modules H;(F) for ¢ > 0 vanish, if we view F as a
complex over k. But then of course, they also vanish over P. O

Remark 3.3.5. Under the assumption that the module M has initially linear
syzygies via the presentation of equation (3.3.1), [Skoll] constructs a Morse
matching leading to a smaller resolution (G, dg). He calls the variables

crit (wo) = {z; | z;Wq € ltkern} (3.3.4)

critical for the generator w,; the remaining non-critical ones are contained in
the set ncrit (w,). A k-linear basis of M is then given by all elements z*h,,
with h, = n(w,) and monomials z* € k[ncrit (w,)].

For each m € M, consider the following set of vertices in the graph I'z:

Vin = {vizt'h, | z'2"h, = m} (3.3.5)
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Then V,, is not empty if and only if m is the product of some generator h, with
a monomial. Furthermore, we deﬁneﬂ

A, = {fo”ha = vpizirthy € Trly, |
i = min {I Nnerit (wa)} Ad < cls(z")}. (3.3.6)

Now we see that we have constructed a Morse matching:

Lemma 3.3.6. [Sko11, Lemma 2| The union A = |,y Am is a Morse match-
ing on T'x. The set of unmatched vertices consists of all vich, with k C crit(wy).

Proof. Tt is clear that A is a partial matching, since any set I of indices contains
every index at most once. In analogy to the proof of Lemma [3.3.4] we see that
the existence of an oriented cycle

v, "h,, — v atthy, — ..

e =V, aM1h — v, "*h,, = viaHh,, (3.3.7)

a2k —1 a2k

in Tz[y,, A implies Iy >lex I2 >lex - >lex l2x = Iy, which is again impossible,
as in the proof of Lemma [3.3:4] Using Lemma[3.1.3]and Lemma[3.1.4] again, we
see that A is a Morse matching on I'r.

The statement about the unmatched vertices is clear by definition of
the matching A in remark [3.3.5] O

A vertex vih,, is not contained in A if and only if k C crit (w,,); additionally,
all vertices of the form v;z*h, with u # 0 appear in this Morse matching. We
now define G; C Fj as the free submodule generated by those vertices vih,
where the ordered sequences k are of length j and such that every entry k; of
k is critical for w,. In particular, W = Gy with an isomorphism induced by
W — Vph,.

Combining Lemma [3.1.7, Theorem [3.1.10, Lemma [3.3:4] and Lemma [3.3.6]

we get the following result:

Theorem 3.3.7. [Sko1ll Theorem 1| This complex G, with modules G; is a
finite free resolution of M. The differential dg is induced by the Morse matching

A (see Section[3.9).

This theorem is one of the main results of [Sk611], where it is stated in
the form that (G,dg) is the minimal free resolution of M if one starts with
initially linear minimal syzygies. However, independently of the minimality as-
sumption, his construction always yields some free resolution. The minimality
condition holds in the case of initially linear minimal syzygies since the condi-
tion kern C m?® is equivalent to the fact that if we write a product x;m, with
i € crit(m,) as a linear combination over P, then no constant coefficients ap-
pear in this sum. But then there are also no constant coefficients in any of the
dr(vkmg) and by Equation this property translates to dg, hence G is
minimal. Notably, for Pommaret bases, the analogous property holds:

n [Sk&1d], a slightly different definition for the sets A, is given.
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Lemma 3.3.8. [Seil0, Lemma 5.5.1] The resolution induced by a Pommaret
basis as in Theorem is minimal if and only if all first syzygies Sy, are
free of constant terms.

Remark 3.3.9. If we reduce a general complex C to a smaller complex with the
same homology by taking advantage of a Morse matching A, it is natural to ask
how we can calculate the differential map in the smaller complex. In particular,
we are interested in the differential of the complex G, which is obtained by
reducing the two-sided Koszul complex F via the Morse matching A of equation
(13.3.6)). For the definition of this differential, we will use reduction paths in F’C“..
An elementary reduction path is a “zig-zag” path ag — 8 — «aq of lengtfﬂ two
in Fé. with ag, o € I,,, that also satisfies

el 1<<=acA°UAT and Bel, = acA . (3.3.8)

Note that there are also zig-zag-paths oy — 8 — aq of length two in the graph
Fé. with ag, @1 € I,,, which are not elementary reduction paths: a path with
B € I,,—1 and ag € A~ is not considered to be an elementary reduction path;
we will see later in Lemma that, that for our goal of giving a formula for
the differential in G, these paths are irrelevant anyway. Note that since A is a
Morse matching, the existence of a path ag — [ is equivalent to ag € A~, so
if g € A°U AT, there cannot be any path g — 3 — a3 where 8 € L,41.
For the elementary reduction path ag — 8 — a3, we define the corresponding
elementary reduction as the map

—d;t odga, ifBE€In_1,
pO¢1 (e 7s) = 57&1 ° é’l 0 1 /8 ! (3.39)
’ —dathdaoﬁ ifpelng-

A (general) reduction path p is a composition of elementary reduction paths
p=(ag—=fr— a1 = = By = ay)

where ¢ > 0.

For two indices a, a* € I,,,, several reduction paths from a to o™ may exist;
we write [a ~> a*] for the set of all such paths. For a general reduction path p,
the (associated) reduction p, is given by

Pp = Pag,aq—1 © Pag_1,04-2 © """ O Pay,aq -

[Sko11] gives two descriptions of the differential dg in the reduced complex, the
recursive one of equation , which is based on the splitting homotopy ¢
of remark [3.1.5} and another one that makes use of the concept of reduction
paths. The latter one is better suited for our purposes. It is based on reduction
paths in the associated Morse graph and expresses the differential as a triple

ILength as defined in Definition
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sum. If we assume that after expanding the right hand side of (3.3.3]) in the
chosen k-linear basis of M, the differential of the complex F is expressed as

dr(viho) = Y Q%% Vm(z'h,), (3.3.10)

m, u,y

then by Corollary dg is given by

dovicha) =37 357 3 0 (@K, v (@'h,)). (3.3.11)

£, m,u,y p

where the first sum ranges over all ordered sequences £ which consist entirely
of critical indices for wg and the second sum may be restricted to all values
such that a polynomial multiple of v, (2*h,) effectively appears in dz(vih,),
and the third sum ranges over all reduction paths p going from v, (z*h,) to
vehg, see [Skolll Equation (2)] Finally, p, is the reduction associated with
the reduction path p satisfying p, (vm(x“hv)) = ¢pvehg for some polynomial
qp €P.
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4 Combining Morse theory and involutive bases

Definition 4.0.1. If p = p,, o -+ o p; is a reduction path where all p; are
elementary reduction paths, then from now on, we will call m the length of p,
written I(p) = m. In the classical sense of graphs, see definition such a
path would be of length 2m, for it contains 2m arrows. However, as for the
purposes of this chapter, elementary reduction paths are the minimal building
blocks of (general) reduction paths, this definition of the length is better suited.

Now we combine Skoldberg’s construction with involutive bases for contin-
uous involutive divisions of Schreyer type, which by lemmata [2.3.96] and [2.3.37]
include the Pommaret and Janet divisions. In the paper [AFSS15|, this idea
has been established for the case of Pommaret division, and in [AFSI5], for the
Janet division. In this chapter, we will take another step and generalize these
results to any continuous involutive division of Schreyer type. Assume that
the considered graded module M in the definition of initially linear syzygies in
Equation is presented by a quotient P™ /M for a “different” graded sub-
module M C P™. Obviously, a free resolution of M immediately yields one of
P /M and vice versa. Therefore we will restrict to the construction of resolu-
tions for polynomial submodules given by an involutive basis H = {hy, ..., h}
for a continuous involutive division L.

Assumption 4.0.2. Unless stated otherwise, we will always assume that any
involutive basis is enumerated according to a L-ordering.

As an immediate consequence of Lemma [2.3.56] with respect to the presen-
tation given in equation (3.3.1)), we obtain the following trivial assertion:

Lemma 4.0.3. In the situation of Definition [3.3.1), let the map n be given by
N(wa) = h,. Then the submodule M C P™ has initially linear syzygies with
respect to the Schreyer order <4 and crit (w,) = X1 (hy), i. e. the critical vari-
ables of the generator w, are the non-multiplicative variables of h,, = n(w,,).

From now on, we will consider exclusively such initially linear syzygies orig-
inating from an involutive division:

Assumption 4.0.4. From now, let H be an involutive basis for the module
M < P™ with respect to a continuous involutive division L and a monomial
order <. The presentation Equation comes from the homomorphism
defined by n(w,) = h,. For the k-basis of M as in Assumption we take
the basis induced by the direct sum decomposition defined by H as in Equation
, i.e. the basis is given by all terms z*h, where h, € H and

supp(p) € Xp 3, < (hy) = ncrit(wy,).
In particular, whenever an element of the complex F appears, for example

x"virth,, we always implicitly assume supp(u) C nerit(wy).
We will also occasionally use the notation ncrit(h,) = ncrit(w,,).
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Definition 4.0.5. Let M C P™ be a graded polynomial module. M is compo-
nentwise linear if for each e > 0, the module (M,) (i.e. the module generated
by M., the elements of degree e in M) has a linear resolution, i.e. the only
non-vanishing Betti numbers of (M.) are the 3; ;4.((M.)) for ¢ > 0.

Theorem 4.0.6. [Sei09, Theorem 9.12.] Let M be componentwise linear. Then
for the Pommaret division, generically the resolution introduced in Theorem
is minimal.

[Sk611l Corollary 4] shows that a module with initially linear minimal syzy-
gies is always componentwise linear. Now, it follows from the combination of
Lemma Theorem and Lemma that the converse is also true:
modulo a coordinate transformation, any componentwise linear module has ini-
tially linear minimal syzygies:

Corollary 4.0.7. If the polynomial module M C P™ is componentwise linear,
then M has initially linear minimal syzygies in generic coordinates.

Of course, the question of how to find a generic coordinate system is not
that interesting from a theoretical point of view, but nevertheless relevant when
one wants to do actual computations. A discussion regarding this question the
situation can be found in the preprint [HSS16] in particular Remark 6.5.].

4.1 Classification of reduction paths

For later use, we will now classify elementary reduction paths p in the graph Fé
into three different types. Our classifications follows the presentation in [Skoll],
which was in turn using [JWO09]. This classification covers all elementary reduc-
tion path.

Definition 4.1.1. Let k C N be a finite set. Then for any i € N, let
e(ik) = (,1)\{j€klj<i}|_

This generalises the corresponding notation in [Sk606l [Sko11] in the sense
that we do not require i € k.

Type 0: In this case p is a path ayg — 8 — a3 with ag, a1 € I,,, and 8 € I,,,_1.
We will later see that these elementary reduction paths are irrelevant for
the construction of the differential dg of the reduced complex G.

All other elementary reduction paths are of the form

Zh
vk (2"hy) — ViU (ha> —> ve(2"hg) .
Ty
Here kU1 is the ordered sequence which arises when 7 is inserted into k; likewise
k \ i stands for the ordered sequence given by the removal of an index i € k, in

analogy to definition
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Type 1: Here we have £ = (kU i)\j, ¥ = fﬁ—“ and 8 = a. Note that ¢ = j is
allowed. The associated reduction is

x/”/

p(vka*hy) = e(i;k Ui)e(j5 k U i)z vaain (—ha) -

Ly

Type 2: Now £ = (kU 4) \ j and 2Yhg appears in the involutive standard
aha;

representation of —=h, with a coefficient A;; a8, € k. In this case,
by construction of the Morse matching, (see also remark and Lemma

3.3.6), we have 7 # j. The reduction is
p(viz"ha) = —e(i;k Ui)e(fs k Ui)Aj i a,u,8.0Vauin (@ 'hg) .

Note that by definition we obviously have e(i,k U i) = (i, k), which we
could use to slightly shorten the representation of the reduction maps, at the
expense of less “symmetrically” looking formulas.

These reductions come from the differential Equation

J
dr(1 @k vic @ ma) = > (=1 (24, D1 Vie, O M — 1 D Vie, Qe T, M)
i=1

The summands appearing there are either of the form x, vk, m, or of the form

Vi, (Tk;ma). Recall Definition for the notation k;. For each of these

summands, we have a directed edge in the graph Fé—; or in cases where the

involutive standard representation of x, consists of more than one summand,
multiple edges. Thus for an elementary reduction path

oz

vi(2"hy) — ViU p

ha> — Vg (.Z‘Uhg) s
K3
the second edge can originate from summands of either form. For the first form
we then have an elementary reduction path of type 1 and for the second form
we have type 2.

For completeness, we note the following simple result which just shows that
the free resolution G indeed extends the presentation and hence yields
essentially the same first syzygies as the involutive basis, see Equation .

Lemma 4.1.2. Lei € crit (ho) and z7ha =375, P/ga;i)hg be the invglutive
standard representation. Then we have dg(viha) = zivpha — 3 5, Pﬁ(a”)thg
and lty (dg(Viha)) = z;vgh,.

Proof. Looking at the different types of reduction paths, we immediately see

that in the differential (3.3.11), we can only have concatenations of elementary
reduction paths of type 1 which are of the form

xh z#
vg(zth,) — v, (ha) — Vg <h5) .
X xZ;

i

IRecall that for notational simplicity, we have identified sets X of variables with sets of
the corresponding indices, allowing us to simply write i € X instead of x; € X.
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The corresponding reduction is p(vyz*hy) = 2,vp(2-ha). As
d]:(Viha) = l‘iV@ha — Z prﬁ(a;i)h

the reduction paths move the variables in a way that gives us the correct reduced
differential dg.

The statement about the leading monomial follows directly from the defini-
tion of the Schreyer order. O

Example 4.1.3. We will go back to the ideal I from example to see an
explicit example of how to construct the differential dg, and how a part of the
graph I'¢ looks like. The ideal is given by the Pommaret basis

2 3 2 2 2 2 2 2
H = {zfasxs, x5 + 2x5x1, 1T3 + 2T5T3, X120, T1Toks, Ty, T5T3, Ts ).

We want to find the differential dg of vo 3(x% +2x321). We start by constructing
the part of the Morse graph which contains all paths originating in the vertex
Vo 3(x1 + Zxoml) We note the coefficient for each differential dg o or d along
the respective edge. Every blue path has 1 as the coefficient for the ass0c1ated
reduction map. We have omitted these coefficients in order to nor overload the
graphs. A more detailed discussion of these coefficients follows below.

We also use Lemma [£.1.4] and Lemma [£.1.5] in advance, which allows us to
immediately ignore all edges that are not incident to vertices in F; and F3. This
gives us a graph, which is displayed in figures and In this graph, we
have marked vertices of F;

if they are also generators of modules in G. By the definition of
the Morse matching in equation , no elementary reductions paths
of type 1 or 2 originate in these vertices, i.e. the paths ending there do
contribute to the differential dg.

in red, if we know from the definition of the Morse matching in equation
that there are no elementary reduction paths of type 1 or 2 originating in
this vertex, but the vertex is not a generator of a module of G; i.e. the
paths ending there do not contribute to the differential dg.

in purple, if we know from the not yet proven Lemma [£.1.4] that no path
originating in these vertices leads to a generator of a module of G; i.e.
these paths do not contribute to dg

in light blue, if we could use the not yet proven Theorem[5.1.4]as a shortcut to
obtain the differential, instead of calculating reduction paths originating in
this vertex: In this example, this applies to the vertices of shape z/°h,,
and since xg is of minimal class, this variable is of minimal class and
therefore multiplicative for any element of . In this case Theorem
gives a formula that instantly gives the reduction map associated to any
path originating in this vertex.
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Vo (If } 2.1’;2,,171 )

V:;(.I’:]; + 2.1’;‘),,1‘1 )

vaxs (z122)
e

V273(.’L";’ =+ 2&7%&71)

e

e e
e 2 2
7 7 vax (zixs + 2x523)
~ v s
s s /
e / /
v s .
Y y / vizi(z1x2)
v T3
/
. /
» / 1 4
vi,3z1(T122) y viz1(T1Tex3)
/
/
/ /
/ V3CL'1(:L'1.’L'2)
/ / 4
/ s
// / /
/ / V;;LL‘()(LL‘liL‘Q)
/ / . p
/ / / 7
¥ . / Vs
vo,3%0(T122) y voxo(z122)
1
y / /
/ / /
voro(x1Tam:
/ , , ozo(z12223)
/ / /
/ / /
/ / / 2 0.2
va(xizs + 2x57:
y / Y, o 2(zizs + 2x5as)
/ / /
/
y p .

V1T (1‘1IQCE3)

/ V1 (.1,‘5.172,1?:{)

Figure 4.1.1: Top part of the graph of example
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/ /
/ /
// / vi(z129)
/ // s
/
¥ i -
V1,3(1’1I2) 7
\
/
/ Vl(élfll‘zl':s)
/
/
/
/ Vo(iL‘léL‘z)
/ —x3
/
¥
vo,3(z122)

vo(T12273)
Figure 4.1.2: Bottom part of the graph of example

Note that the in general, these categories might not be mutually exclusive; in
fact even any purple vertex could also be marked in red.

From this graph, we obtain the differential dg (V273(x:f + x%xl)) by taking
the sum over all reduction maps ending in a vertex; the coefficient of such
a summand (for one path) is given by multiplying all coefficients noted along a
path. Note that while in the example each blue path, which comes from an edge
in the Morse matching that has been reversed, has 1 as associated coefficient,
this is not the not the case in more general situations: We might also have —1
as coefficient for such paths. If we look at the reduction maps, as displayed at
the beginning of Section the coefficients of the blue paths are the e(i; kU1),
while the coefficients of the black paths are the e(j;k U4)x; (in case of type
1) or the —e(j; k U@)Ajia,uvp (In case of type 2).

Of course, the result does not depend on the way chosen to calculate the
differential. We obtain:

dg (V2)3($:1; + 2.’1?%551))
= —x3va(xd + 22321) + xova(ad + 22221) + 21 va(2ias + 20213)

+ 2V1($3]}2l‘3) — JZ?V3(Z‘11‘2) — 2ach3(x1x2).

Our next result formalizes the following idea: If one starts at a vertex
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vi(z*h,) with i € nerit(h,) and follows through all possible reduction paths
in the graph, one will never get to a vertex where one must calculate an invo-
lutive standard representation. If there are no critical (i.e. non-multiplicative)
variables present at the source of a reduction path, then this property will also
hold for any vertex incident to a reduction path originating in this source. In
order to generalize this Lemma to higher homological degrees, one must simply
replace the conditions ¢ € ncrit (h,) and j € ncrit (hg) by ordered sequences
k, £ with k C ncrit (h,) and € C ncrit (hg).

Lemma 4.1.4. Let L be of Schreyer type. Let iUsupp(p) C nerit (hy). Then for
any reduction path p = (vi(z"ha) — -+ — v;(2"hg)) we have j € ncrit (hg).
In particular, in this situation there is no reduction path p = v;(z*hy) — -+ —
thB with k € crit (hB)

Proof. Assume first that p is an elementary reduction path. We separately
consider two cases, depending on the source of p.

Case 1 v;(2#h,) € A° U AT, Then the elementary reduction path must be of
type 0 and p is either of the form

M u x;xH
vi(2"'hy) = v (22" he) = Veig(z,am) mha

or
Vi(x”ha) — xiV@(Jj/‘ha) — TiVels(zr) (CIS x“ )
)

The assumption, ¢ U supp(u) C ncrit (h,,) assures cls(z;z*) € ncrit (hy,)
and cls(x*) € ncrit (h, ), resp., as claimed.

Case 2 v;(z*h,) € A~. Then p can be either of type 1 or type 2.

Type 1 If p is of the form

I L zt
vi(x ha) — Vicls(zr) (Cls(xu‘)ha> — V; ((jls(ﬁl‘«)ha> ,
then the statement is obvious. If, however, p is of the form

L zt zH
vi(7"'hg) — Vicls(zr) (cls(a:“)ha> — Vels(am) (cls(a:l‘)ha> )

then Assumption entails that cls(xz*) € nerit (h,).
Type 2 Here the path p is of the form

) e z;xh
v; (x ha) — Vi cls(zt) Wha — Vels(z#) Mha .

As above, cls(z#) € ncrit (h,) and by assumption ¢ € ncrit (h,).

Thus Cf”#ﬁ;‘;)ha is already an involutive standard representation.
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For arbitrary reduction paths p, the claim now follows by an induction over the
length of p. O

Now we can show, as we have claimed earlier, that reduction paths of type
0 are irrelevant for the differential dg. Implicitly, this statement is already
contained in [Sk606, Lemma 5], in a more general setting.

Lemma 4.1.5. Let L be of Schreyer type. In the differential , no re-
duction path appearing in the third sum contains an elementary reduction path
of type 0; i. e. all reduction paths appearing in the third sum are concatenations
of elementary reduction paths of type 1 or 2.

Proof. Let p = py,0...0p; be a reduction path appearing in the sum in equation
(3.3.11) with elementary reduction paths p;. Suppose p ends at the vertex vih,,
and let

:Z:l/
Dr = (Vl(IMha) = ve,(2"hp) = Ve, Ucls(ar) <cls(:1:”)hﬂ)>

be an elementary reduction path of type 0 appearing in p. Now we have that

v

Vgiucls(mu)(#mu)h6> € AT. From the discussion of elementary reduction paths

in remark[3.3.9} in particular equations (3.3.8) and (3.3.9)), we learn that p,41 is
of type 0, and then so is p,, by induction. But then we see that k must contain
an index that is multiplicative for h., so vih, is not contained in I'g, i.e. it is
not a generator of a module of G. O

The lemma below is a generalized version of [AFS15, Lemma 13]. The proof
here is a generalized version of the proof given in the reference.

Lemma 4.1.6. Let L be of Schreyer type. If It(hg) is an involutive divisor
of 2#1t(hy) for some x*, then hg is greater or equal than h, according to the
L-ordering. In particular, we have a < 5.

Proof. Since H is an involutive basis and therefore auto reduced, z* € k occurs
only if h, = hg. So now let " be non-constant.

Consider the following algorithm:

Given a product a*1t(h,), we check if z* contains any variables which are
non-multiplicative for h,,. If this is not the case the algorithm terminates, giving
z#h, as the output. Otherwise, we pick one such non-multiplicative variable x;
and find the involutive standard representation of z;h,. Let z”1t(h,) be the
leading monomial of this representation, i.e. x;1t(h,) = =¥ 1t(h,).

Now we iterate our algorithm, by looking at (%x”)hﬁy.

Our claim is that this algorithm terminates after a finite number of steps,
with the output being the leading monomial of the involutive standard repre-
sentation of z*h,:

Indeed, as the leading monomials remain unchanged during the algorithm,
the last part is obvious if the algorithm terminates.
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Now assume the algorithm does not terminate: Then we obtain an infinite
chain
h, -h, —h,, — ..

of elements of the involutive basis. By construction of these elements, this
chain corresponds to a path in the L-graph. As our basis is finite, this means
we obtain a cycle in the L-graph. But since L is continuous, this is impossible

(see definition [2.3.17)).
O

Lemma 4.1.7. Let L be of Schreyer type, |H| = s and let H1 be an involutive

basis of the syzygy module Syz(H) C P* with |Hi| = t. Let p = v;(z*h,) —
- = vj(z¥hg) be a reduction path that appears in the differential

(potentially as part of a longer path). If p, (Vi(ac“ha)) = 2"v;(z"hg), then

Ity (@"vihg) <3, 1<, (zvih,).

Here, <3, denotes the Schreyer order on P' which is induced by H1, see Defi-
nition [2.3.5.

Proof. We prove the assertion only for an elementary reduction path p and
the general case follows by induction over the length of the path. If p is of
type 1, we can easily prove the assertion by using the same arguments as for
the corresponding Lemma in the Pommaret case, see [AFSS15, Lemma 4.6]:
We either have p,(v;z*h,) = xkvi(%ha), where the claim is obvious, or
pp(vizthy) = xivk(fc—:ha) for an index k € supp(a*), so k € ncrit(h, ). But by
Lemma m the last case cannot occur, for this would imply j € ncrit(hg).

If p is of type 2, there exists an index j € supp(u) (which in particular implies
j € ncrit(hg)) and thus j € X5 < (h,), a multiindex v and a scalar A € k such
that pp(vi(2#hy)) = Av;(2"h,) where 2”h, appears in the involutive standard
representation of £-Zih, with a non-vanishing coefficient. Lemma now

zj

implies j € crit(h,). By construction, lt<(”¢’£u h,) > lt<(z"h,).

Here, we separately consider equality and strict inequality. If strict inequality
holds, then also It < (z;2*hy) > lt<(z;2"h,). Hence by definition of the Schreyer
order, we get 1t <, zHvihy =3, 162, (z¥v;hg). In the case of equality, we note
that z¥ 1t (h,) must be the involutive divisor of “;f“
4.1.6| guarantees that h, is smaller than h, according to the L-ordering and
hence the claim follows for this special case directly from the definition of the

Schreyer order, see definition [2.3.5 O

lt<(h,). Hence Lemma

4.2 Involutive bases via Morse theory

Before we proceed, we recall the resolution induced by an involutive basis (with
respect to a continuous involutive division L) of Theorem [2.3.59 and its represen-
tation as a complex via the exterior algebra, see Remark [2.3.62} Using Lemma
[4:0.3] we immediately see that the two a priori different complexes G of Remark
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and Theorem do in fact have the same generators vih, € G;. It
should be noted that this fact, combined with the knowledge that either com-
plex is a free resolution of M, is enough to know that both resolutions are
isomorphic by [Eis95, Theorem 20.2]. However, we do not stop here and ask if
these similarities go even further.

For notational simplicity, we formulate the two decisive corollaries only for
the special case of second syzygies, but they remain valid in any homological
degree: In Corollary below, one replacesﬂ vi; with vk and z;v;h, with
TmaxkVk\ (max k) o, While for Corollary @ the analogous statement is true
if one replaces 2 with any integer > 2. Note that the special case of |k| = 1
has been covered in Lemma Corollary already indicates the great
similarity between Skoldbergs resolution and the one induced by an involutive
basis with respect to a continuous involutive division of Schreyer type, as a
comparison with Lemma [2.3.56] shows that there is a one-to-one correspondence
between the leading monomials of the syzygies contained in the two resolutions.

Corollary 4.2.1. Let L be an involutive division of Schreyer type, |H| = s and
let Hy be an involutive basis of the syzygy module Syz(H) C P* with |H1| = t.
If i < j, then

1t<H1 (dg(Vz’Jha)) = SCjViha.
Here, <3, is again the Schreyer order as in Lemma[{.1.7

Proof. As described in Section [2:3.5] we assume that the elements of the given
involutive basis are numbered according to an L-ordering. Consider now the
differential dg. We first compare the terms z;v;h, and z;v;h,. The minimality
of these terms with respect to any order respecting the Morse matching entails
that there are no reduction paths [vjh, ~» vihs] with k € crit (hs) (except
trivial reduction paths of length 0), since v;h, € A°; the same argument applies
to vih,. By Definition [2.3.5|of the Schreyer order, we have z;v;h, <%, z;vihq.

Now consider any other term in this sum. We will prove z;v;h, =2, 2"v;hg,
where z"hg effectively appears in the involutive standard representation of
zjh,. The claim then follows from applying Lemma with

zjvihe =3, a¥vihg 1o, (pp(viz"hg)).

We always have It (z;z;ha) = 1t< (z"2;hg).

If this is a strict inequality, then z;v;h, >3, z"v;hg follows at once by
definition of the Schreyer order.

So now assume lt< (z;z;h,) = lt4 (z"z;hg). By construction, we have
z" € k[T, ..., Tels (hy)]- Again by definition of the Schreyer order, the claim fol-
lows, if we can prove It <, (7;2:vpha) =%, lt<,, (z"2;vghg). Since j € crit (hq)
and It (z;h,) is involutively divisible by 1t (hg), we have a < 3, by definition of
the L-ordering. As we have 1t (z;h,) =1t<(2"hg), we also obtain

lt<,,, (zjzivoha) =, 1625, (x"z;vphg)

IFormally, we should write V(i,j) instead of v; ;. But since the meaning is clear from the
context, we omit unnecessary brackets.
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and therefore
<5, (z5viha) =3, b=, (2"vihg).

O

The leading monomials are therefore the same as the leading monomials
given by Theorem [2.3.58] so we have:

Corollary 4.2.2. Let L be of Schreyer type. The set
{dg(vk ® hy) | |k| = 2;k C crit (wq) }

18 an involutive basis for the involutive division L with respect to the term order
<Ho -

Based on these two corollaries, it is now comparatively straightforward to
prove our main theoretical result of this chapter, by explicitly constructing an
isomorphism between the two resolutions we consider.

Theorem 4.2.3. Let H be an involutive basis with respect to a continuous in-
volutive division L of Schreyer type. Assume the situation of Lemma
1. e. we consider a submodule M C P™ and the presentation comes
from an involutive basis H that is ordered according to an L-ordering. Then
the resolution (G,dg) is isomorphic to the resolution induced by H as in The-
orem [2.53.59 and Remark [2.53.63, via a family of automorphisms ¢;: G; — G,
satisfying 1t (goz(f)) =1t(f) for the leading monomials with respect to <43, , of
any f € G;. In particular, if we denote dg;: Gi41 — G, then the images of
the basis elements of G;41 are an involutive basis of kerdg ; (for the involutive
division L with respect to <,_, ), and both the image and the preimage of any
involutive basis under @; is again an involutive basis.

Proof. We write the two resolutions as rows in a diagram denoting the compo-
nents of the resolution induced by an involutive basis (see Remark [2.3.62)) by d;
and those of dg by d}:

Go—2o Gy 1 Gy — L M 0. (4.2.1)
| |

| P2 | $1 lwo—id

voa Yoo dt=d

Gy —2> G —> Gy 3 M 0

Let {vih, | k C X} %< (h,), k| = i} be the basis of the free module G;. By
Remark [2.3.62] the vectors h; x o = d;y1(viha) deﬁneﬂ an involutive basis H;
of imd;. Analogously, we obtain an involutive basis #; of imd}. Here we set
H_1 = H*{ = H, the given involutive basis of M, and define the term orders <;
on G recursively as the Schreyer orders <;==y;,, ,. Because of Corollary

IRecall that these vectors are the same as the §(a7k) from Remark |2.3.62} but since here
our point of view is to see them as elements of an involutive basis, we use the notation h; i o

associated with involutive bases, instead of the notation S‘(a’k) associated with syzygies.
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we always have lth;x o =1t hz Ko and hence also <i==yr_,, SO the Schreyer
order is the same for either involutive basis.
Assume now that an automorphism g : Gy — Gy is given which satisfies

wo(im (d1)) = im(d7)

and which preserves the term order <, in the sense that lt—, (¢o(f)) = lt<, (f)
holds for all vectors 0 # f € Gy. Obviously, the identity is such an automor-
phism (since by construction the maps do, dj: Go — M are the same). We now
show that ¢y can be lifted to automorphisms ¢; : G; — G; preserving the term
orders <; such that the diagram commutes.

If
zka Z Z Pkavlhzlﬁ

B=18CXp 3,,<(hp)

is an involutive standard representation with respect to the involutive basis H,

then we set
Vi
@z—&-l th Z Z PkﬁVeh,g
B=10CX 1 3, <(hg)

and extend P-linearly. It is trivial that for this iterative choice of ¢;41, the
diagram becomes commutative.

We temporarily renumber the elements of the involutive bases H; and H}
according to an ordering C such that

vih, C Vghg if and only if It hi,k,a <; 1t hi’g}[g.

This is possible since by construction, the images of the vih, are an involutive
basis and therefore have pairwise distinct leading terms. By definition of an
involutive standard representation, the matrix (Plf’g), whose entries are defined
by the involutive standard representations ’

z k, a Z Z Pkg"ehz 2.5

B=11€X, 3, <(hg)

is then an upper triangular matrix for this ordering C. Since ¢; preserves
the term order <;, the elements (Plf ) on the diagonal of the matrix are non
vanishing constants. This fact trivially implies that ¢; 1 is an automorphism.

Finally, we must show that ¢; 1 preserves the term order <;;;. Obviously,
it suffices to check this for terms. By definition of ¢; 1, we have

<P1+1 th Z Z P Vlh,B

B=10CX 3, <(hg)

Using the definition of the Schreyer order and the fact that the coefficients Plf’g
come from involutive standard representations, we find
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r'vmhy =1t wip1(2"vichy)

2" Rim = 2" 162, (hika)

r"vmhy =1t

& z'vph, = max {x” It<, Plfﬁvzhg |8=1,....8,6 € X1 3 < (ha)}
i+1 ’

A xyh:,m,’y = IIL&X {IH 1t<7', (Plfjg ;l,ﬂ) | 6 = 1a S8R € ?L,H,< (ha)}

And xyh;'k,m,'y =z" 1t<i ( zk,a)

=

=

i1 (a:“vkha)

as required. Note again that here we have used the fact that both H; and H}
are involutive bases, and therefore the leading monomials of H; (or H; resp.)
are pairwise distinct, which simplifies the comparison of terms elements with
respect to the Schreyer order.

O

4.3 Calculating individual Betti numbers

Another application of the combination of involutive bases and Morse theory is
as follows:

Given a P-module M, suppose we are interested in only one of the bigraded
Betti numbers f; ;(M). Betti numbers are defined via ranks of the graded
modules appearing in the minimal free resolution of M, one could be tempted
to calculate the minimal free resolution of M (at least for up to homological
degree j and total degree i) and then read off the rank corresponding to the
Betti number in question. But this approach usually involves calculations that
are irrelevant to this special problem.

Our approach now allows us to directly calculate the differential of the free
(non-minimal) resolution G of M in any degree, total and homological, without
having to compute the differential for smaller (total and homological) degrees:

We obtain the modules (and the differential) of the minimal free resolution
by minimising the free resolution G. From Lemma we see that the only
minimisations that involve the moduleﬂ G;,; are those that come from the maps
Gj+1,i—1 — Gj,,‘ and Gj,i — Gj_17i+1. Even better, for the purpose of Obtaining
the modules of G it is sufficient to know all constants in the differential dg, for
after performing a minimisation, the formula from Lemma[2.2.2]ensures that the
constants in the new smaller reduced complex arise via a formula determined
by the constants in the original complex.

It should be noted that this process of partiallyﬂ minimising G involves only
linear algebra over k, as the necessary operations are matrix operations over

n these notations, Gj,; denotes the component of degree i of the module G; of homo-
logical degree j in the chain complex G.
2Ie. calculating the modules in the minimal resolution, but not the differential
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k. Following the approach of first constructing the minimal free resolution,
one would have, in order to obtain the differential of this resolution, perform
matrix operations over P, which can usually be expected to be much more
computationally challenging.

So our algorithm to compute a single Betti number f; (M) looks as follows:

e Construct an involutive basis of M, for a suitable involutive division, i.e.
a continuous involutive division of Schreyer type.

e Construct the modules Fj 1 ;_1, F;; and F;_; ;41 and the differential be-
tween these modules. In Chapter [§] below, we explain how with our ap-
proach, it is even possible to restrict the calculation of the differential in a
way that only computes the constants, i.e. we skip the (here) unnecessary
part of calculation the non-constant part of the differential.

e Construct the subgraph of the Morse graph of F which contains only the
generators of these three modules. So if we use this idea, we can skip the
next two steps in this algorithm.

e From this graph, construct the constant parts of the chain complex
Git1,i-1 = Gji = G141

e Compute the homology module at the middle of the complex
k® GjJrl’i,l —-k® Gj,i —-k® ijl,i+1~

In particular, this computation only involves k-linear spaces, i.e. linear
algebra over k is sufficient to compute this homology.

e (3, ;(M) is the rank of this homology module, i.e. its k-dimension.

Of course, we can iterate this algorithm to compute the entire Betti diagram;
or even, as some computations for different Betti numbers are the same, com-
bine several calculations. In the next section we compare see how efficient this
algorithm is in comparison to other approaches.

4.3.1 Discussion of possible applications

What are the applications for this algorithm? Apart from the efficiency of the
implementation of this algorithm as explained in Section [£.4] below, it very much
depends on the given setting.

Usually, given a module, one would like to know the complete Betti diagram,
which can of course be computed with our algorithm. However, are there situa-
tions where it might suffice to compute only a small number of Betti numbers?

In some situations, often some which are described in a geometrical way, the
shape of the Betti diagram can only be one of a limited number of well-known
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tableﬁﬂ For example, from [Eis05, Section 2C|, we know that the Betti table of
(the module corresponding to) seven points in linearly general position in P% is
either

0 1 2 3 0 1 2 3
01 — — — 011 - — =
11— 3 0o — or 1]- 3 2 —>
21— 1 6 3 21— 3 6 3

depending on whether or not the seven points lie on a curve of degree 3 (second
table) or not (first table). So if we know that only one of either cases is possible,
the knowledge of just one of the Betti numbers marked in red is sufficient to
deduce the entire betti diagram.

In the same manner, there are results classifying Betti tables of canonical
curves up to genus 8, see [Schl; in [Sag06], a complete classification of the Betti
tables of (smooth, irreducible) canonical curves of genus 9 was given. The
possible Betti tables, classified as in the given reference, are:

general R 3 two g

01 2 3 4 5 6 701 2 3 4 5 6 7/01 2 3 4 5 6
o1 - - - - - - -1 - - - - - - -1 - - - - - -
1/- 216470 - - - -|-216470 4 - - -|-2164 70 &8 - -
2(- - - 0 706421 -|- - - 4 706421 -|- - - 8 70 64 21
3/- - - - - - - 1|- - - - - - - 1|/- - - - - - -

3 three g2 342 EP;

01 2 3 4 5 67 1 2 3 4 5 6 701 2 3 4 5 6
o1 - - - - - - -1 - - - - - - -1 - - - - - -
1/- 21 64 70 12 - - -|- 21 64 70 24 - - -|- 2164 75 24 5 -
2(- - - 12 70 64 21 -|- - - 24 70 64 21 -|- - 5 24 75 64 21
3/- - - - - - - 1|- - - - - - - 1(- - - - - - -

Jgi X g5 395 393

o1 2 3 4 5 6 701 2 3 4 5 6 7/01 2 3 4 5 6
o/r - - - - - - -1 - - - - - - -1 - - - - - -
1(- 21 64 75 44 5 - -|- 21 64 90 64 20 - -|- 21 70 105 84 35 6
2(- - b5 44 75 64 21 -|- - 20 64 90 64 21 -|- 6 35 84 105 70 21
3/- - - - - - - 1|- - - - - - - 1(- - - - - - -

Hence it suffices to compute the red Betti numbers, and in the cases where
this number is 24, to additionally compute the blue Betti numbers. Of course,
these are not the only possible choices.

A few words of caution are in order though: In neither of the quoted ref-
erences, the results obtained were by working with explicit generating systems,
whose existence is a necessity to use our approach. Thus the actual relevance of
these results for the fields of origin of these examples might be limited. Addition-
ally, we expect the knowledge that the assumptions of either example (linearly
general position, canonical curve of certain genus) are given, to not come easily.
They should require some computations or theoretical arguments on their own.

IThe examples given here are based on talk by M. Albert at CASC 2015.
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In particular, we note that to our knowledge, there is no argument linking invo-
lutive bases and the genus of a variety. We expect that if one compares the task
of verifying the assumptions to the task of computing of a single Betti number,
the former tends to be much more difficult than the latter.

4.4 Implementation in CoCOALIB

The theory of this chapter, creating a free resolution via involutive bases and
algebraic discrete Morse theory, and in particular the algorithm of Section
to compute individual Betti numbers has been implemented by M. Albert in
the computer algebra system COCOALIB[AB|. From our experience, it appears
that for most examples, this implementation outperforms MACAULAY2 [GS15]
and SINGULAR|DGPSI5]. While there are some examples where these computer
algebra systems are faster, most of the time COCOALIB is faster than either,
often by orders of magnitude. Notably, this is before some relatively obvious,
but yet to be implemented, optimisations of the algorithm in COCOALIB, which
we will mention at the end of this section.

In this section, we shortly sketch some aspects of this implementation and
compare it to the two computer algebra systems mentioned above. Most of the
contents of this chapter, including the tables containing the benchmarks, have
already been presented in [AFS15, Section 4]. We refer to this paper for a more
detailed outline.

The calculations for the tables were performed by M. Albert using an Intel
i5-4570 processor with 8GB DDR3 main memory, the operating system Fedora
20 and CoCoAL1B. CoCoALIB was compiled by gcc 4.8.3. The running times
are given in seconds. The ground field for each example was F19; = Z/1017Z.
This field was chosen to keep the coefficients within a manageable limit for either
system; the choice was made in order to limit effects that the unrelated aspect
of how either system is able to deal with rational numbers (or large finite fields)
might have on our computations. The maximal time usage was limited to 2
hours and and the maximal memory usage to 7.5 GB. In the tables, a * marks
when the computation was exceeding the time limit, while ** marks when it was
running out of memory.

The examples considered were taken from the website [GBY], where one can
also find more information about these examples, in particular the defining equa-
tions. This website is an ongoing project by Gerdt, Blinkov and Yanukovich,
documenting their results regarding computation of involutive bases and Gréb-
ner bases. A large number of these examples also features in articles published
by these authors, for example [GBY01].

The following list describes the columns of the tables:

Example: name of the example
#JB: number of elements in the minimal Janet basis
#GB: number of elements in the reduced Grébner basis

zé%: the quotient of #JB and #GB
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Example

Time M ACAULAY?2

Time SINGULAR

Time CoCoALIB

butcher8 126.25 19.92 1.20
camerals 0.09 6.00 0.13
chandra6 0.64 8.00 0.13
cohn2 0.03 1.00 0.03
cohn3 1.47 5.90 0.32
cpdmb 14.71 5.05 0.64
cyclic 0.99 1.26 0.37
cyclic? 1093.66 * 37.42
cyclic8 * * 1663.00
des18 3 433.45 20.84 3.15
des22 24 * ok 52.19
dessinl 428.13 20.89 3.10
dessin2 * * 32.90
633 591.08 7.70 49.06
hcyclics 0.03 2.00 0.09
hcyclic6 11.00 47.12 7.41
hcyclic7 * * 3688.01
hemmecke 0.00 0.00 2.69
hietarintal 443.15 170.29 4.12
katsura6 51.41 13.90 1.22
katsura7 oK 1373.70 15.87
katsura8 * *ok 412.90
kotsireas 51.89 17.84 0.83
mckay 0.84 3.20 0.38
noond 0.13 6.00 0.27
noon6 15.14 5.07 5.25
noon7 6979.40 821.64 122.61
rbpl 58.81 22.69 57.91
redcycb 0.02 2.00 0.01
redcyc6 6.79 1.95 0.13
redcyc? * * 8.26
redcyc8 * ** 207.02
redeco? 2.72 2.20 0.42
redeco8 355.30 11.83 5.01
redeco9 *k 312.49 84.89
redecol0 ok ok 2694.05
reimer4 0.01 1.00 0.01
reimerb 1.39 5.00 0.35
reimer6 1025.89 176.08 19.01
speer 0.20 3.00 0.13

Table 1: Various examples for computing Betti diagrams
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Example #JB | #GB ié% ppd | pd | preg | reg bprk brk bbﬂik
butcher8 64 54 1.19 8 8 3 3 3732 | 2631 1.42
camerals 59 29 2.03 6 6 4 4 863 337 2.56
chandra6 32 32 1.00 6 6 5 5 684 64 10.69
cohn2 33 23 1.43 4 4 7 7 179 67 2.67
cohn3 106 92 1.15 4 4 7 7 696 370 1.88
cpdmb 83 7 1.08 5 5 9 9 1020 100 10.20
cyclic 46 45 1.02 6 6 9 9 1060 320 3.31
cyclic? 210 209 1.00 7 7 11 11 10356 1688 6.14
cyclic8 384 372 1.03 8 8 12 12 34136 | 6400 5.33
desl8 3 104 39 2.67 8 8 4 4 8132 | 2048 3.97
des22 24 129 45 2.87 10 10 4 4 32632 | 6192 5.27
dessinl 104 39 2.67 8 8 4 4 8132 | 2048 3.97
dessin2 122 46 2.65 10 10 4 4 22760 | 6192 3.68
633 153 47 3.26 10 | 10 3 3 17390 | 4987 3.49
hcyclics 52 38 1.37 6 5 11 10 932 32 29.13
hcyclic6 221 99 2.23 7 7 14 14 9834 146 67.36
hcyclic7 1182 443 2.67 8 8 17 17 | 105957 | 1271 83.37
hemmecke 983 9 | 109.22 4 4 61 61 6242 38 | 164.26
hietarintal 52 51 1.02 10 | 10 2 2 6402 | 3615 1.77
katsura6 43 41 1.05 7 7 6 6 1812 128 14.16
katsura7 79 74 1.07 8 8 7 7 6900 256 26.95
katsura8 151 143 1.06 9 9 8 8 27252 512 53.23
kotsireas 78 70 1.11 6 6 5 5 1810 | 1022 1.77
mckay 126 51 2.47 4 4 15 9 840 248 3.39
noonb 137 72 1.90 5 5 8 8 1618 130 12.45
noon6 399 187 2.13 6 6 10 10 9558 322 29.68
noon’7 1157 495 2.34 7 7 12 12 56 666 770 73.59
rbpl 309 126 2.45 7 7 14 14 13834 | 1341 10.32
redcycb 23 10 2.30 5 5 7 7 276 88 3.14
redcyc6 46 21 2.19 6 6 9 9 1060 320 3.31
redcyc7 210 78 2.69 7 7 11 11 10356 | 1688 6.14
redcyc8 371 193 1.92 8 8 12 12 32459 | 6973 4.65
redeco7 48 33 1.45 7 7 5 5 1708 128 13.34
redeco8 96 65 1.48 8 8 6 6 6 828 256 26.67
redeco9 192 129 1.49 9 9 7 7 27 308 512 53.34
redecol0 384 257 1.49 10 | 10 8 8 109228 | 1024 106.67
reimer4 19 17 1.12 4 4 6 6 118 16 7.38
reimerb 55 38 1.45 5 5 9 9 694 32 21.69
reimer6 199 95 2.09 6 6 12 12 5302 64 82.84
speer 49 44 1.11 5 5 7 7 359 133 2.70

Table 2: Statistics for examples from Table
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ppd: the projective pseudo-dimension, i.e. the length of the pseudo Betti dia-
gram

pd: the projective dimension

preg: the pseudo-regularity, i.e. the maximal total degree appearing in the
pseudo Betti table

reg: the Castelnuovo-Mumford-regularity
bprk: the Betti pseudo-rank, i.e. the total rank of the pseudo Betti table
brk: the Betti rank, i.e. the total rank of the Betti table

bbli,’;(k: the quotient of bprk and brk.

In the rows, boldface marks examples which are not d-regular. As the com-
putations were done for the Janet division, we avoided the unpleasant topic of
coordinate transformations which would have been an issue for the Pommaret
division.

Comparing the time of COCOALIB with the various numbers contained in
table |2, we see that as one would intuitively expect, there seems to be a loose,
but nevertheless noticeable correlation between the time of the computation
and #JB, the size of the Janet basis; but it appears the correlation of time
and bprk, the size of the pseudo Betti table, is stronger. For MACAULAY2 and
SINGULAR, the size of the Grobner bases are a better indicator. And conse-
quentially, we indeed see that the relative performance of these system seems
to be linked to the quotients zé% and bbpr‘i(k, again with the latter more often
being the better indicator. Large values of these quotient tend to be bad for
CoCOALIB, as in these cases, there are many more additional elements in the
Janet basis compared to the Grobner basis. Nevertheless, these correlations
suggest that other factors are still of importance; for example a natural factor
in the computation would be the sparseness of the polynomials involved.

Additionally, it appears that most of the time, the resolution constructed by
CoCOALIB already gives a correct bounding box for the actual Betti table, i.e.
the values of ppd and pd and of preg and reg coincide.

Analyzing these tables more closely, we see that as mentioned before, our
algorithm in COCOALIB is faster than both MACAULAY2 and SINGULAR for
most examples. Often, our algorithm is faster by orders of magnitude. When
just one of these systems is faster, such as in the noon5, noon6 or rbpl examples,
our algorithm usually performs within the same orders of magnitude. With a
small stretch, one can still say the same about the less favorable f633 example.
The only clear exception where our algorithm is considerably slower, is the
hemmecke example.

Regarding the example hemmecke, we note the this is a an example of
an ideal which has very few generators, which however contain high powers of
different variables. The defining equations of the hemmecke example are

w¥r — alri® — 220, 2Cxead — 220210 — 23, —21%235 4+ 23825,
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From the definition of the Janet division, we quickly see that this combina-
tion of a small number of generators with high powers of different variables most
likely leads to very large Janet basis: When trying to construct a Janet bases
with the help of the algorithm sketched in Remark 2:3:20] in the hemmecke
example, we have that x4 is non-multiplicative for the second generator; and
since the first generator has leading monomial x3°, we probably have to mul-
tiply the second generator (or some of its involutive standard representations)
20 times with x4 to obtain a Janet basis, giving up to 19 new elements for the
Janet basis. Such bases are not good for our algorithm, as the Grébner bases
in these situation tend to be much smaller than the Janet bases.

We also point out that our algorithm in COCOALIB is still far from opti-
mal, and possible optimisations could come both from theoretical and practical
backgrounds:

e The algorithm itself has a huge potential for parallelization: Once the
(constant part of) the complex is calculated, we know from Section
that single Betti numbers can be computed independently of the others.
So in principle, the associated operations can be parallelized.

e The implementations of the algorithms which are used to minimise the
resolution are still in a basic state. In principle it follows the ideas given
in Lemma[2:2.2] As it suffices to consider linear algebra over k, we expect
that we are not the first to encounter this problem. It stands to check if
there are more advanced algorithms for the minimisation process, which
could further increase the speed of this implementation.

e Another idea might be to take other involutive bases than Janet bases. As
stated in Remark [2.3.48] the C,jex-division might be more favorable than
the Janet-division from a combinatorial point of view.

e In Chapter [5] we explain an idea how some constants are essentially the
same. This idea is not yet implemented in COCOALIB and likely has
potential to further improve the algorithm. A more detailed explanation
of the possible improvements originating from this idea can be found in
the corresponding chapter, see in particular Remarks [5.1.5] and [5.4.2}

4.5 Theoretical limits for algorithms with involutive bases

As we have seen in Section a large value of the quotient % (i.e. the
involutive basis contains a sizable proportion of elements which do not feature in
a minimal Grébner basis) tends be an indicator or a close-to-necessary condition
for our algorithm to perform relatively unfavorable. We shortly explain while
in some situations, these elements sometimes cannot be avoided when using

involutive bases:

Remark 4.5.1. Looking at the formula of the resolution induced by an involu-
tive basis as in Theorem [2.3.59 we see that in the pseudo Betti diagram, the
entries in each row are given by (sums of) binomial coefficients, whose exact
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values are determined by the distribution of the elements of the involutive basis
H over the various degrees and occurring sets of non-multiplicative variables.
Now since the Betti diagram is obtained from the pseudo Betti diagram via
minimisations, this restriction to the shape of the pseudo Betti diagrams can
have some rather unpleasant consequences. We will restrict ourselves here to
explain these effects for some examples, as a precise mathematical expression
would both require highly technical language, if at all possible, and possibly
hide the actually relevant consequence.

For the sake of simplicity, we will suppose that in the remainder of this
remark, we consider polynomial modules M < P™ instead of quotients P™/M..
Suppose for example that the Betti diagram of M is of shape

)

4
*
1

O x| O
S ¥ |
O % | DN
O x| W

*

5
with all other entries further right or further below being 0. The only way this
is possible if H contains exactly one element of degree 5 with exactly 4 non-
multiplicative variables. Assuming that the pseudo Betti table has the same

bounding boxE| implies that in the pseudo Betti table, the entries of the last row
are at least given by

001 2 3 4
* [k ok ok ok %
5|1 4 6 41

Recall that the entries of the pseudo Betti diagram correspond to generators
in the complex G, and we immediately see that G contains 1 +4 +6 +4 = 15
redundant generators. In fact it is even worse: Every minimisation removes two
generators in a way that can be expressed as subtracting a diagram of shape

... 001 0

0 1 0

from the pseudo Betti diagram. This means that in order to remove the entries
of the last row (except for the bottom right entry 1), the entries of the second-

to-last row must be at least

U ¥
— % % | O
B~ = % [
D ¥ DN
= O % | W
ST TN

Now for the rightmost entry in the second-to last row implies to be at least
4, we have that H must contain at least 4 elements of degree 4 with exactly

IThis assumption does not hold in general. However, for most of the examples given in
Section@ this behavior is indeed satisfied, so we consider this assumption to be reasonable.
Considering the general case where the pseudo Betti table has a potentially larger bounding
box would complicate the situation even further.
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4 non-multiplicative variables, which in fact implies that entries in the pseudo
Betti diagram are at least

0 1 2 3
* |k % % %
414 16 24 16
511 4 6 4

[N T TN

Now performing the minimisations that lead to a last row as in the actual Betti
diagram, we have that after these minimisations a lower bound for the entries
of the (partially) reduced diagram is

01 2 3
* | *x * * *
414 15 20 10
500 0 0 0

= O %

Now depending on how the second-to-last row in the Betti diagram looks, this
gives further restrictions. Note that now we even need to consider that the
remaining entries might get canceled both by entries in the row above, one
column to the right, or by an entries in the row below, one column to the left.

A (likely) worst case scenario would be that the second-to-last row in the
Betti diagram vanishes entirely. Since then again by iterating our argument, if
the rightmost entry in the third-to-last row is least a, then be third-from-the-
right entry in the bottom row must be at least 10 — a. These conditions can
then be transferred back to restrictions on 4. Remember that all entries that
are removed by minimisations correspond to redundant basis elements in the
complex G, which means that in such a situation, our algorithm to compute
Betti numbers (or a free resolution) works with a relatively large number of
redundant elements.

It is worth pointing out that by the results of [EFWII], pure resolutions
exist: These are resolutions of shape

0 — P(—=dpm)Pmim — P(—dpm_1)?mtdm-1 — .. — P(—dg)oo.

In the cited article, it is established that for every sequence d,,, > dy,—1 > ... >
do, such a pure resolution does indeed exist. The 3; ; are uniquely determined
by the choice of the d;. Now for these resolutions, the Betti diagram contains
exactly one non-vanishing entry per column. Conversely, for every such choice
of non-vanishing entries, one has a corresponding pure resolution. Continuing
our example, we now know that there is indeed a module with a Betti diagram
of shape

01 2 3 4
31 * x x 0
410 0 0 0 O
5/0 0 0 0 1

)

where the entries marked with * are the only non-vanishing entries except for
the bottom right 1.
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In particular, this implies that there are arbitrarily “sparse” Betti diagrams
with “many” zero rows. The consideration presented earlier suggests that for
modules with such Betti diagrams, the involutive bases contain a high propor-
tion of redundant elements.

79



5 Structural analysis of the induced resolution

The resolution G constructed in Theorem from an involutive basis is in
general not minimal. For a minimisation of this chain complex G, it is deci-
sive where constants appear in the differential. Furthermore, knowledge of all
constants is sufficient for the computation of the Betti numbers; no further in-
formation about the differential is necessary. In this chapter, we will specify
to the case of a Pommaret basis and show that in the resolution obtained by
the combination of this Pommaret basis and algebraic discrete Morse theory as
in Chapters [3] and [] there exist relations between constants of G in different
homological degrees.

Assumption 5.0.1. For the remainder of chapter [5f H = {h;... hy} will
always be the degrevlex Pommaret basis of a P-module M C P™ and

d=min{k € N|Jh € H: cls(h) =k}

the minimal class of the elements of . Throughout this chapter, ordered sets
of pairwise different indices will appear; for these, we will employ the notations
k,£,mor (ji,...,Jm) (l1,...,1lf), etc. We consider these sets to be ordered, i.e.
the notation (j1, ..., jm) implies j; < -+ < jp.

Unless stated otherwise, the notation z*h, implies

rt e ncrit(ha) = XP7'<degrevlex (ha) .

However, if we multiply an element of the Pommaret basis ‘H explicitly with a
single variable, for example in a product x;h,, we also allow x; € crit(h,); in
fact, in cases where such a kind of multiplication arises, this will usually be the
more interesting case. We will make use of reduction paths, their decomposition
into elementary paths and the classification of these into different types (see
Section [4.1] or [TW09, [Sk506, [AFSS15] for details).

We will fix the resolution G as constructed in Theorem

Remark 5.0.2. We note one particular argument for Pommaret bases, which will
appear in a shortened version on several occasions in the proofs of this chapter.
Let h, be an element of our Pommaret basis and z; € crit(hy) = Xp < (hy).

Let z;h, = 22:1 Pﬁ(a’i)hg be the involutive standard representation. By defi-

nition, we have lt(x;h,) = lt(PB(a’i)hg) for any term appearing in the involutive
standard representation. This implies

cls(z;hy) = cls(hy) > cls(P[_(}a’i)hg),

since ‘H is a Pommaret basis for the degrevlex order. Now, we consider two
cases:

cls(hg) > cls(h,): Since cls(h,) < cls(PB(a’i)hg), we must have that the poly-

nomial Péa’i) is non-constant, for otherwise

cls(ha) > cls(P{*"hg) = cls(hg) > cls(hy).
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So we have cls(h,) > cls(Péa’i)hB) = clsl(Pﬁ(a’i)), and then there is an index
J < cls(h,) such that x; divides 1t (Pﬂ(a’l)).

ClS(hﬁ) < ClS( ) Since P(Ot i) c ]k[{]}o, . 7xcls(h[3)}7 if the POlynomial Pf(}a,i) is
not a constant, again there is an index j < cls(hg) < cls(h,) such that z;
divides 1t (Pg‘“)).

(1)

So whenever Pg " is not a constant, there is an index j < cls(hy) such that z;

divides 1t (P(a’i)) (and, as a consequence, the same holds for any other monomial

summand of P\ l))

This argument does not necessarily hold for other involutive divisions: Con-
sider the ideal (hy = zgx1, hy = zoa2) C k[zg, 1, 22]. One can check that the
given generators are a Janet basis H for the ideal, where

Xy~ (hy) = {zo,z1} and Xy, < (he) = {z0, 1, z2}.

However, we have zoh; = z1hs, and therefore P2(1’1) =z > cls(hy).

As this property of the Pommaret division is crucial in the proofs of lem-
mata and a generalisation of our results to arbitrary initially linear
syzygies (for example coming from a Janet basis) is at least not straightforward,
if at all possible.

Remark 5.0.3. Let k Nncrit(h,) # 0. If nerit(h,) contains an index e, it also
contains all indices smaller than e, which means that in this situation, we have
min (k N nerit(hy)) = mink. This follows from Lemma and the fact that
we are considering initially linear syzygies originating from a Pommaret Basis.
Again, in a more general situation, for example for Janet bases, the non-critical
variables might not show such a nice behaviour. As we will take advantage of
this property of the Pommaret division, we have another possible obstruction
regarding the generalisation of our results of this chapter to other involutive
divisions.

5.1 Some technical lemmata

Another key observation which we will implicitly use in the remainder of this
chapter is:

Lemma 5.1.1. Let p = vua*h, — ... = vghg be a reduction path appearing
in the differential

g(Vicha) Z Z pr muv m(z"'h))

£, m,py p

from equation (B.3.11)"} Then for any reduction path p, the reduction map p,
contributes a non-vanishing constant in this sum if and only if p consists entirely

Isee the comments following said equation for a discussion for the restrictions to the
summation indices
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of elementary reduction paths of type 2 (including trivial elementary reduction
paths of type 0).

Proof. By Lemma the path is made up from elementary reduction paths
of type 1 or 2. From the description of reduction paths of type 1 in Section [4.1]
we see that for any path containing, the degree of the coefficient of the reduction
map is given by the numbers of elementary reduction paths of type 1 contained
in the entire path. In particular, the coefficient is a constant if and only if the
path consists exclusively of elementary reduction paths of type 2. O

We continue with two lemmata which we will use in proofs later in this
chapter.

Lemma 5.1.2. Let
vi(z'hy) — ... — ve(2”hg)

be a reduction path that consists of a concatenation of elementary reduction
paths of type 1 or 2, but not type 0.
Let kN {0, ...,e} # 0 for some e > 0. Then we also have £N{0,...,e} # 0 .

Proof. Tt suffices to prove the lemma for elementary reduction paths. Let

o
vi(z'hy) — Viui (

%

ha> — Vg(xyhg)

be an elementary reduction path of type 1 or 2. Looking at equation (3.3.6)
which defines the Morse matching, we see that we must have

i < min {k Nnerit (wy)} and i = cls (z*).

Let f e kn{0,...,e}.

Suppose f < i: Then because of ¢ € ncrit(h,), we also have f € ncrit(h,).
But then f < i < min {kﬂ nerit (wa)} <f.

So e > f > i must hold. By definition of elementary reduction paths, we
have £ = {k Ui} \ j for some j € {kUi}.

If i = j, then £ = k. In this case, we have f € kN {0,...,e} =£€NH{0,...,e},
and now £N{0,...,e} # 0.

If ¢ # j, then i € £. But then because of i < e, we have i € £Nn{0,...,e}. O

Lemma 5.1.3. Let

s
vk(z"'hy) — ViU (xha> — vg (2hg)
x

i

be an elementary reduction path of type 1 or 2, which additionally is not of
form

xH zH
Vk(x“ha) — VkuU; (ha) — Vk <h5) .
xZ €Ty

i

Let cls(z*) < e. Then also £N{0,...,e} # 0.
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Proof. For all such reduction paths, we have £ = (kUcls(z*))\ j for some j € k.
The claim now follows from cls(z*) < e. O

Theorem 5.1.4. Let p = vipzt'hy — ... — vehg be a reduction path appearing
in the differential

dg(vicha) = Z Z pr( ?ﬁi,yvm(xuhw))

£, m,p,y p

from equation (3.3.11) and z¥ € k|xo, ..., x4] be a term with x¥|x* (recall that
by Assumption d is the minimal class of an element of H). Then we have

x

at
m v
pvghg,vmw“h-y (me h"/) = pVghg,VmL,:hw (mel/h'7> .

Remark 5.1.5. In a more compact manner, the lemma states that there is a
reduction path p’ = vy Z-hy — -+ — vehg such that

Pp(Vez"'hy) = 2" py (me”hv) .

Given p, the path p’ can be effectively constructed. While by construction, any
reduction map p.: F; = PQA;VR®M — Fj is a P-homomorphism with respect
to P acting on the first component of F}, this lemma essentially states that any
pp is also a “pseudo-homomorphism” for polynomials of class < d acting on M,
i.e. the third component of F; written as a tensor product.

Additionally, this lemma has the potential to further improve the implemen-
tations of our algorithms in, as have hinted in Section [£:4] Whenever such a
variable appears, we could use the “pseudo-homomorphism” property and re-
place the original reduction path with a shorter one, allowing us to skip the
calculation of some reduction paths and maps in the process; see also the com-
ments in example[d.1.3|considering the light blue vertices of said example. Hence
it might be possible to avoid some computations which are essentially the same.
The discussion in Remark [5.4.2] suggests that it should even be possible to just
compute one particular differential per element h,, of H from which it is possible
to obtain all constants for any generator of shape v,h,. But most importantly
for our theoretical analysis of the constant parts of the resolution G, we now
already see that, whenever a variable of class ¢ < d is present at some point in
the path p in an M-part of a vertex, then p cannot contribute a constant to the
differential.

Additionally, the idea presented in Lemma implies that the degree of
a coeflicient contributed by a reduction path is equal to number of elementary
reduction paths of type 1 that appear in this path. Of course, after minimising
this resolution, we still have that coefficients of degree f originate from the
coefficients of degree f in the original unminimised resolution. So if one is
interested differential of the minimal free resolution up to a certain degree f,
one can also use this idea and restrict to the calculation of reduction paths which
contain at most f elementary reduction paths of type 1.
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Proof. (of Theorem Without loss of generality assume that z¥ is not
constant, so cls(z”) < d.

Let p= vm(z/h,) = ... = vhg.

Consider the partition of p into elementary reduction paths pi,...,pm, i.e.
P = PmOop20..0p;. By Lemma or [Sko11l Equation (2)] or [Sko06L
lemma 5], these elementary reduction paths are of type 1 or 2.

Now we claim

xH h
p1 = Vm.T‘uh,\/ — VmuUcls(z+) ( h,y> — Vm ( h,y) .

Lcls(zn) Lcls(xr)

If not, then from Lemma [5.1.3 follows that p; is of shape

meuh'y — Vmucls(z#) ( o h'y) — V(muUcls(z#))\j ( ! h'y)
Lcls(zh) Lcls(zh)
for some j € m \ clsz#. Because of cls(z#) < cls(z”) < d, we then have
((m U cls(a)) \j) N {0, ...,d} # 0. Via induction, using Lemma 5.1.2] this im-
plies £N {0, ...,d} # 0. But since {0, ..,d} C ncrit(h,) for all 1 < a <'s, we also
get £ € crit(hg). Such a reduction path does not appear in the formula
for dg.

_ m axt zt
So we have p; = vin@"*h, — Vimucls(ar) (zcls(mﬂ) h,y) — Vm (7x015(w) h,y> and
we see

Pp(Vmz*hy) = pp, 0.0 pp, 0 pp (Vmz"hy)

= I
= Ppy © 0 © Ppy © Py, b vmarth, (Vmz*hy)
cls(x

x”
= Ppm © -+ O Ppalels(zr) Vm < h7>

Lcls(zn)

:L'l‘b
= Tels(wh) Ppm © -+ © PpaVm < h7> .

Lcls(zn)

Now let 2¢ € k[xo, ..., z4] satisfying 2—2 € k[zgi1, ..., 7n] (28 is uniquely deter-
mined by these properties). Iterating this argument, we obtain

.’E,J/
Pp (V@' hy) = Teig(zn)Pp,, © o © PpyVim ( hv)

Lcls(xr)

Additionally, for each ¥ with z¥|2¢, if we do follow the ideas of these compu-
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tations in the reversed order, we get

o
Pp(Vmz'h,) = 25p, 0 ..0pp Vi <xfh5>

x£
= —pyp
T 1 2€ P
ols(25)
m
z xcls(i—g)

cire... o v h
pp; m xf )

_ v
=T Pp.

. xt
circ...opp, | —hs | .
x

O

Remark 5.1.6. For later use, we introduce some more notations. We write
[a ~ bl for the set containing all reduction paths @ — --- — b which consist
exclusively of concatenations of elementary reduction paths of type 2. Recall
that by Lemma these are exactly the paths that give the constants in dg.
This notation is in analogy to a notation in [Sk611], where [a ~~ b] denotes the
set of reduction paths without any further restrictions. For p = 0,7 = «, let

fffy = —x;. Otherwise, let Qfﬂy be the coefficient of z#h, in the involutive
standard representation of z;h,. This means that these polynomials are defined
by the equations

dr(vicha) = > €(1,K)Q}% Vi (z"h,). (5.1.1)
Jjek,py

We will see in the lemma below that these polynomials are essentially the
polynomials Q]r‘r;‘f‘#’W from Equation 7 but since this new notation removes
one index, we tend to prefer it. Even more so, the lemma will tell us that some
of these coefficients Qﬁfuﬁ are actually the same, a fact we will use in some
proofs later on. Finally, we introduce an “extended” e-symbol, generalizing the

respective notation of definition [L.1.1}

f
e((ns--2dp)i (- lg)) = [ eligs (1, - - 1)) -

We state some elementary properties of the extended e-symbol which we will
use later:

Lemma 5.1.7. 1. Ifm C £, then (k; £\ m)e(k; m) = e(k; £).
2. e(k:0)? = 1.
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3. e((j):€) =e(5; 0).
4' 6((.j17 e a.]f)? (llv ceey ZQ)) = (_1)25:1 ‘{lE(l1,<~.,lq)‘l<jg}|'

5. Let m C k. For the coefficients Qﬁfuﬁ, as defined in Equation (3.3.10)
or in [AFSS13, Equation (15)], we have

ke = e\ msk)Qkime,

m,uy T 1y
o _
where we set Qfﬁy = Q.

Proof. The first four points are obvious. Regarding the last point, note that the

k\m.® are defined by the equation

dr(vicha) = Z e(j; k) Q)% viey; (24 hy).
Jsktsy
In the construction of the differential in the complex F as in Equation (3.3.10)
dr(vihy) = Z ﬁ;‘f‘uﬁvm(x“hv),
m,pu,y

we must have m = kU {j} for some j € k, which in combination with Equation
(13.3.3))

[k|
dr (1 ®k Vi Ok Ma) = z:(—l)leLl (Th; Ok Vi, @1 Mg — 1 Ok Vi, @i Tk, M)

i=1
= ZE(j;k) (Cvj Ok Vk\{j} Ok Mq — 1 ®x Vi\ {5} ®k xjma)
jek

yields the given formula. O
Lemma 5.1.8. Let cls(z*h,) =d+e—1 and p € [vm(z"h,) ~> vehgls.

o We have l(p) < e—1 (with the definition for the length of reduction paths
as in Assumption .

o We have £\ m € {0,...,d+e—1}.

e Letp =pyo0---opy, where the p; are elementary reduction paths and let p;
be of shape p; = (--- — vn,hy). Then fori < j, we have mNn; C mNn;.

Remark 5.1.9. Assume that cls(h,) < d+ e — 1 and let dg(vkh,) be given by
equation (3.3.11). Then for any reduction path p € [vy(2/'h,) ~ vehgls which
appears in this sum, we have cls(z#h,) < d+ e — 1, as the path originates from
repeatedly computing involutive standard representations. So the lemma can
be applied to such reduction paths. In other words, the lemma says that, if
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you keep track of the index set of v, along such a reduction path, indices of
class > d + e can only disappear, or equivalently, all newly introduced indices
are of class < d+ e — 1 (though those might disappear again). Any elementary
reduction path of type 2 replaces indices in the v, by smaller ones.

Proof. (of Lemma [5.1.8)) If 2# € k, the claims of the lemma hold trivially.
So let =+ ¢ k. We consider two cases:

o cls(h,) > d+e—1: Then cls(z*) <d+e—1.
e cls(h,) < d+ e —1: Here we have z* € Kk[zg, ..., Tate—1]-

Therefore cls(z#) < d 4+ e — 1 holds in either case (this is the argument from
remark .

Now let p € [Vm(2"hy) ~» vihgls with elementary reduction paths pi, ..., pm,
of type 2, such that p = p,,, 0...opy (so l(p) = m)

Let

x“
p1 = Vm(l'”h,y) — VmuUcls(z#) (h7> —V

Lcls(zh)

(mUcls(a:”)) \¢ (xg hé)

for some i € m (By the definition of elementary reduction paths of type 2, we
have i # cls(z")).
Further, let ps be the reduction path

— 3
p2 = V(mUcls(x“))\i (l‘ hé) -

‘h
A% ((mucls(x“)) \z) Ucls(x€) x 5) —

M ( ((mUcls(m!‘)) \i) Ucls(acE)) \j

for some j € (m Ucls(z#)) \ i. The Morse matching condition requires

(z"h,) (5.1.2)

cls(z®) < ((m Ucls(z*)) \ 2) N ncrit(hy).

Again, a priori two cases can occur:

cls(hs) > d 4 e — 1: Because of cls(z*) < d+ e — 1, we have cls(z#) € ncrit(hs)
and therefore

cls(z®) < ((m U cls(z")) \i)ﬂncrit(h(;) <cls(z*)=d+e—1.

cls(hs) < d+ e — 1: Here we directly have cls(2¢) < cls(hs) < d + e — 1.

So cls(z®) < d + e — 1 holds, and then cls(z¢) < d+e — 2.

By iterating this argument, we see that min(€) < d+e—m. Since for dy < d,
we always have dy € ncrit(hg) (see proof of Lemma [5.1.2)), m < e holds in any
case, and so l(p) =m <e—1.

The other statements of the lemma follow from the same considerations,
using induction in the process. U
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Corollary 5.1.10. Assume that cls(hy) = d+e—1 and let dg(vih,,) be given
by equation (3.3.11). Then for any reduction path p € [vm(z'h,) ~ vehgla
which appears in the sums in equation (3.3.11), we have m\ £] < e —1 and
K\ £ <e.

Proof. By Lemma l(p) < e— 1. Since any elementary reduction path of
type 2 replaces exactly one index in the index set of v, with a different index,
p replaces in total at most e — 1 indices. Furthermore, we have m =k \ {i} for
an i € k. O

Now we would like to proceed to our main theorems, which establish some
relations between the constants of the differentials dg in different homological
degrees. First however, in order to formulate the results in a compact way, we
introduce an abbreviation:

Definition 5.1.11. For cls(h,) =d+e—1and 0 < f <e, we set

(J1s--0df) @
(k1,eskp—1),8

E E E 6(]T7(]1))]f)) itriy dp s
Vol Gr€(J1sesdf) PENGL G jffl)z“h“f
TV(ky,eky_p)Pal

where g, is the polynomial coefficient of the map p (see also equation (5.2.1)).

Note that by remark only finitely many of the @J:* are nonzero.

With this definition, we obtain the following chain of equations, which serves

as the motivation of using a notation similar to the polynomials in an involutive
standard representation:

dg(Vj,....ipha)

DD DD WL R ED W)

£,8 m,u,y p

=33 > Qi gpveny

£, m,pu,y p

:Z Z ZE((]lvva)\mv (]177]f)) Elilﬂ;myjf)\m’aquehﬁ

£, m,uy p

> > Z €(rs (s 230 QU GV (hr ooy b5

k k Jrspsy
(k1o kg 1)57 €Gtseen if)

= X

k k Jroks7Y
(k1. fl)li’JE;“1 _____ ip

> e(irs (-2 J1) QU GV (hy oy D5
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_ plti .
= Z Z Bl kﬁ .8V (Erky )RS

E1yoky_y f=1

(G1sdg )i
Thus, the polynomials P( NYRY:

manner similar to the way the polynomials of the involutive standard represen-
tation did in Lemma This justifies our notation.

Remark 5.1.12. We are mainly interested in the constants. If we consider the
isomorphisms

appear as entries of the differential, in a

kp F=k®p (PR AV @x M) 2k Qi AV @ M = AV Qi M,

the constants of F are exactly those entries of the differential in F which “sur-
vive” after taking the tensor product with k. Of course, the isomorphisms also
hold when one replaces F by G. It is obvious that the order in which we take
the tensor product and perform a minimisation does matter. We recall that the
ranks of the homology modules of the complex k ® G are the Betti numbers of
M, see Lemma [2.4.5] Our main results are statements about the constants of
G and thus can also be stated in the complex k ® G. In the sequel, the nota-
tion 1 ® ... is meant to imply that we are talking about elements of k ® G or
k ® P 2 k, depending on the context.

As a first example, we prove Lemma [5.1.13] below, which will later follow as
a corollary to Theorem [5.3.1] However, we can prove it right now, avoiding the
use of more technical notations for now.

Lemma 5.1.13. Let cls(h,) = d = mincls(H), let z;h, = 325, Pﬁ(a’i)hg be
the involutive standard representation and k = (k1,...,k;). Then

1® dg(viha) Z Zl@P“’” b
i=1

The sum over 3 may be restricted to those B for which cls(hg) = d.
Proof. A priori, three cases are possible.

cls(hg) > d: As cls(h,) = d, for any monomial z# which appears in the involu-

tive standard representation of a P(a’ki), we must have that if cls(hg) > d,
then there is a dy < d with x4,|2*. Theorem guarantees that all re-
spective reduction paths do not add constants to the differential.

cls(hg) = d: Any monomial x# that appears in one of the Péa’l) as a sum-
mand must be multiplicative for hg. If z# ¢ k, then again there is a
do < cls(hg) = d with x4, |z*. Here, at most the z* € k add a constant to
the differential. In fact, the trivial reduction paths of length 0 do indeed
add exactly these as constants to the differential. The sign is therefore
determined by Equation [3.3:3]
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cls(hg) < d: This case cannot occur, for
d=min{m € N|3h € H: cls(h) =m};

see Assumption

5.2 Related reduction paths and constants

Lemma 5.2.1. Let
LCmCncC{0,..n}

be (ordered) sets of indices. Let cls(z*) < minn. Then for any index set ¢ such
that |c| = |€| and maxc < minn , there is a bijection
U: [vpzhhy ~ Veum\e)z”hsle = [Vimz"hy ~ Veym\e 2" hs]z .
given by
v (vnm“h7 — = vcu(n\e)a:”h(;) = vm?'hy = -+ = Veym\e) 2 hs

i.e. U is given by removing (from the index set of any v. appearing in a given
path) the indices contained in n\ m. Furthermore, assume that

P € [Vaz'hy ~ Veum\e)r hs2

and
pp (Var"hy) = qpVeun\e)”hs. (5.2.1)

Then we have

Pu(p) (Vmz''hy) = H (e(i5n\ m)) gpVeu(m\e) 2 hs
ice

= 6([; n \ m) Qchu(m\e)l‘Vhé-

In particular, up to sign, we have q, equals qy(p)-

We point out that the condition p € [vpz#hy ~ Veym\e)2"hs]2 implies that
this lemma holds only for those reduction paths which are a concatenation of
elementary reduction path of type 2.

Proof. First we check that the image of W is indeed contained in the given
codomain: Lemma in combination with the assumption cls(z*) < minn
assures that, in the index set of the v,, indices larger than minn can only
disappear in each elementary reduction (sub-)path. For any given elementary
reduction path, its image under ¥ is indeed also an elementary reduction path,
as both arise from taking the same involutive standard representations, which
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naturally appear in the differential d» of both generators. In particular, each
elementary reduction path contained in an image is again of type 2.
For ¥, the inverse map is given by, for a reduction path

me”h,y — = ch(m\g)xyhg,

inserting in every index set of the v, in the path, the indices contained in n\ m,
so V¥ is indeed a bijection.

All that is left to consider are the signs:

If p = py, o ...0py, then obviously ¥(p) = ¥(p,,) o ... o U(p1) (All necessary
assumptions to inductively apply the lemma to parts of a longer path are satis-
fied, which the reader can make sure of for himself, if he feels that this chapter
is short on technical lemmata and juggling with sets of various types). Hence it
suffices to consider elementary reduction paths.

So now let ¢, k be ordered sets such that k C m, |c| = |k| and maxc < minn.
Let
P+ = Veu(n\k) (Igha) -
:175
Vicls(z€)}ueU(n\k) (xds(z&)hah(x) —
"h
Y (ets@u((e\{inumyo) & 18)
or
Psx = ch(n\k) (xgha) —
¢
Vels(z€)UcU(n\k) (xcls(xi) ha) —

Y {els(@)pueu (n\ (kU{})) (z"hyg)

respectively be elementary reduction paths of type 2. Note that by Equation
we must have cls(z¢) < minc. The defining difference between these two
cases is that in the first case, we want the index i to be contained in c, while in
the second case, we have i € n'\ k.
For the reduction maps as introduced in Section we then have
Pp. (ch(n\k) (:L'gha))
= e(cls(z®); {cls(z®)} U e(Un \ k))e(4; {cls(z*)} Uc U (n\ k))
. h
9.V fats(a)}0((e\ (i) uimvio) (& 1)
= e(i; {cls(z®)} U c)qp, ...
or
Pp. ()
=g cls(z®); {cls(z%)} UcU (n\ k))e(i; {cls(z%)} Uc(Un \ K))gp, (...)
= (=Dl e(in\ K)gp. ()
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respectively. In the same manner, we have

PuG,. (Veurm\i (2°ha))
= e(cls(z®); {cls(z®)} Uc Um(\k))e (i; {cls(z*)} U c(Um \ k))
19V aa(a )0 ((e\ (D um k) (T 8)
= e(i; {cls(z*)} U ) gp, (--.)

or

Py ()
= e(els(z®); {els(z®)} Uc U (m \ k))e(i; {cls(z*)} U c(Um \ k))gp. (...)
= (-1l le(im\ K)gp. ()

respectively. We were using cls(2%) < minc < maxn in both cases.

In the first case (“removing” an index which was not present at the origin),
the sign remains unchanged. If however an index which was present at the origin
of the path, is “removed”, the coefficients change by the sign

e(i;n\ k)e(i;m \ k)
= e(i;n)e(i; k)e(i; m)e(i; k)
= e(i;n)e(i; m)
=¢(i;n\m)

In order to obtain the correcting factor for the entire path, we see that we need a
correcting factor for each index which both was present at the start of the path
and was removed along the path. By multiplying all these factors, we obtain
the correcting factor for the entire path. O

Remark 5.2.2. The necessity to precisely determine the signs of the constants
makes this lemma look very technical. Our bijection essentially expresses the
following idea, of which we already have seen a hint in the proof of corollary
[F.I.I0; Those reduction paths which give us the constants can only be of limited
length. Thus, if the index set of v, is larger than this length, some indices
remain the same along the entire path p. For shorter paths, this behavior may
or may not occur. But those unchanged indices are then almost irrelevant for
the coefficient g, of p; they can at most change the sign. The bijection in the
lemma expresses this fact in the manner that if we fix two sets n \ m of indices
which are not in any way moved by any of the elementary reduction paths of
which the entire path consists, we can identify those reduction paths that change
the same sets of (not-fixed) variables. For two paths identified in this way, the
key observation is stated in the last sentence of the lemma.

We note that it is possible to replace the condition m C n by a more gen-
eral one, at the cost of having to introduce more combinatorial notations: For
example, one could only require £ C (m Nn), and still to get a similar result,
yet this would further complicate the formulae for the signs and is not necessary
for the proof of our main theorems.
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5.3 Calculating constants in higher homological degree via
lower degrees

Recall our notation of Remark

Theorem 5.3.1. Let cls(hy) = d+e— 1. Let £ be an ordered sequence such
thaﬂ minf > clsh, and e < |€] < n —e. Then we have

todg(veha) =3 S cGieN) S Y (18 B vivwphs.
B=1

=13 min kS o)

Remark 5.3.2. One can express this theorem as follows: Consider a fixed ele-
ment h, of the Pommaret basis H. Then in our complex G, there are some
basis elements of shape v,h,. The theorem establishes relations between the
constants in the differentials of the basis elements of these vgh,, in the following
way: First, we need to take into account how much larger the class of h,, is
than the minimal class d appearing in our Pommaret basis. This difference is
e—1. Then we need to know all constants in the differentials for the v, h, up to
homological degree f < e. These differential give us some coefficients P;. Now
the theorem says that for all vgh, of homological degrees |€| > e, the constants
of the differentials of these v,h, are essentially some constants which already
appeared for the smaller homological degrees f < e; we only need to reassemble
them (and sometimes change the sign) in some ways which depend only on the
index sets of the v, involved.

We also remark that, if we combine this theorem with Theorem below,
it is in fact enough to know the constants exactly in homological degree e to
deduce all constants (note that e depends on the given generator h,,).

The proof of the theorem consists in principle of a single chain of equations,
yet it is a rather technical and lengthy computation, involving sums over up to
six different (multi-)indices. In the process, we are using Lemma corollary
[.1.10] Lemma and some properties of our generalised e-symbol.

Proof. For simplicity of notation, we will write j instead {j} or (j) when con-
sidering ordered sets with a single element.

dg (Vgha)

= 1®Z Z Z Py ( fr’fp,yvm(xﬂh“/))

a,3 m,u,y pel...]2

INote that min £ > clsh, implies £ C crit(hg).
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See the discussion following Equation for the restrictions to the indices
of either sum. As we are interested only in the constants, by Lemma [5.1.1]
we can restrict the sum over p to all reduction paths which consist exclusively
of elementary reduction paths of type 2, which we indicate by the notation
p € [..]2. Using the isomorphism k™ = k ®p P™ given by (v1,...,0m) —
1® (v1,..,vm), we also make slight abuse of notation and temporarily drop
1® ..., as we have ensured via p € [...]o that any summand is a constant, which
temporarily makes the necessity to the tensor product redundant. Now we are
using Lemma to obtain

—Z Z Z pp( E\m Z)Qe\m“vm(ac“h ))

a,f m,u,y pel.

=X Z £\ m; £) QL py (Vim (20

a,f m,u,y pel.

=>. >, Z Z (£\ m: ) Q5 p, (vin (D)

j 8
i, m, Y pel...]2

Now we make use of Lemma [5.1.8] and corollary [5.1.10} which tell us which
shapes for j are possible: In particular, j contains at most e elements.

= 3D 30 S S DR AR AN S)

f= 1G‘Uf {lﬁ m, 1,y pel...]2

If £\ a = j, then we know by Lemma that a = kU (£\ j) with some
k C {0, ..., cls(h,).

-YY Y Y Y

f=1 Jc i the) B om,p,y
S e m)QL s (smleh)

PE[Vim (THhy )~ VieL (o) hB]

Y Y Yy

F=l A i, P
Z (€\ m; ) Qe\m GV hs

PE[Ven (@B~ Vicuanj) hB]2

Using Lemma[5.2.1]in order to replace the condition in the last sum. Addition-
ally, since again by Lemma indices greater than cls(h,) can only disappear
along reduction paths, we need that m = £\ j with some j € j.

DD 22

f=1 ice [k|=f—-1 Jskyy
i/=f mink<cls(hg) JE§
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> e(e\m;£)e(3\ 7; £\ §) QL% apViuie\jyhs

peE [Vj\j (z+h, )kahﬂ]

DD ZZ

f=1 ice  |kl=f-1
|il=f mink<cls(hq) g
Z 5(j; £)e(3\ 72\ ) QL% apviueyhs

peE [vj\j (z+h,, )kahﬁ}

Y Y Yy

f=1 JCE [k|=f—1 B dmy
|il=f mink<cls(hqg) JEJ
> e(j;€0)e(5;€\3)e(F: £\ 3)e(i\ 7 £\ §) QL% apviu(e\jyhs

PE[vj; (z#hy)~vichs],

DD 22

f=1 Jce_ [k|=f—1 N
|jl=f mink<cls(hq) JEJ
> £(7: €)= (j; £)2(5:)2 (7 £\ 3)2 (51 3£\ ) QL% apVieueny b

pe[vi;(@#hy)~vichg],

DS 22

f=1 jce |k|=f—1 Jipsy
I3I=f mink<cls(hq) JEi

> e(7:3)e(3: £\ 3) QLS apvicuey'hs

PE[vj; (z#hy)~vichs],

BSOS 33

f=t \j\CKJ m lll;l<cfis(:1a) g J
> e(733) QL% apvicuie\hs

PE[vy\; (@ hy)~vichg],

Finally, we reintroduce the tensor product notation which we had omitted ear-
lier.

_ZZ (e\i) > Z( PES) viesehs

f=1 ice |k|=f-1
lil=f min k<cls(hq)

O

5.4 Calculating constants in lower homological degree via
higher degrees

Theorem 5.4.1. Let cls(h,) =d+e—1, £ Cjand |€| < |j| < e. Then we
have:
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1 ® dg(vehy,) Z Z Z Z Hi\O(1® B, ku(J\l) 5) Ve hs

h=1 iCe |k|=h—1
li[=h mmk<gla(ha)

Remark 5.4.2. The proof is very similar to the proof of Theorem [5.3.1} This
time, we take the inverse point of view: Theorem [5.3.1] tells us how to construct
constants in higher (homological) degree from constants in lower degrees. Here,
we construct constants in lower degrees from constants in higher degrees. Again,
suppose that we have a generator h, € H and that we know the constants in
the differential for a vjh, in some homological degree f. Then we can give
the constants for all vgh, where £ C j (again, with some sign- and settheoretic
computations).

Most importantly, we state the following consequence: If for a fixed h,

we know the constants in the differential of v(ds(h )41 n) h,, i.e. in the

highest homological degree in which a generator of shape v,h, is present in the
resolution, we can from this differential deduce all constants in the differential of
all other elements of shape v,h,. This if of course possible because the index set
of the v, of this last generator contains exactly all non-multiplicative variables.
From a computational point of view, this means that for our Pommaret basis #,
we need to compute only one differential for each element of H, and additionally
do some purely sign- and settheoretic computations, to obtain all constants in
the complex G. This gives a lot of potential to further increase the speed of the
algorithm presented in [AFSS15].

Proof. Again because of Lemma [5.2.1] we have a bijection of those reduction
paths which consist entirely of elementary reduction paths of type 2: To any re-
duction path originating in vgh,, we assign the reduction path which originates
in vjh, and leaves the indices contained in j \ £ unchanged within each of its
elementary reduction paths. One again, when talking about sets with a single
element, we write i instead of {i¢}. Basically, this proof repeats the arguments
of the proof of Theorem [5.3.1]

1® dg(vehy)

_Z Z pr iy V (I#hv))

a,f m,puy p
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Essentially, throughout this proof, we repeat our remarks from the previous
proof: See the discussion following Equation for the restrictions to
the indices of either sum. As we are interested only in the constants, by
Lemma we can restrict the sum over p to all reduction paths which
consist exclusively of elementary reduction paths of type 2, which we indicate
by the notation p € [...]5. Using the isomorphism k™ = k ®p P™ given by
(V1 eees V) — 1 ® (v1,..,Um), we also make slight abuse of notation and tem-
porarily drop 1 ® ..., as we have ensured via p € [...]3 that we any summand is
a constant, which temporarily makes the necessity to the tensor product redun-
dant. Now we are using Lemma [5.1.7] to obtain

—Z Z Z Pp e(€\ m; E)Qe\ma (x“hv))

a,f m,u,y pel...]2

= Z Z Z £\ m;¢) Qe\mo‘ p (Vi (27h))

a,f m,u,y pel...]2

—ZEijZ (\ m; £) Q4™ p, (Vim (¥, ) )

B
02, Y pel.

Again using Lemmal[5.1.8 and corollary which tell us which shapes for a
are possible:

—ZZ > Z (£\ m; £) QL py (Vim (')

h=1 ‘1‘C£h {aﬁ m,u,y pe|.

If £\ a = i, then we know by Lemma that a = kU (£\ i) with some
k C {0, ..., cls(h,).

ZZ > 2> > £(€\ m; £) Q4 py (Vim (b))

—1 ice Ik|=h—1
\1\ h mink<cls(hg) B m’#wpe[vm(wﬂhv)kau(l\)hﬁ]

Y Y ¥ Y > (0 e £) QL i

—1 ice Kl=h—1 .
h=1 lil=h mirlnk|<cl<(ha) A mWWPE[Vm(m' hw)kau(i\i)hﬂ]g

= Z > > Z > > e (i:£) Q% gpViu(evn s

iCe k|=h—1 i
h=1 li[=h Innllk|<nl:.(ha) ey pe["’-\l(x”h )~ ViU (e )hﬂ}

Using Lemma [5.2.1] in order to replace the condition in the last sum. Addition-
ally, since again by Lemma indices greater than cls(h,) can only disappear
along reduction paths, we need that m = £\ ¢ with some i € i.

—ZZ 2 L2

—1 ice |k|=h—1 g,y
|i[=h mink<cls(hq) i€i

> (i 0)e(i\ ;5\ 1) \ (€\ 1) Q5% apViue\nhs

pe[vii(@Hhy)~vicugnhs),
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—ZZ by ZZ

=1 iCe  |k|=h—1
|if=h mink<cls(hq)

> gu;fz)s(i Vi G\ D)e (i (8N 1) Qul apvieuevy b
pE[vini(@Hhy)~vicugnhs),

Yy Y Yy

h=1 ice | Iki=h1 B
li|=h mink<cls(hqg)

> e(i30)e(i\ 354))e(i\ i54)e (i \ 35 ) (i \ i37)) QL2 gpViu(ewn hs

pe[vivi(@thy) Vi hs),

DD ZZ

h=1 iCe  |k|=h—1
|i[=h mink<cls(hq)

> s(i;e)s(i \ i) (i \ 45 ) Q1% gy Vieugeiy hs

pE[vini(@Hhy)~vicugnhs),

DD ZZ

h=1 iCe |k| h—1 i, M«,
lil=h mink<cls(hq)
E e(i;0)e(i\ 3§\ £) Q)% pVicu(e\nhs

pE [Vj\‘(w“h ) ViU G\ ')hB]

DD 22

h=1 iCe  |k|=h—1
Jif=h mink<cls(hq) Ve

Z e(i;0)e(i;3\ £))e (55 \ £) Q4% apviueniyhs

pe [vj\i (z“h,y)kau(j\~>h5]

DD ZZ

h=1 iC¢  |k|=h-1 B
lil=h mink<cls(hg)
3 e(i:3\ £)e(i: 1) Q% apViueniyhs

PE[Vivi(@rhy )~ vicu\nhs],

DD 2 si\0)

h=1 iCe |k|=h—1
|i[=h mink<cls(hq)

( Z Z €(Z7j)QZ?yq;n)vku(g\l)hﬂ

e pelvii(arhs ) Vo s,
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Finally, we reintroduce the tensor product notation which we had omitted ear-
lier.

_ZZ 3 Z (53\€) (1@ PLSG.0) Vi hs

h=1 iCe |k|=h—1
|if[=h mink<cls(hq)

O

Example 5.4.3. To have a more concrete look at the previous two theorems,
we again turn back to the ideal from example [2.3:24] Suppose we visualize the
complex G with a graph I'g, see definition [3.1.1} If we omit the edges belonging
to non-constant parts of the differential, we obtain the graph given in figure
plotting the constants of the resolution. The arrows/constants of same
color in the graph, i.e. red or blue, are the ones which are linked by Theorem
(.41 We note that formally, Theorem [5.3.1] is a priori not helpful for the
calculations of the red or blue arrows, since either such arrow has as source an
element of shape v.h, with cls(h,) = 2, which means that in Theorem
we have e = 2, and hence we could only use it to obtain arrows with sources
in homological degree greater or equal to e = 2; but obviously there are no
such possible sources. The underlying reason is that when going from sources
in F to sources in F5, it is possible to miss out on some constants such as
the black arrow. A more detailed discussion of this idea follows below. The
sign change of the red constants come from the (—1)*-terms and the e-symbols
in these theorems, which in turn were needed to be introduced because of the
possible additional indices in the index sets of the v,. For the blue constants,
these terms leave the sign unchanged.

Nevertheless, we can use [5.4.1] for the red and blue arrows. Looking at the
right red arrows, we see that we have

pEEmm g (5.4.1)

(2),z12273

and this is the only constant contained in the differential of this source, i.e. for
all m # 2 or  # x1w2x3, we have

(2,3),x12
PEOm = 0, (5.4.2)

Now we look at the formula [5.4.7} We have

Is(h,) = cls =1, d=mincls(h) =0
cls(hy,) = cls(zyx2) ﬁlﬁcs()

and hence

e=cls(hy) —d+1=2, £=(3) and j=(2,3).
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V3
vmxg V3x§
VgT1T2 V3T1To V2.3T1T2
VoX1T2
¥
2 2
Vo3 V3T5T3 1
VpX1ToT3 V3X1X2T3 V2,301L2X3
VoX1Z2Z3
2 2 2 2
vorizs + 22i73 vs(zirs + 2x5as) vas3(zirs + 2z5x3)

vao(zixs + 22323)

vors + 2337, vs(z3 + 2237) va3(x3 + 22¢11)

-2

vo(z3 + 22321)

Voz3TaTs va(zdzas3) va 3(r3z213)

va(z3xams) vi3(2dzemws)

vi(z3xems) vi2(zdwazs)

Figure 5.4.1: The graph of constants for example
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This gives
1 X dg(V3fE1I2)

— (2,3),z12
ZZ Z Z ( Pku((2,;)\Zi),ﬁ)vku((3)\i)hﬁ

h=1 1c<3) |k|=h—
li]= m]nk<1

Looking at the first two sums, we immediately see that only the cases h = 1,
i = (3) give any summands, implying k = ().

- Z (1 ® P((Q)S)’mm)v hgs

Now we know from Equation (5.4.1) and (5.4.2) that there is only one g for
which this summon is nonzero, so

2,3),
=-1-1 X P((Q) r)lﬂ;lzzz VpX1T2T3
= —VpX1T2T3.
In the same manner, for the blue arrows, we see that we have

(2,3),rfr3+21313 -9
(3),x8w2x3 - ’
and for all m # 3 or 8 # x3xax3, we have

2 2
P((;),j%ﬁ),rl x3+2x5Ts -0

Again, we have

cls(hy) = cls(zizs + 223x3) =1, d= hrm% cls(th) =0
€

and this time

e=cls(hy) —d+1=2, £=(2) and j=(2,3).
This gives

® dg(verirs + 2x3w3)

(2,3),121 +2z22
Z Z Z ( Pku((2,;)\3i),50 S)Vku(@)\i)hﬁ

iC(2) |k|=h—1
\| h mink<1

6((2); (3)) (1 (39 P((;)ig7:v1:v3+2wgw3>vq)h,8

I |
mM Il Mw

-1-1® P(2,3),$?$3+2wgw3

(3)71,31;2:% VQ)IE1$2I3

= —2V@.’131.Z‘2$3.
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We note that the black arrow has no corresponding arrow in lower homological
degrees. Along all other arrows, the index set v, of the target is just the index
set of the source, with one element removed. However, for the black arrow, the
index set of the target actually contains a new index, 1, which is not contained
in the index set of the source, while both indices, 2 and 3, of the source are
no longer present. But for arrows going from first to 0-th homological degree,
this behavior cannot be matched: If there is just one index in the source, it
is impossible to remove two indices; and in the same way, if the target has no
index, it impossible to insert one. So this example also shows that Theorem [5.3.1]
is not enough to construct all constants in homological degrees lesser or equal
to e, for otherwise we would miss the black arrow, as it has no corresponding
arrow in lower homological degree.

However, Theorem does not have this problem of missing some con-
stants in lower homological degrees. It is in fact possible to get all constants
by calculating dg (v (cish,)+1,....nha) for all h, € H and then applying Theorem
[.4.1] to obtain the constants in the other differentials. To finish this example,
we explain how Theorem indeed formally assures that the black does not
give a constant in lower homological degree. Consider the vertex v (x3+2z321):

We have s
(2,3),z7+2x521 9
(1),z2zo23 -

and again for all m # 1 or 8 # xdwax3, we have

2,3),z° +2x x
piVm R — g, (5.4.3)

Once more, we have

cls(hy) = cls(z? + 22321) =1, d= }Ilrélg cls(h) =0

and
e=cls(hy) —d+1=2, £=(2)andj=(2,3).

So we have

1 ® dg(va(z? 4 22521))

_ (2,3),w3+2ac2w1)
® P Lo h
hzl Z() 2 2 (1 R oy Ve

Jij=h mink<1

But now from Equation ([5.4.3)), we see that this time for h = 1, any choice of i
with |i| = h =1 gives a zero summand.

(2,3),x3+2x2x1)
QP 1 0 h
-2 X DO R IT e

|i \ min k<1

And now the condition i C (2), |i| = 2 of the first sum cannot be satisfied either,
so there are no summands left.

=0.
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6 Syzygies of Veronese subrings

Through the paper [PS09], which, as its title states, presents “Open problems on
syzygies and Hilbert functions”, we have first encountered the following ques-
tions: Given a P-module M = P/I for an ideal I < P generated in degree
greater or equal to 2, and its minimal free resolution

o B R 2SS RS M0,

what can be said about the subcomplex
o= Fpn = Fiog — o= Fig,

where by Fj ;1 we denote the denote the submodule of Fj of total degree [ 4 1.
So iFl =P, 73(—(2‘))6“7 then Fj 41 = P(—(1+ 1))&’“1. This subcomplex
is called the 2-linear strand of M. Note that as by assumption, I is generated
in degree greater or equal to 2, so for [ > 0, all Betti numbers ;; are 0. The
length of the 2-linear strand is max{l | 8;;+1 # 0}. Now one can ask several
questions related to the 2-linear strand (for classes of ideals):

e Up to which homological degree does the 2-linear strand coincide with
the minimal free resolution? If we express this number in the language of
Betti numbers, it is equivalent to finding the maximal number p such that
Bg.q+i = 0 for ¢ > 2 and i < p. In this case, we say that M satisfies the
Np-property. In terms of the shifted graded Betti numbers and the Betti
table, we want to know the integer p such that the Betti table is of shape

0 1 2 ... p—1 P
o1 - - . — —
1 Bia Bax o Bpoan Bpa
20— - - . — *
r|— - - .. — *

where one of the Betti numbers * is nonzero.
e What is the length of the 2-linear strand?

e If these questions cannot be answered, what can be said about lower or
upper bounds? Obviously, finding a non-vanishing Betti number other
than f; ;41 immediately gives an upper bound for the p in the N,-property.
In fact, one of our main result of this chapter is of this shape.

e What can be said about similar subcomplexes of the minimal free resolu-

tion? For example the subcomplex generated by all F; = @le P(—(i))ﬁl’i
for a fixed ¢ > 1. Note that for ¢ = 1, we have the 2-linear strand, while
t = reg M corresponds to the entire minimal free resolution.

Isee also definition [2.1.16]
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One particular class of ideals, for which there are some results and conjectures
regarding these questions, are ideals originating from Veronese subrings. In this
present chapter, we try to work towards the questions mentioned above with
respect to this class of modules. We have used the articles [EL12] and [OPO0I]
as inspiration.

We will apply the theory presented in previous chapters to Veronese subrings,
but we will make some minor changes to our notations and conventions, adapting
to the special situation in question:

Assumption 6.0.1. For this chapter, we will work with the conventions below:

e The field k is algebraically closed of arbitrary characteristic. While for
the area of involutive bases, this is rather unusual, in the context of alge-
braic geometry, this is typically a basic assumption, as some tools such as
Hilbert’s Nullstellensatz require k to be algebraically closed. We will later
see in Lemma below, that for our methods, it would be enough to
assume that k contains an element of large enough order over the minimal
subfield of k.

e As polynomial rings with different numbers of variables will appear, in
order to avoid confusion, we will use the identification

P = Kklzg, ..., T,

with m as in the definition below. This is a change from previous chapters,
where P was denoting the polynomial ring in n+1 variables. We make this
change in order to be more consistent with the literature about Veronese
subrings mentioned above, where in the situation of definition [6.0.3] below,
the domain of the map v4 is usually denoted with PPy

e Unless stated otherwise, we will assume if we work with a fixed monomial
order < in the polynomial rings k[zo, ..., z,] or k[zg, ..., z,,], that for any
product x;, - - - x;, of variables we have x;, < ... X z;,, i.e. any product of
variables is ordered. In particular, with respect to Section [6.1.1] below, we
will use this implicit ordering for the renamed variables in the polynomial
ring P and the degrevlex order on P, which both will be introduced in
Section

e We will fix the number d as in Definitions [6.0.2] and [6.0.3] below. This is a
change from Chapter [} where d was the minimal class of elements in H.

Definition 6.0.2. The (d-th) Veronese subring S9 of k[zo, ..., z,] is given by
S = K[zt | degz* = d] C k[zo, ..., z,]. In particular, we hav

S(d) = @ ]k[xo, ceey xn]id

i>0

IRecall that k[zo, ..., Zn);q contains the elements of degree id.
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Definition 6.0.3. The Veronese embedding of degree d in n + 1 variables is
given by the map
vg: Py — P,

where m = ("ji'd) — 1 and v4 maps any point [7p: ...: 7,] to the point whose

entries are given by all monomials of degree d in the variables 7y, ...,7,. The
image Y of this map is an irreducible variety. This fact easily follows from the
remark below, but it does not bear any further relevance for our work.

Remark 6.0.4. Combining Definitions and we see that a Veronese
subring can be presented as a P = K[z, ..., 2, ]-algebra via the homomorphism

¢: P — S@

which maps each variable xq, ..., z,, to a different monomial z# € k[zo, ..., z,]
of degree d.
Of course, now the vanishing ideal of Y is given by ker ¢.

6.1 A Pommaret basis for Veronese subrings

Our goal is to apply the theory presented in previous chapters, in particular
chapter {4} to gain information about the vanishing ideal I(Y") & ker ¢.

For this approach, it is necessary to construct an involutive basis of I(Y).
We choose to construct a Pommaret basis with respect to the degrevlex order.
As we have seen in example Pommaret bases might not exist in a given
coordinate system. So our first task will be to construct d-regular coordinates.

6.1.1 Constructing J-regular coordinates for I(Y)

First we note that we can choose any order in which the monomials in the image
of vy appear. Any change of this order induces an isomorphism of varieties:
Permuting the order of monomials is equivalent to a permutation of the variables
xQ, ..., Tm. DBefore we describe one particular ordering which we use for the
remainder of this chapter, we will rename the variables zy, ..., z,, € P in a way
that is better suited for Veronese subrings. We take inspiration from Definition
and Remark

Since we have one variable x; for every monomial 7% of degree degu = d
in the variables Ty, ..., 7, we will use multi-indices d of length n + 1 and total
degree d to enumerate the variables x, ..., ,,. We extend the notion of a class
in definition [2:3:21] to these new indices; i.e. the class of a variable is now a
multiindex.

Now we will look at the monomial order. We already mentioned that it is
degrevlex order, but having introduced new indices to the variables, we need to
explain how these new indices interact with the monomial order; i.e. we need
to define the degrevlex order for our “new” variables. While the order we will
define now might look unusual, its usefulness is given in Theorem [6.1.9] below,
where we see that, for this monomial order, a Pommaret basis does indeed exist:
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Assumption 6.1.1. For the remainder of this chapter, we define < to be the
degrevlex order on P induced by the following ordering of the variables x4 where
d € N**! is a multiindex of length d: For two multiindices d,e € N1 of degree
d, we have x4 < e, if and only if

e d and e both are of the form (0, ...,d, ...,0), and d <degreviex €-
e d is of the form (0, ...,d, ..., 0), but e is not.
e d and e both are not of the form (0, ...,d, ...,0), and d <gegreviex €.

Note that the <gegreviex Order appearing in this definition is the degrevlex order
for multiindices of length n + 1, with our usual convention that d <gegreviex € if
and only if the leftmost entry of e — d is negative, see Definition [2.3.3

There is one minor downside to this approach: In a context where we have
a multiindex d, according to our notation, d; denotes the i-th entry of d. Now
occasionally, it will be necessary to refer to entries of multiindices in a product
of variables, for example, if we have a product HE:I xq,, we denote by (d;); the
j-th entry of the i-th multiindex. Here d; now has two possible meanings. We
try to avoid this ambiguity as much as possible; in any case where the meaning
of the notation might not be obvious from the context, we explicitly mention
which meaning we are referring to.

Example 6.1.2. If n = 2 and d = 3, this ordering is given by

Z(3,0,0) = £(0,3,0) = Z(0,0,3) = L(2,1,0) = ¥(2,0,1) =
T(1,2,0) =< T(1,1,1) = T(1,0,2) = Z(0,2,1) < T(0,1,2)-

With respect to the existence of a Pommaret basis, we will see that we only
need variables of shape x(g, .. 4. 0) to be the smallest variables with respect to
<. The order of those monomials which are not pure powers of variables does
not matter. Nevertheless, it is advantageous to work with this fixed monomial
order, since we will see that for this particular monomial order, it is possible to
obtain statements for Betti numbers of I(Y'). We think that one possible idea
for further research might be to change the monomial order and see if it is still
possible to get results similar to those presented later in this chapter.

Definition 6.1.3. For any multiindex d with degd = i - d for some integer
i > 1, we define the minimal monomial of d to be the monomial z4, - - zq

with Z;Zl d; = d which is minimal with respect to <. We use the notation
MinMon(d).
Example 6.1.4. Let n =2 and d = 3. For d = (2,4, 3), we have

MiHMOH(d) = "13(0,370)1'(07073)1'(27170) .

We state three simple properties of minimal monomials, which we will later
use repeatedly in our proofs:
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Lemma 6.1.5. Let d be a multiindex with degd =t - d for some integer t > 1.

o If there is an index j such that d; > d, then we haveﬂ
MinMon(d) = z4.1; MinMon(d — d - 1;).

t t
e Jf MinMon(d) = [] za,, then MinMon(d — dy) = [] z4q,-
i=1 ‘

o Let e be the minimal multitndex of degree d such that e; < d; for all

0<j<n. Then

MinMon(d) = ze - MinMon(d — e).

Proof. (Recall that by our Assumption we have d; <X ... < dy)

e Regarding the first point, without loss of generality, let j be the minimal
index such that d; > d, i.e. the class (in the renumbered variables) of
MinMon(d) is at least d-1;. But since the class of 4.1, MinMon(d —d-1;)
is d - 1;, we see that the class of MinMon(d) is also at most d - 1;. So we
have cls(MinMon(d)) = d - 1;, and therefore MinMon(d) is divisible by
xd.lj .

e Regarding the second point, we note that if there was a monomial szz Te,
with 2222 e = ZE:Q e; and H§=2 Te, < H?:z Z4,, then also

t t
T4, ngei < Zq, Hl"di,
i=2 i=2

contradicting the fact that MinMon(d) = Hle Td,-

e The third point is obvious, as we are considering the minimal monomial
with respect to the degrevlex order.

O
Example 6.1.6. With d = (2,4, 3) as in example we do have
dy=2,di =4,dy =3
and so the minimal j as in the proof of lemma [6.1.5]is j = 1. Indeed, we have
MinMon(d) = 2(0,3,0)Z(0,0,3)Z(2,1,0) = 3.1, 73.1,Z(2,1,0) = 3.1, MinMon(2, 1, 3),

which illustrates the statements of lemma [6.1.5]

IRecall that by Deﬁnition 1; =(0,...0,1,0,..,0) is the multiindex for which the j-th
entry is 1 while all other indices are 0. As the set of multiindices has a natural Z-module
structure, we have d - 1; = (0,...,0,4d,0, ...,0).
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6.1.2 The Pommaret basis

Before we write down our Pommaret basis, we note the following lemma. Prob-
ably it is clear to anyone more familiar with algebraic geometry. Nevertheless,
since this lemma will be essential in one of our proofs later, we find that it
is helpful to explicitly formulate and prove it right now, for it is here that we
make use of one of the special assumptions that only hold for this chapter,
namely that k is an algebraically closed field.

Lemma 6.1.7. Let g € I(Y). Let 2jy! ---aly! = a# =1t(g). Then g contains
another monomial xg! - --xgt such that

t t
D (e di) =) (mi-e;) €N
i=1 i=1

as a summand.

Proof. Let k be the prime field of k, i.e. the minimal subfield of k containing
1. k is not algebraically closed, since obviously k& = Q or k£ = F,. We note
that k is a perfect field in either case. Let ¢ € k be an element such that
[k(qﬁ) : k] is sufficiently large. We shortly explain why we can always pick such
an element ¢: Obviously, if there is a ¢ € k that is transcendent over k, we
are done. Otherwise, [k(¢) : k| is finite for any ¢ € k. Since [k : k] = oo
we can pick an index 7 € N and a set of elements ¢; € k \ k(¢1, ..., ;—1) such
that [k(qﬁl, ey &) k] is arbitrary large, yet finite. Since k is a perfect field and
therefore separable, this extension is separable, and by the Primitive Element
Theorem (see for example [Lan05, V,§4, Theorem 4.5]) there is a ¢ such that

Now consider the image of ® = [p(@degnt1)? . g(d-degut1)" . p(d-degu+1)"]
under v4. We have g(vq(®)) = 0, since g € I(Y). If we evaluate lt(g) at v4(P),
we obtain

é »gl pi-(di); ~((d~deg p,+1)j)

It(g) (va(®)) = H H (g s )“’i'(di)j = ¢/~

€k,

(6.1.1)
where (d;); denotes the j-th entry of the multiindex d;. By construction, we
have (d;); < d, and therefore

i (di); < (degp)-d < ddegp+ 1.
So if we choose ¢ such that [k(¢) : k| > (d - degp+ 1)(n + 1), the numbers

Z pi - (di)

are uniquely determined by equation . But then since g(ud(<1>)) = 0,
g(l/d(<1>)) must contain another summand whose evaluation at v4(®) is the ele-
ment of k given in . But this is only possible if g contains a summand of
the shape given in the lemma. U
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Example 6.1.8. Lemma can indeed fail if k is not algebraically closed:
Consider
vy P%z — }P’%z,

which maps [rg : 71] to [7¢ : 7F : To71], SO
im(yg) ={[1:0:0],[0:1:0],[1:1:1]}.

Hence I(Y) contains the element h = x(g,2)7(1,1) — Z(2,0)%(1,1), and for this h,
we have

1-(0,2)+1-(1,1)=(1,3) #(3,1) =1-(2,0) +1-(1,1).
So indeed lemma can fail if k is not algebraically closed.
Now we continue the process of finding a Pommaret basis for I(Y).
Theorem 6.1.9. Fort > 2, let

t

H: = {ﬂfdl ceexg, — MinMon(Z dj> | z4, - - xq, # MinMon (Zdj),

j=1

<~

VS

dj),dl ¢ {(d,0,...,0), ... (0, ...,o,d)}}.

Td, - rd, = MinMon

1
t
t
=2

J

Then H = ;5o He is a Pommaret basis of I(Y) (Recall that by assumption

we assume Ta, = ... 3 Zd, ).

In particular this theorem implies that I(Y") is a toric ideal, i.e. generated
by binomials z# — x”.
Remark 6.1.10. Note that the statement of this theorem can be split into two
separate aspects: First, that H is a Pommaret basis (for the ideal generated
by H), and second, that its involutive span (H)p is equal to I(Y). Looking
at the proof, we see that the first aspect does not require the fact that k is
algebraically closed; so any statement made later in this chapter still holds over
any field if one replaces I(Y) by (H)p. For the second aspect however, if we
omitted the assumption that k is algebraically closed, the ideal I(Y") might
contain additional elements that are not contained in the involutive span () p,
so (H)p G I(Y) is possible: Indeed, for the generator h of example one
sees that h has leading monomial (g 2)7(1,1), which is not the leading monomial
of any element of #, as it contains the variable x(( 2). On the other hand It(h)
cannot be involutively divisible by any element of #, for any involutive divisor
would be of degree 1. But obviously, I(Y) is generated in degree greater or
equal to 2. So we have indeed h € I(Y) \ (H)p.

Proof. (of Theorem Now from definition we see that we need
to show that we have (H)p = (H)p < = I(Y) for the involutive span of H
with respect to the Pommaret division P. Obviously, we have # C I(Y). By
Theorem using H C I(Y), it is equivalent to show that
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o 1o (I(Y)) = < ((H)p),
e 7 is Pommaret auto reduced and
o 7 is finite.

Since any element of (H)p is obviously contained in I(Y"), we only need to show
that 1t< (I(Y)) C lt<((H)p) for the first point.

We start by proving lt—(I(Y)) = lt< ((%)p). We do so by using induction
over the degree t of the elements in .

t =2: If 4,24, is the leading monomial of some element of I(Y), then by
Lemma this element of 1(Y') contains a term z¢, ., with

di+dy=ci+c

and T4,Zd, > Te,Tey, SO Td, Td, >~ MinMon (d; + dg) . But now since Ha
contains x4, x4, — MinMon (d; + dz), we have lt(<7-[>p)2 = lt(I(Y))Q.

t > 2: Our goal is to prove It (I(Y)), C1t((H)p):. Let 2q, - - - 2a, be the leading
monomial of some r € I(Y),. We separately consider two sub-cases for
x4, (Recall that by our conventions, we have zq, <X zq, for all 1 < <¢):

Case 1: zq, 24, = MinMon(}7_, d;): If dy # (0,...,d,...,0), then
by definition, H contains x4, - -- x4, — MinMon(Z§:1 dj), so there
is nothing to prove. So let dy = (0,...,d,...,0). We claim that

there is some g such that zq, --- 24, # MinMon(Zt d;). Then

Jj=g
Hi 411 contains zq, - -~ zq, — MinMon(Zz.:g dj), for which the vari-
ables xq,,...,xq,_, are multiplicative, implying zq, - - - 24, € It((H)p).

So assume that there is no such g. But then by lemma [6.1.5] we have

t

Td, - Td, = MinMon(Z d]-).
j=1

Now by lemma r contains another term e, - - - e, such that

t
t t
E ej = E d]‘.
Jj=1 Jj=1

But then we have

t
Tey " Te, > MinMon(Z dj) =24, " Td,,
=1

contradicting It r = zq, - - - zq,.
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Case 2: 24, - 24, # MinMon(Z;:2 d;). So we have

¢
Tdy *** Td, — MinMon(Z d;) € I(Y).
j=2
However, by assumption, we have 1t((H)p)i—1 = 1t(I(Y)), ,,
(H)pi—1 (the set of elements of degree ¢t — 1 in (H)p) contains some
h with leading monomial x4, - - - 4, and then of course zq, is mul-
tiplicative for h, so (H)p: contains the element x4,h with leading
monomial x4, - - %4

SO

.-
Now we show that H is Pommaret auto reduced: If g, ---xq, is the leading
monomial of some element of H, then zq, - - - 24, is a minimal monomial. Due
to the second statement of lemma [6.1.5] then also xgq, - --xq, for 2<i<tisa
minimal monomials, and so neither of these monomials is the leading monomial
of another element of H. This is exactly what is needed to see that H is Pom-
maret auto reduced (Again recall assumption which says that we always
have x4, < ... X zgq,).

Now all that is left to show is that H is finite. Since any H; is obviously
finite, it suffices to show that only finitely many H; are nonempty.

Let t > % + 1. Assume H; # 0: Let zq, ---xq, be the leading
monomial of an element of H;. Since deg(Zf:2 d)=0t-1d>({d-1)(n+1),
there is some index j € {0, ...,n} for which (32'_, d;); > d. As zq, - - - zaq, is the
leading monomial of an element #;, we have zq, - - x4, = MinMon(Z’;=2 d;).
But now from lemma we see that this implies 2. 0,4,0,..,0) = 4.1, (Where
the entry corresponding to j is the only nonzero entry) for some k € {2, ..., t}.
Since x4, < 4,, we have that d; is also of shape d - 1 for some k£ < j. But
this is a contradiction, since by definition of the H;, no leading monomial of an
element of H; can be of this shape. O

Example 6.1.11. We have a closer look at this Pommaret basis: One naive,
but far from optimal, algorithm to construct the elements of H would be as
follows: Starting with degree ¢ = 2, we iteratively construct H;. In order to
do so, for any multiindex e of degree 2d, we need to find all decompositions of
e into sums of two multiindices e; < ey of degree d. In the process, we can
discard any sum containing a multiindex of shape d -1, (except when this sum
is MinMon(e)), for a product of shape z4.1;%e, cannot be the leading term of
an element of H. For every other sum e; + e; = e, we obtain the element

T, Te, — MinMon(e) € Ho,

(except when xe, 2o, = MinMon(e)). Proceeding to higher degrees ¢t > 2, we
also need to take into account that for any >, _, e; = e with e; < ... < e, the
condition Ze, - - - 76, = MinMon(3_'_, e;) is satisfied.

So now let n =1,d = 2. Let t = 2, i.e. we consider the degree 2d = 4. The
multiindices e in question are

(4,0), (3,1), (2,2), (1,3), (0,4).
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Of these multiindices, only (2,2) can be written as a sum of two multiindices
e; = e; = (1,1) such that @e,ze, # MinMon((2,2)) = (2,0)Z(0,2), and we
obtain

x%lvl) — Z(2,0)T(0,2) € Ho.

We know that H; = () as soon as t > %ﬁnﬂ) + 1 = 2, so here indeed the
Pommaret basis contains a single element. Equivalently, one could have shown
that this element generates I(Y).

A more interesting example arises in the caseﬂ n = 3,d = 4. Even in this
relatively small case, we have m = (Z) —1 =34, i.e. the ring P has 35 variables.
Going to degree t = 4, one can check

I?B,LO’O)I(072,270)I(0,071,3) — MiHMOH((G, 4, 37 3)) € H4.

This element is contained in I(Y). The condition

t
Te, * ' Te, = MinMon (Z et)

i=2
now translates to

T(3,1,0,0)%(0,2,2,0)%(0,0,1,3) = MinMon((3, 3,3, 3)),

which is indeed satisfied, as one can easily check with help of Lemma
In fact, we claim that H, contains only this single element. While this could
be proven by the naive “brute-force™algorithm outlined at the beginning of the
current remark, in Example below, we introduce a more systematic nota-
tion, which allows us to prove a generalized version of this claim by introducing
a better algorithm.

In fact, it was this example n = 3,d = 4 that served as a primary inspiration
for the general construction of Pommaret bases for arbitrary values of n,d.

Remark 6.1.12. It should be noted that this Pommaret basis is in general larger
than the minimal Grobner basis, which is given by Hs, as we will prove in
Theorem below. The fact that the ideal I(Y) defining the Veronese
subring has a quadratic Grobner bases is well known, see for example [Stul
Theorem 14.2]|, [ERT94, Theorem 6] or [PM15, page 246], who attribute this
statement to [BMS&I].

From Section [£:4] we recall that the quotient of the number of elements in H
and a minimal Grobner basis, i.e. Hy is of interest for performing calculations
with computers. Since a pseudo Betti table gives upper bounds for the Betti
numbers, we have another reason to be interested in how much larger H is
than H,. Unfortunately, the definition of H would quickly turn the precise

LOne can check that for 74 be a nonempty set, one could also have chosen d = 2,n > 6 or
d = 3,n > 4. However, we have already seen an example for d = 2; and while for d = 3,n =4
we also have m = 34, in this example, H4 then contains more than just a single element.
Hence, the given example also illustrates Theorem below.
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determination of || into a combinatorial nightmare, which would also serve no
further purpose for the theoretical results of this work.

However, we conjecture that in general, the quotient %I is given by a
polynomial function involving n and d and hence can be arbitrarily large. Recall
that according to Section [£.4] this suggests that, apart from the obvious issue
of the large number m of variables which we expect to be a problem for any
computer algebra system, our algorithm to actually compute Betti numbers
with a computer might not be optimal here.

Nevertheless, we have constructed our Pommaret basis with the goal of ob-
taining theoretical results, and for this fact it is indeed very useful. As a first
application, we will in Corollary [6.1.17] see that this Pommaret basis immedi-
ately yields formulas for the projective dimension and the regularity of S(%).

Theorem 6.1.13. Hs is a quadratic minimal Grobner basis for I(Y) (with
respect to the degrevlex order as defined above).

Proof. We need to show that 1t(#;) C 1t(#2) for ¢t > 3. So let ¢ > 3 and

¢
h; = x4, - - - zq, — MinMon (Zdj) € Hs.
j=1
By definition, we have

t

Zd, -+ Td, 7 MinMon (Zdj)’

j=1
but .
Zd, - x4, = MinMon (Zdj)'
j=2

If we can show that there is an 7 > 2 with
Zd, T4, # MinMon(d; + d;),

the statement follows from recursion with respect to the monomial order, since
then the leading term of h; is divisible (but not necessarily involutively divisible)
by the leading term of

hy = 24,24, # MinMon(d; + d;).

So what is a suitable choice of i? From the definition of the monomial order
on P, we see that there has to be an index 1 < k < n with (d;)x > 1 (i.e. the
k-th entry of d; is greater than 0) and an index 0 < < k with (Z;ZQ d;); > 0:

For otherwise d; is the unique minimal multiindex which divides 23:1 d;. Then
Lemma implies

t

t
MinMOn(Zdj) = xdl(Zdj) = Td, ' Td,,

j=1 =2
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and hence h; = 0 € H;, a contradiction. So we can pick a d; with 2 < i <t
with (d;); > 1 and for this choice of i, we have

Td, Td; = Td,+1,-1,%d;~1,+1, =~ MinMon(d; + d;),

so indeed
Zd,Zd, # MinMon(d; + d;).

O

Definition 6.1.14. For any integer ¢ with 1 < ¢ < %, let d(g) be the
unique multiindex of degree ¢ - d and of shape

d(g) = (0,...,0,d(q)s,,d— 1,...,d — 1)

such that 1 < d(q)s, < d—1. We define s, and d(q)s, to be the integers that
are uniquely determined by this multiindex d(g). We denote by r, the maximal
integer that is strictly smaller than dq—_dp i.e

. qd —1
Tl d—1 |’
(d—1)(n+1)

For any ¢ < *““—2""  we define multiindices d', ..., d? by

d'=(0,..,1,d 1)
and
i—1
d'=d(i) - > d.
j=1
For ¢ > 2, we define d%" to be the multiindex of degree d such that xqq.+ is
the successor of 24« (with respect to the degrevlex order of Assumption [6.1.1]).
Remark 6.1.15. By construction of d?, for any g < %ﬁnﬂ), we immediately

have
d?=d(q) —d(¢—1).

Any d? is a multiindex in N**! of degree d. Obviously, we have
n=S8q+ 71y

and
d(q)s, = qd —r4(d —1).
Additionally, we have

MinMon (d(q)) = zq, - - - Ta,

and
d? =cls (MinMon (d(q)))

lFor a real number z € R, we denote by |z] = max{a € Z | a < z} the lower Gauss
bracket of z.
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Example 6.1.16. For n =5,d = 4,q = 4, we have
d(q) = (1,3,3,3,3,3), s,=0, d(q)s, =1
and
d' =(0,0,0,0,1,3), d*=(0,0,0,2,2,0),
d® =(0,0,3,1,0,0), d*=(1,3,0,0,0,0).

For the multiindices d%*, we indeed see that d' has no successor, so d"'+ cannot
be defined in the same manner as for ¢ > 2. For 2 < ¢ < 4, we obtain

d** =1(0,0,0,2,1,1), d**=(0,0,3,0,1,0), d** =(1,2,1,0,0,0).

Now we can give another proof for the well-known property that Veronese
subrings are Cohen-Macaulay, cf. [GMI4, Theorem 3.5.] or [Paul3l Prop. 9].
We also have a formula for the regularity.

Corollary 6.1.17. The ring ¥ = P/I(Y) is a Cohen-Macaulay ring. Its
regularity is

reg(P/I(Y)) = {(d_l)m“)J Cpa1s {—n— 1J

d d
. L . . . _ (n+d
and its projective dimension is m —n = (”d ) —n.
Proof. From the proof of Theorem we know that H, = 0 as soon as
t > r. However, H, contains xflr_lxdr <+-xqr — MinMon (d“1 +d(r — 1))

Using Theorem [2.3.45] we see that reg(P/I(Y)) =r.
Additionally, H contains

x%d—l,l,o,...,o) — T(d,0,...,0)T(d—2,2,0,...,0)
but no elements of smaller class, implying depth(P/I) = n by Theorem [2.3.39
But then since ((H)), is obviously d-regular, 1t(((#)),) is stable, implying
(k[{za | d »1ex (d1,1,0,...,0)}]) . = 1t(H),. However, by construction #, obvi-

ously contains no leading term of shape sc‘(lo 0,d) and therefore dim (77 /1 (Y)) =
n by Theorem Now we immediately see from Theorem [2.3.41] that

n = dim(P/I(Y)) = depth(P/I(Y)),

so P/I(Y) is indeed Cohen-Macaulay.
The statement about projective dimension now follows from Theorem [2:3.43]
or the Auslander-Buchsbaum formula, see Corollary O

Example 6.1.18. Now we give a more refined algorithm for the construction
of H. Using this algorithm, we can show that for n = 3,d = 4, the only element
of H,4 is given by

.13?3’170,0)$(0’2)2’0)$(0’071)3) — MinMon((ﬁ, 4, 3, 3)) S H4,
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as suggested in Example [6.1.11
The idea is as follows: Looking at the conditions defining the sets

t t
Hy = {xdl ceeTd, — MinMon(Z dj) | 24, - x4, # MinMon(Zdj),
j=1 j=1
t
Zay v, = MinMon (3" d;),d; ¢ {(d,0, ..,0), ..., (0, ...,o,d)}},
j=2

we see that for an element of H;, the condition d; ¢ {(d,0,...,0), ..., (0, ...,0,d)}
is satisfied. Recalling our general assumption zq, < ... < x4,, We see that
implies that the multiindex Z;:Q d; cannot have an entry > d. Contrary, it is
not difficult to see that for any multiindex e of degree d- (¢t —1) with e, - - - Ze, =
MinMon(e), and any d such that x4y < %(4-1,1,0,..,0) = Td = Te,, We have

TdZe, - - Te, — MinMon(d + €) € H,.

So another idea to construct H; is to look at all such multiindices e of degree
d - (t — 1) whose entries are less or equal to d — 1, and construct the generators
in the manner described above. This algorithm is more efficient than the one
given in Example as here the number of multiindices that we actually
need to do calculations for can generally be expected to be much smaller: In the
first naive algorithm, we had to consider all multiindices of degree d - ¢ without
any restriction to the indices.

Going back to the special case n = 3,d = 4, for t = 4 there is only one
multiindex of degree d - (t — 1) = 4 -3 = 12 for which no entry is larger than
d = 4, namely d(3) = (3,3,3,3). Its minimal monomial can now be described
as

TgsTP2Tal = T(3,1,0,0)2(0,2,2,00(0,0,1,3) = MinMon((S, 3, 3,3)) = MinMon(d(S)).
Now we need to find all d which satisfy
%(0,0,0,4) = ¥(3,1,0,0) = Td = %(3,1,0,0)-
Sod = (3,1,0,0) is the only eligible monomial, and we indeed obtain that
.’L'%S’170’0)x(0727270)$(0,07173) — MinMon((G, 4, 37 3))

is the only element of Hy.
Generalizing this idea, whenever n + 1 = a - d for some a € N, we have for
t= %ﬁnﬂ) =a(d—1) =reg(P/I), the set H; contains only a single element,

25 1Tgi-2 - Tqr — MinMon((2d — 2,d,d — 1, ...,d — 1)).

As for t > W = a(d — 1), we know that H; = (), we also obtain that
this generator the only element of H of both maximal degree and minimal class
among all elements of H, and hence defines a non-vanishing generator. All in
all, we can now proof the theorem below
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Theorem 6.1.19. Let n+ 1 =a-d for some integer a > 1. Then

de(P/I),rcg('P/I) (I(Y)) =1,
i.e. the bottom right entry of the Betti Diagram of P/I is 1.

Proof. Essentially, we could repeat the arguments of the proof of Theorem
in [Seil(, Theorem 5.5.15]. A slightly different is to use the idea of the minimi-
sation product translates to the Betti diagram as explained in Section [{.5}

We have just explained in Remark that H,eg(p/1) contains only a single
element, for which we also know by Assumption [6.0.1] and Corollary [6.1.17] that
is of minimal class among all elements of 7. This means that the pseudo Betti
table of P/I is of shape

[0 1 reg(P/I)
pd(P/I) |0 1

with all other entries further right or further below being 0. As we have ex-
plained in Section [L.5] the Betti diagram arises from the Pseudo Betti diagram
by subtracting some diagrams of shape

01 0
0 1 0

while have to keep in mind that all entries have to be at least 0. But this
trivially implies that the 1 in the bottom right corner of the diagram remains
unchanged by any such subtraction. O

6.2 Some non-vanishing syzygies of Veronese subrings

Remark 6.2.1. It is obvious that zqa - - - 24: = MinMon(d(g)). So our Pommaret
basis H contains elements of form

T3eTga-1 -+ g1 — MinMon (d? + d(g)).
Now, for a fixed ¢ < W7 we look at the basis element
h =vgat, . (0,..1,4-1) (:C?:qul;dq—l -+ xq1 — MinMon (dq + d(q)))

Our goal is to show that these generators survive all minimisations that occur in
the process of minimising the chain complex G. Recall lemma[2.2.5] which states
that, if after performing a minimisation, h appears with constant coefficient in
the differential of some g, then this must have been the case even before the
minimisation (though not necessarily for the same g); and in the same way,
if the differential of h contains some constant after a minimisation, then this
differential also was containing a constant before the minimisation. So in order
to make sure that h is not removed during the entire minimisation process, it
is sufficient to show that for the differential dg at the start of the minimisation
process, the following two conditions hold:
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e The G-differential of h does not contain any constant.

e h does not appear with a constant coefficient in the G-differential of some
other generator.

We will begin with the second point, as it is is easier to prove:

Lemma 6.2.2.

h =vgo+, . (0,.. 1,4-1) (xaqmdqa Cee gl — MinMon(dq + d(q)))

does mot appear with a constant coefficient in the G-differential of any other
generator.

Proof. The statement follows from an argument involving classes: We need to
check that h does not appear in the differential of some g with a constant
coeflicient, with g being a generator whose homological degree is 1 larger than
that of h. As this means that for g = vih,, the index set k needs to contain one
more element than (d97, ..., (0,....,1,¢— 1)), the index set belonging to h. Any
element of k is non-multiplicative for h, by construction of the complex G. This
is only possible if cls(h,) < d9, for otherwise there would not even be |k| non-
multiplicative variables for h,. By lemma (see also the remarks following
said lemma), h can appear with a constant coefficient in the differential of g
only if 23,xqa-1 - xq1 — MinMon(dq + d(q)) appears as a summand (with a
constant coefficient) in the involutive standard representation of some x4 h,,
where cls(h,) < ds < d?. But then the inequality

cls(za ha) = cls(h,) < d? =cls (.T?iqxdq—l . ~xd17MinM0n(dq+d(q))> =clsh

makes this is impossible. O
Now we consider the first point given in remark [6.2.1}
Lemma 6.2.3. The G-differential of

h= Vda.+,...,(0,....,1,g—1) (-Tcziql‘dqf1 ceeXql — MinMon(dq + d(q)))

)
does not contain a constant.

Remark 6.2.4. Before we begin with the proof, we note in advance an idea which
we will use in the proofs of both Lemma and Lemma [6.2.5

e To calculate the G-differential of h, by equations (3.3.10) and (3.3.11), we
first need to know the involutive standard representations of xch for all
e > cls(h).

e From the construction of the Pommaret basis H in Theorem and
the monomial order given in Assumption we immediately see that
any variable of shape (g, .. 4,...0) is multiplicative for any element of the
Pommaret basis .
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e From Theorem we know that any summand of shape

Ve (2(0,....d,..0) 2" h)
with h’ € H does not contribute a constant to the differential.

e Now if at any point in the computation of the involutive standard rep-
resentation of zoh, we have a summand with a leading term of shape
Z(0,....d,...,00"h, we can ignore this term, for none of the basis elements
of G arising from this generator contributes a constant to the differen-
tial. Additionally, remaining summands have a leading term smaller than
2(,....d,...,00"h. As we are using the monomial order defined in Assump-
tion this implies that any such leading term also has a factor of
shape z(q,....4,...,00- So we can ignore all of these summands thanks to
same argument.

Using this idea, we will be left only with summands which share one special
shape. For terms of these shape, Lemma [6.2.5] will ensure that, by recursion,
we cannot obtain a constant from these summands either.

Proof. of lemma We start by having a closer look at the involutive stan-
dard representations in question:

Let e = (0,....,0,e4,,...,€;,0,...,0) = d?* > d? be a multiindex with
dege = d such that e; > 0. In particular, since e > d?, e is not of shape
d - 1y, and hence j > s;. We claim

(e+ Z d’), >d
di>e

Separately, consider the two cases of equality and strong inequality:

j =84+ 1: We have e > dg = (0,...0,d(q)s,,d — d(q)s,,0,..,0). This implies
es, <d(q)s, and e; = e, 11 > d —d(q)s,. We also have

(Z di)j = ( Z di)j = ( Z di)sq-‘rl =d(g)s, — 1

dire dis-da di-da
and hence
(e+ > ), =eq it (D d), ,, >d—dg), +d(g)s, —1=d—1.
di-e di>-da

j > sq+1: Since (3 gqivge di)sq+1 =d(q)s, — 1, we have (3 4. qa di)j =d—1
and hence

e+ d),=ej+() d) >1+d-1=d.

dire di-de
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So in either case (e + Zdite di)j > d holds, which entails
MinMon(e + »  d) = 241, MinMon(e + »  d'—d-1;)
dire dir-e
by lemma Further, by definition [6.1.14 of d? and s,, we have dqu >1
and (d(q))s 41 = d— 1. This implies

(d?+d(q), ,, =1+d—-1=d,

at
which again by lemma [6.1.5] gives

MinMon(d? +d(q)) = Td1,, MinMon (d? +d(q) —d - 1, 41).
Using these equations, we obtain

Te (:cfqudq_l -+ zq1 — MinMon (d? + d(q)))

= Tqq H Tqi (xe H xq: — MinMon(e + Z dz))

di<e dire di>e
+ (2o H zq: MinMon(e + Z d’)) — (CEe MinMon (d? + d(q)))
di<e dire
= Zdaq H Tqi (we H —Zd-1; MinMon(e + Z d'—d- 1j))
di<e dire dire

+ 4.1, Tda H z4: MinMon (e + Z d' —d-1;)
di<e dire

—Ta1,,4,Te MinMon(d? + d(q) — d - 15,41)
= Xqa H Tqi (me H Tgi — T, MinMon(e + Z di—d- 1j))

di<e dire di-e
+ Tg4.1;Tas H Tqi MinMon(e + Z d"—d- lj)
di<e dixe
— T, Te MinMon(d? +d(q) —d - 1, 41).

Looking at this last sum, the factor

Te H Tgi — Td.1, MinMon(e + Z d'—d- 1]-)

dire dire

of the first summand is an element of H, for by construction, [[4i.,Zai is
indeed a minimal monomial (in fact, the first summand even is its own involutive
standard representation). As an immediate consequence, the first summand is
an element of 1(Y), and then so is the remainder of the last term in this chain
of equations, i.e. the sum of the last and the second-to-last line.
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But the leading monomial of the sum of these two lines (as long as this sum
is not 0, in which case we do not need to consider it at all) has a factor of
shape z(g,... 4,... 0); namely 4.1, or Ta1,,- So using rernamrkl@fl7 we cannot get
a constant in the differential of this summand.

So we now ask the question if the summand

h® = 244 H Tqi (xe H Tgi — Td-1, MinMon(e + Z d'—d- 1j))

di<e dire dire

can contribute constants to the differential. The technical lemma below
ensures that no constants can come from vertices of shape v,h® belonging to this
generator, which will finish this proof. We state this lemma on its own, as this
allows us to simplify the language and hence the more general statement, which
includes all that is necessary to conclude this current proof, can be expressed in
a more compact manner. O

Lemma 6.2.5. Let e be a multiindex of degree d in N* 1 that is not of shape
d-1; for all0 < j <n. Let

Ve (xu (e H xq: — MinMon(e + Z dl))>

di=e di-e

be a vertex, where x¥ is a non-constant monomiaﬂ. If this vertex appears at
some point in a reduction path p in the sum (3.3.11)), then p contains at least one
elementary reduction path of type 1, i.e. the reduction map p, is not constant.

Proof. We are using induction with respect to the class of ze, starting with
maximal class.

The assumption e # d-1; assures that ze [ [ iy o 2ai —MinMon(e+)_ jiv o di)
is indeed an element of the Pommaret basis. Recall that by our conventions,
the notation in the lemma implies that ¥ is multiplicative for

2" (ve H xq: — MinMon(e + Z d;)) € H.

dire dire

We use induction over the class of xe:
If 7, has maximal class, we have e = d! = (0,...,0,1,d — 1). In this case, the
form of the element given in the lemma is necessarily

vez” (23 — MinMon(2d")),

as no other shapes are possible. Now the element xfll — MinMon(2d?) is of
maximal class, and therefore there are no reduction paths of type 2 originating
in this vertex by lemma m (see also the discussion preceding said lemma),
because in this case any variable is multiplicative for the leading monomial lel.

!Recall that by our assumptions, the notation 2 (ze [] zqi — MinMon(e + Y d;))
dire dire
implies v € ncrit(ze [] z4q: — MinMon(e + > d;)).
dire dire
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Now let z¢ be not of maximal class. Let ¢ be the number of monomials of
type d* (see definition [6.1.14)) for which d’ = e holds. This means d’ = e if and
only if 4 < t. By construction, d? is of shape

d' = (0,....,0,d(t)s,,d — d(t)s,,0,...,0)

with 1 < d —d(t)s, < d— 1. Since xq¢ = xe holds, for entries of e, we have
e = 0 for j' < sy and d(t)s, < e;, < d— 1. Since e is a multiindex of total
degree d, this implies that there is a je > s; such that e;, > 1. We fix this index
je- Now consider the multiindex e + >_ ;. . d’. By remark we have

t
dodi =) "d' =d(t) =(0,..,0,d(t)s,,d — 1,....d — 1.
i=1

di=e

But this implies that for the multiindex e + > ji, d’, the je-th entry must be
greater or equal to d, and therefore by lemma [6.1.5] we have

MinMon(e + » _ d) = 741, MinMon(e + Y _ d’ —d-1;,). (6.2.1)
di>e di>e

By lemma [5.1.1} it suffices to consider elementary reduction paths of type 2
originating in the vertex given in the current lemma. Any such path is of shape

vz(m”(xe [T za: — MinMon(e + > dl))>
di=e di=e

I

ven (% (e T1 wa: —~ MinMon(e + 37 d)))

v
" dixe dire

where the omitted target comes from the involutive standard representation (of
the M-component) of

:I;D

Vl\mUnxm(
X

n

(ze H zq: — MinMon(e + Z di))),

di>e di>e

where by remark we havd]| m € £ and n = cls(2¥) < cls(£). In fact, this
vertex is its own involutive standard representation if and only if z, is multi-
plicative for xe [[4iv Zai- However, as in this case we have

v

deg(—m) = dega” > 1,
xr

n

INote that here £ is actually a multiindex of multiindices, as the variables are enumerated
multiindices.
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the entire path cannot be a concatenation of exclusively such reduction paths
where 2y, is multiplicative for ze [[4is Zai. Additionally, when zy, is multi-

plicative, if we choose £ = (£\ m)Un and z* = ””;I", the target of the path
is again of the same form as the source of the path,myet it is smaller than the
source of this elementary reduction path with respect to the ordering induced
by the Morse matching. Therefore we can proceed by recursion. Without loss
of generality, we can assume that ., is non-multiplicative for e [[4isq Tai-

Now we proceed by calculating the involutive standard representation of

xm(g(xe H zq: — MinMon(e + Z dl)))

dire dire

First we need to find the unique involutive divisor of the leading monomial
xl/
xm(gxe H xdi).
di>e

From the definition of d?, we immediately see [| di>m Zdi 18 @ minimal monomial,
so the Pommaret basis contains the element

T H xg: — MinMon(m + Z d),

di>m di>m

whose leading monomial is the involutive divisor we are looking for (note that
we have zp, > Z as we are in the case where m is non-multiplicative).

So we have
ﬁmm(($e H xq: — MinMon(e + Z dl))
Tn dire dire
= i—nxe H Tqi (SUm H zg: — MinMon(m + Z di))
exdi<m di=m dirm
+ % e J] zaMinMonm+ 3 d) - Lo MinMon(e + 3 d)
" exdi<m di=m Tn dire

z¥ . .
= axe H 2qi (Tm H xqi — MinMon(m + Z d"))
exd‘<m di>m di>m
i . -
+ g1, Exe H zq: MinMon(m — d - 1;,, + Z d")
e<di<m d‘=m
z¥ . X
— xm?xd‘lje MinMon(e —d - 1,, + Z d"),

" dire

where je is the index associated to the multiindex e earlier in this proof, and j,
is the index that is constructed in the analogous manner from the multiindex
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m. Regarding the last sum, we again see, as in the proof of Lemma that
the sum of the last two lines is an element of 1(Y’), since we know that the first
summand of the last sum is an element of I(Y'), and from the first line of the
equations, so is the entire sum. Now once again, the arguments from remark
[6-2-4] tell us that the last two summands cannot contribute any constants, i.e. no
reduction path appearing in the sum may contain a vertex v,h, where
h, is either of those two summands.
For the first summand, the leading monomial of

Tm H Zqi — MinMon(m + Z d’)

di>m di>m

is of class m > e, i.e. for this summand we can apply induction. This concludes
the proof. O

This lemma was all that was needed to finish the proof of Lemma[6.2.3] We
have constructed a generator which survives any minimisation, and thus gives
us a non-vanishing shifted Betti number 3/ cls(zqq)+1,g (the +1 appears in this

sum as we are constructing Betti numbers of P/I, not I). Now we calculate the
class of d?:

Theorem 6.2.6. Let SY = P/I(Y) and q be an integer with

l<q< W—UWH)J —

d

Then for every q, there is a non-vanishing Betti number

d(Q)Sq .
d—it+r,—1
B;nfcls(wdq)ﬂ’q(s(d)) #0, where m—cls(d?)+1 = Z ( g 75 )—rq.
i=0

Proof. We have

m — cls(zqq) + 1
= #{ele>d’=(0,...,0,d(q)s,,d — d(q)s,,0, ., 0)} + 1

d(q)s, n
( U {e\e— s 0,4, €5 41,00y €0), Z ej:d—i}
j=sq+1
\{d%d 1y, 41,0 d- 1n}) +1
d(q) sq Tq
Z #{e | €= '707i7en7rq+1; ---7en)7zen7rq+j =d-— Z})
j=1

—#{dq d-1g,41,00d 1,}+1

d(q)s,

— 1
_Z( Z+7’q >—7'q—1+]_
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with a simple combinatorial argument. O

Remark 6.2.7. If we have d > g + 1 we immediately see that the numbers from

Definition [6.1.14] simplify to r, = ¢, s, = n — ¢, d(q)s, = ¢. Using basic
identities of binomial coefficients, we obtain

m—cls(dq)—kl:zq:(d_iltz_l)—q= <d+q>—<d_1>—q,

i=0 4 q

which is the same bouncﬂ as in [EL12, Theorem 6.1 and 6.2]. There, the respec-
tive result is given for d > g + 1 (see [EL12, Theorem 6.3]), while our results
cover all values of d. Finally, we point out that the arguments in this chapter
are independent of the characteristic of k.

If we go back to the beginning of this chapter, we see that in terms of the
Betti table, we have found non vanishing entries

0 1 2
01 — - .7 ?
L= fiz= 51,1 5&,2
. ’
2| - ? ? ? m—cls(zy2)+1,2
7.“ — ? 7.7 ? LT %

marked with *. To precisely determine the question of the N, property, we
would have to prove that all entries marked with a red 7 are in fact 0. But
we also see that we have an upper bound for the N, property, given by the

non-vanishing shifted Betti number 3] els(wg2)+1,2" This leads to the following

corollary:
ez d—i+ry—1
—cls(zge) +1= 2 -
a1 ()

=0
Corollary 6.2.8. The Veronese subrings satisfy the N,, property for some

d(2)s, .

d—i+ry—1
p<m—cls(zgz) +1 = ; ( d_i )—rg.

6.3 Interpretation of the constructions of this chapter

Some of the constructions of this chapter may appear to be somewhat arbitrary
at first glance. In this section, we explain the ideas behind the constructions
earlier in this chapter and hint at where we see potential for generalizations.

INote that our situation corresponds to b = 0 in the referenced paper.
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6.3.1 The ideas behind the construction

While in most literature about Veronese subrings, explicit constructions of the
ideal I(Y') are usually done with goal of obtaining a generating system with
square-free leading terms, such an approach would be counterproductive when
one wants to use the Pommaret division as a tool: If we combine Theorem
and Corollary [6.1.17] we see that any Pommaret must contain exactly
m — n pure powers of variables as leading terms, which of course then have to
be the largest variables for some elements of H with respect to the degrevlex-
order (whose exact definition at this point of the thought process is yet to be
made). As another consequence, the n 4+ 1 smallest variables cannot appear
as classes of leading terms of the Pommaret basis. How should we pick these
variables? There are n 4 1 special multiindices of degree d which are somewhat
natural candidates, namely the multiindices of shape (0,...,d,...,0) =d-1,.
This motivates the part of definition of the degrevlex order in Assumption [6.1.1]
which defines the variables of shape xq.1; to be the smallest variables.

Now if we want to find a systematical way to construct all elements of a
Pommaret basis, we start with the fact that I(Y") can be generated by elements
of shape z¥ — 2™, where x* and ™ are monomials as in Lemma ie. we

have
t t

e= (pi-di) =) (m-e;) e N
i=1 i=1

for some multiindex e. As we have explained in Example[6.1.11] we obtain such
a generator by decomposing the multiindex e into different sums of multiindices.
There are many such sums and for any choice of " >~gegreviex ™, We have a
x#* — 2™ € I(Y). This leads to the question which indices one should chose.
Every such z#, except for MinMon(e), must appear as leading term in exactly
one element of the Pommaret basis. It appears natural to pick the elements of
shape z# — MinMon(e). But in fact, there is even another heuristic reason for
this choice: We guarantee that the elements of the Pommaret basis are auto
reducedﬂ i.e. no summand in any element of # is involutively divisible by the
leading term of another element of . So we have two intuitive reasons why
elements of H should be of the shape given in Theorem [6.1.9

Regarding the defining conditions of the sets H; in Theorem we Now
have given the reasons behind every condition except

Zd, - - - 4, = MinMon (idj)‘

Jj=2
This condition does not so much come from the Veronese subrings, but it takes

care of a basic property of involutive bases: If this condition is not satisfied, we
have that H,;_; contains the element

h=uz4, - 2q, —MinMon(idj).

Jj=2

ISee Definition [2.3.14} This time we mean auto reduced as opposed to head auto reduced.
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Given our general assumption x4, < xa4,, the leading term of h is an involutive
divisor of the leading term of

t
Td, " Td, — MinMon(Z d;)

j=1

and hence H would not be involutively (head) auto reduced. Additionally, this
condition has another beneficial side effect: In combination with the fact that
the variables z4.1; are the smallest variables, it ensures that H is indeed finite:
This combination implies that in the multiindex Z;ZQ d;, no entry can be larger
than d, for otherwise one of the d; would be of shape d-1;, which is not allowed,
as we have seen above. This idea is directly formalized in the proof of Theorem
0.1.9

Going back to the degrevlex order defined in Assumption we have to
reason why we would sort variables of shape x4 with d # d - 1; in the given
way. This part of the monomial order does not come into play until much later
in the chapter: We need it for the construction of the non-vanishing generator
of Remark We recall that in our proofs, we had to invest quite a lot of
computations to show that the differential of the given generator

h =vgat, . (0,...1,4-1) (xﬁqxdqq ez — MinMon(dq + d(q)))

does not contain a constant. The fact that it was not contained (with a constant
coefficient) in the differential of another generator follows simply from a class
argument, which is based on the fact that the index set of v, contains all non-
multiplicative variables. So regarding the differential of this generator it seems
natural to choose a particular useful combination of non-multiplicative variables;
since we are considering the Pommaret division, this implies that we want these
variables to be the largest with respect to the degrevlex order. Now what is this
useful choice?

In the process of calculating the differential of h, we have to take the product
of a v,h,, we have to consider the product xqh, for all d in the index of v,.
How can we guarantee that neither of these summands contributes a constant
to the differential? Here we recall Theorem [B.1.4 In the involutive standard
representations of xqh,, any summand where a variable of shape z4.1, appears
will not contribute a constant to the differential. So under which circumstances
will many, or even all, such involutive standard representations be of this shape?
For a variable x4.1, to appear in the involutive standard representation of some
xa(z? — ™), we expect it to be necessary that the j-th entry of the multiindex



are as large as possible. However, we still want the entries to be smaller than
d — 1, for we would like to be able to construct the Pommaret basis via the
algorithm of Example A candidate for such a multiindex is of shape

d(g) = (0,...,0,d(q)s,,d — 1,...;d — 1),

see Definition It seems also to be the case that this multiindex has
the property that, if we count the number of different multiindices of degree d
appearing in some decomposition of d(g) into sums of multiindices, then this
number is probably minimal. Whenever we add d(q) to a multiindex d with
an entry d; > 1 for a j > s4, the j-th entry of the sum d(gq) + d is at least d.
Obviously, for any d with d = gegreviex d(¢), this condition is satisfied. So we we
want the conditions

® Iq € ?'<degrevlexyp (ha) a’nd

od tdcgrevlcx d(‘])

to be satisfied simultaneously. This suggests that we should indeed order the
variables zq as in Assumption [6.1.1] This is the final part of the idea behind
the definition of our degrevlex-order.

Now we should also explain how we came to choose the generator

T3eTga-1 -+ g1 — MinMon(d? + d(q))
appearing in h. We have seen that the multiindex
d(q) = (0, ey 0,d(q)s,,d—1,....,d — 1)

was appearing somewhat naturally along our line of thought. For every decom-
position of this multiindex into multiindices of degree d, we obtain a candidate
for an element of I(Y). But we found that there is no clear answer to the ques-
tion which one these decompositions is a good candidate to pick; furthermore,
some candidates might actually fail to be elements of H. But there is more
natural way to construct an element of H from d(q): We consider the monomial
MinMon (d(q)), and multiply it with its class, obtaining the generator
T MinMon (a@) MinMon (d(¢)) — MinMon (d + d(q)).

A systematical way to describe this construction is by using the numbers of
Definition since

MinMon (d(q)) = zq, - - - Ta,

and hence
d? =cls (MinMon (d(q)))

The generator

T MinMon (a@) MinMon (d(g)) — MinMon (d + d(q))
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is in fact nothing else than
T3eTga—1 -+ g — MinMon(d? + d(q)).

The remainder of Section [6.2] shows that these heuristically justified con-
structions indeed have the intended behavior.

6.3.2 Possibilities for generalization

We have explained in Section that behind the technical language intro-
duced earlier in this chapter, there are combinatorial arguments which can be
expressed purely by multiindices. Recall that it was our key idea to consider
the multiindex

d(q) = (0,...,0,d(q)s,,d — 1,...,d — 1).

Ignoring for the moment some correctional terms in the formulas, we have seen
that

e the degree of elements of the Pommaret basis, and hence the total degree
of the non-vanishing Betti numbers in Theorem [6.2.6] corresponds to the
question if this multiindex can be decomposed into sums of multiindices
such that the defining conditions of Theorem [6.1.9] are satisfied.

e the homological degree of the non-vanishing Betti numbers in Theorem
corresponds to the number of multiindices for which every entry is
at most as large as the respective entry of d(g).

Of course, this idea leads to many new questions: If we exchange d(q) for
another multiindex, is it possible to obtain other non-vanishing Betti numbers?
Or even lower bounds larger than 17 It is likely that we need some adaptations
to the monomial order of Assumption [6.1.1]

We also point out that so far we have been aiming to construct non-vanishing
entries which are, as conjectured by [EL12] in their case d > ¢ + 1, possibly the
leftmost non-vanishing entries in each row. As a corollary, we had bounds for
the Np-property. However, the question of the linear strand asks us to try to
construct non-vanishing entries of the Betti table which are as much to right
as possible (and the also to find the rightmost such entry). Thus, it could be
beneficial to identify multiindices which can be decomposed into sums where as
many multiindices as possible appear. Recall that for d(g), we suggest that is
number might be minimal.

Since we were working with Veronese subrings, any multiindex of degree d
needs to be considered. But what if we change the map

vg: Py — P,

by omitting some monomials? Of course, this means we are removing some
multiindices from our constructions and therefore also possibly some decompo-
sitions of d(¢). Do the purely combinatorial arguments remain valid if we simply
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add the condition that the multiindices in question need to be contained in a
subset? On first glance, we consider this to be likely, but a more rigid investi-
gation remains necessary. If the answer is yes, how does it effect our Pommaret
basis and the formula for non-vanishing Betti numbers?

There are also other different generalizations of Veronese subrings, such as
Veronese modules given by

Sn,d,k = @ Ik[zlio, ---axn]k+1’d~

i>0

While our initial impression is that applying our ideas to the modules would
require complicating our language, it still looks possible.
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7 Green’s Hyperplane Restriction Theorem

In this chapter, we aim to prove a part of Green’s Hyperplane Restriction Theo-
rem. The contents of this chapter are independent of Chapters[3|to[6] To state
the theorem, we need the definition below.

Definition 7.0.1. Let ¢,t > 0 be two integers. By [Gre98, Theorem 3.1], there
are unique integers k¢, ....,t5 > d > 0, such that

()0 ()

In this situation, we define

ki —1 ki_1—1 ks — 1
e = () () e (M)
where (‘;) =0ifa <b.

Now the full version of the Hyperplane Restriction Theorem can be formu-
lated as follows.

Theorem 7.0.2. [Gre98, Theorem 3.4] Let I < P be an ideal with Hilbert
function HEp ) (t). Let Iy be the restriction of I to a general hyperplamﬂ seen
as an ideal in the polynomial ring Py . Then for any integer t > 1, we have

HF’PH/IH (t) < (HFP/I(t))<t>'

We will prove a weaker statement, which is given in Theorem |7.4.4} essen-
tially we restrict ourselves to sufficiently large values of ¢.

In [Gre9§|, the theorem comes alongside a number of other theorems, for
example the Persistence Theorem and the Regularity Theorem of Gotzmann,
which follow the common question of examining the behavior (in particular the
growth) of the Hilbert function and its relation to the Castelnuovo-Mumford-
regularity. Green proves the Hyperplane Restriction theorem together with
Theorem [7.0.3] below, by doing one large induction which covers both theorems.
However, looking at the proof given [BH98, Theorem 4.2.10], Theorem @
can also be understood to be a corollary of Theorem [7.0.2} If Theorem [7.0.2)
holds for a degree ¢, then so does Theorem [7.0.3] for the same ¢. Hence, if we
can prove Theorem for sufficiently large values of ¢, then we also obtain a
proof Theorem [7.0.3]

Theorem 7.0.3 (Macaulay’s Estimate on the Growth of Ideals). [Gre98, Propo-
sition 3.5] Let I <P be an ideal. Then for any integeﬂ t>1,

HFp/(t+1) < HFp ()"

IMore precisely, we mean that there is an open subset of hyperplanes for which the state-
ment holds, see Definition

2Here the ¢<*> is defined in analogy to the c<¢>-notation of Deﬁnition by increasing
each k: by one.
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Definition 7.0.4. Let I <P be an ideal. The saturation of I is the ideal
Pt ={feP|3IkeN:f P, CI}
I is saturated if and only if I = I3,

We revert back to our conventions stated in Assumption while in
particular discarding both the temporary Assumption and Assumption
[6-0-T] of the two previous chapters. However, we still consider only Pommaret
bases.

Definition 7.0.5. Given an ideal I <P, we define By(I) =1t({), N'T and
BENI) = [{t € By(D)| cls(t) = k}.
The B-vector of I is
By(I) = (BO(I),..., BSM(D)).

Lemma 7.0.6. Let H = {hy,...,hs} be a Pommaret basis of the ideal I 1 P.
For every hy, € H, let k,, be the number of multiplicative variables of hy, i.e.
ko = cls(hy) + 1. Then we have

- (q—deg(hy) + ko —c—2
@P(I)—Z( R )

a=1
ZZ(q f+k02>ﬁé}
F>0k=0 ¢—f-1 7

where the 6(()]_32 are the numbers from definition .

Proof. Essentially this is nothing else than a refinement of the representation of
the Hilbert polynomial given in lemma [2.3.64} Instead of counting all elements
of degree ¢, we count elements of degree ¢ and class ¢. For any h, € H and a
degree ¢ > deg(h,), picking a monomial z# with degz* = deg(h,) — ¢ gives
a basis vector z#h,, € I, and if we additionally require z* € k[Xp 5 (hy)], we
obtain a basis of I, by taking the union over all such monomials and all h,.
Now 5(0)( I) is given by the number of basis elements z*h, € I, of class c. To
count those, we have to count the multiindices p for which p. > 1, pur = 0 for
k < c and k > cls(h,). This means that in the formulae of equation in
lemma [2.3:64] we have to replace t by ¢ — 1, ko by ko — ¢ and k by k — c. This
gives the sums of the lemma. U

7.1 Lex segment ideals

In this section, we will introduce lex segment ideals, which are monomial ide-
als with additional “nice” properties. Later on in this chapter, we will link
(saturated) lex segment ideals with various representations of the Hilbert poly-
nomial. This kind of connection is by no means a new idea, and closely related
constructions can be found for example in [Geh03] and its foundation [Ree92].
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Definition 7.1.1.

e A set of monomials of degree g is called a lex segment (of x#) if it is given
by
Lex(a") = {«* € T | deg(a”) = ¢, " Siex 2"}

for some monomial z# of degree q. We also understand the empty set to
be a lex segment.

e A k-linear subspace V of P is called a lex segment space if VN'Ty, is a lex
segment for all d € N.

e A monomial ideal I of P is called a lex segment ideal if 14 is a lex segment
space for all d € N.

These definitions are in analogy to [KR05, Definitions 5.5.12 and 5.5.30]

Example 7.1.2. Let P = k[zg, 71, 72]. Then the lex segment of x$ is given by
Lex(2/) = {3, x3wq, xox 129, 320, T3, 123, 15 }.

Lemma 7.1.3. Let I QP be a lex segment ideal. Then I is stable (and therefore
also quasi-stable). The unique monomial minimal generating system of I is a
Pommaret basis.

Proof. Let x* € I with cls(z#) = 4. Since I, is a lex segment, then z#~1it1i ¢ T
for j > i, which is the unique involutive divisor of z#*1i. Using lemma
we see that T N I; is a Pommaret basis of (I;), and then so is the monomial
minimal generating system of I. O

Lemma 7.1.4. Let I <P be a lex segment ideal. If I; = (Lex(a*)) for some d,
we have (Lex(xox*)) C I41, and equality holds if and only if I has no minimal
generator in degree d + 1.

Proof. Let z¥ € Lex(xoz*), 80 v ¥=1ex pt+ 1o. We separately consider two cases:

cls(z¥) = 0: Then we have vy > 1, 80 v — 1g =jex . Then 710 € I; and
therefore ¥ € 144 1.

cls(z¥) =i > 0: Here we have v »=ox v—1;+1¢. Nowifv — 1; + 1 =1ex p + 1o,
we have v — 1; >jex 1 and therefore x¥ € I;4.

Now let I have no minimal generator in degree d + 1, so P -I; = I;4+1. For an
x¥ € Igy1, we have ¥ = x;2" for some ¢ and " with K =jex p. But then

Vv=K+1; Zlex K+ 1o Z1ex 4t + 1o,

and therefore z¥ € Lex(zox*). O
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7.2 Saturated lex segment ideals

Lemma 7.2.1. [Sei09, Corollary 10.2] Let H be a Pommaret basis of an ideal
I <P. Then I is saturated if and only if H contains no elements of class 0.

Lemma 7.2.2. A lex segment ideal I <P is saturated if and only if
INT ={z" | 2" =jex 2"}
for some x* € T with cls(z*) > 0.

Proof. Let ‘H be a monomial Pommaret basis of a saturated lex segment ideal
I 9 P. In particular, H is a minimal generating system of I by lemma [7.1.3]
Now let z* be the element of H which is minimal with respect to the lex order
among all elements of maximal degree in H. We claim that for this a*, we
have INT = {z” | ¥ »1ex *}. Since I is saturated, we have cls(z*) > 0 by
lemma [7.2.1] Suppose there is an 2" € I with 2" <jex z#. Let d = degz®. We
separately consider two cases:

d < deg(x*): Let u = p' + p? such that deg 2#° = d and such that there is an
index i, such thaff] u} =0 for i > i, and p? = 0 for i < i,. So we have

/’Ll = (MO? ooy My, —15 Mgy, — a,LL7O7 70)

and

u? = (0,...,0, Ay Py 415 ooy fon)
where 7, and a, are the unique numbers such that d+1 = au—l—Z?:i“H 5
and 0 < a,, < p;, (if such numbers do not exist, then because of d < deg p,
we must have y = v, contradicting the assumption z* <o, a*). Since
additionally we have deg W =d+1>d= degz™, " <jex x* implies

Yy — .
" <lex 2. We have xgeg(w )=dyr ¢ [. But now we obtain

K+ (deg(w”) - d) ' 10 Slex K+ /ufl <lex p,2 + ,Ltl = M.
This contradicts the choice of z*.

d > deg(x*): In analogy to the case d < deg(a#), let k = k! + k? such that
deg = deg(z#) and such that there is an index 4, such that x} = 0 for
i > 1, and m% =0 for i < i,,. So we have

1
K" = (Ko ooey Kip—1, Ki,, — Uk, 0,...,0)

and

2
KR = (0, veey O,CLH, K41y /in)

where i, and a, are the unique numbers such that

deg(z") = a, + Z Kj
it

1#} refers to the i-entry of the multiindex pl.
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and 0 < a,, < k;, (such numbers do exist because of the assumption
d > deg(z#)). Now by construction, k2 is an involutive divisor of &, and
since [ is generated in degree deg(z*) = d = deg(w”Q), we have z* € [ if
and only if 2% € 1. Soz*" € I. Now if k2 > u, then also & =jex K2 >lex [,
so we must have have k? <o jt, contradicting the definition of w.

Now take I to be a monomial ideal with I N'T = {z¥ | ¥ »jex 2"} for some
z# € T with cls(z*) > 0. By lemma [7.2.1] it suffices to show that if zqz” € I,
we also have x¥ € I.

So let zgx¥ € I. Then we have v+ 1y >1ex U, so the last non-vanishing entry
of p — v — 1¢ is negative. Since the entries of y — v — 1p and p — v are the
same, with the exception of the 0-th entry (belonging to (), we easily see that
v =lex 1 unless the O-th entry of u — v is positive. But because of cls(z#) > 0,
we have g = 0, and so this is impossible and therefore z¥ € I. O

Now in the special case of an ideal for which It(I) N T = {a¥ | 2¥ =1ex *}
for an z* € T holds, it is possible to directly give a Stanley decomposition for
the module P/I, from which we then can read off the Hilbert polynomial of
P/I. In fact, we will even know slightly more about the Hilbert polynomial, as
this decomposition will even give us the Gotzmann representation (see definition

7.3.1)) of the Hilbert polynomial.
Lemma 7.2.3. Let I <P be a monomial ideal with

W) NT = {z" | 2” =jex 2"}

for some x* € T. Then

Hn—1 fn—1—1
P/1I) = @ Ko, ...tn 1]z, & @ Ko, ..., wn_olal,_ zh
=0 =0
p1—1 po—1

®...® @ Klzolziah? ot & @D kapal - atin
=0 =0

Proof. Note that a k-basis of P/1t(I) is given by {z” € T | ¥ <jex 2*}. The
direct sum decomposition essentially does nothing more than partitioning those
generators by the last non-vanishing entries of the difference p —v. It is obvious
that no elements of this basis are missing, and that no redundant elements are
added either. 0

We explicitly state one corollary of this lemma. Due to lemma [7.2.2] the
corollary does in particular hold for saturated lex segment ideals.

Corollary 7.2.4. Let I <P be a monomial ideal with
() NT = {z" | 2 =1ex 2"}

for some x* € T. Then the reqularity of P/I is given by reg(P/I) = deg u.
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Proof. From the decomposition of lemma we immediately see that a Pom-
maret basis of 1t(7) is given by

pn—1+1

M1 uo+1>
n—1 ’ 0 .

(ghn ¥ ghn g @b it
We now obtain the formula for the regularity by Theorem O
Definition 7.2.5. For an integer a > 0, let

(t+a> t+a)t+(a—1)---(t+1)

. )= € Q[t]

a!

be a polynomial function. We understand (t'go) = 1.

Corollary 7.2.6. Let I <P be an ideal with 1t(I) N'T = {z” | ¥ =1ex x*} for
some xt € T. Then the Hilbert polynomial of P/I is given by

i=0 i=pn

g +””+”'+§+W1 ((t — )+ 1) +"“+'§:"°‘1 ((t — i) +0>

1 0

T =pn .1 T=pn+...+p1

Proof. If we restrict the decomposition of lemma [7.2.3] to terms of degree ¢ with
t> deg(x*), we obtain

Hn—1 pn—1—1

(P/ lt(I))t = @ k[zo, ...Tpn_1]t—s - T\, @ @ k[0, v, Tr—a]t—py—i- T Tn
i=0 =0

p1—1 po—1
7,02 n % 151 n
. @ @ ]k[xo]t_un_ﬂ-_PQ_i '1‘1.7;2 '..xélL @ @ ]kxo .xl "'.Z'Z
=0 1=0
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which gives

HPp,1(t)
= HPp,10(1)(t)

_ uil ((t_?:r(f_ 1)) +”n71—1 ((t — L ;zz; (n— 2)) .

i=0 =0
p1—1 . no—1 .
(t— oy — coee — o — 1) + 1 (t—pn —oco —p1 —3)+0
<2 1 3 ;
i=0 =0
—_ n n— -1 .
S (i ey R (D - 2)y
T n—1 ; n—2
=0 T=fn
Pntotp2t+pr—1 . Pn+otpo—1 .
(t—z)-l—l (t—1i)+0
D SE G D SN G
T=n+... 01 T=pn+... U1
O

Note that if we understand (‘;) = 0 if a < b, the proof ensures that the

formula from lemma [7.2.6] gives the Hilbert function, and not just the Hilbert
polynomial.

7.3 The Hyperplane Restriction Theorem
Definition 7.3.1. Let f € Q[t] be a polynomial. If f can be written as

P () (D) g (U0 )

with integers a; > a2 > ... > a4 > 0, we say that f has a Gotzmann represen-
tation and we call
(a1,az,...,aq) € N9

the Gotzmann difference set of f. For i > 0, we call a; = a;(f) = #{a; | a; =i}
the i-th Gotzmann coefficient of f. The set

G(f) = (ag,a1,..., 80, -1, 04,,0,0,...) € NN

is called the Gotzmann vector of f. If f = HPp, is the Hilbert polynomial of
an ideal, we use the notation

G(I) = G(HPp,)

and call G(I) the Gotzmann vector of 1.
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This notation is a minor adaptation of the notation used in [AGS09, Defini-
tion 2.10].

Obviously, the Gotzmann vector can be determined from the Gotzmann
difference set and vice versa.

Lemma 7.3.2. Let a = (ag,aq,...,a,,) € N*T1 be a multiindez. Then the
Gotzmann vector of HP (pex(a)) is given by

(Oll, veey Oén,(), )

In particular, a polynomial f € Q[t] has a Gotzmann representation if and only
if there is a lex segment ideal with Hilbert polynomial f.

Note that « is irrelevant for the Gotzmann vector.
Proof. See (proof of) lemma O
Lemma 7.3.3. The Gotzmann representation is unique, provided it exists.

Proof. This follows by recursion, using the fact that we must have a; = deg f.
O

We also state the relation between the Gotzmann vector and the (-)<ys-
notation of Definition [Z.0.1]

Lemma 7.3.4. Let the polynomial f € Qlt] be given by the Gotzmann repre-
sentation

f— <tzla1> N <(t ]C.L)2+a2> P <(t (g agl)) +ag>'

Then for any q € Z with ¢ > g — 1, we have

F(@)<q> = <t+a1_1>+((t_1)+a2_1>+...+((f—(9—1))+ag—1>'

ap—1 az —1 ag—1
In particular, if f is defined by the Gotzmann vector
(ag, a1, ..., G, 1, 0q,,0,0,...) € NV,
and h € Q[t] is the polynomial defined by the Gotzmann vector
(ag, .., 8a,1,04,,0,0,0,...) € NV,
then we have that for any q > g that

h(q) = f(Q)<q>-

Proof. Using the identity (Haa) = (tta) the statements follow immediately from
the respective definitions. O
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7.4 Connecting Pommaret bases and Lex segment ideals

Remark 7.4.1. Our next goal is to find a relation between a Pommaret basis H
of an ideal I # {0}, and the Gotzmann representation of the Hilbert polynomial
HPp ;. As a byproduct, in the process we will also find a another proof for one
part of Lemma|7.3.2} namely that the Hilbert polynomial of an arbitrary graded
ideal has a Gotzmann representation. Our idea is to use the Pommaret basis H
to construct a (saturated) lex segment ideal I’ with the same Hilbert polynomial
as I. For this ideal I’, we will then use the decomposition of lemma and
the formula for the Hilbert polynomial HP p/(s) of corollary

We deviate from the usual convention of first stating the precise lemma we
want to prove, for the following reason: If one starts with a rather intuitive
computation of the Hilbert polynomial, after some calculations, one naturally
arrives at a point where the suitable (recursive) definition of the lex segment
ideal I’ is clearly visible. A concrete illustration of the calculation can be found
in Example [7.4.3] below.

Without loss of generality, we can assume that the ideal I is d-regular, i.e.
it has a Pommaret basis. I’ is quasi-stable by lemma (provided it exists).
Now if we look at the formulae from lemma [2:3.64] we see that the Hilbert
polynomials HPp,; and HPp ;s of I and I are identic if and only if the beta-
vectors of I and I’ are identic for large degrees. More specifically, we want the
ideal I’ to be a lex segment ideal with

I'NT = {z" | 2" =lex "}

for an a# € T, since for such ideals we can make use of corollary [7.2.6] Since
I’ is obviously generated by I’ N T, finding a suitable p is a sufficient answer
for the question of constructing I’. We also restrict ourselves to the case where
dim(I) # 0, as in this case the Hilbert function of I and Iy is 0 eventually,
so the Gotzmann Hyperplane Restriction Theorem trivially holds in sufficiently
large degrees.

We set BC(ZJ)(P/I) = |{z¥ € Ty |2z € W(I),clsz” = j}|, in a manner similar
to the B-vector, see definition In particular, we note

n

> 8 = dim(P/I)a.

=0

We will construct the entries of p recursively (starting with a maximal nonzero
index pi and then working “backwards”). Assuming that we have have con-
structed pig_(i—1), .- ik, we will develop a formula for py_; depending exclu-
sively on p_(i—1), ..., & and the Bc(ij)(P/I). As a technical tool, we also define

integers t; depending on ug_;. The t; correspond to degrees which we consider
in the process.

e To start the recursion, let k be the maximal integer such that ﬁr(fg); (P/I) #
0. This choice is possible, as I is not a zero-dimensional ideal. Then we

set pr11 = ﬂr(fg)l(P/I) and p; = 0 for j > k + 1 (note that if k = n,
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we would have P/I = P and therefore I = {0}). We also set t_; =
max{reg I, pip+1} + 1.

With this choice of k, we have

P = B ((PIT) =y

for t > reg I = degH, for the following reason: Considering I’, for ¢t > pp41, the
monomials of degree ¢ and class k which are not in ], are

t t—1 t—(uky1—1) prp1—1
Ty Tp  Thagl, e Ty T

Therefore 6,§k) (P/I') = pge1 = t(k)(P/I) as soon as
t >t =max{regl, pp+1} + 1.

While the additional summand of 1 in the definition of t_; may look unnatural
at first glance, it is necessary to make our computations work..

e Now we want to define puy,_; and t; for i < k — 1 such that for any choice
of pig, ..., hr—i—1, the equality

s P = B/
for t > pg_;—1 + t; holds.
So we fix an integer 0 < ¢ < k — 1: First, we define
t; = pg—; +ti—1,

so we only have define p;_; now. We want to ensure that 5§k7l) is identic for I
and I'; given t > t; 11, where t;11 is yet to be defined. Using induction for the
higher classes, we can assume that

B0 psry = P/

holds for all classes k — 1 >k — 1, all pg, ..., pux—; and all £ > ¢; = pp—; +t;-1 .
So for any pg_;—1, let

k

big1 = p—i—1 +1; = Z pj + max{reg I, ppy1} + 1,
j=k—i—1

the minimal degree for which we want 5(k_i_l)(77/f') = B(k_i_l)(P/I) to hold.

: tit1 tit1
For any choice of uq, ..., ux—;—1, we have

(k—i—1) (,P/I/)

tit1
=|{a" € T4, | v <tex (105 oo 41,0, ..., 0), clsv =k — i — 1}
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If we have clsv = k — i, then vy, ..., vx_;_2 = 0. Note that we have i < k — 1.
={z" € Ty,\y |V <tex (0,00, 0y fik—im1, ooy 141, 0, ..., 0), cls v =k — i — 1}
:ny € TtH_l | V <lex (ﬂk—i—laoa ""707/1’16—1'3 ""7Nk+1707 "'70))7(318’/ =k—i— 1}}

+ |{£EV S Tti+1 | (,uk,i,l,O, ....,O,y,k,i, ....,/J,k+1,0, ,0) <lex V

<itex (0, vy 0, fik—i—1, coons 41,0, ., 0), cls v =k — i — 1}

But since t;11 = Z?:kﬂ'q pj + max{reg I, jp41} + 1, the second set is empty
for degree reasons.
:{{x” €Ty, |V <tex (ph—i=1,0, ..., 0, ftg—is ooy flks1,0,...,0)),clsv =k — i — 1}}
:655;11-71) ('P/<Lex(x(ﬂk7i71:07“--;07Hk:7i7--~7N7€+1707---a0))>) |

Using lemma [7.1.4) and lemma [7.2.3]
i+1 .
i —1 —1+2)-1 _ )
_E ( i+1 )+ (i +2) )/@é’“ l)(P/<LeX(x(O’ ~~~~~ O,k —is--n- 7ﬂk+1707~~»70))>)

2+1_t -1

- Z ( it1 — i — 1) (’L -1+ 2) - 1) /Bgik—l) ('P/(LGX(Z‘(O" ..... O,k —iseeer ,pk+1,0,...,0))>)

tig1—t;—1

+5t(k i—1) (P/(Lex(x(o’ ----- 0, ki ,uk+170,-~,0))>)

Now we use the fact that in order to determine the numbers Btk l), we need
to count elements of class k —1 > k — i (see also the definition earlier in this

remark). But for any ch01ce of Lo,y - ,;Lk i—1, these numbers are obviously the

same for ideals lex(z(0 - 0bk—isetti 41,050 )} and lex(a(#o - ret+1,0::0))) = [/,
i -1 i—1+2 _
(et ,f AR el
2+1 1

+6t(jc i—1) ('P/<L6X(Z‘(O’ ..... O,Mk,i,....,uwrl,0,...,0))>)

Now we make use of the assumption that we have (P/I') = 5&4)(7)/1) for
0<I<i.

:i<(ti+1ti1)+(il+2)1> (=0 p /1)

ti—ti1—1

_|_5(k7 1= 1 (P/<LQX(IE(O ...... O, bl —iyenens Ur+1,0,..., 0)>))

+1 .

; D4 (i—142) =1\ i

o 0! (R N
+5§ik i— 1)(P/<Lex(x(0w‘~~’Oaﬂk—i7~~~sﬂk+l7Os~~70))>)

=i,V (P/D) = BRI 4 BTV (P (Lex(al O Ottt b 000 ),

tit1
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e So we see that (for any choice of pq, ..., ftix—;—1) we have

Bien TP = 8V (PI)

it1 tit1

if and only if
ﬁt(ikiiil)(P/[) = t(,jciiil) (P/<L€X(l‘(0’ """ 0’“’“*“'""“"’“’0"“’0))>). (7.4.1)

We continue by studying the terms in this equation (7.4.1), using ideas
similar to those used in deriving this equation:

g“—i—l)(7)/<Lex(x(0,~~~,0,uk_i,.~.,uk+1,0,~.~,0))>)
:|{x” €Ty, |V <tex (0,00 0, phge—iy ooy g1, 0, ..., 0),clsvy = kb — i — 1}|

Again note that we consider the case i < k — 1.

:|{x” €Ty, | v <tex (Ph—iy 0y eerey Oy flle—it 1y eveey fbket1, 0y ., 0)),clsvy = k — i — 1}|
+ ‘{CEV S Tti ‘ (uk,i,O, s 0y Bk —i1y ooy k11, 0, 70) Slex V
<lex (0 oty Oy flle—iy eovey fle41,0, ..., 0),clsvy = k — 4 — 1}‘

Now the elements of the second set can be given in a simple explicit manner.

:’{x” €Ty, | ¥ <tex (Hh—is0yerey 0 k—if 1y ooy k1, 0y o0y 0)),clsy = k — § — 1}|
+ ‘{(0, ey Oy pg— iy 0y g — i1 venes fliet1, 0, -, 0),
(0, ey Oy prgo—i — 1,1 fhg—ig 1 eeeny k415 0y ooy 0) ey
(0,00, 0,1, ptgp—i — 1, fl—i1eeeey fot1, 0, .. 0)}
=|{a" € T4, | v <1ex (fth—is 05 -ees 0, frg—is ooy pti41, 0, ..., 0)), cls v =k — i — 1}
+ Hk—i
:ﬁt(chiil)('P/(LeX(I(W“’“O’ ..... 0,1tk —it15mmes ”"‘“’0"”’0))>)+Mk_i

Using lemma and lemma again.

1+1 .
_ Z <(ti -t -1+ @E—-142)— 1) B(k—l) (P/(Lex(x(o .... 0Lt Ly M+1,0,...,0))>)
1=0

ti—tig—1 tiza
+ Bk—i
L=t — D)+ (= 1+2) =1\ -
=Z( bt -1 (0 (P (Lex(@ (@ n0mhmisnoties 020
l—O (3 1—

+ Bt(fjlifl) (P/<L6X(CL‘(O’ ----- (U977 S Hk+1107---70))>) + i

_ ZZ: ((ti —ti—1 — 1) + (Z -+ 2) - 1) ﬂt(f,_ll) (,P/I/)
=0

ti—tiog—1

+ ﬁ(k*ifl) (73/<Lex(m(0 »»»»»» O,k —it1seeees bkt 150,00y 0))>) + i

ti—1
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Now again we make use of the assumption that for 0 < | < 4, we have the
equation 85V (P/1) = gV (P /1),

1) (‘—l+2)—1 (k—1)
Z( IR Tl
+ ﬂ(k i— 1)(P/<Lex(x(0»““’0aﬂk—i+lg‘~~~7ﬂk+1,07~~a0)>)) i

i+1 .
_Z< i—ti1—1)+(z—l+2)—1> éfil)(P/I) (ki 1(73/[)

ti—ti—1—1

_’_B(k i—1) (P/<L6X(x(0 S0k —ig1se- 7Hk+la07"'70))>) +/4Lk71

ti—1

a1y - BTV (P

1

+ ﬁt(;@;i*l) ('P/<Lex(.7:(0" ~~~~~ Oyl —ig1seees l"k+1707---70))>) + i

Comparing the first and the last line of this chain of equations, we see that the
desired equality (7.4.1)) holds if and only if

/Btk) i— 1)(P/I) (k? i— ]. (P/<Lex( ...... Oy bl —ig15eens [Lk+1,07...,0))>).

However, since (Lex(z(0 0 #k—ittotit1.0,50))) g g lex segment ideal, we can
use the decomposition from lemmam 7.2.3|and corollary (which can easily be
adapted to take into consideration only elements of one fixed class), to explicitly
express the second summand on the right side in this equation in terms of the
[hh—idt1y -eeey k1. We obtain:

ﬁtk i— 1)(P/<L€X(£C(O"""0’Hk7i+1"""Mk+1’0""’0))>

_i#kfl((h—l—l—(ﬂk jr2t e pesn) — 1) + (Z_J+2)_1>
7=0

ticn =1 — (ph—jyo + o 4 pirg1) — 1

So if we define

Hk—i =
i Mk—j4+1—1 . .
(k=1 (p )y _ e ((t¢_1 — 1= (pg—jgo + oo+ 1)) + (i —J))
ticr — U= (Uh—jr2 + o+ pig1) — 1 ’
we have the equalities we were looking for. Note that this definition of px_;
does indeed only depend on pg—iy1, ..., tk+1 and I, since

k

ti1 = Z w; +max{reg I, pgy1} + 1.
j=k—it1
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Because of lemma the B-vectors of I and I’ are then also identic, for
sufficiently large values of the degree ¢.

We also point out that this construction is independent of the characteristic
of the ground field k.

If we set pi9 = 0, the ideal lex(z*) is saturated by lemma [7.2.2]

Altogether, using Lemma we have proven:

Theorem 7.4.2. Let I <P be an ideal that is nezther the zero ideal nor zero-
dimensional. Let k be the mazimal integer such that 5reg1(73/1) # 0. Then the
unique saturated lex segment ideal I' with the same Hilbert polynomial as I is
given by I' = (Lex(a*)), for u given by

o u; =0 forj>k+1,

® Uk+1 = regl(P/I)

—1
((tl 1—l=(ph—jt2t.tpps1) )HZ J)) for
tim1—l—(pr—jyot-Fprr1)

(k—i—1) pt
o pp—i =0, (P/I)- Z ;)
0<i<k—1,
e and py =0,

where the numbers t; are given by

K3
t_y =max{reg [, ug1}+1 and t; =pp_i+ti_1=1t_1+ Zuj
j=0

for i > 0. The Gotzmann vector of I and I' is given by
G(I) - G(I/) = (07,11417 ooy Hk+15 Oa )

Example 7.4.3. Via the construction given above, we calculate the saturated
lex segment ideal with the same Hilbert polynomial as the ideal

I= <x§x3,x2x§,x§> < K[z, x1, T2, 23]

Its Hilbert polynomial is given by

1 9

Obviously, the given set of generators is a Pommaret basis for I (with respect
to the degrevlex order). From Theorem [2.3.45] we learn that

reg(l) =reg(P/I)+1=3.

We see that Tyegry NI = T3 N1t(/) does not contain the monomials

3 2 2 2 2 2
Zgo, Lo, ToT2, ToZ3, Toxy, ToX1T2, Tox1x3, ToTo,

2 3 2 2 2 2 3
ToT2T3, ToT3, T, T1T2, T1T3, T1To, T1T2X3, 13, To.
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So for the numbers given in the construction above, we obtain
p P/ =10, B(P/T) =6, BP(P/I)=1, B (P/T)=0,
and hence k = 2 and px4+1 = p3 = 1. To continue, we first need
t_1 =max{regl, ur+1} + 1 =max{3,1} +1 =4.

Now let 4 = 0, i.e. our goal is to calculate i = po. The formula

Hk—i =

i c—j+1—1 . .
k=D (p /1) — e <(ti—1 — 1= (pr—ji2 + oo+ pgr)) + (0 J>>
fimt ticr — U= (Mh—jr2 + o+ pigr) — 1 ’

now simplifies to
4
=00 /0) - () = P/ -

So all this left to do is to calculate 5511)(73/ I). We can either explicitly write
down Ty NI = T4 N1It(I), or use the fact that a Pommaret basis induces a
Stanley decomposition of P/I as explained in Remark or a formula in
analogy to Lemma to see that

1-1 _ 2-1

Pem= (1A em s () em =
and hence po = 3. Now to find pq, let ¢ = 1. We have
to=p+t_1=ps+4=>5.

The formula for px_; now simplifies to

= 73/[ iuk_ffl ((to -1 - (Mk—j+2 + ...+ Mk+1)) + (1 _ ])>

- to—1— (Mr—ja2 + oo+ pggr) — 1
2
(to + tO_l_Nk+1)>
= 8Op/1) -
awem- () -2 (e

=0

) =0
o) £().
Op/ry —15-14 _3

l
O p/1) - 24.

.
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Again, we have

e = ("1 em s (7 em s (P a e

—10+2-6+3-1
=25

and hence p1 = 1. As mentioned above, we have po = 0 for any ideal. So the
ideal I’ is given by

/ 3 3 4 2
I' = Lex(z1x523) = (17523, 523, 25),
where this set of generators is also a Pommaret basis for I’.

Now we want to prove a part of the Hyperplane Restriction Theorem of
Green (recall in the given reference, this theorem is proven for all values of t):

Theorem 7.4.4. [Gre98, Theorem 3.4] Let I < P be an ideal with Hilbert
function HFp 1 (t). Let Iy be the restriction of I to a general hyperplane, seen
as an ideal in the polynomial ring Pg. Then for sufficiently large values of t,
we have

HEp,, /1, (t) < (HFP/I(t))<t>'

Proof. Working in generic coordinates, we can assume that for ¢ > regl, the
ideal (I;) has a Pommaret basis whose elements are of degree tEland that the
generic hyperplane is given by H = (). We will use the identification

'PH [a] ’P/<x0> = Ik[l‘o, ceny -Tn—l]

and view Iy as an ideal in k[zo, ..., 2,,—1] (even though this means we will iden-
tify o; € P with x;_; € Py, we choose to work with the notation k[zo, ..., ;1]
over k[z1, ..., ;] to be consistent with our conventions). Theorem [2.3.45 ensures
that we have reg I > reg Iy. By definition of the Hilbert polynomial, we know
that HPp,;(t) = HFp /11y (t) for t > reg I. Furthermore, for the S-vectors of I
and Iz, we have the relation

B U) = B () = BFD(1) = pIHI(I),
for k£ > 0 and sufficiently large ¢ and therefore

Be(Ir) = (B(), ... B (I)).

Note that that 8,(Iy) is of length n, while 3,(I) is of length n + 1.

Now we look at the saturated lex segment ideals I’, I';; with the same Hilbert
polynomials as I, Iy. The construction of I’, I; and their respective Gotzmann
vectors according to Remark[7.4.1]and Theorem|[7.4.2]tells us that for sufficiently

IThis implies that the leading ideal 1t(I3) of is stable.
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large values, we can construct the S-vector of I or I’ from its Gotzmann vector,
and vice versa. The key observation is now that the formulae given in Theorem
[7-4:2] for this process imply that the shifting relation

BN(Iyy) = BM (Iy) = BYFTI(I) = BSHI(T),

translates to a corresponding shift in the Gotzmann vectors, i.e. we obtain that
if the Gotzmann vector of I’ is given by

(Oﬂu‘la -.-.7[Lk,,ltk+1,o7 )7

then the Gotzmann vector of I}, is given by

(07/1,2, coeny 41y 0, 0, )

Here, the entry pq vanishes, which may appear surprising at first glance; however
from Theorem we see that this is indeed the correct formula.

Obviously, for two polynomials f, g € Q[t], the equation G(f) <jex G(g) im-
plies f(t) < g(t) for t sufficiently large. Using this property, from the definition
of the (-)<¢~-symbol, we immediately see by Lemma that (HFp/;(t))
has the Gotzmann vector

<t>

(/’[’17/1/2a ""7/J'k+170707 )

This finishes the proof. O
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8 Conclusion

If one asks the question if the ideas and constructions of this work have been
explored up to their possible limits, our impression is that this could be answered
with a yes at most for Chapter[7} However, while we expect that our main new
idea of this chapter, the link between Pommaret basis and the lex segment ideals
given in Remark [7.4.1] and Theorem [7.4.2] is not enough to extend Theorem
[7.4.4] to cover any value of ¢ and hence prove the entire Hyperplane Restriction
Theorem [7.0.2] it stands to check if this link might be of use for other related
fields.

However, we believe that further examination of the resolution introduced
in Chapter [4 might be much more fruitful, as even the first applications we have
presented in Chapter [5} and in particular in Chapter [6] opened up numerous
avenues on which one might continue.

In Chapter [5] we investigated relations between constants appearing in the
resolution from Chapter f] While so far, the results are of a rather technical
nature, we recall that this resolution has been implemented in COCOALIB, and
that this implementation is efficient for computing Betti numbers, as explained
in Section [£.4] Right now, COCOALIB calculates every single constant on its
own, in the sense that involutive standard representations are calculated only
once, but all reduction paths are calculated on their own. We expect that in
the case where constants are related as explained in Chapter [5} many of these
computations are redundant. Thus an implementation of these technical results
might further accelerate the computation of Betti numbers with CoCOALIB.
From a theoretical perspective, for the goal of computing Betti numbers from
a non-minimal resolution, it is sufficient to first compute the constants, and
then compute the ranks of the matrices given by these constants. Now, if we
know something about the relations between constants in different homological
degrees, one can ask if it is also possible to obtain results regarding the ranks
of the matrices. We have tried to continue in this direction, but so far without
success. Nevertheless, we consider it likely that in a situation where there are
overall “relatively few” constants, it should be possible to find at least some
results.

Another interesting question bears some similarity to the topic of Chapter
[} Instead of asking where minimisations might happen, i.e. finding constants
in the differential of the resolution, one might instead ask where minimisations
do not occur. So one reverses the question of Chapter [f] in the sense that we
no longer want to find relations between constants, but now we want to find
relations between places where there are no constants. Of course, it seems likely
that the theorem from Chapter [5]could yield some results in this direction. Then
by the idea explained in remark[6.2.1 we would obtain some generators that will
never vanish during the minimisation process, and therefore give non-vanishing
Betti numbers, or maybe even better, lower bounds for certain Betti numbers.
The feasibility of this approach might however depend on the given ideals or
modules, and a good choice of a Pommaret bases, just like for the Veronese
subrings in Chapter [0}
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While the constants of our resolution contain sufficient information to com-
pute Betti numbers, the minimal resolution itself still remains interesting, and
in some sense the optimal goal. This leads to the question if the results for con-
stants can be generalised to non-constant entries in the differential. We recall
that the degree of the entry is given by the number of times an elementary re-
duction path of type 1 appears in a longer reduction path. As stated in Remark
[6.1.5 it might be of particular interest to study the linear entries, i.e. the paths
where at most one path of type 1 appears.

Turning to Chapter [6] we first point out that at the heart of this chapter, we
constructed a Pommaret basis for the Veronese subrings. In general, finding a
Pommaret basis (or some other kind of involutive basis) for a given a ideal over
polynomial ring P = k|xg, .., z,] in a “concrete” situation such as in example
is a task that can often be solved without much computation, or for
example by using the algorithm mentioned in Remark [2:3:20] possibly after
a change of coordinates. For an entire class of ideals however, such as the
class of ideals given by the Veronese subrings, finding an associated class of
Pommaret bases is usually more difficult. This leads to the question if the
methods employed in this Chapter can be applied to other classes of ideals: For
example, one could consider, as first generalization, any embedding X — P}
given by arbitrary sets of monomials, i.e. where some monomials of degree d
are missing, as explained in Section[6.3.2] As another step, one can ask to what
extent our concept of renumbering variables by multiindices as introduced in
Section [6.1.1| remains useful if one replaces monomials by leading monomials of
polynomials.

If we stay at Veronese subrings, we note that in the paper [EL12|, the state-
ment about non-vanishing Betti numbers covered other Betti numbers we have
not considered in this work, see [EL12, Theorem 6.1]. Therefore, a further topic
of research could be to check if we could obtain comparable results via Pommaret
bases and algebraic discrete Morse theory for these Betti numbers. We suspect
that we would have to make some adaptations to the approach presented in
Chapter [6} For example, a change of the monomial order given in Assumption
[6.1.1] might be prove to be useful. This is another interesting question, as we
still believe this order has an aspect of “free parameters”, corresponding to the
ordering of the monomials in the Veronese embedding. However, a change of the
monomial order is likely to entail a new computation for a different Pommaret
basis, but we think that the usefulness of an order most likely depends on the
precise question one would like to answer (for example, which Betti numbers
one is interested in).

Again, in this chapter, one can also adopt an inverse question compared to
our results: Instead of asking which Betti numbers do not vanish, one can ask
which Betti numbers are 0. In fact, as we explained at the beginning of Chapter
@, this was originally the first question. However, it is assumed (see for example
again [ELI2] Chapter 7]) that the task of proving which Betti numbers for the
Veronese subrings vanish, is harder than finding non-vanishing ones.

Another possible class of modules that might be worth considering from our
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point of view are Veronese modules Sy, 4%, given by

Sn,dk = @ k[zo, ..., Tn]ktid,

i>0

which are a generalization of Veronese subrings. In the paper [OP0I], one can
find several results for these modules. The first big step to apply our approach of
Chapter[6]to these modules would be to find a Pommaret basis for these modules
and then to check if the methods utilized for Veronese subrings still prove to
be fruitful. After a first, not yet detailed, glance at this subject, we are rather
optimistic that this topic might prove to be a suitable field for generalizing our
methods employed for the Veronese subrings.
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