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ABSTRACT OF THE DISSERTATION

Subalgebras of Golod-Shafarevich Algebras
by

Thomas B. Voden
Doctor of Philosophy in Mathematics

University of California San Diego, 2006

Professor Efim Zelmanov, Chair

In 1964, Golod and Shafarevich found a sufficient condition for an algebra
presented by generators and relators to be infinite dimensional. This condition
gives rise to an analogous condition for a pro-p group to be infinite. Groups and
algebras that satisfy this condition are called GS groups and algebras.

In 1983, A. Lubotzky exhibited a class of GS groups with the property that all
of their finite index subgroups are also GS. The underlying topological structure
was essential in Lubotzky’s examples. This dissertation is an account of our search
for algebraic analogs to these examples and our exploration of conditions under
which subalgebras of GS algebras are themselves GS.

In Chapter 3 it is proved that finite codimensional subalgebras of finitely pre-
sented algebras are finitely presented. However, subalgebras of finite codimension
in graded GS algebras are not necessarily GS (Chapter 4).

In Chapter 5 we prove that infinitely many Veronese powers of a graded algebra
presented by m generators and r relators are GS if r < % (% — 1)2. For quadratic
algebras, the bound is improved to r < %m? We prove that for a generic quadratic
algebra A presented by m generators and r relators, all Veronese powers of A are
GS if r < Lm? and all but finitely many Veronese powers of A are not GS if

25
r > =tm? (Chapter 6).
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1 Introduction and Definitions

We define an algebra as a vector space over a fixed ground field, endowed with
a bilinear multiplication which gives it the structure of an associative ring with
unity. Throughout this work we use K to denote our ground field. We restrict our
attention to finitely generated algebras.

An algebra A is called graded if
A=A,
i=0

where each A; is a finite dimensional K-vector space, such that 4;4; C A;.;. We

further assume that Ay = K. We will have occasion to use the notation

A+ - @ AZ
i=1
We will also use the Hilbert Series of a graded algebra A, which is defined as
Ha(t) = > dimg (At
i=0

For any graded subset S of a graded algebra A, let S; = SN A;.

Much of the work presented here is motivated by a search for similarities and
differences between analogous theories in the category of groups, or more precisely,
pro-p groups, and the category of algebras. We begin the discussion with some

preliminary definitions and results.

1.1 Presentation by Generators and Relators

The free group Fx on a set X can be thought of as the set of all reduced words

in X and X' = {27! |z € X}, where X! is a set in one-to-one correspondence



with X. Multiplication in Fly is simply by juxtaposition of words. A word is said
to be reduced if every instance of zz~! or 27!z is deleted from the word.
Free groups are characterized by the property that any function X — G, where

(G is an arbitrary group, uniquely extends to a group homomorphism Fyxy — G.

Definition 1. A group G is said to have presentation (X|R) if G = Fx /N where
N is the normal subgroup of F'x generated by the subset R C Fx.

Similarly, the free K-algebra on a set X, denoted K (X), is the algebra of all
K-linear combinations of words in X. Again we have that any function X — A,

where A is an arbitrary algebra, uniquely extends to an algebra homomorphism
K(X) — A.

Definition 2. Let X be a set and let R be a subset of K(X). (X|R) is a presen-
tation of an algebra A if A = K(X)/I, where [ is the ideal of K(X) generated by
R.

Note that the empty word in X is allowed and it plays the role of the multi-
plicative identity.

Suppose that X is a finite set and that each z € X is assigned a positive integer
degree denoted deg(x) (if no degrees are specified, we will assume that all z have
degree one). K(X) is graded by total degree. An element f € K(X); is said to be
homogeneous of degree i. Let R be a subset of K(X) consisting of homogeneous
elements of degree at least two. By saying that (X|R) is a graded presentation of

A (we will often omit the word graded) we mean that there exists an epimorphism
p: K(X)— A

of graded algebras such that ker(y) is generated by R as an ideal of K(X). The
graded vector spaces generated by X and R are respectively called the generating
space and relation space for A.

It is well known that the minimal number of generators of a graded algebra
A is dimg (A4 /A%) (proposition 1.5.2 of [20]). We will only consider minimal
presentations (i.e., presentations (X|R) with | X| = dimg (A4 /A%)).



Note that we have not lost any generality by assuming that R consists of ele-
ments of degree at least two since a relator of degree one is actually an elimination
of one of the generators. Also, in saying that (X|R) is a graded presentation it
follows that R consists of homogeneous elements.

An algebra is said to be finitely presented if it admits a presentation with finitely
many generators and finitely many relators (i.e., the generating and relation spaces
are finite dimensional). We will refer to a graded algebra A which is generated by

Aj as one-generated. This means that the natural map
T K(E&) — A

is surjective, where £ denotes any basis of the vector space A;. If in addition the
kernel of 7 is generated, as a two-sided ideal of K (&), by its subspace ker(m) N
K (&), then A is called quadratic. See [19, 20] for detailed discussions of quadratic
algebras.

If B is a subalgebra of A, then the codimension of B in A is defined to be
|A: B| = dimg(A/B). J. Lewin [12] proved that a subalgebra of finite codimension
of a finitely generated free associative algebra is finitely presented. In Chapter 3
we show how Lewin’s result implies that a subalgebra of finite codimension of a

finitely presented algebra is finitely presented.

1.2 The Golod-Shafarevich Theorem

The notion of a Golod-Shafarevich (GS) algebra is central to this work. We begin
the discussion in the context of profinite algebras, that is, algebras which arise as
inverse limits of families of finite dimensional algebras.

Throughout this section let X = {z;,...,2,} be a fixed set with m > 2.
Since there are situations that require it, we will allow for the possibility that the
elements of X are assigned positive integer degrees other than one. If no degrees
are mentioned, assume that all elements of X have degree one. Let g; denote the

number of elements of degree 7 in X and set Hx(t) = Y g;t. Note that Hx(t) is

a finite sum, and if all the elements of X have degree one, then Hx(t) = mt.



Let I = K(X),, that is, I = @ K(X);. Then the ideals

i>1

"=@K(X), n=12,...

>n
are a neighborhood base at 0 for a topology on K(X). The completion of K(X)
with respect to this topology is K ((X)), the algebra of infinite series over F' in m

noncommuting variables. We can also think of K ((X)) as the inverse limit of the

following family of finite dimensional algebras
[K(X)/I" |0 > 1},

We use I to denote the closure of I™ in K ((X)).

Since () I" = (0), to each nonzero f € K((X)) corresponds a unique integer
n>1

d such that [ € Iz \ 141, We define the degree of f, denoted deg(f), to be d.
Observe that deg(f) is the minimal degree of all monomials involved in f.

Let R be a (linearly independent) subset of 2 containing r; elements of degree
1, and define the Hilbert series

Hg(t) = > it

i>2

Definition 3. (X|R) is a presentation of a profinite algebra A if A = K((X))/Z(R),
where Z(R) denotes the closed ideal of K ((X)) generated by R.

Observe that by setting A, = (I" + Z(R))/Z(R) for n = 1,2, ..., we endow a
profinite algebra A = (X|R) with a filtration A = Ag D A; D A3 D -- -, such that
A;A; C Aiy;. The graded algebra associated with A is defined to be

gr(A) = K -1+ @ Ai/Aii1,

1>1

and its Hilbert series is Hy()(t) = 14 > dimg(A;/Aiq)t"
i>1
We formally interpret an inequality of power series with real coefficients by

STaitt > bitt <= a; > b; for all i.

In [6] Golod and Shafarevich proved the following theorem.



Theorem 4.

Hgl%“’t(t)a ~ Hy(t) + H(t)) > %_t (1.1)

Definition 5. A presentation (X |R) is said to satisfy the Golod-Shafarevich (GS)

condition if there exists a ty € (0,1) for which Hg(ty) converges and
1-— Hx(t(]) + HR(to) < 0. (12)

A profinite algebra is called Golod-Shafarevich (GS) if it admits a presentation
which satisfies the GS condition.

A GS algebra is necessarily infinite dimensional. Indeed, suppose that there
is a ty € (0,1) at which Hr(t) converges and 1 — Hx(ty) + Hr(ty) < 0. Then
H g, (4)(t) must diverge at ¢ since otherwise the formal inequality (1.1) implies the

numerical inequality

HgT(A) (tO) 1

Ty (1= Hx(t) + Halto) 2 37—

This is a contradiction since the left hand side is negative and the right hand side
is positive.

For additional discussion of the Golod-Shafarevich theorem, see [9, 21, 23, 25,
27].

1.3 Graded Golod-Shafarevich Theorem

In the previous section we presented the Golod-Shafarevich theorem in the context
of profinite algebras because it has nice applications to the analogous notions for
pro-p groups. These applications will be discussed in more detail in the following
section. Of course, we could have had this discussion for discrete algebras (i.e.,
quotients of K (X) rather than K((X))) and all of the results mentioned above
work in the same way. But rather than repeating everything already mentioned,
we will turn our attention to the important special case of graded GS algebras.
Virtually all of the work presented in this thesis is done in the context of graded

algebras.



Again, fix a set X = {x1,...,2,,} with m > 2. Let A be a graded algebra
with presentation (X|R). Still assume that all elements of R are homogeneous of
degree at least two. Let Hx(t), Hgr(t), and Ha(t) be as before. In [6] Golod and

Shafarevich also proved the following stronger version of the Theorem 4.

Theorem 6.

Hi(t)(1 — Hx(t)+ Hg(t)) > 1 (1.3)
This inequality is indeed stronger than (1.1) since a formal inequality
1N i 1Sy
1 Z ait’ > 1 Z b,tz
i=0 =0
is equivalent to the numerical inequalities
Yoa; > > b V.
i=0 i=0

With the definition of a GS presentation and algebra as in the last section, we
see that GS algebras are infinite dimensional in this context as well.
The following well-known special case will be used heavily throughout this

dissertation.

Proposition 7. A graded presentation consisting of m generators of degree one

and r relators of degree at least two satisfies the GS condition if
r < m?/4. (1.4)
Proof. If r < m?/4, then 1 — mty + rt2 < 0 for some ¢, € (0,1), and
1 —mto + Hg(ty) < 1 —mty + rt].

In fact, in Lemma 33 it is shown that one of the two distinct roots of 1 —mt + rt?

is in the interval (0, 1). O

If A is a quadratic algebra presented by m generators and r relators, then

1 —mt+ Hg(t) =1 —mt + rt?,



which is negative for some t € (0, 1) if and only if inequality (1.4) is satisfied. Also,
noting that m = dim(A;) and r = m? — dim(A,), we see that inequality (1.4) is
equivalent to

3

Z(ohm(Al))2 — dim(A4) < 0. (1.5)

This gives us a definition of GS algebras in the context of one-two algebras which
does not make reference to a presentation.

The importance of the Golod-Shafarevich theorem became immediately evi-
dent when Golod used it to give the first counterexample to the General Burnside
problem [5] and Shafarevich used it to construct the first example of an infinite
tower of class fields [6].

Once a suitable definition of degree is given, these notions have meaning in
the category of groups. Pro-p groups provide a natural context in which to define

degree.

1.4 Pro-p Groups

For any prime number p, a pro-p group is the inverse limit of a family of finite
p-groups. Pro-p groups are compact, Hausdorff topological groups whose open
subgroups form a neighborhood base at the identity and in which every open

subgroup has index a power of p.

Definition 8. If GG is a group and p is a prime number, then the pro-p completion

of G, denoted @p, is the inverse limit of the following family of p-groups
{G/N | N < G; the index of N in G is a power of p}.

The free pro-p group on m generators is the pro-p completion of the free group

on m generators.

Definition 9. Let X = {x1,...,2,,} be a set, ﬁp = ﬁp(m) the free pro-p group on
X, and R a subset of ﬁp. (X|R) is a presentation of a pro-p group G if G = ﬁp/N
where NN is the normal closed subgroup of ﬁp generated by R.



Let ﬁp denote the free pro-p group on m generators and, for the remainder of
this section only, let K be the field of order p. Consider the group algebra K F\p

and let w be its augmentation ideal. The Zassenhaus filtration
Fp:( p)l > (Fp>2>

is defined by
(ﬁp)i:{gejfp’l_gewi}-

In section 4.2 of [10] it is shown that

and hence

N (Fp)i = (1)

i>1

So, as in the case of profinite algebras, a nontrivial element g € F\p is said to have

~

degree i if g € (F,); \ (F))is1.

Fix a set X = {x1,...,2,} and consider K{((X)), where K is still the field
with p elements. Let the ideals I be as in section 1.2. 1+ 1 is a subgroup of
the group of invertible elements of K((X)). 1+ I is indeed a pro-p group since
1 + 1, along with the quotient maps 1+ I — (1+ f)/(l + IA"), is the inverse
limit of the inverse system of finite p-groups (1 + 1)/(1 + I") and surjections
1+D)/A+1") — 1+ D/ + 1) for n > m.

The closed subgroup of 1 + 7 generated by 1 — zq,...,1 — x,, is free since
any nontrivial relation among the elements 1 — xy,...,1 — 2, in 1 + 7 yields a
nontrivial relation among the elements x1, . .., z,, in K ((X)). Hence, this subgroup
is isomorphic to Z/fp = F\p(m), the free pro-p group on m elements. So an element

fe ﬁp can be viewed as an element of 1+ 1 € K({X)). Also observe that

fA=—z,.., 1 —xy) =1+ (21, .., 20), (1.6)

where [’ € I. The degree of f in F\p equals the degree of f’ in K((X)).
Let G be a pro-p group presented by m generators (of degree one) and a defining
set of relators R. Define theset R = {f'| f € R} C K({X)) using (1.6). Define the



algebra A presented by (xq,...,x,, | R') in the category of profinite algebras. For
any open normal subgroup H of G, define w(H) to be the ideal of KG generated
by {1 —h|h € H}. These ideals define a topology on K'G and as it turns out, the
completion of K'G with respect to this topology is isomorphic to A (see section 2.5
of appendix 1 in [7]). Therefore,

Ha(t) =1+ > dim(w(G) /w(G)H)t.

i>1
With Hg(t) as in section 1.2, Theorem 4 implies that

H A (t) 1
———(1—mt+ Hg(t)) > ——.
0 mt 4 Hal) >
See [25] and [27] for more information.
Defining a GS group as in Definition 5, this inequality implies that a GS pro-p
group is infinite. We also have an analogous version of inequality 1.4 for GS groups.
Another sense in which GS groups are known to be large is given by a theorem

of Zelmanov which states that any GS pro-p group contains a non-abelian free

pro-p group [25].



2 Connections and Summary of Re-

sults

A. Lubotzky made the observation that if (X|R) is a presentation of a finitely
generated discrete group G, then (X|R) is a presentation in the category of pro-p
groups for the pro-p completion of G [13]. It is known that the fundamental group
of a 3-manifold is balanced (i.e., that it admits a finite presentation with equal
numbers of generators and relators), and hence GS if its rank is at least five (see
[13] for more details). Let X be a 3-manifold and let G be the fundamental group
of X. Then any finite index subgroup H of G is the fundamental group of a finite
sheeted cover of X and is therefore balanced. So if the index of H in G is large
enough, then H is GS, and by the same argument, all finite index subgroups of H
are also GS. Groups with this property are called hereditary GS groups. Lubotzky
used these ideas to prove that if the fundamental group of a compact hyperbolic
3-manifold is arithmetic, then it does not have the congruence subgroup property.
This was an important open problem known as Serre’s conjecture [22]. Later
Lubotzky and Sarnak formulated a conjecture of an even stronger result. There

are some definitions required before the conjecture can be stated.

Definition 10. For € > 0, a finite graph I is called an e-expander if whenever the
set of vertices is written as a disjoint union vert(I') = AUB, the number of edges

between A and B is at least € - min{|A|, | B|}.

Definition 11. Let G be a group generated by a set X with X = X!, The Cayley
Graph of G (with respect to X) is the graph whose vertices are the elements of G.

Two vertices g and h are connected by an edge if g = xh for some z € X. We use

10
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Cay(G, X) to denote this graph.

Definition 12. A group G generated by a finite set X = X! has property (7) if

there exists an € > 0 such that
{Cay(G/N,XN)|N < G,|G: H| < 0}
is a family of e-expanders, where X denotes the image of X in G/N.

Some examples of groups with property (7) are SL,(Z) for n > 3 [8]. For more
information on this and related topics, the reader is referred to [14, 17].
Lubotzky-Sarnak Conjecture [15]. The fundamental group of a hyperbolic
3-manifold does not have property (7).

One hope is that a solution to this conjecture would help lead to a solution
of the Virtual Haken conjecture, which predicts that every irreducible compact
hyperbolic 3-manifold has a finite sheeted cover which is Haken. Some work of M.
Lackenby suggests the use of techniques involving the GS condition and property
(1) for these two conjectures [11]. In this direction Zelmanov asked whether it
is true that a GS group does not have property (7) [26]. Since property (7) is a
condition inherited by finite index subgroups, an affirmative answer to this would
imply the Lubotzky-Sarnak conjecture. However, in a recent paper, M. Ershov
gives an explicit construction answering this question in the negative [4]. It is
interesting to note that Lubotzky and Zelmanov answered the analogous question
in the context of algebras in the affirmative [16]. So the interplay between these
notions is proving to be quite subtle.

Lubotzky’s examples of hereditary GS groups employ topological arguments
with no known algebraic analogs, and not all GS groups are hereditary GS. The
research in this dissertation was motivated by the natural question of what distin-
guishes hereditary GS groups and algebras from their non-hereditary counterparts.

It was found that not all GS algebras have the property that all of their finite
codimensional subalgebras are also GS (chapter 4).

A natural analog to a subgroup of finite index in the context of graded algebras

is the Veronese Power. If A is a graded algebra, define the n'* Veronese power of
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A to be
AW — @ A,
=0

Clearly, for any n, A is finitely generated as a module over A™. Indeed, if B is
any basis of n@g A; (which is a finite dimensional space), then an arbitrary element
of A is exprggible as a linear combination of elements of B with coefficients in
AM™_ In chapters 5 and 6 we demonstrate some fairly general settings in which
infinitely many (and sometimes all but finitely many) Veronese powers of a graded

GS algebra are themselves GS.

2.1 Summary of Results

For convenience, we now summarize all the results obtained in this thesis.

In Chapter 3 we generalize a theorem of J. Lewin by showing that a finite
codimensional subalgebra of a finitely presented algebra is finitely presented.

Let I be the ideal of the finitely generated free algebra K(X) defined in Sec-
tion 1.2. Chapter 4 is devoted to showing that the GS condition is not generally
inherited by subalgebras of finite codimension.

Turning to Veronese Powers of finitely presented graded algebras, in Chapter

5 we prove the following theorem.

Theorem 13. Let A be a graded algebra with a presentation consisting of m gen-
erators and r relators. If r < i(% — 1)2, then A™ is GS for infinitely many

n.

In the case that A is quadratic, we have the following stronger version of this

theorem.

Theorem 14. Let A be a quadratic algebra with a presentation consisting of m

generators and r relators. If r < 24—5m2, then A™ is GS for infinitely many n.

In Chapter 6 we look at generic algebras to show that the bound in the hypoth-
esis of Theorem 14 is the best possible. Definitions and background information

on generic algebras are given in Chapter 6. There we prove
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Theorem 15. Let A be a generic quadratic algebra with m generators and r rela-

tors and assume that r < m?/4.

1. Ifr < %mQ, then A™ is GS for all n.

2. If r > 24—5m2, then A™ s not GS for all but finitely many n.

This theorem provides examples of hereditary GS algebras. The results pre-

sented here are in preparation to be submitted for publication [24].

2.2 Further Questions

It would be interesting to explore whether Theorem 15 can be used to construct
non-topological examples of hereditary GS pro-p groups. Such examples could
shed some light on what distinguishes hereditary GS groups from non-hereditary
GS groups.

It is likely that the conclusions of Theorem 15 hold for general finitely presented
graded algebras (i.e., that Theorems 13 and 14 can be strengthened to a result
like Theorem 15). The techniques used in this thesis did not yield these stronger
versions of Theorems 13 and 14, but it would certainly be interesting to find out

if they hold.



3 Subalgebras of Finite Codimen-

sion

In this chapter we show that a subalgebra of finite codimension of a finitely pre-
sented algebra is finitely presented. This will be obtained as a slight extension of

the following theorem of J. Lewin [12].

Theorem 16. If A is a subalgebra of finite codimension in K(X), then A is finitely

presented.

It is interesting to note that the techniques Lewin used to prove this theorem
are similar to those used by Schreier in his proof of the fact that any subgroup of
a free group is itself free (which was a stronger version of a theorem of Nielsen).
In this particular instance, the situation in the context of algebras is more delicate
than the analogous situation for groups since of course, not all subalgebras of free
algebras are free. See pages 4-13 of [18] for further discussion of the Nielsen-

Schreier theorem.

Lemma 17. Let A be a finite codimensional subalgebra of K(X) and let I be an
ideal of K(X) which is contained in A. If I is finitely generated as an ideal of
K(X), then I is finitely generated as an ideal of A.

Proof. Let R = {ry,...,7r¢} be a set of generators for I as an ideal of K(X). Let

B = {by,...,bq} be a basis for K(X) mod A. Define S = RUBRU RBU BRB.
We will show that S generates I as an ideal of A. It suffices to show that fr;g is
in the ideal of A generated by S for all f,g € K(X) and all j =1,...,¢.

14
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Let f,g € K(X) and write f = '+ > «a;b; and ¢ = ¢ + >_ Orbr, where
f',g € A, and oy, B, € K. Then

frig = (f' + 22 cibi)ri(g’ + Zk: Brbe)
— f’?”jg, + (Z Oéibﬂ”j)g/ + f/(; ﬁijbk> + Zk Oéiﬂkbﬂ“jbk,

which is visibly in the ideal of A generated by S. m

Recall that for algebras B < A, we use |A : B| to denote the codimension of B
in A (i.e., dimg(A/B)).

Corollary 18. If A is a finitely presented K-algebra and B is a subalgebra of finite

codimension in A, then B is finitely presented.

Proof. Let (X|R) be a finite presentation of A and let I be the ideal of K(X)
generated by R. Let B’ be the pre-image of B in K(X). So B’ is a subalgebra
of K(X) containing /. Now |K(X) : B| = |A : B| < co. So by Theorem 16,
B’ is finitely presented. By Lemma 17, [ is finitely generated as an ideal of B’.
Therefore, B is finitely presented. A finite set of generators is given by Lewin’s

theorem. A finite set of relators is given in combination by Lewin’s theorem and

Lemma 17. O

The hope here was that if A and B are as in the previous corollary and A is GS,
then the proof will give us bounds on the number generators and relators ensuring
that B is also GS. This turned out to be too hopeful. In the next chapter we give

counterexamples to a general result of this type.



4 Subalgebras of K (X)

In this section we exhibit a finite codimensional subalgebra of K (X) which is not
GS. Let X ={zy,...,x,,} and let I = K(X),. For any positive integer n we have
the ideal

"= é K(X);

We show that the graded subalgebra K -1+ 12 is not GS with respect to the grading
inherited from K (X). Compelling computer evidence suggests that this is true of
all K -1+ 1" for all n > 2.

4.1 A Presentation of K -1+ [I"

Here we take the convention that each x; has degree one. For every sequence of

integers m = i1y - - - i, with the i; € {1,...,m}, define a, = x;, - - - x;, and use the
following notation for the length of m: |7| = k. Given two such sequences 7 and p,
we form a third sequence mp by juxtaposition. Use the usual degree function from
K(X) as the degree function for I".

The set
Y = {a, |7 is any sequence in {1,...,m} with n < |r| <2n — 1}

is a generating set for K -1 4 I". Notice that this generating set is not contained
in K(X),. In fact, K'-1+ I" cannot be presented as a graded subalgebra of K(X)
in such a way that the generating set is contained in K(X),. This is why we
allowed degrees of generators to be different from one in the formulation of the GS

theorem.

16
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We say that a word w in X of length at least n is in canonical form if w = w'a,,
where w' is a product of elements in Y,, and a, € Y (of course w’ may be the
empty word). An arbitrary element f = >  a,v of I™ is in canonical form if all
v are canonical words. Recall that in the introduction we defined the notation
S; = {s € S|deg s =i} for any graded subset of a graded algebra.

We have two basic types of relations among elements of Y:

Type 1: ara, = ara, where mp = 7'p’ and |7’| is minimal while ensuring that

n < |7'|,|p| <2n—1. These occur in each degree 2n+1,2n+2,...,4n — 3.

Type 2: apay = ara,a, where mpo = 7'y, ara,a, is in canonical form (i.e.,
|7| = |p| = n), and |7’| is minimal while ensuring that n < |7'|, |p/| < 2n — 1.
These occur in each degree 3n,3n +1,...,4n — 2, for n > 3. No relations of

this type occur for n = 2.

Let R denote the set of all relators described by relations of types 1 and 2. Note
that elements in R are homogeneous as elements of K (X). If one simply defined all

the elements of Y to have degree one, relators of type 2 would not be homogeneous.

Example 19. Consider the case n = 3. The following are examples of relations of

type 1.
a(1,2,34)0(5,6,7) — (1,2,3)0(4,5,6,7)
4(1,2,3,4,5)0(6,7,8) — @(1,2,3)4(4,5,6,7,8) (4- 1)
1(1,2,3,4,5)0(6,7,8,9) — @(1,2,3,4)0(5,6,7,8,9) (4-2)

Note that (4.2) does not include a canonical word, but the word on the right-hand-

side can be put in canonical form by a relation of type 2:

(1,2,3,4)4(5,6,7,8,9) = (1,2,3)1(4,5,6)4(7,8,9)

Also note the following relation, which is neither of type 1 nor 2.

4(1,2,3,4,5)0(6,7,8) = 1(1,2,3,4)A(5,6,7,8) (4-3)

This does not qualify under our definition of a relation of type 1 since we may

place a sequence of length three in place of (1,2,3,4) while keeping the length of
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all involved sequences between three and five as in (4.1). However, relation (4.3)
follows from relations of type 1:

@(1,2,3,4,5)(6,7,8) = @(1,2,3)4(4,5,6,7,8) = (1,2,3,4)(5,6,7,8)

Claim 20. Any word in'Y can be put into canonical form using relations of types

1 and 2.

Proof. Let w = ar, -+ ar, be any word in Y. First observe that the claim holds

for k = 2:

e If d(w) < 3n, then applying one relation of type 1 (once) yields
W = Qg Qry = Qr/ Qr),
where |7]| = n. This puts w in canonical form.

e If d(w) > 3n, then applying one relation of type 1 followed by one relation
of type 2 yields

W = Gy Ay = Q) Ay = ArQpQy

where ||, |p| = n. The result is in canonical form.

Suppose k > 2, and w = an, - Gr,_,ar,. By induction on k, we can put

ke

Qr, - Qr,_, into canonical form using relations of types 1 and 2. This gives
_ _ /
W= Qn, Ay O, = W A,

and as already seen, ara,, can be put into canonical form using relations of types
1 and 2. m

Since two distinct canonical words in Y are distinct as elements of K(X), we
see that the set of all canonical words in Y is linearly independent. Therefore,

(Y|R) is indeed a presentation for K -1+ I".



19

4.2 Minimality of (Y|R)
Now we check that Y is indeed a minimal set of generators.

Claim 21. If Z is any homogeneous set of generators for K -1+ I"™, then
Yy, C spany (Z)
forallk=mn,... 2n—1.

Proof. Suppose that Z is any set of homogeneous generators for K -1+ I" and let

ar €Y. We can write

ar = Y QU
v

where the a,, € K and the v are distinct words in Z. By comparing degrees in X,
we can see that all the words v can be assumed to have degree k. The claim now

follows. u
We also have the following minimality condition on R.

Claim 22. Let S be any set of relators in' Y which define K-1+1", and let r € Ry,
with 2n +1 < k < 3n. Then r € spang(Sk).

Proof. As S is a set of defining relators for K - 1 + I", we have
= q;U;S;V} (4.4)

where a; € K and the v;, v, are words in Y. Note that S; is empty for i < 2n.
If any of the v; or v, are nonempty words, then the right hand side of (4.4) has

degree > 3n, which is a contradiction. Therefore,

r=> os; € spang(Sk).
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4.3 (Y|R) is not a GS presentation

We need to count the number of generators and relators in (Y|R). For each
i=mn,...,2n — 1, there are m’ elements of degree i in Y, since any sequence of i
elements of X gives us such an element, and the order of X is m.

Elements of R arise in every degree 2n+1,2n+2,...,4n — 2. Let r € R be of

degree k. Distinguish between two cases:

e 2n+ 1 < k < 3n — 1: In this case r must be of type 1, and it arises from
a partition of a sequence m, of length k, into two subsequences: ™ = 7 75.
Since n < |1;| < k — n, there are k — 2n + 1 such partitions, yielding k& — 2n
distinct relations. |X| = m so there are m* sequences 7, therefore there are

(k — 2n)m* distinct possibilities for r.

e 3n < k < 4n—2: Here we have exactly one relation of type 2 for each sequence
of length k, giving us m” distinct possibilities of type 2 for r. Again, type
1 possibilities for r arise from partitions of a sequence of length k into two
parts whose lengths are between n and 2n—1 (inclusive). There are 4n—k—1
such partitions, yielding 4n — k — 2 distinct relations of types 1. In all, there

are (4n — k — 1)mF distinct possibilities for r.

By the minimality claims in Section 4.2, we see that

1—Hy(t)+ Hg(t) > 1— 251(mt)i + inz_l (i — 2n)(mt)".

So, in order to show that (Y'|R) is not a GS presentation, it suffices to show that
for all ¢ in the interval (0, 1),

- 221(77175)1‘ + :%;;(@' —on)(mt)i > 0. (4.5)

For any real number x and positive integer n, define

2n—1 3n—1
S(x,n)=1— > a'+ > (i—2n)a" (4.6)
i=n 1=2n+1

Lemma 23. S(z,2) >0 for all x > 0.
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Proof. S(x,2)=1—2>—2*+2°=(1—2?)(1—23%) >0 for all z > —1. O
Computer experiments strongly support the following conjecture.
Conjecture 24. S(z,n) >0 for all x > 0 and all n > 2.

In conclusion, we see that any set of generators of K -1+ 1" contains Y, and any

3n
set of relators in Y contains |J R;, which in the n = 2 case is already too large
1=2n+1

for (Y|R) to be GS. Moreover, there is no redundancy of elements in Ej R;.
Therefore, there is no GS presentation for K -1+ I? (and probably for KZjQ{H—: )
consisting of generators which are homogeneous in K (X).

This result makes it clear that in the search for a setting in which the GS
condition is inherited by subalgebras, finite codimensional algebras are not good
analogs of finite index subgroups. Veronese powers are better analogs of finite

index subgroups and in the next two chapters we see that they behave better with

respect to the GS condition.



5 Veronese Powers of Graded Al-

gebras

In this chapter and the next we turn our attention to Veronese powers of graded

associative algebras. Let us recall that if A = @ A; is a graded algebra, then the
=0

n'" Veronese power of A is defined to be
A =D A,
i=0

In section 5.2 we prove Theorem 13. That is, we show that if a graded algebra
A is finitely presented by m generators and r relators and
r<1<T—1)2 (5.1)
4\2
then infinitely many Veronese powers of A are GS.

In the case that this is specialized to quadratic algebras, we prove that the
same conclusion holds, but with slightly weaker assumptions (section 5.3). We
show that if a quadratic algebra A is finitely presented by m generators and r
relators and

4

< —
r 25m

then infinitely many Veronese powers of A are GS.

(5.2)

For further discussions of Veronese powers, see [2, 3, 20].

5.1 A Presentation

Let A be a one-generated graded algebra and set a; = dim(A;). Suppose that A
has a finite presentation (X = {xy,...,x,}/R) with r; relators of degree i > 2.

22
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Let k be maximal such that r; # 0. Set r = i ;.

It is easy to see that any basis for A, Wili—ngnerate A™ ag an algebra.

By proposition 3.2.2 of [20], A™ is quadratic for all n > k—1. We can see that
if f € R is of degree i, then ufv is a relator for A™ where v and v are any two
elements of K (X) whose degrees add up to 2n — i. This proposition is proved by
obtaining a presentation for A™ via the following construction (although they use
slightly different language). The set X is identified with a basis of A, call it &;.
Then we can write bases of Ay, ..., A, in terms of & (as linear combinations of
words in &;). Denote these bases by &, ..., &,, respectively. As already remarked,

we may choose &, as a set of generators. So there are a, generators of A™. For

any given relator f € R of degree 4, consider the set of relators in A™
S(f)=A{ufv|jue& ve&,j+l=2n—i}.
The proof of proposition 3.2.2 of [20] is completed by showing that

U{S(N 1] € R}

is a defining set of relators for A™. Note that all of these relations are quadratic
in the generators &,.
For n > k — 1, this construction has yielded a presentation of A™ with a,

generators and

i=2 \ j=1

R, = Zk: (Zi anjaniﬂ-) T (5.3)

quadratic relators.

Remark 25. Throughout the rest of the dissertation, let us assume that m > 2 and
r > 1. The case with » = 0 is far simpler since this means that A is free. Since

this implies that R,, = 0 for all n, we have that A™ is also free for all n.

5.2 The GS Condition

In this section we prove the following theorem.
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Theorem 13. Let A be a graded algebra with a presentation consisting of m
generators and r relators. If r < % (% — 1)2, then A™ is GS for infinitely many
n.

If A is GS, then inequality (1.3) implies
Hu(t) > (1 —mt + Hp(t)) ™" (5.4)

Lemma 26. Ifr < m?/4, then (1—mt+rt*)"" > 3" a™'t", where « is the smaller
i=0
root of 1 —mt+rt?. Further, this inequality is strict for all the non-constant terms

(the constant terms on both sides are 1).

Proof. Let  and 3 be the roots of 1 —mt + rt? and a < 3. Note that these are
distinct and 0 < a < 1 (see proof of Lemma 33), since 7 < m?/4. So we can factor

1 —mt+rt?> =r(a—t)(8—t). Hence,

1—mt+rt*)" = QA—a )1 -p1t)!

— (ia—iti> (ji)@—jﬁ)

= S oamigTI )t
=0 \itj—=¢

Now compute:

Z oz—zﬂ—j — CY_E—i-Oé_(E_l)ﬁ_l+---+Oz—1ﬁ_(5_1)—|—ﬁ_f
i+j=¢

¢
= a 'Y aipi
i=0

> a7 forall ¢ >1.

]

The following formula, which was obtained in the proof of the previous lemma,

is highlighted for later use.

(1—mt+rt?) ' = i ( > of’ﬂ_J) tt (5.5)

(=0 \ it+j=¢
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Lemma 27. Let iy,...,i, > 2 be integers, suppose r < m?/4, m > 2, and write
(I—mt+t" 4 ) =3 byt (5.6)
j=0

Then bj 1 > 5b; for all j > 0.
Proof. First observe that from (5.6) we have the formal equality
1 = (I—mt+t" 4. 4t f}objtj
=
= by + (b — mbo)t + i(bj by 4 by e by ),
=
where we set b; = 0 for all j < 0. Thus, by =1, by = m, and
bj = mbj1 — (bj—iy + -+ +bji,), (5.7)

for all j > 0. Now proceed with the proof by induction on j. The case j = 0 is
done. Suppose bj11 > %b; for all j = 0,1,...,n — 2. From (5.7), our induction

hypothesis, and our assumption that r < m?/4, we have

bn = mbn—l - (bn—il + - bn—ir)
Z mbnfl - rbn72
2
m
2 mbn—l - Ibn—2
m
Z mbn—l - Ebn—l
m
= —by_1.
9 1

]

Remark 28. Consider the setting of the previous lemma in the case that 1; = iy =
- =14, = 2. From the proof of the lemma we can notice the following recursion

relation for the coefficients b;.

bp = 1
b1 = m
bj = mbj,1 — T’b]',Q, for allj Z 2.

This fact will be useful in our study of generic quadratic algebras in Chapter 6.
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Lemma 29. Ifr < m2/4, then (1 —mt + HR(t))_l > (1 —mt + TtQ)_l.
Proof. Write
(L—mt+ Hr(t)™" = (1—mt+t" 4+ 4¢")"!

= Y bt/
=0

and
(1—mt+rt?) =3 cuth.
k=0

For each n > 0 define d,, = b,co + b,_1¢1 + - - - + bgc,. From the previous lemma

we have bj1 > 5b; and cx1 > Fegp. This gives

dpt1 = bpgico+byer + -+ bicy + bocnga
m
> E(bnco + byp_1c1 + - -+ + bocn) + bocnia
m
> —d,.
- 2
Now compute
1 1 B Tt = — e — g
L—mt -+t - tir T—mt+rt2  (1—mt 4+t 4 1) (1 —mt + rt2)
oo o
= S (2 —t) > bit! > pt”
(=1 =0 k=0
= Y (2 —t%) > d,t"
=1 n=0

- >

n=0

Z (dn—Q - dn—ig)tna
/=1

where again we set d; = 0 for all 7 < 0. From this we can see that all the coefficients

are non-negative since i; > 2 and the d,, are increasing. O]

By applying (5.4) along with the previous two lemmas, and still assuming

r < m?/4, we have
Hu(t) > (1 —mt+ Hp(t))™' > (1 —mt+rt2)"' > a7t
i=0
Hence,

a; > a ' foralli > 1. (5.8)
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Lemma 30. For any integer k > 2 and any positive real number c,
fe(@) =a" —c(a* 2 42252 4 3" o (k=22 + k- 1)
has a root in the interval [\/c,1 + \/c).

Proof. We will begin by showing that fi(y/c) < 0 for all & > 3 (note that fo(y/c) =

0). Observe that we have the recursion relation
fr(@) = xfra1(x) — c(k = 1)
for all £ > 3. For kK = 3 we have
fs(Ve) = — (" +3-1)=—2c<0.
Inductively, if k£ > 4 and fr_1(y/c) < 0, then
fe(We) = Vefiai(Ve) —e(k —1) <0+ 0=0.

Now we will show that fi(1+4 y/c) > 0 for all k£ > 2. Again we’ll use the same

recursion relation to show that

fr(l++e) > 1+ ke

for all £k > 2. To start induction observe that

LA+Ve) = (1+Ve) —c
= 1+2Vc

Suppose that fy_1(1 ++/c) > 1+ (k—1)y/c. Then
fill+ve) = (14 Vo) firr(1+Ve) —c(k—1)
> (14 Vo) (1 + (k= 1)v/e) — c(k — 1)
1+kve+celk—1)—c(k—1)
1+ ke

The lemma now follows from the Intermediate Value Theorem. O
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Remark 31. It can be shown that for any € > 0, there exists a K such that
fr(1 —¢) <0 for all K > K. This is mentioned only to point out that 1+ /c is
the best possible upper bound (not depending on k) on the roots of all the fi(z),

but since it is not required for the argument, a proof is omitted.

To show that A™ is GS, by Proposition 7 it suffices to show that R, < a? /4.
That is,

ko f[i-1
CL?L >4 Z (Z an_jan_iﬂ) ;. (59)
i=2 \ j=1
We will do this by proving the following stronger inequality:.
ko [i-1
aZ >4r 3 Y an_jan—ivj | (5.10)
i=2 \ j=1

where as before, r = > r;.
5

Lemma 32. Let b,c > 1 be constants with b > 1+ \/c and let (a,) be a sequence
ko [i-1
such that a, > 0" for allm > 1. Then a®2 > ¢ (Z an_jan_i+j) for infinitely

=2 \ j=1
many n.

Proof. Suppose that the conclusion of the lemma is false. So there exists an

ko [i-1
N such that a2 < ¢> | > an_jan—i; | for all n > N. Define a sequence
i=2 \ j=1
SNy SN+1, SN+2, - - - by choosing
SN Z GN,SN41 = N1, -+, SN+k—1 = AN4k—1, (5.11)

then defining

ko [i-1
52 = 02 (Zl Sn_jsn_iﬂ) (5.12)
i= j=

for all n > N + k. It follows that s,, > a, for all n > N.
For this choice of the sequence (s,), we want to find constants d and s such

that s, = ds" for all n > N. From (5.12) it follows that s must satisfy

$ = (s 42870 £ 3 T e (k= 1)),
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which reduces to
P =c(s"P 28" (k= 2)s+ k- 1). (5.13)

Using Lemma 30, let us choose a number s in the interval [\/c,1 + /c) which
satisfies equation (5.13). Now choose a constant d large enough to satisfy (5.11).

Overall we have
V' < a, < ds" < d(1+/c)"
for all n > N. This implies that
b<1++e,

which contradicts our assumption. O

As before, set

m - mZ —dr

2r

Oé =
Lemma 33. Fiz m > 2 and let r < m?/4. Then a < 2/m.

Proof. Let f(t) =1 — mt + rt*. Notice that we have

f(l/m):—2>0
and ,
4r 4 m
2 =14+ —=<-14—-—=0.
f(2/m) —|—m2_ +m2 1 0

Hence, by the Intermediate Value Theorem, f has a root in the interval (1/m,2/m)].
[

Proof of Theorem 13. Assuming that 7 < m?/4, the inequalities in (5.8) hold. So
using b = o™ and ¢ = 4r in Lemma 32, we see that (5.10) holds for infinitely

many n (and hence A™ is GS for infinitely many n) if

a”l > 14 24/r. (5.14)
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It is possible to solve for r in this inequality, but the solution is a cumbersome
(but quadratic) expression in m. Instead, notice that Lemma 33 implies that
a™t > m/2. Thus

2
(@—1) = %>1+2\/F
= al'>1+2r

= A™ is GS for infinitely many n.

5.3 Quadratic Case

It is interesting to point out the following special case of the above situation.
Suppose that A is a quadratic algebra (i.e., 7 = 7). In this case, the technique
used to prove the above proposition requires that r < %mQ in order to conclude
that infinitely many Veronese powers of A are GS. This bound comes from the
fact that if k¥ = 2, Lemma 30 is greatly simplified because the root is actually 1/c,
not merely in the interval [\/c,1 + 1/c). Thus, Lemma 32 can be proved with the
weaker assumption that b > /c (rather than using the assumption b > 1+ /c).

So the argument can be finished in the same way it was done above:

1 5 m
< — = —>2
AT 5 NZa

= al>2r

= A™ is GS for infinitely many n.

However, we can get a slightly better result.
Theorem 14. Suppose A is a quadratic algebra with m generators and r relators.
Ifr < 24—5m2, then A™ is GS for infinitely many n.
With A being a quadratic algebra, the count of relators for A™ given in (5.3)
becomes ra?_,. So A™ will be GS if R, < a?/4 by Proposition 7. That is,
1
ral_, < Zai. (5.15)
Let a and a,, still be defined as above and note that (5.8) still holds assuming
that » < m?/4. That is, a; > o~ for all .
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Lemma 34. Let € > 0. Then a, > (o' — €)a,_y for infinitely many n.

Proof. Assume that the lemma is false. Then there exists an ¢ in the interval

(0,7 1) and a natural number N such that

for all n > N. Thus,

—(N+kE)

a < ansk < an(a™t —e)F,

and hence,
a " < (ana™)(a™t —e)F,
for all £ > 0. This is a contradiction since for any constant c,
a "> cla™t =)t
for k sufficiently large, as a™!/(a™! —¢) > 1. O

Proof of Theorem 1. Recall that
m—vm? —4r

2r

o =

Observe that we have the following equivalence of inequalities.

a?>dr = 4a’<1/r=ap
<— 4a<ﬁ:@—a
T

m
<— — > da

T
= 2m >bm—5vm?2—4dr
<~ 3m < 5vVm?2—4r
— 9m? < 25m? — 100r
= r< 402

T 257n

So for r < %mQ and positive ¢ sufficiently small, Lemma 34 gives

( In )2 > (™t —e)? > 4r

Ap—1
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for infinitely many n. With this, Theorem 14 is proved using (5.15). 0

This is a curious situation because intuitively, the case where A is quadratic
should be the worst case. Loosely speaking, quadratic relators should have more
consequences in A™ than relators of higher degree. Also, it is likely that the
conclusions of Theorems 13 and 14 can be strengthened to, “A™ is GS for all n.”
We state this as the following conjecture, the proof of which has been elusive to

the techniques employed here.

Conjecture 35. Let A be a graded algebra with a presentation consisting of m

4.2 n) ;
generators and r relators. If r < 5zm?*, then A™ s GS for all n.

In the next chapter it is shown that this conjecture is true if A is a generic

quadratic algebra.



6 Generic Quadratic Algebras

In [1], the author considers a general view of the notion of a generic, finitely
presented graded algebra. Such an algebra is defined to be an algebra with
a coefficient-wise minimal Hilbert series. The following question immediately
presents itself. Given non-negative integers dy,...,dy and rq,...,r,, what is the
minimal Hilbert series among algebras presented by d; generators of degree i and
r; homogeneous relators of degree j? This and other related questions are explored
in considerable detail in [1].

Since we will only deal with the case of generic quadratic algebras, we will
not discuss generic algebras in full generality. Instead, we shall think of a generic
quadratic algebra as any algebra arising in the following way. Fix positive integers
m and r. Consider an extension of our ground field by finitely many algebraically

independent variables
W ij=1... mk=1,..r}

Denote it by K = K (tz(f)) Then the K-algebra presented by (degree-one) genera-
tors X = {x1,...,x,} and quadratic relators
o~ (K
R={fi = 'thl(j)xﬂ”k: =1,...,r}
1,)=
is the generic quadratic K-algebra.

In [1] D. Anick proves that there exists a quadratic algebra with m generators
and r relators whose Hilbert series is precisely (1 — mt + rt?)~! if and only if
r < m?/4. By the Golod-Shafarevich theorem, if A is a quadratic algebra presented
by m generators and less than m?/4 relators, then H4(t) > (1 — mt + rt?)~'. So

Anick’s result shows us that in the case that r < m?/4, generic quadratic algebras

33
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presented by m generators and r relators are precisely those algebras with Hilbert
series equal to (1 —mt + rt?)~%

For a graded algebra A, we will continue to use the notation a; = dim(A;). As
mentioned in the introduction in (1.5), we have the following nice characterization

of quadratic GS algebras.

Remark 36. The number of relators in any presentation of a quadratic algebra is

a? — ay. Therefore, a quadratic algebra is GS if and only if

3
Zai —ay < 0. (6.1)

Another useful application of this count of the number relators of a quadratic
algebra arises when considering Veronese powers of quadratic algebras. If A is a
quadratic GS algebra presented by m = a; generators and r relators, then all of

its Veronese powers are also quadratic. So A™ is presented by a,, generators and
2

a2 — ay, relators. On the other hand we already saw that A can be presented by
the same a,, generators and ra?_; relators. Hence, a? — as, = ra?_,. So we have

the following handy recursion relation.
2 2
Ay = @, — Tay,_4

Remark 37. If A is a quadratic algebra, then A™ is also quadratic. However, if
A is a generic algebra, then A™ is not necessarily generic. Consider the following
example. Let A be a generic quadratic algebra presented by m generators and
r relators, and assume that r < m?/4. Then, by following Remark 28 and the

previous remark, we see that
as =m?—r, a3 =m>—2rm, as = m* —3rm?*+12, ag = m® — 5rm* + 6r°m?* — 3
But notice that
Huo(t) =14 agt + agt® + agt® + -+ # (1 — (m? — r)t + rm?*t*) !
since the coefficient of 3 in H ) (¢)(1 — (m? — r)t + rm?t?) is

ag — as(m?® —r) + agrm?® = r*m?* # 0.

Similar computations can be done for higher values of n to show that A™ is not

generic.



35

6.1 Veronese Powers

In this section we prove Theorem 15. Let 8 > « be the roots of 1 —mt + rt*. In

the case that r < m?/4, it is easy to see that « is positive.

Lemma 38. If r < m?/4, then

4 4
<——a2> a? < , forallm >0
r pntl

Proof. The following inequalities are equivalent.

4 2 2n 4
<;—a>a < e

(4 —ra®)a®™ " < 4.

We will verify the second one. Begin by noting that since raff =1 and o < 3, we
have

ra? <raB=1. (6.2)

Hence,

(ra®)" <1= (4 —ra?)a®r" <4 —ra® < 4.

]

Theorem 15. Let A be a generic quadratic algebra with m generators and r

relators and assume that r < m?/4.
1. If r < em?, then A™ is GS for all n.
2. If r > ;—5m2, then A™ is not GS for all but finitely many n.

Proof. Following Remark 36, and referring to the presentation described in Chapter
5, we see that A™ is GS if and only if

3
Zai — ag, < 0. (6.3)

From formula (5.5) we have

Satt=1—-mt+rt*)t=> | 3 a7ip7 |t
n=0 n=0 \ i+j=n
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Using this along with the familiar formula

. +1_,m+1
i, — x" Y
Z .ZUy - )

i4j=n Y
we see that
. . —(n+1) _ ,—(n+1) n+1_  n+1
_ —ig—j — B o _ B a
=2 o G TaT a"Fr(B—a)
1+j=n

With this description of the coefficients a,, we check to see when (6.3) is satisfied.

Each of the following inequalities are equivalent.

3 ﬁnJrl — ant! 2 ﬁ2n+1 _ o2t
4 (anﬁn<ﬁ_a)> _a2nﬁ2n(ﬁ_a)
3(5n+1 _ an+1)2 _ 4(6 _ Of)(ﬁQn_H _ a2n+1) <0

3(52n+2 _ 2(ﬁ0é)n+1 4 a2n+2) _ 4(ﬁ2n+2 _ ﬁa2n+1 _ Oéﬁ2n+1 + 62n+2) <0
_ﬁ2n+2 _ a2n+2 4 4ﬁ0&2n+1 _ 6(6a)n+1 4 4a62n+1 <0

4 2 2n 4 2 2n 6
(;—ﬁ)ﬁ —l—(;—a)a ~ <0 (64)
So A™ is GS if and only if inequality (6.4) is satisfied.
Recall that

<0

m —vm?—4r

2r ’

and notice

4 4 —rao?

——a’= SN 0,

r
since ra? < 1 by (6.2).
Using
g m VT

2r

along with our assumption that 7 < m?/4 we see that we have the following

equivalence of inequalities.

4
— -3 <0 <= [F>4/)r=14ap
”

— (>4

= <4 2
T —m
- 25

Note that the last equivalence was seen in the proof of Theorem 14.



Case 1: Assume that r < %mQ. By the above computation,

A—l—ﬁko.
T

By Lemma 38,

4
(——oz2) a? — 0 <0, forall n > 0.
r rn+l

Therefore, inequality (6.4) holds for all n > 0.

Case 2: Assume that r > 24—5m2. In this case

4 4
B, a, — —a? ——p%>0.
r r
Note that 3% > af = 1/r and hence
N N 4 L\ e 61
x_ n_ Y n_ 2. 239
(G-#)o-m=(G-r)or-2 2

for all n > 0. Therefore, inequality (6.4) fails to hold for all n > 0.
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