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1 Introduction

Many geometric spaces can be analysed by looking at a corresponding algebra. Properties
of the geometric space then give analogous properties of the algebra. This algebra will al-
ways be commutative. In non-commutative geometry, one studies similar algebras without
the commutativity condition and tries to still find geometric properties of these algebras.

For example, the Gelfand-Naimark theorem gives a correspondence between locally
compact Hausdorff spaces X and commutative C*-algebras A: for any locally compact
Hausdorff space X we can consider the C*-algebra of continuous functions C(X), and
for each commutative C*-algebra A we can consider the space of characters on A, with
the weak*-topology. This allows us to think about topological spaces in terms of their
corresponding algebra. For example, the space X is compact if and only if the algebra
C(X) is unital, and the space X is connected if and only if the algebra C'(X) contains
no non-trivial projections. In non-commutative geometry we consider C*-algebras A that
are not required to be commutative, and try to find properties of the associated ‘non-
commutative space’ - even though there is not really a topological space on which these
properties should hold. This allows us to consider more general spaces: for example, phase
space in quantum mechanics [7] or quotients by ‘bad’ equivalence relations [6]. There are
also algebraic analogues for geometries with more structure than just a topology: measure
spaces correspond to Von Neumann algebras (see [5] chapter V) and Riemannian spin
manifolds correspond to spectral triples (see [5] chapter VI).

In this thesis we are interested in the fundamental group. The fundamental group of
a space X can be defined as equivalence classes of continuous maps v : S* — X sending
a basepoint sy € S! to a fixed basepoint zy € X, where two such maps are equivalent
if there is a base-point preserving continuous homotopy H : S' x [0,1] — X between
them. To dualise this, we could consider maps from a C*-algebra A to the C*-algebra
C(]0,1]). However this does not seem to be very interesting for non-commutative spaces:
since C([0,1]) is commutative, any *-homomorphism ¢ : A — C([0,1]) would send any
commutator ab — ba to 0, which for many non-commutative spaces already means that ¢
is trivial.

Another way to define the fundamental group of a manifold is as the automorphism
group of the universal cover. To generalise this we could look at non-commutative gen-
eralisations of covering spaces, as in [3] or [13]. We use a slightly different approach: we
use that the representations of the fundamental group of a manifold correspond to flat
connections on vector bundles over this manifold (this is proven in section 2, using the
universal covering space of the manifold). From this, the (algebraic hull of) the fundamen-
tal group can be reconstructed. To generalise this, we define a notion of flat connections



over non-commutative spaces in section 3. We show that (under some extra conditions)
it is a neutral Tannakian category. This is then used to define the fundamental group of
the non-commutative space, similar to the approach in [16]. In section 4 we apply this on
non-commutative tori. In section 5 we try to make the construction functorial and consider
the product of spaces. In section 6 we consider a broader definition of connections.

For simplicity, we assume everywhere in this thesis that our algebras are unital (corre-
sponding to compact manifolds).



2 The classical case

In this section we will demonstrate a well-known correspondence between the representa-
tions of the fundamental group of a manifold, and the flat connections on vector bundles
over the manifold. This can be used to reconstruct the fundamental group (or at least an
algebraic hull of the fundamental group) from the category of flat vector bundles. This
will give an alternative definition of the fundamental group that is more suitable for gen-
eralisation to the non-commutative case, which we will attempt in later sections.

Let M be a connected compact manifold. It is well-known that each connected manifold
has a universal cover p : M — M. This is by definition a covering space such that M is
simply connected. It is also well-known that p is a m (M )-principal bundle, where 71 (M)
denotes the fundamental group of M (see for instance [12], section 1.3) . We show this in
the following lemma.

Lemma 2.1. Let M be a connected compact manifold with universal cover p : M — M.
Then p is a m (M )-principal bundle.

Proof. Pick a basepoint my € M. For each path v : I — M that starts and ends at my,
and each point z in the fibre above my, there is a unique path v : I — M above ~ that
starts at z. It does not have to end at x. This gives an action of the loop space €2,,, M on
the fibre p~*(myg), where x - is the endpoint of the path 4. Since v-x depends continuously
on 7 and the fibre is discrete, we see that this action is homotopy invariant, so it factorises
through a right action of 7y (M, my) on the fibre p~!(my), which is indeed a group action.
This action is transitive because M is connected: if x, 2’ € p~!(mg) there is a path from
to 2/, this lies above a path v : I — M that satisfies x - [y] = 2’ (here [y] denotes the class
of a loop 7y in 7 (M, mg)). The action is free because M is simply connected: if z - [] = «
we know that 7 is a path from z to x in M , o it is homotopic to a constant path, which
gives a homotopy between v and a constant path.

Now we define the action of m (M, mg) on the entire manifold M. Let 2o € p~*(my)
be a fixed point above mg. Let [y] € w1 (M, mg) and = € M. Let x : I — M be a path
that starts at = and ends at zo. Now there is a unique path ¢ : I — M that starts at
xg - [y] such that p o1 is the reversal of the path po x. Define x - [y] as the endpoint of .
This is a point in the same fibre as x. This depends continuously on the choice of y, but
since the fibre is discrete and M is simply connected, it does not depend on y at all. This
defines the group action of (M, mg) on M, and this is again a free transitive action on
each fibre. So p: M — M is a w1 (M, mg)-principal bundle. O

Let Rep(m(M)) denote the category of finite-dimensional representations of (M)
and let FlatVec(M) denote the category of finite-dimensional vector bundles with a flat
connection. The morphisms in the last category are the morphisms of vector bundles that
commute with the connection. We can now show the equivalence between representations
of m (M) and flat vector bundles over M. Since this is a well-known theorem (again see
[12], section 1.3), we only sketch the proof.



Theorem 2.2. Let M be a manifold. There is an equivalence of categories
FlatVec(M) = Rep(m (M)).

Proof. Let mg be a base point of M. Let E be a vector bundle over M with a flat connection
V. Let V be the fibre of E at p. The group 7 (M, mg) acts on V in the following way:
for [y] € m (M, mp) and x € E,| there is a unique path u : I — E above ~, that starts at =
and satisfies % = 0. Define [v] - x as the endpoint of u. It can be shown that this does
not depend on the choice of representative [y] because the connection is flat, and it gives
a group action of m; (M, mg) on V. This defines the functor FlatVec(M) — Rep(m(M)).
Conversely, let V' be a finite-dimensional representation of w1 (M ). The group m (M)
acts on the right on M x V by g - (z,v) = (x - g,¢9~" - v), using the right action of m (M)

on M and the left action on V. Let E = M X () V' be the quotient by this action. Its
elements are of the form [z, v] with z € M,v € V, where [z-g,v] = [z,g-v] for g € m (M).
Since the action of 7y (M) on M is fibre-wise, the composition M x V — M £ M factors
through a map £ — M. This makes F a vector bundle over M. Now we can define
a connection V : X(M) x I'(E) — I'(E) as follows: each section s € I'(E) can locally
be written as s(m) = [h(m),5(m)], with h : U € M — W C M a local section of p
and § : U — V. Then for any vector field X define Vx(s) € T'(E) by Vx(s)(m) =
[h(m), Lx5(m)], where Ly denotes the Lie derivative. We leave it to the reader to check
that this is well-defined, and that V satisfies the Leibniz rule and that it is flat (or see [12],
section 1.3). This gives the functor Rep(m(M)) — FlatVec(M). It is then easy to check
that the two functors defined above are inverse to each other, establishing the equivalence
FlatVec(M) = Rep(m(M)). O

2.1 Tannakian categories

From the category of representations of a group, it is possible to reconstruct (an algebraic
hull of) the group. This was done by Saavedra Rivano [20] as a student of Grothendieck,
and Deligne and Milne fixed a gap in the proof [8]. We will state the definitions and the
main theorem from [8] without proof.

The notion of a tensor category is modelled on the category of vector spaces with their
tensor product. Let C be a category with a functor ® : CxC — C, sending (X,Y) to X ® Y.
In a tensor category there are some given isomorphisms: for any three objects X,Y, Z
there is the associativity constraint ¢xy,z which is an isomorphism from X ®(Y ® Z) to
(X®Y)®Z. For any two objects X,Y there is also a commutativity constraint xy
which is an isomorphism from X ®Y to Y ® X, which is the inverse of ¢y x. For all



objects X,Y, Z T the following diagrams have to commute:

X(Y®(ZeT)))
X((YeZ2)eT) (XQY)®(ZeT)
(Xe(Y®Z2)eT (XeY)e2)oT,

where all the maps are given by associativity constraints, and

XeYeZ) — (XQY)®Z

| !

X®(ZRY) ZR(X®Y)

| !

(X®2Z2)Y — (ZoX)®Y,

where each map is an associativy constraint or a commutativity constraint. These are
called the pentagon ariom and the commutativity axiom respectively [8]. An object U
is called an identity object if there is an isomorphism u : U — U ® U, and the functor
C —C,X — U®X is an equivalence of categories. Now a tensor category is defined to be
a system (C, ®, o, 1) satisfying the pentagon and hexagon axioms, with an identity object.

Examples of tensor categories include the category vector spaces and the category of
R-modules, where R is any commutative ring.

Definition 2.3. Let C be a tensor category with unit U. A dual of an object X is an
object XV satisfying
Hom(T' ® X,U) = Hom(T, X")

for all objects T. Then we get Hom(X" ® X, U) = Hom(X ", XV) so we have a natural mor-
phism XV ® X — U. If X has a dual, we also have Hom(X" ® X,U) = Hom(X, (X))
so we get a natural morphism X — (XV)V. If this is an isomorphism, X is called reflexive.
The tensor category C is called rigid if each object has a dual and is reflexive.

For a rigid tensor category there also exist Hom objects: for two objects X and Y we
have Hom(X,Y) = XY ®Y, and this satisfies

Hom (7T ® X,Y) = Hom(T, Hom(X,Y)).

The category of vector spaces is not rigid, since an infinite-dimensional vector space is not
reflexive. However, the category of finite-dimensional vector spaces is rigid, and so is the
category of finitely generated projective modules over a commutative algebra R.
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Definition 2.4. A tensor category is called an abelian tensor category if it is abelian and
the tensorproduct is bi-additive.

Remark 2.5. Recall that a category C is called abelian if Hom(X,Y") is an abelian group
for all objects X and Y, composition is linear, finite direct sums exist and every morphism
has a kernel, cokernel and image

An example of this is the category of finite-dimensional representations of an affine
algebraic group scheme. For the definition of an affine algebraic group scheme, see [8] or
[22]. If G is an affine algebraic group scheme over C, the category Rep,; of finite-dimensional
representations of G is a rigid abelian tensor category. Let w : Reps — Vecc be the
forgetful functor to the category of finite-dimensional vector spaces. Let g € GG. For each
object X € Repg the element g gives an automorphism on w(X). These automorphisms
are compatible with morphisms in Rep. and also with the tensor product. So g induces
a natural automorphism of the fibre functor w. We get a map from G to Aut®“, which
denotes the natural automorphisms of w that commute with tensor products. The next
theorem from [8] shows that this is an isomorphism. It also shows which categories are
equivalent to the category of finite-dimensional representations of an affine algebraic group
scheme.

Theorem 2.6. (i) Let G be an affine algebraic group scheme, and let w : Repy — Vece
be the forgetful functor. Then we have a natural isomorphism G — Aut®(w).

(ii) Let C be an abelian rigid tensor category and let w : Rep, — Vecc be an exact faithful
k-linear functor that commutes with tensor products. Assume that End(U) = C for
a unit U € C. Then G = Aut®(w) is an affine algebraic group scheme, and C is
equivalent to the category Repg.

Proof. See [8], theorem 2.11. O

In the conditions of the second part, the functor w is called the fibre functor. A category
with a fibre functor that satisfies all the conditions of the second part of the theorem is
called a neutral Tannakian category.

Let I' be a topological group. The category Repp of finite-dimensional representations
of I', with the forgetful functor to Vecc, is a neutral Tannakian category. Therefore it is
equivalent to the category of finite-dimensional representations of an affine group scheme
G. In general this affine group scheme is not equal to I', unless I' is a compact group. The
affine group scheme G is called the algebraic hull of I'. This concept is called Tannakian
duality.

Our plan is now to define a category C(X) of flat connections on a non-commutative
space X with a fibre functor, that satisfies the conditions of the theorem. We will then
define the fundamental group of X to be the group scheme of automorphisms of the fibre
functor. For a (commutative) manifold M we retrieve the (algebraic hull of the) usual
fundamental group of M, by theorem 2.2. A disadvantage of this approach is that different
groups may have the same category of representations, hence the same algebraic hull, and
our method cannot distinguish between these groups. For example, the topological group
R and dense subgroups of it have the same representations (see lemma 8.2).
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3 Connections over a non-commutative space

In this section we will define connections over a non-commutative space. For our non-
commutative spaces we take a differential graded algebra. We consider the category of all
flat connections for this algebra, and we will prove that under certain conditions this is a
neutral Tannakian category. This allows us to define the fundamental group of a space.
We also show that the category only depends on the (graded commutative) centre of the
algebra.

There are multiple ways to generalise vector bundles to a non-commutative space. Over
a commutative space, the vector bundles over a manifold correspond to finitely generated
projective modules over the algebra. Over the non-commutative algebra we can look at
right modules, but there is no tensor product of right modules. We can look at bimodules,
but here we have to remember that over a commutative space, only very special bimodules
are allowed: the multiplication on the left is the same as on the right. We can look at
bimodules that satisfy this condition for the centre of the algebra. Instead we look at a
more restrictive class of bimodules, namely those that are a direct summand of a free finite
module ([10] defines diagonal bimodules as modules that are a summand of a free module).

Connections are then defined as maps £ — £ ® QA that satisfy the appropriate Leibniz
rules. However to satisfy the left Leibniz rule the image should actually be Q'A® £. This
is solved in [9] by using an isomorphism o : €@ QA — Q' A — £. In their approach
the tensor product of two flat connections is not necessarily flat. Instead we will look at
graded bimodules €2* € over the differential algebra Q° A that are a summand of a free
finite module. That way we automatically get isomorphisms Q& 2 £ WA =2 VNARE
(see lemma 3.5). When defined in this way we will see that the tensor product of flat
connections is always flat (see lemma 3.18).

Notation 3.1. If a is a homogeneous element of a graded algebra or module, we denote
the degree by |a|. If we use this notation we always assume that o is homogeneous.

Definition 3.2. A graded differential algebra or dga is a graded algebra Q°* A, with Q°A =
A, together with a C-linear map d : 2* A — Q°® A of degree +1 satisfying the Leibniz rule

d(wr) = dw - v+ (—1)*lwdy
for w,v € Q°* A, and d? = 0.

Note that we do not ask that Q' A should be spanned by elements of the form adb with
a,b € A. Therefore Q* A is in general not a quotient of the universal differential algebra

of A.

Notation 3.3. Let Q*& be a graded Q2* A-bimodule. We define the graded commutator
[ QAXQE = Q€ as [a,e] = ag — (—1)*Flea for a € Q* Ae € Q°E and C-
bilinearly extended to non-homogeneous elements. We use the same notation for the graded
commutator [-,-] : Q* A x Q* A — Q° A defined similarly.



Definition 3.4. Let 2°.A be any dga. We call a graded Q°® A-bimodule Q°* & finitely
generated projective (fgp) if there is another graded Q°® A-bimodule 2* F satisfying Q°* € &
QO F = (2° A)" for some integer n, as graded Q* A-bimodules.

The following lemma shows why it is convenient to work with these graded fgp €2* A-
bimodules instead of just fgp bimodules over A = Q°A.

Lemma 3.5. Let Q°& be a graded fgp Q° A-bimodule. Write A = Q°A and & = Q°E.

Then for all k > 0 the multiplication induces isomorphisms

EQ A S OFE
PFARLE S QFE.

Proof. Let Q* F be another graded Q°* A-bimodule satisfying 2* EGQ* F = (Q* A)". Then
we have the following commuting diagram:

ERQAVAP Fo QA y QFE @ OFF

I I

EDF)@UVA —— A" @ QFA —y (QFA)"

Here the top arrow is the direct sum of the maps £ ® 4 Q¥ A — QF€ and F @ 4 QFA — QFF.
All the other maps are isomorphisms, so these maps are isomorphisms as well. This
shows that the first map in the lemma is an isomorphism and the second one follows
analogously. ]

Definition 3.6. Let Q°& be a graded fgp Q° A-bimodule. A connection on Q°*E& is a
C-linear map

V:Q*E—-QE
of degree +1 satisfying the following equations for ¢ € Q* &, a € Q°* A:
V(ea) = V(e)a + (—1)leda,
V(ae) =da -+ (=1)aV(e).

Remark 3.7. The equations in this definition are the right Leibniz rule and the left Leibniz
rule respectively. They are well-defined because the elements of (2* £ can be multiplied
with elements of Q°* A both on the left and the right.

Definition 3.8. Let Q*& be a graded fgp Q° A-bimodule with a connection V. The
curvature of V is the map VZ: Q* & — Q° € of degree +2.

Remark 3.9. The curvature is an 2* A-bilinear map: for ¢ € Q* € and « € Q* A we have

Vi(ea) = V(V(e)a + (—1)Fleda)



= V3(e)a + (=1)EHV(e)da + (-1)EIV(e)da + ed*a
= V3(e)a

and

Vi(ae) = V(da - + (=1)*av(e))
= d*a-e+ (=) dav(e) + (~1)*dav(e) + aV?(e)
= aV?(e).

Definition 3.10. A connection V is called flat if the curvature V? is zero.
Now we can define the category of flat connections.

Definition 3.11. We define C(Q2* A) to be the category whose objects are graded fgp
Q* A-bimodules with a connection, and whose morphisms are graded fgp €2* A-bimodule
morphisms which commute with the connections. Let Cg,i(Q2*.A) be the full subcategory
where the connections are required to be flat.

Example 3.12. Let M be a manifold. The corresponding dga is the de Rham differential
algebra of the manifold 2° A = Q°®4ernam M. Any fgp Q° A-bimodule Q° & is determined
by the fgp A-bimodule £. This corresponds to a vector bundle over M by the Serre-Swan
theorem. A flat connection on Q°* £ corresponds to a (usual) flat connection on this vector
bundle. So C(2*.A) is equivalent to the category of vector bundles over M with a flat
connection, which is equivalent to the category of representations of m M by theorem 2.2.

3.1 connections over the graded centre

Each graded fgp ©* A-bimodule is determined by a graded fgp bimodule over a graded
commutative subalgebra. For this we need the following definitions:

Definition 3.13. Let Q°® A be a dga. We define the graded commutative centre Z,(Q2* A)
as
Zy(A) ={a e QA |[o,v] =0 for all v € Q* A}

If Q* € is an fgp 2* A-bimodule we define Z,(Q* E) as
Z,(°8) ={e € QA [e,v] =0 for all v € Q* A}.

Lemma 3.14. With notations as in the previous definition we have the following, part of
which is shown in [9], page 12:

(i) The graded commutative centre of the algebra Z,(2* A) is a dga.
(it) The graded commutative centre of the module Z,(Q2* E) is a graded fgp bimodule over
Z,(2* A).
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(i) The multiplication induces an isomorphism Zy(Q* E) @z, qe 4) QA = Q€.

Proof. (i) An easy calculation shows that Z,(Q®.A) is a subalgebra of (2* A, using that
[aB,v] = a[B,v] + (=1)IFIW¥[a,v]B for a,B,v € Q* A. Tt is closed under d because
[da, v] = dla, v] — (—1)1¥]a, dv] for a,v € Q° A.

(ii) An easy calculation shows that Z,(Q2* ) is a graded bimodule over Z,(2* A), using
[ag,v] = ale,v] + (=)o, v]e for a,v € Q* A, e € QE. TEQ EDQF = (Q° A"
it follows directly that Z,(Q2°E) & Z,(Q* F) = (Z,(Q° A))", so Z,(Q2*E) is a graded
fep Z,(£2* A)-bimodule.

(iii) Let Q°*F be another graded fgp Q°* . A-bimodule satisfying Q*E @ Q* F = (Q* A)".
Then we have the following commuting diagram:

Zy(Q ) @z, 00 1) L A DB Zy(Q° F) @00 ) XA ———— W EDQQF

- y

(Zy(Q°E) & Zy(Q° F)) @z,(00 4) 2° A QA"
Zy(0E @0 F) Q00 ) W A ———— Z,((2° A)") @7, (00 4) 2 A.

The top arrow is the direct sum of the maps Z,(Q2°* &) ®z,qe4) Q2* A — Q*E€ and
Zg(Q2 F) @z,000 4) 2* A — Q° F induced by multiplication. All other arrows in the
diagram are isomorphisms, so these maps are isomorphisms as well.

]

So all graded fgp 2* A-bimodules are determined by a graded fgp Z,(2® A)-bimodule.
This is in turn determined by an fgp Z,(Q°A)-bimodule. Note that Z,(2°A) may be
smaller than the centre of the algebra A.

Theorem 3.15. We have a natural isomorphism
C(Q*A) = C(Z,(2° A)).
Proof. Let (Q*E&,V) be an object of C(2* A). For € € Z,(Q* &) and a € Q°* A we have
V(ea) = V(e)a + (—1)Fleda
but also

V(ea) = (=1)Fv(ae)
(—1)UEHDlel g7 (e) + (—1)leda.

11



So we get
V(e)a = (1)l g ().
Since this holds for all a € Q® A we conclude that V(e) € Z,(2*E). So V restricts to a
function Z,(Q°E) — Z,(Q*E). Then (Z,(Q2°E), Vz, e ¢)) is an object of C(Z,(2* A)). It
is easy to see that this is a functorial construction.
Conversely, let (2* F, V) be an object of C(Z,(Q2* A)). Then we can define the graded
fgp Q* A-bimodule Q°* F ® 7z, (qe 4) 2* A, and the connection V given by

Vit®a)=V()®a+ (—Dl¢@d(a)

for ¢ € Q* F, o € Q* A. This gives an object of C(2* A). It is then easy to show that this
construction is also functorial, and that the two functors thus defined are inverse to each
other. ]

The above isomorphism also restricts to an isomorphism Cpai (2° A) = Char(Z,(Q° A))
as the functor and its inverse clearly preserve flatness.

For a graded commutative dga Q°* A we have a different way to describe the cate-
gory. Remember that for a graded fgp bimodule Q® £ we have the isomorphisms Q€ =
E®@40FA. The restriction of V to £ is then a map Vo : £ = £®4Q'A, satisfying
Vo(ea) = Vo(e)a + e @ da. Conversely each such Vo may be extended to V: Q*E — Q°* &
by setting V(e ®@w) = Vy(e)w + e ® dw. So we can describe C(2* A) as the category with
objects fgp A-modules £ with a connection Vg : & — £ @4 QL A.

Example 3.16. Let A, = (g g) € My(C) p and A, = (3 g) € My(C) p. Let

Q°* A be defined by QF A = A, for even k and Q¥ A = A, for odd k, with the differential

. a 0 0 pf—« ' 0 ~ o+~v 0
d.A0—>A1,<0 5)—><a_6 0 ),andd.A1—>A0,(5 O)—)( 0 ’Y—f‘(;).

This is the dga corresponding to the non-commutative space of two points with finite
distance (see for example [15], pages 116-8).

Now we have Z,(Q2FA) = C in even degrees and Z,(Q2*A) = 0 in odd degrees. The fgp
bimodules over Z,(2"A) are simply determined by a vector space over C, so we get that
C(Q*A) =C(Z,(Q°A)) is equivalent to the category of vector spaces.

3.2 Tensor products

In this subsection we will construct the tensor product for the category C(Q* A).

Proposition 3.17. Let (Q*&,V¢) and (2° F,V7) be objects of C(Q*A). Then Q*G =
Q° E ®qe 4 Q° F has the structure of an fgp graded bimodule over Q°* A, and we can construct
a connection VY satisfying

Vie®() = Vi) ¢+ (-1)Fle@ V7 (0)
fore e Q*E,C € Q° F.

12



Proof. The left action of 2°* A on Q2* £ and the right action of Q°* A on 2°* F make Q2° G into
a 0* A-bimodule. A grading on the tensor product is given as follows: for any n > 0 the
degree n subspace Q"G is the linear span of elements ¢ ® ¢, withe € Q*&,¢ € Q'F, k+1 = n.
To show that Q* G is fgp, suppose that Q*E @ Q*E =2 Q* A¥ and Q* F @ Q* F = Q° AL
Then

VGOV E Qe a Fo(QF) =@ F)le @ F)F= @ A"

So €2 G is a graded fgp ©2* A-bimodule.
We can then define the connection V9 by

Vie®() = Vi) @l + (-1l @ V7 (0)

for e € Q*E,¢ € Q* F. This defines VY on the pure tensors, and it is extended C-linearly.
To show that it is well-defined, let o € 2* A. Then by the above definition we have

Vi(ea®() = Vi(ea) ® ¢ + (—1)FFlea @ V7 (()
= V¥(e)a®( + (=1)Fleda® ( + (1) ea @ V()

while

Vie®al) = V() ®al + (—1)ke @ V()
=Vé(e)®al + (-1)le®da- ¢+ (-1l @ aVF(Q).

Since these are the same, VY is well-defined.
Lastly, V9 satisfies the Leibniz rules: for e € Q*E,¢ € Q* F,a € Q° A we have

V9 (ae®() = VE(ae) @ ¢ + (—1)elac @ V7 (¢)
=da-e®(+ (-1)MaVE(e) @ ¢ + (=1)FTlae @ VF(()
=da-e®@(+ (-1)aVi®()

and

Vi(e®Ca) = VE(e) @ Ca+ (—1)le®@ VI(Ca)
= Vé(e)@¢a+ (1) e@ VI(()a+ (1)l (da
= V9(e®Oa+ (-1)He @ ¢da.

The curvature on the tensor product is easily calculated:

Lemma 3.18. In the notation of the previous lemma, we have
(V2= (VE2@Q FaQ Ea(Vh)2.
In particular, the tensor product of flat connections is again flat.
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Proof. For e € Q* &, ¢ € Q° F we have

(VI2(e®() = VI(VE(e) @ (¢ + (1) @ V()
= (V2 (e) @ ¢ + (=)' Ve () ® V7 (()
+ (-DIVE(e) @ VZ(C) + e @(VF)*(¢)
= (V) (e) ® ¢ + e ®(V7)*(Q).

]

Remark 3.19. The above lemma does not apply for some other definitions of connections
on bimodules, see for example [21], example 2.13.

It is easy to see that this tensor product is associative. The tensor product commutes
with the equivalence of categories C(Q2*A) — C(Z,(2* A)) from theorem 3.15. In the
commutative case it is easy to see that the tensor product is also commutative; so we have
a commutativity constraint in the general case as well.

There is a unit in C(2* A): it is the bimodule 2°* A with the connection d. It is easy to
see that the isomorphism & — £ ® 4 .A commutes with the connection V¢ and the tensor
product connection on £ ® 4 A.

This makes (C(2* A), ®) into a tensor category, as well as the subcategory Cga:(2° A).

3.3 Duals

We will now construct dual objects in the category C(2* .A).

Proposition 3.20. Let (2*°E,V) be an object of C(2*A). The dual module Q°*EY =
Homge 4(Q2° E,Q° A) of right-Q* A-linear maps from Q°* E to Q* A is an fgp Q°* A-bimodule.
We can construct a connection on Q* EY satisfying

(V¥(0),¢) = d(9,e) — (~1)(, Ve)

for 8 € Q*EY. e € Q*E. Here the angled brackets denote the pairing between Q*EY and
Q°E.

Proof. The bimodule structure is given by (da,e) = (6, ae) and (af,e) = «(f,¢e) for
0 € QY. € O A, e € Q°E. There is a natural grading where Q**EV consists of
the homogeneous maps of degree k. If Q*E @ Q* F = Q* A" we get Q°EV @ Q* FY =
(QEBQF)V=Q* A" So Q°EY is a graded fgp Q°* A-bimodule.

We can define the connection VY on Q°* EY by

(V¥(0),e) = d{0,¢) — (=1)0, V(e))

for 0 € Q*EY e € Q*E,a € Q* A, This is well-defined because (VY(6),—) is indeed a
right-linear map with this definition: for 6 € Q* &Y, e € Q*E,a € Q* A:

(VY(6),ea) = d(f,ea) — (=1)1(6, V(ea))

14



d(((0,e)a) — (=1)N0, V(e)ar + (—1)"leder)

d{0,e)a + (=)D ) da — (=)0, V (e))a — (—1)PIFENG, £)da
=(V"(0), ).

This satisfies the Leibniz rules: for 8 € Q* £V, e € Q* &, a € Q* A we have

(VY(0a),€) = d{fa,e) — (1) 0, V(e))

(0, ac) — (1)1, aV (¢))

< ag) — (=1)"M19, V(ae)) + (-1){9, da - €)
,ag) + (=1)N0da, )

a+ (—=1)¥0da,e)

and
(VV(ah),e) = d(ab, ) — (=1)F1 (0, V(e))
= dalf,e) + (—D)¥ad(g,e) — (=1)F1a(p, V(e))
= (do- 0 + (—1)*avY(0),e).

We can compute the curvature of the dual connection:

Lemma 3.21. In the notation of the previous lemma, the curvature of VV is minus the
dual of the curvature of V, that is, for 6 € Q* & e € Q*E we have

(V)%(0),€) = —(0,V?(e)).
In particular, the dual of a flat connection is again flat.
Proof. We have for § € Q*EV e € Q*&:
((VV)2(0),2) = d(VY(0),) — (=D (V(8),V(e))

= d(d(0,¢) — (-1)(0, V ()))
— (=10, V(e)) — (0, V*(e))
= —(0,V*(e)).

Writing Q°* & = Z,(Q° E) @z, (e 4) 2° A we have
Q° g\/ = HOIHQ- A(ZQ(Q. 5) ®ZQ(Q' A) Q° A, Q° A) = Zg(Q. 8)\/ ®ZQ(Q° A) QA

So the equivalence of categories C(Q*A) — C(Z,(Q2*A)) commutes with the taking of
duals. In particular this shows that the dual Q° SV = Homg. 4(Q2* £,Q° A) is naturally
isomorphic to the space of left-linear functions g. 4 Hom(Q* &, Q° A).

15



Since 2* E is a fgp bimodule, we have for each graded fgp bimodule Q°* F an isomor-
phism Hom(2* F@Q*E,Q°* A) = Hom(Q* F,Q*EY @Q° A). An casy calculation shows
that this isomorphism continues to hold for morphisms that commute with connections,
if connections on Q°*& and Q°* F are given. So (Q*EY,VY) is a dual object to (Q* &, V).
The morphism Q°*E — (2°EY)Y is an isomorphism because Q°* € is fgp. So every object
is reflexive, and (C(Q2* A), ®) is a rigid tensor category, and the subcategory Cya; is also a
rigid tensor category.

3.4 Abelianness of the category

In this subsection we will show when the category C(£2* A) is abelian. Using theorem 3.15
we can always reduce to a graded commutative algebra. Therefore we will only consider
graded commutative algebras in this subsection. We will assume that A is a unital *-
algebra that is dense in a unital C*-algebra A. This will be necessary for some of the
constructions below. Moreover we also need the star operation on Q¢ A.

* ok

Definition 3.22. A x-dga is a dga Q°* A with a linear involution *, satisfying (a8)* = *«
and d(a*) = d(a)*.

We also assume that the elements in A that are invertible in A are also invertible in A,
so ANA* = A*. This is in particular the case if A is stable under holomorphic functional
calculus (see [11], page 134).

The category C(2*A) is always an additive category: given two objects (Q° &, V¢)
and (°F,V7) the morphisms from Q* € to Q°* F form an additive group, and there is
Ve 0

0 VvFi)
general, C(Q* A) is not an abelian category. For example, if Q¥A = 0 for all k > 1, then
C(2* A) is simply the category of fgp modules over A, which is generally not an abelian

category. In fact we can easily prove a necessary condition on a graded commutative dga
Q° Aif C(Q°A) is abelian.

an object Q2° & @ Q°* F where the connection is simply given by V¢®F = In

Lemma 3.23. Let Q°* A be a connected graded commutative dga and suppose that C(2* A)
is abelian. Let a € A and suppose that da = aw for some w € Q*A. Then a is either 0 or
tnvertible.

Proof. Consider the two objects (A, d + w) and (A, d) of C(Q2* A). Since da = aw we have
a commuting diagram
A—— A
e s
QA 2= QA
where a denotes the multiplication by a. So multiplication by a is a morphism between

these objects. We then get a short exact sequence 0 — ker(a) — A = im(a) — 0. This is
a short exact sequence of A-modules, and since im(a) is an fgp A-module, it is split, and
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we get A = ker(a) @ im(a). Since A is connected this means that either im(a) = 0, which
means that a = 0, or im(a) = A, which means that a is invertible. ]

We will now define a slightly stronger condition on A, and we will show later that this
is a sufficient condition for the category C(€2* .A) to be abelian.

Definition 3.24. Let Q* A be a x-dga. We say that Q°® A satisfies property Q if it satisfies
the following condition:

for all a € A with @ > 0 and all ay,...,as € A with all |a;| < a, and all wy,...,w, €
QL A:

if da = Zle a;w;, then either a = 0 or a is invertible.

If Q* A is graded commutative, this easily implies the conclusion in lemma 3.23: if
da = aw, we have a*a > 0 and d(a*a) = d(a)*a + a*da = aa*(w + w*), so aa* is 0 or
invertible, hence a is 0 or invertible. It also implies that A is connected, in the sense that
there are no non-trivial projections: if p € A is a projection, then dp = d(p*) = 2pdp, so
(1 — 2p)dp = 0 and multiplying by 1 — 2p gives dp = 0. Then p should be 0 or invertible,
so any projection is 0 or 1.

3.4.1 Quantum metric differential algebras

We will now show that property Q holds for quantum metric differential algebras. First we
introduce the notion of a compact quantum metric space, invented by Rieffel [19]. Let A be
a C*-algebra and let L be a seminorm on A that takes finite values on a dense subalgebra
A. We think of L as a Lipschitz norm. This defines a metric on the state space S(A) by
Connes’ distance formula: for x,v € S(A) we have

di(x,¥) = sup{|x(a) —¥(a)],a € A, L(a) < 1}.

This metric then defines a topology on the state space. We already had the weak-* topology,
so it is natural to make the following definition:

Definition 3.25. Let A be a unital C*-algebra and let L be a seminorm on A taking finite
values on a dense subalgebra. Then A is called a compact quantum metric space if the
topology on S(A) induced by the metric d;, coincides with the weak-* topology.

Now we go back to the case that we have a *-dga 2* A and A is a dense subset of a
unital C*-algebra A. Suppose that a norm ||-|| is given on Q' A, satisfying the inequality
law|| < |la|| - ||lw|| for a € A,w € Q' A. This defines a seminorm L on A by L(a) = ||dal|.
The space Q° A is called a quantum metric dga if A is a compact quantum metric space
with this seminorm. If Q®A is a quantum metric dga, the same holds for Z,(2* A), by
proposition 2.3 of [19].

Lemma 3.26. Let Q°* A be a graded commutative quantum metric dga and suppose that
ANA* =A%, Then Q° A satisfies property Q.
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Proof. Let a € Awitha >0, and let ay,...,a, € Awithall |a;| < a, and wy, ..., w, € Q'A
satisfying da = Y., a;w;. By scaling we may assume that 0 < a < 1. Define the
polynomial p,(z) = >";_; 1(1—x)*, which is the truncation of the power series of —log(z).

Then we have
dp,(a) = pl,(a)da = Zalwz Z (1—a)k .
k=1

For each 1 <7 < s we have

n n

aiZ(l—a)k_l <la) I—a)=1-1-a)"<1.

k=1 k=1

So we get
[dpa(a)]| < ZH%H

in particular the norm of dp,(a) is bounded as n — oc.
If a is neither 0 nor invertible in A, there are points y, ¢ in the Gelfand spectrum of A
satisfying x(a) = 0 and ¢(a) =t > 0. Then x(p,(a)) = 3.1, + — 00 as n — oo, while

Y(pnla)) =>0, k(l —t)¥ — —log(t) as n — co. We get

IX(pn(a)) — Y(pa(a))l

_)
ldpn(a)] -

d(x, ) >

so d(x, 1) = oo. But the metric d should give the weak-* topology on the spectrum, and
the spectrum is connected, so this is a contradiction. So either a = 0 or a € A*, and in
the second case a € AN A* = A*. O

3.4.2 Proof of abelianness

In the rest of this section, we will show that if 2® A satisfies property Q, then C(Q*.A) is
an abelian category. Suppose we have a morphism ¢ : £ — F in the category C(2°.4). We
have to show that ker(y),im(p), coker(y) are also in the category. The most difficult part
is to show that these are finitely generated projective modules.

Lemma 3.27. Let ¢ : £ — F be a morphism between fgp A-modules. Then the following
are equivalent:

o The A-modules ker(p),im(p), coker(y) are fgp.
e There is an A-module homomorphism ot : F — £ satisfying oo = .

Proof. Suppose that ker(y),im(p), coker(y) are fgp. Then the short exact sequence 0 —
ker(p) — & — im(p) — 0 is split, so &€ = ker(¢) @ im(yp). The short exact sequence
0 — im(yp) — F — coker(p) — 0 is also split, so F = im(y) @ coker(¢). The map ¢ then
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corresponds to the map ker(y) @ im(¢) — im(yp) @ coker(yp) sending (a, b) to (b,0). We
can then choose the map ¢ : im(y) @ coker(¢) — ker(p) @ im(yp) sending (c,d) to (0, c).
It is then easy to check that ety = ¢ (and also pTppt = ™).

Now suppose there is an A-linear map ¢+ : F — £ satisfying p¢ o = ¢. The surjection
F — coker(p) admits a splitting, sending the equivalence class [f] to f — pe™(f). This
is well-defined because ppT¢ = ¢. So the short exact sequence 0 — im(yp) — F —
coker(p) — 0 is split, giving F = im(yp) @ coker(¢). So im(y) and coker(y) are fgp.
Then the short exact sequence 0 — ker(p) — & — im(p) — 0 is also split, giving
E = ker(p) @ im(yp). So ker(yp) is also fgp. O

Remark 3.28. If ¢ : C" — C™ and ' : C"* — C" satisfy oot ¢ = ¢ and pTppt = o, and
et and T are self-adjoint then ¢* is uniquely determined, and is called the Moore-
Penrose pseudoinverse [2].

In the case that ker(p),im(yp),coker(yp) are finitely generated projective it is easy to

construct connections on these modules.

Lemma 3.29. Let ¢ : € — F be a morphism in C(Q°A) and suppose that ker(p), im(p)
and coker(y) are finitely generated projective. Then there are natural induced connections
on these modules.

Proof. Consider the commuting diagram

£ d > F » coker(yp)

|+ |-

EQVAZS Fod —— coker(p) @ Q' A.

We see that this induces a map V() : coker(y) — coker(p) ® Q' A and it is easy to
check that it satisfies the Leibniz rules.

We have the isomorphisms £ = ker(¢)®im(p) and F = im(p)@coker(p), as in the proof
of lemma 3.27. Under these isomorphisms, ¢ corresponds to the map ker(p) @ im(p) —
im(¢) @ coker(y) sending (a, b) to (b,0). We then get the commuting diagram

ker(p) @ im(y) » im(p) @ coker(yp)

[ [+
ker(¢) @ 'A @ im(p) @ BPA —— im(p) @ Q1A @ coker(p) @ Q1A
From the diagram it follows that V¢ restricts to ker(y) — ker(p) @ Q1 A, and V7 restricts
to im(p) — im(¢) @ QLA. These are the connections we want. They satisfy the Leibniz

rule because they are restrictions of V& and V¥. They are also independent of our choice
of isomorphisms £ = ker(y) @ im(p) and F = im(p) & coker(p). O
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Definition 3.30. Let M € M, (A) be a matrix with coefficients in A. Let x € Alz] be
the characteristic polynomial, with coefficients (—1)™D,,(M), so

xu(z) = 2" — Dy (M)2™ ' + D, _o(M)a™ % — ...+ (=1)"Do(M).

Note that Dy(M) = (—1)"det(M) and D,,_; = Tr(M). In general, D,,(M) is the sum
of the determinants of m x m square submatrices.

We need the inequality below involving D,,. Its proof is an easy calculation after
diagonalising M* M, and not very interesting. Its proof can be found in the appendix. The
term 2 Re(M*[M, K]) will appear in the proof of theorem 3.33.

Lemma 3.31. For M, K € M,(C) we have

d

& Dy(M*M +t - 2Re(M*[M, K)))| < 4n|| K || ys Do (M*M).
t=0

Here 2Re(M*[M, K]) = M*[M, K]+ (M*[M, K])* and || K||ys denotes the Hilbert-Schmidt
norm of K.

Remark 3.32. Both sides of this inequality are continuous functions of the entries of M
and K. The inequality then still holds for M, K € M,(.A), since it can be checked at any

1
point in the spectrum (the Hilbert-Schmidt norm is then || K ||;q = || Tr(K*K)||?).

We are now ready to prove that C(Q2°.A) is an abelian category. We need to show that
any ¢ : £ — F has a finitely generated projective kernel, image and cokernel. In the first
part of the proof we reduce to the case ¢ : A" — A". In the second part we prove that
each term in the characteristic polynomial of ¢*p is either zero or invertible. Lastly we
use this to prove that ¢ has a pseudo-inverse (as in lemma 3.27).

Theorem 3.33. Let Q* A be a graded commutative dga satisfying property Q). Then the
category C(Q* A) is abelian.

Proof. Let ¢ : £ — F be a morphism in C(Q2*.A). We will show that ker(p),im(yp), coker(yp)
are finitely generated projective A-modules, and then we are done by lemma 3.29.

There is a projective module G with £ & F & G = A". We can write G = pA" for
a projection p € End4(A"). Then we can define a connection V9 : pA" — pQl A" by
V9(g) = pdg. Tt is easy to check that this defines a connection on G (it is called the
Grassmannian connection). This makes (G, VY) an object of C(Q2*.A) and it also defines a
connection on the direct sum module £ & F & G.

Now the map

EDQFRGEDFDG

O O
o O O
o O O

is a morphism in C(Q2*.A). Its kernel is ker(p) & F @ G, its image is 0 & im(p) & 0 and
its cokernel is £ @ coker(p) @ G. So it is enough to show that these are finitely generated
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projective. Therefore it is enough to prove: for a connection V : A" — Q' A" and a
morphism ¢ : A" — A", the kernel, image and cokernel of ¢ are fgp modules.

The connection V : A" — Q' A" can be written as V = d + &, where x : A" — Q1 A"
is an A-linear function. We can view x as an n x n matrix with coefficients in Q'A. The
induced connection on Hom 4(A", A"), which we still call V, satisfies

V((f,e) = (V(f),e) + {f, V(e))
for f € Hom4(A", A") and e € A™. So

d({f,e)) + r({f,e) = (V(f),e) + ([, de) + (f, re)
and this gives
V(f) =df +[x, f].

Since ¢ : A" — A" commutes with the connection, we know that V(¢) = 0 so we conclude
that

dp = [p, K]
Here ¢ is viewed as an element of M, (A). We get

d(p*p) = ¢"d(p) + d(¢) v = 2Re(¢" [, K]).

Now let a,,, = Dp,(¢*p) € A be the m-th term of the characteristic polynomial of p*p (up
to sign). Write k = > | Kjw; with K; € M,(A) and w; € Q' A. We get

day, = dDpy,(p*p)

=— ODm(sD*so + td(¢™p))

=—  Du(p'p+t-2Re(p*p, K]))

= G Dl + - 2Re(p . K]

where

_ 4
 dtji=0

By lemma 3.31 and remark 3.32 we get |a;| < 4| K;|yg @m- We can now apply property Q
(if we put the factor 4||K;||4q in the w;) to conclude that a,, is either 0 or invertible.
Now consider the smallest m for which a,, # 0 (note a,, = 1 so this m exists). Then
am s invertible. The characteristic polynomial of ¢*p is now Y+ (2) = 2™ — ap_2™ ' +
o (=) mapa™. Let p(x) = 27X prp = 2™ — apq2™ ™ 4 Lo+ (=1)"™a,,. By

a; Dy ("o +1 - 2Re(¢" [, Ki])).
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Cayley-Hamilton we know y.«,(¢*¢) = 0, so ¢*¢p(¢*p) is nilpotent, and also self-adjoint,
s0 ¢"op(p*p) = 0. Then (pp(¢*p)) - (pp(¢*p))" =0, so in fact already @p(p"p) = 0. Let

)n—m—l

g(z) = H= am p(®) ¢ Alz]. Let o7 = q(¢*¢)¢*. Then we have

oot = soq(so ©)p”
p(q- =) (" )
—90(1+( 1" a, 'p(e*p))
— 0.

By lemma 3.27 it follows that the kernel, image and cokernel of ¢ are finitely generated
projective. This concludes the proof of the theorem. ]

Corollary 3.34. With the same conditions as in the theorem, the category Cp.(2* A) is
also abelian.

Proof. The category Cpa(2°.A) is a full subcategory of C(Q2® . A). The kernel, image and
cokernel of a morphism in Cg,:(2° A) is again in Cqa(Q2® A) because the connections con-
structed in lemma 3.29 are flat if V¢ and V7 are flat. O

3.5 Definition of the fundamental group

In this section we will define the fundamental group of a dga. We will use theorem 2.6 for
this. Since the category Cpat(€2°.A) is equivalent to the category Chai(Z,(2° A)), we will
also attach the same fundamental group to Q* A as to Z,(2* A). Therefore we assume
in this subsection that Q°* A is graded commutative. We have proven that Cq.(Q2°.A) is a
rigid tensor category, and under some conditions on Q°* A4, that it is abelian. What is left
is showing that End(Q2®.A) = C and constructing a fiber functor w : Cat(Q2*.A) — Vece.
The first thing can be done easily.

Lemma 3.35. Let Q* A be a graded commutative dga satisfying property (). Then the
algebra of endomorphisms is End(2* A) = C.

Proof. Let 6 : Q* A — Q°* A be an isomorphism. Since 6 is bilinear, for all a € Q°* A we
have 0(a) = af(1). So 0 is determined by a = (1) . Since 6 has to commute with the
connection we get da = d(0(1)) = 6(d(1)) = 0. Let A be a complex number in the spectrum
of a. Then we have d(a — \) = 0, but a — A is not invertible. Since A satisfies property Q
it follows that a = A € C. O

For the fibre functor, pick a point p in the Gelfand spectrum A. Then our fibre functor
is given by sending a bimodule £ to the localization of its center at p. This is defined as
& ®4 C, where the A-module structure on C is given by p. Note that this depends on a
choice of a point in the Gelfand spectrum. This point plays a similar role as the base point
of the usual fundamental group.
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Lemma 3.36. Let Q* A be a graded commutative dga thal satisfies property @ and let
p € A. There is a faithful exact fibre functor w : C(2* A) — Vecc sending Q2*E to &,.

Proof. Let (Q*&,V¢) and (Q* F,V7) be objects of C(Q* A) and let ¢ : Q*E — Q° F be
a morphism commuting with the connections. Since ¢ is A-linear, this induces a map
Q* &, — Q°* F,, showing that w is functorial.

To show that w is faithful, suppose that ¢, = 0. Since C(Q2*.A) is abelian we know
that im(p) is an fgp module. Now look at im(p)®4 A. This is a fgp module over the
C*-algebra A, which corresponds to a vector bundle on A. Tt is zero at p, and the rank is
locally constant, and A is connected, so im(¢) ® 4 A = 0. Since im(p) is projective it is
flat, and im(p) < im(¢) ® 4 A is an injection, so also im(yp) = 0. We conclude that ¢ = 0.

The fibre functor is exact because a localisation is always exact. ]

Definition 3.37. Let ©2° A be a graded commutative dga such that 2° A satisfies property
Q. Let p € A. Then we define 7' (Q® A, p) to be the group scheme of automorphisms of
the fibre functor w : C(Q* . A) — Vecc at p.

Definition 3.38. Let Q°® A be a dga, suppose that Z,(Q* A) satisfies property Q and let

—

p € Zy(A). Then we define 7' (Q* A, p) = 7' (Z,(2° A, p)).

By theorem 2.6 we have an equivalence of categories Cha(2*A) = Rep(m(2° A, p)).
In examples, we will simply recognise the category Cga:(€2°.A) as being equivalent to the
category of representations of some (topological) group, which the fundamental group is
then the algebraic hull of.

Remark 3.39. If ©'(Z,(Q* A, p)) is independent of the point p we will just write it as
7 (Z,(Q2* A)). This may be expected if A is connected.

Example 3.40. Let Q*A = M,(C) for all k. Let d be given by taken the graded

commutator with the matrix D = 0 _01 . Explicitly, d is given in even degrees by

a b 0 —2b i a b 2a¢ 0 ..
<C d) — (20 0 ) and in odd degrees by (C d> — <O —Qd)' This is the non-

commutative space corresponding to the set of two points that are identified.

The graded centre of this dga is just Z,(2* A) = C,0,C,0,... where C is embedded
diagonally in My(C). Then Cqa(Z,(Q2°A)) is just equivalent to the category of vector
spaces. The fundamental group is trivial.

Example 3.41. Consider the following graded commutative dga: let A = C, Q' A = CaC,
22A =C and Q"4 = 0 for n > 3, with d = 0. The multiplication Q' A® Q' A — Q%A is
given by (aq,as) ®@(by,by) — arby — asgby.

An fgp A-bimodule is now simply a finite-dimensional vector space V. A connection is
a C-linear map V = (o, 8) : V =V @ V. The map V; : V@V — V is then given by

Vi(v,w) =Vy(v-(1,0)) + Vi(w-(0,1)) = V(v) - (1,0) + V(w) - (0,1) = —=5(v) + a(w).
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So the curvature V2 : V — V is V2 = [, 8]. The connection is flat if and only if o and j3
commute, so the category Cgay (2°.4) is equivalent to the category of vector spaces with two
commuting endomorphisms. This is in turn equivalent to the category of continuous repre-
sentations of R?: the vector space V with the commuting endomorphisms a, 3 corresponds
to the representation 7 : R? — End(V), m(t1,t2) = exp(tia + to/3). All representations of
R are of this form by lemma 8.2 in the appendix. The fundamental group of Q°® A is then
(the algebraic hull of ) R2.

For graded commutative spaces there is a good notion of functoriality for the funda-
mental group. For non-commutative spaces it is more difficult, we will revisit this in section

d.

Lemma 3.42. Let Q* A and Q° B be graded commutative x-dga’s that satisfy property Q.

Let ¢ - Q* A — Q°B be a degree 0 algebra morphism satisfying o(da) = d( () for all

a€O°A Letqe B andp = ¢*(q) € A. Then ¢ induces a map ¢©* : T (Q° B, q) —
T (Q* A, p).

Proof. 1f € is an fgp A-module then £ ® 4B is an fgp B-module. A flat connection V :
E - EQO'A gives a flat connection V : E@4B — E@4Q'B, given by V( ®b) =
V(e)b+ e®db. So we get a map C(2* A) — C(2* B). It is easy to see that it is functorial
and also that it commutes with the fibre functors. Then every automorphism of the fibre
functor C(Q2*B) — Vecc can be pulled back to an automorphism of the fibre functor
C(Q* A) — Vece. So we get a map ¢* : 71 (Q2° B, q) — 71(Q° A, p). O
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4 Non-commutative tori

In this section we will consider the non-commutative torus, also called the rotation algebra.
Let Ay be the rotation algebra, as studied by Rieffel [17] and Connes [4], and described
in [11], chapter 12. Here 6 is a real number and Ay is generated by two unitaries u
and v. The algebra consists of formal linear combinations of u™v™ where the coefficients
go to zero faster than any polynomial. The multiplication is given by uv = Avu where
A = 2™ The elements of Q' Ay are of the form adu + bdv with a,b € Ay and they satisfy
udu = du - u,udv = Adv - u,vdu = Mdu - v,vdv = dv - v and du - dv = —Adv - du. The
elements of Q2 A, are of the form adudv with a € Ay (see [11], section 12.2). The algebra
Ajp has a natural Z>-grading where u™v" has degree (m,n).

Note that an integer value of § gives back the algebra C°°(T?) of the usual torus. The
non-commutative torus looks rather differently for 6 irrational and 6 rational. In both
cases we will compute the graded centre of 2* 4y and from there the fundamental group.

Example 4.1. Assume that 6 is irrational. For all m,n we have «™v" - u = A\™"u - u™v"
and 0" - v = N - u™0". If (m,n) # (0,0) then ™™ and A\™ cannot both be 0. So
if an element a € Ay has a non-zero term of degree (m,n) then either [a,u] has a non-
zero term in degree (m + 1,n) or [a,v] has a non-zero term in degree (m,n + 1). In
particular a cannot be in the centre of Ay. We conclude that Z,(Ag) = C (as is also shown
in [11], chapter 12). To compute Z,(2'A4p) note that u™v"du - u = A\"u - u™v"du and
u™v"du - v = X"y - u™du. So if a term u™v"du is in the graded centre exactly when
m = —1 and n = 0. Indeed u 'du is in the graded centre. Similarly we see that v=!dv is
in the graded centre, and Z,(Q2'4y) = u'du-CPv~'dv-C. In the same way we compute
that Z,(Q%A4y) = v 'du-v~'dv - C. We conclude that the dga Z,(Q* .A) is isomorphic to
the dga constructed in example 3.41. Hence, the fundamental group of 2* Ay is isomorphic
to (the algebraic hull of) R?.

Apparently the flat connections on fgp Q°® Ay-bimodules correspond to continuous repre-
sentations of R?2. We can give the correspondence explicitly. Any continuous representation
of R? on a vector space W is given by (t1,t5) — exp(tia+ts3) with a, 8 € End(W) commut-
ing endomorphisms of the vector space. The corresponding module is Q2*E = W ® Q° Ay,
and the connection is given by

VWA - WeQ* A,
Viw®a) =w®da+ a(w)@u " du-a+ Bw)@v 'dv - a.

Note that all fgp Q°* Ag-bimodules are free by lemma 3.14, as Z,(Q2* Ay) = C.

Remark 4.2. This can be contrasted with [16], which proposes that the fundamental group
of the irrational rotation algebra is (the algebraic hull of) Z.

Example 4.3. Now assume that 6 is rational. We write 6 = § with p, ¢ coprime integers.
Since \? = 1 we see that both u? and v? are in the centre of Ay. The graded centre is
generated by the commuting unitaries u? and v? (see also [11], chapter 12). Its elements are
power series in u? and v? where the coefficients go to zero faster than any polynomial. This
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is isomorphic to the algebra C°°(T?) of smooth functions on the (commutative) 2-torus.
We have Z,(Q' Ap) = Z,(Ap) - u'du® Z,(Ap) - v~ 'dv. This is also generated by u? and v4
and their derivations, as v 9du! = ¢-u 'du and v 9dv? = q- v 'dv. So Z,(Q' Ay) = QT2
Similarly, Z,(Q%A4y) = Q*T?. We see that Z,(Q° Ay) = Q°* T2 Hence the fundamental
group of Ay is the same as that of the classical manifold T?, so it is (the algebraic hull of)
72,

Remark 4.4. For any 6 we have an inclusion map Z,(Q* Ay) — Q°* Ay. This gives a map
T Ay) = T(Z,(Q° Ag)) = 7' (Q° Ap). In the case that 6 is irrational, this comes from
the inclusion Z? — R2. In the case that 0 = 2 it comes from the multiplication 72 2 72,
With this map we can distinguish the rational rotation algebras for different values of q.

For any 6 the flat connections over €2* Ay correspond to the continuous representations
of the group (Z + 0Z)%: for irrational 6, this is a dense subgroup of R? which has the
same representations as R? (see lemma 8.3 in the appendix), and for rational § we have
Z+ 0Z = Z. The map 7'(Q* Ay) — 7'(Q2°Ay) is then always given by the inclusion
72 — (Z + 07).

The irrational tori can be generalised to higher dimensions, as in [18].

Example 4.5. Let © be a skew-symmetric n X n matrix with coefficients in R. We use
the notation of [11], paragraph 12.2. The algebra Ag is generated by unitaries us, ..., u,
satisfying w;u; = ezm@ijujui. We can also write this as uwu; = T(ei,ej)Qujui where 7 :
(Z™)* — C is the two-cocycle defined by 7(r,s) = exp(mir'©s) and e; € Z" denotes the
i-th unit vector. A general term in Ag is a polynomial in the u; with coefficients in the
Schwarz space S(Z"), that is, the coefficients go to zero faster than any polynomial. This

is a generalisation of the two-dimensional non-commutative torus, which we get back by

0 6

—0 0

the quotient of R™ by Z" 4+ ©Z", which is simply R"/Z™ if © = 0.
For any r € Z we define the Weyl element

taking n = 2 and the matrix © = . It is the non-commutative interpretation of

Tn

u" =exp | mi E 7Oy | Uit ur.
j<k

These are linearly independent and generate the algebra Ag, and they satisfy

u'u® =7(r,s)

u' e,
The one-form module Q' Ag is free with generators {u; 'du;}. We use these generators
because they are in the centre of Q' Ag. The two-form module Q% Ag is free with generators
{u; 'du; - ui duy,i < 5}

Define the lattice A = {r € Z2" | Or € Z"} = {r € Z" | 7(r,s) = 1 for all s € Z"}
(which is reciprocal of the lattice used in [11], paragraph 12.2). Then the centre Z,(A) is
generated by the " with r € A. Let m be the rank of A and let r,... 7, be a basis, and
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let 7,41, ...,7, be elements of Z™ such that ry,ry,..., 7, are linearly independent. Then
Z,(A) is generated by m independent unitaries u”, so it is isomorphic to C>°(T™), the
algebra of smooth functions on the (commutative) m-torus. The one-form module Q'T™
then corresponds to the submodule of Q' A generated by the u "du"i, with 1 < i < m.
Let V be the n — m-dimensional vector space spanned by the u™"idu™, with m <1 < n.
We get

Z,(QA) = Z,(A)u duy @ Zy(A)uy 'dus @ ... & Z,( A, du,
=Z,(A)u " du"™ & Z,(A)u "du & ... B Z,(A)u_,, du™
= Q™" @ Z,(A)u "™ du™+ @ Zy(A)u " 2du? @ L@ Zy(A)uT T du"™
= QT @ TV

Similarly
Zy(PA) = P Z,(A)yu " du T du'

1<J

= @ Zy(A)u " du" T du"
1<j<m

® @ Zy(A)yu " du" T du
i<m<j

@ @ Zy(A)yu " du" T du'
m<i<j

— QQTm D Qle ® %4 D QOTm ® V/\2,

where V2 denotes the wedge product of V with itself.
So Z,(Q* A) is the differential algebra

QT™ QT @ QT @V, *T" @ QT eV & Q' T™ @ V2.

The zero-degree differential here is given by da = (da,0) and the first degree differential
is given by d(w,a®v) = (dw,da®v,0). Let £ be any fgp Q°T™-module. A connection
V:E—=EQUT™®ERV can be written as V = V& L where V : £ — EQQ'T™ is
a connection and L : &€ = £E®V is a Q'T-linear map. The curvature of this connection
is V2 = V2@ VL@ LV @ L. Here V also denotes the induced connection EQV —
EQUNT™®V and L also denotes the induced linear map £ @ Q'T™ — £@V @ QIT™.
Choosing an n — m-dimensional basis for V' we may write L = (L, ..., L,_,,) where the
L; are Q°T™-linear maps & — £. Then we see that the connection V is flat if and only if
V is flat and commutes with each L; and the L; commute with each other.

We can now show that the flat connections on £ correspond to an action of Z™ x R"~™
on the fibre W of £. Since the fundamental group of T equals Z™ we know that the
category Cpag(Q2° T™) is equivalent to the category of finite-dimensional representations of
Z™. Since (€&, @) is an object in this category it gives a representation 7 : Z"™ — GL(WW).
The linear maps L; : £ — £ commute with V so they are morphisms in Chat (2 T™), so
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they give morphisms /; : W — W that intertwine 7. Since the L; commute with each other,
the [; also commute with each other. Now the representation 7 : Z™ x R*™" — GL(V) is
given by m(g,t1,ta, ..., tn_m) = 7(g) exp(tily + talo + ... + tn_mlpn_m)-

This construction can also be reversed. So this shows that the fundamental group of
Q* Ag equals (the algebraic hull of) Z™ x R"~™. The subgroup Z" + OZ™ C R" is dense
in {u € R" | r'u € Z for all » € A}, and this is isomorphic to Z™ x R"™™. So for any
O the fundamental group of Q2* Ag equals the algebraic hull of Z" + ©Z". The inclusion
map Z,(Q* Ae) — Q°* Ay induces a map 7'(Q* Ay) — 7' (2°* Ag), corresponding to the
inclusion Z" — Z" + ©Z".

Remark 4.6. If G is a (discrete) group that acts freely and properly on R”, then R — R"/G
is the universal cover of R”/G and it is a G-principal bundle. In the example above we
show that the fundamental group corresponding to the non-commutative realisation of the
quotient of R™ by Z" + ©Z™ can be identified with Z" 4+ ©Z", which is exactly as we would
expect. Of course, since we get the fundamental group from its representations we cannot
actually distinguish between Z" 4+ ©Z" and Z™ x R"™™ as fundamental group of Ag.
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5 Functoriality: a counterexample

A smooth map f: M — N induces a group homomorphism 71 f : m M — m N. On alge-
bras, this means that a morphism ¢ : Q* A — Q° B should induce a group homomorphism
o 7l (Q° B) — 7'(2° A). Here a morphism ¢ is a degree 0 algebra morphism that com-
mutes with the derivative, so dop = pod. If Q2* A and 2°* B are graded commutative this
is easy to show: if Q2* € is a graded fpg 2* A-bimodule, then we can tensor it with Q°® B to
get the graded fgp Q° B-bimodule 2* £ ®qe 4 2* B. It is easy to construct a flat connection
on Q° & ®qe 4 Q° B, given one on Q°* E. This gives a map Ca (Q° A) — Cag(Q2° B), and this
in turn determines the map 7'y : 71(Q® B) — 71(Q°* A) (see lemma 3.42).

However, in the case that the dga’s are not graded commutative it is not so easy.
Tensoring on the right with Q°® B only gives an Q* 4 — Q® B-bimodule, while tensoring with
Q* B on both sides gives a bimodule that is clearly too large. In fact, we will now show
that it is impossible to define a notion of functoriality forour notion of the fundamental
group that extends the one we have for manifolds. We do this by constructing a non-

commutative space A and morphisms Q*(S?) % Q* 4 % Q*(SY), such that 1 o ¢ is the
identity on Q°*(S') but 7!'(Q®.A) is trivial. Then we know that the construction is not
functorial, since it is not possible that !y o w4 is the identity on Z if 7!(Q* A) is trivial.

First we give an informal explanation on the algebra we will construct. We will make an
algebra of functions R? — B(L?*(S')), that send the circle S to a commutative subspace
of B(L*(S')). Since B(L?*(S')) has a trivial centre, the centre of this algebra will be
C>(R?), making the fundamental group trivial. The fact that the values of f on S! are in
a commutative subspace does not change this because S has empty interior. Because the
values of f on S! are in a commutative subspace it is easy to construct a map A — C>(S1),
similar to how one would construct the map C*(R?) — C>°(S') using the embedding
St — R2?. The map C*(S') — A is more difficult to construct: one starts on the circle
by using multiplication operators. This map can then be extended to R2.

The non-commutative space is defined as follows: let

A={f:R*— B(L*(S")) smooth, bounded, f(U) C C*=(S") for an open S* C U C R*}.

Here L?(S') is the Hilbert space of squarely integrable functions on S' and B(L?*(S%)) is
the C*-algebra of bounded linear operators L*(S*) — L?(S'). The functions f have to be
smooth in the sense that for all ¢ € L?(S!) and a € S*, the function p — f(p)(g)(a) is
smooth. The set U is an open neighbourhood of S!, and for p € U C R?, the operator
f(p) € B(L*(S")) has to be a multiplication operator with a smooth map in C*(S'). For
p € U, write f(p) = My, (), where M), denotes the multiplication operator by h. Then
hy: U — C*(S') is a smooth function. It is easy to see that A is a dense subalgebra of
the C*-algebra {f € C,(R?, B(L*(S1))) | f(S) C C(S) C B(L*(SY))}.

Note that A has a natural action of C*(R?) by multiplication. Now define Q' A =
A ®coorzy Q'R?. This has a natural structure of A-bimodule. Since Q'R? = C*°(R?)dx &

C>(R?)dy we get Q' A = Adx + Ady. For f € A define df = %d:ﬁ + g—gdy, where g—i cA
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is defined by

% o)) = A0

for (z,y) € R? g € L?(S') and a € S'. For (x,y) € U we get %(w,y} = Mahfa(Z,y)

which is indeed a multiplication operator. The definition for 2L is similar. We can define

B)
QA = A®cer) Q*(R) and this works in a similar way. ’

The centre of B(L*(S')) consists only of the scalar multiplications. Let f € Z,(A).
Suppose there is a p € R?\ S! such that f(p) is not scalar. Then there is f, € A such that
fa(p) does not commute with f(p), but then f does not commute with fs, contradiction.
So f(p) is scalar for all p & S*. Since f should be continuous and R?\ S! is dense in R?
we get Z,(A) = C*(R?). We also get Z,(Q'A) = Q' (R?) and Z,(Q2A) = Q?(R?). Hence

™(Q*A) = 7'(Z,(Q2° A) = m (Q° R?) = {0}.

Now we will define the map ¢ : C°(S') — A. Let sp € S' be a base point and
for a € S, denote by r, the rotation of S! that sends sy to a. Let GL(L?*(S')) denote
the linear automorphisms of the Hilbert space L?(S'). This is a contractible manifold by
Kuiper’s theorem [14]. We have a smooth function S' — GL(L?(S')) sending a to the
automorphism 7% : g — gor,. Let s : R? — GL(L?*(S')) be a smooth extension of this
map, such that s(Ra) = s(a) for R > 1 —¢ and a € S (for some fixed 0 < € < 1). Now
define the map ¢ by, for f € C><(S!) and p € R%:

o(f)(p) = spMys, ' € B(L*(S")).

For p € S' and R > 1 — ¢ we see that ¢(f)(Rp) = Moy, since for g € B(L*(S")),a € S*
we have

P(N)P)(9)(a) = (ryMyry ) (g)(a) = (Mpry ™) (9)(rp(a)
= f(rp(a))ry(9)(rp(a)) = f(ry(a))g(a).

So ¢(f)(p) is indeed a multiplication operator for p in a neighbourhood of the circle S,
and ¢(f) € A. We have hys(p) = for, for p € S'. At each point p € R? the operator
©(f)(p) is just a conjugation of the multiplication operator My, therefore ¢ is an algebra
morphism C*(S') — A. The operator dp : Q1S* — QLA can then be defined by the rule

de(frdf2) = p(f1)d(e(f2))-
Finally we define the map v : A — C*°(S). It is given by

() (p) = hy(p)(so)

for f € A,p € S*. This is an algebra morphism. We can then define di) : Q' A — Q!S! by
the rule d(fidfs) = ¥(f1)d(¢(f2)). Now for f e C=(S') and p € S' we have hyp)(p) =
fory sovou(f)(p)= f(ry(so)) = f(p). So ¢ oy is the identity on C>(S'). We also see
that di o dyp is the identity on Q!S?.
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We conclude that 7! cannot be functorial: if it were we would have 7!(¢ o p) 1 Z — Z
the identity, while 7!(¢) is the trivial map {0} — Z and w'(%) is the trivial map Z — {0}.

Of course the functoriality is a very important quality of the fundamental group, to-
gether with the fact that it is an invariant for homotopy equivalent functions. It is un-
fortunate that our definition is not functorial. Perhaps there is a better definition for the
fundamental group, such that it is functorial. Alternativately, another definition of mor-
phisms could be used. The above example may help in the search for better definitions of
the fundamental group or of morphisms between non-commutative spaces.

5.1 Products

For manifolds (and topological spaces in general) it is known that the fundamental group
of the product of two spaces is the product of the two fundamental groups: m (M x N) =
m1 (M) x 7 (N). It makes sense to expect that a similar property holds for the fundamental
group of a non-commutative space. We have not been able to show this yet but we have
some work in this direction that we include here.

First, let us define the product of two non-commutative spaces. Let 2° A and Q° B be
unital dga’s. The product is then the graded tensor product Q2* A® Q°* B over C. This
has a natural grading: the elements of degree n are sums of a® 3 with a € QFA, B €
OB,k +1=n. For a,a’ € Q* A, 3,5 € Q° B, the multiplication is given by

(@®p) - (o' @ f) = (-1)¥lac’ @ 5.

The derivative is given by
dla®p) =da®p+ (-1)axds.
From the multiplication the graded commutator is calculated as
la® B, @ = (1), o] @ 5"+ (-1)1HD o a [, 5.

Recall that the graded centre of Q°* A® Q°® B is defined as all v € Q* A® Q°* B such that
[v,7] = 0 for all v € Q* A®Q*B. We can now prove that this is simply the tensor
product of the graded centres of Q* A4 and Q° B.

Lemma 5.1. Let Q* A and Q°B be unital dga’s. Then we have Z,(Q2* A®Q*B) =
Zy(2* A) @ Z,(2° B).

Proof. The inclusion Z,(Q2* A) ® Z,(Q2* B) C Z,(2* A® Q° B) is clear from the formula for
the graded commutator above. Now let v € Z,(Q* A®Q* B). Writey = > " | a,; ® (3, such
that all ay, 85 are homogeneous with m minimal. Since 7 is in the graded centre we get for
any homogeneous o € Q* A that [y,o/ ®1] =0, so >"" | £]a,, '] ® f; = 0. Now suppose
that [a,, o] # 0 for some so. Now let S C {1,...,m} be the subset of indices s where a;
has the same degree as o, and 3, has the same degree as f3y,. Then }__ o, 0] ® s = 0.
Then the 3, cannot be linearly independent, so we can write 3, = > . S\ {50} AsBs. Writing
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the minimality of m. So we get [, '] = 0 for all s, and hence a, € Z,(Q2® A). Similarly
Bs € Zy(2* A) for all s, so v € Z,(Q2° A® Q° B). O

So to study the product of non-commutative spaces we can restrict ourselves to graded
commutative dga’s. Let Q°®A,Q* B be graded commutative dga’s, and p € A,q € B for
which the fundamental group is defined. Then p®q € .»@ Let Q°* & be a graded fgp
Q* A® Q°* B-bimodule. The first three terms of the dga 2°* A ® Q°* B are

AB, QABARNB, PAIBENARNBE AR O0B.

A connection on & is then given by V=V, & Vy with V, : £ = E@Q' A and V,: € —
E®QB. The Leibniz rules for V give that V; is a connection on £ as a Q° A-bimodule,
and Vy is a connection on &£ as a 2°* B-bimodule. Moreover, Vi is B-linear and V, is
A-linear. The curvature of V can be computed to be VZ @& [V, Vy] ® V3. So V is flat
if and only if V; and V, are flat and anti-commute. Since V; is B-linear, it localises to
amap (Vi), : & — QA Then (&, (V1),) is an object in the category Cga(02* .A).
It corresponds to a representation of 7' (Q* A, p) on the vector space &,,. Similarly, Vs
localises to a connection (V3), : £, — &, ® Q'B, and this corresponds to a representation
of T (Q° B, q).

Somehow the fact that V; and V, anti-commute should mean that the actions of
1 (Q° A) and 7' (Q° B) on &, should commute. We would then have an action of 7! (2°* A) x
T (Q° B) on &,,. If this correspondence can then also be reversed, it follows that the
category of flat connections over the tensor product Cq.(Q2® A ® Q° B) is equivalent to the
category of representations of 7!(Q°® A, p) x 71(Q°* B, q), and then it follows that

TP ARQB,pRq) =71 (Q°A,p) x 71 (Q° B, q).
Example 5.2. In example 4.5, we examined the dga
QT™ QT @ QT @V, P*T" @ Q'T" @V @ Q'T™ @ V2,

where V' is an n — m-dimensional vector space. This is (up to degree 2) isomorphic to the
tensor product of m copies of the dga Q°* T!, and n — m copies of the dga which just has
C in degrees 0 and 1. The fundamental group is indeed the algebraic hull of Z™ x R"~™.
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6 More general connections

So far we have only considered connections over modules that are finitely generated pro-
jective over the differential algebra Q°®.A. This is quite a restriction, and all connections
are reduced to a connection over the graded centre of the module. In this section we de-
fine a more general notion of connection, that works on all modules over A. It is similar
to the construction of [9], but we require that the connection & — £ ® Q' A extends to
ERMA — ER Q" A for all n, still satisfying the appropriate Leibniz rules. The main
advantage of this is that the tensor product of two flat connections is always flat.

Let £ be any A-bimodule. We are going to consider connections on &, that satisfy
both left and right Leibniz rules. For this we need to make an identification £ ® Q'A4 =
Q' A®E. Since we want to extend the connection we also want isomorphisms £ ® Q" A =
Q" A® E for all n. This leads to the following definition.

Definition 6.1. Let £ be an A-bimodule. An extended twist for € is a series of A-bimodule
isomorphisms

0, :EQNA = Q"ARE,

with n > 0, such that oq is the identity and the following diagram commutes for all n > 1:

£ AR QIA DEY A i pg el AT QAR AR E

! |

EROA In y AR E.

Now we can give the definition of a connection on the bimodule £.

Definition 6.2. Let £ be an A-bimodule. An eztended bimodule connection (ebc) on &
consists of an extended twist o for £ and for each n > 0 two C-linear functions

Vin : PARE - QM ARE

and
Van : EQRQ"A = E @O A

satisfying the Leibniz rules:
Vinlw-v®e)=dvw-v@e+ (1w -V (vee)

and
Van(le®@w-v) = Veile@w) v+ (—Dfe@w - dv

fore € £, and w € OF A, v € Q' A with k41 = n. Moreover they have to satisfy the relation
On+41 © VR,TL = VL,n C0n

for n > 0.
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Remark 6.3. Given any right connection Vg : € — EQQ'A that satisfies the Leibniz
rule Vgyo(ea) = Vgo(e)a + e®da, there can be at most one ebc that extends it: the
formula Vg (ae) = aVgo(e)+o; ' (da® e) determines oy, and with that also V1 ¢, and the
higher connections must be given by Vg, (e ®@w) = Veo(e)w + e®@dw and Vp ,(w®e) =
dv®e+ (—1)*wV(e) for e € € and w € QFA. Conversely, not every right connection
extends to an ebc, even if it satisfies the formula Vg o(ae) = aVgo(e) + o7 (da®e) for
some isomorphism oy : €@ QA — Q' A® E, because it does not follow that 0,1 0Vg, =
Vin oo, in general (see example 6.4). We call the right connection Vg extendable if it
extends to an ebc.

Remark 6.4. Suppose that 2* A is graded commutative and £ is a symmetric A-module.
Then any right connection Vgzy : € — ER@Q'A that satisfies the right Leibniz rule,
automatically satisfies the left Leibniz rule. It can be extended to an ebc where the twist
on t EQA"A — Q"ARE just switches the two factors. In particular, when Q° A is
the differential graded algebra of a manifold M, the ebc’s on finitely generated projective
A-bimodules correspond to usual connections on vector bundles over M.

Definition 6.5. For any ebc we can consider the right curvature V% = Vg 10Vg o and the
left curvature V2 = V 10 Vio. These are as usual linear functions and they are related
by 09 0 V% = V2. We say that the ebc is flat when one of V%, V3 is zero (and therefore
both are zero).

Example 6.6. Let £ be the trivial bimodule £ = A. Then we have identifications
ERMMA = "ARE = Q" A. We can then take the extended twist to be the identity
map, and Vg, =V, =d: Q"A — Q" A This gives a flat ebc on A which we call the
trivial ebc.

6.1 Tensor products

If £ and F are A-bimodules with an ebc, we can construct an ebc on the tensor product
€ ® F. The construction for the tensor product generalises the formula on page 56 in [9)].

Proposition 6.7. Let £, F be A-bimodules, with extended twists o€ and o and ebc’s V€
and V7. We can then define an extended twist 0 = 0¢®% and ebc V = VE®F on EQ F
with the formulas

on = (0, @ F)o (E@0y),
Via@®e f) = dw@e® [+ (~1)'w- V(€)@ [ + (<) (0§ © F) (@ Vi o))
Vian(e® f@w) = (5 ®(a{)-1) (Vao(€)® ) -w+e®@Vh(f) w+e® f @ duw.

forwe Q" Aandec &, f e F.

If F = A and V¥ is the trivial ebe, and we identify E @ A= AR E =2 E the ebc’s VEEA
and VA®E simply become V€.

If G is another A-bimodule with extended twist c© and ebc VC, the induced connections
on (ERF)®G and ER(F RG) are the same.
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Proof. To show that o defines an extended twist, consider the diagram, constructed from
the twists o€ and o

EQFRVNARN A — EQRVNARFRN A —— QAREQFRO 1A

| | |

EQFROA ERVNARNTITARF —— MARERN AR F
EQNARF y MARERF ¢—— VARV TARERF
f

The upper-right square clearly commutes, the left pentagon commutes because o7 is an
extended twist, and the lower pentagon commutes because o€ is an extended twist. So the
entire diagram commutes, and this shows that ¢ is an extended twist.

Consider the formula

Vio(e® f) = (£8(07)) (Vra(€) @ /) + e VE(f).

To show that this is well-defined we have to show that it gives the same result when applied
to ea® f or e®af. This holds, because

(E06D)™) (Violea) @ f) +ca® VEy ()
—(£0(67) ") (Vigle)a® f) + e@(07) " (da® ) + e @ aVio(f)
— (5 ®(gf)_1> (Vio(e)@af) +e®Vi(af).

In the last line we used that V7, = (07 )~! o V] and that V7, satisfies the left Leibniz
rule.
Now we show that V7, satisfies the right Leibniz rule:

Viole® fa) = (£2(07) ) (Viole) + fa) + 8 Tho(fa)
= (£8(07)™) (Vho(©) @ fla+e& Viy(fla+e® f@da

= Vro(e® fla+e® f@da.

Since Vg, is given by Ve ,(e® f@w) = Vyo(e® flw + e® f @ dw, it follows that Vg,
is also well-defined and satisfies the right Leibniz rules. Similarly, it follows that Vp , is
well-defined and satisfies the left Leibniz rules.

It remains to show that 0,41 0 Vg, = Vi, 00,. First note that fore€ &, f € F,w €
Q" A we have

Vin(e® f@w) = (E@(0]) ) (Vie(e)© ) w+e@Vy,(f@w).
Then we get
(E®071) 0 Van(e® fRwW)
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=E®@aL NER(T) N(Viole)®f) - w) +e®0oy 1 Vi, (f Qw)
=Vio(e) ol (fow) +e@ V] 0l (fow).

So

(€@ 0Tn) 0 Vane (EB(07) Newws f)
:V‘fw(e) -w®f+e®an(w®f)
=V5ole) w@f+eRdo® f+ (—1)"e®@w- V7] y(f)
Suppose that F = A and V7 is the trivial ebc. Then Vpg(e®a) = Vi ®a + e® da.
This is equal to V%O by the Leibniz rule. So we get V = V¢. Similarly, when £ = A and
V¥ is the trivial ebc, we get Vog(a®e) =da®@e+ VT (f) = Vi (a®e), so V=V
Finally we show the last assertion. It is clear that the extended twists on EQ F R G

are the same. To show that the ebc’s are the same, it is enough to consider Vg and this
follows from the computation

Vs % ew f@g)
—(E@F (o)) (V55T (€@ [)®g) +e® f @V ,(9)
=(E@F (o) ) (€ @(a ) N (Vio(e)® f)®g)
+(EQF(0f) ) (e® Vio(f)®9) +e® fRVE(9)
=(E@(a] ®9) ) (Viole )®f®g)+e®vf®g(f®g)
=Vio VN ea fog).

We can also compute the curvature of this new connection.
Proposition 6.8. With the notation of the previous proposition, we have
Vi=(E®(03) o (VR)*RF) + ER(VE)2.
In particular, the tensor product of two flat connections is again flat.
Proof. We have

7Y o V2
Vil

e® [)
E@(07) ) (Vio(e)® f) +e® Vi (f))
VL1(01®f)(V%o(€) )+ (E@03)Vrai(e® Vi(f))
f)
)

Rl
(
)T ®F)
=((03) 'R F)VLa(Vig(e) @ f) + (E® 03 )Vri(e ® Vi(f))
) ®f)((V‘2>2() f) = (%)™ ®f>(QA®01®F)(V 0(6)® VT (/)
+(E@03)(E@(o]) T @A) (Vi o(e) @ Vio(f)) + (€®02)(e®(V§)2(f))
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=(VR)(e)@ f — ((6f) ' @ QAR F) (Vi () © Vi o(f))
+(E@Q' AT )(Vio(e) @ Vio(f) + e (VL) (f)
=(V%)*(e)® f — Vile )-Vf,o(f)
+ Vio(e) - VIo(f) +e®(V])*(f)
=(VZ)(e)® f +e®(V])*(f).

Note that the cross terms are both equal to V§o(e) - V ,(f), and they cancel. O

The tensor product is not commutative: in general, £ ® F is not isomorphic to F ® £.
If we restrict to finitely generated projective A-bimodules, then £ @ F = F® &, but the
tensor product connections do not have to be the same (see example 6.4).

6.2 Duals

For any finitely generated projective A-bimodule € consider the left dual £¥ = Hom (&, A)
considering of the right-linear functions & — A. Let (,) denote the pairing £V @& — A.
The dual £ is again an A-bimodule: for § € £Y,a € A,e € £ we have (af,e) = a(0,e)
and (fa, e) = (0, ae). We also denote by (,) the pairing (Q*A®EY) x (€ ® Q'A) — QA
given by ((W®#6,e®@v) =w(l, e)v.

If (0,V) is an ebc on € we can define the linear map o) : £¥Y Q" A — Q"AR EY by
the formula

(0 (0@w),e) = (0,0, (w®e)).

If 0 is an isomorphism, it is easy to compute that it is an extended twist (but it might
not be the case that o,/ is an isomorphism). If it is, we can construct an ebc on the dual.

Lemma 6.9. Let £ be an fgp A-bimodule with extended twist o and ebc V. Suppose that
oV as defined above is an extended twist. Then there is an ebc VYV on £V satisfying

(e, B) = (V] y(@), B) + (=1)*(er, Vri(8))
fora € QFAREY, € ERNA.

Proof. Consider the formula
(Vio(0),e) = d{f.e) — (0, Vro(e)) € QA

This defines Vy () € Q" A® &Y because the right-hand side is right-linear in e: for a € A
we have

d(0,ea) — (0, Vro(ea))

A({6, €)a) — {6, Vo(c)a) — (6, eda)
(d(0,eya + (0,e)da — (0, Vro(e))a— (0, eda)
(d(0, e) = (0, Vro(e)))a.
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Furthermore, the function V7 ; satisfies the left Leibniz rule because for a € A, 0 € £¥,e €
& we have

(Vio(ab), e)

=d(ab,e) — (ab, Vgo(e))

=da - (0,e) + ad(f,e) — a(f,Vro(e))

=(da®0,e) + (aV] o(0),€).
Now we define Vy by Vi (w®0) =dw®0+ (—1)"wV} o(0) for w € Q"A,0 € €Y. This
automatically satisfies the left Leibniz rules. We check the formula in the lemma. For
weNVAOcE  ec&,ve QA we have

(VY@ ®0), @) = (dw @6, 0v) + (—1/ (VY (6), el

=dw- (0, e)v+ (—=1)*wd(f,e) - v — (—1)*w(h, Vro(e))r,

and
(W®6, Vi (e®@v)) =w(l, Vrole))r +w(d, e)dv,

while
dw®0,e®v) =dwd, e)r) =dw-(0,e)v+ (—1)Fwd(d,e) - v+ (—1)w(d, e)dv.
So we see that indeed
dw®b,e®@v)= (V] (web),exv)+ (-1)*(w®b, Vri(e@v)).

Now define VY, by V), = 0y ~' o VY . This satisfies the right Leibniz rule, because for
e, ae A eef we have

(oY Vio(0),€) = (VL o(0),€) = d(0,e) — (0, VRole))

and then

(07 Vio(0a), e)
=d(fa,e) — (Ba,Vro(e))
d(0,ae) — (0,aVro(e))
=d(f,ae) — (0, Vrolae)) + (0,07 (da®e))
=(0{ VE(0), ae) + (o ( @ da), e)
=(a/( éo(ﬁ)a +0®da),e).

Now define Vi, by Vi (0 ®@w) = Vi (0)w+0@dw for 0 € £, w € Q"A. This automat-
ically satisfies the right Leibniz rules. It remains to check that o, , o V= Vy oo
For this, let § € £Y,w € Q" A,e € £. We have

(Oni1 (Via(@w)),e)
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<UX+1<U¥71VZ,0(6)®W) —|—an+1(6®dw), e)
(A2 (Vi (0) ®w),e) + (0,0, (dw®e))
(Vio(0), 0, (w®e)) + (0, 0,5 (dw®e)).

Meanwhile, we have

{

(VLo )
=(Vio(0), 0, (w®e)) +
(VLo )

d(o, (0 ®@w),e) = (=1)"(0, (0 ®w), Vro(e))
=d(0, 0, (w®e)) — (=1)"(0, (0," @ QL A)(w® V(e

Ln(0n (0@ w)), €)

)
1o(0), 0, (w®e)) + (0, Vryo,  (w®e)) — (=1)"(0, (0, @ Q' A) (w07 'Vo(e)))
+ (0,0, 11 Vin(w®e)) = (=1)"(0, 0,1, (wVLo(e)))
(

Lo(0), 0, (w®e)) + (0,0, (dw®e)),

: v Voo
So indeed 0./, , 0oV}, ,, = Vy o0,

[

It is easy to check that (V3 (a),8) + (o, V%(B)) = 0, in particular, the dual of a flat
connection is again flat. Similar things can be done for the right dual Y& =4 Hom(&, A).

6.3

Categories of flat connections

We have defined a more general notion of connection. We can now make different categories
of flat connections, where we specify which modules go into the category.

e We can take the category of all A-bimodules with a flat connection. This is a very

large category. In the classical case it is much more than just the vector bundles,
as vector bundles correspond to finitely generated projective modules. It has tensor
products, but no duals.

We can require that the bimodules in the category are finitely generated right pro-
jective, that is, for all bimodules £ in the category there is a bimodule F such that
EdF = A" for some integer n, as right modules. This still does not generalise the
classical case, because if A is commutative, the bimodules do not have to be sym-
metric. However, if we also require that the bimodules are central, that is, ae = ea
for a € Z(A),e € &, it does generalise the classical case. This is similar to what is
done in [10].

Slightly more restrictive than the item above, we can ask that the modules be finitely
generated right projective and left projective, but not necessarily by the same module.

We can require that all modules are finitely generated projective, on the left and
right simultaneously (in [10] these are called diagonal bimodules). This seems more
natural than the examples above. We will call this category C'(2*.A). We will give
examples below.
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e Suppose that Z(A) commutes with Q"A for all n. Then for each fgp .A-bimodule
& we have a natural isomorphism £ = Z(€) ®z(4) A (confer lemma 3.14). We then
have

EQVAX Z(E) @74 ARV A X Z(E) @y VA QA0 Z(E) £ VARE.

Call this isomorphism o,,. Then ¢ is an extended twist for £, we call it the canonical
twist. We can take the category with the fgp A-bimodules and only the canonical
twist. In fact, this category is isomorphic to the category C(Q2°* A) defined in section
3.

The category C'(2* A) has a tensor product, that does not have to be commutative.
It sometimes has left and right duals, that is, if (£, V¢) is an object, we can at least
sometimes construct duals for the bimodule of right-linear maps Hom4(&,.A) as well as
for the bimodule of left-linear maps 4 Hom(€,.A). The problem why this may not always
work is because the dual of the extended twist might not be an isomorphism. We do not
have a necessary condition for abelianness. However, there are theorems stating that under
some extra conditions on the category Cj,, (2*.A) it should be equivalent to the category
of representations of a Hopf algebra (see [1]). We indeed find this in some examples
below. Note that Hopf algebras (or more restrictively quantum groups) are themselves
non-commutative generalisations of groups, so it could make sense to expect that the non-
commutative generalisation of the fundamental group is actually a Hopf algebra.

6.4 Example: M;(C)

Let Q¥ A = M,(C) for all k. Let d be given by taken the graded commutator with the
1 0

0o —1)°

the form W ®c¢ A with W some vector space. Then a twist o : EQ4 QA — NARLE

corresponds to an isomorphism W ®c A — W ®¢ A, which is given by a linear isomorphism

~v: W — W. If we have an extended twist 0, : E @4 Q" A — Q" AR 4 £, this is then given

by 7" ®c A: W @c A — W Rc A

matrix D = s in example 3.40. Let £ be an fgp bimodule over A, this is of

Proposition 6.10. Let V1,V be an extended bimodule connection on £ and also write
V1, Vr for the compositions with the isomorphism € Q" A — £. Then any extended
bimodule connection for the extended twist given by ~v is of the form

Violw®a) =w® Da —v(w)®aD + §(w) @a
Vii(lw®a) =w® Da+ y(w)®aD — §(w) @a,

for some linear function 6 : W — W with v0 + 0y = 0. This connection is flat precisely
when 2 = 1+ §2.
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Proof. It is easy to check that the function V o(w®a) = w® Da—~(w) ® aD satisfies the
left and right Leibniz rules V o(w ® ab) = aV o(w ®b) + w[D, alb and Vi o(w @ ab) =
Vio(w®a)b+~v(w)®alD,b]. So for any connection we see that Vi o(w®a) — w® Da —
~v(w) ® aD must be a A-bilinear function, so we can write

Violw®a) =w® Da —v(w)®aD + §(w) @ a.
Then we get
Vii(lw®a) =Vii(w®1la) =2D-(w®a)—Vor(w®a) =w® Daty(w) @ aD—i(w) R a.
We also get
Veo(w®a) =~ (w)® Da—w®aD + vy '5(w)®a

and

Vei(w®a) =Vei(w®a-1)
= VR,o(w(X?a) + (w®a) -2D
=~y Hw)®Da+w®aD +~y 1 5(w) ®a.
So we see that (Y2®c.A) o Vg1 = V10 (y®c.A) only holds when 4 + 6y = 0. When
this holds, the connection is actually extendable and V , and Vg, only depend on the

parity of n.
The curvature of this connection can be directly computed:

Vilw®a) = Vii(w® Da—v(w) ®aD +6(w) ® a)
= w® D% — y(w) ® DaD + 6(w) ® Da
+7(w) ® DaD — v*(w) ® aD* + v6(w) @ aD
—§(w) ® Da + 6y(w) ® aD — 6*(w) ®@a
= (-1+7" =) (w)@a.

So the curvature is flat precisely when 7?2 = 1 + 6% O

Corollary 6.11. Let X = C[y,v1,0]/(vd+67v,7*+2—1) be a Hopf algebra with comulti-
plication given by Ay =~v®@v,Ad =R 1+v® 46, antipode given by Sy =~"1, 55 =y~ !
and counit given by e(y) = 1,£(0) = 0. Then the category Cp,,(2*M5(C)) is equivalent to
the category of representations of X, as rigid monoidal categories.

Proof. By the proposition, the flat connections correspond to representations of the algebra
X =Cly,v 1,0/ (y6 + v,9* + 6% = 1).

The trivial ebc on A corresponds to W = C with v = 1 and § = 0. This corresponds
to the counit on X given by () = 1 and €(6) = 0.

If we have another bimodule & = W’ ® A and a flat extended bimodule connection
given by +/, ¢, then we can compute the tensor product of these connections on £ ® &' =
W ®c ®c A. This is given by

Vip(w@w ®a)
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=Vio((w®1) @ ©a))
=Viowel)ow ®a) + (0f @) (we1e Vi (v @a))
=(w®D —y(w)®D+6(w)®1)@w ®@a
+ v (w)®1®(w' ® Da — v (w)®@aD + §(w'") ® a)
=w®w' ® Da —v(w) @' (w) ®aD + (6(w) @ w' —y(w) + d(w')) @ a.

This corresponds to a coalgebra structure on X given by A(y) = 7y®~v and A(J)) =
d®1+v®9.

Consider the left dual £¥ = Homy(W ®c A, A) = WY @¢ A with WV the dual space
to W. The last isomorphism is given by the pairing (f ®a,w®a’) = (0,w) ®aad’. Any
morphism « : W — W induces a dual morphism o : WY — WV, It is easy to see that
ol WYRcARVMA=ZWYRcA— VLAWY ®cA) =WY®Aisgiven by 0,/ ( Qw) =
(7Y)™™(0) ®w. This is an isomorphism. Now the connection on £V is given by

(Vip0®a),w®1)
=dl®@a,w®1) —(0®a, Vro(w®1))
(0, wyda — {0 @ a, (v ' (w) —w) @D+ 16(w)®1))
(0, w)(Da — aD) + (0 — (vV)1(0),w)aD — {(y16)V0,w)a
(0, w)Da —((v*)7(0), w)aD — {(y~14)"(0),w)a
(0@ Da— (v )0 @aD + (v H(O)®a,w1)

Yol0®a)=0@Da— (v")(0)®@aD + (6v1)(0) ®a.

This corresponds to the antipode S on X given by Sy =~~! and S§ = 6y~ L. O

An alternative definition for the fundamental group would use the category Cy,, (©2* A).
It would then in general give a non-commutative, non-cocommutative Hopf algebra, instead
of a group. Of course, for this alternative definition a good solution would need to be found
for duals, and moreover, for the abelianness of the category. As another example, we show
that C'(2® Ay) and C(Q* Ap) are equal for the non-commutative tori Ay. For simplicity,
we only prove it for the irrational 2-torus.

Example 6.12. Let 0 be irrational and let 2° Ay be the irrational 2-torus, as in example
4.1. Now we will show that any ebc on an fga Ay bimodule automatically has a trivial
twist, implying that C'(2* Ay) and C(Q2* Ay) are the same. Since the centre of A is just
C, each fgp Ap-bimodule £ is isomoprhic to Z(£) ®c¢ Ay, so we only have to consider free
modules. Let W be a vector space and consider the free module & = W ® Ay and suppose
we have an extended twist o and ebc V. The centre Z(Q'Ap) = {w € Q' Ay | aw =
wa for all a € Ay} is the linear span of u~'du and v~'dv. The centre of £ ® Q' Ay is then
W @(utduC®v~'dvC). So the twist oy has to map W @(u"'duC ®v~'dvC) this to itself,
since it is an 4y bimodule homomorphism.
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We can write
Vio(w®a) =w®da+ Llw®a)

where L : W® Ay — W RO Ay is a left-linear function. We can then write L(w ® a) =
;i (w) @ au'v!du + B (w) ® au'v?dv with ayj, 8;; € End(W). Here we sum over 4 and j.
Now the formula Vi, o(ea) = Vi o(e)a + 01(e @ da) with e = w® 1 gives

(1—0))(w®da) =Lw®1l)a— Llw®a)
= q;j(w) @uv/du, a] + B (w) @[u'v! dv, a].

Now apply this for a = u. Then the left-hand side is an element of W @(duC @ uv~dvC).
In the right-hand side, the terms [u‘v/du,u] give a scalar multiple of u™'v/du and the
terms [u'v/dv, u| give a scalar multiple of u"*'v/dv. However, [u'du,u] = [v"'dv,u] = 0,
so we get no terms with du or uv~'dv on the right-hand side. So the left-hand side must
be zero and we have o1(w ® du) = w ® du. Since we can do the same thing for a = v we
also have o1 (w®dv) = w®dv, so oy is the identity on W @ Q' Ay. In other words, the
twist is the canonical twist. This shows that C'(Q* Ay) = C(Q* Ay).
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7 Conclusion and outlook

We have defined a notion of connection on finitely generated projective bimodules over a
differential graded algebra. We have defined the category Cpa.(2®.A) of these bimodules
with flat connections, and shown that it is equal to the category of flat connections over
the graded centre Z,(2*.A). We have constructed a tensor product in this category and
shown that it admits dual objects. The category is also abelian for a large class of non-
commutative spaces. This was used to define an affine algebraic group scheme, which
we called the fundamental group of Q* A. We computed the fundamental group in the
following examples:

QA 7' (Q2° A) is algebraic hull of
Q° 4erham M for a manifold M T (M)
irrational rotation algebra Q°® Ay, 0 € Q R? or (Z + 0Z)?
rational rotation algebra Q°* Ay, 0 ¢ Q 72 = (Z+07)?
higher-dimensional non-commutative torus 2°* Ag 7"+ er"

We tried to make the construction of the fundamental group functorial, but so far this
has not worked. In section 6 we also looked at a more general notion of connection, that
retains more of the non-commutativity of the space.

Some open problems remain:

e Is the fundamental group 7!(Q* A, p) independent of the basepoint p € A for a
connected graded commutative dga Q°* A7

e Is there any way to recover some functoriality for 717

e Does the fundamental group respect products: is it true that 7' (2° A® Q°* B, p® q) =
T QA p) x 7H(Q° B, q)?

e When are there duals in the category C'(€2* A) described in section 67 When is it an
abelian category?

e If a more direct definition of the fundamental group were found, it would be natural
to ask if the category Cpa(2°.A) is still equivalent to the category of representations
of this group.
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8 Appendix

We have put here some proofs of lemmas that are a bit technical and would otherwise
disrupt the flow of the argument. First we prove lemma 3.31.

Lemma 8.1. For M, K € M,(C) we have

d

Gty D (MM - 2Re(M (M, K]))| < 4| K s Do (MM).
t=0

Here 2Re(M*[M, K]) = M*[M, K]+ (M*[M, K])* and || K||ys denotes the Hilbert-Schmidt
norm of K.

Proof. The inequality is invariant under a unitary change of basis of M, and M*M
is self-adjoint so we may choose a basis in which M*M is diagonal, with eigenvalues

)\1,)\2,...,)\n€(c. Now
Dy (M M)=>" T[N
|S|=m i€S

where S runs over the m-element subsets of {1,2,...,n}. Let
M(t)=M"M+t- M*[M, K].

The t-coefficient in the polynomial P(t) = D,,(M(t)) € C[t] is %lt:ODm(M(t)). The matrix
M (t) only has multiples of ¢ outside the diagonal. The determinant of an m x m submatrix
is then modulo #? equal to the product of the values on its diagonal. So

P,(t) = Z HM(t)” mod #2.

S=|m| i€S

We have

M)y =N+t | NKy— Z(M*)inleli

Ji=1

The t-coefficient in P,,(t) is then
d o
It= |S|=m i€S =1 seS\{i}
For all i, j,1 we have (M*);;My; < (| Mjl* + [Mi|*) < 320, [Myil* = Ai. So we get
d s
EIt:ODwxzw@t))’ = (>0 (MK = D (M) KM | T A

|S|=m i€S Jil=1 s€S\{i}
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n

< Z Z NiKGi — Z(M*)inleli H As

|S|=m €S ji=1 seS\{i}
< Z Z il K| + Z i K1l H As
|S|=m €S ji=1 seS\{i}
< STl + >0 DD T
i=1 =1 |S|=m seS

< 2n[|K||yg Din (M M).

Now we conclude

d

T g D (MM 2 2 Re(M [0, K]))' _

< 4n|[K|lyg Dim(M"M).

2Re (%|t:0Dm(M(t)))

O

Now we consider representations of R and of dense subgroups. Let V be a finite-
dimensional vector space and o € End(V), and view R as additive topological group.
There is a continuous representation m : R — GL(V) given by n(t) = exp(ta). In fact
every continuous representation has this form.

Lemma 8.2. Let V be a finite-dimensional vector space and 7 : R — GL(V') a continuous
representation. Then there is a unique o € End(V') such that w(t) = exp(ta) for allt € R.

Proof. Since 7 is continuous there is a 6 > 0 such that for all ¢ € R with |t| < § we have
| (¢) = 1|| < 1. Let 0 < ¢ < 4. The formal power series log(z+ 1) has radius of convergence
1, so a = 1log(m(t)) is well-defined. Then 7(t) = exp(ta). Also o = 2log(7(t/2)) is well-
defined. Since log(z?) = 2log(z) whenever |z — 1| < 1 and |22 — 1| < 1, we get o/ = a.
So w(t/2) = exp(t/2a). By induction we get 7(t27") = exp(t2~"«) for positive integers n.
For integers m it also follows that 7(tm2™") = pi(t27")™ = exp(tm2~"«). Since the set
{tm27" | m,n € Z} is already dense in R it follows that m(z) = exp(z«) for all z € R. 0O

This result also holds for continuous representations of dense subgroups of R. This is
used in the computation of the fundamental group for non-commutative tori in section 4.

Lemma 8.3. Let G C R be a dense subgroup of R. Let V be a finite-dimensional vector
space. Fach representation m : G — GL(V) extends to a representation of R, and is
therefore of the form w(t) = exp(ta) for some a € End(V).
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Proof. Since the representation is continuous there is a § > 0 such that for t € [-§,0] N G
we have ||7(t) — 1|| < 1, so||x(t)|| < 2. For all positive integers n we have m(nt) = m(t)",
and it follows that 7 is bounded on bounded intervals.

Now we show from this that 7 is uniformly continuous on bounded intervals. Let ¢ > 0.
There is § > 0 such that for all ¢ € G N (—6,0) we have ||x(t) — 1| < e. Let M > 0 and
let z,y € G N[—M, M] with |z — y| < 0. Then||w(z) — n(y)|| <||x ()| -||1 = 7(y — 2)|| <
|7 (2)|| - &. Since 7 is bounded on G N [~M, M| we see that  is uniformly continuous on
bounded intervals. Then it can be extended uniquely to a function R — End(V), and it
follows easily that this is still a representation. O
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