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ABSTRACT. A bi-Galois object A is a bicomodule algebra for Hopf-
Galois coactions with trivial invariants. In the spirit of Milnor’s con-
struction, we define the join of noncommutative bi-Galois objects (quan-
tum torsors). To ensure that the diagonal coaction on the join algebra of
the right-coacting Hopf algebra is an algebra homomorphism, we braid
the tensor product A ® A with the help of the left-coacting Hopf alge-
bra. Our main result is that the diagonal coaction is principal. Then
we show that an anti-Drinfeld double is a symmetric bi-Galois object
with the Drinfeld-double Hopf algebra coacting on both left and right.
In this setting, we consider a finite quantum covering as an example.
Finally, we take the noncommutative torus with the natural free action
of the classical torus as an example of a symmetric bi-Galois object
equipped with a *-structure. It yields a noncommutative deformation
of a nontrivial torus bundle.
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1. Introduction and preliminaries

In algebraic topology, the join of topological spaces is a fundamental con-
cept. In particular it is used in the celebrated Milnor’s construction of a
universal principal bundle [M56]. A noncommutative-geometric generaliza-
tion of the n-fold join G*- - -xG of a compact Hausdorff topological group G,
which is the first step in Milnor’s construction, was proposed in [DHH15]
with G replaced by Woronowicz’s compact quantum group [Wo98|. Herein
our goal is to provide a more general noncommutative-geometric version of
the join G * G now with G replaced by a quantum torsor (bi-Galois object).
In the classical setting, our construction corresponds to the join XX, where
X is a topological space homeomorphic with a compact Hausdorff group G.

In particular, when G is an n-element group, the join G * G is the space
of all points in the line segments joining every point in {(0,1),...,(0,n)}
to every point in {(1,1),...,(1,n)}. This is a finite Galois covering of the
unreduced suspension of G.

Just as compact quantum groups are captured by cosemisimple Hopf al-
gebras, quantum torsors are given as Galois objects [Ca98], i.e., comodule
algebras with free and ergodic coactions. In particular, every Hopf algebra
is a Galois object with its coproduct taken as a coaction. One can think of
a Galois object over a Hopf algebra as a principal G-bundle over a point.
While in the point-set topology the generalization from G to a G-bundle over
one point is not significant, in the noncommutative-geometric framework it
unlocks a plethora of new possibilities. Among prime examples of quantum
torsors is the noncommutative 2-torus [Rie90] with the natural action of the
classical 2-torus.

Better still, the richness of the realm of noncommutative Galois objects is
further enhanced by Schauenburg’s bi-Galois theory [Scha96]. Indeed, if A
is any Galois object for a right coaction of a Hopf algebra H, then, following
the geometric idea of the Ehresmann groupoid [P84], one can construct a
Hopf algebra H coacting on A on the left, and making it a left Galois object.
It is precisely the coexistence of two Galois structures on one object that is
pivotal in our braided join comodule algebra construction.
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To make this paper self-contained and to establish notation and termi-
nology, we begin by recalling the basics of classical joins, Hopf-Galois coac-
tions [SchaS05], strong connections [BrH04] and the Durdevic braiding. In
[Dur96], Durdevic proved that the algebra structure on the left-hand side
of the Hopf-Galois canonical map, that is induced from the tensor alge-
bra on its right-hand side, is given by a braiding generalizing a standard
Yetter—Drinfeld braiding of Hopf algebras. This generalization hides inside
the natural Yetter—Drinfeld module structure, which was earlier observed by
Doi and Takeuchi [DoT89] forsaking the braided algebra multiplication. It
is this multiplication that we use to define a braided join algebra.

Hopf-Galois coactions that admit strong connections are called principal
as they encode free actions of compact quantum groups [BaDH]. Section 2
contains the main result of this paper establishing the principality of the
diagonal coaction on our braided join algebra:

Theorem 2.5 Let H be a Hopf algebra with bijective antipode, and let A be
an H-H bi-Galois object. Then the right diagonal coaction of H on the H-
braided join algebra of A is principal. Furthermore, the coaction-invariant
subalgebra is isomorphic to the unreduced suspension of H.

Section 3 is devoted to finite-dimensional Hopf algebras, so that we can
form purely algebraic Drinfeld doubles and anti-Drinfeld doubles. Anti-
Drinfeld doubles were discovered as a tool for describing anti- Yetter—Drinfeld
modules [HKhRS04a]. They are already right Galois objects over Drinfeld
double Hopf algebras [Dri87]. Hence we only needed to determine left coac-
tions commuting with right coactions and making anti-Drinfeld doubles bi-
Galois objects. This is our second main result:

Theorem 3.1 Let H be a finite-dimensional Hopf algebra. Then the anti-
Drinfeld double A(H) is a bi-Galois object over the Drinfeld double D(H).

Since modules over anti-Drinfeld doubles serve as coefficients of Hopf-
cyclic homology and cohomology [HKhRS04b], we hope that the aforesaid
additional structure on anti-Drinfeld doubles will be useful in Hopf-cyclic
theory. Furthermore, there seems to be a clear way to generalize our braided
join construction to n-fold braided joins of Galois objects, to go beyond
ergodic coactions, and to replace the algebra C([0, 1]) of all complex-valued
continuous functions on the unit interval by any algebra with an appropriate
ideal structure. However, this is beyond the scope of this paper (see [DHW,
DDHW]).

Recall next that topological infinite-dimensional Hopf algebras can be used
to construct topological Drinfeld doubles [Bo94, BoFGP94, BoS05]. Since
topological anti-Drinfeld doubles were successfully constructed and applied
in [RaS], and our braiding is compatible with a braiding on the C*-level
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used in [NV10] to ensure that the diagonal coaction is an algebra homo-
morphism, it is plausible that Section 3 could be upgraded to topological
infinite-dimensional Hopf algebras. However, this is also beyond the scope
of this paper.

In Section 4, we consider the polynomial algebra of the aforementioned
noncommutative 2-torus as an example of a bi-Galois object involving a
*_structure. One can view the join of the noncommutative 2-torus with
itself as a field of noncommutative 4-tori over the unit interval with some
collapsing at the endpoints. Since this join is a noncommutative deformation
of a nontrivial 2-torus principal bundle into a 2-torus quantum principal
bundle, it fits perfectly into the new framework for constructing interesting
spectral triples [CoMO08| proposed recently in [DS13, DSZ14, DZ].

1.1. Classical principal bundles from the join construction. Let I =
[0,1] be the closed unit interval and let X be a topological space. The
unreduced suspension 32X of X is the quotient of I x X by the equivalence
relation Rg generated by

(1) (0,2) ~ (0,2"), (1,2) ~ (1,2").

Now take another topological space Y and, on the space I x X x Y, consider
the equivalence relation R; given by

(2) 0,2,9) ~ (0,2",y),  (Lz,y) ~ (1,2,9).

The quotient space X Y := (I x X xY)/Ry is called the join of X and Y.
It resembles the unreduced suspension of X x Y, but with only X collapsed
at 0, and only Y collapsed at 1.

If G is a locally compact Hausdorff topological group acting continu-
ously on X and Y, then it follows from [Wh48, Lemma 4] that the diagonal
G-action on X X Y induces a continuous action on the join X * Y. Indeed,
the diagonal action of G on I x X x Y factorizes to the quotient, so that
the formula

(3) ([t 2,9)], 9) — [(t, 29, y9)]

defines a right G-action on X Y. Now, our assumption about G allows
us to use [Wh48, Lemma 4] to infer that, in our setting, the product of
quotient topologies is the quotient topology of the product, which implies
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the continuity of the G-action on X * Y. Finally, if the G-actions on X and
Y are free, it is immediate that so is the G-action on X %Y.
Next, let us take X = Y, and assume that we have a continuous map

X x X g X such that for all z € X the maps

(4) Xoyr— oé(r,y) € X and Xd>yr— ¢(y,z) € X

are homeomorphisms. Then, by [Br93, Proposition VII.8.8], the formula
(5) T X %X 3 [(ba.y)] — [t 6(x,9))] € DX

defines a continuous surjection making the join X % X a locally trivial fiber
bundle over the unreduced suspension >X with the typical fiber X.

In particular, we can combine the above described two cases of join con-
structions and take X = G =Y, where G is a compact Hausdorff topological
group. The diagonal action of G on G x (G yields a free continuous G-action
on G x G that is automatically proper due to the compactness of G. Fur-
thermore, taking

(6) ¢: GxG>(g,h)— gh™teq,

we conclude that G x G is a locally trivial fiber bundle over the unreduced
suspension %G with the typical fiber G. Thus the join G * G is a principal
G-bundle for the surjection

(7) 7 GG 3 [(t,g,h)]— [(t,gh™!)] € 2G.

It is known that such a bundle is trivializable if and only if G is contractible.
Therefore, as the only contractible compact Hausdorff topological group G is
the trivial group [H79], any nontrivial G yields a nontrivializable principal G-
bundle over the unreduced suspension X.G. For example, using G = SU(2),
G = U(1) and Z/2Z, one obtains in this way the fibrations S7 — S
S3 — S% and S' — RP!, respectively.

1.2. Left and right Hopf-Galois coactions. Let H andeI be Hopf al-
gebras with coproducts A, A, counits ¢, £, and antipodes S, S, respectively.
Next, let Ap: P - P ® H be a coaction making P a right H-comodule al-
gebra, and let gA: Q) — H ® @) be a coaction making @ a left H-comodule
algebra.

We shall frequently use the Heyneman-Sweedler notation (with the sum-
mation sign suppressed) for coproducts and coactions:

(8) A(h) =t h1) @ he A(k) = kay @ k) ,
Ap(p) =: po) ® pa) QA(9) = (1) ® q(0) -
Furthermore, let us define the coaction-invariant subalgebras:
9) B:=Pe!:={pe P|Ap(p)=p@1},

D:=HQ:={gcQ|oA(g) =1®q}.
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We call a right (respectively left) coaction Hopf-Galois [SchaS05] iff the
right (respectively left) canonical map

(10) canp:P%)PBp@p’»—)pp/(O)@p,(l)€P®H,

QcaniQ%QB(J@Q'%Q(A)@(J(O)QIEff®Q,

is a bijection. Observe that canp is left linear over P and right linear over
Pt whereas qcan is left linear over ©H @ and right linear over Q. If the
coaction-invariant subalgebras B and D are the ground field, then we call
P and @ a right and a left Galois object respectively.

Now we focus on left Hopf-Galois coactions. First, we define the left

translation map

(11) T H—Q % Q, 7(h):=gcan Y(h®1) =: hl & pl2.

Note that, since gcan is right @Q-linear, so is Qcanfl. Therefore, we obtain
(12) ocan Y(h ®q) = A @ hPlg.

For the sake of clarity and completeness, herein we derive basic properties
of the left translation map that are well known for the right translation map
(the inverse of the right canonical map restricted to H).

Proposition 1.1 (cf. Remark 3.4 in [Schn90]). Let gA: Q@ — H®Q bea

left Hopf-Galois coaction. Then, for all h,k € H and q € @, the following
equalities hold:

(13) gV @ qPgey =g 1,

(14) Ml y@nlgrl =he1,

(15) AU RRE = &(h),

1 (1] (2] — gL (2]3,[2]

(16) (hi)!V @ (hk)?) = Bl @ k2R,

(17) h[l](,l) ® Rl 0) ® B2l — hy ® hg 1 g h) 2
(18) il ® hp](_l) ® Al (0) = h(l)m & S(h(g)) & h(l)[z].

Proof. The first identity (13) follows from (12) and gcan™! o gcan = id.
The second equality (14) is an immediate consequence of gcanogean™! = id.
Applying € ® id to (14) yields (15). Since gcan is injective, applying it to
both sides of (16), and using (14) twice on the right-hand side, proves (16).
Transforming the left H-covariance of the canonical map gcan

(19) (id ® gcan) o (QA ®id) = (A®id) o Qcan
to
(20) (QA ®id) o gean™! = (id ® gecan™!) o (A ® id),

we obtain the left H-covariance (17).
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To show the right H-covariance (18), we apply to both sides of (18) the
bijective map (id ® gcan) o (flip ® id). On the right-hand side, we get

(1) Sh@) @by @ hoo by = S(he) @ hay @ 1.
Taking into account the left covariance (17), the left-hand side yields

2 1 1 2 2 1 2
(22) APy @ nltyy @ Wl ) WP o) = gy 21y @ bty © hip) T hip)Pg).
Thus (18) is equivalent to the equality
(23) S(hy®@1=hl_y@nlalZ g,
Finally, using (14), we compute
(24) h[2](_1) ® U h[2](0) = g(h[ll(_l)) h[Q](_l) ® h[ll(o) B2 ©)

Sl 1 2 1 2
= S(nl ](_2)) nl }(_1) pl ](_1) ® hl ](0) Bl ](0)

(S(h[l](_l)) 02y 1) QA(h[l](o) h[z])

proving (18). O

1.3. Principal right coactions. Principal coactions are Hopf-Galois coac-
tions with additional properties [BrH04]. One can prove (see [HKrMZ11,
p. 599] and references therein) that a comodule algebra is principal if and
only if it admits a strong connection. Therefore, we will treat the existence
of a strong connection as a condition defining principality of a comodule al-
gebra, and avoid the original definition of a principal coaction [BrH04]. The
latter is important when going beyond coactions that are algebra homomor-
phisms, when we only know that the principality of a coaction implies the
existence of a strong connection [BrHO04].

Definition 1.2 ([BrHO04]). Let H be a Hopf algebra with bijective antipode.
A strong connection £ on a right H-comodule algebra P is a unital linear
map ¢ : H - P ® P satisfying:
(1) ([d® Ap)ol = ({®id) o A, (AL ®id) ol = (id ® £) o A, where
AL = (S71 ®id) o flip o Ap;
(2) canol =1®id, where can: PQP 3> p®q+— (p®1)Ap(q) € PR H.

Note that Condition (2) is equivalent to the condition m o ¢ = &, where m
is the multiplication map of P.

1.4. Left Durdevic braiding. Let gA: Q — H ®Q be a left Hopf-Galois
coaction, and D the coaction-invariant subalgebra. Using the bijectivity of
the canonical map gcan, we pullback the tensor algebra structure on H ® Q
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to @ ®p Q. The thus obtained algebra we shall denote by Q ® @ and call
a left Hopf-Galois-braided algebra. From the commutativity of the diagram

(25) Q2,Q) ®(Q2,0Q) —2°02,Q

Qcan®QcanJ l@caﬂ

~ ~ Mgeg =~
(HoQ)®H®Q) —— H®Q,

we obtain the following explicit formula for the multiplication map mqg , @:
(26) mge ,a®@b® a @b) = gcan™? (gcan(a ® b) gcan(a’ ® b'))

= qean” (a(-1)a/(-1) ® a)bal)}))

= an Mooy @ al oy Pay)Pagbale ¥

=a a/(_l)[l] & a/(_l)mba'(o) b.
Here in the last equality we used (13).

Next, we show that mqg ¢ is the multiplication in a braided tensor
algebra associated to the left-sided version of Durdevic’s braiding [Dur96,
(2.2)]. Since gcan is left and right D-linear, the following formula defines a
left and right D-linear map:

(27) Q®,Q3z0y — Y (Y €QY,Q,
V(r®y):= Qcanf1 ((1 ® ) gcan(y ® 1)) = y(_l)m ® y(_l)p]xy(o).
Now we can write the multiplication formula (26) as

(28) mQe ,a@b® d@V)=ab(bxd)t = (a®b)s(d V).

Note that when we view a Hopf algebra H as a left comodule algebra over it-
self, then the left Durdevic braiding (27) becomes the Yetter—Drinfeld braid-
ing

(29) f[@ﬁ[ S2TWY = Y ®§(y(2)):1:y(3) € ﬁ[@ﬁ

Proposition 1.3 (cf. Proposition 2.1 in [Dur96]). Let gA: Q — H®Q be
a left Hopf-Galois coaction, and D the coaction-invariant subalgebra. Then
the map U defined in (27) is bijective and enjoys the following properties:

(30) mgo ¥ =mgq,

(31) Vge@: ¥(g®l)=1®q,

(32) VgeQ: Y(1®q) =q®1,

(33) Vo (mg®id) = (Id®@mg) o (¥ ®id) o (id ® ¥),
(34) Vo (id®mg) = (mg®id) o (id ® ¥) o (¥ ®1id),
(35) (¥®id)o(ld®V¥)o (¥®id) = (id® ¥)o (¥ ®id) o (id ® ¥).
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Proof. The bijectivity of ¥ follows immediately from the fact that gcan
is an algebra isomorphism (25). The braided commutativity of (30) is a
consequence of (15). The condition (31) is obvious, and the sibling condition
(32) is implied by (13).

To prove (33), using (17) and (15), we compute

(36) (i[d®mg) o (¥Y®id)o(Id®@ V))(z @y ® 2)
= ((i[d®@mg) o (¥ ®id))(z ® Z(_l)m ® Z(_l)m Y 2(0))
=(d® mQ)(z(_g)m ® z(_2)[2] T Z(_l)m ® Z(_l)[g] Y Z(O))

=z @ 2P ay 2

=(Vo(mp®id)(z@y®2).
Much in the same way, to prove (34) using (16), we compute
(37) (mg®id)o (id®@ ¥) o (¥ ®id))(z®y® 2)
= ((mq ®id) o (id @ ) (y - @ yyP 2y @ 2)
= (mq @ id)(y—n" @ 2" ® 2Py P 2 y0) 2(0)
= ()M @ (y2) )Pz (y2) o)
=(Vo(idomg))(z®y®z).

Finally, to show the braid relation (35), we first apply gcan®id to its left-
hand side. Then, taking advantage of the fact that above we have already
computed (id ® V) o (¥ ® id), we proceed as follows:

((gean ®id) o (¥ ®id) o (Id ® ¥) o (¥ ®id))(z ® y ® 2)
= ((gean ®id) o (¥ ®id)) (y—nM ® 2" & 2By 2 y0) 2(0))
=22 @y @ 2Py P aye) 20
Here in the last equality we used (27).
Again much in the same way, taking advantage of the fact that above

we have already computed (¥ ® id) o (id ® ¥), we apply gcan ® id to the
right-hand side of (35), and proceed as follows:

((gecan ®@id) o (id ® ¥) o (¥ ®id) o (id ® ¥))(z ® y @ z)
= ((gean ® id) o (id ® \I/)) (2(— 2)[1] ® 2(_2)[2] x z(_l)m ® Z(_l)[2] Y 2(0))

= (qean ®id) (24" @ 7(S(2(-2))(-1) 2(-1) 2P 2 252 w10 20)
= (qean ® id) (( 3)[”®T( (2-2)¥-1) 2-1) 23 2 Y(0) 2(0))
20y ® 23" (S(z2)y-1) 2

® (S(z(—2) )y 1))”Z<—3>[2]90y<0> 2(0)

= 2(_1)® (2—3)S (Z<—2>>?J<—1> 2-)M @ (223)S (2= 2-1) P 2 y(0) 2(0)
= 2(_ @y 2! @ 21y Py P e y) 2(0) -
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Here we consecutively used (18), (15), (17) and (16). Since gcan ® id is
bijective, this proves (35). O

2. Braided principal join comodule algebras

2.1. Bi-Galois objects. Now we shall consider left and right coactions si-
multaneously. Let A be an H-H-bicomodule algebra, i.e., a left H-comodule
algebra and a right H-comodule algebra with commutmg coactions:

(38) (AA®id)o Ay = (Id® Ay) o 4A.

This coassociativity allows us to use the Heyneman-Sweedler notation over
integers:
(39) ((AA ® id) o AA) (CL) =:a(-y) X a0) X a() = ((ld X AA) o AA) (a)
Since we need the left and right coaction-invariant subalgebras to coincide,
we assume both of them to be the ground field: “°HA = k = A°H_ This
brings us to the realm of Schauenburg’s bi-Galois theory [Scha96]. Recall
that according to this theory, given any right Galois object A over a Hopf
algebra H, there exists a unique left coaction 4A : A — H® A commuting
with the right coaction and making A a left Galois object over H. An H-H
bicomodule algebra A that is simultaneously left and right Galois object is
called a bi-Galois object. Next, we specialize the left Durdevic braiding (27)

to left Galois objects. This allows us to simplify our notation for the left
Hopf-Galois-braided algebra to A® A.

Lemma 2.1. Let A be an H-H bi-Galois object, and let A @ A be a left
Hopf-Galois-braided algebra. Then the left canonical map (10) is an iso-
morphism of right H-comodule algebras intertwining the coactions given by
the formulas

Asga(a®b) := a@) @by @ aybay,

Aﬁ@A(h X a) = (id X AA)(h (039 CL) =h® a o) X a() -

Proof. To verify the commutativity of the diagram

A
(40) AgA 225 (AgA) e H
Acanl J{Acan@)id
FoAied (Ho A)® H,

for any a,a’ € A, using (39), we compute:

(41)  ((acan®id) o Agga)(a®a’) = (acan ® id)(a () @a'(o) ® a(l)a'(l))
= a(-1) ® aq)(o) © 1)@
= ([d®As)(ay® a(o)a')
= (Afga© acan)(a®a').



BRAIDED JOIN COMODULE ALGEBRAS OF BI-GALOIS OBJECTS 1095

This shows that scan is right H-colinear. Also, since gcan and A HoA
are algebra homomorphisms and 4can is bijective, we conclude from the
commutativity of the diagram (40) that the diagonal coaction Ay g 4 is an
algebra homomorphism. N O

2.2. Braided join comodule algebras. To preserve the topological mean-
ing of our join construction in the commutative setting, from now on we
specialize our ground field to be the field of complex numbers.

Definition 2.2. Let A be an H-H bi-Galois object, and let A ® A be a left
Hopf-Galois-braided algebra. We call the unital C-algebra

A®A:={x c C([0,1])®ARA | (evo®id)(z) € C®A, (ev1®id)(z) € A®C}
i

the H-braided join algebra of A. Here ev, is the evaluation map at r € [0, 1],
ie., eve(f) = F(r).

Lemma 2.3. Let A®z A be the H -braided join algebra of A. Then the
formula

C([0,1)®A® A > fRa®b+— J®a0) @by ®aby € C([0,1)®A® A®H

restricts and corestricts to Apg 4 A®z A — (A®z A)® H making A® 5 A
a right H-comodule algebra.

Proof. Let Zl fi®ai®b € A ® g A, ie., Zz fi(0)a; ® b; € C® A and
> fi(l)a; ®b; € A® C. Then

(42) (evr @1d)( 3 1 @ (a)o) & (b)) @ () (Bi) )

=2 (filr)ai) ) @ (bi)o) @ (filr)as) ) (biday

For r = 0 the above tensor belongs to C® A ® H, and for r = 1 the above
tensor belongs to AQ C® H. O

2.3. Pullback structure and principality. In order to compute the co-
action-invariant subalgebra, and to show that the principality of the right
H-coaction on A implies the principality of the right diagonal H-coaction
on A®p A, we present A® A as a pullback of right H-comodule algebras.
Define

(43) A= {f € C([0,3]) ® ARA | (evo ®1d)(f) € C A},

(44) Ay :={g€C([3,1]) ® ARA | (ev1 ®id)(g) € AR C}.

Then A® 7 A is isomorphic to the pullback of Ay and Az over A1 := A® A
along the right H-colinear evaluation maps

(45) mi=ev1 ®id : Ay — Aqa, Mo i=ev1 ®id 1 Ay — Aqa.
2 2
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Recall that, by Lemma 2.1, qcan defines a right H-comodule algebra iso-
morphism 4gcan: A® A - H® A. Also, we have gcan(C® A) = C® A and
acan(A®C) = 4A(A). Next, we note that the right H-comodule algebras
Aq and As are isomorphic to

(46) Bi={feC(0,}) e H® A|(evo®id)(f) € C® A},
(47) By:={geC(L1)@H®A| (evi ®id)(9) € 4A(A)},

respectively.

Since A4(a) = a ® 1 implies that a € C, we obtain
(48) B = {f e C([0,5))® H®C| f(0) € C},
(49) B = (g e O(h ) ® Ha T (1) € C).

In both cases, these algebras are isomorphic to the unreduced cone of H
[GVFO1, p. 25]. As a result, the coaction-invariant subalgebra of A ® 5 A is

isomorphic to the unreduced suspension of H , i.e.,
(50)  (Awg AT =3H = {geC(0,1))® H | g(0),9(1) € C}.

Lemma 2.4. Let H be a Hopf algebra with bijective antipode, and let A be
an H-H bi-Galois object. Then the right H-comodule algebras B1 and Bs
are principal.

Proof. To prove the lemma, it suffices to show the existence of strong con-
nections on By and By [HKrMZ11, p. 599]. Note first that the right transla-
tion map for a Galois object over a Hopf algebra with bijective antipode is
a strong connection. Therefore, we will use the strong-connection notation
cany'(1®@h) =: bV @ b (summation suppressed) for the right translation
map. Let

{/i:H— B ® By,

Hh)=101oh)e (1ol h?),

ly: H— By ® Bs,

la(h) == 1@ hV @)@ (1eh? ) eh?qg).

The unitality of both ¢; and ¢5 follows immediately from the unitality of the

right translation map.
Furthermore,

(53) (cang o 1)(h) =1 @ 1@ hVRP g @ h? ) =101@1®h,

(51)

(52)

(canA oly)(h)=1® h<1>(_1) h<2>(_1) ® h<1)(0) h<2>(0) X h<2>(1)
= (id ® 4A ®id)(1 ® K'Y b2 o, @ K2y
(0) (1)
=1®1®1®h.

Finally, we verify the bicolinearity of ¢; and ¢s. For ¢; it follows imme-
diately from the bicolinearity of the right translation map. For the right



BRAIDED JOIN COMODULE ALGEBRAS OF BI-GALOIS OBJECTS 1097

H-colinearity of ¢, we use the right H-colinearity of the right translation
map to compute

(54) (id®AB2)(€z(h))
=(1ehrM e e 1er? ) ehr®g)er® )
(1d®AA®1d®AA®1d)(1®h ®1®h<>()®h<2>(1))
(1d®AA®1d®AA®1d)(1®h W@1®hay® @ he)
= (1@ haye1) @ ey @ (18 hy® -1y ® h)P0) © ey
= lo(h(1y) @ he) = (62 ® 1d)(A(h)) .

Much in the same way, for the left H-colinearity of {5, we use the left H-
colinearity of the right translation map to compute

(55) (AR, ®id)(f2(h)
=5 M) e ert gy ehrl ) e (1o ) ehqg)
= ([d®id ® 4A ®@id ® 4A) (ST (R ) @ 1@ bV () @ 1 @ h?)
= (([d®id®4A ®id @ AA)(h) ® 1@ hgyV @ 1® hy?)
=h) ® (18 heyV' 1) @ higV0) @ (18 by 1) ® by P (o)
= h(1) @ la(h(z)) = (id @ £2)(A(R)) .
Summarizing, ¢; and ¢ are strong connections, and the lemma follows. [

We already know that the coaction-invariant subalgebra of A ®7 A is

isomorphic to the unreduced suspension of H (50). Now, combining the
above lemma with the right H-comodule algebra isomorphisms B; = A;,
i € {1,2}, and the key fact that any two-surjective pullback of principal
coactions is principal [HKrMZ11, Lemma 3.2], we arrive at the main theorem
of this paper:

Theorem 2.5. Let H be a Hopf algebra with bijective antipode, and let
A®z A be the H-braided join algebra of A. Then the coaction

Apen t A®A — (A®A)®H
H H H

is principal. Furthermore, the coaction-invariant subalgebra (A ® i A)COH 18

1somorphic to the unreduced suspension ofﬁ (50).

3. Finite quantum coverings

In this section, first we show that for any finite-dimensional Hopf alge-
bra H, the anti-Drinfeld double A(H) is a bi-Galois object over the Drinfeld-
double Hopf algebra D(H). Since, by bi-Galois theory, for any right Galois
object A there exists a unique left-Galois-object structure on A making A a
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bi-Galois object, we conclude that the left-coacting Hopf algebra coincides
with the right-coacting Hopf algebra:

(56) D(H) = D(H).

Then we apply our braided noncommutative join construction to the afore-
mentioned bi-Galois object for a concrete 9-dimensional Hopf algebra H.

3.1. (Anti-)Drinfeld doubles. Recall that for any finite-dimensional Hopf
algebra H, one can define the Drinfeld-double Hopf algebra D(H) := H*® H
by the following formulas for multiplication and comultiplication [Dri87]:

(57) (p@h) (¢ @) = 1)(S h3)) @' (3) (b)) 0¥ (2) @ bk,
A(p®@h) == p2) ® h(1)y @ p1) @ h) -

Here H* is the dual Hopf algebra, and the Heyneman-Sweedler indices refer
to the coalgebra structures on H* and H. Therefore, as a coalgebra, D(H) =
(H*)cop ® H.

Much in the same way, one can define the anti-Drinfeld-double right
D(H )-comodule algebra A(H) := H* ® H by the following formulas for
multiplication and coaction respectively [HKhRS04al:

(58) (@ h)(¢' ®@h) = 1)(S (h3)e 3)(S*(h))) 0¥ 2) @ i)l
(59) A sy (e @ h) = @) @ hay @ ey @ h) -

Note that, since the formula for the right coaction is the same as the formula
for the comultiplication, and A(H) = D(H) as a vector space, we immedi-
ately conclude that A(H) is a right D(H)-Galois object. This reflects the
combination of the following facts: any Yetter—Drinfeld module over H is
a module over the Drinfeld double D(H), any anti-Yetter—Drinfeld module
over H is a module over the anti-Drinfeld double A(H ), and the tensor prod-
uct of an anti-Yetter—Drinfeld module with a Yetter-Drinfeld module is an
anti-Yetter—Drinfeld module (see [HKhRS04a] for details).
Next, let us observe that the formula

(60) AAW @ k) = 1) ® S (k1)) ® ) ® k)

defines a left D(H)-coaction on A(H) which commutes with the above-
defined right coaction A 4(fy. Also, since the comultiplication formula (57)
differs from the left-coaction formula (60) only by an automorphism id ® S?
applied to the left tensorand, the coaction invariant subalgebra is trivial:
coD(H) A(H) = C. By the same token, we infer that this coaction is left Hopf-
Galois. Thus to arrive at the assumptions of our main result (Theorem 2.5),
it suffices to show that 4(z)A is an algebra homomorphism. (The antipode
of any finite-dimensional Hopf algebra is bijective [LS69].)

To this end, note first that ¢ and k' do not play an essential role in the
multiplication formula (58). One can easily check that to prove that 4(z)A
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is an algebra homomorphism, one can restrict to ¢ = ¢ and A’ = 1. Now we
compute

(61) amA((e@h)(¢®1))

= A A1) (S ()@ 3) (S (h)) ©'2) © ha))

= (P 0)(STH hw)¢' @ (S (hy)) ¥(5) © 5*(h(z)) @ (¢2) © ha))-
On the other hand, we compute

AmAE® h)A(H)A(‘PI ®1)

= (e ® S*(hq) (90/(2) ®1)) @ ((e ® b)) (¢1) ©1))

= (@(2)(S(h(3) ¢ (4)(5*(h1))) ¢'(3) ® S*(h2))) ® ((e @ hia))(¢a) ® 1))
= (¢ /(4)(S(h(3 ?16)(S*(h1)) ¢'5) ® S%(h(2)))

® () ' ’

= &' (8™ )¢5 (D@5 (S (hay) (¢l @ 5% (hz)) @ (¢0) @ hez))
= &1)(ST (h)¢' (1) (S*(h1)) (¢3) ® S (ha)) ® (¢2) @ hz)) -

Hence 4(m)A is an algebra homomorphism, as needed. Summarizing, we
have arrived at:

Theorem 3.1. Let H be a finite-dimensional Hopf algebra. Then, for coac-
tions given by the formulas (59) and (60), the anti-Drinfeld double A(H) is
a bi-Galois object over the Drinfeld double D(H).

3.2. A finite quantum subgroup of SL_zxi/3(2). To instantiate The-
orem 2.5 and Theorem 3.1, we consider the nine-dimensional Taft Hopf
algebra H [T71], which can be constructed as a quotient Hopf algebra of
O(SL,2xi/3(2)). As an algebra, H is generated by two elements a and b
satisfying the relations

(62) ad=1, ¥=0, ab=qba, q = e2mi/3,

The comultiplication A, counit e, and antipode S are respectively given by

(63) Aa) :==a®a, S(a) := d?, g(a) =1,
Ab):=a®b+b®d? S(b) := —¢%b, e(b) := 0.

The set {b"a™}y, m=0,1,2 is a linear basis of H [DHS99, Proposition 4.2].
The dual Hopf algebra H* can be obtained as a quotient Hopf algebra of

U,2xis3(sl(2)). The structure of H* and its pairing with H can be deduced

from [DNS98]. We use generators k and f of H* that in terms of generators
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used in [DNS98] can be written as follows: k is the equivalence class of
the grouplike generator K € U,2xi/3(sl(2)) and f := ¢*kx_, where z_ is the
equivalence class of X_ € U,_ari/s(sl(2)). Our generators satisfy the relations

(64) =1, f=0, fk=qkf.
The coproduct, counit and antipode are respectively given by
(65) A(k) ==k ®k, e(k) =1, S(k) := k?,

A(f)=f®1+k f, e(f) =0, S(f) == —k*f.
The formulas
(66) k(a) :=q, k(b):=0, f(a):=0, f(b):=1

determine a nondegenerate pairing between H* and H.
The Drinfeld double D(H), as an algebra, is generated by

(67) K=k®1, F=f®l A=1®a B: =15,

where K and F' satisfy the same relations (64) as k and f, and A and B
satisfy the same relations (62) as a and b. They also fulfill the cross relations

(68) AK = KA, AF =¢*FA, BK = ¢*KB, BF =qFB+qKA?>—qA.

The coproduct, counit and antipode are respectively determined by

(69) A(A):=A®A, A(B):=A® B+ B A%,
A(K):=K®K, A(F)=1®F+F®K,
e(A) :=1=:¢(K), e(B) :=0=:¢(F),

S(A):= A%, S(K):=K? S(B):=—-¢*B, S(F):=-FK%

For the anti-Drinfeld double A(H ), we define analogous generators:

(70) K=k®l, F:=f®l, A=1®a B:=1%b.

It follows from (58) that K and F satisfy the same relations as k and f, and
A and B fulfill the same relations as a and b. However, the cross relations
now become

(71) AK=KA, AF=¢*FA, BK=¢*KB, BF=qFB+{*KA%>—qA.
The left and right D(H)-coactions (60) and (59) in terms of generators are

(72)  amAA) = A® A, Ay (A) = Aw A,
AmAB)=A®B+¢B® A%, Ay (B)=A®B+B® A%
amAK) =Ko K, Ay (K) =Ko K,
AmAF) =10 F+F®K, Agm(F) =19 F+F®K.

by
(73)  x(A):=A, x(B):=¢B, x(K):=¢K, x(F):=d¢F.
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A direct calculation shows that
(74) AHA = (ide®x HoAoy.

Note that the existence of an equivariant algebra isomorphism between A(H)
and D(H) means that A(H) is a Hopf algebra isomorphic to D(H). The
existence of a finite-dimensional Hopf algebra not admitting such an equi-
variant algebra isomorphism is a pivotal open problem related to the famous
Radford’s S*-formula [KR93].

It also follows from (74) that
(75) agncan” (a®p) = x"Hap)) @ X (S(ag)) p.
Indeed, applying the bijection 4(zycan to the right hand side of this equality
yields
(76) agy © X a))x " (Slag))p = a@p,

as needed.

Our next step is to unravel the structure of the left Hopf—Galois-braided
algebra A(H)® A(H). To this end, we choose its generators as follows:
(77 Ap:=A®1l, Bp:=B®l, Kp=K®l, F,:=F®]l,

AR::1@A, BR::1@B, KR::1@K, FR::1@F.
Each of the sets of generators {Ar, B, K1, Fr} and {Ag, Br, Kg, Fr} sat-

isfies the commutation relations of A(H) and, from (28) and (75), we infer
the cross relations:

ARAp = ALAg, BrAL=q*ABr, KrAp=ALKr, FRrAp=qALFg,
ApBp = BLAg + (1 — ¢*)ALBg,

BrBr, = ¢BLBr + (1 — q) AL ArBj%,

KgBr, = BLKgr+ (¢ — 1)AL A% BRrKp,

FrFy, = qFLFr+ (1 — q)F3,

ARKp =KL AR, BrKp=q’K1Br, KrKp =K Kgr, FpKp=qKLFg,
ArFr = FL AR + (1 — q)ARFR,

FrBL = ¢’BLFr — qALARKR + AL,

BrF = ¢FLBr+ (¢—¢*)FRBr + ¢ AR KR — qAR,

KpF, = FiKp + (1 — )KrFg.

Furthermore, since A(H)® A(H) =2 H* ® H ® H* ® H as a vector space,
the set

(78)  {AMBPREMSEMASBISKYE [ny, .. ng € {0,1,2}}
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is a linear basis of A(H)® A(H). Using this basis and remembering (77),
any element X of C([0,1]) ® A(H)® A(H) can be written as

2
(79) X = Z frrring ® A Bn2 N3 fna @Anzf,énakmﬁms’
ni,...,ng=0

where fn, . ns € C([0,1]). Hence
A(H) ® A(H)
D(H)

2
—{ Y Fuveens © A} B KD F AR B K P

ni,...,ng=0

" far,ms (1) = 0 for (ns,ne,n7,ns) # (0,0,0,0)
For an explicit description of the coaction-invariant subalgebra
(80) (A(H)® p() A(H))©PH,

we use the fact that, by Lemma 2.1, the left canonical map (zcan is an
isomorphism of right D(H )-comodule algebras. This allows us to conclude

that {a) b\ k7 2 | 5,1, m,n € {0,1,2}}, where
(81) ar, = A(H)canfl(A ®1)=Ax A%
br, = A(H)can_l(B ®1)=—gA® B+ ¢B® A,
kr = A(H)can_l(K® )=K®K?
fr = agncan H(F®1)= -1 FK* + Fo K2,
is a basis of the coaction-invariant subalgebra
(82) (A(H) @ A(H))°PH) ~ D(H) @ A(H)°PH) = D(H)®C.

Thus we obtain the following explicit description of the coaction-invariant
subalgebra

all fnl,---JLs S C([O, 1]) fnl""’ng (0) =0 for (n17n27n37n4) # (0 0,8,8)7 }

<A(H) ® A(H)) o

2
= { Z gjlmn ® a]LblL szl all gjlmn € C([07 1])7

7,L,m,n=0

Gjimn(0) = 0= gjimn (1) for (j,1,m,n)#(0,0,0, O)}

Since the generators ar, by, kr, fr satisfy the same commutation relations
as the generators A, B, K, F of D(H), it is now evident that the coaction-
invariant subalgebra is isomorphic to the unreduced suspension of D(H), as
claimed in Theorem 2.5.
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4. *-Galois objects

To introduce a *-structure on a bi-Galois object, we need to assume that
it is symmetric, i.e., that the left-coacting Hopf algebra coincides with the
right-coacting Hopf algebra.

4.1. *-structure. Assume now that H is a *-Hopf algebra. This means
that H is a Hopf algebra and a *-algebra such that

(83) (x@*%)oA=Aox%, *x0Soxo0S=id and cox="o¢,

where bar denotes the complex conjugation.
Much in the same way, we call A a right H *-comodule algebra iff it is a
*_algebra and a right H-comodule algebra such that

(84) (x@%)oAy=A40x*.

A left *-comodule algebra is defined in the same manner.

Next, we use the algebra isomorphism gcan : A ® A — H ® A (see
Lemma 2.1) to pullback the natural *-structure h ® a — h* ® a* on H ® A
to obtain the following *-structure on the braided algebra A ® A:

(85) (a®b)* := (4cant o (x @ *) 0 4can)(a®b)
=a* e P b a g =1gb) (@ @1).
Our goal now is to show:

Proposition 4.1. If A is an H *-bicomodule algebra and a bi-Galois object
over H, then the H-braided join algebra A ®gy A is a right H *-comodule
algebra for the diagonal coaction.

Proof. With the complex conjugation in the first component and the afore-
mentioned *-structure on A® A, the algebra C([0,1]) ® ARA becomes a
*-algebra. Furthermore, it follows from (85) that (C® A)* = C® A and
(A®C)* = A®C. Therefore, as evaluation maps are *-homomorphisms,
the *-structure on C([0,1]) ® A®A restricts to a *-structure on A ®p A.
Next, we know from Lemma 2.1 that Agg 4 = acan™' o (id® A4) o gcan.
Since all the involved maps are *-homomorphisms, so is Agg 4. Finally,
since A g, A is a restriction of id®A 4 g 4, and Ay 4 is a *_homomorphism,
it follows that A4e,, 4 is a *-homomorphism. B O

Remark. Although it is not needed for our immediate purposes, for the
sake of completeness, let us prove the left-sided version of Durdevic’s formula
relating the *-structure with the left translation map [Dur96, Section 2]. Let
H be a *-Hopf algebra, and @Q a left H *-comodule algebra such that the
left canonical map (10) is bijective. Then the left translation map (see (11))
satisfies

(86) VheH: 7(h*) = h)H e m)E = (571(h)2* @ (S71(h)M*.
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To prove this, it suffices to show that gcan applied to the right hand side
gives h* ® 1. Using (18) in the second equality, we get

(87) ((STHR)P ) 21y @ ((STHR)E) (o) (S (R)) M
= (ST M) L))" @ ((S7HR) P o))" (S~ ()1

= (S(S7L(h))))" @ (S (h))B* (87 (ha)))
=17y @ (S (he)) (S~ (b))

= h{y) ® e(hy)

=h*®1

4.2. Noncommutative-torus algebra as a GGalois object. In this sub-
section, we take the algebra O(T?) of Laurent polynomials in two variables
as our *-Hopf algebra H. It is generated by two commuting unitaries u
and v, and the Hopf algebra structure is defined by

Au) :=u®u, A):=v®v, c(u):=1=:e(), S(u):=u", S):=0v"

Next, let § € [0,1) and let A := O(T%) denote the polynomial *-algebra
of the noncommutative torus, i.e., the *-algebra generated by two unitary
elements U and V satisfying the relation

(88) Uv =™y
We define coactions Ay : A > A® H and 4A: A— H® A by
(89) As(U) :=U®u, As(V) :=VRv, sAU) :=ulU, AAV):=vxV.

These coactions turn A into an H *-bicomodule algebra. As {U*V! |k, € Z}
is a linear basis of A (by the Diamond Lemma [Be78, Theorem 1.2]), one sees
immediately that ©°7A = C = A®°H . Furthermore, it is straightforward to
check that the inverses of the left and right canonical maps are respectively
given by

acan” N (uFv'@a) = UFVI@V U a,  cany!(a@u™!) = aVTIU R UV
Hence A is a bi-Galois object over H. As the antipode of H is bijective, A

satisfies all assumptions of Theorem 2.5.
Using (88), one easily verifies that the braiding (27) reads

(90) AR A>3 UV U™V —s Zrifn—tmymyn o 7kl c Ag A.
Now the product (28) in A® A is determined by
(91) (U VUMV « U™V @ UV?Y)
— e%ri@(kn—lm) U'vVsUm™v" e Uk:VanVb
_ (2mif(kn—lm—sm—la) [r+myss+n o prh+ay/i+h
where 7,5, k,l,m,n,a,b € Z. One readily checks that the elements

92) Up:=U®1, V,:=Vel, Uz:=1&U, Vg:==11V,
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satisfy the relations

UrUrp = ULUg, VRVL = VL VR,
(93) 27if 2716

ULVL =€ VLUL, URVR =€ VRUR,
(94) UrVy = ™V UR,  VrUL = e 20U V5.

It follows from (85) that Up, Vi, Ug, Vg are unitary. Furthermore, since
they generate A® A, any element y € C(]0,1]) ® A® A can be written as

finite
From U’L‘:VI{UEVIQ = UVl @ U™V™, we conclude that
A® A
H

— {Z Futmn ® USVIUBVE € C([0,1)) @ AR A | byl m,n € Z,

finite
Jrimn(0) = 0 for (k,1) # (0,0), frimn(1) =0 for (m,n) # (0,0)}.

Finally, the diagonal coaction Agg,a : A®g A - (A®g A) ® H is
determined by

(96)  Anea(f@ULVIURVE) = f @ ULVLURVE @ oot
H

By Theorem 2.5, the above coaction is principal (admits a strong connec-
tion), and the coaction-invariant subalgebra (A ® g A)°" can be viewed as
an algebra of functions on the unreduced suspension of the classical torus.
Explicitly, we have

(ACI?,A)COH = { Mg XFYle A%A gr1(0) =0 = gu(1)

finite

for (k1) # (0,0), k1 € Z},

where X = UUp = UQU* and Y = Vi Vi = V®V* are commuting
unitaries.

To end with, let us note that, as the Hopf algebra H is commutative,
the diagonal coaction A ® A - A® A ® H is an algebra homomorphism
already for the trivial braiding (the flip). However, for the nonbraided ten-
sor algebra A ® A, the left canonical map 4can is no longer an algebra
homomorphism:

(97) acan((1@U)(V®1)) = gqcan(V @ U) =v@ VU
#vUV=>012U)(vaV)
= gcan(1 ®@ U) gcan(V @ 1).
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The braided algebra A® A is “more noncommutative” than A ® A in the
sense that the relations (93) among the generators are the same in both
cases, but the relations (94) reduce to commutativity relations for A ® A.
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