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Matrix elements and duality for type 2 unitary
representations of the Lie superalgebra gi(m|n)

Jason L. Werry, Mark D. Gould, and Phillip S. Isaac
School of Mathematics and Physics, The University of Queensland, St Lucia, QLD 4072,
Australia

(Received 25 June 2015; accepted 4 December 2015; published online 24 December 2015)

The characteristic identity formalism discussed in our recent articles is further uti-
lized to derive matrix elements of type 2 unitary irreducible gl(m|n) modules. In
particular, we give matrix element formulae for all g/(m|n) generators, including
the non-elementary generators, together with their phases on finite dimensional
type 2 unitary irreducible representations which include the contravariant tensor
representations and an additional class of essentially typical representations. Re-
markably, we find that the type 2 unitary matrix element equations coincide with
the type 1 unitary matrix element equations for non-vanishing matrix elements up to
a phase. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4938076]

. INTRODUCTION

This is the third paper in a series aimed at deriving matrix elements of elementary and
non-elementary generators of finite dimensional unitary irreducible representations for the Lie
superalgebra gl(m|n). The concept of a conjugation operation (necessary to understand unitary
representations) was developed by Scheunert, Nahm, and Rittenberg.® These unitary representations
were then classified in the work of Gould and Zhang.'> The above work shows that there are two
types of finite dimensional irreducible unitary representations of g/(m|n) that are defined depending
on the sesquilinear form that exists on the module. In this paper, we consider the generator matrix
elements of irreducible type 2 unitary representations which up to now have not featured in the
literature. These type 2 unitary representations include the contravariant tensorial irreps which are
constructed via repeated tensor products of contravariant vector modules.

In the first paper of this series* we constructed invariants associated with gI(m|n) and obtained
analytic expressions for their eigenvalues. The second paper in this series’ utilized these results to
obtain matrix elements for the irreducible type 1 unitary representations. A goal of this series of
papers has been to highlight the innovative techniques involving characteristic identities.®~ Char-
acteristic identities associated to Lie superalgebras have been studied in the work of Green and
Jarvis'®!" and Gould.'> We expect the utility and importance of these characteristic identities will
become increasingly evident as this series continues. For a detailed survey of the literature on the
subject and for a broad setting of the current work, we direct the reader to the initial article in this
series.*

The highest weight of a unitary gl/(m|n) module is related to the highest weight of its dual in
a non-trivial manner relative to the g/(m) case. In general, taking the dual of a gl(m|n) module
involves a combinatorial procedure as opposed to an algebraic one and is directly related to the
atypicality of the module in question. In this paper, we investigate this duality and show how
the additional branching rules required for unitary gl/(m|n) modules appear more natural when
consistency under duality is considered.

The paper is organised as follows. Section II provides a brief review of the context and impor-
tant notations used throughout the paper. In Section III, we present the three main subclasses of
type 2 unitary representations that are under consideration. After giving details of the type 2 unitary
branching rules in Section IV we then investigate the behavior of the branching rules under duality
in Section V. Finally, we give a construction of the explicit matrix element formulae in Section VI.
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Il. PRELIMINARIES

We continue the same notation as used in the previous articles of this series*> which we

summarize here for convenience. The graded index notation requires Latin indices 1 < i,j,...,<m
to be assumed even, and Greek indices 1 < yu,v,...,< n taken to be odd. The parity of the index is
given by

(=0, (=1

Where convenient we may use ungraded indices 1 < p,q,r,s < m + n. For indices in the range
p =1,...,m we have the parity (p) = 0, and for indices p = m + u for some y = 1,...,n the parity
is (p) = (1) = 1. The gl(m|n) generators E,, satisfy the graded commutation relations

[quaErs] = 04rEps — (_1)l(P)+(fI)Jl(r)+(S)J5psErq.

The Cartan subalgebra is given by the set of mutually commuting generators E,, whose eigen-
values label the weights occurring in a given gl(m|n) module. A weight may be expanded in terms
of the fundamental weights &; (1 <i <m) and ¢, (1 < u < n).'>!* These fundamental weights
provide a basis for H*. We may therefore expand a weight A € H™ as

A= i/\ib‘[ + zn:/\ﬂtsﬂ.
i=1 =1

In this basis, the root system is given by the set of even roots
t(gi—¢j), 1 <i<j<m,
(0, —0y), 1 Su<v<n,
and the set of odd roots
+(g;=0y), 1 <i<m, 1 <pu<n. (D)
A system of simple roots is given by the distinguished set
{ei—si+1,£m—61,6l,—6ﬂ+1|1Si<m,1§p<n}. 2)
The sets of even and odd positive roots are then given, respectively, by
Oj={e;i—¢g;|1<i<j<m}uU{s,—6,|1 <u<v<n},
Oi={g;—-6,|1<i<m 1< pu<n}.

An important quantity is the graded half-sum of positive roots defined by

1 1
P=§Za—§Zﬁ

(t€®$ ﬂefbf
1 & 1 &
=EZ(m—n—2j+1)8j+§Z(m+n—2v+1)5V. 3)
Jj=1 v=1

Every finite dimensional irreducible gl(m|n) module is a Z,-graded vector space
V=WeWw,

(so that v € V; implies the grading (v) = j for j = 0,1) which admits a highest weight vector, whose
weight A uniquely characterizes the representation. We denote the corresponding irreducible high-
est weight module by V(A) and the associated representation by m. Relative to the Z,-grading,
it is assumed, unless stated otherwise, that the highest weight vector o™ has an even grading, i.e.,
v™ € V(A)o. As a simple example, the fundamental vector representation is denoted V(&) using this
notation.

Components of the highest weight A satisfy the lexicality conditions

ANi—ANeZ,(1<i<j<m), Ay—-A €Z,(1<pu<v<n).
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We refer to such a weight as dominant.

Note: While the components of a dominant weight A must satisfy the above lexicality condi-
tions we note that (A, €,, — 61) may be any complex number. This gives rise to 1-parameter families
of finite dimensional irreducible modules.

The fundamental vector representation m., of gl(m|n) is m +n dimensional with a basis
{la) | 1 £ a < m + n} on which the generators E,;, have the following action:

Eupld) = 6palay,
so that
(c| Eqp |d) = 6pa{cla) = 6padac
or alternatively
e (Eab)ea = Obadac-

This gives rise to a non-degenerate even invariant bilinear form on g/(m|n) defined by
m n
(5, y) = st(re,(x9)) = O 7o, (XY )is = Y Tey (XY yun-
i=1 =1

In particular, we have
(EabsEca) = (=1)D6pc6a, )
which leads to a bilinear form on the fundamental weights
(£i,8)) = 0ij» (£1,0,) =0, (0,0y) = =6y,

which in turn induces a non-degenerate bilinear form on our weights A given by
m n
(AA) = D AN = D AN (5)
i=1 pu=1

On every irreducible, finite dimensional g/(m|n)-module V(A), there exists a sesquilinear form
(| )o with the distinguished property'>

(Epgulw)g = (=1 VP DUp|E, Lw),
with 6 = 1 or 2 relating to two inequivalent forms. The irreducible, finite dimensional module V(A)
is said to be type 6 unitary if ( | ), is positive definite on V(A), and the corresponding representation
is said to be type 6 unitary. Equivalently, for a finite dimensional unitary irreducible representation
n, we require that the linear operators m(E, ) satisfy
[”(qu)r - (_1)(0—1)[(p)+(q)]ﬂ(Eqp)’ (©6)

where  denotes the usual Hermitian conjugation such that
N
([ﬂ(qu)] )arﬁ - [F(qu):lﬁaf’

with A denoting the matrix with complex entries conjugate to those of A.
Given a representation 7, its dual representation 7* is defined by'>

7 (Epg) = _[”(qu)]T’

where T denotes the supertranspose. On a homogeneous basis {e,} of V, the supertranspose is
defined as

<[7T(qu)]T)a/ﬁ — (_1)[(P)+(Q)](ﬁ)[ﬂ(qu)]ﬁa,

where (8) denotes the grading of basis vector eg.

It was shown in Refs. 1 and 2 that both type 1 and 2 unitary irreducible representations are
completely characterized by conditions on the highest weight labels. This classification is given by
the following three theorems.



121703-4 Werry, Gould, and Isaac J. Math. Phys. 56, 121703 (2015)

Theorem 1. The irreducible highest weight gl(m|n)-module V(A) is type 1 unitary if and only
if A isreal and satisfies

(i) (A+ p,en—6,) > 0; 0r
(ii) there exists an odd index u € {1,2,...,n} such that

(A+p&m—0,)=0= (A8, —6p). )

Theorem 2 (Ref. 16). The dual of a type 1 unitary irreducible representation is a type 2 unitary
representation and vice versa.

Theorem 3 (Refs. 1 and 2). The irreducible highest weight gl(m|n)-module V(A) is type 2
unitary if and only if A is real and satisfies

(i) (A + p,e1—61) <0;0r
(ii) there exists an even index k € {1,2,...,m} such that

(A+p,er—061)=0= (A& — ). ¥

When considering dual modules we shall make direct use of proposition 5 given in Ref. 1
which we give here for convenience.

Proposition 1. Consider a type 1 module V(A). If A is atypical we set u equal to the odd index
that satisfies (7). Otherwise we set = n + 1.

Define a sequence of odd indices u;,1 <i < m, by
i = [um + (A€ — €n)l An, aAb=min(a,b),
where
Hm =p—1.

Then,
(i) the highest weight of the minimal Z-graded component of the irreducible gl(m|n) module V(A) is

(ii) the lowest weight of V(A) is
A" =1(A),

where T is the unique Weyl group element sending the positive even roots into negative ones;
(iii) V(A) admits dp + 1 levels with

da = Z His
i=1
(iv) The highest weight of the dual module V*(A) is
AN =-A".

lll. CHARACTERISATION OF CONTRAVARIANT TENSOR AND NON-TENSORIAL
REPRESENTATIONS

We now adopt an approach similar to that presented in the article,’ by outlining a straightfor-
ward characterisation of the type 2 unitary representations of g/(m|n). For this case, we introduce
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the system @’ of extended simple roots as follows:

¢l =—€y,

v,=¢€i-1—¢&i, 1 <i<m,

1= &m — 01,

@u=0u-1=0u l<pu<n.
Here we have extended the set of simple roots given in (2) by including the additional weight ;.
We also remark that we use the “overbar” notation to indicate that @ makes use of an extension
different to that introduced in Ref. 5 for the type 1 unitary case. We also use the notation 1 to
indicate an odd index (i.e., 4 = 1 in this case).

We may define a weight basis dual (in the graded sense) to @ with respect to form (5) as
follows:

@:=(0,0,...,0,—-1,-1,...,-1|1,1,....,1), 1 <i<m,
——— o —
i-1 m—i+1 n
@,=(0,0,...,0]0,0,...,0,1,=1,...,—1), 1 Sy < n.
——— — e —,———
m p—1 n—p+1

These are analogous to the fundamental dominant weights for Lie algebras. Explicitly we have
(@:,9)) = 6ij, (W, @y) = =0y, (@1,9,) =0 = (Wy, ;).
Based on the classification theorems of unitary representations of g/(m|n) given in Refs. 1
and 2, we make the observation that for 1 <i < m, the w; correspond to type 1 unitary dominant
weights, and for 1 < y < n, and the w,, correspond to type 2 unitary dominant weights.?!

Using similar arguments given in Ref. 5 for the type 1 unitary case, we may state a Theorem
which is the analogue of Theorem 2 from Ref. 5 for the type 2 unitary case.

Theorem 4. Let V(A) and V(A’) be irreducible type 2 unitary modules. Then V(A + A’) is also
irreducible type 2 unitary and occurs in V(A) @ V(A).

It is clear that we may use the fundamental dominant weight analogues given above to expand
any highest weight A as

m n
A=Y (ABB - ) (AG,)E, ©
i=1 =1
Using this expansion, however, it is not apparent after applying the result of Theorem 4 whether
or not the module V(A) is type 2 unitary. We instead describe the weights in terms of a slightly
modified set, which we refer to as the type 2 unitary graded fundamental weights, defined as

0=wi,
Qi=5i+(m—i+1)51, 1 <i<m,
5= oy,

Q,=w,, l<u<n.

Using these weights, we may rewrite expansion (9) as

m n m
A= (MBI - ) (AFID, - ((A,ZT) + ) m—i+ 1)(/\,@.))5 +(Ag)s.  (10)
i=2 u=2 i=2
Note that the coefficients (A,p;) and —(A,p,) are always positive integers, and so by the result
of Theorem 4 these terms shall always contribute to irreducible type 2 representations that are
contravariant tensorial.
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The coeflicient of € in (10) may in some cases be negative. We may combine part of this
coeflicient with the first two terms to contribute to an overall unitary type 2 contravariant tensorial
representation. What is left over is characterised by the result of the following Lemma.

Lemma 2. The irreducible gl(m|n) module V(y€) is type 2 unitary if and only if y = 0,1,2,.. .,
m—lorm—-1<yeR

Proof: The proof follows immediately from the classification of Theorem 3. When y =0, 1,
2,...,m—1,V(ye) will be atypical, otherwise form — 1 <y € R, V(yg) is typical. [ ]

Note that when 7y takes on integer values, even with m — 1 <y € Z, V(y€) will determine a
contravariant tensor representation. For noninteger values of vy, the ensuing representation will be
nontensorial.

As we have already remarked, for any w € R, the module V(w§) is type 2 unitary (also type 1
unitary) and one-dimensional. This is the only subclass of unitary module that can be taken as either
type 1 or type 2 unitary.

In summary, we have the following result.

Theorem 5. The highest weight A of an irreducible type 2 unitary gl(m|n) representation is
expressible as

A = Ag + Y& + wé,

where A is the highest weight of an irreducible contravariant tensorial (type 2 unitary) representa-
tion, y € R satisfies the conditions of Lemma 2, and w € R.

The key point is that since V(Ag), V(y€), and V(w§) are all type 2 unitary representations,
by Theorem 4, any type 2 unitary module will occur in the tensor product of these three. In
this sense, we have identified that the contravariant tensor modules, the modules V(yg) and the
one-dimensional modules V(wd) are the building blocks for type 2 unitary modules.

IV. BRANCHING RULES

In this section, we will now obtain the gl/(m|n + 1) | g{(m|n) branching rules for type 2 unitary
modules. Let A, ,, be the weight label located at the rth position in the pth row of the GT pattern for
gl(m|n + 1) that is written as

Al,man+l A2 men+l A, man+l | /li,m+n+] ﬂi,m+n+l Asi,man+1 /ln+1,m+n+1
/l],m+n /12,m+n /lm,m-#n | /lT,nl+n /li,m+n /lfl»m‘*'"
Al m+1 A2, m+1 Am,m+1 | AT s
/ll,m /lZ,m /lm,m
A2 A2
ALl

and where each row is a highest weight corresponding to an irreducible representation permitted by
the branching rule for the subalgebra chain

gllmn+1) > gl(m|n) > --- 2> gl(m|1) D gl(m) > gllm — 1) > --- D gI(1). (12)

Using the notation above we first recall the branching conditions given in Ref. 4, which pro-
vide necessary conditions on the gl(m|p) highest weights occurring in the branching rule of an
irreducible gl(m|p + 1) highest weight representation.



121703-7 Werry, Gould, and Isaac J. Math. Phys. 56, 121703 (2015)

Theorem 6 (Ref. 4). For r > m + 1, the following conditions on the dominant weight labels
must hold in pattern (11):

/lp,r+l > /l,u,r > /ly+l,r+1’ 1 < M <n,

/]-i,r+l > /1i,r > /1i,r+l - 1, 1<i<m.

The results of Refs. 17 and 18 provide stronger conditions for the case gl(m|1) > gl(m).

Theorem 7 (Refs. 17 and 18). For a unitary type 2 irreducible module V(A) of gl(m|1), using
the notation of (11), we have the following conditions on the dominant weight labels:

Aime1 = Aim 2 Aimer — 1, if (A + p,g; — 61) < 0 (i.e., only if A typical),
Aim = Aim+1, If (A+ p,e;—61) =0 (i.e., only if A atypical)

while for unitary type 1 irreducible representations

Aimi1 2 Aim 2 Aima — 1, 1 Si<m—1,
Amom+1 = Amom = Amom+1 — L, i (A + p, & — 01) < 0 (i.e., only if A typical),
Amom = Amm+1, f (A + p,e — 81) = 0 (i.e., only if A atypical).

For the general gl(m|n + 1) branching rule, we have the following result.

Theorem 8. For a unitary type 2 irreducible gl(m|n + 1) representation, the basis vectors can
be expressed in form (11), with the following conditions on the dominant weight labels:

(1) Forr >m+1,
/ly,r+1 > /ly,r > /l,u+1,r+1s1 < M <n,
/li,r+1 > /li,r > /li,r+l - 1,1 < l < m,
(i.e., result of Theorem 6);
(@) Aijms1 2 iy 2 Aime1 — Lif (A + p,&; = 61) < 0(& onlyif A typical),
Aiom = Aims1,if (A + p,&; = 61) = 0 (& only if A atypical),
(i.e., result of Theorem 7);
(3) For1 <j<m,
Aivnjr1 2 Aij 2 A1
(i.e., the usual gl(j) branching rules);
(4) For each r such that m+ 1 <r <m+n+1, rth row in (11) must correspond to a type 2
unitary highest gl(m|r) weight, and for each j such that 1 < j < m, jth row in (11) must
correspond to a highest g1(j) weight.

Remark: We may always tensor with the trivial representation w(—1i|1) for w € R to obtain
A1 = 0 (here we have suppressed the subalgebra label since it is arbitrary). Noting that for atypical
type 2 unitary representations there exists an even index i for which (A, e; — €;) = 0 we then have
A1=4;=0 and also 4; <0 for all 1 < j < m by lexicality. Furthermore, from the (a)typicality
condition on the gl(m|1) D gl(m) branching rule (A + p,&; — §;) < 0 we have A; + A7+ m —i < 0.
Again, we may set 1; = A; = 0 by tensoring with the trivial representation so that we obtain the
constraint Ay < i — m which immediately gives A; < 0. Therefore it follows that 4, < 0 for all odd
indices u in contrast to the covariant tensor representations for which A; > 0 for all even indices i.
Here it is clear that the contravariant tensor representations which are constructed via tensor prod-
ucts of contravariant vector modules are characterized by the appearance of non-positive highest
weight labels.
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V. DUALITY AND g/(m|1) > g/(m) BRANCHING RULES

In this section we examine the consistency of the branching rules under duality. Note that the
lowering conditions on the even weights and the betweeness conditions of the odd weights are
related under duality in the same sense that a skew Young diagram o /v that is a horizontal strip
becomes a vertical strip under conjugation (see Appendix B). We will now show that the additional
condition on the gl(m|1) > gi(m) branching rule in Theorem 7 is actually essential to provide
consistency of these lowering/betweeness conditions.

Consider an atypical type 1 unitary highest weight A. We may set 4,, = 0 by tensoring with the
trivial 1-dimensional representation. This highest weight then takes the form

A= (ﬂ],. .. ,/l,~,/lr+1,. .. ,/lm|a)1,w2,. .. ,wﬂ,l,0,0,. .. ,0)

where r is the largest (possibly zero) even index such that A; > n fori < r.
Note that u immediately satisfies the second part of atypicality condition (7), namely,
(A,6, — 8,) = 0. The first part of the atypicality condition gives

A+pem—0)=Am+1—p
=0 (13)

giving the modified form of highest weight
A= (/ll,. .. ,/lr,/lH.l,. ce M — llwl,wz,. .. ,wﬂ_l,0,0,. .. ,O)

For a typical type 1 unitary highest weight A we necessarily have A, > n. For typical modules we
therefore setr =mand u =n + 1.

We now follow the method given in Ref. 1 to obtain the highest weight of the minimal Z-graded
component which is denoted by A. From Proposition 1 we have

A=A- i PNGEEN) (14)

where
pi=[p—1+ A€ —en)]An
=[An+(Aei—€en)]An
=(A,€)An
=A;An
so that
AiAn

[\:A—i Z(ei—év)

i=1 v=1

m A
= A= (0 =)= > > er-6,).

i=r+l v=1

The weight labels of the minimal Z-graded component A are then

o~

i=Adi—n, 1 <i<r,
;=0 r+1<i<m,
A, = A, +#{i]l <A; <v}. (15)

It is then a simple procedure to obtain the highest weight of the dual module from the relation

A* = —7(A),
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where 7 is the unique Weyl group element sending the positive even roots into negative ones or,
equivalently, T has the effect of reversing the ordering of the weight labels

(T(A), €)= (A, €ma1-0),
(T(A),0y) = (A, Ops1).
We will now consider the g/(m|1) case. Atypical type 1 unitary highest weight is now
A=(4,...,1,,0,...,0]0),

with A; > 1 fori < r and atypicality condition (13) being trivially satisfied. The weight labels of the
minimal Z-graded component A are then

/l_,-z/li—l,lsiﬁr,
;=0 r+1<i<m,
A, =, +r, (16)

which implies the weight labels of the dual module of highest weight A* are
AN =(0,...,0,1 = 2A,...,1 =24 = r).

The gl(m|1) D gi(m) branching rule in Theorem 7 states that A, ,, = Ay m+1. Without this restric-
tion, a gl(m) weight such as

A =(44,...,4,,0,..,0,-1)
would be a valid V(A) D V(A’) submodule inclusion. The dual highest weight of V(A’) is given by
A" = —1(AN)
so that
A" =(1,0,...,0,-2,,...,—).

We would then find that V(A*) D V(A’*) breaks the lowering condition on the first even weight
label. Indeed we see that the type 1 gi(m|1) D gl(m) branching rule fixes the last m — r even weight
labels of A so that the lowering conditions on the first r even weight labels of the dual module are
satisfied. Similarly, we may consider a type 2 unitary highest weight A* and set k to be the maximal
even index such that (A*, ;) = 0. Then type 2 unitary gl(m|1) D gl(m) branching rule fixes the first
k weight labels of A* so that the lowering conditions on the last m — k even weight labels of the dual
(type 1 unitary) module are satisfied.

VI. MATRIX ELEMENT FORMULAE

We now recall some of the definitions and results from our article* which will be used to
derive the matrix element formulae of the current article. First, we note that g/(m|n + 1) admits the
subalgebra chain

gllmn+1) 2> gl(m|n) > --- > gl(m|1) D gl(m) > gllm — 1) > --- > gI(1).

Let p denote the position on the subalgebra chain so that m + n > p > m indicates the g/(m|p — m)
subalgebra while m > p > 1 indicates the g/(p) subalgebra. Then A, (A,,) is understood to be the
vector (adjoint) matrix associated with gl(m|p — m) for p > m and with gl(p) for p < m. The entries
of A, are given by

AL = (-1)VE,, 1 <qr<p (17)
and the entries of A, are given by

ﬁqr - _(_1)(q)(r)Erq’ 1<q,r<p. (18)
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The associated characteristic identities are

p
[ [ - aip) =0
k=1

and
p —_
[ [A, - aw,) =0,
k=1

with the characteristic roots
arp = (DO, +m—k)—n, (19)
arp=m— (DO, +m+1-k). (20)
From the characteristic identities we obtain the projections
E=
r kzr \rp T @kop
and
-
r ker \@rp = Qkp

The odd gl(m|p) vector and contragredient vector operators denoted by ¢ (p) and ¢(p), respec-
tively, are defined by

Y(p) = (~1)VE; p = AL 1 <q<p, @1
¢(P)g = (D DEp414 = ~(-D)DAL 1< g < p. (22)

The vector and contragredient vector operators may be expressed as sums of shift components

wor= 3L S]]
i=1

=1
_m/\p p p-m p
B(p)g = le ¢[i]q ) ¢[ML,

where a A b = min(a,b) and
7] = [7] o[ o,

¢ %L:P m;w)s=<—1>(”)+(”¢<P)SP [p]p

In Ref. 4 we also defined the gl(im|p) invariants ¢, p, ¢, , Where

P
-
_[p1P
Grp=P m,, 23)
and 6, p,, 6, ,, which satisfy
p1? . [p r1?
(_1)@)!//[1'] ¢[r] = 0rpP [r]
P P
=0, pCr,p 24)

and

L) e
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In the case of type 2 unitary representations where

1) = v 7],

we note that Equations (24) and (25) determine the square of the matrix elements of ¢,,, and
Wm+n, respectively. Thus, we take the formulae arising from Equations (24) and (25) to determine
the matrix elements.

We now give closed form expressions for the matrix elements of the generators Ej ,.; and
E,1,(1 <1 < p). Once again using the Gelfand-Tsetlin (GT) basis notation with the label A, ,
located at rth position in pth row. The matrix of E,; ;. is diagonal with the entries

p+l

erlﬂrl Z/lrp

We consider a fixed GT pattern denoted by |1, ) and proceed to obtain the matrix elements of the
elementary lowering generators £, .
We first resolve Ej, .1, into its shift components, which gives

p

p+1 p|/lq s/ = Z 1)(p)¢ pl/lq v>

(/lq p+1’ q.p> /lq p- 1)|/lq s~ Ar,p>’

imu..

where |14 ¢ — A, ;) indicates the GT pattern obtained from |1, ;) by decreasing the label A, , by
one unit and leaving the remaining labels unchanged.

Remark: We adopt the convention throughout the article that |1, s — A, ,,) is identically zero if
the branching rules are not satisfied. In other words, |1, s — A, ,,) does not form an allowable GT
pattern. In such a case the matrix element is understood to be identically zero.

Since the shift operators acting on type 2 unitary modules satisfy the Hermiticity condition

#lrlp = ()P [y[r17T,
then we may use Equation (24) to express the matrix elements N7 as

Y, 1/2
N;{’(/lq,pﬂ; /lq,p; Aq,pfl) = </lq,s|6r,pcr,p|/lq,s> / s

where 6, , and c, , are either invariants of the gl(m|p —m) subalgebra for m < p <m+n or
invariants of the g/(p) subalgebra for 0 < p < m.

The matrix element N has an undetermined sign (or phase factor). However, the Baird and
Biedenharn convention sets the phases of the matrix elements of the elementary generators E, .,
to be real and positive — we will follow Ref. 19 and adopt this convention. Matrix element phases
for the non-elementary generators will be discussed later in this section.

Expressions for the eigenvalues of the invariants c, ,, and ¢, , adapted from Ref. 4 are given in
terms of the characteristic roots of equations (19) and (20) by

n+l
Aip— Ak,p —
_1—[( )ﬂ<a,,, ) ]_[(al,, typr+ 1) 1<i<m,
Ai,p — Ak, p-1

k#i v=1

n+l
a — g
—n( L P )n(aﬂp—avp) l_[(afﬂp Ay p1+1), 1 <u<n+l,

Qu.p = kep=1 ] oy
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and

m n+l

aip
= v, i, _1 v, i S N
(a'kpﬂ_a’tp"'l)l_[(a/ P tr J 1_[(0/ P T p) "

k#i

n+1
Ak, (07
6,4,1,:—1—[(#)1_[(&”, @up—1) H(a”’“ Qup) 1 <pu<n.

k=1 @k,p+1 ~ Ypp + 1 vEU
For p > m + 1 we then obtain the type 2 unitary elementary lowering operator matrix elements

Np_ [ m ( (ak’p—ai,p)(ak,p—ai,p+1) )
pims \(@hpit = @ip + D@k p-1 = @i p)

3

1/2
, p=2m+1 (26)

(n" U@y =i = DT —ai,p>)}
H#, ](av P a’i,p)(av,p —Qi,p— 1)

= = (a'k,p —Qupt 1)(a'k,p - a',u,p)
k=1 ])

Nj =
a (ak,p—l - aH,P)(ak,p+l —Qu,p +

p-m-1 p— m+1 1/2
Ay p-1— Ay p—1 a, —a
(H ( p-1 u,p )H ( ,p+1 y,p))] ’ p>m+1 (27)

nv;&p (@y,p “#,p)(av,p —aup—1)

We may now obtain matrix elements of the raising operators E,, ;.| via the relation

</lq,s + Ar,p|Ep,p-*—l|/lq,_s‘> = </lq,s Ep+1,p|ﬁq,s + Ar,p)a

which holds on type 2 unitary representations. It is clear that, E, ;. is simply obtained from E,; ,
by making the substitution A,, — A,, + 1 within the characteristic roots occurring in the matrix
element formula for E, . ,. From Equations (19) and (20), we see this shift of the label 4,, is
equivalent to the substitutions

Qip D ip+ 1, @pp > aup -1

After applying the above substitutions to matrix element equations (26) and (27) we then have
the elementary raising generator matrix elements

NP = [ = ( (a’k,p —Qp— 1)(a'k,p - a'i,p) )
! k#i=1 (ak,p+1 - a’i,p)(ak,p—l —Uip — 1)

p-m-1 p- m+l 1/2
a, a;p,—2 a, —a;,—1
(l—l ( -1~ %ip )H ( ,p+1 P ))] ’p>m+1 (28)
v¢z 1(a'v p~ %ip~ 1)(0‘%17 —a;p—2)
NP = [ n ( (ar,p—@pup+2(app—aup+1) )
a k=1 (a'k,p—l —Qup+ 1)(ak,p+1 —Qupt 2)
m— m 1/2
(H” 1(CVV p-1= Qpp) Hp +l(a’v,p+1 —Qupt D) pem+l (29
nviu @y p = app+ D(ay,p —ap,p) T

Remark: We observe that the above type 2 unitary matrix element equations for p > m + 1
match the type 1 unitary matrix element equations given in Ref. 5 (page 17). Using the same
procedure as above it may be shown that the p = m type 2 unitary matrix element equations (given
below) also match the p = m type 1 unitary matrix element equations. Finally, the p < m case is
given by the gl/(m) matrix element results of Ref. 19. It is important to note that the branching
rules and therefore the vanishing conditions of the matrix elements are different between the two
representation types. Furthermore, for the non-elementary generators, there is a difference of phase
that will be given later in this section.
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For the p = m case, we have

_1 1/2
Zi (a'k,m—l — Ui m + 1))

N" = (a' +1,m+1 — @, )1/2
' e o H/Zn¢i(ak,m+l — Qi m + 1)

which after the substitution @; , — a; , + 1 gives

] 1/2
H/Zn (ak,m—l - ai,m))

N = (@mrt,me1 — Xigm — 1)1/2
! e o l—lzn¢[(ak,m+l - a’i,m)

Finally, when p < m, we make use of the results in Ref. 19, namely,

1 -1 1/2
=D <(_1)p Hi:l (a'k,p+l - ai,p) Hi:l(ai,p — Ak,p-1— 1))
N’ = , p<m

l Hi:ﬁi(ai’l’ - a'k,p)(ai,p - Q.p— 1)

and

NP =

L

+1 -1 1/2
(“DP TV (arper — @ip = DT (@i p — g po1) b<m
H£¢i(ai,p — Qk,p t 1)(ai,p - ak,p) ’

We now turn to the non-elementary generators E,.1; and Ej ,.1. Resolving the E,.1 (I < p)
into simultaneous shift components, we have

_(p...1
Ep+1,l|/lq,s> = § N [u Ml] Mq,s - Aup,p T T Aul,l>’
" pee-

where |44, = Ay, p — ... — Ay,1) indicates the GT pattern obtained from |1, s) by decreasing the
p—1+1 labels 2, , of the subalgebra gl/(m|r —m) for r = 1,...,p, by one unit and leaving the
remaining labels unchanged, and the summation symbol is shorthand notation for

m+n m+n-—1 P
Um+n=1 Uy 4n-1=1 up=1

Similarly, we also have
p...1
Eppiildgs) = Z N [u,, 3 .Ml] | Ag.s + Dupop + -+ Duyr)-

The matrix elements of these non-elementary generators also match those of the type 1 unitary
case. By following the derivation given in Ref. 5 we obtain

- / S(]\_"”'“I-) p,ll\_fr
NP = ShiE A : 30)
L Up ... u | Hf:l“ \/(a'us,s = Qg -1+ D(@ugs — @i 5-1)
- I S(N—P---l-) P_lNr
NP = ik A : 31)
'Mp no Hf:prl \/(@us,s - aus,l,s—l + 1)(&u5,s - dfux,l,s—l)
where the signs of the type 2 unitary matrix elements are given by the expression
_ ol ol
sl )=o)
Up...u Up...U
)4
- l_[ (_1)(5"'1)(_1)(us—l)(us)+(us—l)+(us)s(us —Us_1) (32)
s=l+1

and where S(x) € {—1,1} is the sign of x, S(0) = 1 and, as usual, odd indices are considered greater
than even indices. Details of the phase calculation are given in Appendix A.
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Remarks:

1. It is understood that to apply the matrix element formula derived above, where possible terms
are canceled first and reduced to the most simplified rational form before applying the formulae
and substituting weight labels.

2. All terms appearing in the square roots in the above formula are indeed positive numbers.

3. We remind the reader that in all cases we have adopted the convention that a shifted pattern
[A4,s £ Ay ) is identically zero if the branching rules are not satisfied.

We would like to emphasize the surprising nature of the correspondence between the expres-
sions of the type 1 unitary and the type 2 unitary matrix element equations. This correspondence
implies that the matrix element equations are invariant under (the highly non-trivial operation of)
taking the dual of the GT basis pattern being acted upon. However the vanishing conditions and
phases of the matrix elements are dependent on the type of the module concerned. Therefore the
general procedure to find matrices of generators of g/(m|n + 1) (including non-elementary ones)
corresponding to a type 1 or type 2 unitary irreducible highest weight module V(A) is

1. identify the type (1 or 2) of the highest weight A using the classification results of Theorems 1
and 3;

2. determine the branching rules for whole subalgebra chain (12), using Theorem 8 for type 2
representations or Theorem 9 within Ref. 5 for type 1 representations;

3. express every basis vector as a GT pattern of form (11);

4. determine the matrix elements using the formulae presented in Section VI.
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APPENDIX A: PHASE CONVENTION

We will now derive the phase of the matrix elements of the generators Ej, > , and then extend
this result to matrix elements of all generators £, ,—4. This calculation is analogous to the type 1
unitary case given in Ref. 5 but care must be taken when shifting two labels of differing parity.

The simple generators E,,.,,, acting on a GT pattern |1, ) (with the top row being the highest
weight of a type 2 unitary representation for g/(m|n + 1)) will produce

p
EpuiplAy = D NEIA - 24,),

a=1

where |A4 s — €4,p) is the GT pattern |1, ;) but with ath label of pth row shifted by —1. Conse-
quently, non-zero matrix elements of the simple generators will be of the form

</1q,s - 8a,p|Ep+l,p|/lq,A‘> = +N5[/lq,s]’ (Al)
where we have set N¥ to be positive by the Baird and Biedenharn convention. Non-zero matrix

elements of non-simple generators Ej, . j, are given by

Y 1
NI;: up = </lq,s —&a,p— 3b,p+1|Ep+2,p|/lq,s>
= </lq,s —&a,p— 8b,p+1|[Ep+2,p+1’Ep+1,p]|/lq,s>
= </lq,s - 8a,p - 8b,p+l|Ep+2,p+1|/lq,s - 8a,p></lq,s - 8a,p|Ep+l,p|/1q,s>

- (ﬁq,s —&a,p— 8b,p+l|Ep+l,p|/lq,.¥ - 8b,p+]></lq,s - gb,p+l|Ep+2,p+l|/lq,S>'



121703-15 Werry, Gould, and Isaac J. Math. Phys. 56, 121703 (2015)

Using (A1) the above equation can be written as
NI;),HQP = N;I:Jrl[/lq,s - 5a,p]]\75[/lq,s] - anzj[/lq,s - 8b,p+1]1\_’£+1[/1q,s],

where all of the matrix elements on the RHS are positive due to the Baird-Biedenharn convention.
Recall the following formulae together with the definitions of 7 and 7 given in Ref. 4:

-1
6a,p = l_[ (aa,p - a’k,p - (_1)(k)) l_[ (aa,p - ar,p+1) , a4 € 1,5 (AZ)
kel k+a rel
Ch,p+1 = I_l (a'h,p+1 - a’k,p+l)_1 ]_[(a'h,p+1 —Qrp— (_1)(r))7 bel. (A3)
kel,k+b rel

By examining the change (appearing as the addition or removal of terms) resulting from the shift
Ag,s — €b,p+1 to Equation (A2) and the shift 4, s — &,4,, to Equation (A3) we find that for odd a and
odd b,

NI;,HHP[A] = N{:H[/lq,s - Ea,p]Ng[/lq,s] - Né)[/lq,s - 5b,p+1]N5+1[/lq,s]
= (6h,p+lcb,p+l)1/2[/lq,s - Sa,p]Ng[/lq,s] - (5a,pca,p)l/2[/lq,s - 8b,p+l]N£+l[/lq,s]
= (Cb,p+l)1/2[/lq,s - Sa,p](gb,pﬂ)l/z[/lq,s]ﬁziJ[/lq,s]

- (6a,p)1/2[/lq,s - 8b,p+l](ca,p)l/z[ﬁq,s]NgH[/lq,s]
Vi1 — @a, _
= Ch,p+1 b,p+1 s1iVa s
P20 (e ) (G pet) Pl s INE [ 5]
VO, pr1 — Qg p + 1
_ \/a'a,p - ab,p+1 -1

Xa,p — Ap,p+1

_ Qa,p ~ Ab,p+1 [ Xa,p ~— App+l ~ 1 NPNPH[A 1
= a q,S
Qa,p = Appr1— 1 Qa,p = Ap,p+1 b

— — NIAY 1
= (a'a,p — p,p+1 — 1) l/z(a'a,p - a’b,p+l) I/ZNLI;N;H— [/lq,s]-

(Bap) 2(Cap)P[Ag NP [y

Similarly, for the cases corresponding to the other three parity combinations of a and b, we obtain
the same result.
We observe that the sign of N ’;H is directly given by the sign of @, , — @, +1. However,

we must also note that in the g/(m) case where p < m the sign of 1\7’; ’;” is given by the sign of
Ap p+1 — Ag, p.lg Furthermore, it was shown in Ref. 5 that the overall sign of N [ LZ) N ull] is given by
the multiplied signs of such terms at each level of the subalgebra chain as follows:
[ p...1 £
N (N [ ]) = 1_[ (_1)(S+I)S(alus,1,s—l - a'us,s), (A4)
Up ... U Sml+1

where we have added the (—1)©**") grading factor to include the gl(m) case.
Now, for (us) = 0, (s_1) = 0, us # ug_; we have

S(aus_l,sfl - aus,s) = S(/lus_l,sfl - /lus,s + Uy — “sfl)
= S(us — us-1) (AS)

by lexicality.
For (us) = 1, (us—1) = 1 we have

S(aus,l,s—l - aus,s) = S(ﬂus,s - /lus,l,s—l tUs—1— us)

= S(ug-1 — uy).
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For (us) = 1, (us_1) = 0

S(aus,l,s—l - a’us,s) = S(a'us,l,s — Ayg,s — 1)
= S((A(v) + P(s)» €ug_ 1 — 6us) - 2),

where we have denoted A(,) and p(,) to be the highest weight and graded half-sum of the posi-
tive roots restricted to the subalgebra level gi(m|p — m). For A typical type 2 unitary we have
(A(s) + p(s)- €1 — 01) < 0 which gives
(A(s) + Pisys €ug_y = Oug) = (N(s) + Pis) €1 = 61) + (Ags) + P(s)s €uy_y = €1) + (A(s) + P(s): 01 = Ouy)
< (As) + sy €1 = 61) <0,

where we have used the fact that A() + p(s) € D*. For A atypical type 2 unitary there exists an even
index 1 < k < m such that (Ae) + p(s). €k — 01) = 0 and (A¢y), €x — €1) = 0. Since the labels A ¢
for 1 < j < k are all equal, only even labels A, _, ; for u;,_; > k may be lowered. For this matrix
element we necessarily have u,_; > k giving

(A(s) + P(s) €ug_y = Oug) = (A(s) + P(s) €k — 1) + (As) + P(s)s €ug_y — €1) + (A(s) + P(s), 01 = Ouy)
= (Ags) + P(s)r €uyy — €6) + (As) + p(s) 01 — Ouy) <0,

which shows that for this case the matrix element is negative, i.e.,

S(a'us_l,s—l - a'us,s) =-1, (uv) = L(us—l) =0,

and similarly

S(aus_l,s—l - a'us,s) = l’ (uv) = O’ (Ms—l) =1.

Combining the above four cases gives
S(aus_l,s—l — Q) = (_1)(“5—1)(”s)‘*’(”s—l)‘*’(us)s(us —uy_1),

where, as usual, odd indices are considered greater than even indices. Finally, from Equation (A4)
we have the result

[p...1 L
S ( N [ p ]) - n (= 1)1 )Hs =Dl us-)Hus) gy ) (A6)
Up...u s=i+1

where the grading factor (for odd s) is the same sign as the type 1 unitary case when (us—1) = (uy)
and the opposite sign when (u;_1) # (u,). Analogously we also have

r
S (N [ p...1 ]) — l_[ (_1)(S+1)(_1)(us—1)(”S)+(us—l)+(uS)S(us —uy_y) (A7)
I/tp. ..Uy s=i+1

so that for a type 6 representation (6 € {1,2})

p
S(N [ p...1 ]) _s (1\7 [ p...1 ]) = [ DD nye v oDl Dl — ). (A8)

Up...U Up... U
r t r t s=l+1

Remark: 1t is interesting to note (from closer analysis of the above proof) that the phases of the
non-zero matrix elements,

_ -1 -1

N[pp ]’N[pp ]’p>m’
Up Up-1 Up Up—1

for both type 1 unitary and type 2 unitary modules are ultimately given by the sign of

(A+p,a), a € DU Dy,
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where
=€y, |~ €up (Up-1) = (up) =0
O= 6y = Bups (tpor) = (tp) = 1
=€y,  — Oups (p-1) =0,(up) =1
@ =0u, |~ €up, (up-1) = 1,(up) = 0.

From this point, we may obtain the final phase expression by assuming
Up-1 < Up

so that @ € @ for (u,-1) = (u,) and a € ®F for (u,-1) =0,(u,) = 1. We may later remove the
restriction u,,_; < u, by swapping labels to obtain the opposite sign.

When a € @ the sign of (A + p,a) is positive for (u,-1) = (u,) = 0 and negative for (u,-1)
= (up) = 1 since both A and p are lexical. Note that this holds for both type 1 unitary and type 2
unitary A.

We now consider the case a € ®7. The expression (A + p,a) is given by

(A + P, fup,l - 5up)~
From the previous calculations in this appendix we see that for type 1 unitary A this expression is
positive while for type 2 unitary A this expression is negative. Note that this strong result is only
possible due to the restrictions on the values of u,_; and u, for non-vanishing matrix elements.
Therefore, for type 1 unitary A we can give the sign of (A + p, @) as

(_1)(up71)(up)5(up —Up-1)
and for type 2 unitary A the sign is
(_1)(”p—l)(Mp)+(”p—l)+(up)s(up _ Mp—l)

APPENDIX B: DUALITY OF BETWEENESS CONDITIONS

In this appendix, we investigate the g/(m|n) dual branching rules for n > 1 via Young diagram
methods.
In Section V, the form of a type 1 unitary highest weight was given as

A= (/11,. .. ,/lr,/lﬂ_l,. e M — llwl,a)g,. .. ,wﬂ_l,0,0,. .. ,O),

where r is the largest (possibly zero) even index such that A; > n for i < r and where y satisfies the
second part of atypicality condition (7). We also noted that for typical type 1 unitary modules we
necessarily have 4, > n and therefore set r = m and u = n + 1 in that case.

The weight labels of the minimal Z-graded component A were then found to be

/iiz/li—n, ISiSr,

;=0 r+1<i<m,

A, = A, +#{i]l <A; < v}, (BD)
where # denotes the cardinality of the given set. The highest weight of the dual module is then
A* = —1(A), (B2)

where 7 is the unique Weyl group element sending the positive even roots into negative ones.

The method of obtaining A given by Equation (14) can be expressed using Young diagram-
matic methods by considering Equation (B1).

Let o be the partition (or equivalently the corresponding Young diagram) given by the even
weights of A

oo = (ﬂl,...,/lm)
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and similarly let o) be the partition (Young diagram) given by then odd weights of A
1= (Am+ts- - s Amen)s
so that we have the bipartition denoted by
o = (og,01).

We now restrict to the case » =0 and A, = 0,Yv in Equation (B1). We then see that the
sequence of odd weight labels A, is precisely the conjugate partition of the sequence of even
weight labels A;. For this restricted case, we can therefore express Equation (B1) in terms of Young
diagrams as

o= (0,0, (B3)

where () represents the empty partition and the superscripted prime denotes the conjugate partition.

Equation (B2) expressed in terms of a Young diagram & is a just a reversal of the original
diagram’s row ordering followed by a reflection across the vertical axis to represent negative values.
The resulting diagram o™ is therefore, for our purposes, equivalent to the original diagram of the
highest Z-graded component &.

We will now give the gl(m|n) branching rule for n > 1 in terms of Young diagrams. For two
partitions o and v with o; > v; we denote the skew Young diagram as o /v as the one obtained
by removing the diagram of v from the diagram of o. A skew diagram is called a horizontal
strip (vertical strip) if each column (row) of the skew diagram contains exactly one box. We may
reexpress the gl/(m|n),n > 1 branching rule (Theorem 6) as follows.

Theorem 9. Let o = (0,071) and v = (vy,vy) be given by the bipartitions corresponding to
rows m+ k + 1 and m + k of a GT pattern. Then the bipartitions o and v must satisfy the condi-
tions

(1) oo/vg is a horizontal strip,
(2) o1/vy is a vertical strip.

The above expression for the branching rule is related to the branching rule derived in Ref. 20.
However, our branching rule here has been derived algebraically and applies to both covariant
and contravariant tensor representations while the result given in Ref. 20 has been arrived at via
diagrammatic methods that apply only to covariant tensor representations (albeit for a general Borel
subalgebra while we use the standard Borel).

Obviously, if a skew Young diagram is a horizontal (vertical) strip then the conjugate skew
Young diagram is a vertical (horizontal) strip. Hence, from Equation (B3) the dual branching rule
(for the restricted case under consideration) is given by

Theorem 10. Fix the top row of a GT pattern to be a gl(m,n + 1) highest weight of an atypical
type 1 unitary module with even labels 1; < n,1 <i < m and all odd labels zero. Let o = (0,01)
and v = (vo,v1) be given by the bipartitions corresponding to rows m+k + 1 and m + k with
1 > k > n of the GT pattern. Then the bipartitions o* and v* of the corresponding rows of the dual
GT pattern must satisfy

oi/vy = oy/vy is avertical strip.

By comparing the above theorem with Theorem 9 we see that the lowering conditions on the
even weight labels are dual to the gl(n) betweeness conditions on the odd weight labels.
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