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Abstract. A quantum groups of type A is defined in terms of a Hecke symmetry.
We show in this paper that the representation category of such a quantum group is
uniquely determined as an abelian braided monoidal category by the bi-rank of the
Hecke symmetry.

1. Introduction

A matrix quantum group of type A is defined as the “spectrum” of the Hopf
algebra associated to a closed solution of the (quantized) Yang-Baxter equation
and the Hecke equation (called a Hecke symmetry). Explicitly, let V' be a vector
space (over a field) of finite dimension d. An invertible operator R: V @ V —
V ® V is called a Hecke symmetry if it satisfies the equations

RiRyRy = RyR Ry, (1)
where Ry := R®idy, Ry :=idy ® R (the Yang-Baxter equation),
(R+1)(R—q) =0, q#0;—1, (2)

*This work was supported in part by the Nat. Program for Basic Sciences Research of Vietnam
and the “DFG-Schwerpunkt Komplexe Mannigfaltigkeiten”.



358 Phung Ho Hdi

(the Hecke equation) and is closed in the sense that the half dual operator
REV*QV — VeV, (R(E),w) = (€ Rvew)),

is invertible.

Given such a Hecke symmetry one constructs a Hopf algebra H as follows.
Fix a basis {z;;1 <i < d} of V and let R} be the matrix of R with respect to
this basis. As an algebra H is generated by two sets of generators {zé,t;;l <
1 < d}, subject to the following relations (we will always adopt the convention
of summing over the indices that appear in both upper and lower places):

Rf,{lzgz? =2 2 RI",

zitf = t}vzjk = (5;

In case R is the usual symmetry operator: R(v® w) = w ®v (thus ¢ = 1), H is
isomorphic to the function algebra on the algebraic group GL(V).

The most well-known Hecke symmetry is the Drinfeld—Jimbo solutions of
series A to the Yang-Baxter equation (fix a square root /g of q)

qz; ® z; if i =
Ry(wi®;) = | \/qz; © ; if i > j (3)
Vi @ — (¢ — Doy @x; ifi<j

In the “classical” limit ¢ — 1, RZ reduces to the usual symmetry operator. There
is also a super version of these solutions due to Manin [12]. Let V' be a vector
superspace of super-dimension (r|s), 7 + s = d, and let {z;} be a homogeneous
basis of V, the parity of z; is denoted by 7. The Hecke symmetry R;'S is given
by

(-1)iqa; @ a; ifi=j
RZ\S(xi(Eij)b = (—1)”\/6333 ® x; ifi>j (4)
(—1)¥Jgz; @ — (¢ — Dy @y ifi < j.

In the “classical” limit ¢ — 1, R;‘S reduces to the super-symmetry operator
R(Jﬁz ® J)j) = (—1)ijl‘j X ;.

The quantum group associated to the Drinfeld—Jimbo solution (3) is called
the standard quantum deformation of the general linear group or simply standard
quantum general linear group. Similarly, the quantum general linear super-group
is determined in terms of the solution (4) (actually, some signs must be inserted
in the definition, see [12] for details).

There are many other non-standard Hecke symmetries and there is so far no
classification of these solutions except for the case the dimension of V' is 2. On the
other hand, many properties of the associated quantum groups to these solutions
are obtained in an abstract way. The aim of this work is to study representation
category of the matrix quantum group associated to a Hecke symmetry, by this
we understand the comodule category over the corresponding Hopf algebra. The
pair (r,s), where r is the number of roots and s is the number of poles of P, (t)
(see 2.1.4), is called the bi-rank of the Hecke symmetry. The main result of this
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paper is that the category of comodules over the Hopf algebra associated to a
Hecke symmetry, as a braided monoidal abelian category, depends only on the
parameter ¢ and the bi-rank.

The proof of the main result is inspired by the work [1] of Bichon, whose idea
was to use a result of Schauenburg on the relationship between equivalences of
comodule categories a pair of Hopf algebras and bi-Galois extensions.

The main result implies that the study of representations of a matrix quan-
tum group of type A can be reduced to the study of that of a standard quantum
general linear group. The latter has been studied by Zhang [14]. In particular
we show that the homological determinant is always one-dimensional.

2. Matrix Quantum Group of Type A

Let V be a vector space of finite dimension d over a field k of characteristic zero.
Let R: V®V — V®YV be a Hecke symmetry. Throughout this work we will
assume that g is not a root of unity other then the unity itself. The entries of
the matrix R¥ are given by Rﬁf; = R;’f Therefore, the invertibility of R* can be
expressed as follows: there exists a matrix P such that P]’ZL”R% = 5;5;?. Define
the following algebras:

S :=k(xy,xa,... ,md>/(mkm1Rf} = qz,z;),
A= k(z1,2z9,. .. ,xd>/(xkx1Rfj = —1,;%;),
E:=k(z1,23,...,23)/ (2l 2 Rii™ = R 2021,
H :=k{z

1 d 41 41 d 3 j _ ij P4
PP ORI I ,td>/(znggle;” S >
)

itk _ 4i ok _ si
zpty = 13.2; —5j

where {2}, {z}} and {t}} are sets of generators.

The algebras A and S are called the quantum anti-symmetric and quantum
symmetric algebras associated to R. Together they ”define” a quantum vector
space.

The algebra E is in fact a bialgebra with coproduct and counit given by

A(z;) =2 ® zjk, 5(25) = 5;
The algebra H is a Hopf algebra with A(z;) =zl ® z;?, A(t;-) = zf ® zi,
e(zj) = e(tj) = &;. For the antipode, let C} := Pj». Then S(z}) =t} and

i i —1l
S(tj) = CszC 1]‘ (5)

[7, Thm. 2.1.1]. The matrix C plays an important role in our study, its trace is
called the quantum rank of the Hecke symmetry, Rank,R := tr (C'), see 2.2.1.

The bialgebra E is considered as the function algebra on a quantum semi-
group of type A and the Hopf algebra H is considered as the function algebra on
a matriz quantum groups of A. Representations of this (semi-)group are thus
comodules over H (resp. E).
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2.1. Comodules Over E

The space V' is a comodule over E by themap §: V — VR E;z; — 2; ® zf
Since FE is a bialgebra, any tensor power of V is also a comodule over E. The
map R: V®V — VYV is a comodule map. The classification of E-comodules
is done with the help of the action of the Hecke algebra.

2.1.1. The Hecke Algebra

The Hecke algebra H,, = H,, has generators ¢;,1 < i < n — 1, subject to
the relations:

tit; = titi, |i — j| > 2
titip1ts = tipititip, 1 <i<n —2;
t2=(q—t; +q.

There is a k-basis in H,, indexed by permutations of n elements: t,,,w € &,, (&,
is the permutation group), in such a way that t¢; ;1) = t; and tyt, = tw, if the
length of wv is equal to the sum of the length of w and the length of v.

If ¢ is not a root of unity of degree greater than 1, H,, is a semisimple algebra.
It is isomorphic to the direct product of its minimal two-sided ideals, which are
themselves simple algebras. The minimal two-sided ideals can be indexed by

partitions of n. Thus
Hn = H A)\v

AFn

where Ay denotes the minimal two-sided ideal corresponding to A. Each Ay is a
matrix ring over the ground field and one can choose a basis {€¥;1 < i,j < dx}
such that

ei\jelf\l = 5%6%,
where d) is the dimension of the simple H,-comodule corresponding to A and
can be computed by the combinatorics of A-tableaux. In particular, {e¥,1 < i <
dy} are mutually orthogonal conjugate primitive idempotents of H,,. For more
details, the reader is referred to [2, 3].

2.1.2. An Action of H,,

R induces an action of the Hecke algebra H, = Hy, on V&' t;, — R, =
id ! ® R ®id" "~ which commutes with the coaction of E. The action of t,,
will be denoted by R,,.

Thus, each element of H,, determines an endomorphism of V&" as an E-
comodule. For ¢ not a root of unity of degree greater 1, the converse is also true:
each endomorphism of V®" represents the action of an element of H,,, moreover
V®" i5 semi-simple and its simple subcomodules can be given as the images of the
endomorphisms determined by primitive idempotents of H,,, conjugate idempo-
tents (i.e. belonging to the same minimal two-sided ideal) determine isomorphic
comodules [7].

Since conjugate classes of primitive idempotents of H,, are indexed by par-
titions of n, simple subcomodules of V™ are indexed by a subset of partitions



Representation Categories of Matriz Quantum Groups of Type A 361

of n. Thus F is cosemisimple and its simple comodules are indexed by a subset
of partitions.

2.1.3. Quantum Symmetrizers

Denote
gt —1

g—1"

[n]q =

The primitive idempotent corresponding to partition (n) of n,

Xn ::ﬁ Z Ry,

g wes,,

determines a simple comodule isomorphic to the n-th homogeneous component
Sy of the quantum symmetric algebra S (the n-th quantum symmetric power)
and the primitive idempotent corresponding to partition (1™) of n,

1
Y, = (—q) 'R,
SRR

determines a simple comodule isomorphic to the n-th homogeneous component
A, of the quantum exterior algebra A (the n-th quantum anti-symmetric power).

2.1.4. The Bi-Rank

There is a determinantal formula in the Grothendieck ring of finite dimensional
E-comodules which computes simple comodules in terms of quantum symmetric
tensor powers [7]:

I)\ = det |S)\i7i+j|1§i,j<k; k is the length of \. (6)

Consequently, we have a similar form for the dimensions of simple comodules. It
follows from this and a theorem of Edrei on Pdlya frequency sequences that the
Poincaré series of A is rational function with negative zeros and positive poles
[6]. The pair (r,s) where r is the number of zeros and s is the number of poles
is called the bi-rank of the Hecke symmetry. It then follows from (6) that the
E-comodule I is non-zero, and hence simple, if and only if A, < s. The set of
partitions of n satisfying this property is denoted by I';;*. Simple E-comodules
are thus completely classified in terms of the bi-rank.

2.2. The Hopf Algebra H and Its Comodules
2.2.1. The Koszul Complex

Through the natural map £ — H FE-comodules are comodule over H. Since
H is a Hopf algebra, for the comodules S,, and A, their dual spaces S,*, A,*
are also comodules over H. One can define H-comodule maps

dP KR = Ay @ S — KRB = A @ S, ke Z,
in such a way that the sequence

K% o — A1 @S0 — A @S — Nk+1 ®Sl+1* T
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(a = k —1) is a complex. This complexes were introduced by Manin for the
case of standard Hecke symmetry [12] and studied by Gurevich, Lyubashenko,
Sudbery [5, 10].

It is expected that the homology of this complexes is concentrated at a certain
term where it has dimension one, in this case it induces a group-like element in H,
called the homological determinant as suggested by Manin. Gurevich showed that
all the complexes K¢, a € Z, except might be for the complex K® with [~b], =
—ranky R, are exact. For the case of even Hecke symmetries he showed that the
homology is one-dimensional [5]. The homology of the complex K° was shown
to be one-dimensional by Manin for the case of standard Hecke symmetry [12].
This fact has also been shown by Lyubashenko-Sudbery for Hecke sums of odd
and even Hecke symmetries [10]. A combinatorial proof for Hecke symmetries
of birank (2.1) was given in [4].

In [9] the author showed that the homology should be non-vanishing at the
term A, ® S5* and consequently the quantum rank rank,R := tr (C) is equal to

—[s—rlq-
2.2.2. The Integral

In the study of the category H-comod, the integral over H plays an important
role as shown in [4]. By definition, a right integral over H is a (right) comodule
map H — k where H coacts on itself by the coproduct and on the base field k
by the unit map. The existence of the integral on H was proven in [8, Thm.3.2],
under the assumption that rank,R = —[s — r],;, which was later shown in [9]
for an arbitrary Hecke symmetry. In fact, an explicit form for the integral was
given. Since we will need it later on, let us recall it here.

For a partition A of n, let [A] be the corresponding tableau and for any node
z € [A], ¢(z) be its content, h(z) its hook-length, n(A) := 3, oy c(@) (see [11]
for details). Let

O | AN CORYEE P e | § UC0)
z€[AN\[(s7)] z€N]

where (s") is the sub-tableau of A consisting of nodes in the i-th row and j-th

column with ¢ < 5,5 < r. In particular, py = 0 if A, < s. Let Q> denote the

set of partitions from I'7»® such that py # 0. Thus Q7* = {\F n; \, = s}.
Denote for each set of indices I = (i1,42,... ,in), J = (J1,J2,- -+ ,Jn)

I ._ i1 2 in ., I' . _ jin 2 401
ZJ = Zjlzjz...zjn, TJ’ = t]nt,]Zt,]l

Then the value of the integral on Z{TX " can be given as follows

’ DA o ..
/ @ITE) = Y R (eenEdyEED, (7)
xear® A
1<i,5<dy

where Eij is the matrix of the basis element eij in the representation p,, the
matrix C is given in (5). In particular, the left hand-side is zero if n < rs.
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3. Bi-Galois Extensions

Let A be a Hopf algebra over a field k. A right A-comodule algebra is a right
A-comodule with the structure of an algebra on it such that the structure maps
(the multiplication and the unit map) are A-comodule maps. A right A-Galois
extension M/k is a right A-comodule algebra M such that the Galois map

Kr: MM — M® A Hr(m®n)zzmn(0)®n(1), (8)
(n)

is bijective. Similarly one has the notion of left A-Galois extension, in which M
is a left A-comodule algebra and the Galois map is ki : M @ M — A ® M;
MM 3 () M(~1) @ M ()7

Lemm 3.1. Let M be a right A-comodule algebra. Assume that there exists an
algebra map v : A — M°P @ M, a — Z(a) a” ® a™ such that the following
equations in M & M hold true

Zm(o)m(l)_ & m(1)+ =1®m, meM,
(m)

Za’cﬁ(o) ®aty=1®a; acA.

(a)

9)

Then M is a right A-Galois extension of k. For left Galois extension the condi-
tions read: v: A — M Q@ M°P a+— Z(a) at ®a,
Zm(,l)Jr Q@my mey=m®1; meM,
(m)
Zcﬁ(,l) ®atga =a®1l; acA.
(a)

(10)

Proof. The inverse to k.. is given in terms of 7 as follows: m® a — Z(a) ma~ ®
at. For k;, the inverse is given by a ® m —— () at ®a"m. =

Remark. We see from the proof that the map v can be obtained from &, as
follows: y(a) = k(1 ® a). Then, one can show that v is an algebra homo-
morphism. In fact, in the above proof, we do not use the fact that + is an
algebra homomorphism. We assume it however, since the equations in (9) and
(10) respect the multiplications in A and M, that is, if an equation holds true
for a and @’ in A or m and m’ in M then it holds true for the products aa’ or
mm/ respectively. Therefore it is sufficient to check this conditions on a set of
generators of A and M.

Now let A and B be Hopf algebras and M an A — B-bi-comodule, i.e. M
is left A-comodule and right B-comodule and the two coactions are compatible.
M is said to be an A — B-bi-Galois extension of k if it is both a left A-Galois
extension and a right B-Galois extension of k. We will make use of the following
fact [13, Cor. 5.7]:
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There exists a 1-1 correspondence between the set of isomorphic classes of
(non-zero) A — B-bi-Galois extension of k and k-linear monoidal equivalences

between the categories of comodules over A and B.

The equivalence functor is given in terms of the co-tensor product with the
bi-comodule. Recall that each A — B-bi-comodule M defines an additive func-
tor from the category A-comod of right A-comodules to the category B-comod
X —— XO M, where the co-tensor product X4 M is defined as the equalizer

of the two maps induced from the coactions on A:
1d®@s 5 p

XDMI—*X®kM5:;X@%A®kM7

x ®id

or, explicitly,

XOAM = {x®m€X®kM|Zx®m(,1)®m(o) =Z$(0)®$(1)®m}.

(m) (=)

The coaction of B on X4 M is induced from that on M.

4. A Bi-Galois Extension for Matrix Quantum Groups

Let R and R be Hecke symmetries and H, H be the associated Hopf algebras.

We construct in this subsection an H — H-bi-Galois extension.

Assume that R is defined on a vector space of dimension d and R is defined
over a vector space of dimension d. Consider the algebra M = Mp, 5 generated

by elements aﬁ\, bb1<i<d, 1< A< d, subject to the following relations

vy
Al

J

)
RP(I

LA R Ak oA
a/)\bj :(5], bka/u —5“4.

Pod _ i) R
aya,, = a,alR

The following equations can also be deduced from the equations above

MNEALL YRV DA
Rkl bnbm - bkbl Ru'y’
Pty = Ve )

v
at Clvy = CY.
The proof is completely similar to that of [7, Thm.2.1.1].

Lemma 4.1. Assume that the algebra M constructed above is non-zero.
it is an H — H-bi-Galois extension of k.

Proof. The coactions of H and H on M are given by
0: M — H®M; aé-
3

§:M— M®H; a;»—>a};®2§, bl — b .

— 2z, @af, b — b,

Then
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The verification that this maps induce a structure of left H-comodule (resp. right
H-comodule) algebra over H and an H — H bi-comodule structure is straight-
forward.

According to Lemma 3.1 and the remark following it, to show that M is
a left H-Galois extension of k it suffices to construct the map v satisfying the
condition of the lemma. Define

1(z) = a, ® b},
A ~—1v 1 ]
y(t5) = b?@C’ na,Cf

and extend them to algebra maps. Using the relations on M one can check
easily that this map gives rise to an algebra homomorphism H — M & M°P.
Since M is now an H-comodule algebra and since + is algebra homomorphism,
the equations in Lemma 3 respect the multiplications in M and in H, that is,
it suffices to check them for the generators z; and t;- which follows immediately
from the relations mentioned above on the a} and b? . n

Notice that in the proof of this lemma the Hecke equation is not used.

Lemma 4.2. Let R and R be Hecke symmetries defined over V. and V respec-
tively. Assume that they are defined for the same value q and have the same
bi-rank. Then the associated algebra M = Mp g is non-zero.

Proof. To show that M is non-zero we construct a linear functional on M and
show that this linear functional attains a non-zero value at some element of
M. The construction of the linear functional resembles the integral on the Hopf
algebra H given in the previous section. In fact, using the same method as in
the proof of Theorem 3.2 and Equation 3.6 of [8] we can show that there is a
linear functional on M given by

' P Aon 5ij ji
JdBR) = S R EORE,

xeqr® A

1<i,j<dy
where A, T, I, J are multi-indices of length n and (r, s) is the bi-rank of R and
R.

“Accorging to Subsecs. 1.2.4 and 1.3.1 for n > rs and A € Q>° the matrices

FEi" and EY are all non-zero, therefore the linear functional [ does not vanish

identically on M, for example

[ B B BEY) = R 0o BB

is non-zero for a suitable choice of indices K, J, T, A. n

Theorem 4.3. Let R and R be Hecke symmetries defined respectively on V
and V. Then there is a monoidal equivalence between H-comod and H-comod
sending V to V and presvering the braiding if and only if R and R are defined
with the same parameter q and have the same bi-rank.
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Proof. Assume that R and R satisfies the condition of the theorem. According
to the lemma above it remains to prove that the monoidal functor given by
co-tensoring with M sends V to V and R to R. Indeed, by the definition of
VOg M, the map V — VOx M given by Ty — z; ® a} is an injective H-
comodule homomorphism. According to Lemma 4.2 and Schauenburg’s result,
VOgM is a simple H-comodule, therefore V is isomorphic to VOg M. It is then
easy to see that R is mapped to R.

The converse statement is obvious. First, since R is mapped to R they should
be defined for the same value of q. Further, according to Subsec. 2.1.4, let (r, s)
and (7, 5) be the bi-ranks of R and R, respectively. Then I'">* = I'"% for all n,
whence (r, s) = (7, 3). m

Notice that if (r,s) # (7,5) and r — s = 7 — § then Q7 N Q> = (. This
implies also that the linear functional in Lemma 4.2 is zero.

Theorem 4.3 states that the study of comodules over a Hopf algebra asso-
ciated to a Hecke symmetry of bi-rank (r,s) can be reduced to the study of
the Hopf algebra associated to the standard solution Rj*. For the latter Hopf
algebra simple comodules were classified by Zhang [14]. As an immediate con-
sequence of Theorem 4.3, we have:

Corollary 4.4. Let R be a Hecke symmetry of bi-rank (r,s). Then the homology
of the associated Koszul complex (cf. Subsection 2.2.1) is concentrated at the
term K™% and has dimension one. Thus one has a homological determinant.

Proof. In fact, the statement for R = Ry® was proved by Manin [12]. Now,
according to Theorem 4.3, for M = My, i the functor —Lr M is fully faithful and
exact hence the homology of the Koszul complex associated to R is concentrated
at the term 7, s as the one associated to R is. Since the homology group of the
complex associated to R is one dimensional and being an H-comodule, it is an
invertible comodule. Therefore the homology group of the complex associated
to R is also invertible as an H-comodule, hence is one-dimensional. n
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