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Universal elements of unitriangular matrices groups

The following theorems are proved for a matrix g from the group of unitriangular matrices over a commuta-
tive and associative ring K of finite dimension of greater than three with unity: 1) if the matrix g is universal
then all of its elements are on the first collateral diagonal except extreme ones are nonzero; 2) if all elements
of the first collateral diagonal of the matrix g, with the possible exception of the last element are reversible
in K, then g is universal; 3) if the ring K is Euclidean and has no reversible elements except trivial ones,
then it follows from the universality of the matrix g that all the elements of its first collateral diagonal,
except the extreme ones, are reversible in K.
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We denote the group of all upper unitriangular matrices over a commutative associative ring K with unity
by UT,,(K). Its commutant UT,(K) consists of all matrices with the first zero collateral diagonal (see [1], for
example).

In paper of A. Bier [2], it is proved that every element of commutant UT} (F) is a commutator in the case
of a field F of characteristic zero, i.e. for each element f of UT,, (F) the equation of the form

[11,22] = f, (1)

is always solvable in the group UT,, (F), where [z1, x2] = 21 lao 1z 2o is the commutator of variables z; and z5.

This result is significantly enhanced in the paper of N.S. Bahta [3], where it is proved that any element
f € UT!(K) can be represented in the form [g, 2], where g is a fixed element of the group UT,,(K). Any element
having the first collateral diagonal consisting of units can be taken as a element g. In addition, in [4] similar
results were obtained for the members of lower central row of the group UT,, (K) (see also [5]). Paper [6] provides
an overview of results on the solvability of equations in groups which mentions the results discussed.

The concept of universal element belongs to V. Roman’kov. In papers of A. Konyrkhanova [7, 8] some
necessary and sufficient conditions of an universality of an element of groups UT,(F) and UT,(Z), were first
obtained, where F — is arbitrary field and Z — is a ring of integers.

In this paper necessary and sufficient conditions for the element universality for unitriangular matrices
group of arbitrary finite dimension over a commutative associative ring with unity and over Euclidean ring are
obtained.

The element g of group G is called universal, if the equation

[ga 33] = f, (2)
is solvable for any element f from the commutant G’ of group G.

If n =2, then G = UTy(K) = KT, i.e. G is Abelian group, therefore G’ = E, where E is identity matrix.
Hence, every element of G is universal. Therefore, in the further groups UT, (K) of dimension n > 3 are
considered.

Lemma 1. If ¢ is automorphism of the group G, then the element g € G is universal if and only if its image
©(g) is universal.

Proof. Necessity. Let g be universal in G. Then equation (2) is solvable in G for any element f from the
commutant G’. Hence, we obtain

[p(9), e(@)] = @(f). (3)

Since, the automorphism ¢ maps the commutant G’ into G’, then the equality

{e(NIf €@} =6

holds. From this and (3) it follows that the element ((g) is universal. The necessity is proved.
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Sufficiency. Let ¢(g) be universal in G, where ¢ is automorphism of the group G. Then the equation

[p(9), 2] = f (4)

is solvable in G for all f € G'. Since ¢~ is also the automorphism of the group G’, then we have from (4):

o™ (e(9), 7 (@) = ¢ (f);
i.e.
[9. 07 (@) =7 (/).

From this and in virtue of the equality {¢~*(f)|f € G’} = G’ we obtain that g is universal in G. The lemma is
proved.
Let K be an associative commutative ring with unity. We introduce the following matrices from UT,, (K):

1 g12 913 -+ gin-1  Gin 11 gi5 -« Ginm-1 Yin
0 1 g3 ... g2t 92n o1 1 .. g;,n—l 9on,
g= 0 O 1 wo 93m-1  G3n gt = 00 1 .. g5i,1 G5 7 5)
0 0 0o .. 1 In—1,n o0 0 .. 1 c
0 0 0o .. 0 1 o0 0 .. 0 1

where ¢ = 1, if g,_1,, # 0, and € = 0, otherwise, and the elements g¢; ;41 # 0 for s = 1,2,...,n — 2, and all
elements of the first collateral diagonal are equal to 1 in ¢* with the possible exception of €.

We denote by diag;a (where ¢ =1,2,...,n) a diagonal matrix of the group of all triangular matrices T, (K),
in which elements on the i—th place of the main diagonal equal a € K 0, and the other elements of the main
diagonal are units.

Theorem 1. Let matrix g of the group of all unitriangular matrices UT,,(K) over a commutative associative
ring K with unity such that all of its elements are on the first collateral diagonal with the possible exception
of the last element are reversible in K. Then there exists a matrix g* from UT, (K) of the form (5) conjugate
with ¢ in the group T, (K), and such that the following statement is true: matrix ¢ is universal if and only if ¢g*
is universal.

Proof. Let g € UT,,(K) is defined as in (5), and elements g12, g23, - - - , gn—2,n—1 are reversible in ring K. Let
us take a diagonal matrix a; = diagag12~!. Then direct calculations yield the following equation:

11 g3 g1a - Gin-1 Jin
0 1 g12923 912924 -~ G1292n—1  9g1292n
00 1 934 93.n—1 g3n
aytga; =10 0 0 1 o Gam1 gn | = a1 (6)
00 0 0o .. 1 Gnim
00 0 0o . 0 .

Let ay = diagzges 'g12~ 1. Then we have from (6):

1 1 * * *
0 1 1 * . *
_ 0 1 *
ay ' graz = Fr2g2sgse = g2,
0 00 0 wr Gn—1m
0 00 0 1
where * represents some elements of the ring K. Thus, conjugating the matrix g with appropriate product of
matrices of the form a; -as -+ a;—1,1=1,2,...,n — 1, we obtain a matrix of the form g* from (5).
Matrices a;_1 are triangular, i.e. a,—1 € T,(K). Conjugates of elements g € UT, (K) by the product of
matrices aj - ag - ---a;—1 in T, (K) are automorphisms of the group UT,,(K). From this and Lemma 1 follows

that the matrix ¢ is universal if and only if g* is universal. The theorem is proved.

80 Bectnuk Kaparanmauickoro yHuBepcuTeTa



Universal elements of unitriangular matrices ...

Theorem 2. The matrix g € UT3(K), where K is a commutative associative ring with a unity, is universal
if and only if g2 and go3 are coprime.

Proof. Necessity. Let g be universal. Then the equation (2) has a solution for any element f € UT’, (K).
Direct calculations yield the following equation

1 0 g12723 — 712623
[g,z] =0 1 0
0 0 1

Since ¢ is a universal element, the commutator [g, 2|13 must take any value. Hence the equation (2) is solvable,
and therefore g12 and go3 are coprime.

Sufficiency. Let elements g2 and go3 of the matrix g are coprime. Let us prove that the equation (2) is
solvable in UT5(K), i.e. for any f € UT4(K) the equation

g12%23 — T12923 = [f13 (7)
is solvable.
Since g12 and go3 are coprime, then there exist elements u,v € K, such that
g12u + gazv = 1.

It follows that the values o3 = fi3u and x15 = — f13v are the solution of the equation (7). Hence, g is a universal
element of the group UT5(K).

The theorem is proved.

Corollary 1. There exists an algorithm which determines its universality by any matrix g € UT5(Z).

Hereinafter we assume that n > 3.

Theorem 3 (a necessary condition for the universality). Let K be associative commutative ring with a unity.
Then from universality of the element g € UT, (K), n > 3 follows that

gi—1,i 7& 0,2 <1 <n.

Proof. Let the matrix g be universal in UT,,(K). Then for any matrix f € UT’,(K) the following system of
equations has a solution in UT,, (K):

f13 = 12723 — T12923;
foa = go334 — T23934;
f35 = g34Ta5 — 34G45; (8)

f’n—Q,n =9n—2n—-1Tn—-1n — Tpn—2n—-19n—1,n-
Assume the contrary, i.e. g;—1; = 0 for some i € {3,4,...,n — 1}. Then we have from (8):
fi72,i = Ti—1,i9i—2,i—1; (9)

fifl,iJrl = —%i-1,i9i,i+1-
Let us prove that in this case g;—2;—1 7# 0. Indeed, otherwise, it follows from the first equation of the system
(9) that for any matrix f € UT’,,(K) the equality f;_2,; = 0 is true. Since there exist an element f in UT",,(K)
such that f;_o; # 0, it implies a contradiction. Similarly g; ;41 7 0. Thus,

Gi—2,i-1 7 0,9ii41 # 0.

From this and (9) follows that for any matrix f the following statement holds:

iffi_QJ' 7& O, thenfi_l,i_‘_l 7é 0. (10)
Since, f is any matrix in UT",, (K), there exists, for example, a matrix:
101 0 .. 0
01 00 .. 0
f=10 0 1 0 .. 0| eUT,(K),
0 000 .. 1

for which the condition (10) is false. This is a contradiction. Consequently, g;—1,; # 0. The theorem is proved.
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Theorem 4 (a sufficient condition for the universality). Let K be an associative commutative ring with a
unity 1. If all the elements of the first collateral diagonal of the matrix g € UT,,(K), n > 3, with the possible
exception of the last element are reversible in K, then g is universal.

Proof. By Theorem 1, we can assume that all the elements of the first collateral diagonal matrix g, except
perhaps the last one, are equal to 1. To prove the theorem, we need to solve the equation (2) for any matrix
f from the commutant UT",,(K). It follows that the first collateral diagonal of the matrix x is defined by the
following system of equations:

fi3 = @23 — w12;
Joa = w34 — T23;
(1)
fn—3,n—1 = Tn—-2,n—1 — Ln-3,n—2;
fn—Q,n = Tpn—1,n — Tn—-2,n—1"YGn—1,n,

If we assume that x12 = 0, we find zo3, from the first equation and we find x34, from the second equation, etc.
Thus, the values of the first collateral diagonal of the matrix x are defined.
The second collateral diagonal of the matrix x is defined by the system of equations:

fia = v24 — w13 + b14;
fas = x35 — T4 + bas;
f36 = @46 — T35 + b3g;

fn—3,n = Tpn—2n — Tn-3n—-1"YGn—1n + bn—S,Tw

where b; ;13 are some constants. Assuming that z13 = 0, one can determine the values of z; ;12,¢ = 2,3,...,n—2,
similar to the determination of the values x; ;41 of a system (11). Continuing similarly, we find a solution of
equation (2).The theorem is proved.

Similarly we can prove the following theorem

Theorem 5 (a sufficient condition for the universality). Let K be an associative commutative ring with a
unity 1. If all the elements of the first collateral diagonal of the matrix g € UT,,(K), n > 3, with the possible
exception of the first element are reversible in K, then g is universal.

Corollary 2. If all the elements of the first collateral diagonal of the matrix g € UT,(Z), n > 3, with the
possible exception of the first or last element are equal to 1 or —1, then ¢ is universal.

Lemma 2. Assume that there are no reversible elements in a Euclidean ring F except 1 and —1. Then for
any non-zero elements g1, g2 in F the following equivalence holds:

elements g1, g2 do not have a common divisor except 1 if and only if there existu;, us € F such that:

grur + goug = L. (12)

Proof. Assume that ¢;,¢2 do not have common divisors except 1. Then the greatest common divisor is
(91,92) = 1. Hence, by the Euclidean algorithm, there exist uy,us € E such that (12) holds.
Let (12) be true. Assume the contrary, i.e.

ge =d-ve,d #1,
where € = 1, 2. Then we have from (12) that
d(uwl + UQUQ) =1.

Hence d is reversible and d # 1. This is a contradiction. The lemma is proved.

Theorem 6 (a necessity condition for the universality). Let E be an Euclidean ring having no reversible
elements except 1 and —1. Then, it follows from the universality of the matrix g € UT,(E), n > 3 that all the
elements of its first collateral diagonal are equal to £1, with the possible exception of extreme ones, i.e.

|gi—17i‘ =1,2<1i<n. (13)

Proof. Let g be universal in G = UT,(E). Then for any matrix f € UT,(E) the equation (2) is solvable in G.
Hence, the elements of the first collateral diagonal of the matrix x are the solution of the system (8). Let us
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first establish that all the elements g;_1;,2 < i < n, are non-zero. Assume the contrary, i.e. g;—1; = 0 for some
i. Then the two successive equations of the system (8) containing g;_1 ; are as follows:

fi—z,i = —Tj-1,i9i—2,i—1;
fi—l,i-',—l = Ti—1,i94,i+1-

Since the left-hand sides of these equations can take any values, for example, a value of 1, then

Gi—2,i-17# 0,9ii+1 # 0

for any 2 < ¢ < n. Assuming f;_3,_1 = 1 in (8), we obtain
Ti—2,i-19i—3,i—2 — Ti—3,i—20i—2,i—1 = 1, (14)

where 3 < i < n. Since the ring E is Euclidean, then it follows from (14) that g;_2;_1 and g;_3,;_2 are coprime
when 3 < i < n. Let us prove the validity of (13). Two consecutive equations of the system (8) of the form:

Ti-1,i9i—2,i—1 — LTi—2,i—19i—1,4 = fi—2.4; (15)
Tii+19i—1,0 — Li—1,iGii+1 = fi—l,i+1a

2 < i < n, have solutions for any values of f;_1 ;41. Let f;_1,;+1 = 0. Then we have from (15):
Ti—1,i° Gii+1 = Tii4+1 * Gi—1,i- (16)

Since g; ;+1 and g;_1,; are coprime when 2 < i < n, then by lemma 2, they have no common divisors. From this
and (16) follows that z; ;41 is divided by g; 11, i-e.

Lii+1 = d- Gii+1-

Similarly we have
Ti1i=d-gi—1,.

We obtain from this and from the first equation of the system (15) that
gi-1i(d- gi—2i-1—Ti—2,i-1) = fi—2.. (17)

If we assume that f;_; = 1, then it follows from (17) that the element g;_1,; is reversible. Then we have
|gi—1,;] = 1 by assumption of the theorem.

Corollary 3. Let R be a ring of integers or a ring of polynomials Z[z] over a ring of integers Z. Then, from
the universality of the matrix g of UT, (R) follows that all the elements of its first collateral diagonal except
possible extreme ones, are equal to 1 or —1.

It is known that if E' is an Euclidean ring, where there are no reversible elements except 1 and —1, then the
ring of polynomials F(x) is the same Euclidean ring,.

Corollary 4. Let E be an Euclidean ring, where there are no reversible elements except 1 and —1. Then
from the universality of matrices g in UT,,(E(x)) over the ring of polynomials of one variable follows that all
the elements of the first collarteral are equal to 1 or —1 except possible extreme ones.

The authors express their sincere gratitude to V.A. Roman’kov for the proposed topics and valuable
comments, having improved our article.
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0.9. Konpipxanosa, H.I'. Xucamuen

YHuyaioypheIiThl MAaTPUIAJIap TOITAPBIHLIH, oMOebal 3JieMeHTTepi

Dsementrepi 6ipiik KOMMYTATHBTI »KoHe acconnaTuBTi K cakMHAIAH aJIbIHFAH AKBIPJIbI OJIIIEM] YIITEeH ap-
THIK YHUYIIOYPBIITE MAaTPHUIAIap TOOLIHBIH, ¢ MATPUIACKH YIIIH KeJleCi TeopeMaliap JoJIesieHreH: 1) erep
g MaTpHUIacel sMbedar 60s1ca, OHIa OHBIH, OipiHIT KOCAJIKHI MATOHAJIHIH, IITETKI 9JIEeMEHTTEepiHeH OacKaIaphbl
HOJIJIEH 63Telle; 2) erep g MaTPUIACHIHBIH GIPIiHIIT KOCATIKbI JUArOHAIHIH COHFBI dJ1eMeHTiHeH 6acKach K -1a
KaiTBIMABL GoIca, oHna g oMbebarr; 3) erep K cakMHACH! €BKJIMITIK 6OJICA YKOHE OHBIH TPUBUAJLIBI SJIEMEHT-
TepaeH 6acka KAWTBIMIIBI 3JIEMEHTTepl OosiMaca, OHIA ¢ MATPHUIIACHIHBIH, oMOEOAITHIFBIHAH OHBIH OipiHTTi
KOCAJIKBI JIMAarOHAJIHIH IIETKI 3/IeMeHTTep/IeH 6acka 6apJIbiK, djieMeHTTepl K-1a KaiThIMIbI O0JIATHIHbI IIIbI-
FaIbl.

Kiam coesdep: yHUYMIOYPHIITH MATPULATIAP TOOBI, KOMMYTATOP, KOMMYTaHT, oMbGebal 3JIeMEHT, CAKUHA,
EeBKJIM/TIK CAaKWHA.

A.A Konsipxanosa, H.I'. Xucamues

yHI/IBepcaJILHbIe 3JIEMEHTbI I'PYIIIl YHUTPEYTI'OJIbHbIX MaTPHUIL

st MaTpUIbl ¢ U3 TPYIIIBl YHUTPEYTOJIbHBIX MATPUIL JTAHHOW KOHEYHOU Pa3MEPHOCTH, OOJIBbITE TPEX, HAT,
KOMMYTATUBHBIM ¥ aCCOIMATUBHBIM KOJIBbIOM K ¢ eUHUNEH JOKa3aHbl CIIe/YIOIUe TeOPEMBL: 1) eciu MaT-
pulla g yHUBepcajbHA, TO BCE €& 3JIEMEHThI MEPBO MOOOYHON IUATOHAJM, KPOMe KpailHUX, OTJIMYHBI OT
HyJIs; 2) €CJIM BCE SJIEMEHTHI MEepBOH IMOGOYHON JMATOHAJN MATPHUIBI ¢, KPOME, BO3MOXKHO, MOCJIEIHETO,
obparumbl B K, T0 g yHEHBepcaiabHa; 3) ecin Koiblo K EeBKIMIOBO U HE MMEET OOPATUMBIX 3JIEMEHTOB,
KpOMé TPUBHUAJIBHBIX, TO U3 YHUBEPCAJIHLHOCTH MATPHUIILI § CIIEIYET, UYTO BCE FJIEMEHTHI €€ MepBoil TOOOIHOMN
JIUArOHaJM, KpOMe KpaitHuX, oOpaTtumser B K.

Karouesvie croga: Tpylna YHUTPEYTOJIbHBIX MATPUI], KOMMYTATOP, KOMMYTAHT, YHUBEPCAJILHBII 3JIEMEHT,
KOJIBIIO, €BKJINJOBO KOJIbIIO, aCCOIMATUBHOE KOJIBIIO.
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