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1. Introduction

The theory of projective representations involves understanding homomorphisms from a group into the
projective linear groups. Schur [21-23] extensively studied it. These representations appear naturally in
the study of ordinary representations of groups and are known to have many applications in other areas
of Physics and Mathematics. We refer the reader to Section 3 for precise definitions and related results
regarding projective representations of a group. By definition, every ordinary representation of a group is
projective, but the converse is not true. Therefore, understanding the projective representations is usually
more intricate. Recall, the Schur multiplier of a group G is the second cohomology group H?(G,C>),
where C* is a trivial G-module. The Schur multiplier of a group plays an important role in understanding
its projective representations. By definition, every projective representation p of G is associated with a
2-cocycle o : G x G — C* such that p(z)p(y) = a(z,y)p(zy) for all x,y € G. In this case, we say, p is
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an a-representation. Conversely, for every 2-cocycle « of G, there exists an a-representation of GG, namely
C*(G) the twisted group algebra of G. So, the first step towards understanding the projective representations
is to describe the 2-cocycles of G up to cohomologous, i.e., to understand the Schur multiplier of G. The
second step involves constructing a-representations of G for all [a] € H*(G,C*), where [a] denotes the
cohomology class of a.

The complex ordinary representations of finite abelian groups are easy to understand. For example, all
irreducibles are one dimensional. But this is not true for their projective representations. This problem
has been studied by many authors, most notably by Morris, Saeed-ul-Islam, and Thomas in [14], [15]. All
irreducible a-representations of (Z/nZ)* for some special a have been described in [14]. This work was
generalized to all finite abelian groups for some special class of cocycles in [15]. Their results are outlined
in [10, Chapter 3] and [11, Chapter 8]. Later, Higgs [4] constructed an irreducible a-representation of
elementary abelian p-groups (Z/pZ)*, for every a. Also, he counted the number of [a] € H2((Z/pZ)*,C*)
such that irreducible a-representations of (Z/pZ)* continue to be irreducible when restricted to a subgroup
of index < p?. The corresponding results for (Z/p"Z)* with r > 1 are not yet known. The projective
representations of dihedral groups are also well known in the literature; see [10, Theorem 7.3]. Schur [23]
studied the projective representations of the symmetric groups S,,. He proved that the Schur multiplier of S,
for,n > 4,1is Z /27 and described the representation group of Sy, see [16,24] for more details. Nazarov [18,19]
explicitly constructed the projective representations of \S,, by providing suitable orthogonal matrices for each
generator of the symmetric group.

In this article, our goal is to describe the Schur multiplier and the projective representations of the discrete
Heisenberg groups and their t-variants. The ¢-variants of the Heisenberg groups, denoted by Hj, ,,(R), are
defined as follows. Let R be a commutative ring with identity and ¢t € R. Define the group Hj, (R) by
the set R"T! @ R™ with multiplication given by,

! / / / / / !
(a,b1,...,bp,c1y. .o cn)(d by, 0. b0 b, . )

= (a+a'+t(2?:1b’ici),bl +b,. by b e+, e+ ).

For t = 1, we recover the classical Heisenberg group and throughout we denote Hj, |(R) by Hayq1(R).
Except Theorem 1.3, which is true for general commutative rings R with identity, the ring R will be Z/rZ
for r € NU{0}. It follows from [10, Corollary 5.1.3] that the projective representations of Hi, (Z/rZ) are

me

obtained from those of H§n+1(Z/p;”iZ), where r = p{"'py™ - - - p,'* is the prime decomposition of r. Hence,
for r € N, we can further assume that ¢|r.

Our first result describes the Schur multiplier of H3, ,,(R) for R = Z/rZ. The description of the Schur
multiplier of H%, ,,(R) for n > 1 differs from the case n = 1. For n = 1, we further assume that either r = 0

or r is an odd natural number.
Theorem 1.1.

(i) Forn >1,

H*(Hy, 11 (Z/rZ),C*) =

2

(Z)rZ)?—n=1 x (ZJtZ)**, ifr € N,
(Cx)2n*=n=1 y (Z /tZ)*", if r=0.

(i) Forr € (2N 4+ 1)U {0},

HQ(Hgt,(Z/TZ),(CX) _ {(Z/TZ)2 X Z/tZ, ifre (2N +1),

(C*)2, if r = 0.



S. Hatui, P. Singla / Journal of Pure and Applied Algebra 225 (2021) 106742 3

The Schur multiplier of H3(Z/rZ) was obtained in [8, Theorem 1.1]. A proof of the above result is
included in Section 2.

Our next aim is to describe the projective representations of H3,  ,(Z/rZ). Throughout this article, we
consider these groups as discrete (abstract) groups and therefore the obtained projective representations
may not be unitary or even continuous. It is well known that the projective representations of a group G are
obtained from the ordinary representations of its representation group; see Corollary 3.3. Our next result
describes a representation group of H(Z/rZ). For r € N U {0}, define a group ﬁ(r, t) by

H(r,t) = (z,y,2 | [z,y) = 2%, [1,2] = 21, [y, 2] = z0,2" = y" = 2" = 1).

1

Throughout the article, [x,y] = zyz~'y~! and the relations of the form [z,y] = 1 for generators x and y

are omitted in the presentation of a group.
Theorem 1.2. For r € (2N + 1)U {0} and t | r, the group H(r,t) is a representation group of HYZ/rZ).

See Section 3 for the proof of this result. A construction of all finite-dimensional irreducible ordinary
representations of H (r,t) is included in Section 4. Our next result focuses on the projective representations
of H}, ., (R) for n > 1. Recall that the group H, (R) projects onto the abelian group R*" & R/tR (see
(2.0.2)). The following result is true for general commutative rings R with identity.

Theorem 1.3. For n > 1, every irreducible projective representation of HS, | (R) is obtained from an irre-
ducible projective representation of the abelian group R®*" & R/tR via inflation.

We obtain its proof from a general result regarding the central product of groups; see Corollary 3.4 and
Section 3.1. From the above result, the question of determining the projective representations of H3, ,,(R)
for n > 1 boils down to understanding the projective representations of abelian groups R?*" @& R/tR. As
mentioned earlier, this result is not yet well understood. Next, for R = Z/rZ and n € N, we describe the
representation group of R" @ R/tR. Define the group F,(r,t) as follows.

Fn(rt) =(zp 25 | 1<k <n+1,1<i<j<n+1, [z, =252 =2 =1).
Theorem 1.4. For r € NU{0} and t | r, the group F,(r,t) is a representation group of (Z/rZ)" ® Z/t7Z.

A proof of this result is included in Section 3. See Section 4, for a construction of all finite-dimensional
ordinary irreducible representations of F, (r,t). We also obtain results regarding the projective representa-
tions of extra-special groups. Recall that a p-group G is called an extra-special group if its center Z(G)
is cyclic of order p and the quotient G/Z(G) is a non-trivial elementary abelian p-group. It is well known

2n+1

that for each n > 1, there are two extra-special p groups of order p up to isomorphism with exponents

either p or p?. We denote the isomorphism classes of extra special groups of order p?"+!

with exponent p
and p? by ESo,11(p) and ESa,11(p?) respectively. From definition, the groups ESa,1(p) are isomorphic
to Hony1(Z/pZ). Above, we have already stated the results regarding the projective representations for

Hs,11(Z/pZ). Combining this with our next result, we complete the picture for extra-special p-groups.
Corollary 1.5.
(i) Every projective representation of ESs(p?) is equivalent to an ordinary representation.

(ii) For n > 1, every irreducible projective representation of ESa,y1(p?) is obtained from an drreducible
projective representation of (7 /pZ)*™ via inflation.
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Above, (i) follows because the Schur multiplier of ES5(p?) is trivial; see [9, Theorem 3.3.6]. For the proof
of (ii), see Section 3.1.

2. Schur multiplier of HZ, ,,(Z/rZ),r € N U {0}

In this section, we prove Theorem 1.1. Throughout this article, we use x¥ to denote the conjugation
yry 1. The commutator subgroup and center of a group G are denoted by G’ and Z(G), respectively.

Recall, for a group G and i € N, H{(G,C*) = Z{(G,C*)/B{G,C*), where Z(G,C*) and B*(G,C*)
consists of cocycles and coboundaries of G respectively. We shall call elements of Z2(G, C*) as 2-cocycles
(or sometimes just cocycles when it is clear from the context) and elements of H?(G, C*) the cohomology
classes. For an element o € Z?(G, C*), the corresponding element of H2(G, C*) will be denoted by [a]. For
2-cocycles a, f € Z2(G,C*) we say « is cohomologous to 3, whenever [a] = [3].

A central extension,

1-A-G—-G/A—1 (2.0.1)

is called a stem extension, if A C Z(G) N G’. For a given stem extension (2.0.1), the Hochschild-Serre
spectral sequence [5, Theorem 2, p. 129] for cohomology of groups yields the following exact sequence.

1 — Hom(A4,C*) 22 H2(G/A,C*) 25 HY(G, C%),
where tra : Hom(4, C*) — H2(G/A,C*) given by f ~ [tra(f)], where
tra(f)(z,7) = f(u@)p@)u(@y) ), 7.5 € G/A,
for a section p : G/A — @G, denotes the transgression homomorphism and the inflation homomorphism,

inf : H2(G/A,C*) — H2(G,C*) is given by [a] — [inf(a)], where inf(a)(x,y) = a(zrA,yA). For groups
H, . 1 (R), we have the following stem extension,

15tRL HL L (R) % R/tRO R™ > 1, (2.0.2)
given by
fr)— (tr,0,0,---,0)
—_——
2n-times
g(a,by,... . by, c1,...,¢n) = (@amod (tR), b1, ..., by, C1,. .. Cn).
Let a € Z%(G1 x Ga,C*). Recall that
H2(Gy x Gy, C*) =Y H2(G1,C*) x H3(Go,C*) x Hom(G1 /G| @ G3/GY,C*) (2.0.3)
is an isomorphism defined by
0([a]) = (resgr*“*([a]), resgl 2 ([a]), v),
where v : H*(G,C*) — Hom(H®K, C*) is a homomorphism given by v([a])(§1®§2) = a(g1, 92)a(g2, 1) 71,
for g1 = g1GY and go = g2G%. We will use this result without explicitly referring to it.

Now, we recall the definition of the central product of groups. A group G is called a central product of
its two normal subgroups H and K amalgamating A if G = HK with A= HN K and [H, K] =1.
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Theorem 2.1. (/3, Theorem A and Theorem 3.6]) Let G be a central product of two normal subgroups H and
K amalgamating A= HNK. Set Z=H' NK'.

(i) Then the inflation map inf : H*(G/Z,C*) — H?(G, C*) is surjective and
H*(G,C*) = H*(G/Z,C*)/N,
where N =2 Hom(Z,C*).
(i) The subgroup Hom(Z,C*) embeds in H2(H/A,C*)/L ® H2(K/A,C*)/M wvia tra : Hom(Z,C*) —
H2(G/Z,C*), where L = Hom ((ANH')/Z,C*), M = Hom((ANK')/Z,C*).
Lemma 2.2. Let r € N U {0} and t divides r.

k(k—1)

(i) HX(ZtZ & (Z/rZ)k,C*) 2 (Z/tZ)* & (Z/rZ)~ = . Further, any o € Z*(ZJtZ ® (Z/rZ)*,C*) with
k > 2 satisfies [a] = [v] for v € ZXZJtZ © (Z/rZ)*,C>) such that

_ nim;
V((ml,mg,...,mk,mk+1),(nl,ng,...,nk,nk+1)) = H Hig s
1<i<j<k+1

for some p; j € C* satisfying pi ; =1 for2<i<j<k+1 and l‘ﬁ,z =1for2<I<k+1.
(ii) Anya € Z2(HLY(Z/rZ),C*) satisfies [a] = o] foro € Z2(HL(Z/rZ),C*) such that for x = (m1,n1,p1)
and y = (ma,n2,p2) we have,

\(mazp1+tns pilp -l )u(nlmQle 22(n2= D L ipining) r=0
o(x,y) = (p1—1) (np—1) ’ ,
I pP1(p1— na2(na—
A(mapi+tng 3 )M(n1m2+tp1 5 —0—t1>1nmz)(;(;vmz)7 reN,

for some A\, 1,8 € C* such that \" = u" = 6* = 1.

Proof. (i) Schur multiplier of finitely generated abelian groups follows from (2.0.3). We use [13, Theorem
9.4] for the cocycle description. We obtain that every cocycle of Z /tZ & Z /rZ is cohomologous to a cocycle
of the form

a((m1,m2), ((n1,n2)) = o1(m1,n1)oz(mz, n2)g(ni, mz),

where 01 € H?(Z /tZ,C*),00 € H*(Z/rZ,C*) and g : Z/tZ & Z/rZ — C* is a map such that g(ni, ma) =
g(1,1)mm™m2 = p}y"*. The general result follows using induction argument on k.

(ii) The proof of this result goes along the same lines as Packer [20, Proposition 1.1]. Following the cited
proof, we obtain that every o € Z2(HE(Z/rZ),C*) is cohomologous to a cocycle of the form

B((m1,n1,p1), (M2, n2,p2)) =

Pl(P21*1))

)\(m2171+t712 M(n1m2+tp1 %4‘@1”1”2)5(?1”2)7

for some A, p,§ € C* such that A" = u” = §" = 1 First assume that r = 0. Choose some §; € C* such that
d% = 6. Now, define a function b : H;(Z) — C* by b(m,n,p) = §7*. Then

b(my,n1,p1) " b(ma, ng, p2) ~tb(my + ma + tpina, ny + na, py + po) = 612

is a coboundary. Hence, every cocycle a € Z?(H%(Z),C*) is cohomologous to a cocycle of the form
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— \M2p1tine pl(’g —1) M"1m2+t;01 %-&-t;mnnm
b

U((m17 T'L]_,p]_), (m27 n2ap2))

for some A, u € C*.
Now, assume 7 € N. If we define a map b: H{(Z/rZ) — C* by b(mq,n1,p1) = 6™, then we have

b(ma,n1,p1) " tb(ma, na, p2) " tb(ma + ma + tpina, n1 + N2, p1 + pa) = 612,

which says that 6712 is cohomologous to a trivial cocycle. Then every cocycle o € Z2(HL(Z/rZ),C*) is
cohomologous to a cocycle of the form

tn, P1(P1=1 tpg n2(na=1) L,
J((mhnl’pl% (mg,n27p2)) — )\mzp1+ n2 > Mmmz-&- P1 5 + plmnz(gplnz’

for some A\, p,6 € C* such that N =pu" =6 =1. O

Corollary 2.3. Let r > 1 and p is a primitive r-th root of unity. Then o € Z*(Z/rZ & 7./rZ) defined by

’
nm

oz((m,n), (ml7n/)) =p )

corresponds to a non-trivial element of H2(Z /rZ & Z./rZ,C*).
2.1. Proof of Theorem 1.1

Proof. (i) Schur multiplier of HY, ,,(Z/rZ) for n > 1: Let G = H}, ,(Z/rZ),r € NU{0} and n > 1. Then
the group G is a central product of Ky = HY, |(Z/rZ) and Ky = HL(Z/rZ) amalgamating at A = Z(G).
Consider Z = K|NK} which is isomorphic to tZ/rZ. Here G/Z = A)Z&(K1JAG K, JA) = 7/t 7.&(Z /rZ)*".
By Theorem 2.1, it follows that the homomorphism inf of the following exact sequence is surjective.

1 — Hom(Z,C*) 22 H2(G/Z,C*) 25 H2(G, CX).
Also, Hom(tZ/rZ,C*) embeds in H?(K;/A,C*) & H?(K3/A, C*) via tra homomorphism. Hence,

H2(G, CX) = HUQALA ISIACT) o Hom((Z/rZ)*~*,C¥) x (Z/tZ)*"

I

om((Z/rZ 2"275"+4,(CX n— n
H ggogq(tg/rzycx) ) x Hom((Z /rZ)*"=4,C*) x (Z /tZ)?

1

Hom((Z/rZ 2”27”,(:)( n
H(LgmétZ/)rZ,(CX) L (z ez, (2.1.1)
Here the map inf : H*(G/Z,C*) — H?(G,C*) is surjective, so every cocycle of Z2(H},  ((Z/rZ),C*)

is cohomologous to a cocycle of the form

2n
oo ’
ﬂ((llvml""m2n)7(ll17m/1a'"mIQn)) = H Miyjmimj H/ikll"lka
1<i<j<2n k=1

for some yi; j, pur, € C* and pf, =1 for 1 < k < 2n, follows from Lemma 2.2(3).

If r =0, then p;; € C* and pf = 1for1 < i < j < 2n, 1 <k < 2n. Let § € C* and
define a map b : Hi, ,(Z) — C* such that b(ly,m1,...ma,) = (61/1)1. By using the map b, we ob-
tain that §(Zi<i<n mimnti) g cohomologous to a trivial cocycle. Therefore, up to cohomologous we can
choose (pin+ti)i<i<n € (C*)"/{(6,6,8,---,8) | € C*) which is isomorphic to (C*)"~1. As by (2.1.1),

2

(C*)2n" ==L x (Z/tZ)*" embeds in H?(HS,  (Z),C*), hence
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12

H?(H},,41(2),C) 2 (C) " x (Z/12)™"

If r € N, then u{)j = 1forl < i < j < 2n and u}; = 1for 1 < k < 2n. We observe that
2 Eacicn MiMnti) g cohomologous to a trivial cocycle, by using the map b : HS,  (Z/rZ) — C* such
that b(ly,my,...ma,) = xlt, for € C*, 2" = 1. So, up to cohomologous, we can choose (Hinti)1<i<n €
(Z)rz)"){(2t, 2t 2t 2t) |2 € Z)rZ) = (Z/rZ)"~1 x Z/tZ. Therefore, by (2.1.1),

H2(HY, 1 (Z/rZ),C*) 2 (Z/rZ)> " x (Z/tZ)>" ).

(ii) Schur multiplier of H{(Z/rZ): The group G = H%(Z/rZ) is the semi direct product of normal subgroup
N ={((m,n)) 2 Z/rZ & Z/rZ and a subgroup T = (p) = Z/rZ, where the action of T on N is defined by
p.(m,n) = (m+tpn,n). Here T act on Hom(N,C*) by (z.f)(n) = f(z.n) for f € Hom(N,C*),n € N,z €
T. Then

ZY(T,Hom(N,C*))
BY(T,Hom(N,Cx))’

HY(T, Hom(N,C*)) =
where
ZH(T,Hom(N,C*)) = {f : T — Hom(N,C*) | f(zy) = (z.f(y))f(x)Vx,y € T}

and B(T,Hom(N,C*)) consists of f € Z'(T,Hom(N, C*)) such that there exists g € Hom(N, C*) satis-
fying f(z) = (x.g)g~! for all x € T.

Given a € Z2(N,C*), let o® € Z%(N,C*) be defined by a®(n,n’) = a(x.n,z.n’) forz € T and n,n’ € N.
Let H2(N,C*)T denote the T-stable subgroup of H2(N,C*), i.e.,

H*(N,C*)" = {[o] e H*(N,C¥) | [a"] = [a] ¥ 2 € T}
We have the following exact sequence.
1 — HY(T, Hom(N, C*)) % HX(G, C*) 2% H2(N, C*)7,

which follows from [9, Theorem 2.2.5] and [12, Corollary 2.5] for the finite and infinite discrete cases respec-
tively. Here the map 1 is defined by

Y([x])((m1,n1,p1), (M2, n2,p2)) = x(p1)(M2,N2),

for x € HY(T,Hom(N, C*)). Since, by Corollary 2.3, every cocycle a € Z?(N,C*) is cohomologous to a
cocycle of the form a((mq,n1), (ma,n2)) = ™2, so for p € T, we have

a((my,n1), (m2,n2)) = a((my + tpny,ny), (Mg + tpng, ng)) = prm2Hrmn:
Then [o?] = [a] as
aa? " ((m1,n1), (M2, na)) = b(ma,n1)b(ma, na)b(my + ma, ny +na) ™",
where b: N — C* defined by b(m, n) = u'*"*/2 (as r is odd). Hence,
H?(N,C*)T = H?(N,C>).

Now, we define a map ¢ : H2(N,C*) — H3(G, C*) given by [a] = [¢[a]], where
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nima+tp1 % +tpining

#([a])((m1,n1,p1), (M2, n2,p2)) = 1

Then the composition map reso ¢ : H2(N,C*) — H?(N,C*) becomes the identity homomorphism. Hence,
¢ is injective and res is surjective map.
Thus we have

H?(HY(Z/rZ),C*) = H (T,Hom(N,C*)) x H(N,C*). (2.1.2)
Now onwards, we consider the cases r = 0 and r € N separately.
Case 1: r = 0. We follow the proof of [12, Theorem 2.11]. We show that
HY(T,Hom(N,C*)) = C*.

Define a map 7 : ZY(T,Hom(N,C*)) — (C*)? by 7(x) = (x(1)(1,0),x(1)(0,1)). Then 7 is injec-
p(p—1)

tive. For ¢1,ca € C*, define x(p)(m,n) = cgmp+tn 2 )cgn. By [12, Lemma 2.7], it follows that
X € ZYT,Hom(N,C*)) and 7(x) = (c1,ca). So, 7 is surjective. Hence, via the isomorphism 7, we have

ZY(T,Hom(N,C*)) = (C*)2.
Here BY(T,Hom(N,C*)) is the set of all f: T — Hom(N, C*) satisfying the following,
f(p)(m,n) = g(m + tpn,n)g(m,n)"* for g € Hom(N,C*),m,n € N,p € T.
Observe that 7(f) = (1,9((1,0)")) and hence, 7(B*(T, Hom(N,C*))) = C*. Thus it follows that
HY(T,Hom(N,C*)) = C*.

Hence, by (2.1.2),

Case 2: r € N. For this case, our claim is
HY(T,Hom(N,C*)) =2 Z /7 ® Z/tZ.

Let ¢ be a primitive r-th root of unity and Hom(N,C*) = (¢1, ¢2) where ¢ : N — C* is defined by
$1(1,0) = ¢, ¢1(0,1) = 1 and ¢2(1,0) = 1,¢2(0,1) = ¢. Now, T acting on Hom(N,C*) by P¢;(1,0) =
¢1(1,0) and P, (0,1) = ¢y (tp,1) = ¢Pt. So, Po1 = ¢1¢h'. Similarly it is easy to see that Pgy = ¢o. Now,
define a map Norm : Hom(N,C*) — Hom(N,C*) by

Norm(¢) = H Pg.

peT

Consider another map h : Hom(N,C*) — Hom(N,C*) defined by h(¢) = P¢p~!, where p is a generator
of T. It is a well known result that H* (7, Hom(N, C*) & % (see step 3 in the proof of Theorem 5.4
of [6]). Since r is odd, it is easy to check that Norm(¢1) = 1 and Norm(¢z) = 1. Therefore, ker(Norm) =

(¢1,$2) and image of h is < ¢4 >. Therefore, H (T, Hom(N,C*) = Z /rZ @& Z /tZ. Thus by (2.1.2),

H2(HY(Z /rZ),C*) = (Z/rZ)? x ZJtZ. O
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3. Projective representations of HS _ , (R)

In this section, we first recall some basic definitions and results regarding projective representations of a
group and then prove Theorems 1.2, 1.3, and 1.4.

Let V be a complex vector space. A projective representation of a group G is a homomorphism of G into
the projective general linear group, PGL(V) = GL(V)/Z(V'). Equivalently, a projective representation is a

map p : G — GL(V) such that

p(x)p(y) = oz, y)p(zy), Vz,y € G,

for suitable scalars a(z,y) € C*. By the associativity of GL(V'), the map (z,y) — a(z,y) gives a 2-cocycle
of G, i.e., an element of Z2(G,C*). We denote this cocycle by « itself and say p is an a-representation.
Two projective representations p; : G — GL(V) and ps : G — GL(W) are called projectively equivalent if
there is an invertible T € Hom(V, W) and a map b : G — C* such that

b(9)Tp1(g)T " =p2(g) Vg €G.

Equivalent projective representations are said to have equivalent 2-cocycles. Thus two cocycles a, o’ : G x
G — C* are equivalent if there exists a map b: G — C* such that a(z,y) = %a’(m, y) forallz,y € G.
In terms of Schur multiplier, this means that the representations p and p’ are equivalent implies that their
cocycles o and o/ are cohomologous, i.e., [a] = [o/] in H2(G,C*). It is to be noted that to determine all
projective representations of G up to equivalence, it is enough to determine projectively inequivalent a-
representations of G for a set of all 2-cocycle representatives of elements of H2(G, C*). We further note that
two projectively equivalent a-representations (p1, V) and (pa, W) are called linearly inequivalent if b(g) = 1
for all ¢ € G. Any a-representation p of G such that a is cohomologous to trivial 2-cocycle, will be called
equivalent to an ordinary representation of G.

The set of all inequivalent irreducible ordinary representations of a group G will be denoted by Irr(G).
Let Irr®(G) be the set of complex linearly inequivalent irreducible representations of G corresponding to a
2-cocycle a. We can further assume that « is normalized cocycle, i.e., a € Z2(G, C*) satisfies

a(g, 1) =a(l,g) =1, VgeG. (3.0.1)

Throughout this section, we assume that the cocycle representative of [o] with which we work, satisfies
(3.0.1). Next, we recall the definition of a representation group (also called a covering group) of a group G
from [21, Page 23].

Definition 3.1 (Representation group of G). A group G* is called a representation group of G, if there is a
central extension

124G —-G—1
such that corresponding transgression map
tra : Hom(A,C*) — H*(G,C*)
is an isomorphism.

In [21], Schur proved that the representation group of a finite group always exists. For infinite groups, the
parallel result is also known; see [2] for related results. The next result relates the projective representations
of a group G and its certain quotient group.
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Theorem 3.2. Let A be a subgroup of a finitely generated group G such that A C G' N Z(G ) and, [a] €
H%(G,C*) be in the image of inf : H*(G/A,C*) — H?(G,C*). Then Usis1enz(c/a,c ) int((8]) = (o]} Irt? (G/A)
and Irr®(G) are in bijective correspondence via inflation.

Proof. We have the following exact sequence
1 — Hom(A4,C*) 23 H2(G/A,C*) 25 H2(G, C).

Fix a [3] € H2(G/A,C*) such that inf([3]) = [a]. Due to the exactness of the above sequence, the set
Uyettom(a,cx)[Bltra(x) consists of all distinct elements of H%(G/A,C*) that map to [a] via inf.

Let p : G — GL(V) be an irreducible a-representation of G. Then there exists a representative of [f],
denoted by g itself, such that a(g,h) = B(gA, hA) for all g,h € G. Therefore, for all a € A and g € G, we
have a(g,a) = a(a,g) = 1. Hence,

p(g)pla) = p(a)p(g), Va € A, g € G.

Since every irreducible representation in our case is countable dimensional, by Schur’s lemma (due to Dixmier
for countable dimensional complex representations), for all a € A, p(a) is a scalar multiple of identity. Further
afa,a’) =1 for all a,a’ € A, so p|a is a homomorphism on A. Let u : G/A — G be a section of G/A in
G such that gA = p(gA)A for all g € G. Every element g € G can be written uniquely g = agu(gA) for
some a, € A. Note that tra(p|a)(g4,hA) = p(u(gA)u(hA)u(ghA)~1). Now, define g : G/A — GL(V) by

p(gA) = p(u(gA)). Then

plgA)p(hA)p(ghA) ™" = p(u(gA))p(u(hA))p(u(ghA))~
= B(gA, hA)p(1(gA) (R A)) p(u(ghA))~
= B(gA, hA)p(i(gA) (hA) u(ghA)~* u(ghA)) p(pu(ghA)) " (3.0.2)
= (Btra(pla))(gA, hA)a™  (u(gA)u(hA) u(ghA)~, u(ghA))
= (Btra(pla)) (94, hA),

where o~ (u(gA) u(hA)u(ghA)=t, u(ghA)) = 1 as p(gA)u(hA)u(ghA)~t € A. Thus p is '-representation
of G/A such that [8'] = [5][tra(p|a)] and inf([8']) = [a]. Since p is irreducible representation and p(a) is a
scalar multiple of identity for a € A, p is also an irreducible representation.

Define a map

¢ : Ir*(G) — U Irr” (G/A)
{(B1€H2(G/A,C*)|inf([8))=[a]}

by &(p) = p. It is easy to see that ¢ is a well defined map. Next, we prove that ¢ is injective. Suppose
p,p" € Irr®(G) and ¢(p) = p, ¢(p') = p’ such that g and p’ are linearly equivalent, i.e., §'(gA) = Tp(gA)T !
for all g € G and for some T € GL(V). Since p and p' are Stra(p|a) and Stra(p’| 4 )-representations of G/A
respectively, tra(p|a) = tra(p’|4). But tra is injective, so p|a = p’|4. Now it is easy to check that p'(g) =
Tp(g)T~! for g € G. Hence, ¢ is injective. It remains to show that ¢ is surjective. Let p: G/A — PGL(V)
be an irreducible f;-projective representation such that inf(/) = a. Define p : G — PGL(V) via inflation,
i.e., p(g) = p(gA). Then p is an irreducible a-representation of G and ¢(p) = p. O

Corollary 3.3. Let A be a central subgroup of a finitely generated group G* such that G* is a representation
group of G = G*/A. Then there is a bijection between the sets Ui enz(q,cx)lrr®(G) and Trr(G™).
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Proof. By the definition of representation group and the exactness of the sequence
Hom(G*,C*) X% Hom(A,C*) 22 H2(G, C*) 25 H2(G*, CX),

we have res : Hom(G*,C*) — Hom(A, C*) is trivial. Hence, A C [G*, G*]. Since inf is a trivial map, result
follows from Theorem 3.2. O

Corollary 3.4. Let G be a central product of its subgroups H and K with Z = H' NK'. Then every projective
representation of G is obtained from a projective representation of G/Z via inflation.

Proof. By Theorem 2.1, it follows that inf : H3(G/Z,C*) — H?(G,C*) is a surjective map. Therefore,
proof follows by Theorem 3.2. O

8.1. Proof of Theorem 1.3 and Corollary 1.5

For n > 1, Hy ., (R) is a central product of H}, (R) and Hi(R). We obtain a natural homomorphism
from H?(R?*" & R/tR,C*) to H*(H}, 1 (R),C*), via inflation. Let [a] be a cohomology class of HS, . (R).
We obtain the following from Theorem 2.1 and Corollary 3.4.

(i) The inflation map from H?(R?*" & R/tR,C*) to H*(HS, . ,(R),C*) is surjective.
(ii) Every irreducible a-representation of HS, | (R) is obtained by composing a irreducible S-representation
of R?™ @ R/tR for some 3 € Z?(R*" ® R/tR,C*) such that [a] = inf([3]).

The proof of Theorem 1.3 now follows from (ii). Similarly, the group ESa,1(p?) is a central product of
ESa,—1(p?) and ES3(p?), hence Corollary 1.5(ii) again follows from Corollary 3.4.

3.2. Proof of Theorem 1./

Proof. For finite abelian groups it follows by [10, Theorem 5.4 in Chapter 3] that F, (r, t) is a representation
group of (Z/rZ)" & Z /tZ. Hence, in the proof below, we assume r = 0 and ¢ is a positive integer. However,
we remark that the following proof also works for € N and not the same as appeared in [10, Theorem 5.4
in Chapter 3]. Consider Z = (z;;,1 <i < j <n+ 1), a central subgroup of F,(r,t). There exists a central
extension

1= Z = Fu(rt) B Z/t7® (Z)r2)" — 1,

ki,j

. 1 ms
where 7 is defined by W(H?jl " [licicjenta 25’ ) = (m1,ma, ..., mypi1). Then we have the exact sequence

1 — Hom(Z,C*) 2% H2(F, (r,t)/Z,C*) 25 H2(F,(r, 1), C).

We want to show that inf is a trivial homomorphism.

_ n+1l m; kij _ n+l _m} k;,
Let X = [[;.] o/ H1§i<j§n+1 z;;) and Y = LD =, H1§i<j§n+1 z;; be two elements of Fn(r,t).

Then the element XY is of the following form:

XY = g pme Mpg1 my _mh m;wrl kijJFka/;j
—.T/'l 1'2 ....’I}n+1 ..’1}'1 .CL'2 ....’I,'n_,’_l . Z’L]
1<i<j<n+1
_ mi+m, _matm) Mpp1+m), kij+ki;—mim;
=, Ty Ty . 2 .

1<i<j<n+1
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Let o € Z%(F,(r,t)/Z,C*) and inf([a]) = [B]. Then by Lemma 2.2,

BX,Y) =a(r(X),n(Y)) = a((m1,me,....,mut1), (M), mh,...,mp 1))

’
_ m;m;
= I | Mi,jl R

1<i<j<n+1

for some p; ; € C*. Define a function 7 : F,(r,t) — C* by

ki ks
maq M2 m %] — (%]
T(x ey .t | I z;;0) = | I i

1<i<j<n+1 1<i<j<n+1
Now we have
(X)) (V) (XY)

o kij k:J _kij_k£j+m;mj
= H Hi,j H i, H g

1<i<j<n+1 1<i<j<n+1 1<i<j<n+41
m"mj
= II W™ =sey).
1<i<j<n+1

Hence, § is, in fact, a coboundary, and therefore inf is trivial. This along with Theorem 3.2 and Lemma 2.2
completes the proof. O

3.8. Proof of Theorem 1.2
Proof. Consider Z = (z1, 22,2") which is a central subgroup of H (r,t). Now consider the central extension
1= Z— H(r,t) 5 HY(Z/rZ) — 1,

where 7 is defined by W(zflzélzmlynlxpl) = (m1,n1,p1). Then we have the following exact sequence.

1 - Hom(Z,C*) 2 H2(HL(Z/rZ),C*) 25 H2(H(r, 1), C).

We have the following relations in H(r, t).

2 ] = [, gl 2] = gt
[x’yn] = [aj’y]n[y’zt]"(";l) = zth;"("%7
[2™,y"] = ztm”zfnwzgm%

Let X = Zflzélzmlymxm and Y = zf2zé2zm2yn2xp2 be two elements of f[(r,t). Then XY =

k1 Ui mi,n ka lz ,msy,mn ; ;
2yt 2ot 2y P 217 252 22y 2 P2 has the following expression.

ket mopittng LD Litlatnama+tpy “202= Htpining _my fmyttpina, ni+na . p1+p
1 2 Y T .

We first assume that r € N. Then by Lemma 2.2(ii), every a € Z?(H4(Z/rZ),C*) is cohomologous to a
cocycle of the form

— \M2p1tins PLEL=Y g ttp, R2(m2 1) +tpinins gpins
- ,U )

a((m,n1,p1), (M2, n2,p2))
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for some A\, u, 8 € C*. Let o € Z?(H3(Z/rZ),C*). Then inf([a]) = [B] is given by

AX,Y) = a(r(X),7(Y))

= a((mlvnlapl)v (m27n27p2))

ri(p1—1)
2

no(ng—1
— \M2p1tins pme e %Hpmmz(gmnz

Define a function b : H(r,t) — C* by b(zF1 2l zmiymigrr) = Xk g™ where §; € C* such that 67¢ =
and 8! = 4. The existence of such §; follows by ¢|r. Then we have

b(X)(Y) (XY

r1(p1—1)
2

— \M2p1ttne prme e 72270 4 ipinang §pim2

=pB(X,Y).

Therefore, inf is trivial. By Theorem 3.2 and Lemma 2.2, our result follows for € N. For r = 0, proof goes

on the same lines as above by defining the function b : H(r,t) — C* by bz b gmynagery = Nk g

4. Ordinary representations of f—I\(r, t) and F,(r,t) for r € N U {0}

In this section, we discuss methods to obtain the irreducible representations of H (r,t) and F,(r,t) for
both the finite as well as the discrete case. For this, first we define induction for the discrete case and state
some of the required results. Then we prove a general statement that gives a uniform construction of the
irreducible representations for H (r,t) and F,(r,t). We use the notation Irr(G) to denote the isomorphism
classes of all irreducible ordinary representations of G. Let Irr°(G) = {p € Irr(G) | dim(p) < oo}.

For a normal subgroup N of G and p € Irr°(N), the sets {§ € Irr(G) | {§|w, p) # 0} and {6 € Irr°(G) |
(0|w, p) # 0} are denoted by Irr(G | p) and Irr°(G | p) respectively. We use the following definition of
induced representation for the discrete groups. This is an analogue of compact induction for Lie groups and
has already been explored in literature; see for example Parshin [1, Definition 1].

Definition 4.1 (Induced representation). Let H be a subgroup of a finitely generated group G and (p, )
be a representation of H. The induced representation (p, W) of p from H to G has representation space W
consisting of functions f : G — W satisfying the following:

(1) f(hg) =p(h)f(g) for all g € G and h € H.
(2) The support of f is contained in a union of finitely many right cosets of H in G.

The homomorphism 7 : G — Aut(W) is given by j(g)f(z) = f(zg) for all z, g € G. We denote this induced
representation by Indg (p).

We note that it agrees with the usual definition of induction for finite groups. We use a few standard
properties of the above induction in the next result; see [17, Remark 2.6] for exact results used.

Proposition 4.2. Let G be a finitely generated discrete group with a normal subgroup N such that G/N is

cyclic. Let (p,V) be an irreducible representation of N and let Ig(p) = {g € G | p? = p} be the inertia
group of p in G. Then the following are true.

(1) The representation p extends to Ig(p).
(2) Any 6 € Irr°(Ig(p)) such that {p,d|n) # O satisfies the following.
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(a) ol = p.
(b) The representation Ind?G(p)(d) is irreducible.
(8) For |G/Ig(p)| < oo, the sets Irt°(Ig(p) | p) and Irx®(G | p) are in bijection via § — Ind?c(p)(é).

Proof. For the finite group G, (1) is well known; see [7, Theorem 11.7]. We remark that the proof of the
above-cited result also works for infinite cases as long as H*(G/N,C*) = 1. This fact is well known for
discrete cyclic groups. Therefore, the result follows in this case also.

For finite groups, both (2) and (3) are consequences of the Clifford theory. So, we only deal with the case
of infinite discrete group G. Let (4, W) be a finite-dimensional representation of I (p) such that {p, §|n) # 0.
Let y € G such that I(p)/N = (yN). Then we have VC W. For V.= W, we are done. Otherwise, there
exists smallest ¢ € N such that W =V @& VY@ VY @---a VY " and VY = V. Here we have used the fact
that W is finite-dimensional and both V and W are irreducible. Consider a subgroup S = (y*) of I(p) and
its action on the finite-dimensional space V of N; = (N, S) via 6. Then by (1), the representation p extends
to a representation p of N; such that ply = p and (p,d|n,) # 0. The group NV; is a finite index subgroup
of I¢(p). Therefore, by Frobenius reciprocity, we obtain (Indf\,ci(p) (p), ) # 0. We note that Indf\,ci(p) (p)isa
finite-dimensional representation. By part (1) we obtain,

Ia(p) (5 o s
Indy (0) = @, ergioim, P O X

Therefore, p ® x = 9 for some x € IgmNt. This implies 6|y = p. Next, we note that
EndG(Ind?c(ﬂ) (0)) = Bgec/1(pHompg () (6,67).

By definition of Ig(p) and the fact that o[y = p, we have Homy(,)(4,69) # 0 for g € G/Ig(p) if and
only if g € Ig(p). This implies that Endg(Ind?G(p)(é)) = C, that is Ind?G(p)(é) is Schur irreducible. By
[17, Theorem 3.1], we obtain that Ind?c( p)(0) is irreducible. Finally, (3) follows by the definition of I (p),
0|y = p and the fact that,

G ~
Ind[G(p)(5)|Ic(p) = EBgGG/Ic(p)‘Sg' o
4.1. Construction for two-step nilpotent groups

In this section, we outline a well-known method to construct all finite-dimensional irreducible represen-
tations of a two-step nilpotent group G.

(1) Let x : Z(G) — C* be a one dimensional character of Z(G) such that x|g is of finite order. Define the
bilinear form,

By 1 G/Z(G) x G]Z(G) — C*; By (2Z(G),yZ(G)) = x([z,y])

(2) Let Ry ={g € G| By(9,9') =1V ¢’ € G}. Then the character x extends to R,.
(3) For every x € Irt°(R,, | x), there exists a unique irreducible representation, denoted py € Irr(G | x).
(4) By [17, Theorem 1.3], pg € Irr°(G | x) because x|¢ has finite order. Furthermore, we have dim(py) =

VIGI/|Bxl-

(5) The map x — pg gives a bijection in the sets Irr®(R, | x) and Irr°(G | x).

The benefit of this method over Mackey Theory for two-step nilpotent groups lies in the fact that many
properties about irreducible representations can be easily deduced from this construction. For example, every
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finite-dimensional irreducible representation of a two-step nilpotent group is monomial follows directly from
the above construction. Also, determining the dimensions of all finite-dimensional irreducible representations
is easier in this case. For example, the construction implies that all p € Irr°(G | x) satisfy dim(py) =

VIGI/|Bxl-
4.2. Irreducible representations of H(r,t) and F,(r,t)

The group F,(r,t) is a two-step nilpotent group. So, its ordinary representations can be directly obtained
from its central characters as in Section 4.1. However, below, by using Proposition 4.2 and Section 4.1, we
indicate a method that works for both F,(r,t) and ﬁ(r, t).

Consider the subgroups Ng = (z,z,21,22) and Np = (g, 25,2 | 1 <k <n,1 <i < j<mn)of
H (r,t) and Fy,(r,t) respectively. Then Ny and N are normal subgroups of H (r,t) and F,(r,t) such that

-~

H(r,t)/Ng and F,(r,t)/Nr are cyclic. We note that both Ny and Ny are two-step nilpotent groups.
Therefore, irreducible representations of these are obtained from one dimensional representation of the
radical of each central character as described in Section 4.1. So, it remains to determine the inertia group
of these representations of Ny and Np in H (r,t) and F,(r,t) respectively and then the construction is
obtained by Proposition 4.2.

Acknowledgements

The authors are grateful to E.K. Narayanan for very insightful discussions regarding this project and
for his constant encouragement. They are also indebted to Yuval Ginosar for carefully reading this article
and for providing many helpful comments. The authors also thank the referee for careful reading and
comments. SH acknowledges the NBHM grant (0204/52/2019/R&D-11/333) and PS acknowledges the SERB
MATRICS grant (MTR/2018/000094) respectively. Both SH and PS thank UGC CAS-II grant (Grant No.
F.510/25/CAS-II/2018(SAP-I)) at the Indian Institute of Science, Bangalore.

References

[1] S.A. Arnal’, A.N. Parshin, On irreducible representations of discrete Heisenberg groups, Math. Notes 92 (2012) 295-301.
[2] S. Hatui, E.K. Narayanan, P. Singla, On projective representations of finitely generated groups, preprint arXiv:2006.02832,
2020.
[3] S. Hatui, L.R. Vermani, M.K. Yadav, The Schur multiplier of central product of groups, J. Pure Appl. Algebra 222 (10)
(2018) 3293-3302.
[4] R.J. Higgs, Projective representations of abelian groups, J. Algebra 242 (2) (2001) 769-781.
[5] G. Hochschild, J.-P. Serre, Cohomology of group extensions, Trans. Am. Math. Soc. 74 (1953) 110-134.
[6] A. Hoshi, M-C. Kang, B.E. Kunyavskii, Noether’s problem and unramified Brauer groups, Asian J. Math. 17 (2013)
689-713.
[7] LM. Isaacs, Character Theory of Finite Groups, Corrected reprint of the 1976 original [Academic Press, New York,
MRO0460423], AMS Chelsea Publishing, Providence, RI, ISBN 978-0-8218-4229-4, 2006, ISBN 0-8218-4229-3, xii+310 pp.
[8] U. Jezernik, Schur multipliers of unitriangular groups, J. Algebra 399 (2014) 26-38.
[9] G. Karpilovsky, The Schur Multiplier, London Math. Soc. Monographs, Oxford Univ. Press, 1987.
[10] G. Karpilovsky, Projective Representations of Finite Groups, Monographs and Textbooks in Pure and Applied Mathe-
matics, vol. 94, Marcel Dekker, Inc., New York, ISBN 0-8247-7313-6, 1985, xiii4+644 pp.
[11] G. Karpilovsky, Group Representations, vol. 3, North-Holland Mathematics Studies, vol. 180, North-Holland Publishing
Co., Amsterdam, ISBN 0-444-87433-X, 1994, xvi+907 pp.
[12] S.T. Lee, J.A. Packer, Twisted group C*-algebras for two-step nilpotent and generalized discrete Heisenberg groups, J.
Oper. Theory 34 (1) (1995) 91-124.
[13] G.W. Mackey, Unitary representations of group extensions. I, Acta Math. 99 (1958) 265-311.
[14] A.O. Morris, Projective representations of Abelian groups, J. Lond. Math. Soc. (2) 7 (1973) 235-238.
[15] A.O. Morris, M. Saeed-ul-Islam, E. Thomas, Some projective representations of finite abelian groups, Glasg. Math. J. 29
(1987) 197-203.
[16] A.O. Morris, The spin representation of the symmetric group, Proc. Lond. Math. Soc. (3) 12 (1962) 55-76.
[17] E.K. Narayanan, P. Singla, On monomial representations of finitely generated nilpotent groups, Commun. Algebra 46 (6)
(2018) 2319-2331.


http://refhub.elsevier.com/S0022-4049(21)00082-7/bib75BF2A87723D536247296B9A797E37F3s1
http://refhub.elsevier.com/S0022-4049(21)00082-7/bib2454DAC7957B04AAF23BF2827D3FDF29s1
http://refhub.elsevier.com/S0022-4049(21)00082-7/bib2454DAC7957B04AAF23BF2827D3FDF29s1
http://refhub.elsevier.com/S0022-4049(21)00082-7/bib2BC5A1168F0EA5A3399D4D1102EE34E5s1
http://refhub.elsevier.com/S0022-4049(21)00082-7/bib2BC5A1168F0EA5A3399D4D1102EE34E5s1
http://refhub.elsevier.com/S0022-4049(21)00082-7/bib0F4BDA3A8E49E714C26EF610E2893454s1
http://refhub.elsevier.com/S0022-4049(21)00082-7/bib55A055409207A12D5937B243FD508BDEs1
http://refhub.elsevier.com/S0022-4049(21)00082-7/bibC1D9F50F86825A1A2302EC2449C17196s1
http://refhub.elsevier.com/S0022-4049(21)00082-7/bibC1D9F50F86825A1A2302EC2449C17196s1
http://refhub.elsevier.com/S0022-4049(21)00082-7/bib9B38067E23298837802635D5172733D7s1
http://refhub.elsevier.com/S0022-4049(21)00082-7/bib9B38067E23298837802635D5172733D7s1
http://refhub.elsevier.com/S0022-4049(21)00082-7/bib3AB7806FAC7C2DE105704D4FF29DD581s1
http://refhub.elsevier.com/S0022-4049(21)00082-7/bib7555B4F0C30FF860F6D579C79E3FA8E1s1
http://refhub.elsevier.com/S0022-4049(21)00082-7/bib11A4065BB1ABA051AF81A40A443165CDs1
http://refhub.elsevier.com/S0022-4049(21)00082-7/bib11A4065BB1ABA051AF81A40A443165CDs1
http://refhub.elsevier.com/S0022-4049(21)00082-7/bib784C9BF9FC81308ED4CC754ACAE42A72s1
http://refhub.elsevier.com/S0022-4049(21)00082-7/bib784C9BF9FC81308ED4CC754ACAE42A72s1
http://refhub.elsevier.com/S0022-4049(21)00082-7/bib24D22E03AFB23EDB45C6C8CFA16A280Es1
http://refhub.elsevier.com/S0022-4049(21)00082-7/bib24D22E03AFB23EDB45C6C8CFA16A280Es1
http://refhub.elsevier.com/S0022-4049(21)00082-7/bib2A6039655313BF5DAB1E43523B62C374s1
http://refhub.elsevier.com/S0022-4049(21)00082-7/bib490F0954F186422E551195C0622E8C92s1
http://refhub.elsevier.com/S0022-4049(21)00082-7/bib51D0CA2E4E8F669A758F97DFCCEA9BABs1
http://refhub.elsevier.com/S0022-4049(21)00082-7/bib51D0CA2E4E8F669A758F97DFCCEA9BABs1
http://refhub.elsevier.com/S0022-4049(21)00082-7/bib143F46BDB329E87CC9D7EED052E82016s1
http://refhub.elsevier.com/S0022-4049(21)00082-7/bib747A69D50C92D4959FF3DA7215C9B0A5s1
http://refhub.elsevier.com/S0022-4049(21)00082-7/bib747A69D50C92D4959FF3DA7215C9B0A5s1

16 S. Hatui, P. Singla / Journal of Pure and Applied Algebra 225 (2021) 106742

[18] M.L. Nazarov, An orthogonal basis in irreducible projective representations of the symmetric group (in Russian) Funkc.
Anal. Prilozh. 22 (1) (1988) 77-78; translation in Funct. Anal. Appl. 22 (1) (1988) 66—68.

[19] M.L. Nazarov, Young’s orthogonal form of irreducible projective representations of the symmetric group, J. Lond. Math.
Soc. (2) 42 (3) (1990) 437-451.

[20] J.A. Packer, C*-algebras generated by projective representations of the discrete Heisenberg group, J. Oper. Theory 18 (1)
(1987) 41-66.

[21] J. Schur, Uber die Darstellung der endlichen Gruppen durch gebrochene lineare Substitutionen, J. Reine Angew. Math.
127 (1904) 20-50.

[22] J. Schur, Untersuchungen iiber die Darstellung der endlichen Gruppen durch gebrochene lineare Substitutionen, J. Reine
Angew. Math. 132 (1907) 85-137.

[23] J. Schur, Uber die Darstellung der symmetrischen und der alternierenden Gruppe durch gebrochene lineare Substitutionen,
J. Reine Angew. Math. 139 (1911) 155-250.

[24] D.B. Wales, Some projective representations of S, J. Algebra 61 (1) (1979) 37-57.


http://refhub.elsevier.com/S0022-4049(21)00082-7/bib9CE70F5B0F0D601F21CF6A6261875515s1
http://refhub.elsevier.com/S0022-4049(21)00082-7/bib9CE70F5B0F0D601F21CF6A6261875515s1
http://refhub.elsevier.com/S0022-4049(21)00082-7/bib9F704BF8ABAFD4F7BAF5B12717C964D0s1
http://refhub.elsevier.com/S0022-4049(21)00082-7/bib9F704BF8ABAFD4F7BAF5B12717C964D0s1
http://refhub.elsevier.com/S0022-4049(21)00082-7/bib69DE18184FE8DECCF3ECD12B1E221323s1
http://refhub.elsevier.com/S0022-4049(21)00082-7/bib69DE18184FE8DECCF3ECD12B1E221323s1
http://refhub.elsevier.com/S0022-4049(21)00082-7/bib4CE4FA7D403EB37BD01C87358C3ED01Es1
http://refhub.elsevier.com/S0022-4049(21)00082-7/bib4CE4FA7D403EB37BD01C87358C3ED01Es1
http://refhub.elsevier.com/S0022-4049(21)00082-7/bibAC9D0C6DD3B3459E79A75D2E49D4FC0Bs1
http://refhub.elsevier.com/S0022-4049(21)00082-7/bibAC9D0C6DD3B3459E79A75D2E49D4FC0Bs1
http://refhub.elsevier.com/S0022-4049(21)00082-7/bibC0B4B0895CF50C9BE5326F4773DDAB48s1
http://refhub.elsevier.com/S0022-4049(21)00082-7/bibC0B4B0895CF50C9BE5326F4773DDAB48s1
http://refhub.elsevier.com/S0022-4049(21)00082-7/bib29635CD46EC088BB4BBCC96E22F9B93Es1

	On Schur multiplier and projective representations of Heisenberg groups
	1 Introduction
	2 Schur multiplier of Ht2n+1(Z/rZ),r∈N∪{0}
	2.1 Proof of Theorem 1.1

	3 Projective representations of Ht2n+1(R)
	3.1 Proof of Theorem 1.3 and Corollary 1.5
	3.2 Proof of Theorem 1.4
	3.3 Proof of Theorem 1.2

	4 Ordinary representations of H(r,t) and Fn(r,t) for r∈N∪{0}
	4.1 Construction for two-step nilpotent groups
	4.2 Irreducible representations of H(r,t) and Fn(r,t)

	Acknowledgements
	References


