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EFIM ZELMANOV

To the 60th anniversary

On September 7, 2015, a distinguished mathematician, one of the
founders of our journal, Efim Isaakovich Zelmanov, turned 60. He was
born in Khabarovsk, Soviet Union (now Russian Federation), while his
mother grew up in the Ukrainian city Zhytomyr.

Efim’s impressive mathematical abilities appeared in his school time.
He attended Novosibirsk State University, obtaining his Master’s degree
in 1977. He received his Ph.D. from Novosibirsk State University in
1980 having had his research supervised by the prominent algebraists
Professors L.A. Bokut and A.I. Shirshov. He defended his Doctor of
Sciences dissertation (habilitation) at Leningrad (St. Petersburg) State
University in 1985. In 1980-1989, Efim Zelmanov held research positions
(by increasing levels: Junior, Senior, and Leading Researcher) at the
Institute of Mathematics of the USSR Academy of Science at Novosibirsk
(Academgorodok). In 1989-1992, he worked for different universities in
the USA, Canada, Germany, and UK. In 1990, Zelmanov was appointed
a professor at the University of Wisconsin-Madison in the United States.
In 1994, he was appointed to the University of Chicago. In 1995-2002,
he held a professorship at Yale University. In 2002, Efim Zelmanov was
appointed as the Rita L. Atkinson Chair in Mathematics at University of
California, San Diego. His honors include: Fields Medal (1994), College de
France Medal (1991), and Andre Aizenstadt Prize (1996). Efim Zelmanov
was elected to American Academy of Arts and Sciences (1996), the U.S.
National Academy (2001), he is a Fellow of the American Mathematical
Society (2012). He is Foreign Member of the Spanish Royal Academy of
Sciences (1997), of the Korean Academy of Sciences and Technology (2008),
and of the Brazilian Academy of Sciences (2012). He was awarded by the
Honorary Doctor degree in Hagen (Germany), Oviedo (Spain), and Kyiv
(Ukraine) Universities.
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Professor Zelmanov was invited to speak at the International Con-
gresses of Mathematicians in Warsaw (1983), Kyoto (1990), and Zurich
(1994).

The thesis Efim Zelmanov presented for his Ph.D. was on nonassocia-
tive algebra, namely on Jordan algebras in the infinite dimensional case.
He showed that Glennie’s identity generates (in a certain sense) all iden-
tities that hold in the algebra. This and his consequent works completely
changed the entire content of Jordan algebras. He was able to extend
the known results from the classical theory of finite dimensional Jordan
algebras to infinite dimensional Jordan algebras. Zelmanov’s results on
Jordan algebras were presented in his invited lecture at the International
Congress of Mathematicians at Warsaw in 1983.

Lie rings were the next step in the study of non-associative rings.
In 1987 Zelmanov solved one of the most famous open questions in the
theory of Lie algebras at that time. He proved that the Engel identity
ad"(y) = 0 implies that the algebra is necessarily nilpotent. Similar to
the case of Jordan algebras, Zelmanov was able to extend important
properties of finite dimensional Lie algebras to the infinite dimensional
case.

The mentioned results (and the results obtained by Zelmanov later)
on Lie and Jordan algebras dramatically changed the theory of non-
associative algebras. They made Efim Zelmanov a leading expert in
non-associative algebras. He and his coauthors were able to also make
a fundamental contribution to associative algebras, super-algebras, asso-
ciated modules and representations. Self-similar algebras and growth of
algebras are among of the topics of Zelmanov’s recent research.

In 1991, Zelmanov made one more significant step in his mathematical
career by solving the famous Restricted Burnside Problem. This problem
has its roots in one of the most remarkable mathematical problems known
as the Burnside Problem introduced by Burnside in 1902. A version of
this problem, formulated by Magnus in the 1930’s is called the Restricted
Burnside Problem. Prominent mathematicians such as Hall, Higman,
Kostrikin and many others put significant efforts toward solving this
problem. Using previously known results and his own results on Lie and
Jordan algebras, Efim Zelmanov obtained a complete solution to the
problem, which made a significant impact on the subsequent development
of group theory. This constitutes a remarkable example of the effectiveness
of the applications of ring theory and, more generally, of purely algebraic
methods, to group theory. The result of Zelmanov yields that if a group
G is finitely generated, residually finite, and satisfies the identity X™ =1,
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then it is finite. Thus in the residually finite case (which is one of the
most important cases in applications) the situation is completely opposite
to the situation in the case of arbitrary finitely generated groups (the
Burnside Problem was solved by Adjan and Novikov in 1967).

In 1994, Zelmanov was awarded the Fields Medal for his works on
Lie and Jordan algebras and on the solution of the Restricted Burnside
Problem.

In 1991, Efim Zelmanov began his work on pro-p-groups. These groups
play a crucial role in Number Theory because the Galois groups of field
extensions are profinite groups and the primary p-case is the most signifi-
cant via its relation to p-adic fields. In this area, very soon Efim Zelmanov
obtained his remarkable result. He solved the Platonov Problem, a version
of the Burnside Problem for compact topological groups. He proved that
a compact torsion group is locally finite. After this work, pro-p groups
began playing a significant role in Zelmanov’s research.

Graded algebras, constructions of Golod-Shavarevich type, Kac-Moody
algebras and their subalgebras, superalgebra versions of Lie, Jordan and
other type of algebras, modules over them, representations, growth, etc.,
is a broad spectrum of the topics included in the research interest of
E. Zelmanov. In 2010 he came up with the idea of self-similarity in theory
of rings and successfully implemented it. The field of his interests goes far
beyond algebra. It includes theoretical physics, random processes, discrete
mathematics and much more.

Additionally to his research and teaching, Efim Zelmanov performs
tremendous outreach activity. The broader impact of his dedication to
the international mathematics community is difficult to overestimate.
He served and is serving numerous national and international important
committees (including those for the assignment of the Field Medal and
the Abel Prize). He plays an important role in mathematical life in many
countries, including USA, Germany, China, France, UK, South Korea,
Brazil, and many others. Efim Zelmanov plays a tremendous role in
supporting mathematical life in Ukraine. He regularly participates in and
helps to organize mathematics conferences that take place in Ukraine,
and in various ways supports many Ukrainian mathematicians.

E. Zelmanov’s contribution to mathematics goes far beyond his remark-
able research, teaching and outreach achievements. In different periods
of time, as an editor of many major mathematics journals including
‘The Annals of Mathematics’, ‘The Journal of Algebra’, ‘The Journal of
the American Mathematical Society’, ‘The Bulletin of Mathematical Sci-
ence’ for which he is the Editor in Chief, ‘Groups Geometry and Dynamics’,
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and ‘Algebra and Discrete Mathematics’, he strongly raised the bar of
the quality of publications.

Professor Zelmanov is a great speaker and lecturer. He is one of the
most popular presenters not only in the USA but in the world. He has
a rare and excellent type of humor which makes his presentations and
communication with him a great pleasure for everybody. He is a very
caring person and wonderful friend, always ready to extend his help and
support to his numerous friends and colleagues.

Efim Zelmanov has a wonderful family. He and his lovely wife Lena
are loving and caring parents and grandparents.

Professor Zelmanov is one of the top researchers in the world, distin-
guished leader of the world mathematics community, and one of the most
pleasant and nice people.

We most warmly congratulate him and wish him Siberian health,
much happiness, new great discoveries, and wonderful students.

The Editorial Board
of Algebra and Discrete
Mathematics Journal
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Universal property of skew PBW extensions

Juan Pablo Acosta and Oswaldo Lezama

Communicated by V. A. Artamonov

ABSTRACT. In this paper we prove the universal property of
skew PBW extensions generalizing this way the well known univer-
sal property of skew polynomial rings. For this, we will show first a
result about the existence of this class of non-commutative rings.
Skew PBW extensions include as particular examples Weyl alge-
bras, enveloping algebras of finite-dimensional Lie algebras (and its
quantization), Artamonov quantum polynomials, diffusion algebras,
Manin algebra of quantum matrices, among many others. As a corol-
lary we will give a new short proof of the Poincaré-Birkhoff-Witt
theorem about the bases of enveloping algebras of finite-dimensional
Lie algebras.

1. Introduction

Most of constructions in algebra are characterized by universal prop-
erties from which it is easy to prove important results about the con-
structed object. This is the case of the universal property of the tensor
product; another well known example is the universal property for the
localization of rings and modules by multiplicative subsets. A key exam-
ple in non-commutative algebra is the skew polynomial ring R[z; o, d];
the universal property in this case says that if B is a ring with a ring
homomorphism ¢ : R — B and in B there exists and element y such
that yo(r) = ¢(o(r))y + ¢(d(r)) for every r € R, then there exists an

2010 MSC: Primary: 16510, 16S80; Secondary: 16530, 16S36.
Key words and phrases: skew polynomial rings, skew PBW extensions, PBW
bases, quantum algebras.
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unique ring homomorphism ¢ : R[z;0,0] — B such that ¢(z) = y and
o(r) = p(r) (see [9]). In this paper we prove the universal property of
skew PBW extensions generalizing the universal property of skew poly-
nomial rings. For this, we will prove first a theorem about the existence
of skew PBW extensions similar to the corresponding result on skew
polynomial rings. As application we will get the Poincaré-Birkhoff-Witt
theorem about the bases of enveloping algebras of finite-dimensional Lie
algebras. This famous theorem says that if K is a field and G is a finite-
dimensional Lie algebra with K-basis {y1,...,yn}, then a K-basis of the
universal enveloping algebra U(G) is the set of monomials yi* ---yon,
a; = 0,1<i<n (see [4], [6]).

Skew PBW extensions were defined firstly in [7], and their homological
and ring-theoretic properties have been studied in the last years (see [1],
(3], [8], [10]). Skew polynomial rings of injective type, Weyl algebras, en-
veloping algebras of finite-dimensional Lie algebras (and its quantization),
Artamonov quantum polynomials, diffusion algebras, Manin algebra of
quantum matrices, are particular examples of skew PBW extensions (see
[8]). In this first section we recall the definition of skew PBW extensions
and some very basic properties needed for the proof of the main theorem.

Definition 1.1. Let R and A be rings. We say that A is a skew PBW
extension of R (also called a 0 — PBW extension of R) if the following
conditions hold:

(i) RC A.
(ii) There exist finite elements z1,...,z, € A such A is a left R-free
module with basis

Mon(A) :={z* =z - 20" | a = (a1, ...,a,) € N'}.

In this case it says also that A is a left polynomial ring over R
with respect to {z1,...,z,} and Mon(A) is the set of standard
monomials of A. Moreover, 2§ --- 29 := 1 € Mon(A).

(iii) For every 1 < i < n and r € R — {0} there exists ¢;, € R — {0}
such that

xr — ¢ 2 € R. (1.1)

(iv) For every 1 <1,j < n there exists ¢; j € R — {0} such that
TjTi — Ci jT;T5 € R+ Rx1+ -+ Rx,. (1.2)

Under these conditions we will write A := o(R)(x1,...,Zp).
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The following proposition justifies the notation and the alternative
name given for the skew PBW extensions.

Proposition 1.2. Let A be a skew PBW extension of R. Then, for every
1 < i < n, there exists an injective ring endomorphism o; : R — R and a
o;-derivation 9; : R — R such that

xir = o;(r)z; + 6;(r),
for each r € R.

Proof. See [7], Proposition 3. O

Observe that if ¢ is an injective endomorphism of the ring R and 9 is
a o-derivation, then the skew polynomial ring R[x;0,d] is a trivial skew
PBW extension in only one variable, o(R)(x).

Some extra notation will be used in the rest of the paper.

Definition 1.3. Let A be a skew PBW extension of R with endomor-
phisms o;, 1 < i < n, as in Proposition 1.2.

(i) For a = (a1,...,ap) € N*, 0¥ := 0" - 00", |af == a1 + -+ + ap,.
If 8= (P1,...,6n) € N", then a + 3 := (a1 + b1, .-, + Bn).
(ii) For X = 2% € Mon(A), exp(X) := a and deg(X) := |a|.
(iii) If f =1 X1+ -+ Xy, with X; € Mon(A) and ¢; € R— {0}, then
deg(f) i— max{deg(X;)}_,.

The skew PBW extensions can be characterized in a similar way as
was done in [5] for PBW rings.

Theorem 1.4. Let A be a left polynomial ring over R w.r.t. {z1,...,z,}.
A is a skew PBW extension of R if and only if the following conditions
hold:

(a) For every x® € Mon(A) and every 0 # r € R there exist unique
elements 7, := 0c%(r) € R — {0} and p,, € A such that

zr = rox® + Par, (1.3)

where por = 0 or deg(pa,r) < |a if po,r # 0. Moreover, if r is left
invertible, then r, is left invertible.
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(b) For every 2%, 27 € Mon(A) there exist unique elements c, 5 € R
and p, g € A such that

2z’ = ca,gxo“w + Pa. g (1.4)
where ¢, 5 is left invertible, p, 3 = 0 or deg(pa,s) < |a+ B if

Pa,s # 0.
Proof. See [7], Theorem 7. O

2. Existence theorem for skew PBW extensions

If A=o(R)(x1,...,2y) is a skew PBW extension of the ring R, then
as was observed in the previous section, A induces unique endomorphisms
o; : R — R and o;-derivations §; : R — R, 1 < i < n. Moreover, by
(1.2), there exist cij,dij,al(-f) € R such that zjz; = ¢jxiz; + agjl-)xl +
cee ag»l):vn + d;;, with 1 < i,j < n. However, note that if i < j, since
Mon(A) is a R-basis, then 1 = ¢;c; j, i.e., for every 1 <i < j < n, ¢
is a right inverse of ¢; ; univocally determined. In a similar way, we can

check that a§1;) = —cjia(k) dj; = —cj;d;;. Thus, given A there exist unique

1] ?
parameters c¢;j, d;;, ag-g) € R such that

(n)

Tjx; = cijxixj—i—al(]l-)xl—i—- ctay; xp+d;j, for every 1 <i < j <n. (2.1)

Definition 2.1. Let A = o(R)(z1,...,x,) be a skew PBW extension.
(k)

04, 0;, Cij, dij, a;;’y 1< <j<n, defined as before, are called the param-

eters of A.

Conversely, given a ring R and parameters o;, 0;, ¢ij, dij, al(;) ,1<i<
7 < n, we will construct in this section a skew PBW extension with
coefficient ring R and satisfying the following equations

1) Fori<jin I and k in I, zjx; = cjjxiz; + Ekag-g)xk + dij,

2) Forie Il and r € R, x;r = o;(r)x; + §;(r),
where I :={1,...,n}.
Definition 2.2. Let R be a ring and W be the free monoid in the alphabet
X UR, with X :={z; : i € I'}. Let w be a word of W, the complexity
of w, denoted ¢(w), is a triple of nonnegative integers (a, b, ¢), where a

is the number of x’s in w, b is is the number of inversions involving only
x’s, and ¢ is the number of inversions of the type (x;, 7).
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These triples are ordered with the lexicographic order, i.e., (a,b,c) <
(d,e, f) if and only if a < d, or, a = d and b < e, or, a = d, b = e and
c < f. This is a well order. Let T' be the set of elements of W such that
c(w) = (a,0,0) and ZT be the linear extension of T' in Z(X U R) (the
Z-free algebra in the alphabet X U R).

Definition 2.3. Let R be a ring, {c¢;;}i<j, {dij}i<j and {ag?)}i<j,k be
elements of R indexed by 4, j,k in I. Let 0;,0; : R — R be two functions
for each i € I. Suppose that ¢;; is left invertible and that o;(r) # 0 for
r # 0. We define the function p

p:W —Z(XUR), with X :={z;:i¢€l},
by induction in the complexity, as follows:

1) If w € T then p(w) = w.
2) If w = vix;rvy, with r € R, v1 € W and rvg € T then

p(w) = p(vioi(r)zva) + p(v10;(r)v2).

3) If w = vizjzv0, where v € W, zv9 € T with ¢ < j, then

k
p(w) = p(vicijzizjve) + ka(vlagj)xkvg) + p(vidi;v2).

The linear extension of p to Z(XUR) — Z(XUR) is also denoted p. The im-
age of p is contained in ZT'. Let Mon = {II} _,z;, i1 < -+ < in,n > 0},
and Fr(Mon) be the left free R—module with basis Mon. We define
q: ZT — Fr(Mon) as the bilinear extension of q(ry...7rnxi, ... 2, ) ==
(IL yrg)xi, ... z;,. Finally, we define h : Z(X U R) — Fr(Mon) as
h := qp.

Theorem 2.4 (Existence). Let R, I, X, afj, Cij, 04,04, h,p, g be as in Defi-

nition 2.3. Then, there exists a skew PBW extension A of R with variables
X :={z; :i € I} such that

(a) zir = oi(r)x; + 0;(r).
(k)

(b) zjx; = cijxizy + Ekaij]-C xp + d;j, for i < jin I.

if and only if

(1) For every ¢ in I, o; is a ring endomorphism of R and §; is o;-
derivation.
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(2) h(zjzir) = h(p(zx;)r), fori < jin I and r € R.
(3) h(zpxjz;) = h(p(apxj)x;), for i < j < kin 1.

Proof. (=) Numeral (1) is the content of Proposition 1.2. Conditions (2)
and (3) follow from (a) and (b) and the associativity z;(x;r) = (zjz;)r
and zy(zx;) = (Tha;);.

(<=) Define t : Fr(Mon) — Z{XUR) as t(Xrzx) := Xrzx € Z(XUR),
where Yr;Z is the unique expression of an element in Fr(Mon) as a sum
over a finite set, * € Mon and rz # 0 is an element of R.

We define a product in Fr(Mon) by

fxg=nht(ftg),  f,g9€ Fr(Mon),

and we will prove in Lemma 2.8 below that h(ab) = h(a) x h(b), with
a,b € Z(X U R). From this we get that h : Z(X UR) — Fr(Mon) is
a surjection that preserves sums, products and h(1) = 1. This makes
Fr(Mon) a ring, which is a skew PBW extension of R by the definition
of the product *.

To complete the proof we proceed to prove Lemma 2.8, but for this,
we have to show first some preliminary propositions under the hypothesis

(1)-(3). O

Proposition 2.5. For a,b € W and r,s € R the following equalities
hold:

(i) h(alb) =

(ii) r)b ) —h(arb).
)
)

h(

h(a(-

h(a(r 4+ s)b) = h(arb+ asb).
h(al

h(a(r

(iii
(iv b) = h(ab).
(v) s)b) = h(arsb).

Proof. (i) and (ii) follow from (iii) since r +— h(arb) is a group homomor-
phism from the additive group of R into Fr(Mon).

(iii) is proven by induction on c¢(a(r+s)b) and applying the definition of
h. Here the conditions 6;(a+b) = 6;(a)+9;(b) and o;(a+0b) = o;(a)+0i(b)
in the hipothesis (1) of Theorem 2.4 are used.

(iv) is proven by induction on c¢(alb) and making use of part (i). The
relevant hypothesis are 0;(1) = 1 and §;(1) = 0 which are part of the
hypothesis (1) in Theorem 2.4.

(v) This part is proven by induction on c(a(rs)b) and making use
of (iii). The relevant hypothesis are o;(ab) = o4(a)o;(b) and §;(ab) =

a

alr
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Proposition 2.6. Let y,z € Z(X U R) and a € ZT. Then h(yaz) =
h(ytq(a)z).

Proof. This is because we can obtain tq(a) from a with a finite number
of operations described in Proposition 2.5. Indeed if a € ZT then by
definition of T" we heave a = ¥n,u where the sum is over u € T, n, € Z
and u = T1y...TmuZj -2, (J1,...Jk and m,k depend on u) here
rs € Rand 1 < j1 < -+ < jr < n. Then by definition of t,q we
have tq(a) = Y, caa(x)r where A = {x € Mon(X) : a(z) # 0}, and
a(r) = Yyep@nullsrsy € R where B(z) = {u € T : zj, ... 7, = x}.
Using the Proposition 2.5 (i) we obtain that

k

h(ytq(a)z) = MyZeerron(x)a(z)z2).

Using that h is linear we get

h(yEzemon(x)a(®)rz) = Ziepron(x)Mya(z)zz).
Using Proposition 2.5 (i),(ii),(iii) we get that

h(ya(z)rz) = Yyep(a)nuh(y(Ilsrsu)zz).

Further, using Proposition 2.5 (iv)(v) we get that

hy(Ilsrsy)zz) = h(yriy ... rmaxz) = h(yuz). O
Proposition 2.7. If z,y, 2z € Z(X U R) then h(zp(y)z) = h(zyz).

Proof. The identity is linear in x, ¥, 2z, so we may assume they are words.
Next we proceed by induction on ¢(zyz). First assume that the first
inversion from right to left in xyz is in y, say y = wix;swy with s = x;
with ¢ < j or s € R, and swy € T. Then

hayz) = hzwip(e;shwsz) = h(aplwip(e;syw)z) = hzp(y)2)

by the definition of p and induction.

Now assume that the first inversion of zyz is not contained in yz, or
xyz € T, in this case y € T and p(y) = y.

Next, assume that the first inversion of xyz is contained in z say
z = wywjswy with swy € T"and s = x; with i < j or s € R. Then

h(zyz) = h(zywip(r;s)w2) = h(zp(y)wip(z;s)ws) = h(zp(y)z)

by definition of A and induction.



8 UNIVERSAL PROPERTY OF SKEW PBW EXTENSIONS

Now assume that the first inversion of zyz has a part in y and a part
in z, say y = y'z; and z = sz’ with z € T and s = x; with i < j or s € R.
Assume further that the first inversion of y exists and is contained in 7/,
say v = wizs'wy with s'wy € T an s’ = x; with i < k or ' € R. Then

zy'p(w;js)2") = h(zp(y )p(x;s)2")
rp(wip(xgs)we)p(zis)z") = h(zwip(zgs ) )wop(zjs)z’)
zwip(rgs  wazjsz') = h(zp(wip(wrs ) wez;)sz')

zp(y)z)

h(zyz) =

~~ o~~~

by definition of h and induction applied alternatively. So the last case is
y =y xpx; with k > j and z = sz’ with s = 2; with ¢ < j or s € R and
z € T. In this case

h(zyz) = h(zy'zip(z;s)2’) = h(zy'p(ew(z;s))Z)
by definition of A and induction, also observe
h(zy'p(zrp(x;s))2) = h(zy'p(p(zra;)s)z)

because gp(p(zrxj)s) = gp(xkp(z;s) by hipothesis (2) and (3) in Theorem
2.4, and also by Proposition 2.6. Also

h(zy'p(p(zras)s)z’) = hzy'plage;)sz’) = hlzp(y'p(zre;))2)

by induction applied twice, and h(zp(y'p(zrz;))z) = h(zp(y)z) by defini-
tion of p, as required. ]

Lemma 2.8. h(ab) = h(a) x h(b), for a,b € Z(X U R).

Proof. h(a) * h(b) = h(tgp(a)tgp(b)) = h(p(a)p(b)) = h(ab), the first
equality is from the definition of %, the second equality is from Proposition
2.6 twice and the third equality is Proposition 2.7 twice. O

3. The universal property

In this section we will prove the main theorem about the character-
ization of skew PBW extensions by a universal property in a similar
way as this is done for skew polynomial rings. This problem was studied
in [2] where skew PBW extensions were generalized to infinite sets of
generators.
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Theorem 3.1 (Main theorem: The universal property).
Let A =o0(R)(z1,...,xn) be a skew PBW extension with parameters

a¢,5¢,cij,dzj,ag€), 1 < 4,7 < n. Let B be a ring with homomorphism
¢ : R — B and elements y1,...,y, € B such that

(i) yip(r) = @(oi(r))yi + ¢(0i(r)), for every r € R.
(i1) y;yi = »(cij)yiy; + @(ag}))yl et so(ag‘))yn + dyj.

Then, there exists an unique ring homomorphism ¢ : A — B such that
oL = ¢ and @(x;) = y;, where ¢ is the inclusion of R in A.

Proof. Since A is a free R-module with basis Mon(A), we define the
R-homomorphism

¢: A= B, a4+ 4 ax® = )y + -+ pla)y™,

where 3 := y%" ...y with 6 := (61,...,6,) € N". Note that ¢(1) = 1.
¢ is multiplicative: In fact, applying induction on the degree |a + S|
we have

$(az®bal) = @(alo®(b)a"” + papz”])
= @lac®(b) [ca,gxa’% + Papl + apmba:ﬁ]

= (a)p(a (1)) p(ca,p)y™ "’ + p(a)p(o(5)) ¢ (Pa,s) (y)

+ (@)@ (Pap) (¥)y’,

is the element in B obtained replacing each monomial
2¥ in Pa,p by y” and every coefficient ¢ by ¢(c). In a similar way we
have for ¢(pa.p)(y) (observe that the degree of each monomial of p, yz”
is < |a+ S]). On the other hand, applying (i) and (ii) we get

where p(pa,5)(y

~—~ O~

(a 0(0%(5))p(ca,s)y* P + o(a)e (0 (0))(Pa,s) (y)
a)p(Pap) (v)y”

It is clear that @t = ¢ and @(x;) = y;. Moreover, note that ¢ is the
only ring homomorphism that satisfy these two conditions. O

B(az®)@(bx”) = p(a)y“p(b)y”
= o(a)[p(c®(1)y* + ¢(Pap) )]y’
= o(a)e(c®(1)y*y” + p(a)p(pap) )y’
= (a)p(0® (b)) [p(ca,s)y* ™ + ©(Pa,s) (¥)]
+ ¢(a)p(pas) (y)y”
) )
o
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Corollary 3.2. Let R be a ring and A = o(R){x1,...,2,) be a skew
PBW extension of R with parameters o;, 0;, ¢;;, d;j, ai;c), 1<14,7 <n. Let
B be a ring with homomorphism ¢ : R — B and elements y1,...,y, € B
such that the conditions (i)-(ii) in Theorem 3.1 are satisfied with respect
to the system of parameters o;, 0;, ¢ij, d;j, ag?), 1 < 4,7 < n, of the ring
R. If B satisfies the universal property, then B =2 A = o(R)(x1,...,Tp).
Moreover, the monomials yi' -+ y%", a; > 0, 1 < i < n are a R-basis
of B.

Proof. By the universal property of A there exists ¢ such that ¢ = ¢;
by the universal property of B there exists 7 such that 1@ = ¢. Note that
tpr = 1 and prp = ¢. The uniqueness gives that 1p = 14 and ¢r = ip.
Moreover, in the proof of Theorem 3.1 we observed that ¢ is not only a
ring homomorphism but also a R-homomorphism, whence

P(Mon(A)) = {y" - yp"loi = 0,1 < i < n}
is a R-basis of B. OJ

Corollary 3.3. Let R be a ring and A = o(R)(x1,...,z,) be a skew
PBW extension of R with parameters o;, d;, ¢;j, d;;, al(f), 1<,5 <n. Let
B be a ring that satisfies the following conditions with respect to the

system of parameters o0y, d;, ¢;5, dij, ag-c), 1 <i4,j < n, of the ring R.
(i) There exists a ring homomorphism ¢ : R — B.

(ii) There exist elements y1,...,y, € B such that B is a left free B-
module with basis Mon(y1,...,yn), and the product is given by
r-b:=(r)b,re R,bec B.

(iii) The conditions (i) and (ii) in Theorem 3.1 hold.
Then B = A =o(R)(z1,...,Zn).

Proof. According to the universal property of A, there exists a ring
homomorphism ¢ : A — B given by rz® + - 4+ az® — o(r)y* +
<+ @(ay)y®; from (ii) we get that @ is bijective. O

4. The Poincaré-Birkhoff-Witt theorem

Using the results of the previous sections, we will give now a new short
proof of the Poincaré-Birkhoff-Witt theorem about the bases of enveloping
algebras of finite-dimensional Lie algebras. Recall that if K is a field and G
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is a Lie algebra with K-basis Y := {y1,...,yn}, the enveloping algebra of
G is the associative K-algebra U(G) defined by U(G) = K{y1,...,yn}/I,
where K{yi,...,yn} is the free K-algebra in the alphabet Y and I the
two-sided ideal generated by all elements of the form y;vy; — viv; — [y;, vil,
1 <4,j < n, where [, ] is the Lie bracket of G (see [9]).

Theorem 4.1 (Poincaré-Birkhoff-Witt theorem). The standard mono-
mials y7'* - y2, o; > 0, 1 <7 < n, conform a K-basis of U(G).

Proof. For the ring K we consider the following system of variables and
parameters:

X ={z1,...,zn}, o05:=ig, 6;:=0, ¢ :=1, di:=0,

(4.1)

We want to prove that conditions (1)—(3) in Theorem 2.4 hold. Condition
(1) trivially holds. For (2) we have
WMaxjxir) = h(xjrz;) = h(rzjz;) = reje; + rlz, x);
h(p(zjx;)r) = h(zixjr) + h([zj, z;]r) = h(xira;) + rlz;, 4]
= rax; + (X, ).
Condition (3) of Theorem 2.4 also holds: In fact,

h(p(zrzj)x;) = h(zjzra;) + h([zr, xj];)
= h(zjzizy) + h(zjzr, xi]) + h([zr, z5)w:)
=z + h([@), milar) + h(ajlog, v]) + h([zk, 25]w:)
= zizjz, + (h(@r[zg, x]) + h({[25, 2], 2i])) + (R([2k, zil2;)
+ h([zj, [zk, i) + (h(@slwg, z5]) + h[[zk, 25], 2:]))
= h(@pwjzs) + h([[z, 23], 2] + [, [2e, 2il] + [[2k, 23], 1))
= h(zrxjz;).
The last equality holds by the Jacobi identity, the second to the last
equality follows regrouping the terms and applying the definition of A to

h(xzpxjz;).
From Theorem 2.4 we conclude that there exists a skew PBW exten-
sion A = o(K)(x1,...,x,) that satisfies (4.1), in particular, the monomials

it 2% a; > 0, 1 < i < n, conform a K-basis of A. But note that
U(G) satisfies the hypothesis in Corollary 3.2, so U(G) = A and U(G) has
K-basis yi* -+ yom, «; 20,1 <@ < n.

]



12 UNIVERSAL PROPERTY OF SKEW PBW EXTENSIONS

References

Acosta, J.P., Chaparro, C., Lezama, O., Ojeda, I., and Venegas, C., Ore and Goldie
theorems for skew PBW extensions, Asian-Furopean Journal of Mathematics, 6
(4), 2013, 1350061-1; 1350061-20.

[2] Acosta, J. P., Ideales Primos en Extensiones PBW torcidas, Tesis de Maestria,
Universidad Nacional de Colombia, Bogota, 2014.

[1

[3] Chaparro, C., Valuations of skew quantum polynomials, Asian-European Journal
of Mathematics, 8(2), 2015.

[4] Dixmier, J., Enveloping Algebras, GSM 11, AMS, 1996.

[5] Bueso, J., Gémez-Torrecillas, J. and Verschoren, A., Algorithmic Methods in
noncommutative Algebra: Applications to Quantum Groups, Kluwer, 2003.

[6] Humphreys, J. E., Introduction to Lie Algebras and Representation Theory, GTM
9, Springer, 1980.

[7] Lezama, O. and Gallego, C., Grdbner bases for ideals of sigma-PBW extensions,
Communications in Algebra, 39 (1), 2011, 50-75.

[8] Lezama, O. & Reyes, M., Some homological properties of skew PBW extensions,
Comm. in Algebra, 42, (2014), 1200-1230.

[9] McConnell, J. and Robson, J., Non-commutative Noetherian Rings, Graduate
Studies in Mathematics, AMS, 2001.

[10] Venegas, C., Automorphisms for skew PBW extensions and skew quantum poly-
nomial rings, Communications in Algebra, 42(5), 2015, 1877-1897.

CONTACT INFORMATION

Juan Pablo Acosta, Departamento de Matematicas
Oswaldo Lezama Universidad Nacional de Colombia, Sede Bogota
E-Mail(s): jolezamas@unal.edu.co

Received by the editors: 02.03.2015
and in final form 16.03.2015.



Algebra and Discrete Mathematics RESEARCH ARTICLE
Volume 20 (2015). Number 1, pp. 13-31

© Journal “Algebra and Discrete Mathematics”

Lie and Jordan structures of differentially
semiprime rings

Orest D. Artemovych and Maria P. Lukashenko

Communicated by A. P. Petravchuk

ABSTRACT. Properties of Lie and Jordan rings (denoted
respectively by RY and R”) associated with an associative ring
R are discussed. Results on connections between the differentially
simplicity (respectively primeness, semiprimeness) of R, R* and R’
are obtained.

1. Introduction

Throughout here, R is an associative ring (with respect to the addition
“+” and the multiplication “-”) with an identity, Der R is the set of all
derivations in R. On the set R we consider two operations: the Lie
multiplication “[—, —]” and the Jordan multiplication “(—, —)” defined
by the rules

[a,b] =a-b—b-a

and
(a,b)=a-b+b-a

for any a,b € R. Then
Rl = (Ra +, [_’ _D

is a Lie ring and
R’ = (R) +, (_7 _))
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Key words and phrases: Derivation, semiprime ring, Lie ring.
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is a Jordan ring (see [13] and [14]) associated with the associative ring R.
Recall that an additive subgroup A of R is called:

e a Lie ideal of R if
la,7] € A,

e a Jordan ideal of R if
(a,r) € A

for all a € A and r € R. Obviously, A is a Lie (respectively Jordan) ideal
of R if and only if A" (respectively A7) is an ideal of R” (respectively
R7).

In all that follows A will be any subset of Der R (in particular, A = {0})
and 6 € Der R. A subset K of R is called A-stable if d(a) € K for all
d e A and a € K. An ideal I of a (Lie, Jordan or associative) ring A is
said to be a A-ideal if I is A-stable. A (Lie, Jordan or associative) ring
A is said to be:

e simple (respectively A-simple) if there no two-sided ideals (respec-
tively A-ideals) other 0 or A,

e prime (respectively A-prime) if, for all two-sided ideals (respectively
A-ideals) K, S of A, the condition K.S = 0 implies that K = 0 or
S =0 (if A = {d} and A is A-prime, then we say that A is §-prime),

e semiprime (respectively A-semiprime) if, for any two-sided ideal
(respectively A-ideal) K of A, the condition K2 = 0 implies that
K =0,

e primary if, for any two-sided ideals K, S of A, the condition K.S = 0
implies that K = 0 or S is nilpotent.

Every non-commutative A-simple ring is A-prime and every A-prime
ring is A-semiprime. We say that R is Z-torsion-free if, for any r € R
and integers n, the condition nr = 0 holds if and only if » = 0. If the
implication

2r=0=r=20

is true for any r € R, then R is said to be 2-torsion-free. Let

Fy(R) = {a € R | a has an additive order p
for some non-negativek = k(a)}

be the p-part of R, where p is a prime. Then F,(R) is a A-ideal of R. If
R is A-semiprime, then
pFp(R) = 0.
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In particular, in a A-prime ring R it holds Fj,(R) = 0 (and so the
characteristic char R = 0) or F,(R) = R (and therefore char R = p).
Obviously that the additive group R™ of a A-prime ring R is torsion-free
if and only if char R = 0. Recall that a ring R is said to be of bounded
index m, if m is the least positive integer such that ™ = 0 for all nilpotent
elements € R. We say that a ring R satisfies the condition (X) if one of
the following holds:

(1) R or R/P(R) is Z-torsion-free, where P(R) is the prime radical of
R,

(2) Ris of bounded index m such that an additive order of every nonzero
torsion element of R, if any, is strictly larger than m.

As noted in [16, p.283], a Z-torsion-free §-prime ring is semiprime. In
this way we prove the following

Proposition 1. For a ring R the following hold:

(1) if R is a A-semiprime ring with the condition (X), then it is
semiprime,

(2) if R is both semiprime (respectively satisfies the condition (X)) and
A-prime, then R is prime.

Relations between properties of an associative ring R, a Lie ring R”
and a Jordan ring R’ was studied by I.N. Herstein and his students (see
[7,8,11] and bibliography in [9] and [5]); he has obtained, for a ring R
of characteristic different from 2, that the simplicity of R implies the
simplicity of a Jordan ring R’ [7, Theorem 1], and also that every Lie
ideal of a simple Lie ring R is contained in the center Z(R) [7, Theorem
3]. K. McCrimmon [20, Theorem 4] has proved that R is a simple algebra
if and only if R is a simple Jordan algebra. Our result is the following

Theorem 1. For a 2-torsion-free ring R the following statements are
true:
(1) R is a A-simple ring if and only if R’ is a A-simple Jordan ring,
(2) R is a A-prime ring if and only if R’ is a A-prime Jordan ring,

(3) R is a A-semiprime ring if and only if R’ is a A-semiprime Jordan
Ting.
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Let us d € A. Since C(R) and ann C(R) are A-ideals, the rule
d:R/ann C(R) > 7 +ann C(R) — d(r) + ann C(R) € R/ann C(R)
determines a derivation d of the quotient ring R/ ann C(R). Then
A ={d|dec A} C Der(R/ann C(R)).
Inasmuch d(Z(R)) C Z(R), the rule
d:R"/Z(R) > r+ Z(R) — d(r) + Z(R) € R*/Z(R)
determines a derivation d of the Lie ring RY/Z(R). Then
A ={d|de A} C Der(R*/Z(R)).

Since the center Z(R) is a nonzero Lie ideal of an associative ring R with
an identity, a Lie ring R is not A-simple. Our next result is the following

Theorem 2. Let R be a 2-torsion-free ring. Then the following are true:

(1) if the quotient ring R*/Z(R) is a A—s@ple Lie ring, then R is
non-commutative and R/ann C(R) is a A-simple ring,

(2) if R is a A-simple ring, then RY/Z(R) is a A-simple Lie ring or
R is commutative,

(3) if R/Z(R) is a A-semiprime Lie ring, then R is non-commutative
and the quotient ring R/ ann C(R) is a A-semiprime ring,

(4) if R is a A-semiprime ring, then R /Z(R) is a A-semiprime Lie
ring or R is commutative,

(5) if R/Z(R) is a A;pm’me Lie ring, then R is non-commutative and
R/ann C(R) is a A-prime ring,

(6) if R is a A-prime ring, then RY/Z(R) is a A-prime Lie ring or R
18 commutative.

Throughout, let Z(R) denote the center of R, [A, B] (respectively
(A, B)) an additive subgroup of R generated by all commutators [a, b]
(respectively (a,b)), where a € A and b € B, C(R) the commutator ideal
of R, N(R) the set of nilpotent elements in R, char R the characteristic of
R,ann; I = {a € R | al = 0} the left annihilator of I in R, ann, I = {a €
R | Ia = 0} the right annihilator of I in R, ann/ = (ann, ) N (ann; I),
Cr(I) = {a € R | ai = ia for all i € I} the centralizer of I in R and
0q(x) = [a, z] for a,z € R.

All other definitions and facts are standard and it can be found in
[10], [17] and [19].
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2. Differentially prime right Goldie rings

Let agree that
d" = idp

is the identity endomorphism for d € A.
Lemma 1. The following conditions are equivalent:
(1) R is a A-semiprime ring,
(2) for any A-ideals A, B of R the implication
AB=0=ANB=0

1S true,

(3) if a € R is such that
aROT"™ ... 0,"(a) =0

for any integers k = 1, m; > 0 and derivations 6; € A (i =1,...,k),
then a = 0.

Proof. A simple modification of Proposition 2 from [17, §3.2]. O]

Lemma 2. The following conditions are equivalent:

1
2
3
4

R is a A-prime ring,

a left annihilator anng I of a left A-ideal I of R is zero,

a right annihilator ann, I of a right A-ideal I of R is zero,
if a,b € R are such that

(1)
(2)
(3)
(4)
RS ... 8 (b) = 0

for any integers k > 1, m; > 0 and derivations 6; € A (j =1,...,k),
then a =0 or b =0.

Proof. A simple consequence of Lemma 2.1.1 from [10]. O]
If I is an ideal of a ring R, then
Cr(I) ={zx € R |z + I is regular in the quotient ring R/I}

(see [19, Chapter 2, §1]). The next lemma extends Proposition 1 of [15].
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Lemma 3. Let R be a right Goldie ring and § € Der R. If R is 6-prime,
then:

(a) the set N = N(R) of nilpotent elements of R is its prime radical,
(b) NE_ 671 (N) = 0 for some integer k,
(c) Cr(0) =Cr(N).

Proof. From Theorem 2.2 of [16] (see the part (i) = (i) of its proof), we

obtain (a) and (b). By Proposition 4.1.3 of [19], Cr(0) C Cr(N). By the
same argument as in [16, p.284], we can obtain that Cr(0) = Cr(N). O

Corollary 1. If R is a commutative d-prime Goldie ring and 6 € Der R,
then N(R) contains all zero-divisors of R.

By Corollary 1.4 of [6], if I is a d-prime ideal of a right Noetherian
ring R and R/I has characteristic 0, then [ is prime. The following lemma
is an extension of Lemma 2.5 from [6].

Lemma 4. Let R be a 2-torsion-free commutative Goldie ring and § €
Der R. If R is §-prime, then it is an integral domain.

Proof. Assume that a € ann N(R), b € N(R) and r € R. Then

0 = 6%(arb) = §(5(a)rb + ad(r)b + ard(b))
= 62(a)rb + 26(a)d(r)b + 26(a)rd(b) + ad®(r)b 4 2ad(r)d(b) + ard®(b)

and so
20(a)R6(b) € N(R).

This means that 6(a) € N(R) or 6(b) € N(R). Hence N(R) is o-stable.
By Lemma 3, N(R) is a ideal and therefore N(R) = 0. By Lemma 1.2 of
[4], R is prime and consequently it is an integral domain. O

Proof of Proposition 1.
(1) By Proposition 1.3 of [6] and Theorem 1 of [1], the prime radical
P(R) is a A-ideal and so P(R) = 0 is zero.
(2) Since P(R) = 0, R is prime by Lemma 1.2 from [4]. O
By Theorem 4 of [22], a A-simple ring R of characteristic 0 is prime.

Since every non-commutative A-simple ring is A-prime, in view of Propo-
sition 1 we obtain the following

Corollary 2. Let R be a semiprime ring (respectively a ring R satisfy
the condition (X)). If R is A-simple, then it is prime.
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3. Differential analogues of Herstein’s results

For the proof of Theorem 2 we need the next results. In the proofs
below we use the same consideration, as in [12, Chapter 1, §1], and present
them here in order to have the paper more self-contained. Let agree that
everywhere in this section & > 1 and m; > 0 are integers (i = 1,...,k).

Lemma 5. Let R be a A-semiprime ring, A and B its A-ideals. Then
the following statements hold:
(1) if AB =0, then BA = 0.
(7i) ann; A = ann,. A.
(7i1) ANann, A = 0.
Proof. (i) Indeed, BA is a A-ideal and (BA)? =0 and so BA = 0.

(ii) We denote (ann, A)A by X. Since X is a A-ideal and X? = 0, we
deduce that X = 0. This means that

ann, A C ann; A.

The inverse inclusion we can prove similarly.
(7i7) Since A Nann, A is a nilpotent A-ideal, the assertion holds.
O

Henceforth

Xo={[01" ... 0" (a),z] |z € R, 6; € A, m; >0
and k > 1 are integers (i =1,...,k)}.

It is clear that [a,z] € X,,.

Lemma 6. Let R be a A-semiprime ring and a € R. Then the following
statements hold:

() if
al67™ .0 (a), R] =0
for any integers k = 1, m; > 0 and derivations 6; € A (i =1,...,k),
then a € Z(R),
(79) if I is a right A-ideal of R, then Z(I) C Z(R),

(7i1) if I is a commutative right A-ideal of R and I is nonzero, then
I C Z(R). If, moreover, R is A-prime, then it is commutative.
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Proof. (i) Let x,y € R and d,0 € A. Since
b, zy] = [b,z]y + x[b,y] (3.1)

for any b € X, and a[b, zy] = 0, we conclude that ax[b,y] = 0. This gives
that ayx[b,y] = 0 and yaz[b,y] = 0 and consequently

(Rla,y|R)* = 0. (3.2)

In addition,
0 = d(a[b, z]) = d(a)[b, x].

Multiplying (3.1) by d(a) on left we get d(a)z[b,y] = 0. Moreover,
0 = §(axld(b), ) = 6(a)ald(),y]
and, by the similar argument, we obtain that
o Lo (a)x[67" .. 6, M (a),y] = 0

for any integers k > 1, m; > 0 and derivations §; € A (i =1,...,k). As
in the proof of the condition (3.2), we deduce that

(R[S ... 67" (a), y|R)* = 0.

Then -
I=> > R[™...6"(a)yR
k=161...0, €A
yeER

is a sum of nilpotent ideals and therefore it is a nil ideal. Since [ is a
A-ideal, we conclude that I = 0 and, as a consequence, a € Z(R).
(1) Let a € Z(I) and y € R. Then, for d1,...,d0; € A, we have

6" ... 6. (a) € Z(1)
and ay € I. This gives that
a(67"™ ... 6"  (a)y) = 07" ... 0, " (a)(ay) = a(ydy™ ... 0, " (a)),

and thus
al67™ ... 6" (a),y] = 0.

By (i), a € Z(R) is central.
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(#i7) By (i), I € Z(R). Assume that R is A-prime, u,v € R and
a € I. Then au € I and so au € Z(R). Since

a(uv) = (au)v = v(au) = (va)u = a(vu),

we see that

[u,v] € ann, I.

By Lemma 2(3), [u,v] = 0 and hence R is commutative. O

Lemma 7. Let R be a A-prime ring and a € R. If a € Cg(I) for some
nonzero right A-ideal I of R, then a € Z(R).

Proof. Let us y € R and b € I. Then by € I and so bay = a(by) = bya.
This yields that
Ifa,y] = 0 = [a, y|1.

By Lemma 2(3), [a,y] = 0. Hence a € Z(R). O
Lemma 8. The left annihilator anny(X,) s a left A-ideal of R.

Proof. Immediate from the definition. O
Lemma 9. If R is a A-semiprime ring, then Cr([R, R]) C Z(R).

Proof. Let us a € Cg([R, R]),d,d € A and x,y € R. Putting x for a and
zd(a) for xy in (3.1) we obtain

[z, zd(a)] = [z, x]d(a) + z[z, d(a)]
and, as a consequence, [a,z[z,d(a)]] = 0 and [a, z][z,d(a)] = 0. Then,
by the same reasons as in the proof of Lemma 6(i), we obtain that
[a, z] € ann;(X,) and A = ann;(X,) is a A-ideal. Then
[6(a), 2]ld(a), x] = 6([a, ][d(a), z]) = 0.

Since A Nann; A = 0, we deduce that is a nilpotent A-ideal and so
a € Z(R). O

Lemma 10. Let R be a 2-torsion-free A-semiprime ring. If a € R
commutes with all elements of X,, then a € Z(R).
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Proof. Let r,z,y € R and d € A. Tt is clear that §2(z) = 0. From
02(xy) = 0 it follows that

20a(2)0a(y) =0
and so 0,(x)0,(y) = 0. Since

0 = 0a(2)a(re) = 0u(2)0a(r)a + Oa(2)rda(z) = Ou(2)rda(z),
we deduce that 0, (1) R0,(z) = 0 and (9,(z)R)? = 0. Moreover, a[b, z] =
[b, x]a for any [b, z] € X, and therefore
d(a)[b, z] + ald(b), z] + a[b,d(z)] = [b, x]d(a) + [d(D), x]a + [b, d(x)]a.
From this it holds that
d(a)[b, z] = [b, x]d(a).

This means that Cgr(X,) is A-stable and (9,(,)(z)R)? = 0. As a conse-
quence,

I= Z > Oy k() (@R
k=1 z€R
my =0
01,...,0L,EA
is a sum of nilpotent ideals and so [ is a nil ideal. Since [ is a A-ideal,
we deduce that I = 0. Hence a € Z(R). O

The next lemma is an extension of Lemma 1 from [11] in the differential
case.

Lemma 11. Let R be a 2-torsion-free A-semiprime ring, T its Lie A-
ideal. If [T, T] C Z(R), then T C Z(R).

Proof. Let x € RandteT.

1) If [T, T] = 0, then [t,z] € T and so [t, [t,z]] = 0. By Lemma 10,
T C Z(R).

2) Now assume that 0 # [a, b] € [T, T] for some a,b € T. Then

d4(b) € Z(R) and 92(R) C Z(R).
Moreover, we have that

Z(R) 2 9%(bx) = 04(04 (D) + bdy(x))
= 02(b)z + 204(0)Dy(x) + bO* ()
= 20,(0)a(z) + bI* ()
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and hence

20, (0)y () 4 b2 (), b] = 0.
Then

0 = 204(3a(b))Da () + 204(b)3(Da(x)) + 9 (b)5 (x) + b3y (97 (x))

— 20,(5)0h (0 () (33)

and

0a(ba) = 04(b)a + b0, (a) = Dy (b)a.

Replacing ba for z in (3.3) we have
0= 26a<b)ab(aa(b)a) - 28a(b)(3b(3a(b)) + 8a(b)8b(a>) - _28(1([7)3

and thus d,(b)> = 0. Then R3,(b) is a nilpotent ideal in R and, as a
consequence,

> RO,4(b)

a,beT

is a nonzero nil A-ideal, a contradiction. O

Lemma 12. If U is a Lie A-ideal of a ring R and I(U) = {u € R |
uR C U}, then 1(U) is the largest A-ideal of R such that I(U) C U.

Proof. Let u,v € I(U), z,y € R and § € A. Clearly that I(U) is an
additive subgroup of R, I(U) C U and (uz)y = u(zy) € (ux)R = u(zR) C
uR C U that is ux € I(U). From

u(zy) — (yu)r = (ur)y — y(uz) = [uz,y] € U

(and so (yu)z € U) it holds that yu € I(U). Hence U is a two-sided ideal
of R. Moreover,

d(u)x +ud(x) = d(ux) € 6(U) CU

and ud(z) € uR C U. Therefore 6(u)z € U. This means that I(U) is a A-
ideal of R. If A is a A-ideal of R that is contained in U, then AR C A CU
and hence A C I(U). O

Lemma 13. Let U be a Lie A-ideal of R. If U is an associative subring
of R, then [U,U] =0 or U contains a nonzero A-ideal of R.
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Proof. Assume that x € R and [U,U] # 0. Then [u,v] # 0 for some
u,v € U and

[u,vx] = u(vze) — (ve)u = (v — vu)x + v(uz — xu).
Since [u, z], [u,vz] € U and v[u, 2] € U, we deduce that [u,v]z € U. This

means that [u,v] € I(U). In view of Lemma 12, I(U) is a nonzero A-ideal
of R that is contained in U. O

Proposition 2. If U is a Lie A-ideal of R, then [U,U] = 0 or there
exists a nonzero A-ideal Iy of R such that I, R] C U.

Proof. By Lemma 3 of [7],
TU)={teR|[t,R CU}

is both a Lie ideal and an associative subring of R and U C T'(U).
Moreover, for § € A, we have

[0(2), R] + [t,6(R)] = &([¢, R]) € 6(U) € U

and so [0(t), R] C U. Hence T(U) is A-stable. If [U,U] # 0, then, by
Lemmas 12 and 13,
Iy = I(T(U)) € T(U)

is a nonzero A-ideal of R such that [[;7, R] C U. O

Lemma 14. Let U be a Lie A-ideal of a ring R. If [U,U] =0, then the
centralizer Cr(U) is a Lie A-ideal and an associative subring of R.

Proof. Is immediately. O

We extend Theorem 1.3 of [9] in the following

Proposition 3. Let R be a A-simple ring of characteristic 2. If U is a
Lie A-ideal of R, then one of the following holds:

(1) [R,RCU,

(2) U C Z(R),

(3) R contains a subfield P such that U C P and [P, R] C P.
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Proof. 1f [U,U] # 0, then [R,R] C U by Proposition 2. Therefore we
assume that [U,U] = 0. By Lemma 14, Cr(U) is a Lie A-ideal and an
associative subring of R such that U C Cr(U).

a) If Cr(U) is non-commutative, then Cr(U) = R by Lemma 13.
Hence U C Z(R).

b) Now assume that the centralizer Cr(U) is commutative. If ¢ €
Cr(U) and x € R, then

¢® € Cp(U) and [c?, z] = [[¢, 2], x] = 2¢[c, z] = 0.

This gives that ¢> € Z(R). By Theorem 2 of [22], Z(R) is a field. As a
consequence, ¢? (and so ¢) is invertible in Cr(U). Hence Cg(U) is a field.
O

Corollary 3. Let R be a A-simple ring. If U is a Lie A-ideal of R, then
one of the following holds:

(1) [R,R] CU,

(2) U C Z(R),

char R = an contains a subfie such that - an
3) char R 2 d R bfield P h that U P d
[P,R] C P.

4. Jordan properties

Lemma 15. Let R be a A-simple ring of characteristic # 2, U its proper
Jordan A-ideal and a € U. If [a, R] C U, then a = 0.

Proof. Let us x,y € R. Since [a,z] € U and (a,z) € U, we obtain that
2ax € U and, as a consequence, ax € U and (azx,y) € U. Moreover, from
axy € U it follows that yax € U. This means that RaR C U. Since
d(a) € U for any d € A, in view of [21, Lemma 1.1] we obtain that

> > R ...™(a)R
k=1 61,...,00€A
(ml,‘..,mk)GNk

is a proper A-ideal of R that is contained in U. Hence a = 0. O

Remark 1. Let R be a 2-torsion-free ring, U its Jordan A-ideal. If A
contains all inner derivations of R, then U is an ideal of R.
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In fact, we have
2za = [a,z] + (a,x) € U

for any a, b,z € U and so xa € U. By the same argument, we can conclude
that ax € U.

Proof of Theorem 1.

(1) (<) If A is a nonzero proper A-ideal of a ring R, then A” is a
nonzero proper A-ideal of R’, a contradiction.

(=) Let U be a proper Jordan A-ideal of R, a,b € U and x € R. By
Lemma 1 of [7], [(a,b),z] € U, and, by Lemma 15, we see that

(a,b) = 0. (4.4)

2

In particular, 2a> = 0 and, as a consequence, a’> = 0 and 2aza =

(a, (a,x)) = 0. It follows that axa = 0. Since
0= (a+b)z(a+b) =axb+bra
and
0= (b, (a,z)) = blax + za) + (ax + za)b = bax + bra + axb + xba,

we deduce that bax + xab = 0. But ab = —ba and so bax — zba = 0. This
means that ba € Z(R). Then (RabR)? = 0. Since

oo
1= Y Rad .. .5H(b)R
k=1a,belU, 61,...,00€EA
(m17~"’mk)€Nk

is a A-ideal of R that is a sum of nilpotent ideals, we obtain that I = 0.
Therefore

0= (b,x)a = (bx + xb)a = bzra + xba = 2bzxa.

We conclude that URU = 0. From (RUR)? = 0 and §(RUR) C RUR for
any 0 € A it holds that U = 0.

(2) (=) If A, B are A-ideals of R such that AB = 0, then (BA)? =0
and so BA is a Jordan ideal of R satisfying the condition

(BA, BA) = 0.
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Thus the condition (4.4) is true for U = BA. As in the proof of the part
(1), we obtain that BA = 0. Then A7, B/ are A-ideals of a Jordan ring
R’ such that

(A7, B7) =o.

Hence A=0or B =0.
(=) Let a1,a2 € A and x,y € R. Suppose that R’ is not A-prime
and therefore there exist nonzero Jordan A-ideals A, B of R such that

(A,B) =0.

By the same reasons as above, we conclude that AN B = 0. Then, by
Lemma 1 of [7], we have [(a1,a2),x] € A and hence

[(a1,a2),x] £ ((a1,a2),x) € A.

Therefore z(ay, az2)y € A. Thus R contains A-ideals R(A, A)R C A and
R(B,B)R C B such that

R(A,A)R(B,B)RC AN B = 0.

Hence (A, A) =0 or (B, B) = 0 and this leads to a contradiction.
(3) (<) If A is a nonzero A-ideal of R such that A? = 0, then A7 is
a nonzero A-ideal of the Jordan ring R’ such that

(A7, A7) =0,

a contradiction.
(=) Suppose that R has a nonzero Jordan A-ideal U such that

(U,U) = 0.

Then the condition (4.4) is true for any a,b € U. As in the proof of the
part (1), we obtain that U = 0.
O

If R is a ring, then on the set R we can to define a left Jordan
multiplication “(—, —)” by the rule

(a,b) = 2ab
for any a,b € R. Then the equalities

<<<aa a>’b>7a> = <<a7a>a <b7 a>> and <<CL, b>va> = <aa <ba a>>
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are true and hence
RU = (Ra =+, <_a _>)

is a non-commutative Jordan ring (which is called a left Jordan ring
associated with an associative ring R). It is clear that, for commutative
ring R, we have

R’ =RY.

If A is an additive subgroup of R that (a,r), (r,a) € A for any a € A and
r € R, then A is called an ideal of R.If 6 € A and a,b € R, then

d((a,b)) = 0(2ab) = 20(a)b+ 2ad(b) = (6(a),b) + (a,d(b))
and therefore § € Der(R!/). By the other hand, if § € Der(R"), then
25(ab) = 6({a, b)) = (d(a),b) + (a, (b)) = 2(d(a)b + ad(b)).

If R is a 2-torsion-free ring, then § € Der R. Similarly, as in Theorem 1,
we can prove the following

Proposition 4. For a 2-torsion-free ring R the following conditions are
true:
(1) R is a A-simple ring if and only if RY is a A-simple Jordan ring,
(2) R is a A-prime ring if and only if RY is a A-prime Jordan ring,

(3) R is a A-semiprime ring if and only if R is a A-semiprime Jordan
Ting.

5. Proofs
The next lemma in the prime case is contained in [18, Lemma 7].

Lemma 16 (]2, Lemma 1.7]). Let R be a ring. If [[R, R],[R, R]] = 0,
then the commutator ideal C(R) is nil.

Corollary 4. If R is a non-commutative A-semiprime ring, then [R, R]
18 non-commutative.

Proof of Theorem 2.

(1) It is clear that a ring R is non-commutative. If A is a nonzero
proper A-ideal of R, then A% is a nonzero proper A-ideal of R”. Therefore
A C Z(R) and, as a consequence, A - C(R) = 0.
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(2) Suppose that a A-simple ring R is non-commutative and U is
its nonzero proper Lie A-ideal. By Proposition 2, [U,U] = 0. Then, by
Lemma 11, U C Z(R). Hence the quotient ring RY/Z(R) is A-simple.

(3) Let A be a nonzero A-ideal of R such that A? = 0. Then A” is a
nonzero A-ideal of a Lie ring R” and, moreover,

[AL AR =o.

By Lemma 11, A C Z(R) and hence A - C(R) = 0.

(4) Suppose that R is non-commutative. Let A be a nonzero Lie
A-ideal of R such that [A, A] = 0. Then, by Lemma 11, A C Z(R) and,
as a consequence, the Lie ring RE/Z(R) is A-semiprime.

(5) Let A, B be nonzero A-ideals of R such that AB = 0. Obviously,
[A,B] C Z(R). Then A C Z(R) or B C Z(R).

(6) Assume that R is non-commutative and A, B are nonzero Lie
A-ideals of R such that

[A, B] = 0.

Then ANB C Z(R). Since AN B C ann C(R) in a A-prime ring R, we
have that the intersection AN B = 0 is zero. If T(A) = R (see proof
of Proposition 2), then [R,R] C A and B C Cg([R, R]). By Lemma 9,
B C Z(R). So we assume that T(A) # R. If [T(A),T(A)] = 0, then
[A, A] = 0 and, by Lemma 11, A C Z(R). Suppose that [T'(A),T'(A)] # 0.
By Lemma 13, T'(A) contains a nonzero A-ideal I of R. Since

[I,B]C ANB =0,

we conclude that B C Z(R) by Lemma 7. O

The map
O, :Ro>x v [a,z] €ER

is called an inner derivation of a ring R induced by a € R. The set IDer R
of all inner derivations of R is a Lie ring. Every prime Lie ring is primary
Lie.

Lemma 17. There is the Lie ring isomorphism
IDer R 3 9, — a+ Z(R) € RY/Z(R).
Proof. Evident. O

Corollary 5. Let R be a ring. Then the following statements hold:
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(1

) IDer R is a simple Lie ring if and only if R*/Z(R) is a simple Lie
Ting,

(2) IDer R is a prime Lie ring if and only if R*/Z(R) is a prime Lie

ing,

(3) IDer R is a semiprime Lie ring if and only if R*/Z(R) is a semipri-

me Lie ring,

(4) IDer R is a primary Lie ring if and only if R*/Z(R) is a primary
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3
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7
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9
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ABsTRACT. Let K be a class of semigroups and P be a
set of general properties of semigroups. We call a subset @ of P
characteristic for a semigroup S € K if, up to isomorphism and anti-
isomorphism, S is the only semigroup in K, which satisfies all the
properties from ). The set of properties P is called char-complete
for KC if for any S € K the set of all properties P € P, which hold
for the semigroup S, is characteristic for S. We indicate a 7-element
set of properties of semigroups which is a minimal char-complete
set for the class of semigroups of order 3.

Introduction

All properties of semigroups are assumed to be invariant with respect
to isomorphism and anti-isomorphism.

Let K be a class of semigroups and P be some set of general (qualitative
and quantitative) properties of semigroups. For S € I, we denote by P(.5)
the set of all properties P € P which hold for the semigroup S.

We say that a subset Q of P characteristic for a semigroup S € K if, up
to isomorphism and anti-isomorphism, S' is the only semigroup in /C, which
satisfies all the properties from Q; if @ = {q1, ..., qs}, then the properties
qi,-..,qs are called characteristic for S. Obviously, if Q C Q" C P and
Q is characteristic for S then so is Q’. The set of properties P is called
char-complete for IC if for any S € K the subset P(S) of P is characteristic

2010 MSC: 20M.
Key words and phrases: semigroup, anti-isomorphism, idempotent, Cayley table,
characteristic property, char-complete set.
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for S. A char-complete set of properties is called minimal if it does not
contain a proper char-complete subset of ones.

In this paper we indicate a 7 properties of semigroups which form a
minimal char-complete set for the class of semigroups of order 3.

1. Formulation of the main result

We consider the following properties of a semigroup of order 3:

P(C): commutativity;
(1):
0):
(0):
,d(1): the number of idempotents is equal to 1;
d(2):

Pyer(2): the smallest number of generators is equal to 2.

e

the existence of a unit element;

"U

the existence of a zero element;

v

the existence of an added zero element;

[T

the number of idempotents is equal to 2;

The set of all these properties is denoted by P3(7).
Our aim is to prove the following theorem.

Theorem 1. The set P3(7) is a minimal char-complete set of properties
for the class of semigroups of order 3.

2. Preliminaries

In this section we present results from the paper [1].

Let S = {(1),(2),...,(n)} be a finite semigroup which is given by the
Cayley table T'. One wants to find some its minimal system of generators
and the complete set of defining relations for these generators.

In the first step one chooses an element (s) of S that is (according
to the table) the product of two elements (i) # (s) and (j) # (s); then
in the Cayley table T' (including the header row and the header column)
one substitutes (i)(j) instead of (s). The new table is denoted by T1.

In the second step one chooses an element (s(M)) of the set S =
S\ {(s)} that is the product of two elements i) and j1), Where i = )
7N = (1), or i = (i) (ia), jY = (), or i) = (i), jI = (j ><]2>
i) = (i1)(iz), V) = (j1) (o), with (i), (i2), {j1), (j2) 75 < !); then in the
table 77 (including the header row and header column) one substitutes
(i) (51 instead of (s'). The new table is denoted by T5.
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In the next step one chooses an element s(?) of the set S = S\
{(s), <3(1)>}, and so on. Upon completion of this process, say after m steps
(m > 0), one has a minimal system of generators S (m) of the semigroup S
(consisting of those elements of the header column of the last table that
are of the form (k)) and an appropriate set of defining relations in the
form of the last table (which must be taken fully).

Note that the specified process is ambiguous and so one can get
different final system of generators.

In the paper [1] this algorithm is applied to all semigroups of order 3
which are considered up to isomorphism and anti-isomorphism (if S be
a semigroup, then a semigroup S’ with multiplication o is called anti-
isomorphic to S if S’ = S as sets and z oy = yx). In each from 18 cases
the algorithm has less than 3 steps. Under the transition from one table
to another, the equality between the arrows specifies a replacement in the
first table.
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From the above, it easily follows the next statement (which was not
formulated in [1]) .

Theorem 2. Let S be a semigroup of order 3. Then any two its minimal
systems of generators are of the same order, and coincide if S is not a
group.

Note that the group of order 3 is given by the case 18).

3. Proof of Theorem 1

The following table 7, which follows from the results of section 2,
shows what the properties hold for the semigroups 1) — 18) (“+” means
that the corresponding property holds, and its absence means that the
corresponding property does not hold).

Since all rows of this table (without the header row and the header co-
lumn) are mutually different, the set of properties P3(7) is char-complete.

To prove that the char-complete set P3(7) is minimal it suffices to
verify that the table 7 without any fix column X (and, of course, without
the header row and the header column) has two equal rows. It is easy
to see that if X is equal to C, P(1), P(0), PT(0), Pia(1), P;a(2), Pyen(2),
then, respectively, the following two rows are equal: 3 and 4, 13 and 14, 4
and 5, 3 and 9, 1 and 7, 5 and 8, 8 and 14.
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TABLE 1. T
1C| P | PO)| P*(0)| Pu(1) | Pu(2) | Pren(®)|

1|+ + + +
2 ||+ + +
3 ||+ + + +
4 + + +
5 + +
6 ||+ + + + +
7]+ - +
8 +
9 ||+ =+ =+ + +
10|+ + + +
11 + +
12|+ + + + + +
13 +
14
15[+ + +
16|+ + + +
171+ +
18+ + +
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ABSTRACT. In this paper we present new families of sequences
that generalize the Jacobsthal and the Jacobsthal-Lucas numbers
and establish some identities. We also give a generating function
for a particular case of the sequences presented.

Introduction

Several sequences of positive integers were and still are object of study
for many researchers. Examples of these sequences are the well known
Fibonacci sequence and the Lucas sequence, both related with the golden
mean, with so many applications in diverse fields such as mathematics,
engineering, biology, physics, architecture, stock market investing, among
others (see [9] and [17]). About these and other sequences like Pell sequence,
Pell-Lucas sequence, Modified Pell sequence, Jacobsthal sequence and the
Jacobsthal-Lucas sequence, among others, there is a vast literature where
several properties are studied and well known identities are derived, see
for example, [13,18-20].

In 1965, Horadam studied some properties of sequences of the type,
wy(a, b;p, q), where a, b are nonnegative integers and p, g are arbitrary

2010 MSC: 11B37, 11B83, 05A15.
Key words and phrases: Jacobsthal numbers, Jacobsthal-Lucas numbers, Binet
formula, Generating matrix, Generating function.
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integers, see [11] and [12]. Such sequences are defined by the recurrence
relations of second order

Wy, = PWp—1 — qWp—2, (N > 2)

with initial conditions wg = a, w1 = b. For example, the Fibonacci and
the Lucas sequences can be considered as special cases of sequences of this
type, wy(1,1;1, —1) and wy (2, 1; 1, —1), respectively. Also, the Jacobsthal
and the Jacobsthal-Lucas sequences can be considered as w,, (0, 1;1, —2)
and wy(2,1;1, —2), respectively. Recall that the second-order recurrence
relations and the initial conditions for the Jacobsthal numbers, J,, n > 0,
and for the Jacobsthal-Lucas numbers, j,, n > 0, respectively, are given
by
Jnto = Jnt1 +2Jp, Jo=0, J1 =1

and
Jn+2 = Jn+1 + 24, Jo =2, j1=1.
The Binet formulae for these sequences are

3

where 2 and —1 are the roots of the characteristic equation associated
with the above recurrence relations.

More recently, some of these sequences were generalized for any pos-
itive real number k. The studies of k-Fibonacci sequence, k-Lucas se-
quence, k-Pell sequence, k-Pell-Lucas sequence, Modified k-Pell sequence,
k-Jacobhstal and k-Jacobhstal-Lucas sequence, can be found in [1,3-7,14].

The aim of this work is to study some properties of two new sequences
that generalize the Jacobhstal and the Jacobsthal-Lucas numbers. In
this work we will follow closely the work of El-Mikkawy and Sogabe (see
[10]) where the authors give a new family that generalizes the Fibonacci
numbers, different from the one defined in [1], and establish relations with
the ordinary Fibonacci numbers.

So, in this Section we start giving the new definition of generalized
Jacobsthal and Jacobsthal-Lucas numbers, and we exhibit some elements
of them. We also present relations of these sequences with ordinary
Jacobsthal and Jacobsthal-Lucas. In Section 1 we deduce some properties
of these new families, as well as in Section 2, but using different methods.
In Section 3, we study a particular case, that is two sequences of the new
defined families for k¥ = 2. For these sequences we present some recurrence
relations and generating functions.

I = and jn = 2" + (_1)n7
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Following our ideas, we give a new definition of generalized Jacobsthal
and Jacobsthal-Lucas numbers.

Definition 1. Let n be a nonnegative integer and k be a natural number.
By the division algorithm there exist unique numbers m and r such that
n = mk+r (0 < r < k). Using these parameters we define the new

generalized Jacobsthal and generalized Jacobsthal-Lucas numbers, Jy(lk)
and j,(f) respectively by
1 r
k 1 1 k—

L L (A S G s D M

and
,
3 = (g ) O ) (2)

where 71 = 2, ro = —1, respectively.

For k = 1,2, 3 the first seven elements of these new sequences are:
(I}, o =10,1,1,3,5,11,21}  {jiV})_ = {2,1,5,7,17,31,65}
(Y =10,01,1,1,3,9y {57} ={4,2,1,5,25,35,49}
(I =10,0,0,1,1,1,13 {5} ={8,4,2,1,5,25,125}.

We also present more elements of some of these new sequences in the
tables 1 and 2. We have found some interesting regularities. In the case

of the generalized Jacobsthal sequences {JT(Lk)}n it is easy to prove that:

Proposition 1. Let Ji(k) be the it" term of the new family of Jacobsthal
numbers. Then we have:

a) JM =0, ie{0,... k—1};
by JP =1, ie{k,... k—1};
<) Ji(k):3i_2k, ie{2k,..., 3k},

To the generalized Jacobsthal-Lucas sequences { j,(lk)} is easy to prove
n
that:
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TaBLE 1. J& for k=1,2,....9and n=0,1,...,27.

n\k 1 2 3 4 5) 6 7 8 9
0 0 0 0 0 0 0 0 0 0
1 1 0 0 0 0 0 0 0 0
2 1 1 0 0 0 0 0 0 0
3 3 1 1 0 0 0 0 0 0
4 5 1 1 1 0 0 0 0 0
5 11 3 1 1 1 0 0 0 0
6 21 9 1 1 1 1 0 0 0
7 43 15 & 1 1 1 1 0 0
8 85 25 9 1 1 1 1 1 0
9 171 55 27 3 1 1 1 1 1

10 341 121 45 9 1 1 1 1 1
11 683 231 75 27 3 1 1 1 1
12 1365 441 125 81 9 1 1 1 1
13 2731 903 275 135 27 3 1 1 1
14 5461 1849 605 225 81 9 1 1 1
15 10923 3655 1331 375 243 27 & 1 1
16 21845 7225 2541 625 405 81 9 1 1
17 43691 14535 4851 1375 675 243 27 3 1
18 87381 29241 9261 3025 1125 729 81 9 1
19 174763 58311 18963 6655 1875 1215 243 27 5]
20 349525 116281 38829 14641 3125 2025 729 81 9
21 699051 232903 79507 27951 6875 3375 2187 243 27
22 1398101 466489 157165 53361 15125 5625 3645 729 81
23 2796203 932295 310675 101871 33275 9375 6075 2187 243
24 5592405 1863225 614125 194481 73205 15625 10125 6561 729
25 11184811 3727815 1235475 398223 161051 34375 16875 10935 2187
26 22369621 7458361 2485485 815409 307461 75625 28125 18225 6561
27 44739243 14913991 5000211 1669647 586971 166375 46875 30375 19683

(k)
TABLE 2. jp ', fork=1,2,....9and n=0,1,...,27.

n\k 1 2 3 4 5) 6 7 8 9
0 2 4 8 16 32 64 128 256 512

1 1 2 4 8 16 32 64 128 256

2 5) 1 2 4 8 16 32 64 128

3 7 5 1 2 4 8 16 32 64

4 17 25 5 1 2 4 8 16 32

5) 31 35 25 5) 1 2 4 8 16

6 65 49 125 25 5 1 2 4 8

7 127 119 175 125 25 5 1 2 4

8 257 289 245 625 125 25 55 1 2

9 511 527 343 875 625 125 25 5) 1

10 1025 961 833 1225 3125 625 125 25 5
11 2047 2015 2023 1715 4375 3125 625 125 25
12 4097 4225 4913 2401 6125 15625 3125 625 125
13 8191 8255 8959 5831 8575 21875 15625 3125 625
14 16385 16129 16337 14161 12005 30625 78125 15625 3125
15 32767 32639 29791 34391 16807 42875 109375 78125 15625
16 65537 66049 62465 83521 40817 60025 153125 39062 78125
17 131071 131327 130975 152303 99127 84035 214375 546875 390625
18 262145 261121 274625 277729 240737 117649 300125 765625 1953125
19 524287 523775 536575 506447 584647 285719 420175| 1071875| 2734375
20 1048577 1050625 1048385 923521 1419857 693889 588245| 1500625| 3828125
21 2097151 2098175 2048383 1936415 2589151 1685159 823543| 2100875| 5359375
22 4194305 4190209 4145153 4060225 4721393 4092529 2000033 | 2941225 7503125
23 8388607 8386559 8388223 8513375 8609599 9938999 4857223 4117715/10504375
24| 16777217| 16785409| 16974593| 17850625| 15699857 | 24137569| 11796113| 5764801|14706125
25| 33554431| 33558527 33751039| 34877375| 28629151| 44015567 | 28647703[14000231|20588575
26| 67108865| 67092481 | 67108097| 68145025| 60028865| 80263681 | 69572993|34000561 28824005
270134217727(134209535|133432831(133144895|125866975|146363183 168962983 |82572791|40353607
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Proposition 2. Let j(k) be the it term of the new family of Jacobsthal-

7
Lucas numbers. Then we have:

a) j =2k e o, k- 1};
b) jM =5k ie{k,... 2k}

The generalized Jacobsthal and Jacobsthal-Lucas numbers have the
following relations with the ordinary Jacobsthal and Jacobsthal-Lucas
numbers.

Lemma 1. Given n a nonnegative integer and k a natural number

k —r r
J7(nlz+r = (Jm)k (Jm-i-l)

and "
i = ) )"

where m and r are nonnegative integers such that n = mk+r (0 <r < k).

Proof. We have

m _ (__1\m\ k- m+1 (1 \ym+1\"
(Jm)k_r(Jerl)T: (2(1)) <2 : E(} 1) +>

1
— @ (2m o (_1)m)k77“ (2m+1 - (_1)m+1>r
1 fe— T
= m (rf" —ry")" " (TTH - Ténﬂ)
_ gk
- Jmk—l—r‘
In a similar way we can show the second equality. O

Note that the use of the Lemma 1 allows us to conclude immediately

that Jél) and j,(ll) are the Jacobsthal and the Jacobsthal-Lucas numbers,
respectively.

1. Properties

Next we present some properties of these new families of integers.

Theorem 1. Let k and m be fized numbers where m is a nonnegative
integer and k a natural number. The generalized Jacobsthal numbers and
the ordinary Jacobsthal numbers satisfy:
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k—1
a) ;0 (N DT = R0

k—1 i—1 7(k) (k—1) .
(T2 s = I ) (o1

b)

Z
m (k) (k)
c) 2 k+z - 2J{n_1 (J(m+1)k o ‘]mk)'

k—1
Proof. a) By Lemma 1 we have that > (kzl)( 1)~ ’Jr(m,zﬂ is successively
=0

equal to

(]

k—1
(k B 1) (=17 (=D =) ) ()

i—o\ !

M |

( ) k 1— Z(Jm)k_l_ijm(Jm—i—l)i

i=0
D) Zl (k . 1) (=Jm)* 7 ()
i=0 \ !
that by the binomial theorem is equal to
(D) * T (Jg1 — Jm)* L
Since, by the definition of the Jacobsthal sequence,

(_1)1_kJm (Jerl - Jm)k_l = (_1)1_kJm (2Jm,1)k_1

and using Lemma 1 (considering m — 1 instead of m, k — 1 instead of k
and r = 0) we obtain

1—-kok—1 ( )
and the result follows.
b) By Lemma 1 we have

k-1 k-1
k—1\_ p—ic1 .k k—1 iok—i i
> < i >2k IJr(nIngi = , >(Jm)k 2" (Jgn)

1=0
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and using again the binomial theorem we have
T (Tt + 2Jm)F
that is equal, by the definition of the Jacobsthal numbers, to
(T 2)" 7!

and by Lemma 1 (considering m + 2 instead of m, k — 1 instead of k£ and
r=0), we get

(k—1)
T (1) (k-1

¢) By Lemma 1 we can write

-1
Z N k-i—z = Z (Jm)* " (Jmgr)’
1=0

k—1

_ gy (Tmer)’
— (Jm) ;( it )
o
_ k (75%) —1
o [Umi)f = U
= (Jm)" | +(Jm)k X - ]
= = [ = O]
= 52 () = ()]

and, taking into account Lemma 1 (with » = 0), the result follows. [
The following result for Jacobsthal-Lucas numbers can be deduced
analogously:

Theorem 2. Let k and m be fized numbers where m is a nonnegative
integer and k a natural number. The generalized Jacobsthal-Lucas numbers
and the ordinary Jacobsthal-Lucas numbers satisfy:

k=1 ._ _i(k k
a) Z (kz‘l)(_l) 31(711)6+i = (-2)* jm]((m 11))(k 1)’

=0
ko1 . -
b) >, (7200 _]m]((erQ))(k 1)

—1
o (k) (k)
0 z 3o = 22 (il = 350
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2. Generating matrices

In [15] the authors use a matrix method for generating the Jacobsthal
numbers by defining the Jacobsthal A-matrix

[

and they proved that

n_ | Jnr1 2Jn _ am-n | 1 2
e Fe = 1)

for any natural number n.
Thus, for any n > 0, s > 0 and n + s > 2, we have

Jnts  2dnys—1 — Aln+s=2) L2
Jn—i—s—l 2Jn+s—2 1 0|

If we compute the determinant of both sides of the previous equality
we obtain
2Jn+s<]n+s—2 -2 (Jn+s—1)2 = -2 ‘A(n+8_2)’

which is equivalent to
(Jn+s—1)2 - Jn+SJTL+S—2 - (_2)n+s—2.

Since, by Lemma 1 (where m =n+s—1, k=2 and r = 0)

J2(?2L+s—l) = (JnJrsfl)Q,

we have proved the following result:
Theorem 3. Ifn,s >0 and n+ s > 2, then

7

2(n+s—1) - Jn+an+S_2 — (_2)n+s—2'

Also, by considering the generating Jacobsthal-Lucas B-matrix given

in [16] and in [§]
5 2
o[ 1]
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and proceeding in a similar way as we did for Jacobsthal numbers, we
obtain for n,s > 0 and n + s > 2,

Jn+ts 2Jn+s—1 :B(n+s—2) 5 2 .
jn+571 2jn+s—2 1 4

Computing the determinant of both sides of this equality we get

. . (n+s-2)
2jn+sjnts—2 — 2 (]nJrsfl)Q = (322) X (322)
which is equivalent to

Jntsints—2 — (jn+s_1)2 — 32(nts—1)9(nt+s-2)

Using Lemma 1 again (with m =n+s—1, k =2 and r = 0) we obtain
the following result:

Theorem 4. Ifn,s >0 and n+ s > 2, then

: : (2 n+s— n+s—
In+sIn+s—2 _]é(’zl-f—s—l) — 32(nts—1)9(nt+s—2)

3. A particular case

In this section we study the particular case of the sequences {Jy(f)}n
and {jr(f)}n defined by (1) and (2), respectively, with k = 2.

3.1. Recurrence relations

First we present a recurrence relation for these sequences.

Theorem 5. The sequences {J,gz)}n and {jy(?)}
following recurrence relations:

satisfy, respectively, the

n

J7s2) = ']722—)1 + 2(]722_)3 + 4J722_)4, n=4,5,...

and

i =2 2@+ 4P, =45,

n—3 n—4»



P. CATARINO, P. VAasco, H. Campros, A. P. AIrRES, A. BorGEs 49

Proof. First, we consider n even, that is n = 2m, for any natural number
m. In this case, using Lemma 1, we have

T2 = (J)2 = T
= Jm (Jm-1+2Jm—2)
= Jmdm-1 + 2Jm 2
= Tt +2 (St + 2Jp2) Jim—s
= T 2T 1 Tmg + A(Jps)?
= 2(772—1 + 2J2(7272—3 + 4(Jm—2)”
= TS 200+ AT

as required. Now, for n odd, that is n = 2m + 1, for any natural number
m and, using again Lemma 1, we obtain:

J2(1212+1 - Jme—H
= Jm (Jm + 2Jm—1)
= (Jn)? +2J -1
= J5) 4 2 (Jnet + 2 2)
= J5) + 20 1)? + A2
= J(Q) + 2‘]2(371) 2 + 4Jm 2Jm 1
2 2
S ST (Y
So for every n = 4,5, ... the result is true. In a similar way we can prove

the result for jq(@z). O

We also note that if we consider separately the even and the odd
terms of the above defined sequences we can obtain shorter recurrence
relations. In fact, for n = 2m, for any natural number m, by Theorem 3
(with n =m and s = 1) we have

J2(2) = Jmt1Im—1 = (_Z)mil

m

and so
i = Tt It + (=2)™ !
= Jn1(Jm 4 2Jm1) + (=2)"71
= Jm1Jm + 2(Jm—1)* 4+ (=2)™ !
= 2(7272 1+2J2(7,3 o+ (—2)™
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In a similar way, if we consider n = 2m + 1, for any natural number m,

we have J2(nz+1 ImJIm+1 that is equal to

T (T + 2Jm1) = (Ji)2 + 2T T = J2 + 2082
Hence, in this case, we can conclude that

J2(n2+1 VS )+2J2(n3 1-

2m

Therefore we can conclude the following;:

Proposition 3. A shorter recurrence relation for the sequence {JTSQ)}n
s given by
J(Q) Jz(nz 1t 2J2(7272 o+ (=2)m
2 2 2
o1 = i + 250

for the even and the odd terms.

In a similar way we obtain a shorter recurrence relation to { jT(LQ)}n.

Proposition 4. A shorter recurrence relation for the sequence {j,(f)}n
is given by

(2 (2 (2 _

jérr)b = Jénz—l + 2]5711—2 — 32mam-t

(2 (2 (2
Gt = dom + 2o
for the even and the odd terms.

Proof. The proof of the second identity is similar to the one in the previous
proposition. To the first identity, by Theorem 4 we have:

. . (2 _
Jm+1Im—1 — ]énz = 3?mom—1,

Hence

(2 . . _
]éni = Jma1im—1 — 32m2m 1

= Jm—1(jm + 2jm—1) — 3727

= jm—ljm + Q(jm—l)z -
(2 (2 _

=@ 49D  _ 3mgm-1 O

32m2m71
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3.2. Generating Functions

Next we find generating functions for these sequences. Let us suppose

that the terms of the sequences {J7(12)}n and { j,(f)}n are the coefficients

of a power series centred at the origin, that is convergent in }—%, % {,

according the Proposition 2.5 in [14] and [2], respectively, for k = 2.
For {JT(L2)}n we obtain the following result:

Theorem 6. The generating function 2 (x) for J,(LQ) is given by

2 3
1—2— 223 — 424
Proof. To the sum of this power series,

_ i Jr(LQ)xn
n=0

we call generating function of the generalized Jacobsthal sequence of
numbers {J7(L2)}n.
Then
FO (@) — 2O (@) — 20° O () — 42 £ ()

is equal to
(0 + 1P 4 ng + J<2>x3) (2 — IOt — )

D +Z (12— a2 =202y —42,) 2.

Hence, taking into account the initial conditions of the sequence {Jy(f)}
we have

(1 —z— 223 —4:U4) fO(z) = <O+0:U+x2 —1—1:3) - (033 — 02? —:U3)

—2><O:B+Z( — (12 42005 +452,)) o

n’

Now, by Theorem 5, this is equivalent to

(1 —x— 227 — 4x4) fA(z) =2 + 223 + i (J7(l2) — J,(f))

n=4

and therefore ) 5
ANC) 1—a — 223 — 42"
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Theorem 7. The generating function ¢ ( ) for jn is given by

4 — 2 + 322 — 223

(2) _
97 (@) 1—2— 223 — 424

Proof. To the sum of this power series,

232)n

we call generating function of the generalized Jacobsthal-Lucas sequence
of numbers {j,(?)}n.

Then, in a similar way as in the proof of the previous theorem, we
obtain

(1-2 - 22" — 42*) (@) = (57 + 37w + 55722 + §Pa?)
— (i - 02 - .<2>x3) - 2j62)x3

55 (50 =22y a2
Taking into account the initial conditions of the sequence { j,(?) },.» we have
(1 —z— 227 — 4564) g (z) = (4 +2¢ + 2% + 5:U3>
— (4:75 —22% — 3:3> —8x3 + i (j,(L (jff)l + 2],(Z )3 + 4j(2) )) x".
n=4
Now, by Theorem 5, this is equivalent to

908 4t @ () — _ i@ @) n
(1-2— 2% — 42%) g () =4 20 + 322 — 2° +nz4( E:

and therefore ) 5
4 —2x + 3x° — 2x
(2) — ) O]
97 (x) 1—x— 223 — 474

4. Conclusion

In this paper we have presented new families of sequences, J,Sk) and
(k)

Jn~, that generalize the Jacobsthal and the Jacobsthal-Lucas sequences
and we have established some identities involving them.
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We also gave generating functions for generalized Jacobsthal and
Jacobsthal-Lucas sequences {J7(l2)}n and { j,(f)}n.

When we were looking for more elements of these new families we have
found, first, that these families were not in the Encyclopedia of Integer
Sequences [21]. Furthermore, we have found some interesting regularities,
stated in Propositions 1 and 2.
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ABSTRACT. We show how to use generating exponent matrices
to study the quivers of exponent matrices. We also describe the
admissible quivers of 3 x 3 exponent matrices.

Introduction

Exponent matrices were introduced in the study of semi-maximal
rings (see [10]), as important ingredients of tiled orders. Recall that a
semi-maximal ring is a semiperfect semiprime right Noetherian ring A
such that for any local idempotent e € A the endomorphism ring eAe is
a (non-necessarily commutative) discrete valuation ring, i.e. all principal
endomorphism rings of A are discrete valuation rings (see also [3, pp.
349-350]). A square n x n matrix A = (qy,) is called an exponent matriz
if its diagonal entries are equal to zero and for all possible indices i, 7, k,
one has

Q5 + Qg 2 Qg (1)
Throughout this paper, unless otherwise stated, n will denote the size of
the matrix under consideration. We shall refer to (1) as ring inequalities,
and this term is explained by the following fact.

Theorem 1 ([10], [3, Th. 14.5.2]). An arbitrary semi-mazimal ring is
isomorphic to a direct product of rings of the form

A= )" e(n®i0) C M,(0), (2)
ij=1

2010 MSC: 16H99, 16Z05.
Key words and phrases: quiver, tiled Order, exponent matrix.
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where n > 1, O is a discrete valuation ring with prime element 7, (cuj)
is an exponent matriz, e;j(m*70) = {e;;j(a),a € 7O} and e;;(a) is the
n X n-matriz whose unique non-zero entry a is placed in the (i, j)-position.

The ring O can be embedded into classical division ring D and (2) is
the set of all matrices (c;) € My(D) such that

Qj e %) = eiiAejj,

where €11, ..., ey, are matrix units in M, (D).

Clearly, Q = M, (D) is a classical division ring of A. Obviously, A is
left and right Noetherian.

We recall next some additional definitions and facts.

Definition 1. A module M is called distributive, if so is its lattice of
submodules, i.e.

KU(L+N)=LUL+KUN
for all submodules K, L and N.

Clearly, that every submodule of a distributive lattice is also distribu-
tive.

A direct sum of distributive modules is called a semidistributive modu-
le. A ring A is called right (left) semidistributive, if it is semidistributive
as a right (left) module over itself. We say that a ring is semidistributive
if it is right and left semidistributive (see. [8]).

Theorem 2 ([7]). The following conditions are equivalent for a semiprime
right Noetherian ring A:

1) A is semidistributive;

2) A is a direct product of a semiprime Artinian ring and a semimazi-
mal Ting.

A tiled order A over a discrete valuation ring O is a Noetherian prime
semiperfect semidistributive ring with zero Jacobson radical. In this case,
O = elAe where e € A is a primitive idempotent. We shall write

A={0, (M)},

where £(A) = (ayj) is the exponent matrix of A, i.e. A is of the form (2).
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A tiled order is called reduced, if A/R(A) is a direct product of division
rings. In this case o;; + a;j; > 0 for all ¢ # j. Exponent matrices with this
property are called reduced.

Denote by M(A) the partially ordered set (with respect to inclusion)
of all projective right A-modules, which are contained in some fixed Q-
module W. All simple Q-modules are isomorphic to each other, whence we
may take any of them. Notice, that the partially ordered sets M;(R) and
M, (R), which correspond to left and right modules are anti-isomorphic.

The set M(A) is completely determined by £(A) = (wj;). More
precisely, if A is a reduced, then

MA)={FP7:i=1,...,n,z€Z},
where

z—2 >0, if M(A
z—2 > ay, if M(A

1(A)
(M)

R {

~— —

M
M

Evidently, M(A) is an infinite periodical set.
Let A and T be tiled orders over discrete valuated rings O and A.

Definition 2 ([10]). An isomorphism ¢ : M(A) ~ M(T") is called
coordinated, if
B~ C < ¢(B) ~¢(C)

for all B, C € M(A).

Theorem 3 ([10, Prop. 2.9]). The tiled orders A and I are Morita
equivalent if and only if the following hold:

1) The discrete valuated rings O and A are isomorphic;

2) There is coordinated isomorphism between the partially ordered sets

M(A) and M(T).
Let I be a two sided ideal of the tiled order A. Evidently,
I = Zeijﬂﬁijo,
i,

where e;; are matrix units. Denote by £(I) = (5;;) the exponent matrix
of the ideal I.

For twosided ideals I and J with exponent matrices £(I) = (f;;) and
E(J) = (’Yij) we have 5(IJ) = (52‘]‘), where (52‘]‘ = mkln(,sz + ’ij)‘
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Assume that A is reduced and write £(A) = (a;;). Then the exponent
matrix £(R) = (f;;) of the Jacobson radical R of A can be found as
follows: 3;; = aj for i # j and fB;; = 1 for all i.

Let @ be the quiver of the reduced tiled order A and let [Q(A)] be its
adjacency matrix. By [3, Theor. 14.6.2], [Q(A)] is a (0, 1)-matrix, more
precisely, [Q(A)] = E(R?) — E(R).

For the n x n-exponent matrix £ = («a;;) define the following matrices:

EV = (B)=E+E,

where FE is the identity matrix.

E® = (vij), vij = min(Bir, + Brj). )
Evidently, [Q(A)] = €3 — W),

Theorem 4 ([5]). The matriz [Q(A)] is the adjacency matriz of a strongly
connected simply laced quiver.

Definition 3. A quiver is called admissible, if it is the quiver of some
exponent matrix.

Theorem 5 ([6]). Let Q be a strongly connected quiver which has a loop
at each vertex. Then @) is admissible.

Theorem 6 ([1, Teor. 5.3]). For every naturalm, (1 < m < n, m #n—1),
there exists an admissible quiver with n vertices and exactly m loops.

Theorem 7 ([1]). Let Q be a strongly connected quiver with n vertices
which has exactly n — 1 loop. Then @ is not admissible.

Definition 4. Two exponent matrices £ = (c;;) and © = (0;;) are called
equivalent if they can be obtained from each other by transformations of
the following two types:

(1) subtraction of an integer from the i-th row with simultaneous
addition of the same integer to the i-th column;

(2) simultaneous interchanging of two rows and of the equally num-
bered columns.

Proposition 1 ([1]). Suppose, that € and © are exponent matrices and ©
can be obtained from € by transformations of type (1). Then Q(E) = Q(O).

For an n x n-matrix A and a permutation o of {1,...,n} denote by
o o A the matrix, which is obtained from A by simultaneous permutation
of rows and columns, defined by o.
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Proposition 2 ([1]). Let 7 be an arbitrary permutation of {1,...,n}.
Suppose that £ and © are exponent matrices such that © can be obtained
applying T to the rows and columns of £. Then [Q(O)] = 70 [Q(E)].

Since any permutation is a product of transpositions, the above fact
explains how does an adjacency matrix changes under transformations of
the second type.

1. Generating exponent matrices in the study of quivers
of exponent matrices

A non-negative exponent matrix is called generating, if it can not be
represented as a sum of non-negative non-zero exponent matrices. Denote
by Gy, the set of all generating n x n exponent matrices. By [9] cardinality
of G,, is finite.

For a quiver () denote by Q* the quiver, which is obtained from @ by
deleating all loops.

Lemma 1. Let Aq,..., As be exponent matrices and Q) be the quiver of
S

A =3 a Ay, where all ag are positive integers, such that A is reduced.
=1

1) Let oy = min{2, as} for all s. Then Q is also the quiver of A =
> Ay
t=1
2) Let af = min{l, a5} for all s. Then Q* coincides with (Q(A*))*,
S

where A* = > aj A;.
=1
Proof. Write A = (0oyq), A+ E = B = () and C = (7pq), where
%ij = min{ B + B} — Bij-

Write also ﬁijk = Bir + /Bkj — ﬁij and Qijk = Qi + Qgj — Qgj.

Notice, that if k =4, or k = j, then 3;;;, = 1. Indeed, if i # j, then
Bz’ji = (Oéii + 1) + o — iy = 1 and 52']'3' = (Oéij + 1) +aj; — i = 1. Also
if i = j, then B = (aii + 1) + (aii + 1) — (aii + 1) =1.

We conclude that v;; = min{1, min B}

kg{i, 5}
Notice, that C' is the adjacency matrix of the quiver of A. We do next

some transformations of formulas for entries of C, which will prove the
Lemma.
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For ¢ # j we can simplify v;; as follows

i = . 17 . 1+ i — Bis
7ij = min{ kg{lﬁ}(ﬁk Brj — Bij)}

= min{1, k%g}(aik + oy — )}

— minfl i e
min{1, kg{gg,}%k}

S
= min{l, min agal Y.
{ ’ke{i,j}; i}

t

S
Since Qg 2 0 for all 7, j, k, t, the conditions OétOéfjk = 0 and
=1

S
>oof afjk = 0 are equivalent. This proves the first part of Lemma.
t=1

For ¢ = j the formulas for 7;; can be transformed as follows

7ij = min{1, kmi,n, (Bik + Bri — 1)}

Z{i,5}
— min{1 ; T
min{ 7kg{1;3}(%k )}
S
= min{1l, min agal, — 1)
{ weligy =k J

S
Since A is reduced, then atozfjk > 1. Nevertheless, the conditions
t=1

S S
tzl oztozﬁjk =1 and tgl &tozﬁjk = 1 are equivalent. This proves the second

part of Lemma. O

The following two theorems follow from Lemma 1.

Theorem 8. Let ) be an admissible quiver with n vertices and let G, =
{A1,..., As}. Then there exist a; € {0, 1, 2}, 1 < i < s, such that Q is
S
the quiver of > a;A;.
i=1
Theorem 9. Let QQ be an admissible quiver with n vertices, which has no
loops and let G, = {A1,..., As}. Then there exist a; € {0, 1}, 1 < i < s,
S

such that Q is the quiver of > «;A;.
i=1



M. DOKUCHAEV, V. KIRICHENKO, M. PLAKHOTNYK 61

2. Quivers of reduced exponent 3 X 3-matrices

The main result of this article is the following theorem.

Theorem 10. The following 10 matrices are the adjacency matrices of
the quivers of all 3 X 3-reduced exponent matrices, up to isomorphism of
quivers:

1) The quivers with a loop at each vertex

111 1 10 1 11
Ny=1|11 1],No=|1 1 1|],N3=|1 1 1
111 1 0 1 1 0 1
1 10 1 10
Ny=1]1 1 1|,Ns=1]0 1 1
011 1 01
2) The quivers without loops:
010 010
Ki=|1 0 1|,Ky={(0 0 1
010 100
3) The quivers with exactly one loop:
010 011 01 1
=11 0 1|, To=|1 0 0],75=11 1 1
1 01 1 01 100
The Theorem will be proved in Section 3.
Remark 1. Notice, that the quivers with adjacency matrices Ni,..., N5

form the complete list of the strongly connected simply laced quivers on
3 vertices up to isomorphism.

Proof of the Remark. Consider an arbitrary strongly connected quiver )
with 3 vertices which has a loop at each vertex.

Assume, that () has exactly 3 arrows, which are not loops. In this
case () is isomorphic to

-~

14>2 (4)

\/

and [Q] = Ns.
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If @ has more then 3 arrows, which are not loops, then there are
vertices ¢ and j, with arrows ¢ — j, 7 — ¢. Without loss of generality, we
may assume that ¢ = 1 and j = 2. Assume, that Q) has exactly 4 arrows,
which are not loops. In this case () is isomorphic to either

) -

1 2 (5)

3
or )

The quiver in (5) is isomorphic to the quiver with adjacency matrix No
and the quiver in (6) is isomorphic to one with adjacency matrix Ny.

If @ has exactly 5 arrows, which are not loops, then there is a vertex,
say 2, such that there is an arrow from 2 to all other vertices and there
are arrows from all other vertices to 2. Without loss of generality we may
assume that the last, 5-th arrow, goes from 3 to 1, whence, the quiver is
as follows

1<—>2 (7)

\/

This quiver is isomorphic to one with adjacency matrix Ns.
The last case is the complete simply laced quiver

Its adjacency matrix is IVy. O



M. DOKUCHAEV, V. KIRICHENKO, M. PLAKHOTNYK 63

Corollary 1. There are 5 pairwise non-isomorphic strongly connected
stmply laced quivers with 3 vertices, which have no loops.

Proof. There is a natural one to one correspondence between quivers
with no loops and ones which have a loop at each the vertex. Now, the
corollary follows from Remark 1. O

We shall say that two vertices ¢ and j of a quiver Q are similar if the
renumeration ¢ — j, j — 7 of the vertices of () gives an isomorphic quiver.

Lemma 2. There are exactly 10 pairwise non-isomorphic strongly con-
nected simply laced quivers with 3 vertices, which have exactly 1 loop.

Proof. Let Q be a quiver such as in the statement of Lemma. If we add
two new loops, it will become isomorphic to one of (4),..., (8), mentioned
in the proof of Remark 1.

If Q is of the form (4), then there is a unique possibility for @ (which
we denote by @1), because all vertices of @) are pairwise similar.

If  is of the form (5), then the three vertices are pairwise non-similar
and there are three possibilities for @) (denote them @2, Q3 and Q4).

If Q is of the form (6), then vertices 1 and 3 are similar and 2 is not
similar to them. Whence, there are two possibilities Q5 and Qg for Q).

If Q is of the form (7), then all vertices of the quiver are pairwise
non-similar and there are three possibilities @7, Qg and Qg for Q.

If @ is of the form (8), then all vertices of @) are pairwise similar,
whence, there is a unique possibility, which we denote by @Q1¢. O

Corollary 2. There are exactly 10 pairwise non-isomorphic strongly
connected simply laced quivers with 3 vertices, which have exactly 2 loops.

Corollary 3. There are exactly 30 pairwise non-isomorphic strongly
connected simply laced quivers with 3 vertices.

3. Calculation of the admissible quivers with 3 vertices

From Proposition 1 it follows that for any admissible quiver there is a
reduced exponent matrix, whose first row is zero. It immediately follows
from the definition of the exponent matrix, that if one of its rows is zero,
then all other entries are non-negative. The additive semigroup of the
non-negative 3 x 3-exponent matrices was studied at [2]. This semigroup
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is finitely generated and the unique set of its generators is as follows.

000 010 0 01
Ai=11 0 0f; A =10 0 0f; As=10 0 1];
100 0 10 0 00
011 0 00 000
Ay=10 0 0f; As=11 0 1|; Ag=10 0 0of;
0 00 0 00 1 10
011 0 11 0 00
A7 =10 0 0]; Ag=10 0 1]1; Ag=1|1 0 1];
010 0 00 1 00
0 01 0 10 0 00
Al(): 1 01 N AH: 0 0 0; A12: 1 0 0
0 00 1 10 110

Whence, the semigroup of the non-negative 3 x 3 exponent matrices, whose
first line is zero, is generated by A1, As, Ag, Ag, A1s.

Notice, that the matrices A1, As and Ag are not reduced, but Ag and
Aqo are. It follows that the semigroup of reduced exponent matrices with
first zero line is not finitely generated. For example, for any x; > 0 the
exponent matrix x1 A1 + As is reduced, but it can not be represented as
a sum of other non-negative reduced exponent matrices.

Nevertheless, notice, that if at least two of non-negative numbers from
{z1, 5, x6, T9, x12} are greater then 0, then

5 = .CIZlAl + .%'5A5 + -TGAG + .%'gAg + $12A12 (9)

is a reduced exponent matrix.
The matrix &, defined by (9), can be written as

0 0 0
E=|z1+ax5+ 29+ 12 0 5 + X9
T1+ T + 29 +T12 Te + T12 0

We are going to find all possible quivers Q(€) depending on the values
of x;. We will find the quivers up to their equivalence classes, because if
some quiver is admissible, the all those, which are equivalent to it, are
also admissible.

Notice, that the matrices Ag and Aj2 are type (2) equivalent. By
Proposition 2, without loss of generality we may assume, that xg < x19.
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This means, that x12 = g 4+ x13 for some non-negative x13, whence the
formulas for the entries of £?) = (v;;) will be as follows:

y11 = min{2, x1 + x5 + 229 + x13, 1 + T6 + 229 + T13};
vi2 = min{1, xg + xg + x13};

13 = min{l, x5 + xg};

o1 = o1 + min{l, xg + xg};

Yoz = min{2, x1 + x5 + 2x9 + x13, T5 + T6 + 2x9 + T13};
Y23 = (o3 + min{x; + xg + x13, 1};

v31 = az1 + min{l, x5 + z9 + 213};

Y32 = a3 + min{l, x1 + xg};

v33 = min{x; + 6 + 229 + 13, T5 + T + 229 + 13, 2};

For each of the variables, which appear in the formulas for the entries
of £@), consider cases, depending on whether it is zero, or is grater then
zero. After we have made assumption about some variable, we will go on
with assumptions about others. Also, if necessary, we will consider for a
variable, which is earlier assumed to be positive, cases of its being equal
to 1 or grater then 1.

We shall consider the following cases.

Case 1: 1 = 0.

Case 1.1: z1 = 0 and x5 = 0.

Case 1.1.1: z1 =0, 5 = 0 and x4 = 0.

Case 1.1.1.1: z1 =0, z5 = 0, z¢ = 0, and x9 = 0. This leads to z13 > 0,
otherwise A is the zero matrix.

Case 1.1.1.1.1: z1 = 0, z5 = 0, z¢ = 0, and x9 = 0, 13 = 1. These
assumptions lead to the quiver with adjacency matrix [Q] = K.

Case 1.1.1.1.2: z1 =0, 25 = 0, z¢ = 0, and xg = 0, x13 > 1. In this case
we have, that [Q] = Ns.

Similarly the rest of the cases are as follows.

Case 1.1.1.2: 21 =0, 5 = 0, 6 = 0, and zg > 0. [Q] = N;.

Case 1.1.2: 1 =0, x5 = 0 and zg > 0.

Case 1.1.2.1: x1 =0, x5 = 0, zg > 0 and x9 = 0. Notice, that in this case
x13 > 0, otherwise, matrix A is not reduced.

Case 1.1.2.1.1: x1 = z5x9 = 0, z¢ > 0 and z13 = 1. [Q] = T1.

Case 1.1.2.1.2: 1 = x5 = 29 = 0, 6 > 0 and x13 > 1. [Q] = Na.

Case 1.1.2.2: 1 =0, x5 = 0, z¢ > 0 and z9 > 0. [Q] = ;.

Case 1.2: x1 = 0 and x5 > 0.
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Case 1.2.1: 1 =0, x5 > 0, and z¢g = 0.
Case 1.2.1.1: 1 =0, x5 > 0, xg = 0, and x9 = 0. In this case, x13 > 0,
because otherwise A will not be reduced.
Case 1.2.1.1.1: 1 = x6 = x9 =0, x5 > 0 and 13 = 1. [Q] = (123) o T}.
Case 1.2.1.1.2: z1 = x¢ = 19 = 0, x5 > 0 and x13 > 1. [Q] = (123) o Ns.
Case 1.2.1.2: 1 =0, x5 > 0, 6 = 0, and zg > 0. [Q] = Nj.
Case 1.2.2: x1 =0, x5 > 0, and zg > 0.
Case 1.2.2.1: 1 =0, z5 > 0, zg > 0 and x9 = 0.
Case 1.2.2.1.1: 21 =0, 25 = 1, g > 0, 29 = 0.
Case 1.2.2.1.1.1: 1 =0, z5 = 1, xg > 0, zg = 0, and z13 = 0.
Case 1.2.2.1.1.1.1: 1 = zg = z13 = 0 and x5 = 26 = 1.[Q] = (12) o K.
Case 1.2.2.1.1.1.2: x1 = xg = 213 =0, 5 = 1 and x¢ > 1. [Q] = Tx.
Case 1.2.2.1.1.2: x1 =29 =0, z5 = 1, 2 > 0 and z13 > 0. [Q] = N3.
Case 1.2.2.1.2: 1 =0, z5 > 1, g > 0 and x9 = 0.
Case 1.2.2.1.2.1: 1 =0, x5 > 1, z¢ = 1 and z9 = 0. [Q] = T5.
Case 1.2.2.1.2.2: 1 =0, x5 > 1, ¢ > 1 and z9 = 0. [Q] = Ns.
Case 1.2.2.2: ©1 =0, x5 > 0, g > 0 and xg > 0. [Q] = Nj.
Case 2: x1 > 0.
Case 2.1: 1 > 0 and x5 = 0.
Case 2.1.1: 1 > 0, x5 = 0, and zg = 0.
Case 2.1.1.1: z1 > 0, x5 = 0, x4 = 0, and x9 = 0. Notice, that in this case,
x13 > 0, because otherwise A will not be reduced.
Case 2.1.1.1.1: 1 > 0, x5 = x¢ = ©9 = 0 and z13 = 1. [Q] = (123) o T5.
Case 2.1.1.1.2: 1 >0, 25 =0, 26 = 0, 29 = 0 and x13 > 1.
Q] = (123) o Ns.
Case 2.1.1.2: z1 > 0, 5 =0, 6 = 0, and zg > 0. [Q] = Nj.
Case 2.1.2: 1 > 0, 5 = 0, and zg > 0.
Case 2.1.2.1: x1 > 0, x5 = 0, g > 0 and x9 = 0.
Case 2.1.2.1.1: z1 =1, 25 =0, g > 0 and x9 = 0.
Case 2.1.2.1.1.1: z1 =1, 25 =0, x4 > 0, zg = 0 and z13 = 0.
Case 2.1.2.1.1.1.1: 1 = a6 = 1 and x5 = zg = 13 = 0. [Q] = K.
Case 2.1.2.1.1.1.2: 1 = 1, x5 = v9 = x13 = 0 and z¢ > 1. [Q] = (12) o T5.
Case 2.1.2.1.1.2: x1 =1, 5 = 19 = 0, x4 > 0 and x13 > 0.
Q] = (132) o Ns.
Case 2.1.2.1.2: 1 > 1, x5 =0, g > 0 and x9 = 0.
Case 2.1.2.1.2.1: z1 > 1, 25 =0, 4 > 0, 29 = 0 and z13 = 0.
Case 2.1.2.1.2.1.1: x1 > 1, x5 = x9g = 13 = 0 and zg = 1.
Q] = (321) o T,
Case 2.1.2.1.2.1.2: 1 > 1, x5 = 9 = x13 = 0 and x > 1. [Q] = Ny.
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Case 2.1.2.1.2.2: x1 > 1, x5 = 19 = 0, x4 > 0, and x13 > 0.

Q] = (132) o Ns.
Case 2.1.2.2: 1 > 0, x5 = 0, zg > 0 and 29 > 0. [Q] = N;.
Case 2.2: 1 > 0 and x5 > 0.
Case 2.2.1: 1 > 0, x5 > 0 and zg = 0.
Case 2.2.1.1: x1 > 0, x5 > 0, zg = 0 and zg = 0.
Case 2.2.1.1.1: z1 =1, 25 > 0, zg = 0 and x9 = 0.
Case 2.2.1.1.1.1: z1 =1, z5 > 0, x4 = 0, zg = 0 and 13 = 0.
Case 2.2.1.1.1.1.1: 1 = x5 = 1 and 26 = 29 = 213 = 0. [Q] = (23) o K.
Case 2.2.1.1.1.1.2: x1 =1, 25 > 1, zg = ©9g = 13 = 0. [Q] ( ) oTh.
Case 2.2.1.1.1.2: x1 =1, 25 > 0, zg = x9 = 0 and x13 > 0.

Q] = (132) o Ns.
Case 2.2.1.1.2: x1 > 1, 25 > 0, zg = 0 and x9 = 0.
Case 2.2.1.1.2.1.1: z1 > 1, x5 = 1, and x¢ = x9 = x13 = 0.

Q] = (13) o Tp.

Case 2.2.1.1.2.1.2: z1 > 1, 25 > 1 and 26 = xg = 13 = 0. [Q] = (23) 0 Ny.
Case 2.2.1.1.2.2: x1 > 1, x5 > 0, x4 = x9 = 0 and x13 > 0.

Q] = (231) 0 Ns.
Case 2.2.1.2: 1 > 0, 5 > 0, ¢ = 0 and xg > 0. [Q] = Nj.
Case 2.2.2: 1 > 0, x5 > 0 and xg > 0. [Q] = N;.

Now for each adjacency matrix [@] from Theorem 10 point out a case,

in which either [Q], or o o [@] (for some permutation o) appears.

Ny :1.1.1.2; Ny :1.1.2.1.2; N3 :1.2.2.1.1.2;
Ny:21.21.2.1.2; N5:1.1.1.1.2

K1:1221.1.1.1; Koy:1.1.1.1;

Ty :1.1.2.1.14 T5:1.2.21.1.1.2; T3:1.2.2.1.2.1.

The above list shows, that all quivers from Theorem 10 are admissible.

We also see, that the matrix N5 is obtained only in Case 1.1.1.1.2. In
this case one of coefficients (precisely, x12 of Aj3) is greater than 1. This
gives the following example.

Example 1. For the admissible quiver () with adjacency matrix

1
N=|0
1

S ==

0
L,
1
there is no aq, ..., ajg such that a; € {0, 1} for all 7 and @ is the quiver

12
of A=Y a;A;, where {Ay, ..., A1z} = Gs.

i=1
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This example shows, that condition «; € {0, 1, 2} in Theorem 8 can

not be changed to «; € {0, 1}.

(1]
2]

[5

6
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Finitely presented quadratic algebras
of intermediate growth

Dilber Kogak*

Communicated by R. I. Grigorchuk

ABSTRACT. In this article, we give two examples of finitely
presented quadratic algebras (algebras presented by quadratic rela-
tions) of intermediate growth.

1. Introduction

Let A be a finitely generated algebra over a field k& with generating set
S ={x1,...,2,}. We denote by A,, the subspace of elements of degree
at most n, then A = (J;—y A,. The growth function 'y;i of A with respect
to S is defined as the dimension of the vector space A, over k,

7i(n) = dimy,(4,)

The function 752 depends on the generating set .S. This dependence can be
removed by introducing an equivalence relation: Let f and g be eventually
monotone increasing and positive valued functions on N. Set f < ¢ if and
only if there exist N > 0, C' > 0, such that f(n) < g(Cn), for n > N, and
f ~gifand only if f < ¢ and g < f. The equivalence class of f is called
the growth rate of f. Simple verification shows that growth functions of
an algebra with respect to different generating sets are equivalent. The
growth rate is a useful invariant for finitely generated algebraic structures

*The author was partially supported by NSF grant DMS-1207699.
2010 MSC: 16P90, 16537, 16530, 17B70.
Key words and phrases: Finitely presented algebras, growth of algebras,
quadratic relations.
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such as groups, semigroups and algebras. The notion of growth function for
groups was introduced by Schwarz [Sva55] and independently by Milnor
[Mil68]. The description of groups of polynomial growth was obtained
by Gromov in his celebrated work [Gro81|. He proved that every finitely
generated group of polynomial growth contains a nilpotent subgroup of
finite index.

The study of growth of algebras dates back to the papers by Gelfand
and Kirillov, [GK66a, GK66b]. In this paper we are mainly interested in
finitely presented algebras whose growth functions behave in intermediate
way i.e., they grow faster than any polynomial function but slower than
any exponential function. Govorov gave the first examples of finitely
generated semigroups and associative algebras of intermediate growth
in [Gov72]. Examples of algebras of intermediate growth can also be
found in [Ste75, Smi76, She80, Ufn80, KKM83]. The first examples of
finitely generated groups of intermediate growth were constructed by
Grigorchuk [Gri83,Gri84]. It is still an open problem whether there exists
a finitely presented group of intermediate growth. In contrast, there are
examples of finitely presented algebras of intermediate growth. The first
example is the universal enveloping algebra of a Lie algebra W with basis
{w_1,wp, w1, wy, ...} and brackets defined by [w;, w;] = (i — j)wiy;. W
is a subalgebra of the generalized Witt algebra Wy (see [AS74, p.206] for
definitions). It was proven in [Ste75] that W has a finite presentation
with two generators and six relations. It is also a graded algebra with
generators of degree —1 and 2. Since W has linear growth, its universal
enveloping algebra is an example of finitely presented associative algebra
of intermediate growth.

The main goal of this paper is to present examples of finitely presented
quadratic algebras (algebras defined by quadratic relations) of interme-
diate growth. The class of quadratic algebras contains a class of finitely
presented algebras, called Koszul algebras. They play an important role
in many studies. In [PP05], it is conjectured that the Hilbert series of a
Koszul algebra A is a rational function and in particular, the growth of
A is either polynomial or exponential.

In order to construct our first example of a finitely presented quadratic
algebra of intermediate growth, we consider the Kac-Moody algebra for

,22 _22>. This is a graded Lie algebra

the generalized Cartan matrix A = (
of polynomial growth whose generators are of degree 1. Next, we consider

a suitable subalgebra and its universal enveloping algebra.
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Theorem 1. Let U be the associative algebra with generators x, y and
relations 23y — 322yx + 3zya? — ya? = 0, y>z — 3yzy + 3yxy? — xy® = 0.
Then

(i) It is the universal enveloping algebra of a subalgebra of the the
Kac-Moody algebra for the generalized Cartan matrix A = ( _22 32 )

(ii) U is a graded algebra with generators of degree 1.
(iii) It has intermediate growth of type eV,

(iv) The Veronese subalgebra V4 (U) of U is a quadratic algebra given
by 14 generators and 96 quadratic relations and it has the same
growth type with U.

The Kac-Moody algebra for the generalized Cartan matrix A =

(32 _22) is the affine Lie algebra Agl) . (For the definition of Kac-Moody

algebras and classification of affine Lie algebras see [Kac85]). It has a
subalgebra which is isomorphic to the Lie subalgebra L of sla(C[t]) which
consists of all matrices with entries on and under the diagonal divisible
by t. That is,

L = {a = (aij)2x2 | aij € C[t], tr(a) =0
and for (i,7) # (1,2), ¢ divides a;;}

with the usual Lie bracket [a, b] = ab—ba. It follows from [Kac85, Theorem
9.11] that L is finitely presented. In this paper we will prove this by
using the axioms of Lie bracket without mentioning the theory of Kac-
Moody algebras. In Section 2 we show that L is a finitely presented
graded Lie algebra whose generators are all of degree 1 and L has linear
growth. In Section 3 we explain the relation between the growth of a Lie
algebra and its universal enveloping algebra. In Section 4 we consider
the Veronese subalgebra of U to obtain a finitely presented quadratic
algebra of intermediate growth and in Section 5 we complete the proof of
Theorem 1. In Section 6 we give another example of finitely presented
associative algebra A of intermediate growth related to the example of
the monoid in [Kob95]. A has the following presentation:

A= {a,b,c|b’a=ab® b*c=aca, acc =0,
aba = 0, abc =0, cba =0, cbc = 0)

We show that A has intermediate growth of type eV™ and its Veronese
subalgebra V3(A) is an example of finitely presented quadratic algebra of
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intermediate growth. In Section 7 , we give an explicit presentation of
the Veronese subalgebra V4(U) of the first construction U as an example
of a finitely presented quadratic algebra of intermediate growth.

2. An example of a finitely presented Lie Algebra of linear
growth

The following example is a subalgebra of the Kac-Moody Algebra for
the generalized Cartan matrix A = (32 _22) [Kac85].

Consider the subalgebra L of Sly(C[t]) over C (i.e., matrices of trace 0
with entries in C[t])) which consists of matrices whose entries on and
under the diagonal are divisible by t. That is,

L= {a = (aij)2$2| ajj € C[t], tI‘(CL) =0
and for (i,7) # (1,2), ¢ divides a;;}
with the usual Lie bracket [a,b] = ab — ba.

Proposition 1. Let L be the Lie algebra described above. Then it has
the following properties.

(i) L is finitely presented with generators

(01 g (00

and the defining relations [z, [z, [z, y]]] = 0 and [y, [y, [y, z]]] = 0.

(ii) L = @ L;, is graded and generated by L.
k=1

(iii) L has linear growth.

Proof. Take

ﬂ:'—x—[)l —y= (00 and let Z‘_t 0

In fact, define

0 ¢! 0 0 t 0 .
;= s oi= . e ; 2 .
T; (0 0 ) s Ui (tZ O) , and let z; (0 —t’) fori>1
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An arbitrary element w € L is of the form:
nomgtt nktih - - -
w = 2251 'ZZ- fol ‘ il = Z kix; + Zliyi + Zmzzl
i=1 lit i=1 —mit i=1 i=1 i=1
So, any element of L can be written as a linear combination of x;, v;, z;

for i > 1 and {z;, yi, zi};2; forms a linearly independent set over C.
Algebra L has the following relations

(i, yj] = 2zitj-1, (1)
[, 2j] = =224, (2)
[vi, 2] = 2yi+5, (3)
i, 5] =0, (4)
[yia y]] =0, (5)
[2i,25) = 0 (6)
for i,j > 1. In particular,
1 1
Tip1 = —5[901',»21], Yir1 = 5[%‘,2’1]7 2 = [xi, Y1)

It follows that L is generated by x1 and y;. In order to show that all the
relations (1)—(6) can be derived from the relations [z1, [x1, [z1,¥1]]] =0
and [y1, [y1, [y1,21]]] = 0, we apply induction on i + j =n. If i + j = 2,
the relations (1)—(6) hold trivially. If i 4+ j = 3,

[y1, 21] ]

[901,3/2] = [901, 9

= —% ([21, [z1, v1]] + [v1, [21, 21]])

= [22,91]

(21, 22] = [21, [72, y1]]
= —[y1, [x1, x2]] + [z2, [y1, 21]] (since [z1, 23] = 0)
= [z2, [z1, 1]
= [x2, 21]
= —2x3,

[y1, 22] = [y1, [21, y2]]
= —([y2, [y1, 21]] + [21, [y2, y1]]) (since [y1,y2] = 0)
= [3/2,21]

= 2ys.
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The relations (4)-(5) for n = 3 correspond to relations of Ly. Observe the
following three equations for [z9, z1],
[22, 21] = [[w2, 1], 21]
= —([lz1, 22|, 1] + [[y1, 21, 22])
= [[2, 1), y1] + [2, [y1, 21 ]]
= —2[z3,y1] + 2[w2, y2]
=k,

22, 21] = [[71, y2], 1]
= —([[z1, 21], w2l + [[y2, 21], 21])
= [[z1, 21], 2] + [21, [y2, 21]]
= —2[x2,yo] + 2[z1, y3]
— 1,

22, 21] = [22, [x1, 91]
= —([y, [22, z1]] + [21, [y1, 22]])
= 2[x3,y1] — 2[z1, y3]
=m.
3 [22,21] =k+1+m=0. So, (1)-(6) hold for n = 3. Now, suppose that
(1)-(6) hold for i +j < n for some n > 3. For 1 <i<n—1,

e, 541] = 5l 45, 21

= —%([zl, (i, yi] + [y, [21, zil])

= [Zit1,y4],

—2Tpt1 = [Tn, 21]

= —llon, 7], 2]
- %(Hzl,wl], zn—1] + [[zn-1, 21], 1))
= [$27Zn—1]7

and
[T, 2j41] = [4, [T1, yj41]]
= —([Wj+1, [zi, z1]] + (21, [Yj41, xi]])

= ['7}17 Z’H-j]'
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Similarly, it can be shown that
2Yn+1 = [Yir 2j41]
for any 4,j > 1 such that i + j = n. So (1)—(3) hold for i + j =n + 1.

o1, 2] = —gln, [, 5]

1

= 5([ iy [z, @il] + [, [25, 21]])

= 3l o1, %]

= [z, z]
This equality implies [z;, z;] = [x}, ;]. Similarly, one checks that [y;, y;] =

[y, yi]. Hence, (4)—(5) hold for i +j =n+ 1.
Finally, we need check that (6) holds for i + j =n + 1.

[Zlv Zn] = [217 [xna yl“ = 2[$n+1’ yl] - 2[xn7 y2]
= [217 [l’n_l, yQH = 2[xn7 yQ] - Q[xn—h y3]

= [21, [21, Yul] = 2[72, yn] — 2[21, Yn11]
implies that n - [z1, 2,] = 2[Tnt1, Y1) — 2[71, Ynt1] and,
2[1’1, yn-f—l} = [(El, [yl, zn]] = _[Zm [‘7717y1]] - [yh [znvxl]]
= [21, 2n] + 2[Tng1, Y1)
So [z1, 2p] = 0. Now, consider [z;, z;] for i € {1,...,n — 1},
(26, 2] = (20, [25, ]l = =([y1, 20, 25]] + [, [y1, 24]])
= 2[Tivj, 1] — 2[xj, yit1),

and
1 1

(25, yir1] = Slog, i, 21] = =5 (2, [ wall + [y, [, 24]])

1
= —5([21, Zn] + [Yi, 27541])
= [zj41, ¥4l
By applying this i times we get [z}, yi+1] = [zn,y1] , so that

[2i,2j] =0fori+j=n+1
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i.e., (6) holds for i + j = n + 1. By (1) - (3), the set {z;, s, 2i };=, forms
a basis for L as a vector space. It can be observed that L = @ Lj, where

k>1
Lop_1 = <1‘k> S5 <yk> and L = <Zk> for k > 1. Since

[Lok—1, Lom—1] € Logym-1)s  [Lak, Loam] = 0,
[Lok—1, Lom] € Lo(ktm)—15

L admits an N-gradation given by the sum of occurrences of x and y in
each commutator i.e., L = @y~ Ly is a graded Lie algebra generated by
two elements of degree 1 (deg(a) = min{nla € @j_,; Lx)}) and L has
linear growth (dim L; € {1,2} fori >1). O

Remark 1. We notice that L also admits a Z-gradation. It is a 3-graded
Lie algebra (in the sense of [dO03]) over C generated by elements x of
degree 1 and y of degree —1 .

3. The relation between the growth of a Lie algebra and
its universal enveloping algebra

Let L be any Lie algebra over a field k and U(L) be its universal en-
veloping algebra. For an ordered basis w1, ug, ... of L, monomials u;, ... u;,
with iy < ig < -+ <4, form a basis for U(L) (Poincaré-Birkhoff-Witt
Theorem ([Ber78])). If L = @ L,, is a graded Lie algebra such that all
the components are finite dimensional, then

i bot" = ﬁa —gm)y=an (7)
n=0 n=1

where a,, := dim(L,) and b,:=number of monomials of length n in U(L)
([Smi76]). The proof of the following proposition can be found in various
papers ([Ber83], [Pet93], [BG0O]).

Proposition 2. If a, and b, are related by (7) and a, ~ n? then
by, ~ e”%.

Corollary 1. If a Lie algebra L grows polynomially then its universal
enveloping algebra U(L) has intermediate growth. In particular, if L has
linear growth, then U(L) has growth of type eV™.
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4. Veronese subalgebra of an associative graded algebra

Let A = k(xy,...,x,) be a free associative algebra over a field k with
generating set {z1,...,zy}. Each element u of A can be written uniquely
as

U =ug+up + -+ u,

where Ay = k, u; € A; and A; is the vector space over k spanned by m?
monomials of length i. Let R = {f1, fo,..., fs} be a finite set of non-zero
homogeneous polynomials and I be the ideal generated by R. Since [ is
generated by homogeneous polynomials, the factor algebra A = A /I is
graded:

A=Ay A1 - 0A,o...

where Ay = (A +1)/1= A;/(A;n ). For d > 1, a Veronese subalgebra
of A is defined as

Vd([l) ::kGBzZldEBAQd@...
It is straightforward to see that,

growth of A ~ growth of Vy(A)

Proposition 3. [BF85] For sufficiently large d, V4(A) is quadratic.

Proof. Let dy,...,ds be the degrees of fi, fo,..., fs respectively and
d > max{d;, 1 <1i < s}. For any two words v/, v” such that

deg(v') + d; + deg(v") =d
consider the element v’ f;v” € Ay, and for any two words w’, w” such that
deg(w') + d; + deg(w”) = 2d

consider the element w'fyw” € Agy. Let R* = {v'f;v" W' fiw"} for i €
{1,...,s} and a be a homogeneous element from A N T Say a =
> avfyw, where a € k, v and w are words. If we choose a summand and
represent v = v1vy, deg(vy) is a multiple of d, 0 < deg(vs) < d. Similarly,
w = wowy, deg(wy) is a multiple of d, 0 < deg(wz) < d. Then we will get
deg(va fiwe) = d or 2d. Hence v fiwg € R*. Tt shows that Vz(A) N1 is an
ideal generated by the elements of R* and an element v’ f;v” is a linear
combination of free generators of :4(”) whereas w' f;w” is a quadratic

element in these generators. So Vy(A) = Vy(A)/(Va(A) N 1I) is a quadratic
algebra. O
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5. Proof of Theorem 1

Let L = (z1,...,2m | f1 =0,..., fr = 0) where each of f; is a linear
combination of the commutators (elements of the form [z;,,...,x; ] with
an arbitrary distribution of parentheses inside). Then the universal en-
veloping algebra U(L) of L is an associative algebra with the identical
set of generators and relations, where the commutators are thought of

as in the ordinary associative sense: [z,y] = xy — yx [Bou89, Proposi-
tion 2, p.14]. The universal enveloping algebra U(L) of L = (z1,y1 |
(1, [z1, [x1,91]]) = 0, [y1, [y1, [y1,x1]]] = 0) has the following presenta-
tion:

U(L) = <1U1,y1 | xil))yl - 3»”5%3/1!131 + 31:11/153% - yﬂ? =0,
yiry — 3ytriyr + 3yiz1y; — 11y; = 0).

So, the associative algebra U in Theorem 1 is the universal enveloping
algebra U(L) of L. By Proposition 2, since L has linear growth, the growth
rate of U(L) is intermediate of type eV™ . In order to obtain a quadratic
algebra of intermediate growth we consider a Veronese subalgebra of V4(U)
as explained in the previous section and conclude that for a given finitely
presented graded algebra with all generators of degree 1, one can construct
a finitely presented graded algebra with all relations of degree 2. V4 (U)
is an example of a finitely presented graded algebra with intermediate
growth. It has 14 generators and 96 relations. In the next section we
compute all these relations.

6. A construction based on Kobayashi’s example

In this section we construct another example of a finitely presented
associative algebra with quadratic relations whose growth function is
intermediate. For this, we consider the following example of a monoid
with 0 that appears in the paper of Kobayashi [Kob95].

M = {a,b,c | ba = ab, bc = aca, acc = 0)

where w(a) = w(c) = 1, w(b) = 2, w is a positive weight function on M.
Kobayashi shows that M is a finitely presented monoid with solvable word
problem which cannot be presented by a regular complete system. In order
to prove that it cannot be presented by a regular complete system, he
proves that M has intermediate growth. Now, we consider the semigroup
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algebra k[M] over a field k. k[M] has the same presentation and growth
function with M. So k[M] is an example of finitely presented associative
graded algebra of intermediate growth. But the generators of k[M] have
degrees deg(a) = deg(c) = 1 and deg(b) = 2. To construct a quadratic
algebra with these properties, we need to consider an algebra whose
generators are all of degree 1. Thus we consider the following monoid:

M = {(a,b,c | b’a = ab?, b*c = aca, acc =0,

aba =0, abc =0, cba =0, cbc = 0)

where w(a) = w(b) = w(c) = 1. )
Now, we have the monoid algebra A := k[M] over a field k:

A= {(a,b,c|b’a=ab® b’c=aca, acc =0,

aba = 0, abc =0, cba =0, cbc = 0)

where deg(a) = deg(b) = deg(c) = 1. To show that A has intermediate
growth, we first find a complete rewriting system for A. Let < be the
shortlex order on (X) based on the order a < b < ¢ i.e.,

wy < wg implies |wi| < |wa| or |wi| = |wa| & wi <jer wo.
Then A has the rewriting system R consisting of the following relations

bla — ab?
be — aca
acc — 0
aba — 0
abc — 0
cba — 0
cbe — 0

It is easily seen that R is Noetherian. By applying the Knuth-Bendix algo-
rithm, we obtain the following complete rewriting system R, equivalent
to R:

Ry = {b%a — ab?, b%c — aca, aba — 0, abc — 0, cba — 0, cbe — 0}

o0
U U {a"ca™ e — 0},
n=1
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A monomial (word) m is called irreducible with respect to the rewriting
system R if all the rewriting rules act trivially on m. The set of all
irreducible words with respect to R is denoted by Irr(R). Since Ry is
a complete rewriting system, I7r(R« ) is the set of words which do not
contain v as a subword for any u — v € Ry. By Bergman’s Diamond
Lemma [Ber78], Irr(Rx ), forms a basis for A. Words in Irr(R«) are of
the following form

ba™ca™c. .. a™ calbF
where s € {0,1},1,k € NU{0} and 0 < m3 < ma < -+ < m,,m; € NU{0}

fori € {1,...r}. So, the number of words in Irr(R>) of length n is equal
to

n
Z 2j4+1) - {(my,....,m;) | 0<my <...<myp,my+. . .+mp=n—j—r}|
7=0

n
Z2g+1 (n —7)

where p(n) is the number of partitions of n. Hence

va(n) ~ p(n) ~ eV,

A is an example of finitely presented graded algebra with generators of
degree 1 and intermediate growth function and its Veronese subalgebra
V3(A) can be presented by finitely many quadratic relations (to be precise
with 21 generators and 280 relations).

7. Appendix: Presentation of the Veronese
subalgebra V4 (U) of U

As we noted in the Section 5, U(L) is an associative algebra with
generators x,y and the set of relations

R = {2’y —32*yx+3xys”® —yz® = 0, y’z— 3y zy+3yzy” —2y® = 0}.

Since R is a set of two homogeneous polynomials, U is a graded algebra.
Let V4(U) be the Veronese subalgebra of U. It was proven in Section 4
that V4(U) is a graded algebra generated by the set S of monomials of
length 4 over {x,y} and the set of relations R* = {f; = 0,vfw = 0}
where v, w are monomials such that I(v) + (w) =4 and, f; = 23y —
322yx + 3zyx? — yad, fo = yPr — 3ylxy + 3yay® — xy3. Basically, R*
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is the set of homogeneous polynomials of degree 4 or 8 generated by
R={f1 =0, fy =0} in k[z,y]. Since there are 48 different pairs (v, w)
of monomials, R* consists of 2 homogeneous polynomials of degree 4:

3

(1) yo* = 23y — 3x%yx + 3xya®, (ii) y’z = xy® — 3yzy® + 3y xy

and 96 homogeneous polynomials of degree 8:

1) zyz?at = 2ty — 323yt + 32%yzat,

2) ziyzt = 2tz?yr — 3xtaya? + 3xtya’,

3) x?y?yx® = Pyy?ar? — 3x%yry’a® + 3x2ylaya?,

4) xyx’ady = styxy — 3xdyady + 3xyxady,

5) w3yxdy = xtz?y? — 3xtzyxy + 3xtyxy,

6) x*y*ya’y = 2dyyey — 3xPyzy ey + 3a?y ayay,

7) wyx’ziyr = vtyryr — 3x3yrlyr + 3xlyrayz,

8) 2222t = 2?yxadyx — 3xlyrayr? 4 3xlyryx®,

9) 2?y?yxyr = 23yydr — 3xyryz + 322y xyie,
10) ayz?x?y? = xtyxy? — 3x3ya?y? + 3x2yxa?y?,
11) 229?23y = 22yra®y? — 3x2yzwyxy + 3xyxyzy,
12) 22y?yxy? = 23yy* — 32%yxy* + 322y%ay?,
13) zyrlryxr? = xty?a? — 3a3yrya? + 3xlyrrya?,
14) ayzyr* = vyx’z?yr — 3zyrryr? + 3vyzlya’,
15) zydya® = zyxyy?e? — 3wy?zy’a? + 3xyPryx?,
16) xyz’ry’z = 2*y3r — 323yxy’e + 3xlyxayie,
17) Pzt = zy?ea’yr — 3zyloryar? + 3vylrya’,
18) zyPyzyr = zyzyye — 3zylryde + 3zyPzyl,
19) ayzlryzy = 2*y’zy — 3x3yryry + 3xlyrayzy,
20) zyzyrdy = zyr?z?y? — 3wyxlryzy + 3zyrlyrty,
21) zyPyaly = zyzyyley — 3xylayley + 3vylryxy,
22) zyx?xy® = 2yt — 3x3yay® + 3xlyxay?,
23) zyiady = zylaa?y? — 3vyrryry + 3xylaysly,
24) zydyry? = wyxyy? — 3xy’ryt + 3xydry,
25) y2x’xt = yadya® — 3yxlyat + Jyryxa?,
26) yalyzt = yadalyr — 3yxdeyr? + 3yrdya?,
27) yaxyPyxd = yalyy?a® — 3yzyxy?z? + Syxylryar?,
28) 22y’ x?yx = yadyryr — yxlyrlyr + Syryxyiey,
29) yry’rt = yryrzlyr — yryraeyr? + Syxyryrd,
30) yrylyryxr = yr’yydz — Syryrydr + Syxylryie,
31) y2ala?y? = yadyay? — Syxlyxy? + Syxyray?,
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yry*aty = yayray® — yxyrayry + yryryzy,
yry?yzy® = yatyy* — 3yzyxy* + Syzy ey,
y2$2$3y = y$3y$2y — 3yx2ya:3y + 3yl’y$$3y,
yrlyxdy = yada?y® — Syzdzyxy + yxdyzty,
yry?yr®y = yatyytey — Syzyzy iy + 3yzy rycy,

v rlryx? = yrdy?a? — 3yx’yxyr® 4 yryrryx?,

yraeyzt = y?alayr — 3yPalayx® + 3ytalyad,
Yy
Yy
Yy
Yy
Yy
Yy
Yy
Yy
y'zdy = ylex’y® — 3ylzayay + 3yPryxty,
ylyry? = yPeyy® — 3yeyt + 3ytay?,

w?yrat = 2tayr? — 3xtyad + 323yt

ya® = yrryy*a® — 3y’ayia? + 3ytaya®,
22ryxy = yriylary — 3yxlyryry + 3yryxrryxy,
zyrdy = y?a?a?y? — 3yxlryxy + 3yPxlyx’y,
yaty = yrryyay — 3yPeyiey + 3ytaywy,
2?ry’r = yrdyde — 3yxlyry’r + Syryary’e,
zt = ydralyr — 3yPraya® + 3ylaya’,
yryxr = y2ayyPr — 3yzyds + 3ytayle,

2,03 _ 03,4 2,103 3
réry’ = yx’y” — Jyxyxry” + 3yryray’,

3

NN S R S

zyPrt = 22y?yx® — 3vyxyya® + 3zyrya®,
wdyyla? = 2tyPr — 3x3yxy’e + 3x3yyrya,
22yray = 2tayry — 3xtyaly + 323yady,

zyPedy = a?yPyaty — Swyxyya?y + dwyryry,
wyyPey = atyt — 3utyay® + 3tyyry?,
22yra’yr = zteye — 3xtyryr + 3x3yalyz,
ryPrlyxr = 22y yryr — 3ryxyyryx + 3xylryryr,

2?y?y?2? = 2?yzyde — 3xyPaye + 3%y yzyw,

22yra’y? = ziay® — 3atyxy? + 3x3yx?y?,
wyia?y? = ?yPyxy? — 3wyzyyry® + 3xyPoyry?,
22y?yPay = 2?yry* — 32%y%wyd + 322y yry?,
zylrat = zyrlrya? — 3ryrlyxrd + 3xyrya?,

ryPryx? = 22y?y?2? — 3zyxyy’e? + 3xylry’a?,

ryxyy’a? = zyr?yPr — 3vyryry’x + Sxyryyry,
rylrrlyr = vyxlry’s — 3ryxlyryx + Sryryxlyr,

zyryle = 22y?y3r — 3xyryydr + 3xylayie,

ryyla? = xytaye — 3xydrye + 3zydyaye,
rylrxdy = zyr’ryry — 3ryxlyxly + 3xyryxiy,

zydryry = 22y*yey — 3zyryy’ay + 3wvyirylry,
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(@)

9)
0)
1)
2)
3)
4)
5)
)
)
8)
9)
0)
1)
2)
3)
4)
5)
)
)
8)
9)
0)
1)
2)
3)
4)
5)
96)

O© © © © © © 0 W 0 0 0 0 0 00 0 O =~ =~ ~J I ~J 3 3 = 3 I
~N O ~N

zyzyy’ ey = zya’y* — Bvyzyzy® + dzyzyywy?,
CCle’l’QyQ = .’Ify$2f£y3 — 3zcyx2y$y2 "‘ 3$y$y$2y2,
zyday® = a?y?yt — Bayayyt + 3xyPwy?,
vydyPoy = xyPay® — 3zyPay® + 3zyPyay?,
yryrrt = yxdryr? — 3yxdyad + Jyalya?,

ylat = yayPya® — 3yPwyya® + 3yPaya®,
yr?yy*a? = yadyde — Syatyaye + yatyyayx,
yﬂ?yl’lzy.%' = ym3xy2x — 3y$3y$y$ + 3y$2y$2y$,
ylotyr = yayPyrys — 3y’zyyzyx + 3yPzyryr,
yry®y*a? = yayzyPr — Syzy*ey’c + SyzyPyzyz,
yryra?y® = yriey® — 3yatyry? + 3yxiyxty?,
ylaty? = yayPyzy? — 3yPzyyay? + 3ydayxy?,
yry*y*ey = yryryt — 3yzy®ey® + SyzyPyry?,
yryzady = yxdzyzy — 3yatyaty + 3yxiyxdy,
ylady = yayPyxty — 3yPayyxty + 3ytwyaty,
yrtyyPoy = yaty* — dyxyxy® + 3yatyyxy?,

y3azx4 = nyQxny — 3y2x2y:p3 — 3y2:vy334,
y4.’I}y.Z'2 _ y$y2y2w2 _ 3y2xyy2x2 + 3y3$y2x2’
y2$yy2$2 = y2$2y3$ — 3y2113yxy2$ + 3y2$yyacy:13,
yiraty = y*atwyxy — 3yPatya?y + 3y ayay,
yrayry = yayPyPey — 3ytayyPey + 3yPayiry,
yrayyPzy = y*a?yt — 3yPzyxy® + 3y azyyxy?,
yrxlyr = y?alyre — 3ylalyayr + 3ylryalyw,
yloyts = yayyde — 3ytayyPr + 3ylayta,
ylyPa? = yPryPe — 3yteyts + 3ytyxye,
y3$$2y2 — y2$2l‘y3 _ 3y2x2y$y2 + 3y2xy$2y2,
yley? = yayyt - 3yPayyt — 3yPxyyt + 3ytayt,
4

ytytey = Pyt — 3ytay® + 3ytyay?

We can rename the generators as follows:

yt =1, Y2 =Y, yrry = Ys, y2r? =Yy,

yry’ =Ys, yayr=Ys,  yzly=1Y7,

yr® =Y,

zy® = X1, ay’r=Xo, ayry=X;  ayr’ =Xy,

.T2y2 = X57 l‘2y$ = X67 I3y = X77

So the relations will be

2t = Xg.

(i) Ys = X7 — 3Xg + 3Xy, (ii) Yo = X — 3Y; + 3Y3



84

FINITELY PRESENTED QUADRATIC ALGEBRAS

X1 Xg = XgYs — 3X7 Xg + 3X6X5g,
X7 Xg = XgXg — 3Xg Xy + 3XgYs,
X5Ys = X7Yy — 3X6Yy + 3X5Xy,
Xy X7 = Xs¥7 — 3X7 X7 + 3X6 X7,
X7 X7 = Xg X5 — 3Xg X3+ 3XgYr,
X5Y7 = X7Y3 — 3XgY3 + 3X5 X3,
Xy Xg = XgYs — 3X7 X + 3X5 X6,
X5X8 = X6X6 — 3X6X4 + 3X6Yé,
X5Y6 = X7Y; — 3X6Y2 —+ 3X5X2,
Xy X5 = XgYs; — 3X7 X5 + 3X5X5,
X5X7 = X6X5 — 3X6X3 + 3X6Y7,
X5Ys = X7Y1 — 3X6Y1 + 3X5 X,
Xy Xy = XgVy — 3X7Xy +3X6Xy,
X3Xg = Xy Xg —3Xu Xy + 3X4Yé,
X1Ys = X3Yy — 3XoY, + 3X1 Xy,
Xy Xo = XgYo — 3X7Xo + 3X6 X2,
X1 Xg = XoXg —3X0 X, + 3X2Yé,
X1Ys = X3Ys — 3XoYs + 3X Xo,
X1 X3 = XgY3 — 3X7 X35+ 3XX3,
X3 X7 =Xy X5 — 33Xy X3+ 3X,Y7,
X1Y7 = X3Y3 — 3XoY3 + 3X1 X,
Xy X1 = XgY] — 3X7X, 43X X1,
X1 X7 =XoX5 —3X9X3 +3XoY7,
X1Y5 = X3Y1 —3XoY] + 3X1X1,
Yy Xg = YgY¥s — 3Y7 X + 3Y5 X,
Y7 Xg = Y Xg — 3Ys Xy + 3Y3Ys5,
Y5Ys = Y7V — 3YeYs + 3Y5 Xy,

Y1 X6 = YsYs — 3Y7 X + 3Y5 X,
Y5 Xs = Y6 X6 — 3Ys Xy + 3Y5Ys5,
Y5Ys = Y7Ys — 3Y6Y2 + 3Y5 X0,

Yy X5 = YsY5 — 3Y7 X5 + 3Y5 X5,
Y5 X7 = Y6 X5 — 3Ys X3 + 3YsY7,
Y5Ys = Y7y — 3YsY) + 3Y5X1,

Yy X7 = YsY7 — 3Y7 X7 + 3Ys X7,
Y7 X7 = Ys X5 — 3Ys X5 + 3YsY7,
Y5Y7 = Y7Y3 — 3YsY3 + 3Y5 X,
YaXy = YsYy — 3Y7 Xy + 3Ys Xy,
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38) Y3Xg =Y, X —3Y4 Xy + 3YyYs,

)
39) Y1Yg = Y3Y, — 3YaYy + 3Y1 Xy,
40) Y1 X35 =YsY; — 3Y7 X35 + 3Ys X3,
41) Y3 X7 =Y, X5 — 3Y, X3 + 3Y, Y7,
42) Y1Y7 = Y3Y3 — 3YaY3 + 3Y1 X5,
43) Y3 Xo = Y3Ys — 3Y7 Xy + 3Ys Xo,
44) V1 Xs = Yo X¢ — 3Ya Xy + 3Y5Y5,
45) Y1Ys = Y3Y, — 3YaYs + 3Y71 Xo,
46) Y3 X1 = YY1 — 3Y7 Xy + 3Ys Xy,
47) Y1X7 = Yo X5 — 3Ya X3 + 3YaY7,
48) Y1Y5 = Y3Y) — 3YaY) + 3Y1 Xy,
49) XoXs = XsX1 — 3XsYs + 3X7 Xs,
50) X1Xs = X5Ys — 3X3Ys + 3XoYi,
51) X7Y1 = XgYa — 3X7Xs + 3X7Ye,
52) XeX7 = Xg X3 —3XsY7 + 3X7 X7,
53) X1 X7 = X5Ys — 3X5Ys + 3XaV5,
54) X7Y3 = XgY1 — 3X7 X1 + 3X7Y5,
55) XeXp = XsXo — 3XsYs + 3X7Xs,
56) X1X6 = X5Ys — 3X5Y5 + 3XaVe,
57) XsYi = X¢Vs — 3X5Xs + 3X5 Ve,
58) XX — XsX1 — 3XsYs + 3X7 X,
59) X1X5 = X5Y5 —3X3Y5 + 3XaY5,
60) X5Y3 = XgY1 —3X5X +3X5Y5,
61) XoXs — X4 X1 — 3X4Ys + 3X3Xs,
62) X1X4 = X5Y1 —3X3Y, + 3XaYy,
63) X3Yi = X4V — 3X3Xs + 3X3Y,
64) XoXg = Xy Xo — 3X,Ys + 3X3Xs,
65) X1X9 = X5Ys —3X3Ys +3XaY5,
66) X1V, = XoYs — 3X1 Xy + 3X1Y5,
67) XoX7 = X4X3 — 3X4Ys + 3X3X7,
68) X1X3 = X5Y3 — 3X3Y3 + 3X0Ys,
69) X3Y; = X4Y) —3X3X, +3X3Y5,
70) XoX5 = Xy X1 —3X4Y5 + 3X3X5,
71) X1X1 = X5Y1 —3X3Y7 + 3XeY,
72) X1Y3 = XoY1 — 3X 1 X1 +3X1Y5,
73) YsXs = Ys X4 — 3YsVs + 37 X,
74) Y1Xg = Y5Ys — 3Y3Yg + 3YaY5,
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N
Ut

) Y7Yy = YaYo — 3Y7 X + 3Y7 Y5,

76) YsX6 = Yz Xo — 3YsYs + 3Y7.XG,
TT) YiXe = YsYs — 3YaVs + 3YaVe,
78) Y5Yy = YsYs — 3Y5Xo + 3Y5Ys,
79) Y6 X5 = Y X1 — 3YsY5 + 3Y7 X5,
80) YiX5 = YaYs — 3Y3Ys + 3YaY5,

oo
—_

) YaYs = Yg¥i — 3Y5 X, + 3Y3Y5,
) Y6 X7 = YsX3—3YgY7 + 3Y7 X7,
) Y1 X7 =Y5Y7 — 3Y3Y7 + 3YaY7,
) Y7Y3 = YgY, — 3Y7 X + 3Y7Y5,

oo oo
=W N

85) YoXg =Yy Xy — 3Y,Ys + 33Xy,
86) Y1.Xy = Y5Yy — 3Y3Y, + 3YaYy,
87) Y3Yy =Y Yo — 3Y3Xs + 3Y3Ys,
88) Yo X7 = YyX3 — 3Y,Y7 4 3Y3X7,
89) Y1X3 = Y5Y3 — 3Y3Y3 + 3YaY3,

Ne)

0) Y3Y3 =Y,Y) — 3Y3X; + 3Y3Y5,
1) YoX¢ = Y3 Xy — 3YsYs + 3Y3 X,
) Y1Xo = X5Ys — 3Y3Ys + 3Y5Y5,
3) 1Yy =Y5Ys — 3Y1 X + 3Y1 Y56,
4) Yo X5 = Yy X1 — 3Y4Y5 + 3Y3X5,
5) Y1X7 =Y5Y; — 3Y3Y) + 3YaY,
96) Y1Y3 = YoY1 — 3Y1.X1 + 3Y1Ys.

O © © O ©
[\S)

We see that V4(U) is a quadratic algebra with generators X, ..., Xs,
Yi,...Ys and relations (i), (i), 1)-96). This may not be the simplest
presentation of V4(U). Observe that the generators Yg and Y5 are linear
combinations of other generators by (i) and (i7), so they can be removed
from the generating set.
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ABSTRACT. We consider algorithmics for the jump number
problem, which is to generate a linear extension of a given poset,
minimizing the number of incomparable adjacent pairs. Since this
problem is NP-hard on interval orders and open on two-dimensional
posets, approximation algorithms or fast exact algorithms are in
demand.

In this paper, succeeding from the work of the second named
author on semi-strongly greedy linear extensions, we develop a
metaheuristic algorithm to approximate the jump number with the
tabu search paradigm. To benchmark the proposed procedure, we
infer from the previous work of Mitas [Order 8 (1991), 115-132] a
new fast exact algorithm for the case of interval orders, and from the
results of Ceroi [Order 20 (2003), 1-11] a lower bound for the jump
number of two-dimensional posets. Moreover, by other techniques
we prove an approximation ratio of n/loglogn for 2D orders.

1. Introduction

The jump number problem is to find a linear extension of a given poset
minimizing the number of jumps, that is, incomparable adjacent pairs. It
is best motivated by the following scheduling problem. Suppose a set of
jobs is to be performed by a single machine, one at a time, with respect to
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some technological precedence constraints. Every job processed after one
which is not constrained to precede it requires a warm-up (here, called a
jump), which leads to a fixed unit of additional cost. The objective is to
find a schedule which minimizes the number of warm-ups (jumps).

A purely theoretical interest in this problem is associated with a fact
proved by Habib [8] that posets with isomorphic undirected comparability
graphs have equal jump number. Consequently, the jump number fits the
framework of comparability invariants, together with order dimension,
the number of all linear extensions, the path partition number, and other
properties. This leads to characterisation questions of comparability
graphs satisfying given property and of possible interpretations of these
invariants.

Another related topic is a classification of jump-critical posets. We
recall from [26] that P is jump-critical if for any p € P, P\{p} has less
jumps than P. Some results have been established by El-Zahar et al.
[26-28].

The main results of this work are as follows.

1) We design and benchmark a tabu search algorithm to approximate
the jump number, see Section 3 and 4. It is built upon semi-strongly
greedy linear extensions, defined by the second named author in
terms of arc diagram representations of posets.

2) We give in Section 4.1 a new exact algorithm for the jump number
of interval orders, based on the previous work of Mitas [16].

3) We show in Section 4.3 that the jump number has an (n/loglogn)
approximation ratio on two-dimensional posets.

We now outline the paper structure.

The proposed tabu search algorithm explores semi-strongly greedy
linear extensions, defined by the second named author (see Section 2.2).
After reviewing the respective exact algorithm in Section 2, we verify how
many solutions are generated when it is applied to various posets.

Our adaptation of the tabu search paradigm is proposed in Section 3
and tested in Section 4. In benchmarks we focus on two non-trivial classes
of posets: interval orders and two-dimensional orders. A previous work
of Mitas [16] on interval orders contains a characterization of optimal
solutions in terms of subgraph packings.

In Section 4.1 we explore this idea to obtain a new exact algorithm for
these orders. This allows us to calculate the jump number in reasonable
time for posets having up to several hundred elements. In effect, we obtain
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a testbed to verify the quality of solutions generated with the proposed
tabu search algorithm.

Perhaps even more interesting is the case of two-dimensional orders,
since the complexity status of the jump number problem has remained
open in this class for several years now.

In Section 4.2 we exploit an interpretation given by Ceroi [4]. Chains
to form a linear extension are seen as rectangles in the plane, and the
bump number (see Section 1.1) corresponds to the maximum weight
of an independent set (MWIS in short) of rectangles. Thus, a linear
programming relaxation of the MWIS integer formulation yields a bound
on s(P). Even though the approximation ratio of our tabu search algorithm
is unknown and only verified experimentally, we prove in Section 4.3
using other techniques that the jump number admits an (n/loglogn)
approximation ratio on two-dimensional posets.

1.1. Preliminaries

We denote by (P, <p), or simply by P, a finite strict partially ordered
set, in short a poset of cardinality|P| = n. That is, <p is a transitive
and irreflexive relation on P. For any p € P, Succp(p) = {q € P :
p <p q} is the set of successors of p and Predp(p) = {q € P : ¢ <p
p} is the set of predecessors of p. Sp = {Succp(p) : p € P} is the
family of distinct successor sets and Pp = {Predp(p) : p € P} is the
family of distinct predecessor sets of a poset P. We say that p is covered
by q if p <p q and for no r, p <p r <p q.

A linear extension L = p1,pa, ...,y is a total ordering of P preserving
the relation, that is, p; <p p; implies 7 < j. Two adjacent elements p;, P11
in L form a jump if p; £p pi+1 and otherwise they form a bump. Since
jumps split L into chains of P, we can write L=Cy & C1 & ... D Cpy,.

Problem 1.1.1. Let s;(P) denote the number of jumps in a linear
extension L of a poset P. The jump number problem is to find

s(P) = min{sy(P) : L is a linear extension of P}.

Problem 1.1.1 is equivalent to maximizing the number of bumps by, (P)
amongst linear extensions of P, as for any L we have sy (P)+br,(P) =n—1.
We write b(P) for the maximum number of bumps in a linear extension
of P.If sp(P) = s(P) =n—1—br(P) then L is called an optimal linear
extension of P.
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Definition 1.1.2. A poset (P, <p) is an interval order (or an interval
poset) if there is a bijection between its elements and closed intervals on
the real line, P «— {I, = [l(p),7(p)], l(p) < 7(p)}pep, such that p <p ¢
if and only if 7(p) < l(q). (P, <p) is two-dimensional (or 2D) if <p is an
intersection of two linear orders {L1, L2}, called a realizer of P.

Interval orders are characterized as posets excluding a subposet consisting
of two independent 2-chains [6]. The recognition of two-dimensional posets
can be accomplished in O(n?) time, see [20] and also [10].

Definition 1.1.3. A chain C in P is greedy if Pred(p) U {p} = C, where
p = sup C, and for no element ¢ covering p, the chain C' U {¢} has this
property. A linear extension L = Cy @ Cy @ ... & Oy, is greedy if C; is a
greedy chain in P\ U;<; C;.

It is easy to prove that every poset has an optimal linear extension which
is greedy.

1.2. Previous work

It has been proved by Pulleyblank [18] that the jump number problem
is NP-hard on bipartite orders, that is, on posets having only minimal
and maximal elements. Another NP-hardness proof has been given by
Bouchitté and Habib [3]. Moreover, by Mitas [16] the problem remains
NP-hard on interval orders. There are polynomial-time algorithms for
some restricted classes of posets. These include semi-orders (i.e., interval
orders formed by intervals of the same length) [2], and N-free orders (that
is, with the N subposet forbidden) [19,22]. The problem remains open
on two-dimensional orders. However, Ceroi [4] proved NP-hardness of a
generalized variant in which non-negative weights are associated with
comparabilities and the objective is to maximize their sum on bumps of
a linear extension. Due to high complexity of the problem, approximate
algorithms are in demand. Those have been found only for interval orders
(Systo [25], Felsner [5], Mitas [16]). An exact algorithm has been designed
by Systo [24] (it is shortly reviewed in subsequent sections). As far as we
know, the only metaheuristic approach published so far is that of Ngom
[17], who adapted the genetic algorithm to the jump number problem.

2. Semi-strongly greedy linear extensions

In this paper a tabu search procedure is presented to search for valuable
solutions amongst very particular greedy linear extensions, defined by the
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second named author. Therefore, we now quickly recall what semi-strongly
greedy linear extensions are and how they are generated. These linear
extensions are formed from special greedy chains, defined by means of a
digraph representation of (P, <p) explained below.

2.1. Arc diagrams

A digraph is denoted by D = (V, A, t, h), where V is the vertex set, A
is the arc set, and t,h : A — V are incidence mappings (¢ for tail, h for
head). Then each arc a € A is of the form a = (t(a), h(a)). A sequence
of arcs m = (ay,a2,...,a;),l = 11is a path in D if h(a;) = t(a;4+1) for
i=1,2,...,1—1. By tc(D) = (V,tc(A),t*, h*) we denote a transitive
closure of D, where (ay,...,q;),l > 1is a path in D if and only if tc(A)
contains an arc b such that t*(a;) = t*(b) and h*(a;) = h*(b).

Definition 2.1.1. An arc diagram for a poset (P,<p) is an acyclic
digraph D(P) = (V, R, t, h) for which there is a mapping ¢ : P — R such
that for every p,q € P, p # q, we have p <p ¢ iff (h*(¢(p)), t*(¢(q))) € R*,
where t*, h* are the incidence mappings of tc(D) and R* = tc(R)U{(v,v) :
v €V} An arc a € ¢(P) is a poset arc and otherwise a is a dummy arc.

Informally, certain arcs represent the elements of P, and the purpose of
the remaining ones is to preserve the comparabilities along the paths of
D(P).

An example is shown in Figure 1. Elements 2, 3,12, 8 form one of the
chains in this poset, so the four corresponding arcs are aligned in one
of the paths leading from the source to the sink of the diagram. In any
linear extension, these (and other) order constraints have to be respected,
e.g., (2,3,10)® (7) ® (14,5,1) @ (4,13) @ (6,12) @ (11,9, 8).

F1GURE 1. Arc diagram representation of a two-dimensional poset

Figure 2 is another example, whose one of linear extensions is (1,3) &
(2,7) @ (4,9) @ (5,10) © (6,11) @ (8).
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An algorithm to construct an adequate arc diagram for any finite poset
P was given by Systo [21]. For the sake of completeness, it is repeated as
Algorithm 1.

Algorithm 1 Arc diagram for a poset P (see [21])

Input: A finite poset (P, <p).

Output: D(P), an arc diagram for P.

Step 1. Let Pp = {Pred,,...,Predy}, Sp = {Succy, ..., Succ}.
For each Pred; let U; = (e prea, Succp(p).

Step 2. {The vertices:}

Let x1,xo,...,xp correspond to those Pred;, for which there exists
Succ; = Uj.

Let yp+1,Yn+2, ...,y correspond to remaining Pred;.

Let 2541, 2p42, ..., 2 correspond to remaining Succ;.

Let y, =z =z, fort=1,2,...,h.
Step 3. {The arcs:}
For each p € P add a poset arc (y;, z;), where
P; = Predp(p), Succ; = Succp(p).
For every p,q € P, p # q,
if p is covered by ¢, and z; # y;, where
Succj = Succp(p) and Pred; = Predp(q),
then add a dummy arc (2, y;).
Finally, remove transitive arcs provided that they are not poset arcs.

2.2. Greedy paths

Definition 2.2.1. In an arc diagram D(P), a natural counterpart of a
greedy chain C' (see Section 1.1) is a greedy path w(C) = (a1, aq,...,a),
[ > 1, i.e., a path satisfying the following conditions:
o No vertex of 7(C') except h(a;) is a head of any arc other than a;,
j=0,1,...,01—1.

e ajis aposet arc, j=1...1.
e 7(C) cannot be extended to a longer path satisfying the above two

conditions.

In the reverse direction, any greedy path m induces a greedy chain C; in
D(P). Thus, an algorithm to generate a greedy linear extension can be
formulated in terms of an arc diagram for P, see Algorithm 2.
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Algorithm 2 Greedy linear extension

Input: D(P), an arc diagram for P.
Output: L=Cy®C1 D ... D (), a linear extension of P.
Step 1. { Initialization }
D := D(P)
L=0
Step 2. while D # @
(%) find a greedy path 7 in D
L=L&C;
D := D(P\L), an arc diagram for the remaining poset
Step 3. return L

It is easy to design an analogous procedure to enumerate all greedy
linear extensions, but initial experiments reveal quickly that it is a very
time-consuming and hence inefficient process.

However, it was proved in a series of papers [21-25], that the search
space can be significantly reduced, since for every poset the class of greedy
linear extensions can be further restricted to the class of very particular
greedy linear extensions which contains an optimal solution. These linear
extensions are composed from two special types of greedy chains, as
described below.

Definition 2.2.2. A strongly greedy path 7 is a greedy path satisfying:
o cither h(m) is the sink of D(P), or

o h(m) is the head of a poset arc b # a; such that no path terminating
with b has a vertex incident with a dummy arc.
If D(P) contains at least one strongly-greedy path 7 then there always
exists an optimal linear extension beginning with Cj. If there are no
strongly-greedy paths in D(P) then there is at least one semi-strongly
greedy path, i.e., a greedy path m such that
o 7 has a vertex which is a tail of a dummy arc but not a head of a
dummy arc.

In such case, when searching for an optimal linear extension, we have to
consider all semi-strongly greedy paths. It should be noted however that
not every greedy path is semi-strongly greedy, so all in all, the search
space is greatly reduced in comparison with an enumeration of all greedy
linear extensions.

The arc diagram in Figure 2 has three semi-strongly greedy paths
(1,3), (1,4) and (1,5). The path (2) is greedy, but it is neither strongly
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F1GURE 2. Arc diagram representation of an interval order

greedy, nor semi-strongly greedy. But the diagram in Figure 1 has two
strongly greedy paths. The path (2, 3, 10) passes through a tail of a dummy
arc, so it would classify as semi-strongly greedy, but it also terminates
in the sink, so it is strongly greedy. In addition, the vertex terminating
(14,5) terminates also (7), which has no vertex incident with a dummy
arc. So (14,5) is strongly greedy.

In conclusion, we have the following Theorem 2.2.3.

Theorem 2.2.3 (Systo [23]). Every poset has an optimal linear extension
L =CyC1...6Ch, called semi-strongly greedy, such that each chain C;
is strongly greedy in Py = P\ j<;C; or semi-strongly greedy in P; if P;
has no strongly gredy chains.

To design an algorithm generating one semi-strongly greedy linear
extension, we simply replace Step 2. (x) of Algorithm 2 with

() find a strongly greedy path 7 in D; if no such path has been
found then set 7 to any semi-strongly greedy path in D.

It is now also easy to devise an exact algorithm for the jump number
problem, which searches for optimal solution amongst all semi-strongly
greedy linear extensions via backtracking. For this purpose, in Step 2. (x)
of Algorithm 2, if there are no strongly greedy paths, then instead of
choosing an arbitrary semi-strongly greedy path we verify every one of
them, and apply the procedure recursively on every respective subposet.
We refer to this algorithm as OptLinExt [24] in subsequent sections, where
a new tabu search algorithm is proposed, based on these special linear
extensions. For a more in-depth treatment of the topic we refer the reader
to the articles of Systo [21-25].
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2.3. The running time of OptLinExt

Let k denote the number of dummy arcs in D(P). It was concluded
in [24] that the pessimistic time complexity of OptLinExt is of order
O(k! - poly(n, k)), since there are always at most k! semi-strongly greedy
linear extensions. That is, k is an important factor contributing to the
complexity of the problem.

We have performed an experiment to learn how many solutions are
generated in reality on posets for varying number of dummy arcs. For
a fixed poset size (n = 120 in the case of interval orders and n = 30
in the case of two-dimensional orders), and for each number of dummy
arcs k € {5,10,...}, a hundred of posets were randomized, having these
requested properties. To obtain posets with a given number of dummy
arcs in their arc diagrams, we use a genetic algorithm, with distance
from k in question being the optimality factor. The maximum number of
generated solutions amongst a group of posets with £ dummy arcs was
recorded. This is plotted in Figure 3.

ssg linear extensions, interval orders, n=120 ssg linear extensions, 2d orders, n=30
10000000 10000000
1000000 4 1000000
100000 -
100000
10000 -
10000 +
1000
1000
100
100 | 10
10 T T T T 1 T T T T
0 10 20 30 40 50 0 10 20 30 40 50
dummy arcs dummy arcs

F1icurE 3. Total number of semi-strongly greedy linear extensions in sample
posets containing increasing number of dummy arcs

This series of trials helps to asses the magnitude of the search space,
browsed through by the tabu search algorithm described in Section 3.
Interestingly, it shows that the search space is typically greater in the
case of two-dimensional posets.

In the group of interval orders on 120 elements, containing 45 dummy
arcs, a poset was spotted having 6 510 338 semi-strongly greedy linear ex-
tensions, and the exact algorithm took over 5 hours to list them. Typically,
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the total number of solutions is lower. On the other hand, a 30-element
two-dimensional poset was found, with 45 dummy arcs in its diagram,
for which the search space contains 8 857 068 semi-strongly greedy linear
extensions. In this case, the execution of OptLinExt took 3445 seconds,
benefitting from shorter time required to rebuild arc diagrams for no more
than 30 elements.

We note that the number of dummy arcs is lesser than n on interval
orders. This is not the case on two-dimensional posets. Thus, it is common
for two-dimensional orders to have a significantly greater search space of
semi-strongly greedy linear extensions than interval orders.

3. A tabu search algorithm to approximate
the jump number

Tabu search is a famous algorithmic technique of moving stepwise
towards an optimal solution of a computational problem. Its characteristic
feature is maintaining a list of moves not allowed at given iteration, called
a tabu list. The purpose of this list is the avoidance of repeatedly visiting
the same solutions. In recent years, tabu search has become a major
metaheuristic paradigm to approximate hard optimization problems. The
rationale behind this method can be found in the monograph of Glover
and Laguna [7].

In a tabu search algorithm, every solution is treated as a point in the
search space. Initially, there is some solution sol, and in each step we
move to another solution sol’ selected from a neighbourhood of sol. That
is, a fixed number of solutions is generated from sol, and the algorithm
follows to the best of them, provided it is not a tabu move. We now turn
to a description of our adaptation for the jump number problem.

3.1. An adaptation for the jump number problem

In our approach, every solution is some semi-strongly greedy linear
extension L of P. A neighbour solution is generated from L by splitting
it between some consecutive chains, and completing it according to the
semi-strongly greedy algorithm (see Section 2.2). A linear extension L is
represented as a list of chains, which in turn are lists of poset elements. So
if we decide to split L after kc chains, then L[0] @ ...® L[kc — 1] becomes
the initial part of a neighbour L’. Our adaptation is shown as Algorithms
3 and 4.
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Algorithm 3 TS-CompletelLinExt
Input: A poset P, initial chains of some greedy linear extension
partiallL, = Cy @ ... ® C._1, and the minimum number of jumps s,
found so far.
Output: L=Cy® ... ®C1DC. D ... D Cpy, a linear extension of P.
Step 1. { Initialization }
D := D(P\partialL), an arc diagram for P\partial L
¢ := the number of chains in partialL
e := the number of poset elements in partial L
spp = s(partialL) + 1+ spp(D)
{ spB(D) is the lower bound on s(P\partialL), Thm. 3.1.1 }
Step 2. if spp > s, then add (¢, e) to T'abuPositions, return &
else go to 3
Step 3. if D has no more dummies than MaxDummies then
remainingL := OptLinExt(P\partialL)
add (c,e) to TabuPositions
if s(partialL) + 1+ s(remainingL) > s, then return @
else return partial L & remainingL
else go to 4
Step 4. remainingl = &
{ complete the linear extension with s.-s.-greedy chains }
while D # @
S := strongly greedy paths in D
W := semi-strongly greedy paths in D
if |S| > 0 then
m:= any path from §
remainingL := remainingL & C;
if C is the first chain in remainingL then
add (c,e) to TabuPositions
else { no strongly greedy paths }
if |W| =1 then
m := the path from W, remainingL := remaininglL & C;
if C} is the first chain in remainingl then
add (¢, e) to T'abuPositions
else { several semi-strongly greedy paths }
if remainingL = & {i.e, first choice after split} then
7 := a random path from W\TabuPaths;
if not found then add (c,e) to TabuPositions, return &
{ m added to TabuPaths in Alg. 4}
else { not first chain after split } 7 := a random path from W
remainingL := remaininglL & Cr
D := D(P\(partial L & remainingL))
Step 5. return partial L & remaininglL
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Algorithm 4 TS-OptimizeJumpNumber

Input: A poset P, the number of iterations 7T'.
Output: L=Cy & ... & C)y, a semi-strongly greedy linear extension of
P.
Step 1. { Initialization }
TabuPositions := &
TabuPaths := &
currentL := TS-CompleteLinExt (P, &, |P|)
bestL := currentL
t := 0 {current iteration}
Step 2. while t < T
bestNeighbour = @
{ the split position for the best neighbour }
bestKC =0, bestKE =0
t:=t+1
Step 3. { select the best neighbour solution }
for n =1 to CheckedNeighbours
kc:= a random number less than |currentL|
ke :=|L[0]| + ...+ |L[kc — 1]
{ such that (kc, ke) ¢ TabuPositions }

partial L := first kc chains of currentL
neighbour L := TS-CompleteLinExt (P, partialL,
s(bestLinExt))

if s(neighbourL) < s(bestNeighbour) then
bestNeighbour := neighbourL
bestKC := ke, bestK E := |neighbourL[0..best KC — 1]| { = ke }
n:=n+1
Step 4. { move to the neighbour, update the result }
if bestNeighbour # & then
currentL := best N eighbour
update T'abuPaths with (best KC, best K FE,
currentL[best KC — 1], currentL[best K C])
if s(currentL) < s(bestL) then bestL := currentL
Step 5. return bestL
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We keep two tabu lists. T'abuPositions is a cyclic list containing
TabuSize recent split positions. More precisely, if L is split after kc
chains, then the pair (kc, ke) may be added to TabuPositions, where
ke = |L[0]| +...+|L[kc—1]| is the total number of poset elements in kept
chains. The second tabu list, T'abuPaths, contains the greedy paths before
and after split positions. That is, whenever L is split after kc chains and
completed, we add to T'abuPaths the quadruple (ke, ke, L[kc — 1], L[kc]).
This is motivated by fact that there are two major decision points when
generating a neighbour: firstly, L is split at some position kc; secondly,
one of available greedy paths in D(P\(L[0] @ ...® L[kc — 1])) is selected.
TabuPositions is a cyclic list, so after adding a new entry, the oldest one
is removed. On the other hand, T'abuPaths is a static list, from which no
entry is removed in the process of the algorithm.

When generating or completing a linear extension, an obvious change
is made with respect to the original semi-strongly greedy algorithm:
a greedy path is not allowed to be selected, if it is contained in the
tabu list T'abuPaths associated with current split position (Step 4 of
Algorithm 3). Further, while OptLinExt proceeds with greedy paths in
systematic manner, here we always select one at random. Obviously, the
implementation is also augmented to update both tabu lists in each
iteration.

A split position (kc, ke) is added to T'abuPositions when the remain-
ing subposet has either a strongly greedy path, or only one semi-strongly
greedy path, or when its jump number is assessed as non-promising in
Step 2, or has been completed exactly in Step 3 (Algorithm 3). In other
words, (kc, ke) is not tabu, if there are still some unexplored choices of
greedy paths in the remaining subposet. Each choice of a greedy path is
recorded in T'abuPaths.

The most time-consuming subprocedure is the construction of an arc
diagram for the remaining subposet whenever a greedy path is selected
and added to L. Therefore, it is important to quickly reject those solutions
whose number of jumps will not improve over the best one found in the
preceding course of the algorithm. Thus, when a split point is selected and
the diagram is reconstructed, we asses this choice by calculating the lower
bound for the jump number of the remaining poset. It may immediately
turn out that another split position should be randomized. We use a lower
bound given by the following theorem.
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Theorem 3.1.1 (Syslo [24]). If D(P) is an arc diagram of a poset P
then ", cy max{0,indegp(v) — 1} < s(P), where indegp(v) is the number
of poset arcs coming into v.

If the number of dummy arcs in the diagram is less than some fixed
number MaxzDummies, we apply OptLinExt to the remaining poset.

4. Benchmarks

In this section we benchmark the proposed tabu search algorithm on
two non-trivial classes of posets.

4.1. Interval orders

In the case of interval orders, we first run TS-OptimizeJumpNumber
and compare the quality of its solutions with optimal ones, obtained via
a reduction to the subgraph packing problem. We now explain how these
optimal values are computed.

The jump number of interval orders

Interval orders have a well-known characterization (see Fishburn [6])
which includes their canonical representation, that is, Algorithm 5.

Algorithm 5 Canonical representation of an interval order (see [16])

Input: (P, <p), an interval order.

Output: {1, = [l(p),r(p)]}pcp, & compact family of intervals representing

(P, <p).

Step 1. Sort (Sp, C): Suce; 2 Sucey 2 ... O Succe = 2.

Step 2. Sort (Pp,C): & = Predy C Preds C ... C Pred,.

Step 3. Assign to each p € P its left endpoint I(p) =i — 1 such that
Pred; = Predp(p) and its right endpoint r(p) =75 — 1
such that Succ; = Succp(p).

The obtained canonical intervals are then written into a table of size
e x e, where e = |Pp| = |Sp| (see Figure 4). For an interval [I(p), r(p)]
its corresponding element p is put in the cell in row [(p), column 7(p).
Then, successive bumps of a linear extension may be read from the table
along a sequence of ordered pairs of the form 7' = {t; = (tcol; trow) }i=1,...b,
called a bump sequence, where b < e — 1 is its length. Every bump ¢ in T
satisfies teo; < trow and for every two consecutive bumps (s, t), Srow < teol-
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We say that the columns and rows outside 1" are omitted. The problem
is to generate a bump sequence of maximum cardinality, i.e., to decide,
which rows and columns should be omitted so as to obtain a realizable
bump sequence (so some L can be read along it). Given a realizable bump
sequence of length by one applies a quick procedure (see [16]) to obtain a
linear extension with at least by bumps.

Definition 4.1.1. Graph of intervals G7(P) takes non-empty table cells
as vertices. Edges are added for vertices positioned consecutively in a
column or in a row (see Example 4.1.6 and Figure 4). A component C' of
this graph is unsaturated if none of its vertices is situated on the boundary
of the table (i.e., in the lowest row or in the rightmost column, or on
the diagonal), nor any cell of C' contains a multiple element, nor C' itself
contains a cycle.

The number of unsaturated components is denoted by u and is typically
much smaller than e < n.
In [16], Mitas characterizes realizable bump sequences as follows.

Theorem 4.1.2. For a bump sequence T to be realizable it suffices that
each unsaturated component C satisfies one of two properties:

1) (P1) C contains a vertez in a column or in a row which is omitted
by T.

2) (P2) C contains an element [j, j+q| such that the columns j,...,j+
q— 1 and the rows j+1,...,7 + q are omitted by T.

Theorem 4.1.2 motivates the following definition.

Definition 4.1.3. In the graph of unsaturated components Gy (P) vertices
correspond to unsaturated components of G;(P). An edge joins vo and vp
if component C contains a vertex in column 7 and component D contains
a vertex in row ¢ or row 7 + 1.

Then, the properties P1 and P2 of bump sequences are mapped to edges
and certain odd cycles (called valid cycles) of Gy(P). With each edge
and with each valid cycle there is an associated set of pairs (col;, row;) or
(col;, row; 1), which when removed from a bump sequence result in (P1)
or (P2) being satisfied by the corresponding unsaturated components.
In this way the jump number problem is reduced to a subgraph packing
problem which is to find an optimal packing of vertex-disjoint edges and
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valid cycles. A packing involving v vertices and ¢ cycles yields a bump
sequence with u — ”T*C lost bumps, so v + ¢ is to be maximized. We refer
the reader to the article of Mitas [16] and to a recent work of the first
named author [13,14] for a detailed explanation of this reduction.

The following result is a corollary from the previous work of Mitas

concerning approximation of the jump number.

Corollary 4.1.4. The jump number of an interval order P can be com-
puted in time O(2" - poly(n)).

Proof. By Mitas, for an optimal bump sequence there is an optimal
packing with respect to ”T"'C It can be seen that the number of valid
cycles is bounded by e < n. Hence, it suffices to enumerate all packings of
vertex-disjoint valid cycles, and supplement each such packing H with a
maximum matching M on Gy (P)\H. From all candidate packings H + M
we choose the one maximizing ”T“ O
Remark 4.1.5. Corollary 4.1.4 is an alternative proof of a more general
fact, that the jump number can be computed in time dominated by 2" for
an arbitrary poset. Indeed, with any P one associates an instance of the
Traveling Salesman Problem, in which vertices correspond to the points
of P, and the distances (travel costs) are as follows:
o if p <p g then cpy =0,

o if p£p qthen ¢,y =1,

o otherwise ¢, = o0.

One more vertex d is added such that distances from d to the minimal
elements are 0 and distances from the maximal elements to d are 0.
Then, for every linear extension L there is a corresponding Hamiltonian
cycle from d to d. Total cost of each such cycle is equal to sz (P) and
other permutations contain a connection of cost co. Hence, a dynamic
programming algorithm of Held and Karp [9] for TSP can be used to
compute s(P) in time complexity O(2" - poly(n)).

Nonetheless, in our experiments it is beneficial to apply the algorithm
described in the proof of Corollary 4.1.4. In practice, due to typical struc-
ture of arising graphs, by incorporating simple heuristics, this algorithm
is of satisfactory speed. There is often a limited number of valid cycles
in Gy (P). Moreover, they usually overlap, so that an exhaustive search
algorithm may avoid many subsets of cycles, which have at least one
common vertex. Thus, the jump number can be computed in reasonable
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FIGURE 4. An interval order in canonical representation

time even for interval orders P having several hundred elements (i.e.,
within 10 seconds).

Example 4.1.6. An interval order in Figure 4 consists of 32 elements,
with graph of intervals forming 10 components, of which 8 are unsaturated.
Hence, its graph of unsaturated components (defined above) has 8 vertices,
and there are three valid cycles: one pentagon, and two triangles. An
optimal packing is composed of the triangle {{9,22,27}, {13,21,28},
{19,20,23,24,26}} and edges {{12}, {15,16}}, {{10,11}, {5,6,7,8}}.
Corresponding bump sequence is visualised by arrows above the table,
denoting successive bumps of the optimal linear extension.

Random interval orders

Our first experiment was to verify the quality of solutions generated by
the proposed tabu search procedure on random interval orders. For each
pair (n,k),n € {100, 150,200}, k € {10,20,...,5} a hundred of interval
orders were randomized, consisting of n elements and containing £ dummy
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arcs in their arc diagrams. TS-OptimizeJumpNumber was started for every
such instance, with a limit of iterations equal to n. The algorithm was
aborted upon finding an optimal solution (known a priori by Corollary
4.1.4). Every time, an optimal linear extension has been found. Amongst
100-element posets it took at worst 45 iterations (10 seconds) for an
instance containing 40 dummies. Amongst 200-element posets the worst
found case required 42 iterations (47 seconds) and contained 60 dummies.
On average, optimum was found after 20 iterations.

Hard interval orders

In our previous research concerning approximation of the jump number
on interval orders [12], a vast amount of posets were recognized, which re-
sult in suboptimality of solutions generated by formerly known algorithms.
We use them to benchmark approximation algorithms of Felsner [5], Systo
[25], and Mitas [16]. Consequently, we use them now to benchmark the
tabu search procedure proposed in Section 3. For example, the poset in
Figure 2 contains three semi-strongly greedy paths. It is unknown which
of them should be chosen in order to reach an optimal linear extension.
If many similar posets are joined by series compositions, then there are
very many decision points in a process of a greedy algorithm.

In our second experiment those hard interval orders were taken on
100, 150 and 200 elements. Samples of 10 results for each cardinality n are
reported in Tables 1, 2, 3. Each entry corresponds to one input instance P,
and contains: the number of dummy arcs in P, its jump number s(P), the
sequence of approximate solutions generated by TS-OptimizeJumpNumber,
the number of iterations, the running time in seconds, and the error
w of the best found linear extension. If n iterations did not
suffice to find the optimum, the time of last improvement in the tabu
search process is also reported.

Observation 4.1.7. The proposed tabu search algorithm, applied to
n-element interval orders, generates linear extensions with no more jumps
than 105% of optimum, in n iterations.

4.2. Two-dimensional posets

The complexity status of the jump number problem on 2D posets
is unsettled. Even though it has not been classified as NP-hard, we are
attempting to solve the following Problem 4.2.1.
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d.a. | s(P) | sapx(P) | iterations time error
P | 28 22 | 30...22 32 7s 0.0000
P | 32 30 139...30 48 24 s 0.0000
P | 29 24 |1 29...24 89 25 s 0.0000
Py | 32 26 | 33...26 75 19 s 0.0000
Py | 28 21 125...21 18 7s 0.0000
Ps | 26 22 126...22 20 6 s 0.0000
P | 31 28 | 32...28 26 10 s 0.0000
Py | 32 26 | 34...26 17 8s 0.0000
Py | 35 | 29 |35...30 | 100 (36) | 175 (8 5) | 0.0345
Py | 37| 31 |36...31 99 38 s 0.0000

TABLE 1. Performance of tabu search on 100-element interval orders

d.a. | s(P) | sapx(P) | iterations time error
P | 34 30 | 36...30 47 19 s 0.0000
P, | 46 32 139...32 14 19 s 0.0000
P; | 45 34 |42...35 | 150 (26) | 81 s (18 s) | 0.0294
Py | 50 44 | 55...46 | 150 (90) | 123 s (85 s) | 0.0455
Py | 37 32 | 39...32 36 17 s 0.0000
FPs | 51 42 | 52...43 | 150 (27) 35s 0.0238
Py | 38 | 36 |45...36 36 52 s 0.0000
Py | 42 37 | 45...37 52 66 s 0.0000
Py | 45 35 | 42...35 39 20 s 0.0000
Py | 43 37 | 42...38 | 150 (29) | 143 s (31 s) | 0.0270

TABLE 2. Performance of tabu search on 150-element interval orders

d.a. | s(P) | sapx(P) | iterations time (s) error
P | 50 45 | 52...46 | 200 (164) | 380 (336) | 0.0222
P, | 54 50 | 61...52 | 200 (36) | 352 (101) | 0.0400
P; | b7 49 | 61...51 | 200 (13) 258 (40) | 0.0408
P, | 54 49 | 62...51 | 200 (158) | 415 (362) | 0.0408
Ps | 56 | 50 | 62...52 | 200 (16) | 306 (43) | 0.0400
Ps | 56 | 48 | 57...49 | 200 (126) | 328 (228) | 0.0208
P; | 63 | 49 | 57...50 | 200 (66) | 327 (132) | 0.0204
Py | 54 48 | 54...50 200 (6) 160 (10) | 0.0417
Py | 54 49 | 59...50 | 200 (73) | 235 (109) | 0.0204
Py | 65 53 | 64...54 | 200 (50) | 413 (144) | 0.0189

TABLE 3. Performance of tabu search on 200-element interval orders
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Problem 4.2.1. Give an approximation algorithm for the jump number
problem on two-dimensional posets.

For this purpose it is useful to analyze the performance of general-
purpose algorithms on 2D orders. For n > 50 we usually fail to compute
s(P) exactly in reasonable time. Hence, we compare each tabu search
result with a lower bound on the s(P), inferred from the results of Ceroi.

The bump number of two-dimensional posets

As observed by Ceroi [4], for two-dimensional posets the jump number
can be interpreted as the problem of finding a maximum weight indepen-
dent set of a family of axis-parallel rectangles corresponding to certain
chains of P. Let P be a two-dimensional poset with realizer {L1, Lo}.
With p € P we associate a point (z,y) € R? such that z is the position
of p in Ly and y is the position of p in Ls. Then, each chain of P is
easily seen as a rectangle in R?. Linear extensions are formed only from
chains C' which are convex, ie., Vp<pg<pre P,ifpe C andr € C
then ¢ € C. If by R(P) = (Vg, Er) we denote the graph of rectangle
intersections, in which a weight for each vertex v < C, is equal to its
bumps, i.e., w(v) = |Cy| — 1, then we have the following result.

Lemma 4.2.2 (Ceroi [4]). The mazimum bump number b(P) is equal to
the mazimum weight of an independent set in R(P).

Hence, to calculate b(P) it suffices to solve an integer linear program
for maximum weight independent set (MWIS), max Y, w(v) - z(v) s.t.
z(v) € {0,1} for each v € Vg, and z(u) + z(v) < 1 for each (u,v) €
Er. However, |Vpg| is usually greater than |P| and exact computation of
MWIS quickly becomes infeasible. Therefore, we only get an upper bound
buyp(P) = b(P) by solving an LP-relaxation of this formulation, i.e., with
0 < z(v) <1 (and so a lower bound sypp(P) = [n—1—byp(P)] for the
jump number).

Random two-dimensional posets

In the first experiment concerning two-dimensional posets n was set to
30. For 30-element posets optimal solution can be computed by OptLinExt.
On larger instances we have to resort to the LP-relaxation which provides
an upper bound for b(P).

Tens of random 30-element two-dimensional orders were generated
containing a varied number of dummy arcs (from 10 to 50). First, s(P)
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b(P) 16 | 17 | 18 | 17 | 16
byp(P) | 17.25 | 18.66 | 19.0 | 17.5 | 17.5
b(P) 17 [ 19 | 18 | 16 | 17
byp(P) | 18.33 | 19.75 | 10.88 | 17.33 | 18.11

TABLE 4. Discrepancy between the bump number and its LP relaxation, n = 30

d.a. | |[Vr| | bus(P) | sL(P) | sapx(P) error

P | 84 | 341 41.5 18 23...19 | 0.0556
P, | 81 | 339 | 39.5 20 25...22 | 0.1000
Py | 74 | 375 38.5 21 24...22 | 0.0476
Py | 66 | 349 41.5 18 23...20 | 0.1111
Ps | 100 | 337 | 40.75 19 22...19 | 0.0000
Ps | 90 | 297 | 39.125 20 26...23 | 0.1500

TABLE 5. Performance of tabu search on 60-element 2D posets

was computed. Then, the tabu search procedure was started with a limit
of n iterations. Optimum was found by TS-OptimizeJumpNumber in all
cases beside one poset with 50 dummies, for which a linear extension was
generated having 12 jumps instead of 11. On all inputs, the algorithm
required at most 21 iterations and no more than 2 seconds.

By this occasion, b(P) was additionally compared with the linear
programming relaxation by g (P) of the equivalent MWIS problem. Some
typical discrepancies between these values are shown in Table 4.2. The
number of vertices in R(P), i.e., the number of convex chains in P, varied
from 96 to 138.

In the next experiment, 150 posets were generated with n = 60. This
time, the approximated number of jumps was compared only with the
lower bound obtained via an LP relaxation of MWIS on R(P), that is,
sL(P) = [n—1—0byp(P)]. The results for a sample of 6 posets are
reported in Table 5.

An average error of s4px(P), when compared against sypp(P), was
0.12. In the worst spotted case, it was 0.29. The number of dummy arcs
in these posets ranged from 60 to 100. The number of vertices in R(P)
ranged from 290 to 403. The running time was always below 12 seconds.

Finally, 30 two-dimensional posets with n = 90 were taken. The error
of sapx obtained with n iterations of our algorithm was on average 0.15
and at most 0.29. The time of optimization was always below 45 seconds
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d.a. | |Vr| | bus(P) | stB(P) | sapx(P) error

P | 166 | 593 | 63.57 26 35...29 | 0.1154
P, | 150 | 566 | 62.44 27 33...30 | 0.1111
Ps; | 158 | 570 | 60.96 29 38...31 | 0.0690
Py | 167 | 599 | 61.58 28 39...36 | 0.2857
Ps | 163 | 631 | 63.00 26 33...29 | 0.1154
Ps | 173 | 557 | 60.17 29 39...34 | 0.1724

TABLE 6. Performance of tabu search on 90-element 2D posets

(it took much longer to compute the lower bound spp(P) with linear
programming). 6 representative cases are reported in Table 6.

Observation 4.2.3. The proposed tabu search algorithm, applied to
n-element 2D posets, generates linear extensions with no more jumps
than 130% of optimum, in n iterations.

The parameters of the tabu search in all the benchmarks were set as
follows: T'abuSize = 10, CheckedNeighbours = 7, M axDummies = 15.
These values have been established experimentally as a good compromise
between the running time and convergence of the algorithm.

The running time of our tabu search algorithm could be improved by
incorporating more involved methods to rebuild an arc diagram in every
step. For instance, it was observed in [25] that in the case of interval
orders, an arc diagram can be generated with Algorithm 5. This is much
faster than Algorithm 1. We have tried this construction and it turned
out that the running times reported in Section 4.1 would decrease by a
factor of 3.

All the experiments have been performed on a 64-bit computer with
Intel® Core™ i5-2500K CPU clocked at 3.30 GHz, and 24 GB of RAM.
The algorithms have been implemented in the C# language for the NET
Framework 4. For linear programming, the LPSolve function from the
Optimization package of Maple™ was employed.

4.3. An approximation ratio for two-dimensional posets

A way to measure the quality of approximation algorithms is to assess
their approximation ratio.

Definition 4.3.1. An algorithm A is an e-approximation algorithm
(with € > 1) for a problem P if it runs in time polynomial in the input
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size and always generates a solution of value APX > Oeﬂ when P is a

maximization problem, or of cost APX < eOPT when P is a minimization
problem.

We now look again at the jump number problem on 2D orders via
the Ceroi reduction, described in Lemma 4.2.2 of Section 4.2. The bump
maximization problem can be solved by computing a maximum weight
independent set of rectangles in R(P) = (Vg, Er). Some approximation
algorithms are known for this problem.

Theorem 4.3.2 (Agarwal, van Kreveld, Suri [1]). There exists a log|V|-
approzimation algorithm for the maximum weight independent set problem
on intersection graphs of rectangles.

The original paper of Agarwal et al. focuses on maximum independent
set problem, but their algorithm extends to the weighted variant in a
straightforward way, see [11, pp. 136-140]. All logarithms are in base 2.

So this implies an approximation of the bump number. Can this result
be used to approximate the jump number, too? We claim that the answer
is positive.

Theorem 4.3.3. There exists an (n/loglogn)-approzimation algorithm
for the jump number of two-dimensional posets.

In the proof, we use the following result.

Theorem 4.3.4 (McCartin [15]). There exists an algorithm to decide
for any poset P whether s(P) < h, running in time O(h?h!n).

Proof of Theorem 4.3.3. The algorithm computes an approximate bump

number bg(P) > lgglj&l’ where |V is the number of vertices in G(R). We

obtain an approximate jump number s4(P) = n — 1 — by(P), so the
approximation ratio is

b(P)
sa(P) "= 1— g

s(P) ~ n—1-bP)"

. . . no
We verify when this ratio is worse than Toglogn’

b(P)
i 14 n
n—1—>b(P) = loglogn’
b(P
loglogn - (n—1— (P) ) >n-s(P),

log |V
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loglogn - b(P)
log |V|

s(P) < loglogn.

n-s(P) < (n—1)-loglogn — < n-loglogn,

When the jump number is very small, i.e., s(P) < loglogn, the algo-
rithm of Agarwal et al. [1] does not provide the claimed approximation of
s(P), but in such cases we may compute the jump number to optimality
by the McCartin algorithm [15] in polynomial time, since one quickly
verifies that (loglogn)! < n. O

5. Conclusions and future work

In this paper a new tabu search algorithm for the jump number
problem has been proposed and benchmarked. There are some remarks
concerning the approximation, exact computation and hardness of the
problem.

The results of our algorithm on interval orders have been compared
with optimal values. The experiments reveal that in relatively short time
linear extensions can be obtained with no more jumps than 105% of s(P).
It is easy to spot interval orders for which a 50% suboptimal semi-strongly
greedy linear extension exists [12]. Hence, it is definitely worth to apply
tabu search to improve the quality of generated solutions.

Previously, no approximation algorithms have been given for the class
of two-dimensional posets. Our work is an attempt to fulfill this demand.
In comparison with a lower bound on the jump number, linear extensions
generated by our tabu search procedure turn out to be at most 30%
suboptimal. Since the LP relaxation is usually inexact, the real error is
probably lower. We have proved by other techniques that there is an
(n/loglog n)-approximation algorithm for the jump number problem on
two-dimensional posets We hypothesize that even stronger approximation
ratio could be proved for this class, perhaps by a detailed analysis of the
semi-strongly greedy algorithm. Addressing this questions is our main
objective in the future work. More precisely, it is conceivable that such
an algorithm may be based on the rectangle intersection MWIS lower
bound.

We have also empirically verified the number of all linear extensions
generated by the exact algorithm OptLinExt of Systo. It turns out that
their number is far from the theoretical bound of k!. Considering that
we have proved, based on the results of Mitas, that the complexity of
computing s(P) on interval orders is dominated by 2", and is lower in
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practice, we believe that an estimation of the running time of OptLinExt
can be improved in this class. Another question for further research is,
whether or not the time complexity bound of this algorithm can be lowered
on arbitrary posets.

The complexity status of computing s(P) on two dimensional orders

is open. Our experiments show that the space of semi-strongly greedy
linear extensions is explicitly greater than in the case of interval orders.
Hence, from this point of view, the class of two dimensional posets seems
harder than interval orders for the jump number problem.
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ABSTRACT. For a given p, we determine when the p-modular
group ring of a group from GL(n, q), SL(n,q) and PSL(n, ¢)-series
is serial.

Introduction

There is a recent progress in classifying finite groups G whose group
ring F'G over a modular field F' is serial. It is shown in [15] that the
crucial point in this description is making a list of simple finite groups
(and fields of finite characteristics) with this property.

For instance in [14] such a classification is given for symmetric and
alternating groups; and [15] provides a list of sporadic simple groups and
simple Suzuki groups with this property. Furthermore the first author
described in [12] groups in the PSL(2, ¢)-series whose modular group rings
are serial.

In this paper we will continue this line of research by including into
considerations all projective special linear groups PSL(n, ¢). Despite these
groups are the main target of this paper, we have to make a bypass
by considering general linear groups GL(n,q), and also special linear
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groups SL(n, q). The reason for such a detour is that for general linear
groups the structure of Brauer trees of blocks is best known, due to results
of Fong and Srinivasan [8,9]. Namely it is shown there that the Brauer
tree of any block of GL(n,q) is an interval whose exceptional vertex is
located at its end.

From general theory it is known (see [1, Sect. 5]) that a block B
of a group algebra is serial if and only if its Brauer tree is a star with
the exceptional vertex at the center. Thus in the case of the serial p-
modular group ring of GL(n,q) we obtain that all Brauer trees of blocks
are intervals with at most two edges and, if a tree has two edges, then the
exceptional vertex should have multiplicity one. Furthermore the number
of edges in a particular block can be calculated using centralizers and
normalizers of defect subgroups. There are rather few cases which are left
to analyze, which is achieved in this paper without difficulty.

In most cases descending from GL(n,q) to SL(n,q) and then to
PSL(n, q) is a straightforward normal subgroup business, the only diffi-
culty is when p divides ¢ — 1. In this case more groups with serial group
rings occur, and our analysis is based on [12] or directly by looking at
character tables.

There is no doubt that a similar approach applies to all classical groups
but, because a myriad of details should be taken into account, we will
postpone this to a future paper.

1. Preliminaries

Recall that a module M over a ring R is said to be uniserial, if all
submodules of M are linearly ordered by inclusion; and M is serial if
it is a direct sum of uniserial modules. Furthermore R is called a serial
ring, if R is serial as a right and left module over itself. It is known
(see [2, Sect. 32]) that R is serial if and only if there exists a collection
e1,...,e, of orthogonal idempotents such that each right module e; R
is serial, and the same is true for each left module Re;. For a general
theory of serial rings the reader is referred to [19] or recent [4]. Within
the class of artinian algebras over a field, the serial rings are also known
as Nakayma algebras - see [3, Sect. 4.2].

Let G be a finite group and let F' be a field of finite characteristic
p. If p does not divide the order of G then, by Maschke’s theorem, the
ring F'G is semisimple artinian, hence serial. In this paper we will always
assume that p divides |G]|.
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Let P denote a p-Sylow subgroup of G. Since (see [2, Theorem 32.3])
artinian serial rings are of finite representation type, it follows from
Higman [10] that, if F'G is serial, then P is a cyclic group. This gives a
necessary condition for seriality, which is not always sufficient: for instance
(see [1, p. 123]) the group SL(2,5) for p = 5 gives a counterexample.

Furthermore, the seriality of the group ring F'G depends on charac-
teristic of F' only [6,16]. Thus in this paper (to ease references) we will
always assume that F' is algebraically closed. For instance, it is known
(see [18,20] or [13]) that a p-modular group ring of a p-solvable group is
serial.

We say that the Brauer tree of a block is a star if it has no path of
length more than 2. Here is a typical shape of a star with the exceptional
vertex in the center:

N
VAN

A useful criterion for checking seriality is given by the following.

Fact 1 (see [1, Sect. 5] or [7, Corollary VII.2.22]). A modular group ring
R = FG is serial if and only if for each block B of R its Brauer tree is a
star whose exceptional vertex (if any) is located in the center.

Thus a satisfactory description of groups with serial group rings
depends on the supply of information on Brauer trees of blocks, which is
not always readily available.

In some cases the seriality can be lifted from normal subgroups.
Suppose that B is a block of the group algebra F'G; H is a normal
subgroup of G and b is a block of FH. A definition of the notion that B
covers b can be found in [1, Sect. 14]. For instance if H contains a p-Sylow
subgroup of B, then the principal block By of G covers the principal block
bo of H.

Fact 2 (see [7, Theorem 6.2.7]). 1) Suppose that a block B of G covers
a block b of H where H contains a defect group of B. Then B is serial if
and only if b is serial.

2) Suppose that F'is a field of characteristic p and let H be a normal
subgroup of G whose index |G/H]| is coprime to p. Then the ring FG is
serial if and only if F'H is serial.
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Suppose that B is a block of a modular group ring F'G with a cyclic
defect group D and let e denote the number of edges in the Brauer tree of
B. For instance the defect group of the principal block By equals P. By
Ca(D) we denote the centralizer of D in G; and Ng(D) is the normalizer
of D.

Fact 3 (see [1, Sect. 5, Theorem 1]). The number of edges e in the Brauer
tree of a block B divides the order of the factor group Ng(D)/Ca(D),
hence divides p— 1. Furthermore the multiplicity of the exceptional vertex
equals (|D| —1)/e.

For the principal block By the number of edges e equals to the order
[NG(P)/Cq(P)|.

We will need one more technical result. Recall that O, denotes the
largest normal subgroup of G consisting of elements whose order is coprime
to p. We say that an element g € GG is in the kernel of a block B if g acts
trivially on every indecomposable projective module in B.

Fact 4 (see [7, Lemma IV.4.12]). The kernel of the principal block of G
equals O,.

2. General linear group

In this section we will describe serial rings of general linear groups
GL(n, ¢) over finite fields with g elements.

Theorem 1. Let G = GL(n,q),n > 2 and let F be a field of characteristic
p dividing the order of G. Then the group ring FG is serial if and only if
one of the following holds.

1)n =2 and p=q equal 2 or 3.

2)n=2,3,p=3and ¢=2,5 (mod 9).

For instance GL(3,2) = PSL(2,7) and, for any field of characteristic
3, the group ring of this group is serial.

Recall that the order of GL(n, ¢) equals ¢"("~D/2.(g—1)-...-(¢" —1).
Thus if p divides the order of G, then either p | ¢ or p divides ¢* — 1 for
some k=1,...,n.

We will divide the proof of Theorem 1 in two parts. The case of the
defining characteristic p | g is easy.

Lemma 1. Let ¢ =p", G = GL(n,q) and F is a field of characteristic p.
The group ring F'G is serial if and only if n =2, r =1 and p equals 2 or 3.
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, 110 100
Proof. 1f n = 3 then the matrices (8 ! (1)) and (8 ! (1)) generate a subgroup

C) x Cp, hence P is not cyclic; and we argue similarly for n > 4.

Thus it remains to consider the case n = 2.

If r > 2, it is easily checked that P is not cyclic, hence we may assume
that p = ¢g. Because p — 1, the index of SL(2, p) in GL(2, p), is coprime to
p, it follows from Fact 2 that the seriality of group rings of GL(2,p) and
SL(2,p) is equivalent.

If p > 5 we conclude from [1, p. 124] that the Brauer tree of the
principal block By of the group H = SL(2,p) is an interval with at least
3 edges, hence the ring FH (and then F'G) is not serial. It remains to
consider the case p = 2, 3.

If p =2, then G = GL(2,2) = S5 is 2-nilpotent, hence the ring F'G is
serial.

Similarly for p = 3 the group GL(2,3) has order 48 and is 3-solvable,
hence F'G is serial. O

Thus we may assume that p does not divide ¢g. Let d be the order of
g modulo p, i.e. the least d such that p | ¢¢ — 1. By the assumption we
have 1 < d < n, and clearly d | p — 1.

We will show that d cannot be very small (otherwise the p-Sylow
subgroup P of GG is not cyclic) and cannot be very large (otherwise the
Brauer tree of the principal block has too many edges).

The description of normalizers and centralizers of p-Sylow subgroups
of GL(n, q) is well known (see [21,22]). We will add some explanations to
ease reader’s task.

Lemma 2. 1) P is cyclic if and only if n < 2d.
2) If n < 2d then the factor group Ng(P)/Cq(P) has order d.

Proof. Consider the Galois field F a as a vector space (of dimension d)
over Fy with a basis v1,...,v4. Let 2z be nonzero element of F a. Then
Zv; = Zj zijvj for some z;; € F,. The mapping z — (z;;) defines an
embedding of the multiplicative group of F 4 into GL(d, ¢). The image of
a generator of ]F;d gives us a matrix 2 € GL(d, q) of order ¢¢ — 1.

Write ¢¢ — 1 = p® - s such that p and s are coprime, hence y = z°
generates the p-Sylow subgroup P of order p“.

1) If n > 2d, then one could insert in GL(n, q) two copies of GL(d, q)
as 1 through d, and d + 1 through 2d diagonal blocks. It follows easily
that P is not cyclic.
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On the other hand, if n < 2d then, comparing the sizes, we see that
P can be chosen inside GL(d, g) embedded in the upper left 1 through d
corner of GL(n, ¢), and therefore is generated by .

2) It is known (see [22]) that the centralizer of P is generated by z,
hence has order ¢¢ — 1. Furthermore (see [21, Lemma 4.6]) the normalizer
of P is generated over C(P) by an element of order d.

For our purposes it suffices to find an element which normalizes P
and has order d modulo the centralizer. This can be achieved as follows.

Suppose that the action of x on the basis is given by a matrix A = (a;;),
a;j € Fg: wv; = 7, a;jv;. Applying the Frobenius morphism z — z7 on
F,a we obtain %] = 37, a;;v]. It follows that the action of 27 in the
basis v{ is given by the same matrix A.

Because in the original basis this action is given by A%, we conclude
that UAU 1 = A%, where U is the transition (from v{ to v;) matrix. Then
the conjugation by U defines an automorphism of order d on the subgroup
generated by x. It follows that this action induces on P an automorphism
1 of the same order.

Namely, let ¢(y) = y? and suppose that qu = y for some k. Plugging
y = x° we obtain 2(@=Ds = 1, therefore ¢ — 1 = p®- s divides (¢* —1)s. It
follows that p® divides ¢* —1, and hence d divides k, by the choice of d. [

Now we complete the proof of Theorem 1 by showing the following.

Proposition 1. Let G = GL(n,q) and F is a field of characteristic p
dividing the order of G but not dividing q. Then the group ring FG is
serial if and only ifn=2,3, p=3 and ¢ =2,5 (mod 9).

Proof. We may assume that the p-Sylow subgroup P of G is cyclic. By
the item 1) of Lemma 2 it follows that n/2 < d < n, where d is the order
of ¢ modulo p.

Suppose first that d > 2. If p = 2 it follows (since p does not divide q)
that ¢ is odd, therefore p divides ¢ — 1 and d = 1, a contradiction. Thus
we may assume that p > 2.

By Fact 3 and the item 2) of Lemma 2 the Brauer tree of the principal
block By of G has e = d edges. Furthermore [8, Prop. 4] implies that this
tree is an interval. Since d > 2, this block is not serial.

Thus we are left with the case d = 2, in particular p divides ¢> — 1. The
definition of d yields that p does not divide ¢ — 1 and hence divides ¢ + 1.
Again the Brauer tree of the principal block of G is an interval with
e = 2 edges, whose exceptional vertex is located at its end. By Fact 3 the
multiplicity of this vertex is (|P| — 1)/2. If |P| > 3 this bock is not serial.
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Thus we may assume that |P| = 3, which clearly yields p = 3 and
¢ =2,5 (mod 9) (otherwise 9 divides the order of P). It follows that the
principal block is serial.

We prove that, in this case, any non-principal block B of G is also
serial. Namely, by Fact 3 the number of edges, e, of this block divides
p—1=2.If e =1 then this block contains only one Brauer character,
hence serial. If e = 2 then the multiplicity of the exceptional vertex equals
(3 —1)/2 =1, hence this block is also serial. O

Note that in the proof of the implication = in Theorem 1 we used
only that the principal block By of GL(n,q) is serial.

3. Special linear and projective special linear groups

In this section we will consider the seriality of group rings of special
linear groups SL(n, q) and projective special linear groups PSL(n, ¢). The
answer turns out to be the same for both series; and the proofs go in
parallel.

Recall that SL(n, ¢) is a normal subgroup of GL(n, ¢) of index ¢ — 1.
Furthermore PSL(n, q) is obtained from SL(n,q) by factoring out the
center Z whose order equals (n,q—1). Note also that, except of PSL(2,2)
and PSL(2,3), PSL(n, q) is a simple group.

To avoid long sentences we will divide the classification theorem in
two cases: when p divides ¢ — 1 and when it is not. In the former case
the answer is the same as in Theorem 1.

Proposition 2. Let G is one of the groups SL(n,q) or PSL(n,q), n > 2.
Let F' be a field of characteristic p such that p does not divide ¢ — 1. Then
the ring FG is serial if and only if one of the following holds.

1)n=2 and p=q equal 2 or 3.

2)n=2,3,p=3and ¢g=2,5 (mod 9).

Proof. Since p does not divide ¢ — 1, by Fact 2, we conclude that the
seriality of group rings of SL(n,q) and GL(n, q) is equivalent. Applying
Theorem 1 we obtain the desired conclusion for SL(n, g).

Thus we may assume that G = PSL(n, ¢). If 1) or 2) holds true then
the group ring R of SL(n, q) is serial. Since G is a factor group of this
group, it follows that the group ring of G is a factor ring of R, therefore
is also serial.

Thus we may assume that the group ring of PSL(n, q) is serial and
we need to show that either 1) or 2) holds true.
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By Fact 4 the principal block by of SL(n,¢) has Z in its kernel, and
therefore coincides with the principal block of PSL(n,q). Furthermore,
because SL(n, ¢) contains the p-Sylow subgroup of GL(n, q) it follows by
Fact 2 that the principal block By of GL(n,q) is serial.

Now the result follows from the proof of Theorem 1 (see a remark at
the end of Section 2). O

Now we consider the remaining case p | ¢ — 1. In this case serial rings
occur more often than in the GL-case (cp. Theorem 1).

Proposition 3. Let G be one of the group SL(n,q) or PSL(n,q), n > 2
and let F' be a field of characteristic p dividing ¢ — 1. The group ring FG
is serial if and only if n =2 and p # 2.

Proof. If n > 3 then it is easily seen that p-Sylow subgroups of G' are not
cyclic. Thus we may assume that n = 2.

If G = PSL(2,q) then FG is serial if and only if p # 2 [12].

Thus we may assume that G = SL(2, ¢). If p = 2 then the group ring
FG is not serial. Indeed, otherwise, being a factor ring of F'G, the group
ring of PSL(2, ¢) would be serial, a contradiction.

It remains to consider the case p > 2 and we have to prove that the
group ring of F'G is serial. Observe that, if ¢ is even, then SL(2,q) =
PSL(2, q), hence the ring is serial. Thus we assume that ¢ is odd. In this
case the center Z of SL(2, ¢) consists of matrices 1, where I = (7).

For the remaining part of the proof we need the character table of
G = SL(2,q) — see Table 1.

In the table, 1 <1< (¢—3)/2,1<m < (g—1)/2, e = (1)@ D2 p
is a primitive (¢ — 1)-th root of 1, and o is a primitive (¢ + 1)-th root of 1.

Let v be a generator of the group F;. Denote v = (1 9), 6 = ([ 9),

v1
v 0
ov?
an element 3 of order ¢ + 1. Moreover, two columns for the classes of
I

v = —I-~and §' = —I - ¢ are omitted (to save space in the table). The
values of any irreducible character x of G on these classes are obtained
by the formulas x(v') = x(v)x(=1)/x(I) and x(¢") = x(0)x(—1)/x(I).
Since p | ¢ — 1, only the sixth column of the table contain p-singular
elements.

a = ( ) So, the order of a is ¢ — 1. The group G contains also

In particular, the cyclic group () contains a generator y of a p-Sylow
subgroup P of G.

It is easy to show (see [5, p. 230]) that Cg(y) = («) and Ng(y) =
(o, (% 3)). Hence |[Ng(P)/Cq(P)| = 2 . In particular, the number of
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Classes 1 -1 ~y ) of £m
Number 1 1 1 1 q;23 Q;Ql

of classes

Size 1 1 i 1 a(g+1) | g(g—1)
of classes

lg 1 1 1 1 1 1

Y q q 0 1 —1

xi (i = g+1 ] (-1 x |1 1 pt 4]0
1,...,%) X (g+1 p

0;(j = g—11] (-1 x| -1 -1 0 —(o7™ 4+
1,..., 50 x(g—1 oI™)
&1, & o E(q;rl) Htﬁ/@ 1¢§/@ (-1t o

n, 1o % 6(q2—1) _H;ﬁ —14:2\/@ 0 (—1)m+!

TABLE 1. The character table of SL(2,¢), ¢ is odd [5, p. 228§]

edges in the principal block By of G equals 2, furthermore the number of
edges in any block of G divides 2.

Observe that 6;, n1 and 7, have value 0 on the class of a. By [17,
Theorem 4.4.14], these characters belong to blocks of defect zero. It follows
that these blocks contain only one irreducible ordinary character, hence
is serial.

Furthermore it is easily checked (using [11, Theorem 2.1.8]) that the
Steinberg character ¢ belongs to the principal block By. Looking at the
values on p-singular elements (and using cross-naught business — see
[11, Chap. 2]) we see that the Brauer tree of By is an interval with 2 edges
having 14 and ¢ at its ends. Thus if there is an exceptional vertex it
should be located at the center of this interval (in fact certain characters
xi will occupy the center making an exceptional vertex there).

Because each character y; has the largest possible degree, it follows
from [11, Lemma 2.1.22] that such a character cannot occur at the end of
an interval of length 2. Thus the only possibility for such an interval is to
have & at one end, & at another end, and some characters y; in between.
But this block is clearly serial.

In fact such a block exists if ¢ = 1 (mod 4); otherwise each non-
principal block contains at most one modular character (i.e. its Brauer
tree has at most one edge).

By this we have established that the group ring of SL(2, g) is serial if
2 # p| g — 1, hence finished the proof of the proposition. O
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Prepositions 2 and 3 completely describe groups of SL(n,q) and

PSL(n, q)-series whose p-modular group rings are serial.

(1]
2l

[10]
(11]
[12]
(13]

[14]

(15]

[16]

[17]
18]

[19]
[20]

References
J.L. Alperin, Local Representation Theory, Cambridge University Press, 1981.

F.W. Anderson, K.R. Fuller, Rings and Categories of Modules, 2d edition, Springer
Graduate Texts in Math., Vol. 13, 1992.

M. Auslander, I. Reiten, S. Smalg, Representation Theory of Artin Algebras,
Cambridge Studies in Advanced Mathematics, Vol. 36, Cambridge, 1995.

Y. Baba, K. Oshiro, Classical Artinian Rings, World Scient. Publ.; 2009.

L. Dornhoff, Group representation theory. Part A: Ordinary Representation Theory
(Pure and applied mathematics 7), New York, 1971.

D. Eisenbud, P. Griffith, Serial rings, J. Algebra, 17 (1971), pp. 389-400.

W. Feit, The Representation Theory of Finite Groups, North Holland Mathematical
Library, Vol. 25, 1982.

P. Fong, B. Srinivasan, Blocks with cyclic defect groups in GL(n,q), Bull. Amer.
Math. Soc., 3 (1980), pp. 1041-1044.

P. Fong, B. Srinivasan, Brauer trees in GL(n,q), Math. Z., 187 (1984), pp. 81-88.

D.G. Higman, Indecomposable representations at characteristic p, Duke J. Math.,
21 (1954), pp. 377-381.

G. Hiss, K. Lux, Brauer Trees of Sporadic Groups, Oxford, 1989.

A. Kukharev, Seriality of group rings of unimodular projective groups, in: Proc.
of the 71th Scientific Conf. of Students and PhD students of Belarusian State
University, Minsk, May 18-21, 2014, Part 1, pp. 11-14.

A. Kukharev, G. Puninski, Serial group rings of finite groups. p-solvability, Algebra
Discrete Math., 16 (2013), pp. 201-216.

A. Kukharev, G. Puninski, The seriality of group rings of alternating and symmetric
groups, Vestnik of Belarusian State University, Mathemathics and Informatics
series, 2 (2014), pp. 61-64.

A. Kukharev, G. Puninski, Serial group rings of finite groups. Sporadic simple
groups and Suzuki groups, Notes Research Semin. Steklov Institute Sanct-Petersb.,
435 (2015), pp. 73-94.

A. Kukharev, G. Puninski, Yu. Volkov, The seriality of the group ring of a finite
group depends only of characteristic of the field, Notes Research Semin. Steklov
Institute Sanct-Petersb., 423 (2014), pp. 57-66.

K. Lux, H. Pahlings, Representations of Groups: a Computational Approach,
Cambrodge Studies in dvanced Mathmeatics, Vol. 124, 2010.

K. Morita, On group rings over a modular field which possess radicals expressible
as principal ideal, Sci. Repts. Tokyo Daigaku, 4 (1951), pp. 177-194.

G. Puninski, Serial Rings, Kluwer, 2001.

B. Srinivasan, On the indecomposable representations of a certain class of groups,
Proc. Lond. Math. Soc., 10 (1960), pp. 497-513.



A. KUukHAREV, G. PUNINSKI 125

[21] M. Stather, Constructive Sylow theorems for the classical groups, J. Algebra, 316
(2007), pp. 536-559.

[22] A.J. Weir, Sylow p-subgroups of the classical groups over finite fields with chacter-
istic prime to p, Proc. Amer. Math. Soc. 6 (1955), pp. 529-533.

CONTACT INFORMATION

A. Kukharev, Faculty of Mechanics and Mathematics,

G. Puninski Belarusian State University, 4,
Nezavisimosti Ave., Minsk, 220030, Belarus
E-Mail(s): kukharev.av@mail.ru,

punins@mail.ru
Web-page(s): www.mmf . bsu.by

Received by the editors: 11.05.2015
and in final form 12.07.2015.



Algebra and Discrete Mathematics RESEARCH ARTICLE
Volume 20 (2015). Number 1, pp. 126-141

© Journal “Algebra and Discrete Mathematics”

Lattice groups

L. A. Kurdachenko, V. S. Yashchuk, I. Ya. Subbotin

Dedicated to Professor Efim Zelmanov in occasion of his 60th birthday

ABSTRACT. In this paper, we introduce some algebraic struc-
ture associated with groups and lattices. This structure is a semi-
group and it appeared as the result of our new approach to the
fuzzy groups and L-fuzzy groups where L is a lattice. This approach
allows us to employ more convenient language of algebraic structures
instead of currently accepted language of functions.

The purpose of this work is to look with a somewhat different angle
at algebraic structures related to the functions defined on a group. For
every subset M of a set S there exists its characteristic function, that
is the mapping xar: S — {0, 1} such that x(y) =1 for all y € M and
xm(y) = 0 for all y ¢ M. In many commonly used cases, a subset of
M is identified with its characteristic function. In 1965, L.A. Zadeh [6]
based on his generalization of the characteristic function introduced the
fuzzy mathematics. Thus, a fuzzy set on a set S is a sort of generalized
“characteristics function” on S, for whose “degrees of membership” we
can use more diverse set than simple {yes, no}. In fact, we can consider
the set L of degrees of membership. In the optimization problems, L may
express the degree of optimality of the choice (in S); in the classification
problems, it may express the degree of membership in a pattern class;
in other contexts other terminologies appear. In fuzzy mathematics, a
habitual step was to review the situation when L = [0, 1] is the usual
closed interval of real numbers with its natural order. The following
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interpretation justifies this approach: we can consider a value of the
generalized characteristic function as a probability of the fact that the
given element belongs to the given subset. In this way, the algebraic fuzzy
structures were constructed as follows. With every algebraic structure A, a
corresponding fuzzy structure which characterized by a specific functions
of A on [0, 1] associated with this conventional algebraic structure A, was
connected (see, for example, [4]). For instance, in fuzzy group theory the
objects of study are the functions v: G — [0, 1], G is a group, satisfying
the following conditions:

y(zy) = y(x) Ay(y) for all 2,y € G; and y(z~ 1) > ~(z) for every x € G

(see, for example, [5] S 1.2). Some generalizations have appeared immedi-
ately. More concretely, considerations of the function v: G — £ where £
is a distributive lattice [1] were initiated. The theory of fuzzy groups was
developed quite rapidly. However it was upswing in breadth rather than
depth development. A variety of results obtained there was not planned
properly. Even in the book [5], there were no attempts to systematize
these results. A large array of results on fuzzy groups just has been
collected in this book with no proper arrangement. In the L-fuzzy groups,
regardless of the most common results, there was no serious progress at
all.

Perhaps the key obstacle here is in the interpretation of an algebraic
structure as a function, which is not very convenient most of the time.
Because of that, very often the function ~ is interpreted as an all point
function x(g,7(g)), g € G. Here x(g, a) is a function such that x(g, a)(g) =
a, x(g,a)(y) = 0 whenever y # g. However, in some cases we need to
consider the function v as an union of all point functions x(g,a) for
all g € G and a < 7(g) (see, for example, [2], [3]). Actually speaking,
the point functions x(g,a) play here the role of elements, formally the
subfunctions of «, so that each time it is necessary to implement keep in
mind some special reservations.

In the current article we offer the interpretation of L-fuzzy groups as
sets with operations. With this algebraic approach, the basic concepts
and results of algebraic nature acquire its natural form, and the process of
their appearance becomes more meaningful. We present the basic concepts
of the theory of L-fuzzy groups, as well as the results in the form in which
they are needed to be for our transformation. The resulting structure is
formally different, and therefore the term for it to be used is different. In
the article we are concerned only with the basic concepts, but nevertheless,
our approach will make it possible to see the general structural picture.
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As for the term L-fuzzy group, it seems it does not reflect the essence of
the case, so we will use the term group function. We do not seek maximize
generality, it seems more natural to consider the case, when lattice L is
distributive and finite, although the obtained results can be extended on
the case of an arbitrary complete distributive lattice.

Let £ be a lattice and G be a group. To avoid misunderstandings, the
identity element of G is denoted by e. We will consider a set £¢ of all
functions A\: G — £. On this set we define the operations A and V by the
following rules: if A, u € £, then put

A p)(z) = Mx)Ap(z) and (AVp)(z) = Nz)Vu(z) for each z € G.
Clearly the operations A and V are commutative and associative,

AAAV ) () = M) A AV p)(@) = A@) A (M) V p(z) = Az)

and

AV AA) () = M) vV (AN p) (@) = Az) Vv (A2) A p(z) = M),

so that AA(AV ) = Xand AV (AA p) = A Clearly AA X = X and
AV A =\ Hence a set £ is a lattice.

Ifa,b € £, then aVb = b is equivalent to a < b. Therefore we can define
an order on £¢: for \, u € £¢ will put A < p if and only if A(z) < p(x)
for each element x € G.

Suppose now that a lattice £ is distributive and finite. Being finite, it
has the greatest element m and the least element 0. For every function
f: G — £ define Supp(f) as a subset of all elements x € G such that
flz) #o.

Let Y be a subset of G and a € £. We define the function x(Y,a) as
follows:

a, ifzxeY

x(Yoa) = {o ifrgY.

If Y = {y}, then instead of x({y},a) we will write x(y, a). The function
X(y, a) is called the point function or shorter the point. By its definition,
x(y,a) € £&. Furthermore, let f € £&. If Supp(f) = {g1,...,gn} is finite
and f(g;) = aj, 1 < j < n, then clearly f = x(g1,a,) V...V x(gn, tn).

Define now the binary operation ® on £¢ by the following rule. Let
w,v € £ and z be an arbitrary element of a group G. Consider the
subset of the lattice £

{1(y) A v(z)|u,v are the elements of G such that yz = x}.
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Since £ is finite, this subset really is finite. Therefore we can define about
its least upper bound. Put

('u © V)(:E) = vy,zGG,yz:r(N(y) A V(Z))'

We remark that

(11O V) (@) = Vyealuly) A v(y™2)) = Vaea(uzz"") Av(2)).
Consider now some basic properties of this product.
Proposition 1. The following assertions hold:

(i) The operation © is associative.

(ii) The function x(e,m) is an identity element of the operation ©.

(i) Ao (uVvr)=Aou)VIAOV) and (uVr)OAX= (O V(O
for all functions \, p,v € £C.

(iv) Ifz,y € G,a € £, then (x(y,a) ®A)(z) = a ANy~ 1x); in particular,
if a = VoeaA(), then ((x(y,a) © N)(2) = Ay~ '2).

v) Ao (x(y,a))(x) = a A Xaxy™Y); in particular, if a = Veea\(z),
then (A ® x(3,))(x) = Azy~").

(vi) if z,y,u € G, a,b € £ then (x(y,a) ® x(u,b))(yu) = a Ab and

(X(y,a) © x(u,0))(z) = o if ¥ # yu. In other words, x(y,a) ®
x(u, b) = x(yu,a A b); in particular, x(y,a) © x(u,a) = x(yu, a).

(vii) (x(x,0) @A © x(271 a))(y) = a A XN a"tyx).
Proof. (i) Let A\, p,v € £5. Put k = A® p and = p © v. We have
(Ao ov)(z) = (kov)(T) = Vysecy=s(y) Av(z))

= vy,zeG,yz:x(\/u,veGuv*y( ( ) (1})) ( ))
= vu,v,zGG,uvz:x(()‘( )/\:u( )) (Z )

)

Ao pov)(r)=Ao0n)(r) = Vuyeauy=c(A(u) An(y))
= \/u,yEG,uyzx()\( ) A (\/v 2€Gwz= y( (U) ( ))))
= vu,v,zEG,uvz:m()‘(u) A ( ( ) ( )))

Since (A(u) A p(v)) Av(z) = AMu) A (u(v) Av(z)) for all u,v,z € G,
(Aop ov)(r)=Ao(kov))()
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for each x € G. It implies that A O p) Ov =X O (u O v).
(ii) Let A € £ and consider the product A® x(e, m). By its definition,
(x(e,m))(e) =m and (x(e,m))(x) = o whenever z # 1. We have now

Al@) A (x(e,m))(e) = Alz) Am = Az)
and A(y) A (x(e,m))(z) =0 if z#1,

so that

(A O x(e,m))(€) = Vy,zeqyz=1(Ay) A x (e, m)(2))
= A(e) Ax(e,m)(e) = Ale),
)

(A © x(e,m)(x) = Vy:eayz=a(Ay) A x(e, m)(2))
= Ax) A x(e,m)(e) = A).

Since it is valid for all x € G, A ® x(e,m) = \. In a similar way we can
prove that x(e,m) ® A = A.
(iii) We have

It proves that
AO(pVr)=AouVAov).

Using similar arguments, we obtain that and
(LVV)OAX=(LO ANV (rON).

(iv) Let x be an arbitrary element of G. If z # y, then x(y, a)(z) = o,
so we have

(X(y,a) ®A)(2) = Veea(X(y, 0)(2) ANz""2))
= x(y,a)(y) ANy ') =a ANy ).

The proof of (v) is similar.
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(vi) If u € G, b € £, then (x(y,a) ® x(u, b)) (x) = a A x(u, b)(y 'z).
Recall that x(u, b)(y~'z) = bify 'z = worz = yuand x(u, b)(y~'z) =0
if y='x # u or x # yu. Thus

anb, ifx=yu

(x(y, @) © x(u, b))(z) = {O if 2 # yu.

Hence we obtain (vi).
(vi) Using the above arguments we obtain

(x(z,0)o(y © x(z ™", a)))(y)
= vu,v,zEG’,uvz:yX(x7 Cl) (u) N ('7(1)) A X(Q?il, a))(z)
= x(z,a)(x) Ay(z " ya) Ax(a" a) (@)
=any(z lyz) Aa=any@zyx). O
Let G be a group and v € £7. Then a surjective function v is said to
be a group function on G if it satisfies the following conditions:
(GF 1) ~v(zy) = v(z) Ay(y) for all z,y € G,
(GF 2) ~v(z71) = ~(x) for every z € G.

Let ~, k group functions on G. If v < &, then we will say that v is a
subgroup function of k. This fact we will denote v < k.

Proposition 2. Let G be a group, £ be a finite distributive lattice, v € £5,
and suppose that v is a group function on G. Then the following assertions
hold:

(i) v(z71) = () for every x € G (in order words, a function v is

(zy™") = ~v(2) Ay(y) for all z,y € G.

( ) > v(x) for every x € G and every integer n.

(x) for every z € G.

et )\, Kk <7, then A ® k < 7, in particular, v © vy < 7.

Proof. (i) We have z = (z71)7!, so (GF 2) implies that y(z) > v(z~1),
which together with y(z~1) > fy( ) gives y(z) = (2~ 1) for every element

z e .
(11) Let x, y be arbitrary elements of G. By (GF 1) y(xy~1) > y(x) A

) y(zy
Y(y), and by (i) v(y~') = v(y), so that y(zy~') = ~v(x) Ay(y).
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(iii) Let # € G. By (GF 1) y(2?) = v(zx) > v(z) Avy(y) = v(x). Using
ordinary induction, we obtain that v(z") > fy(a:) for every n € N. Suppose
now that n = —k where k € N. Then 2" = (z~ ). By proved above

(@) = (@) 2 (@) = ().
(iv) Let z € G. By (GF 1) we have

y(e) = y(za™h) = (@) Ay(a™h) = y(2) Ay(z) = 7().

(v) Let x be an arbitrary element of G. The inclusions A, k < « imply

AMy)Ak(z) < v(y) Avy(2). Since 7 is a group function, y(y) Ay(z) < v(yz),
thus

AOk)(z) = \/y,zeG,yz=x(’Y(y) NK(z2)) < \/y,zeG,yzzz’Y(yz) =7(z). O

Proposition 3 (A criterion of group function). Let G be a group, £ be
a finite distributive lattice and v € £°. Then v is a group function on G
if and only if the following assertions hold:

(GF 3) x(z,7(x)) © x(y,7(y)) C v for all z,y € G.
(GF 4) x(2=1,v(x)) C v for every x € G.

Proof. Suppose first that 7 is a group function. Clearly x(z,v(z)) C v
and x(y,v(y)) C v for all elements x,y € G. Using Proposition 2 (v) we
obtain that

x(@, (@) © x(y,7(y) €.

Let  be an arbitrary element of G. We have (x(z=1,v(2)))(z7!) =
~y(z). Since v is a group function, y(z) < y(x~1). We note that if y # 1,
then (x(z,7(2)))(y) = o, so that (x(z7'),7(2)))(y) < ¥(y) for every
y € G. This means that x(z =1, v(z)) C 7.

Conversely, suppose that v satisfies both conditions (GF 3) and (GF 4).
Let z, y be arbitrary elements of G. Then (GF 3) shows that x(z,v(z)) ®

X(y,7(y)) € 7. By Proposition 1 (vi),

(x(z,7(2)) © x(y, () (zy) = v(2) Av(Y).
(

The inclusion x(z,v(x)) ® x(y,v(y)) € 7 implies that (x(z,v(z)) ©

Xy, 7)) (zy) < v(zy), thus we obtain y(z) A v(y) < y(zy), and v
satisfies (GF 1).

Let o € G. Since x(z 7", v(2)) € 7, (x(2™1,7(2)))(y) < 7(y) for every

y € G. In particular, (x(z=1,v(2)))(z™!) = v(z) < y(z71), so that v

satisfies (GF 2). O
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Let G be a group and £ be a finite distributive lattice. Consider
the Cartesian product A = G x £. Define the operation (multiplication)
on A by the following rule: (u,a)(v,b) = (uv,a A b) for all u,v € G,
a, b € £. This operation is associative because multiplication in G and the
operation A in £ are associative. The pair (e, m) is the identity element
for this operation. The obtained above criterion allows us to transform
the definition of the group function in the following.

A nonempty subset A of G x £ is called a lattice group over £ if it
satisfies the following conditions:

(LG 1) if (z,a) € A and b < a, then (z,b) € A;
(LG 2) if (z,0), (y,b) € A, then (z,0a)(y,b) € A;
(LG 3) if (z,a) € A, then (z71,a) € A.

For every element x € prg(A) put €x(x) = {a € £|(z,a) € A}.

Observe at once that a lattice group A defines a group function on
G. Indeed, for every element = € pr(A) the set €5 (x) is not empty. Put
Az) = VE&x(x). If z ¢ prg(A), then put A(x) = o. Then A is a function. If
u,v € G and A(u) = a, A(v) = b, then (uv,aAb) € A by condition (LG 2).
It follows that A(uv) = a A b = A(u) A A(v), so that A satisfies (GF 1).
Similarly, let A(u) = a, then (u~!,a) € A by condition (LG 3). It follows
that A(u™!) > a = A(u), so that \ satisfies (GF 2).

Let A, I" be the lattice groups over £. If A includes I", then we will
say that I' is a lattice subgroup of A, and will denote this by I" < A.

If ~ is a defined by I' group function, then v < A.

Clearly G x £ is the greatest lattice group over £, and E = {(e,0)}
is the least lattice group over £; the last lattice group is called trivial.
Furthermore, if a € £, then {(e, b)|b < a} is a lattice group over £.

Every lattice group A includes prg(A) x {o}. For every subgroup H
of G the subset H x {0} is a lattice group. Recall that a subset 9t of £
is called a lower (respectively upper) segment of £, if from a € 9 and
b < a (respectively a < b) it follows that b € 9.

If a € £, then the subset {r|r € £ and ¢ < a} (respectively {r|r € £
and r > a}) is a lower segment (respectively upper segment) of £. It called
the principal lower (respectively upper) segment of £ generated by a.

Consider some preliminary properties of the lattice groups.

Proposition 4. Let G be a group, £ be a finite distributive lattice and &
be a family of lattice subgroups over £. Then intersection NG is a lattice
subgroup.
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Proof. The proof is almost obvious. O

Proposition 5. Let G be a group, £ be a finite distributive lattice and A
a lattice group. Then:

(i) pre(A) is a semigroup by operation N with identity e(A) = VEA(1)
and zero o. Moreover, pro(A) is the principal lower segment of £,
generated by e(A).

(ii) prg(A) is a subgroup of G. Conversely, for every subgroup H of
pre(A) the subset {(z,a)|(z,a) € A and z € H} = prg'(H) is a
lattice subgroup of A.

(iii) If M is a lower segment of £, then {(x,a)|(x,a) € A and a € M}
s a lattice subgroup of A. In particular, prgl(im) s a lattice group.

Proof. (i) Indeed, if a,b € prg(A), then there are elements u,v € G such
that (u,a), (v,b) € A. Since A is a lattice group, (uv,aAb) = (u,a)(v,b) €
A. It follows that a A b € prg(A). In particular, e(A) = V&€, (e) € prg(A).

Let a € prg(A) and u be an element of G such that (u,a) € A. Since
A is a lattice group, (u~ ) € A by condition (LG 3). Using (LG 2), we
obtain that (e,a) = (uu™t,a) = (uu™t,a Aa) = (u,a)(u"!,a) € A. Hence
a € €(e), which follows tha ta < e(A). In other words, e(A) is the greatest
element of prg(A).

Let ¢ be an arbitrary element of £ such that ¢<<e(A). Since (e, e(A)) €A.
(e,c) € A by condition (LG 1). It follows that prg(A) is the principal
lower segment of £, generated by e(A).

(ii) Let K = prg(A),u,v € K. Then there are the elements a,b € £
such that (u,a),(v,b) € A. Since A is a lattice group, (uv,a A b) =
(u,a)(v, b) € A. It follows that uv € K. If (u,a) € A, then (u™!,a) € A by
condition (LG 3), which follows that u~! € K. Hence K is a subgroup
of G.

Let now H be a subgroup of pr(A), (u,a), (v,b) € prg'(H). Since
A is a lattice group, (uv,a A b) = (u,a)(v,b) € A. The fact that H is a
subgroup implies that uv € H, so that (uv,a A b) € pral(H). Since H is
a subgroup, then from u € H it follows that u~! € H. Since A is a lattice
group, (u,a) € A implies that (u™',a) € A. Hence (u™!,a) € prg'(H),
so that pr'(H) satisfies the conditions (LG 2), (LG 3), and (uv,aAb) =
(u,a)(v,b) € A. Hence K is a subgroup of G. Let (u,a) € prg'(H) and
b be an element of £ such that b < a. Then (u,b) € A and hence
(u,b) € prg*(H).

(iii) Let 91 is a lower segment of £, K a subgroup of G and M = K x.
Then M is a lattice group. Indeed, if (x,a) € M and b < a, then b € 90,
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because M is a lower segment of £. It follows that (x,b) € M, so that M
satisfies (LG 1). Suppose that (z,a), (y,b) € M. Since aAb < b,aAb €
M. The fact that K is a subgroup of G implies xy € K, and hence
(ry,a Ab) € M. We note that (zy,a Ab) = (z,a)(y, b), which shows that
M satisfies (LG 2). Finally, let (z,a) € M. Since K is a subgroup of G,
v~ € K. Therefore (z!,a) € M, and M satisfies (LG 3).

Let again H = prg(A), then it is not hard to see that

{(z,a)|(z,a) € Aand a € M} = H x MNA.
Proposition 4 shows that this subset is a lattice subgroup of A. ]

Let A be a lattice group. Unlike abstract groups, a lattice group
can contains more than one idempotent. Moreover, A contains a pair
(1,a) for each element a € prg(A). Indeed, let u be an element of G
such that (u,a) € A. Since A is a lattice group, (u,a)(u™!,a) € A. But
(u,a)(u"t,a) = (e,a A a) = (e,a). It shows that a semigroup A can be a
group only in the case when prg(A) contains only one element a. Let b € A
and b < a, then condition (LG 1) implies that (u,b) € A. Hence a = b. In
other words, a is the least element of £, i.e. a = 0. Consequently, a lattice
group A is a group if and only if pro(A) = {o}. In this regard, we note
that the semigroup A may include many subsemigroups, which are groups
by multiplication. Indeed, let H be a subgroup of G and a € £, then it
is not hard to see that the subset H x {a} is a group by multiplication.
Furthermore, for every a € £ the subset {(u, a)|(u,a) € A} is also a group
by multiplication.

If A is a lattice subgroup over £, then put E(A) = {(e, b)|b < e(A)}.
Clearly E(A) is a lattice subgroup of A.

Let I be a lattice subgroup of A. The pair (e,e(A)) is an identity
element of A and (e,e¢(I")) is an identity element of I'. Since I' < A,
Proposition 5 shows that ¢(I') < ¢(A). We say that I' is an wunitary
lattice subgroup of A, if (e,e(A)) € I'. Every lattice subgroup of A can be
extended to an unitary lattice subgroup. Indeed, put I'**(®) = TU{(e, b)[b <
¢(A)} = T'U E(A), then T is a lattice group. In fact, if (u,a) € A,
then (u,a)(e,b) = (u,a Ab). Since a Ab < a, (u,aAb) € I'. It shows that
1Y) satisfies all conditions (LG 1)~(LG 3).

Let M be a subset of G x £ and & be a family of all lattice groups,
including M. By Proposition 4, the intersection NG is a lattice group. It
called the lattice group generated by M and will be denoted by (M).

Let (z,a) € Gx £. If A is a lattice group containing (z, a), then it is not
hard to prove that (z,a)” = (2", aA...Aa) = (2", a) € A for each positive
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integer n. By (LG 3), (71, a) € A, and hence (e,a) = (z,a)(z !, a) € A.
From (z7!,a) € A we obtain that (z,a)™ = (z7",a) € A, so that
{(z™,a)|n € Z} C A. Let 2 be the principal lower segment of £, generated
by a. If b < a, then (LG 1) implies that (z™,b) € A for each integer
n. Thus {(z",b)|b < a,n € Z} C A. It is not hard to check that the
subset {(z",b)|b < a,n € Z} is a lattice group. It follows that ((z,a)) =
{(z™,6)|6 < a,n € Z}.

Let A, I' be the lattice subgroups. Define its product in the usual way:
put

AT = {(z,a)(y,b) = (zy,a A b)|(x,a) € A, (y,b) € '}
The following result is a rationale for this determination.

Proposition 6. Let G be a group, £ be a finite distributive lattice and
v,k G — £ be functions. Then

Y ® K = UyeSupp(y),zeSupp() X (5 7(¥)) © X (2, K(2)).
Proof. By definition we have
(’Y © K)(:L’) = Vy,zeGyz=x (7(y) N K(z))

If y ¢ Supp(7), then v(y) = o and v(y) A k(z) = o. Similarly, if z ¢
Supp(k), then k(z) = o, and again vy(y) A k(z) = o. It follows that

(’7 O] "i) (JZ) = vyeSupp('y),ZGSupp(n),yz:x (V(y) A H(Z))'

On the other hand, let £ = Uyesupp(v),zesupp(ﬁ)x(y,’y(y)) © x(2,k(2)).
By Proposition 1, x(y,7(y)) © x(z,£(2)) = x(yz, (v(y)
G and x = yz, then x(yz, (v(y) A £(2)))(x) = v(y) A

X(yz, (7(y) A k(2)))(z) = o. Therefore

g(x) = \/yESupp('y),ZESupp(n) (X(yZ, (’Y(y) A "5(2

~—
~—
~—
~—
—
8
~—

= \/yESupp('y),ZESupp(/{),yz:x (V(y) A H(Z)) = (PY O] ’k';) (.%')
Since it is true for each x € G,
YOK= UyESupp('y),ZESupp(n)X(yv ’Y(y)) © X(Za H(Z)) 0

Corollary. Let G be a group, £ be a finite distributive lattice, a € £, and
k: G — £ be functions. Then for every x € G

X(.Z', Cl) Ok = UZESupp(m)X('x7 Cl) © X(Zv K(Z>)7

K © X(xv Cl) = UzESupp(n)X(za ’i(z)) © X(:L‘, Cl)-
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Let A: G — £ be a function defined by A and v: G — £ be a function
defined by I'. Consider a function x: G — £ defined by the product AT.
Let g be an arbitrary element of G. If g ¢ prg(Al'), then x(g) = 0. On
the other hand, let u, v be an arbitrary elements of G such that g = uwv.
Since g ¢ prg(Al') = prg(A) pro (), then either u ¢ prg(A), v ¢ pro(T),
or u € prg(A) but v ¢ pro(T') or u ¢ prg(A) but v € prg(T). In each of
these cases either A(u) = o or y(v) = o, so that

Vu,vEG,uv:g()\(u) A 7(”)) =0= H(g)

Suppose now that g € prg(ATL'), then k(g) = VE€ar(g). Let again u, v be
arbitrary elements of G such that g = uv. If u ¢ prg(A) or v ¢ prg(I),
then (A(u)A~v(v)) = o. Suppose that u € pr;(A) and v € prg(I') and let a,
b be the elements of £ such that (u,a), (v,b) € £. We have (u,a)(v,b) =
(uv,a A b). This shows that €xp(g) = {a Abla € €p(u),b € €p(v)}. Since
AMu) = VEx(u), y(v) = VEr(v), €or(g) = A(u) A v(v). In other words, in
this case we have also

K(g) = vu,vEG,uv:g()\(U) A ’Y(U)).

Thus £ = A ® . Thus, from the bulky and not very transparent product
of functions we come to the intuitively clear and convenient product of
subsets.

Let us now see how another important concept, the concept of normal
fuzzy subgroup can be transformed. Again, it should be recalled that we
use different terminology.

Let \,k: G — £ be a group functions and x < \. We say that s
is a normal subgroup function of X, if k(yxy~1) > k(z) A A(y) for every
elements z,y € G.

We will need the following criteria of normality.

Proposition 7. Let G be a group, £ be a finite distributive lattice and
ANK: G — £ be group functions such that k < ~. Then the following
assertions are equivalent:

7)) © kO x(x"v(z)) X K for every element x € G;

(r,a) ® x(y,6) ©® x(x71,a) C K for every elements z,y € G,

x(@,7(
x(@,y(2)ox(y, k(y))oOx(x™ L, y(z)) C K for every elements z,y € G;
x(z,a)
a < y(z), b <k(Yy).
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Proof. (i) = (ii). Suppose that x is a normal subgroup function of \.
For arbitrary element y € G we consider the product x(y,7v(y)) © kK ®
x(y~,7v(y)). Let = be an arbitrary element of G. From Proposition 1 we
obtain

(X, 7)) © kO x(y W) (@) =v(y) Arly ay).

1

Put u = y~tzy, then z = y(y~'oy)y~' = yuy !, so that

(X, 7)) © kO x(™ v W) (yuy ™) = 7(y) A K(w).
Since x(u) A v(y) < k(yuy 1), we obtain
(X, 7)) © kO x(y™ 7)) (yuy ™) < Klyuy ™),

that is
(X, 7)) © & © x(y~ v W) (@) < K(x).

Since this is valid for every element x € G,
X, 7)) © kO x(y () X k.
(ii) = (iii). Indeed, Corollary to Proposition 6 shows that
X, 7)) © kO x(y™ 7 (Y))
= Usesupp(m) X (¥ 7()) © x(2, 5(2)) © x(y~ 1, 7(1))-
Hence the inclusion x(y,7(y)) ® £ ® x(y~ %, 7(y)) =< & implies that

X, 7)) © x(2,k(2)) © x(y~',7(y)) C K for every elements y, z € G.
(iii) = (iv). Indeed, Proposition 1 shows that
X(@,7(2) © x(y, £(y) © x(z " (@) = x(zyz ™", y(x) A k(y)).

We have

Ya) = x(zyz  anb) C x(zya ™t v(2) AK(y)).

x(z,a) © x(y,b) © x(z~
(iv) = (i). Using again Proposition 1, we obtain that
x(@,7(2)) © x(y, 5(y)) © x(z7,v(2)) = x(zyz ™" v(2) A K(y)).
Now (vi) shows that y(zyz !, v(2) A k(y)) € k. Then
y(@) A r(y) = x(eye™h (@) Ak(y)) (eye™h) < mlzya™t).

This means that k is a normal subgroup function of ~. O
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Proposition 7 leads us to the following analogue of normality in lattice
groups.

Let T" be a lattice subgroup of A. We say that I is a normal lattice
subgroup of A, if (y~1,6)(x,a)(y,b) € T for all pairs (y,b) € A, (z,a) €T.

We remark that (y~1, b)(x,a)(y, b) = (y~'zy, aAb). At once this shows
that if I' a normal lattice subgroup of A, then pr(T") is a normal subgroup
of prg(A). Conversely, suppose that H is a normal subgroup of G and
Ay = {(x,a) € Alz € H}. Then (y~1,b)(z,a)(y,b) = (y lzy,a Ab) € A
for each pair (y,b) € A. Since H is normal in G, y~'ay € H, so that
(y=",0)(z,a)(y, b) € Ay

Let 9 be a lower segment of £ . Then Proposition 5 proves that
AN = {(z,a)|(z,a) € A and a € M} is a lattice subgroup of A. A[DN] is
called an 9M-layer of A. We note that A[9N] is a normal lattice subgroup
of A. In fact, let (z,a) € A[DN] and (y,b) € A, then (y~*,b)(z,a)(y,b) =
(y~lzy,a Ab). Since aAb < a,a € M and M is a lower segment of £,
aAbec 9. Thus (y~ ', b)(x,a)(y,b) € AN

If I' is a normal lattice subgroup of A, then T'*(%) is a normal lattice
subgroup of A. Indeed, let (z,a) € T“M) and (y,b) € A. If = # e, then
(r,a) €T and (y~1,b)(z,a)(y,b) €. If v = e, then (y~1,6)(e,a)(y,b) =
(L,aAb) € E(A).

The layers of lattice group play a very important role. Especially it is
useful in the case when prg(A) is a chain. This case arises in theory of
fuzzy group when a group G is finite. Suppose that | prg(A)| = k. Then
prg(A) is isomorphic (as an ordered set) to the set Ch[1, k] = {1,2,...,k}
with the natural ordering 1 < 2 < ... < k. In this case, we will say that
A is a lattice group over Chl[l, k.

For this case we construct some natural series of subgroups both in
the lattice group A and in prg(A). The subset {1} is the lower segment
of Ch[1, k], and therefore the {1}-layer A[1] of A is a lattice subgroup
of A. If (u,m) € A, then (u,1) € A by condition (LG 1). This im-
plies that prg(A) = prg(A[l]). For every m, 1 < m < k, the subset
K, = {(u,m)|(u,m) € A} is the subgroup by multiplication, so that
H(m) = prg(K,,) is a subgroup of H(1) = prg(A). A subgroup H(m) is
called the m-hoop of A. From (u,m) € A we obtain (u,m — 1) € A by
condition (LG 1). This implies the inclusion H(m) < H(m — 1), so we
obtain the following descending series of subgroups

H(1) > H(2) > ... > H(k).

Clearly the mapping v — (u,m), u € H(m), is an isomorphism of H(m)
on K,, for each m, 1 <m < k.
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Figuratively speaking, the pictured structure of a lattice group over
Ch[1, k] reminds the cake “Napoleon”. Here the groups play the role of
the cakes lays, and the idempotents play the role of cream lays. Indeed,
in the first step, by above remarked the A[1] is a normal lattice subgroup
of A. We have seen also that A[l] is a group by multiplication (moreover,
it is isomorphic to prg(A)). Now add the cream: put Ay = A[1] U {(e,2)}.
It is not hard to see, that A; is a normal lattice subgroup of A. Next step:
consider the {1, 2}-layer A[1,2] of A, which is a normal lattice subgroup
of A. We note that A; < A[1, 2], moreover A; is a normal lattice subgroup
of A. For every element (x,j) € A[l,2] denote by (z,j)A; the product
{(z,7)}A;1. This subset is called a coset by Ay. Since (z,j) € A[1,2],
Jj < 2,80 that (z,7) = (ze,j AN2) = (x,7)(e,2) € (x,7)A;1. Tt follows that
A[1,2] is an union of all subsets (z,j)A;. Suppose that (x,j)A; # Aj.
Then z # e and j = 2. Thus we can see that the equality (z,2) =
(y,2)(z,m) where (z,m) € Ay is possible only in the case when m = 2.
In turn, the single pair of A;, whose second component is equal to 2,
is the pair (e,2). Hence (z,2) = (y,2)(e,2), so that = y. In other
words, the equality (z,2)A1 = (y,2)A; is possible only in the case, when
x = y. Consider the product of subsets ((z,2)A1)((y,2)A1). Its arbitrary
element has a form (z,2)(u,j)(y,2)(v,m) where (u,j),(v,m) € Ay. If
j=1orm=1, then (z,2)(u,j)(y,2)(v,m) = (zxuyv,1) € A;. Hence if
(z,2)(u,j)(y,2)(v,m) ¢ Ay, then j = m = 2. But it is possible only if
u = v = e. In this case, (z,2)(u, j)(y,2)(v,m) = (zy,2). In turn it follows
that ((x,2)A1)((y,2)A1) = (zy,2)A1. Hence the set of all cosets by A;
becomes a semigroup. Moreover, this semigroup is a group, because it
has an identity element (e,2)A; = Ay, and for every coset (x,2)A; we
have (71, 2)A1(7,2)A1 = (e,2)A1 = (2,2)A1 (271, 2). Therefore we can
talk here about a factor-group of a lattice group A[1,2] by the normal
lattice subgroup A;. For it we will use a common notation A[l,2]/A;.
We emphasize that here we are talking about a factor-group, rather
than a lattice factor-group. It is our special selection provides such an
opportunity; in general, is not always the family of cosets by normal
lattice subgroup is a group or a lattice group.The mapping ®, defined
by the rule ®((x,2)) = (z,2)A1, (z,2) € K3, is an epimorphism. As we
have seen early, the equality (xz,2)A; = A; is possible only in the case
when z = e, which shows that ® is an isomorphism. Since Ko = H(2), we
obtain that A[1,2]/A; is isomorphic to the 2-hoop of A.

Adding the next lay of the cream {(e, 3)} to A[1,2], we come to the
normal lattice subgroup Ag = A[1,2] U {(e,3)}, and then we cover it with
the next lay of cake, i.e. extend Ay to the {1,2,3}-layer A[1,2,3] of A,
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which is a normal lattice subgroup of A. Using the above arguments, we
shows that a family of cosets (z,3)A2 is a group by multiplication and
this group is isomorphic to the 2-hoop of A. And so on. As the result we
obtain the sequences

Aoz{(e,l)}gA[l] gAl gA[l,Q] gAggA[l,Q] < gAk,1 <A

of normal lattice subgroups such that A, = A[l,...,m]U{(e,m + 1)},
and A[1,....m+1]/Ap, ZHm+1),0<m <k —1.

Note, that in the theory of fuzzy groups we could not find any similar
description of a general structure of a fuzzy group ~ for the case when
Im(vy) is finite.
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On the units of integral group ring of C,, X Cg
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ABSTRACT. There are many kind of open problems with
varying difficulty on units in a given integral group ring. In this
note, we characterize the unit group of the integral group ring of
Cn x Cg where C,, = (a: a™ = 1) and Cg = (z : 2° = 1). We show
that U1 (Z[C), x Cg]) can be expressed in terms of its 4 subgroups.
Furthermore, forms of units in these subgroups are described by the
unit group U; (ZC),). Notations mostly follow [11].

1. Introduction

Let G given as a finite group. Its integral group ring is denoted by ZG.
Invertible elements in ZG is called by units and the set of units forms
a group according to the multiplication and is shown by U(ZG). The
group of units with augmentation 1 is displayed by U (ZG). If one pay
attention to the corresponding literature, that can easily see that the
obtained results mostly arises from finite groups especially finite abelian
groups. Fundamentals of the unit problem have come from the thesis of
G. Higman in 1940. Higman stated and proved the following [4]:

Lemma 1. If U(ZG) = £G, then U(Z[G x C3]) = £[G x Cs).

Also, the following useful lemma was shown in [4] and [3].

2010 MSC: 16U60, 16S34.

Key words and phrases: group ring, integral group ring, unit group, unit prob-
lem.
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Lemma 2. U(ZG) has a torsion-free complement of finite rank p =
3(|G| + no 4+ 1 — 21) where ny shows the number of elements of order 2 in
G and | is the number of all distinct cyclic subgroups of G.

On the other hand, in [7], Li considered the question: If U/(ZG) has a
normal complement generated by bicyclic units, does U(Z[G x Cs]) has
also a normal complement generated by bicyclic units? Jespers showed
that the answer for this question is yes while G = Dg or Dg [8-10]. Li gave
a counterexample for showing this is not true in general by considering
the group Dg x Cy x Cy [7]. However, Li proved that if U(ZG) is generated
by unitary units, then U(Z[G x Cy]) is also generated by unitary units [7].
Another description of U(Z[G x Cs]) was given by Low in [6] by linearly
extending some group epimorphisms to the group ring homomorphisms.
He also tried to generalize the problem for U(Z[G x C,]) where p is a
prime integer. In [6], He showed that

UZIG x Cp)) = K xU(ZG) = M xU(ZG)

where K is the kernel of the mnatural group homomorphism:
7 U(ZIG x Cp]) — U(ZG) and M is a subgroup of finite index in
U(Z[¢])G) such that ¢ is a primitive p'* root of unity. Low also explicitly
proved the following 4 lemmas [6]:

Lemma 3. Let G* = G x (x : 22 = 1). Then, U(ZG*) is obtained as
{u=14+(x—-1)a:a€ZG,ucld(ZG")} xU(ZG).
Further, 1 + (z — 1)a e U(ZG*) & 1 — 20 € U(ZG).

Lemma 4. Let P = {a,b: a* = b* = 1,[b,a] = a®) be the indecomposable
group of order 16. Then,

U(ZIP x Cy)) = £[Fg5 x Fy] x (P x Cy)
where F; denotes a free group of rank i.
Lemma 5. Let Cf = (c:c® = 1) x (z: 22 = 1). Then, the unit group
UZCE) = (14 (x —1)P) x (v) x C3
where P = —3 —c+3c2 +3c3 —c* andv = (c+1)? - ¢
Lemma 6. Let Cf = (c: 3 =1) x (z: 22 = 1). Then, the unit group
U(ZCG) = (1 + (z — 1)P) x (v) x Cg
where P = —4—3c+3c3+4c*+3¢® 3¢ and v = 3—¢+2(c+c")+(c*+c5).
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Kelebek and Bilgin considered the finite abelian group C,, x K4 where
K, is the Klein 4-group and characterized the unit group of its integral
group ring in terms of 4 components as follows [1]:

Theorem 1. Uy (Z[Cy, x K4]) = U1 (ZCp) x (1+K*) x (1+ KY) x (1+ K™)
where

1+ K" ={1+(z—1)P:1-2P cU(ZCy)}
1+Ky:{1+(y—1)P1—2PGU1(ZCn)}
1+ K%Y ={14(x—1)(y—1)P:14+4P € U1(ZC))}

2. Motivation for construction of U, (Z[C,, X Cs])

Now, let us begin with some remarks.
Remark 1. The following maps are group epimorphisms:
w21 Cp x Cg — Cyy x (x?)
avra

x> x?

w31 Cp x Cg —> Cyy x (%)
at—a
z 2
Remark 2. Ker(r,2) = (23) and Ker(m,s) = (2?) .

Since Cp, x (x2) < Cy, x Cg, Cy, x (x3) < C,, x Cg and i denotes the
inclusion map, we get the following short exact sequences at group level:

0— (2% 5 Cp x Cg =225 € x (22) — 0
0— 2% 5 C, xcﬁﬂc x (z%) — 0
0—><a;>—>C x Cg =22 ¢ —5 0

If we linearly extend 7,2 and 7,3 to integral group rings over Z, we obtain
the following ring homomorphisms:

T Z[C x Cg] — Z[Cy x (27)]

Z Pjz? v (Py+ P3) + (P14 Py)x? 4 (Py + Ps)a*



O. KismUs 145

and
[C x Cg] — Z[Cp x ()]

ZPQ«"] (Po+ Py + Py) + (PL + P3 + Ps)2®

Lemma 7. K% := Ker(7,2) = (23 — 1)Z[C,, x (22)]

Proof.

(Y. Pa’) =0, P, € G, }
=0 =0
5

>~

@
=

S
Hl\)

I

[«

!
Hﬁ

3|

PZ'.’BiZP0—|-P3:P1+P4:P2—|—P5:0}

Il
—~ Hw —— —— ——

g
g&
Jas
Il

|
»
~

|
&
e

|
P
——

(a:3 P+ (z* + 2)Py + (2° — 2%)P5}
= (2® — 1)[ZC,, ® 2*2C,, ® ' Z.C,,]
= (2* — 1)Z[Cn x (2?)]. O

Lemma 8. K% := Ker(7,3) = (22 — 1)[ZC,, ® 2ZC), & 32ZC,, & 23 ZCh)

Proof.

5
={>Pa': Py=~(P+ P), P, = —(Ps + Ps)}

= {(#® = 1)[Py + xP3 + (> + 1) Py + (2® + 1)zP5]}
= (2* — 1)[2C), ® xZ.Cy, & 2 Z.C,, ® 232.C,]
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Similarly, we can write the following ring homomorphism:

T 2T 3 Z[Cn X 06] — ZCy,
5 ) 5
> Pl = Y P O
j=0 i=0

Lemma 9. K% := Ker(7,27,3) = @?zl(xj - 1)ZC,

Proof.
5

{iO =0
5 5
={> P> P =0,P€LC,)
=0 =0
:{ 5 P’LmZ:POZ_iPiapz GZCn}
i=0 =1
~{-yr+yneinezo)
i=1 i=1

= &°_ (2! - 1)ZC,.

By Remarks 1 and 2, we get the following short exact sequences at group
ring level:

3|

2

8

1

0— K% 5 7Z[C, x Cg] =5 Z[C, x (22)] — 0

Bl

0— K*° 5 Z[C, x Cg] = Z[C), x (z¥)] — 0

3

0 — K77 & 710, x Cs] "5 70— 0

If we restrict 7,2 and 7,3 to the unit level, we conclude that the
followings are also short exact sequences:

3

22

1— U (14 K7 5 U (Z[C, x Cg]) = Uh(Z[Cy x (2)]) — 1

ol

3

8

1

1— U (14 K7°) 5 U (Z[Cy x Cg]) =5 Uh(Z]Cy x (2P)]) — 1

3

1— Ui (1+ K72 S U (Z[Cy x Co]) "5 Uy (ZCy) — 1
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Since we can consider embeddings Ui (Z[C), x (x?)]) — Ui (Z[C), x Cg))
and Uy (Z[C,, x (2®)]) < Uy (Z]C,, x Cg]), the following split extensions
hold:

Uy (Z[Cy, x Cgl) = Uy (1 + K*°) x U (Z[Cy, x (22)))
Us(1+ K%°) x Uy(Z[Cr x (2*)])
U (1 + K%Y x Uy (ZC). O

Remark 3. In U (Z[C, x Cg]) the normal subgroups U;(1 + K%°),
Uy (1+ K*°) and Uy (1 + K****) are determined as in the following forms
respectively:

(i) {u=1+ (2® = 1)[Py + Pox® + Pyz*] : u is a unit};
(ii) {u =1+ (22 = 1)[Py + Piz + Pyz? + P32®] : u is a unit};
(iii) {u =1+ Z?Zl(xj —1)P; : wis a unit}.

3. An explicit characterization of U; (Z[C,, X Cs])

In this section, an explicit characterization of Ui (Z[C,, x Cg]) is given
with the help of the results in the previous section. First, we should
give some restrictions of the maps 7,2, T3 and T 27,3. Let 7

denote the restriction of 7,3 on U (1 + K*°).
Lemma 10. W := Im(ﬁx3|ul(1+Kfv2)) =1+ (23— 1)ZC,.

z3 ’ul (1+K=?)

Proof. Let us take an element from U; (14 K*) as v = 1+ (2® — 1)[Py +
Pyx? 4 Pyx?*] where P; € ZC,,.Then,

Tys Y = 1+ (23 = 1)[Py + Py + Py).

Say Py + P> + Py = P. Thus, Im(fx3|u1(1+Kw2))
the form 1 + (LU3 —1)P. -

consists of elements of

Lemma 11. Wa:=Ker(T )y, zic, x (s2))) = 1+ (2°—1)ZC,, & (1) ZC,,.

Proof. Let us take an element from U (Z[C,, x (x2)]) as 0 = Py + Pex? +
Pyz*. Here, we can manipulate the parameter Py = 1 + P(l). Then, we get

T 01+ P+ P+ P=1<= P =—P,— Py.
This means that the kernel consists of elements of the form
14+ (=P, —P) + Pz’ + Pzt =14 (2> = 1)Py + (2 — 1) Py.

Hence the required is obtained. O
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Lemma 12.

W3 = Ker(ﬁm3|u1(1+sz)) = 14+(23 = 1) (22 - 1)ZC,, @ (2> —1) (2 - 1) ZC,,.

Proof. Again, let us consider an clement from /(1 + K™ ) as n = 1 +
(23 — 1)[Py + Py2® + Py2*]. Then,

T :n—= 1+ @ D[P+ P+ Pl=1<=P=-P,—P
consists of

Thus, Ker (7,3 |u1(1+Kx2))

1+ (22 — 1)[Py + Pax? 4+ Pya?] = 1+ (2® — 1)[~ Py — Py + Pyx® + Py
=14 (23 = 1)[(z* = 1)Py + (2" —1)Py]. O

Therefore, by Lemma 10, Lemma 11 and Lemma 12, we can construct
the following commutative diagram:

U (1+ K*)

) !

Ui (1 + K7°) — = Uy (Z[Cr X Cg]) —Zs Uy (Z[Cy % (22)])

. . e

[ - Uy (Z][C % (2%)]) — 2 Uy (ZCy)

Since we can take embeddings as the inverses of 7,2 and 7.3, this diagram
splits as follows:

Z/{l(Z[Cn X Cﬁ]) = W1 X WQ X W3 X Z/{l(ZCn).

Now, let us characterize explicitly W7, Wy and Wi.

Proposition 1. u = 1+(2*—~1)P € W is a unit <= 1-2P € U;(ZC},)

Proof.

u=1+ (2> —1)Pisunit <= Jo=1+ (2> -1)Q :uv =1

=1+ -1)[P+Q-2PQ| =1
— P+Q—-2PQ=0
<~ 1-2P-2Q+4PQ =1
— (1-2P)(1-2Q)=1
< 1-2P € Uy(ZC,). O
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Proposition 2. v = 1 + (22 — 1)P + (z* — 1)Q € Wy is a unit <=
P2+@Q*-PQ-P-Q=0

Proof. First, we need to define a closed operation. If we define a@ = 22 — 1
and = 2% — 1, we get the following straightforward computations:

=@ -1 =22 -1)+@'"-1)=-2a+8
af =@ D' -1)=-@*-1) - (@' -1)=-a-p
Br=@t-1)P=-20'"-1)+@*-1)=a-28
Let us state this operation in a table as follows:
° ‘ o B
al| 2a+p8 —a-—p
Bl —a—8 «a—28

Now, we can give a necessary and sufficient condition to be a unit for the
element u. u = 1+ (22 — 1)P + (z* — 1)Q € Wy is a unit if and only if
Jv=1+ (22 —1)P' + (2* —1)Q such that uv = 1. Hence,

1+aP +BQ+aP +5Q +o®PP + 8°QQ + aB(PQ + P'Q) = 1.

By the above operation, we can arrange this equation as
1+a(P+P)+B(Q+Q)+ (—2a+ B)PP
+(@=20)QQ + (~a—p)(PQ + P'Q) =1
That is,
1+a(P+P —2PP +QQ — PQ — P'Q)
+8(Q+Q +PP —2QQ —PQ —PQ)=1.

This equation holds if and only if the following system of matrix has a
unique solution:

1-2P—-Q Q-P P | | -P
P-Q 1-2Q-P||Q | | -Q

1-2P-Q Q-P
P-Q 1-2Q-P

Therefore,

€ SLy(ZC)

A straightforward calculation shows that P24+ Q%* - PQ -P—-Q =0. O
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Proposition 3. v =1+ (22 — 1)(2?2 — 1)P + (2® — 1)(z* — 1)Q € W3 is
a unit if and only if the following equation holds:
2P? +2Q* —2PQ—-P—-Q =0
Proof. First, let A = (23 —1)(22 — 1) and p = (23 — 1)(2* — 1). One can
easily compute the followings:
N = (2 - 1)2(3U2 —1)% =4\ — 2y,
M= (2% = 1)(2® = 1)(a* = 1) = 22+ 2p,
p? = (23— 1)2%(z' —1)% = —2)\ + 4p.
In a better expression, we write
° ‘ A I
AAN =2 22+ 2u
2242 —2X+4p

Now, let us determine the necessary and sufficient condition to be a
unit for an element u. u = 1 4+ AP + u@ € Wi is a unit if and only if
Jv =14 \P + ,uQ, s uv = 1. Thus, a straight forward computation shows
us that

1+ AP+ P +4PP +2P'Q +2PQ —2QQ)
+uwQ+Q —2PP +2P'Q+2PQ +4QQ") =

This equation holds if and only if the following system of matrix has a

unique solution:
Pl | -P
Q -Q

14+4P+2Q 2P —2Q
2Q) — 2P 14+2P+4Q
Then, the required result comes from the following:
1+4P+2Q 2P —2Q
2Q) — 2P 14+2P+4Q

€ SLy(ZC). O

Consequently, we can summarize all the obtained results as follows:
Corollary 1. Uy (Z[C, x Cg]) =U1(ZCy) x U x V- x W where
U={1+*-1)P:1-2P cl(ZC,)}
V={1+aP+6Q:P*+Q*-PQ—-P—-Q=0}
W ={1+AP+uQ:2P>+2Q*-2PQ—-P—-Q =0}
such that
a=22-1, B=zt—1, A= -1D(@*-1), p=(>-1)('-1).
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ABSTRACT. Special family of non-bijective multivariate maps
F,, of Z,," into itself is constructed for n = 2,3, ... and composite m.
The map F,, is injective on Q,, = {x|x1 + z2 + ... 2, € Z,,,;"} and
solution of the equation F, (x) = b,x € €, can be reduced to the
solution of equation 2" = «, z € Z,,,", (r,#(m)) = 1. The “hidden
RSA cryptosystem” is proposed.

Similar construction is suggested for the case 2, = Z,,*".

1. Introduction

The RSA is one of the most popular cryptosystems. It is based on a
number factorisation problem and Euler Theorem. Peter Shor discovered
that factorisation problem can be effectively solved with the usage of
theoretical quantum computer. It means that RSA could not be a security
tool in the future postquantum era. One of the research directions which
can lead to a postquantum secure public key is the Multivariate Cryptog-
raphy which uses polynomial maps of affine space K™ defined over a finite
commutative ring into itself as encryption tools (see [1]). This is a young
promising research area with the current lack of known cryptosystems

Key words and phrases: multivariate cryptography, linguistic graphs, hidden
Fulerian equation, hidden discrete logarithm problem.
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with the proven resistence against attacks with the use of Turing machines.
Other important direction of Postquantum Cryptography is a study of
Super-elliptic Curves cryptosystems.

Applications of Algebraic Graph Theory to Multivariate Cryptography
were observed in my talk at Central European Conference on Cryptology
2014 (Alfred Renyi Institute, Budapest) [2]. This talk was dedicated
to algorithms based on bijective maps of affine spaces into themselves.
Applications of algebraic graphs to cryptography started from symmetric
algorithms based on explicit constructions of extremal graph theory and
their directed analogs (see survey [3], [4]). The main idea is to convert
an algebraic graph in finite automaton and use the preudorandom walks
on the graph as encryption tools. This approach can be also used for
the key exchange protocols. Nowadays the idea of “symbolic walks” on
algebraic graphs when the walk on the graph depends on parameters given
as special multivariate polynomials in variables depending on plainspace
vector brings several public key cryptosystems. Other source of graphs
suitable for cryptography is connected with finite geometries and their
flag system (see [3], [5], [6] and further references).

This paper presents new cryptoalgorithm in terms of Algebraic Com-
binatorics which use non-bijective transformations of K.

Multivariate cryptography started from studies of potential for the
special quadratic encryption multivariate bijective map of K", where K
is an extention of finite field Fj, of characteristic 2. One of the first such
cryptosystems was proposed by Imai and Matsumoto, cryptanalysis for
this system was invented by J. Patarin [1], [7]. The survey on various
modifications of this algorithm and corresponding cryptanalysis the reader
can find in [1]. Bijective multivariate sparse encryption maps of rather
high degree based on walks in algebraic graphs were proposed in [8].

One of the first usage of non bijective map of multivariate cryptography
was in o0il and vinegar crptosystem proposed in [9] and analysed in [10].
Nowadays this general idea is strongly supported by the publication [11]
dedicated to security analysis of direct attacks on modified unbalanced oil
and vinegar systems. It looks like such systems and rainbow signatures
schemes may lead to promising Public Key Schemes of Multivariate
Encryption defined over finite fields. Non bijective multivariate sparse
encryption maps of degree 3 and > 3 based on walks on algebraic graphs
D(n, K) defined over general commutative ring and their homomorphic
images were proposed in [12].

The paper is dedicated to other constructions of non bijective maps.
We introduce the concept of family of multivariate maps F' = F), of
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the free modules K™ onto itself decomposed into transition functions
FL F2 ... F5() of gpecial symbolic vertex automata of linguistic graphs.
In case K = Z,,, where m is composite, it allows us to construct partially
invertible F;, respectively to subsets €2, of Z,,". It means that the restric-
tion of F' on €, is injective and the decomposition above allows us to solve
the equation F'(x)) = b for unknown (x) € ,, and b € F(£2,,) in polyno-
mial time. We are interested in the case of Kulerian maps F),, when the
solution of the equation can be reduced to the study of equations of kind
2" =d, where z in Z,,* and (7, ¢(m)) = 1. We construct infinite families
of maps of kind H,, = 7 F,, 7, where 7; are bijective affine transformations
of Z,,", with Eulerian F;, of bounded degree such that H, is partially
invertible for Q,, = Z,,*" and Q, = {x € Z,,"|v1 + v2+ ... xy, € Z,*}.

So the following scheme of a cryptosystem can be used. Alice (the
public key owner) uses special linguistic graph L, (Z,,), its symbolic
automaton with a special symbolic key to generate the Eulerian map
F, and the list of transition functions F', F2, ... F*(" of the symbolic
computation. She chooses appropriate bijective affine transformations 7
and 7 and creates a deformation H,, = 71 F;, 7o which is partially invertible
for €2, as above. Alice writes the following standard form for H,,:

x1 = hi(z1, 29, ..., xn), x2 — ho(z1,22,...,24), ...,
Ty = hp(z1,22,...,2p)
where polynomials h;(x1,x2,...,2,), ¢ = 1,2,...,n are given by their

lists of monomial terms with respect to the chosen order.

She announces the form and the plainspace 2, in public way.

Notice that Alice keeps the transition functions generating F, and
deformation rule H, = 11 F, T in secret. Cryptanalytic knows only the
list of h; and the graph L, (Z,,).

Public user (Bob) writes his message (p1,p2,...,pn) from the

plainspace ,. He computes the ciphertext ¢ = (c1,¢2,...,¢n), ¢; =
hi(p1,p2,--.,pn), it =1,2,...,n and sends it to Alice.

Alice solves the equation F,(x1,x2,...,2,) = (c1,¢2,...,¢n) due
to her knowledge of symbolic key of the automaton. So she reads the
plaintext.

Notice that to make this scheme feasible we need to care about
polynomiality of generation time, bound for the degree of H,,, Eulerian
nature of the map F,. We achieve it via special choice of linguistic graph
(well known graphs D(n, K)) and some restriction on symbolic keys.

Section 2 is dedicated to linguistic graphs and related to them au-
tomata. In Section 3 the reader can find information on chosen linguistic
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graph D(n, K). The properties af chosen computation of vertex automa-
ton for graph D(n, Z,,) are justified in section 4. Last section gives precise
descryption of cryptosystem.

2. Linguistic graphs and their vertex automata

The missing definitions of graph-theoretical concepts which appear in
this paper can be found in [13]. All graphs we consider are simple , i.e.
undirected without loops and multiple edges. Let V(G) and E(G) denote
the set of vertices and the set of edges of G respectively. Then |V(G)|
is called the order of G, and |E(G)| is called the size of G. When it is
convenient we shall identify G with the corresponding anti-reflexive binary
relation on V(G), i.e. E(G) is a subset of V(G) x V(G) and write v G u
for the adjacent vertices u and v (or neighbours). We assume that V (G)
is a finite or an infinite set. The majority of examples will be locally finite
graphs G, i.e. each vertex v has finite number of neighbours (z € V(G),
such that x G v). We refer to |{x € V(G)|z G v}| as degree of the vertez v.

The sequence of distinct vertices vg, vy, ..., v, such that v; G v; 1 for
1=1,...,t — 1 is a path in the graph. The path in G is called simple
if all its vertices are distinct. The graph is connected if each two of its
vertices are joined by some path. The length of the path is a number
of its edges. The distance between two vertices u and v of the graph,
denoted by dist(u,v), is the length of the shortest path between them.
The diameter of the graph, denoted by diam(G), is the maximal distance
between two vertices u and v of the graph. Let C,, denote the cycle
of length m, i.e. the sequence of distinct vertices vy, ..., v, such that
vi Guiy1,1=1,...,m — 1 and v,, Gvy. The girth of a graph G, denoted
by g = g(G), is the length of the shortest cycle in G.

The incidence structure is the set V' with partition sets P (points)
and L (lines) and symmetric binary relation I such that the incidence
of two elements implies that one of them is a point and another one is a
line. We shall identify I with the simple graph of this incidence relation
(bipartite graph).

We refer to a triple consisting of set V, its partition V = PU L and
symmetric and antireflexive binary relation I (incidence) on the set V/,
such that xIy implies x € P,y € Lor x € L and y € P as incidence
structure. The pair {x,y}, x € P, y € L such that xIy is called a flag of
incidence structure 1.

Let K be a finite commutative ring. We refer to an incidence structure
with a point set P = P ,,, = K* and a line set L = L,.,,, = K" as
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linguistic incidence structure I, if point
(x) = (1,22, -+, Ty Tot1y Ts+2y« - -y Lstm)
is incident to line

[Y] = [yby?a s Yrs Yr+ 1, Yr2 - 7yr+m]

if and only if the following relations hold

51x8+1 +C1y’r+1 - fl(xtha ey L5y Y1, Y2, - - 7y7")

€2x8+2 + C2y7"+2 - f2(x17 L2y e v ey Xsy Ts+1,Y15,Y25 - -+ 5 Yr,y y’l‘+1)
EmTstm + CnYram = fn(T1, T2, Tstm—1, Y1592, -+ Yrm—1)
where §; and (j, j = 1,2,...,m are not zero divisors, and f; are multi-

variate polynomials with coefficients from K. Brackets and parenthesis
allow us to distinguish points from lines (see [14]).

The colour p(x) = p((x)) (p(y) = p([v])) of point (x) (line [y]) is
defined as projection of an element (x) ([y]) from a free module on its
initial s (relatively 7) coordinates. As it follows from the definition of
linguistic incidence structure for each vertex of incidence graph there
exists unique neighbour of a chosen colour. We also consider a linguistic
incidence structures defined by infinite number of equations.

We refer to p((x)) = (z1,x2,...,2s) for (x) = (21, 22,...,Ts4m) and
o(ly]) = (y1,y2,---,9r) for [y1,y2,...,Ys+m] as the colour of the point
and the colour of the line respectively. For each b € K" and (p) =
(p1,p2, .-, Ps+m) there is a unique neighbour of the point [I] = Ny(p)
with the colour b. Similarly for each b € K* and [1] = [l1,l2, ..., lr4m]
there is a unique neighbour of the line [p] = Ny ([l]) with the colour b.
Let S(K™) be the semigroup of all polynomial maps from K" into K",
where K is a commutative ring.

Assume that the transformation F'(n) € S(K"™) is written in the form
xzj = f(n)j(x1,z2,...,2,) where each f(n);,j =1,2,...,n is determined
by the list of all monomial terms with the respect to some chosen order.

Let us refer to the sequence of maps F'(n) from S(K"), n=2,3,...
as a family of bounded degree, if the degree of each transformation F'(n)
is bounded by some constant d, d > 0.

Let 7(n)r, and 7(n)g be affine transformations of kind x — xA + b,
where x € K™, b e K", A= (a;5), 1 <i,j <n.

We assume, that the transformations 77,(i) and 7r(7) are invertible.
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We refer to the sequence of G(n) = 71,(n)F(n)Tr(n) as the deformation
of the family F'(n), n =2,3,....

Notice that degg(n) = deg f(n), but densities of the maps can be
different. In fact densities of g(n) heavily depend on the choices of an
affine transformation 7y,.

Let us convert the bipartite graph of incidence relation I = I, to
vertex automaton V' A(I,) in the following way. We announce that vertices
of the graph are states of VA(I,,). If (p)I[l)] and [I] = Ny(p) then we
draw an arrow from (p) to [l] with the weight b € K". If (p)I[l)] and
[p] = Np(p) then we draw an arrow from [1] to (p) with the weight b € K*.
We assume that all vertices of the bipartite graph are accepting states.

Let us assume that » = s = 1 in all further considerations. We assume
that graph I,,, has connectivity invariants d;(x), d2(x), ..., d¢(x) which
are multivariate functions from K™ into K such that for two vertices
v1 and v (points or lines) from the same connected component of the
graph equalities d;(v2) = d;(v1), i =1,2,...,¢ hold.

We consider symbolic vertex automaton SV(I,,) correspond-
ing to I,, defined in the following way. Its states are divided

into points  (fi, fo,..., fmy1) and lines [g1,92,...,9m+1] where
fi € K[x1,x9,...,x14m] and g; € K[z1,22,...,T14m], 1 =1,2,...,m+1.
There are two options for an by initial state: symbolic point
(x1,22,...,T14+m) or symbolic line [z, xa,...,214m]. The computation

of SV(I,,) is given by its symbolic key h; € K[z,22,..., 2144,
j=1,2,...,k and its initial state (point for example) in the fol-
lowing way. One has to form the specialisation of a symbolic key
hj = h(xy,di(x),da(x),...,di(x)) € K[x1,22,...214m] and compute the
chain (x1,x2,...,Z14m),

NEI(II,IQ,...,I1+m) (X) = Vi,

Nﬁ2(513179927--~7131+m)(vl) = V2,

Nil3(90179027--~7131+m)(v2) =Vs

Nﬁk($17$27---7$1+m)(Vk_l) = Vk
via symbolic computations. We refer to F' = vj, as a result of symbolic
computation with the given symbolic key and refer to a chain (x), v;,
j=1,2,...,k as decomposition of v} into transition function of symbolic

automaton SV (I,,). We identify v; with the corresponding multivariate
map from S(K™*1).
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We refer to the deformation rule G = 7pvp7r and the chain v;,
1=1,2,...,k as decomposition of G of rank k into transition function of
symbolic vertex automaton of the graph I,,,. We say that G is symbolically
decomposed via linguistic graph I,,.

Notice that for F' = (f1, f2,..., fm+1) polynomial f; coincides with
hi(x1,dy(x),d2(x),...,d/(x). Let us investigate the equation

F(p1,p2,..,pm+1) = (b1, b2, ..., bypt1).

Assume that (by,b2,...,bny1) is an element of image of F' and p; are
variables. Then hy(p1,di(p), d2(p), - .., di(p)) = b1. We can rewrite it as
hi(p1,di(b),da(b),...,di(b)) = by. Notice that here we use the fact that
vertices (p1,p2, ..., Pm+1) and (b1,ba2,...,byy1) (points or lines) are in
the same connected component of the graph. Let us assume that for the
subset Q of K the equation hy(p1,di(b),da(b),...,di(b)) = b1, p1 € Q
has at most one solution. If b € F(Q x K™) then we can find the solution
p1 = pj. After that we can compute

Br—1 = hi—1(p7, d1(b), da(b), ..., di(b)),
Br—2 = hig—2(p7, di(b),d2(b), ..., di(b)),

Br = hy—2(p1, d1(b), da(b), ..., di(b)).
It allows us to compute

Up—1 — Nﬁk,l(bla bg, . ,bm+1),
Up—2 = Ng,_,(up—1),

up = Ng,_,(u2),
(pipg’ s 7p:n+1) = NPT (ul)'

So the restriction of the map F on Q x K™ is injective. The equation
F(x) =b, where x € Q@ x K™, b € F(2 x K™) has a unique solution.

Let I’ = 7, F7R be the deformation of F and T = 7,7 }(Q2 x K™).
Then the equation F'(x) = b for x € T and b € F'(T') has a unique
solution. We say that the multivariate transformation F’ of K™*t! is
partially invertible on 7. Such maps F’ together with deformation rule
71, FTr and decomposition of F' via transition functions of symbolic vertex
automaton of linguistic graph can be used in symmetric cryptography.
Let us consider two general examples in case K = Z;, [ > 2.
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Example. Correspondents (Alice and Bob) take a linguistic graph I,
in cases r = s = 1 as above. Assume that they know the list of con-
nectivity invariants d;(z1, z2,...,Tm+1), @ = 1,2,...,t. They choose the
type of an initial state. Without loss of generality we can take point
(r1,22,...,Zm+1). They set the length of computation of vertex symbolic
automaton k£ and symbolic key

hl(zl, 22y ... ,Zt+1), hQ(Zl, 29y e 7Zt+1); . hk(zl, 22y ... ,Zt+1),

where hy = az” + f(29,23,...,2141), a € Z;*, (r,¢(l)) = 1. They choose
affine transformation 77, of kind

T1 =T +x2+ . Ty, T5 — lj(l'l, o, ... ,{L‘erl),
where [;(x1, 2, ..., Zmy1) are general linear transformation of Z,"+ into
Zy for j =2,3,...,m+ 1, and general bijective affine transformation 7.

We assume that the graph I, its connectivity invariants, and the
plainspace T = {(x1,22,...,Zmi1) € 2" oy + 20 + - + 2, € 1%}
are known to public. Cryptanalytic knows the general algorithm which
depends on some unknown 77, 7g and some symbolic key. Correspondents
share the symbolic key h;(x1,x2,...,2¢41), 1 = 1,2,...,k and affine
transformations 7;, and 7p as above. Alice writes her plaintext p =
(p1,p2, - - -y Pm+1). She computes the tuple 77 (p) = (u1, u2, ..., Upt1) = U.
She computes values of connectivity invariants 8; = d;(u1, ug, ..., Um+t1),
1=1,2,...,t. After that Alice gets the values of symbolic keys

Y1 = hi(u1, 81, B2, -+, Br),
Y2 = hQ(Ulu 517525 DRI ﬁt))

)

Yk = hk(Ul,,Bl, ﬂQv e 7/Bt)'

If chosen k is odd she takes the chain (u), N, (u) = [u!], N, ([ul]) = (u?),
ey Ny (WF71)) = [u¥]. She takes 7r(u”) = c as ciphertext. Notice that
in case of even K Alice gets N, ([u*~1]) = (u¥).

Let us consider the decryption process. For simplicity we take the
case when k is odd. Bob takes c. He computes 7z~ !(c) = u”. He takes
[u¥] = [b1, o, ..., b,]. Bob computes parameters §; as d;([b1, b, ..., bs])
fori=1,2,...,t.

Bob looks at expression ax” + f(z2,23,...,2141) and writes
the equation ax” + f(B1,P2,...,0:) = bi. So he computes z" =
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(by — f(B1,B2,....B))a"! = a. So Bob gets u; as o” where 1/ is a
multiplicative inverse in Zg.
Now, Bob computes v; = h;(u1, 81, 82,...,08¢),i=1,2,....,k—1. So
he gets
N

Te—1

([0"]) = @), Ny, (@) = [,
Ny (@) = '), Ny ([u']) = (w).

Finally Bob obtains 7, ~!(u) = (p1, p2, ..., ps)-

Remark 1. It is easy to see that the scheme above can be easily modi-
fied in various ways. For instance, correspondents can use T = Zpmrt
and take 77, as linear monomial transformation (z1,z2,...,Zmt1) —
(>\1$1, AoTo, ..., >\m+1£ﬂm+1), where ()\1, Ao, ..., >\m+1) S Zl*m+1.

Remark 2. The above scheme can produce rather fast symmetric en-
cryption algorithm in case of various linguistic graphs. It is easy to define
linguistic graph I,,, such that the neighbour of each vertex can be com-
puted in time O(m). We can take an empty list of connectivity invariants
(parameter ¢ is zero). Assume that we work with sparse affine transforma-
tion 77, and 7 which can be completed in O(m) elementary steps. Then
the encryption algorithm above takes O(m) operations.

Towards public key algorithm. Alice can take a linguistic graph
I, in case r = s = 1 as above. She knows the list of connectivity invariants
di(z1,z2,...,Tmy1), @ = 1,2,...,t. She chooses the type of initial state.
Without loss of generality we can take point (x1,x2,...,Zm41). Alice
chooses the length k£ of computation of vertex symbolic automaton & and
symbolic key

hl(Zl, Ry e ey Zt+1), hQ(Zl, 2y e ey Zt+1), ey hk(zl, 2y v eny Zt+1),

where hy = ax” + f(z2,23,...,2141), a € Z;%, (r,¢(l)) = 1. She chooses
affine transformation 7, of kind

T = w1+ T2+ T, = (2, T2, Tg),

where [;(z1, %2, ..., Zmy1) are general linear transformation of Z, ! into

Zy for j =2,3,...,m+ 1, and general bijective affine transformation 7g.

Alice takes the initial state x = (z1, z2, ..., Zm41). She computes the
tuple 77,(x) = (v1,v2,...,Um+1) = v, where v; are linear expressions in
variables x1, zo, . .., Z;ymy1. Notice that v1 = z1+xo+- - -+ Ty11. After that
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Alice takes computation of symbolic vertex automaton with symbolic key
hiyi =1,2,...,k starting in a new initial state (vq, va, ..., Vmt1). It means
that Alice uses symbolic computations for the constructions of multivariate
invariants di(v1,v2, ..., Umt1) = dp(21, 22, .., Tmy1), @ = 1,2, ... L.

_ She computes hi = hi(vi,db,....dy 1), ha = ho(vi,dy, ... d)yy), ...
hk = hk('l}l,dé, ey 2+1).

Alice computes the chain of elements from Zj[z1,xa,. .., Zpyme1]™ !
(vertices of symbolic automaton, points and lines). The point
v = (v1,02,...,Umt1), line [vi] = Ny (v), point (v2) = Ny ([v1]), ..,
(Vip_1) = Nhkll((vk—2))’ [vi] = Ny, (vig—1). For simplicity we take odd k.
Alice treats F' = vi as multivariate map and computes G = F7gr
(composition of two maps).

Assume that Alice can complete all steps as above in polynomial time
and get a resulting map G of finite degree. Then she can write the standard
form of G: z1 — gi(x1,22,..., Tmt1), T2 — g2(T1, X2, .., Tmt1), - -,
Tm+1 — Im+1(T1, 22, ..., Tmt1), where g;, i = 1,2,...,m + 1 are given
by the lists of their monomial terms with respect to some standard order.

Then Alice can announce the public rules g; € Zj[x1, 22, ..., Tm11],
1=1,2,...,m=+1 to all of her correspondents together with the plainspace
Q1 = {X € Zlm+1|:c1 +xo+ - t+am € Zl*}.

Public user (Bob) writes a message (p1,p2,---,Pm+1) € Qms1 and
computes the ciphertext (ci, ca, ..., cmt1) where ¢; = gi(p1, 02, -+ -, Pm+t1),
i=1,2,...,m+ 1 and sends it to Alice.

Alice knows the deformation rule G = 7pF71r and the symbolic
key which gives the decomposition of F' into transition functions of the
symbolic vertex automaton of the graph. So she can use the decryption
process of symmetric encryption algorithm above and restore the plaintext

(p17p25 s 7pm+1)'

Remark 3. Similarly to symmetric algorithm Alice can change 2,41
for T = Z;*™"! and take 77, as linear monomial transformation

(1,2, ..., Tmg1) = (M1Z1, A2, . oo, b 1Zm41) s
here (A1, A A Zrmtl
W 61‘6( 1, A2, ..., m+1)€ 1 .

Remark 4. One can assume that cryptanalytic knows the family of
graphs I, defined over Z;, where 1 is known composite number.

We introduce free symbolic computation of odd case k for the general
linguistic graph I,, over commutative ring K in case r = s = 1 as the
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sequence x = (x1, T2, ..., Tm+1) (initial state), line
N, (%) =[w], w € K[z,21,22,. . Tmer]™
N, ([w)]) = (u2), u2 € K[21, 22, 21,22, ..., Tmi1] ™,
N, ((ug—1)) = [ug)], uwx € K[z1,22,..., 25 21,22, ... ,xm+1]m+1.

3. On some extremal algebraic graphs

Recall that the girth is the length of minimal cycle in the simple graph.
Studies of maximal size ex(C3,Cy, ..., Cap,v) of the simple graph on v
vertices without cycles of length 3,4,...,2m, i. e. graphs of girth > 2m,
form an important direction of Extremal Graph Theory.

As it follows from the famous Even Circuit Theorem by P. Erdés’ we
have inequality

1+1
ex(C3,Cy4, ..., Con,v) < cv'™ /",

where c is a certain constant. The bound is known to be sharp only for
2n = 4,6, 8. The first general lower bounds of kind ex(v,C3,Cy,...Cy) =
Q(v't¢/™), where ¢ is some constant < 1/2 were obtained in the 50th
by Erdds’ via studies of families of graphs of a large girth, i.e. infinite
families of simple regular graphs I'; of degree k; and order v; such that
g(T';) = clogy,v;, where c is the independent of i constant. Erdés’ proved
the existence of such a family with arbitrary large but bounded degree
k; = k with ¢ = 1/4 by his famous probabilistic method.

One of the first examples of the family of graphs of large girth is
the family of algebraic graphs C'D(n, q) (see [15] and further references).
Graphs C'D(n,q) appear as connected components of graphs D(n,q)
defined via system of quadratic equations [16].

Graphs D(n,q) and CD(n,q) have been used in symmetric cryptog-
raphy together with their natural analogs D(n, K) and C'D(n, K) over
general finite commutative rings K since 1998 (see [17]). The theory of
directed graphs and language of dynamical system were very useful for
studies of public key and private key algorithms based on graphs D(n, K),
CD(n, K) (see [18-25] and further references).

There are several implementations of symmetric algorithms for cases of
fields ([26], [27], [30]) and arithmetical rings ([28], [29]). Some comparison
of bijective multivariate maps based on D(n, K) and other graphs A(n, K)
are considered in [31].
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4. Graphs D(n, K) and new algorithms related to them

Let P and L be two copies of Cartesian power K, where K is the
commutative ring and N is the set of positive integer numbers. Elements
of P will be called points and these of L lines.

To distinguish points from lines we use parentheses and brackets. If
x € V, then (x) € P and [z] € L. It will also be advantageous to adopt
the notation for co-ordinates of points and lines introduced in [16] for the
case of general commutative ring K:

/ /
(p) = (p0,17p1,1,P1,2,p2,1,p2,2,p272,p2,37 -5 Piis Py gy Piyit+1s Pit 1, - - s

/ /
[l] = [llyo, l1’1, ll,g, lz,l, lz’g, l272, l2’3, ceey li,z‘, liﬂ" li,i+17 lz‘—i—l,i, .. ]

The elements of P and L can be thought as infinite ordered tuples of
elements from K, such that only finite number of components are different
from zero.

We now define a linguistic incidence structure (P, L, I) defined by
infinite system of equations as follows. We say the point (p) is incident
with the line [{], and we write (p)I[l], if the following relations between
their co-ordinates hold:

lii — pii = li,opi—1,;

lgz - p;z =lii-1P0,1, 1)

lijit1 — Piji+1 = liipo,1,
/
liv1i — Pit1,i = l1,0D; -

(These four relations are defined for i > 1, pj ; = p11, l1; = l1,1). The
incidence structure (P, L, I) we denote as D(K). We speak now of the
incidence graph of (P, L, I), which has the vertex set P U L and edge set
consisting of all pairs {(p), [l]} for which (p)I]l].

For each positive integer £ > 2 we obtain a symplectic quotient
(P, Lk, It,) as follows. Firstly, P, and Lj are obtained from P and L,
respectively, by simply projecting each vector into its k initial coordinates.
The incidence [j is then defined by imposing the first k—1 incidence
relations and ignoring all others. The incidence graph corresponding to
the structure (Py, Lg, It) is denoted by D(k,K) (see [17]).

To facilitate notation in the future results on "connectivity invariants",
it will be convenient for us to define p_19 = lo,.-1 = p1o = loq1 = 0,
poo = loo = —1, poo = lop = —1, P11 = p11,l11 = 1,1 and to assume
that (1) are defined for i > 0.



164 ON ALGEBRAIC GRAPH THEORY IN CRYPTOGRAPHY

Notice, that for i = 0, the four conditions (6) are satisfied by every
point and line, and, for ¢ = 1, the first two equations coincide and give
li1 —p11 = liopo-

Let k > 6,¢t = [(k+ 2)/4], and let v = (uq,ui1, - U, Uy,
Ut 41, Utr1,t, - - - ) be a vertex of D(k,K) (a € {(1,0),(0,1)}, it does not
matter whether u is a point or a line). For every r, 2 < r < t, let

Ar = ar(u) = Z (uiiué_i,r_i - Ui,i+lur7i,r7i71)7

i=0,r
and a = a(u) = (ag,as, -+ ,a;). Similarly, we assume a = a(u) =
(ag,as, - ,ay,...) for the vertex u of infinite graph D(K).

Let n,, (1) be the equivalence relation:

unpv < a(u) = a(v) (urv & a(u) = a(v))
on the vertex set of graph D(k,K) (D(K)), respectively.
Proposition 1 (see [19] and further references).

(i) For anyt—1 ring elements xy € K, 2 <t < [(k+2)/4], there exists
a vertex v of D(n,K) for which a(v) = (z2,...,x¢) = ().

(ii) The equivalence class Cy, for the equivalence relation T on the set
K"UK™ 4s an isomorphic to the affine variety KIUK? |t = [4/3n]+1
forn=10,2,3 mod 4, t =[4/3n] + 2 for n =1 mod 4.

(iii) the vertex set Cy is the union of several connected components of
D(n,K).

Let C be the equivalence class on 7 on the vertex set D(K), then the
induced subgraph with the vertex set C is the union of several connected
components of D(K).

We shall use notation C(t,K) (C(K)) for the induced subgraph of
D(n,K) (D(K)) with the vertex set C,, (vertex set C respectively).

The graph C(t,K) in the case of K = F, coincides with C'D(n,q)
which was introduced in [17].

The following statement was proven in [32].

Theorem 1. Let K be commutative ring with unity of characteristic d,
d # 2. Then graphs C(t,K), t > 6 and C(K) are connected.

If K = Fy, g is odd, then graph C(F,) is a g-regular tree. In cases
char(K) = 2 the questions of the description of connected components of
C(t,K) and C(K) are open.
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5. The cryptosystem

We can rewrite result of [33] in the following form.

Proposition 2. Let F,, be a reqular computation of free symbolic automa-
ton of linguistic graph D(n,Z;) and aq, g, ..., ar, where k is even, are
fized elements of Z;. Then the map F, corresponding to a specialisation of
Z=Ytar, 23 =21+, 24 =y+az, 25 =21+as, ..., Zg—1 = 21+ Qk—1,
2k =y + ay is cubical multivariate map from K|z1,y, 21,2, ..., 2™ L.

Remark 5. Similar proposition is true for odd k. The map F,, corre-
sponding to a specialisation of zo = y + a1, 23 = 21 + a1, 24 = y + ag,
zs=z1+aQg, ..., 251 =Y+ ag_1, 2 = 21 + ap is cubical transformation
of Zln.

Proposition 3. Let F,, be a reqular computation of an odd length s of
a symbolic vertex automaton of D(n.K) corresponding to symbolic key
h(z1,22, .-, 2e)+ a1, z1+ag, h(z1,22, ..., 2t) s, z1+Qq. ..., 21+ a1,
h(z1,29,...,2) + as, where h € K|z, 22, ..., 2] has finite degree and «;,
1=1,2,...,s are constants from K. Then the degree of F,, is bounded by
3deg h(zo1,a2(x), az(x),...,a(x)).

We say that the map F;, of Z;" to itself is Eulerian partially invertible
map on the domain Q,, = {x|\1z1 + Aoxa + -+ + Ay + a1 € 2%} if
it is partially invertible on €2,, and solution of equation Fj,(x) = b, x € Q
and b € F,,(€,) can be reduced to a solution of 2" = a, z € Z;*, r # 1,

(r,o(D)) = 1.

Theorem 2. Let K = Z;, n be a natural number > 2, s is an odd
number = 3. For each domain of kind Q, = {x|\1x1+ Aoxa + -+ Ny +
Ant1 € Zi*} in Zi", where \j # 0, i =1,2,...,n there is Eulerian map
F,, of finite degree which has a symbolic decomposition of rank s. If | is a
prime number, then Fulerian map F), is a bijection.

Proof. Let us consider a symbolic vertex automaton constructed for the
family of graphs D(n, Z;). Let a2(x), asz(x), ..., ax(x), t = [(n + 2)/4]
be the list of quadratic connectivity invariants of the graph. We shall
use polynomials from Zj[uy, use, ..., u| to form special symbolic key. For
f € Zijlui,ug,...,u] we define f as f(z1,a2(z),a3(2),...,a:(z), where
(z) = (21,22, ..., 2y) is initial point of the symbolic vertex automaton of
graph D(n, Z;). We avoid double indexes for points and lines here. We
have a free choice to take H € Zj[uj,ug,...,us] to form a sequence of
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weights a1(z) = H + 1, aa(z) = 21+ B2, a3(z) = H+Bs , au(z) = 21+ Ba,
ooy 0s-1(2) = 214+ Bs—1, as(z) = H+ s, where 5,7 = 1,2,..., s are fixed
elements of Z;. Let F = F,, : Z;" — Z;" be the multivariate map generated
by symbolic computation above. We assume that H(ug,us,...,u;) is
written in the form w;” + S(ug,us, ..., us), where S is arbitrary element
of Zj[ug,us, ..., u] and r,r # 1 is a parameter such that (r,¢(m)) = 1.
Symbol ¢ standardly stands for Fuler function. Let us consider non-
singular linear transformation 77, : Z;" — Z;" of kind

21— M2+ Aozo 0+ Ap2Zp + Apg,

zo = la(21,22, -+, Zn)s
23 —r lg(zl, 29, ... ,Zn),
Zn = (21,22, - oy Zn),
where [; are linear expressions from Zj[z1, 29, .. ., z,] of general kind. We
form a composition G,, = 71 F},.
Assume that z = (21, 22, ..., 2,) is an element of €,. Let us identify

7.(z) = (Y1, Y2, - - -, Yn) with the point of the graph D(n, Z;). Notice that
y1 € Z;*. Let us show that the reimage of G, (z) is uniquely determined.
We write the equation Gy, (z) = (b1,b2,...,b,). It is clear that by =
y1" + S(ug,us,...,u;) + fs. Notice that tuples y (point) and b (line)
are located in the same connected component of the graph. So we have
a;(y) = a;j(b) =y, i =2,3,...,t. Thus y1" + S(v2,73,-.-,7) + Bs = b1.

Ler ' be the multiplicative inverse of r in Zyq)- We have y; =
(b1 — S(v2,73, - t) — Bs)" = av.

The knowledge of parameter a allows us to compute all coordinates
of tuple y. Really, we can compute values as_1 = a + [s_1, as_2 =
H(o,v2,73, -y )+ 0s—2, 0s—3 = a+Ps—3,...,00 = H(a,v2,73,...,7)+
B1, ap = a.

The value of y can be computed recursively 45~ = N,__, ([b]), y*~2
Noy 5((0°71), -+ 4" = Nay(¥7)), 4° = Na((¥") = (y1, 92, -, yn). Th
tuple z equals 7,7 (y).

The Proposition 3 establishes that the degree of G,, or Fj, is bounded
by 3deg(H (z)). If d = deg(S) > r then the degree of G,, is bounded by 3d.
Notice, that in case of prime [ the equation y1" +5(v2,73, - - -, 1)+ 8s = b1,
r # 0 mod p—1 is always solvable for y1. So maps F}, and G, are bijections.

Ol

@

Remark 6. In the theorem above we can change domain 2, for Z;*".
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Really we have to change a transformation 77, in the proof for a linear
monomial map (z1,72,...,Tn) = (AMTr1), A2Tr(2), - - s AnTr(n)), Where
Ai, 1 =1,2,...,n are elements of Z;* and w is a permutation from .S5,,.

The cryptosystem. Assume that Alice is the holder of a public key
based on the family of maps used in the constructive proof of the previous
theorem. So she takes [, | > 2 and parameter r, such that (r,¢(l)) = 1.
She chooses the odd length s, s > 3 of symbolic key for practical use
we set size O(n) for value of s. For example, Alice chooses the area
Q, = {x|]x1 +x2+ -+ + xp € Z"} which will be a domain for Eulerian
map of G = Z;". Alice has a rather wide choice to pick the function
S € Zjug,us,...,u, t = [(n + 2)/4] and parameters f1, 32,..., s to
form the symbolic key. She has set I = x1 + 22 + ..., x, and may choose
various linear functions l; € Zj[z1,23,...,2y], i = 2,3,...,n to form
bijective affine map 7; of Z;" to itself. Finally, she has a free choice for
another affine map 7.

So in polynomial time Alice generates map F,, via computation of
symbolic vertex automaton of linguistic graph D(n, Z;) with the symbolic
key: ay(z) = H + p1, as(z) = 21 + Bg,Nag(Z) = H + B3, ay(z) = z1 + P4,

ooy as-1(z) = 21 + Bs—1, as(z) = H + B, where §;, i = 1,2,...,s
are fixed elements of Z;. She computes the deformation G,, = 7. F,Tr
in standard form x1 — g1(z1,22,...,%y), T2 — g2(T1,22, ..., Tpn), - ..,
Ty = gn(T1,22,...,2y), where g;, i = 1,2,...,n are given by list of their
monomial terms in some chosen order. Notice, that the degree of GG, is
bounded by constant.

Alice announces the public the standard form of G,, and keeps data
described above in secret. Cryptanalytic knows used graph and general
form of a symbolic key.

Assume that a public user (Bob) creates an open text p=(p1,p2,. . . ,Pn)-
He computes G, ((p1,p2,...,pn)) = (c1,¢2,...,¢,). Bounded degree of
(G, insures that the computation of ciphertext can be computed in a
polynomial time O(n®) for some positive constant c.

The knowledge of deformation rule GG,, = 71 F,,7r and the docompo-
sition of Fj, into transition functions of symbolic vertex automaton of
D(n, Z;) allows her to decrypt in polynomial time with the algorithm
described in a previous section.

Remark 7. Alice can use Z;*" instead of ,, = {x|x; +xo+--+x, € Z1"}.
In this case 77, has to be chosen as monomial transformation.

Remark 8. In case of prime [ we can change function H + bs for
much more sophisticated expression. For instance Z (2, z3,...,z) f(x1) +
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S(xe, 3, ..., x) where Z(xg,x3,...,2¢) = 0 has no solution but f(zy) =
d has exactly one solution in variable z; for each d.

Let h(xz) € Zp[z] has no linear divisors. Then Z(z2,x3,...,2) =
h(M(x2,x3,...,2¢))) is always different from zero for each M €
Klxg,x3,. .., 24

The simplest case where we can use M(xo,x3,...,2¢)(x1") +
S(xg,x3,...,x), where (r,p—1) = 1 and the equation M (z2, 3, ...,7) =
0 has no solution. We say that such a cryptosystem is based on hidden
discrete logarithm problem. For general parameter [ we use the term
hidden Eulerian equation. We can use recurrent expressions

Mk( .. (MQ(Ml(l‘Q, x3, ... ,xt)(:clrl) + Sl(xg,ﬁg, - ,xt))m
+SQ(.752,$3, Ce ,$t)) 4+ ... Mk_l(xg,xg, Ce ,xt)(xlrkfl)
+Sk71(x27x37 cee 7xt))rk + Sk('an T3y 7xt))7

where M;(x2,x3,...,2¢) = 0 have no solutions for each i = 1,2,... k.
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