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Abstract

Some well-known classical results related to the description of integral
representations of finite groups over Dedekind rings R, especially for the rings
of integers Z and p-adic integers Zp and maximal orders of local fields and
fields of algebraic numbers go back to classical papers by S. S. Ryshkov,
P. M. Gudivok, A. V. Roiter, A. V. Yakovlev, W. Plesken. For giving an explicit
description it is important to find matrix realizations of the representations,
and one of the possible approaches is to describe maximal finite subgroups of
GL,(R) over Dedekind rings R for a fixed positive integer n.

The basic idea underlying a geometric approach was given in Ryshkov’s
papers on the computation of the finite subgroups of GL,(Z) and further
works by W. Plesken and M. Pohst. However, it was not clear, what happens
under the extension of the Dedekind rings R in general, and in what way
the representations of arbitrary p-groups, supersolvable groups or groups of a
given nilpotency class can be approached.

In the present paper the above classes of groups are treated, in particular,
it is proven that for a fixed n and any given nonabelian p-group G there is an
infinite number of pairwise non-isomorphic absolutely irreducible representa-
tions of the group G. A combinatorial construction of the series of these
representations is given explicitly.

In the present paper an infinite series of integral pairwise inequivalent
absolutely irreducible representations of finite p-groups with the extra congru-
ence conditions is constructed.

We consider certain related questions including the embedding problem
in Galois theory for local faithful primitive representations of supersolvable
groups and integral representations arising from elliptic curves.

Keywords: finite nilpotent groups, integral domain, Dedekind ring, elliptic
curves.
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OB OJTHOM KOHCTPYKIINN

ITEJIOYMCJIEHHBIX ITPEJCTABJIEHUI
p-TPVIII 1 EE ITPNJIOXKEHIU A
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dmalinin@gmail.com

AnHOoTanNsA

Hekoropbie XopoIio u3BeCcTHBIE KJIACCUIECKUE PE3YJIbTATHI, OTHOCSIIIHECS
K OIMCAHUIO IEJIOYNCIEHHBIX IIPEJICTABJIEHNN KOHEUHBIX TPYIII HAJI JIeIeKUH-
JIOBBIMU KOJIBIIAMU 1R, B YACTHOCTH, JIJIsT KOJIEI] TeJIbIX Incesl Z U p-aJmIeCKuX
qnces Zp 1 MAaKCUMaJILHBIX ITOPS/IKOB JIOKAJIbHBIX T10J1eil U 110J1eii ajrebpantie-
CKUX guces bepyT Hadajo B Kiiaccudeckux paborax C. C. Peimikosa, I1. M. I'y-
auBka, A. B. Poiirepa, A. B. dxosieBa, B. Ilneckena. [yist ux ssBHOrO Omm-
CaHUs BarXHO HAWTU MaTPUYHBIC peaJin3alluil IIpeICTaBJICHUNA, U OJUH U3 BO3-
MOXKHBIX TOJIXOJ0B COCTOUT B OIMUCAHUN MaKCUMAJbHBIX KOHEYHBIX MTOJIPYIII
GL,(R) Haj jeJeKMHIOBbIM KOJIBIOM R 1pu (PUKCUPOBAHHOM HATYPAJIbHOM
n.

OcHoBHas ujest, JezKalnas B OCHOBE T€OMETPUIECKOTO TOIX0a, ObLIA TPH-
Besiena B paborax C. C. PrimkoBa 10 BBIYUCIECHUIO KOHEYHBIX HOJAIPYIIT U3
GL,(Z) n nanbreiimux paborax M. ITocra u B. Ilneckena. Tem ne menee, 6bi-
JIO HESICHO, YTO IIPOUCXO/IAT IIPU PACITUPEHUN JIeIeKUHJIOBA KOJIbIa R B 00Iiem
ciydae, U B CJIydasiX MpeJCTaBJIeHnil TPOU3BOJIbHBIX P-TPYIII, CBEPXpa3pelin-
MBIX TPYIII WU TPYIIl 33JaHHOTO KJIACCa HUIBIIOTEHTHOCTH.

B macrosieit pabore n3y4aioTcs MpeICTaBIeHNsT BBIIEYKA3aHHBIX KJIACCOB
IPYII, B YACTHOCTHU, JIOKA3aHO, 9TO IPU (PUKCUPOBAHHOM 7 U JIIOOOH 338 IJaHHOM
HeabeseBoit p-rpynibt (G CyIEeCcTByeT OECKOHETHOE THICJIO TIOMAPHO HEM30MOPMh-
HBIX abCOJIIOTHO HEIPUBOJIUMBIX IpejicTaBieHuil rpymmnsl G. Kombunaropuast
KOHCTPYKIIHST CEPUH 9TUX IPEJCTABJIEHNIT TOJIyIeHa B sIBHOM BHUJIE.

B macrosieit pabore mocrpoeHa 6eCKOHEUHAS IENOYKA [EJIOUNCIEHHBIX 110~
[IapHO HEIKBUBAJIEHTHBIX aOCOJIIOTHO HEIPUBOJMMBIX IIPEJICTABJIEHUI KOHEY-
HBIX P-TPYHI C JIONOJIHUTEIbHBIMUA YCJIOBUSIMU CPABHUMOCTHU I10 MOJIYJIIO JIU-
BU30POB [IPOCTOT'O YHCJIA P.

Mpgr paccMaTpuBaeM HEKOTOPBIE CBsSI3aHHBIE HaIlleil KOHCTPYKIIUEH BOIIPO-
ChI, BKJIIOYas 3aJla4u IOIPY2KeHusi B Teopuu lajya Jjis JIOKAJbHBIX TOYHBIX
IPUMHUTUBHBIX IIPEJICTABJIEHNN CBEPXPA3PENIUMBIX TPYII U IEJTOUYNCIEHHBIE
[IPEJICTABJICHUS, BO3HUKAIONINE U3 SJITUITUIECKUX KPUBBIX.

Karouesvie cro6a: Konednble HUJIbIIOTEHTHLIE I'PYIIIIBI, IIeJIbIe O6JIaCTI/I, ,He—
JEKNHI0BBIC KOJIbITa, JJIJIUIITHYICCKNE KPUBLIC.

Bubauoepagus: 27 HANMEHOBAHMIA.
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1. Introduction

Let K be a finite extension of the p-adic field Qp, and let Ok be its ring of
integers. If K is fixed, the number of irreducible pairwise inequivalent representations
of a given finite group group over Oy is finite. In this paper we do not fix K, we
allow K to be extended via adjoining certain roots of 1, we construct an infinite
number of absolutely irreducible pairwise inequivalent representations of a given
p-group over Ok for different K, and we consider the possible realization fields of
these representations.

We construct some infinite series of integral pairwise inequivalent absolutely
irreducible representations of finite p-groups over the rings of integers of number
fields and local fields, and we apply this construction to representations having
the minimal possible degrees. We also prove the extra condition that the matrices of
these representations are contained in the kernel of reduction modulo a prime divisor
of p. By giving a complete combinatoric description of all irreducible representations
of a finite p-group of class 2 we show that a nonabelian p-group possesses infinitely
many absolutely irreducible integral representations which are not equivalent over
the ring of integers.

Remark that the class of groups considered in the first section below can be
extended to classification of absolutely irreducible primitive representations of some
supersolvable groups (see [16]), and this can be applied to the classification of the
primitive representations of the Galois groups of local fields.

2. Notation

We denote C, Q and Qyp the fields of complez, real, rational and rational p-adic
numbers. Z and Zy are the rings of rational and p-adic integers. Ng/p(a) denotes
the norm of a € E in the field extension E/F.

We denote GL,(R) the general linear group over a ring R, SL,(R) denotes the
special linear group.

[E : F| denotes the degree of the field extension E/F.
M, (R) is the full matriz algebra over a ring R.

Finite groups are usually denoted by capital letters G, H, and their elements by
small letters, e.q. g € G, h € H, (a,b...) denotes a group generated by a,b, ...,
Z = Z(G) is the center of G, [a,b] = aba™'b™! denotes the commutator of a,b.

We write (; for a primitive t-root of 1.
Diagonal matrices are denoted by diag(dy, ..., d,), I (and I,,) stands for a unit

(m X m-matriz).

Binomial coefficients are denoted by ( TZ )
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3. The construction

Let us consider a nonabelian group Gy generated by two elements a and b of
order t = p™, a'=b'=1 such that the commutator ¢ = [a,b] # 1 is contained in the
center of Gy, and ¢'=1, t is the minimal positive integer having this property. Let
¢ be a primitive root of 1 of degree t. The following representation of G is faithful
and absolutely irreducible.

0o 1. 0
A=A(a) = N 0 -
1 0 . 0

B = A(b) = diag(1,¢, ..., ¢

Indeed, all matrices of this representation are unitary, and any matrix in G L;(C)
commuting with all matrices of this representation is a scalar matrix; it follows from

[8], p- 8 that A(G)p) is absolutely irreducible.

PROPOSITION 1. (see e.g. theorem (2.32), p. 29 [11]. A p-group has a faithful
wrreducible representation if and only if its center is cyclic.

For the n x n-matrices e;; having precisely one nonzero entry in the position (i, j)
n—7\.
i—7 )
in the case ¢ = j = n we replace the above coefficients with 1. Let us consider n =t
and the following triangular matrices:

equal to 1 we can define a n X n-matrix using the binomial coefficients

n>i>j>1
n—j
C, = E ( i—j > ij
n>i>j>1

Let X = diag(1,z,22,...,2'1), then
_ n—j i—1 iy,
O, XC = Z ( i )xﬂ (1—x) ey,
n>i>j>1

and if we take z = 1, this will imply C~! = (.
If we take x = (, we will obtain:

A'(b) = C1A(b)C = C1BC = Z < n ::; > G 1 =) ey,

2
n>i>j>1
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We can see that all matrix entries below the main diagonal are divisible by powers
of ( —1, and the exponents of the powers are growing proportionally to the distance
from the main diagonal. An elementary computation shows that

-t 1 0 .. 0 0
() 1 1 0 0

A(a) =CTAC = P P
~(C) 0 0 ... 1 1
0 0 0 .. 0 1

Let K be (as earlier in Introduction) a finite extension of the p-adic field Q,.
Let us assume that K contains (. For a positive integer h let us consider a finite
extension Lj C K((r) of degree h over Qp for an appropriate integer r and a
primitive p"-root of 1 (,r; its maximal order Oy, , a prime divisor P of p and its
prime element 7, this prime element may be chosen as (,» — 1 in the case if Lj, is
a cyclotomic field Qp((pr). Let Dy, = diag(1, m,, 72, ..., m 1), then

1-t m» 0 ... 0 O
—(;)ﬂ'}:l 1 m ... 0 0
Ap = Ay(a) = D; ' A(a) Dy, = U U U I
C )= 0 o0 1 m
0O 0 O 1

Bh = Ah(b) = DglA/(b)Dh = Z ( 77; ::; ) Cj_l(l - C)i_jﬁi_ieij.

n>i>j>1

In the field Qp the prime p factorizes as (1 — C)P" "= The entries of the
first column of A’(a) (except the first one) are divisible by p, all of them lower than

— (;m_l (p71)) are even divisible by p?, and ;, divides (1—(), therefore, all subdiagonal

entries of Ap(a) (except the first one) are divisible by W;L_j . The same is true for the
matrix A’(b), and the representations Ay, are integral in Ok, and they are contained
in the kernel of reduction (modmy). Moreover, the matrices Ay (a) = I;(modmy,), but
Ap(a) # Ii(modr?). Thus Ay, and A, are not equivalent over O if h # r. This
gives an explicit construction of an infinite series of pairwise integrally inequivalent
representations over Og. Thus we have the following theorem:

THEOREM 1. Let L denote Qp(Cp), the extension of Qp obtained by adjoining
all roots Cyi,1 = 1,2,3, ... of p-primary orders of 1. Let G be a finite nonabelian two-
generator p-group admitting representations by matrices A(a), A(b) above, and let
Oy, be the ring of integers of L. Then there is an infinite number of integral pairwise
inequivalent absolutely irreducible representations of G over Oy.
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We shall extend the construction of A; from theorem 1 above first to the case
of a nonabelian p-group GGy generated by its center Z and elements a, b with central
nontrivial commutator ¢ = [a,b] = aba"'b~!. Let x be a character of Z such that
x(c) = ¢ # 1 for a primitive root of 1 of some degree ¢t = p™. There is an absolutely
irreducible representation of G; extending y; the central elements z correspond to
scalar matrices x(2)I, and let us denote by C, the kernel of x. Let us denote by C,
the kernel of x. Then we have a representation of the factorgroup G, = G1/C,. Let
Z, C G4 be the preimage of the center of G,; it consists of the elements z € G
such that y(zaz™'a™) = x(zaz™'a™') = 1. It is also clear that o' € Z, and
v e Z,, since x(alaa'a™') = x(zax~l'a™t) = 1,x(a'ba"'b') = x(¢) = 1 and
x (0007t 1) = x(blab~'a') = 1. The same computation shows that powers of a
and b lower than ¢ powers are not contained in Z,. Further, Z, /C, is an abelian
group containing Z/C,, and we can extend the character x of Z/C, to Z, /C,, and
thereby to a linear character of Z,. In the absolutely irreducible representation A
of G such that A(z) = x(2)I, the elements x correspond to scalar matrices x1(z)/
for the extension x; of the character x(z) to Z,.

Denote ¢; = v/x1(a?) and (3 = v/ x1(b?). The matrices Ay (2) = x(2)I, for z € Z,,
together with Ap(a) = QlAh and Ay (b) = (2B, determine a representation of Gy,
and since (3 = (o(modmy,) for sufficiently large n, for large enough distinct n and n’
the integral representations Ay, and Ay are integrally inequivalent.

Now let us consider an arbitrary p-group G of the nilpotency class 2 having the
center Z. For every character x of the center let us denote its kernel by C,. Denote
by Z, C G be the preimage of the center of G/C,. Then Z, is the set of of the
elements x € G such that y(zyz~'y™') =1 for all y € G. Let x; be an extension of
x from Z/C, to Z, /C,. In the absolutely irreducible representation of G' extending
the representation x(z)I, of the center, the elements y € Z, correspond to scalar
matrices x(y)ZI,. Let us assume that the commutator subgroup G’ of G is not 1, and
G # Z,.

Let us define an "inner product"(z,y) = x([z,y]), where z,y € G and [z,y] =
x_ly_lxy

The following lemma is well known in the theory of nilpotent groups and can be
checked by a direct calculation of commutators [z, y].

LEMMA 1. Suppose G is a nilpotent group of nilpotency class is two. Then, for
any element x € G, the map

y = [7,y]

18 an endomorphism of G.

The image of these endomorphism lie in the commutator subgroup G’ of G, hence
in the center of G, so it is abelian. The kernel of this endomorphism contains the
center of the group, more specifically, it is the centralizer of x in G.



328 D. MALININ

PROOF. Consider an element x € (. Since G has nilpotency class two, the

commutator [z,y] = zyz~ly~! is in the center Z of G, and hence it commutes with

any y € G.
Let 41,92 € G. Since [z,ys] € Z, we have
[z, 1w, ya] = [,y gelyr ' = ey~ yr ey yy !

= 21907ty 'y; ' = [, y190]. This completes the proof of lemma 1. O

The above inner product (z,y) = x([z,y]) is multiplicative in both arguments
and antisymmetric, since (z,x) = 1. The value of (x,y) depends only on cosets
containing = and y modulo Z,. Thus we can view (z,y) as being defined on G, =
G/Z,. The product (z,y) is nondegenerate on this group by the definition of Z,.
Now (G, is an abelian p-group. Let a, b, ... be the generators of its cyclic direct factors.
The values of (z,y) are roots of 1 of degrees that are powers of p. They are generated
by the values of the symbol (z,y) on the generators. Therefore, there is a pair of
generators on which the value of the symbol is a root of 1 of the highest possible
degree t = p™. Let a and b be such generators, and let (a,b) = ¢ = v/1. Thus a' = b*
in G,.

LEMMA 2. G, s the direct product of the group H generated by 2 elements
a and b and its orthogonal product H. In particular, the number of generators is
even, and they are divided to pairs a;,b; such that the generators from different pairs
are orthogonal, the orders of a; and b; are equal, and the degrees of the roots (a;, b;)
of 1 are equal.

PROOF. Suppose that z € G,. Then (z,a) = (™ and (z,b) = ¢*2. for some
integers k1, ky. Then we have (z-a=*20% b) = 1, thus z-a *b" € H+ and H-H*+ =
G,. Any element v € H () H"' is orthogonal to both H and H*, and thus to all
G, = H - H* and since the symbol (z,y) is nondegenerate, u = 1. This argument
implies that G, is a direct product of H and H*. We can apply the same argument
to H* and use induction on the number of generators G. Finally we find that G can
be expressed as a direct product of pairwise orthogonal two-generator subgroups.

Let A; and B; be representatives in G of the classes of a; and b; from the
constituents of G/Z,. Then both A% = B} are contained in Z,, and

X(aibiai_lbi_l>(ti = %7

and the values of y on commutators of elements from different pairs are all equal 1.

The representation of G extending the character x; of Z, is also a representation
of an algebra over K (K is ),(¢)) with generators uy, vy, ..., us, v, with multiplica-
tion given by ul’ = x1(AY), v = x1(B), wv; = v;u(y,, and the generators from
different pairs commute. This algebra is a tensor product over K of the algebras
generated by the pairs u;, v;, and representations of these algebras are representations
of groups of type (G; as considered above. These algebras determine symbols K [u, v]
satisfying the properties of Hilbert symbol which can be identified with an element
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of the Brauer group (see [12], theorem A.2.3, p. 142). Note that the degree of the
irreducible representation of each two-generator group (u;,v;) described above is
equal to p'*. Compare section 2 in [10].

LEMMA 3. Let G be a two-generator group (u,v) as above with cyclic center
Z = {(c) of order p™, and the order of (u,v) = d is p'. For p # 2 we can find the
generators u,v of the group G above in such a way that either u? =1 or v*" =1 for

p# 2.

PROOF. We can use our previous remarks and replace the generators in the
following way: if neither of the conditions u”" = 1 or v» = 1 is true, and the order
of u does not exceed the order of v, then we can change v: consider vy = u"v, then

[u,v] = S is in Z, the order of [u,v] is d, and computations of the commutators
ot (ot
show that vy = (urv)pi = wPoptS— 5 1), and vy = 1 for an appropriate choice

of an integer r if p # 2, and we can take the generators u, vy instead of w,v; this
replacement will not change the group (u,v). O

This implies that the number of Ok —inequivalent representations of G is infinite.

The constructed representations are contained in the kernel of reduction modulo
some prime divisor P of p.

Further let us formulate the following propositions based on results. Note that
there are some general results on the classification of two-generator p-groups G of
the nilpotency class 2, see 2], [25], see also earlier papers: [1], theorem 2.6, [14],
theorem 2.5.

PROPOSITION 2. [21] or [22], Satz 6.1, p. 291. Let G be a minimal nonabelian
p-group. Then G = (a,b) and one of the following holds:
(a) AP" = B = CP = 1,[A,B] = C,B} = A;",[A,C] = [B,C] = 1 is not
metacyclic. Furthermore, this group is not metacyclic and in the case p = 2, we
have m > n;m > 2.
Also, |G| = p™t L, G" = (C) and Z(G) = (AP) x (BP) x (C);
(b) G = Qs is the group of quaternions of order 8;
(¢c) G = (A B|A"" = B" = (C? =1,[A, B] = A""") is metacyclic.

PROPOSITION 3. [3]. Let G be a 2-generated finite 2-group and |G'| = 2. Then
G is minimal nonabelian.

Now we can extend theorem 1 to representations (which are not always faithful)
of an arbitrary p-group G. First, let us observe that among the representations of
G there occur the absolutely irreducible representations of the factor-group by the
third term of the lower central series, and this is nilpotent of class 2. We can also
observe that the absolutely irreducible representations of the factor-group by the
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orthogonal complement H+ to any two-generator subgroup H = (u,v) C G are also
the representations of GG. If H is not abelian, any its faithful absolutely irreducible
representation will be an absolutely irreducible representation of G. Using lemma
3, we can start from the representation determined by matrices A and B together
with scalar p* x pF-matrices composing the centre Z = (c) of G:

0 1 0

A/:A(I: ,
(a) 0 0 . 1
1 0 . 0

B' = A(b) = diag(1,¢,..., ¢t

Let the order of Z be p™, and let € be a primitive p™—root of 1. Let wt =1,
o =l (= epm_k, 0 = ¢’ Then the representation Ay, of H determined by

u— A, v— 0B = B, ¢c —» el'’ = C is absolutely irreducible and faithful. As
earlier, we can obtain the integral representation by matrices congruent to the unit
matrix I (mod P):

1=t 7 0 ... 0 0
~()mt 1 m, 0 0

Ap = Ap(a) = D'CTTA'CD, = R T
C )t 0 o0 1 m
0 0 0 0 1

By =Au(b) = D,'CT'BCD, = ) | ( ’?:; ) CH1 = Q) I ey

1
n>i>j>1

In the case p = 2 we can consider a character y of Z C G = (u,v) as earlier,
and for the subgroup ([u,v]) = C' C Z generated by the commutator ¢ = [u,v].
Let x(¢) = v # 1 be an element of of order 2%; then and for y* ' the image of
the commutator subgroup G’ C G is a group of order 2, the image X2171(G) is
nonabelian, we can apply Propositions 2 and 3 together with examples 1) - 3) for
constructing an infinite series of pairwise inequivalent representations of G of the
minimal degree. Alternatively, we can use our construction from theorem 1.

Thus we have the following

THEOREM 2. Let L denote Qp(Cp=), the extension of Qp obtained by adjoining
all roots Cpi,t = 1,2,3, ... of p-primary orders of 1. Let us fix the degree t of matriz
representations. Let G be any finite nonabelian p-group, and let O be the ring of
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integers of L. Then there is an infinite number of integral pairwise inequivalent
absolutely irreducible representations of finite groups G in GL,(Op).

The constructed representations are contained in the kernel of reduction
I; (mod P) modulo some prime divisor P of p.

Remark. Our construction applied to two-generator nonabelian subgroups gives
the representations of G having minimal possible degrees.

The results above preceding theorem 2 (in particular, lemma 2) can be reformula-
ted for some supersolvable groups and used for classification of absolutely irreducible
primitive representations of the absolute Galois groups of local fields, see (see [16],
theorem 2.2), see also [26], [27] and [23].

4. Some related topics and applications

PROPOSITION 4. Let G be a finite group, H — its normal p-subgroup, let G/H
be supersolvable, p : G — GL,(C) — a faithful primitive representation. Then:

e n = pl. The center Z = Z(H) is cyclic of order p*, and for ¢ € Z of order
p there are elements uy, vy, ..., uq, vqg which together with Z generate H and
satisfy the generating relations: [u;,uj] = [vi,v;] = 1, [w;, v;] = %9, where 6, ;
is the Kronecker’s delta, (i,j = 1,...,d), and the generators from different
pairs commaute.

e There are 2 possibilities:
1) uP =vP =1 forp#2
2) uP = vP = ¢ (quaternion type), or u? = vP = 1 (dihedral type) for p = 2.

e H/Z is p-elementary abelian of order p*

o H has (p— 1)p* ! inequivalent faithful absolutely irreducible representations

This result is closely related to the embedding problem with a nonabelian kernel
for local fields which has been studied in [12| and [10].
Let
l1-B—-G5F—1

be an exact sequence of p-groups, K/k be a Galois extension of a local field with
the Galois group F', and p > 2 be the characteristic of the residue field Qp of k. The
embedding problem consists in constructing an extension L of K having the Galois
group G over k, such that the automorphisms g € GG, being restricted on K, coincide
with ¢(g). The associated abelian problem is a similar problem for the sequence

1-B/B—-G/B - F—1
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where B’ is the commutator subgroup of B; the solution of the abelian embedding
problem is well known. Let F be the Demushkin group of k, that is, the Galois group
of the maximal p-extension of k. The number d(F) of generators of the group F is
equal to [k: Qp]+ 2. Let d(F') be the number of generators of F. In [10] the authors
prove that if d(F) > d(F) + 3 then the embedding problem is equivalent to the
associated abelian problem. In the proof they used the generalized Hilbert symbol
and orthogonality of elements of k*/k* for an option of a basis k*/k*? and abelian
radical extensions of k and for the fulfillment of the Faddeev-Hasse compatibility

conditions. In our argument above we used similar techniques.

In his recent publication [24] J.-P. Serre emphasized remarkable connections
between integral irreducible representations of the group of quaternions and genus
theory of Gauss and Hilbert, and the theory of Hilbert’s symbol. This was also
considered in our recent paper [17] as an application to the description of globally
irreducible representations over arithmetic rings which was earlier introduced by F.
Van Oystaeyen and A. E. Zalesskii, see [20].

Let p : G — GL,(K) be a linear representation of a finite group G over a
number field K. Is it possible to realize p over O, the ring of integers of K, i. e. is
p conjugate to a homomorphism of G into GL,(Ok) ?

Another approach to generalization of integral representations of finite groups
was proposed by D. K. Faddeev in [8] (see also [9]) where a generalization of the
theory of Steinitz and Chevalley has been suggested.

Remark that in the paper by Serre [24] only imaginary quadratic fields /Q(—d),
d > 0, were considered as realization fields for representations of the group G of
quaternions.

It would be interesting to find the conditions for realizations of G C G Ly(Ok) for
any algebraic number field. The necessary condition is that K should be a splitting
field of GG, or in the terms of Hilbert symbol,

()

PROPOSITION 5. (1) An algebraic number field K is a splitting field for group
G of quaternions if and only if K is totally imaginary and for all localizations
K, for all prime divisors v of 2 the local degree [K, : Q2| is even.

(2) If (1) is true, then [K : Q] is even.
(3) If (1) is true and K/Q is abelian, then K has a quadratic subfield Q(v/d).

PROOF. By Hasse-Brauer-Noether theorem, K is a splitting field for (G)q = QG,
Q-span of G, if and only if K, is a splitting field for (G>Qp = QpG locally for all
prime divisors v of p. Since the quaternion algebra has invariants 1/2 at 2 and oo
in the Brauer group, and 0 at all other primes p, K is a splitting field for G if and
only if K is totally imaginary and for all localizations K, for all prime divisors v of
2 the local degree [K, : Q] is even [6], Satz 2, ch. VII, sect. 5.
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Since [K : Q] is the sum of [K, : Qz], it must be even, and this implies (2).

If K/Q is abelian, its degree is even, and its Galois group has a subgroup of
index 2, therefore, the fixed subfield of this subgroup is a quadratic extension of Q.

This completes the proof of Proposition 5. O

Let us consider two examples.

1) We can use our construction in the case of the generalized quaternion group
G generated by Ay, and By, A = 1,[A,, By] = ByAyB, 'At = A2 B2 = A"
we can use the following construction of an infinite series of pairwise integrally
inequivalent over Ok representations in G'Ly(Of):

Ap = Ap(b) = ( CS WZ- ),

where ( is a primitive 2m-root of 1,

1 —gﬂhC
Bu=Ana)=| oy T

Cmp

2) For the following finite extension K/Q, of local fields obtained via adjoining
torsion points of elliptic curves, let Ok be the ring of integers of K with the maximal
ideal P. Consider an elliptic curve E over Z, with supersingular good reduction (see
[24], sect. 1.11). Let K/Qp be the field extension obtained by adjoining p-torsion
points of F, then the formal group associated to E has height 2, its Hopf algebra
O, is a free module of rank p? over Z,, and for the kernel E, of multiplication by
p |E,| = p* (see [5], 1.3 and sect. 2). Note that for some E the ramification index
e=e(K/Qp) =p?—1 (|24], p. 275, Proposition 12).

We can consider the group G of p-torsion points as Zp-algebra homomorphisms
from the Hopf algebra O4 to the Zy-algebra Ok, then
G = Homgz, (04, Ok), and the algebra O, is isomorphic to Zp[X]/(c1X + c2X? +
..+ XP*) see [5], sect.2 and [15]. So there is a representation v : G — GLy2(Ok),
and since FE is supersingular, the image of v is contained in the kernel of reduction
modulo P.

5. Conclusion

There are many classical results related to the description of integral representa-
tions of finite groups over Dedekind rings R, especially for the rings of integers Z or
p-adic integers Z, and maximal orders of local fields or fields of algebraic numbers.
Some of them given by P. M. Gudivok, A. V. Roiter, A. V. Yakovlev, W. Plesken
go back to the classification of irreducible and indecomposable representations that
can give an explicit description only for certain classes of groups and rings R. There
are classification results for finite, wild and tame representation types, including the
classification of arbitrary commutative R-rings having finitely many non-isomorphic
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indecomposable integral representations. For an explicit description it is important
to find matrix realizations of the representations, and one of possible approaches is
to describe maximal finite subgroups of GL,,(R) over Dedekind rings R for a fixed
positive integer n. The basic idea underlying a geometric approach was given in
Ryshkov’s papers on the computation of the finite subgroups of G L, (Z) and further
papers by W. Plesken and M. Pohst. However, it was not clear, what happens under
the extension of the Dedekind rings R in general, and in what way the representations
of arbitrary p-groups, supersolvable groups or groups of a given nilpotency class can
be approached. In this paper the above classes of groups are treated, in particular,
it is proven that for a fixed n and any given nonabelian p-group G there is an
infinite number of pairwise non-isomorphic absolutely irreducible representations
of GG. The series of these representations is constructed explicitly. We study group
representations with extra properties of congruences, and we give some links to
representations arising from elliptic curves. The integral representations in question
are very sensitive to changing the ground ring and the ramification index. Besides,
the group of units of the Dedekind rings R, especially its torsion subgroup, plays an
important role.

There are some applications to the embedding problem in Galois theory, globally
irreducible representations and Schur rings which are discussed in proposition 4
and section 2 of the paper. Throughout the paper we give examples of particular
representations. There are some more applications, which can be considered for
the group representations with extra properties of congruences in our construction,
arising from the class of Galois stable subgroups of GL, (R) and considered earlier
in [18]. Besides a score of generalizations, finite groups that are stable under Galois
action have some interaction with seemingly unrelated results in the theory of
definite quadratic forms and Galois cohomologies of certain arithmetic groups.

Acknowledgement: The author is grateful to the referees for many useful remarks
and suggestions which improved the paper essentially.
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