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Abstract

We introduce and analyse a general notion of fundamental group for noncommutative
spaces, described by differential graded algebras. For this we consider connections on
finitely generated projective bimodules over differential graded algebras and show that the
category of flat connections on such modules forms a Tannakian category. As such this
category can be realised as the category of representations of an affine group scheme G,
which in the classical case is (the pro-algebraic completion of) the usual fundamental group.
This motivates us to define G to be the fundamental group of the noncommutative space
under consideration. The needed assumptions on the differential graded algebra are rather
mild and completely natural in the context of noncommutative differential geometry. We
establish the appropriate functorial properties, homotopy and Morita invariance of this fun-
damental group. As an example we find that the fundamental group of the noncommutative
torus can be described as the algebraic hull of the topological group (Z + 67Z)2.

Keywords Noncommutative differential geometry - Algebraic topology -
Tannakian categories
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1 Introduction

The fundamental group is one of the first tools used in algebraic topology to collect infor-
mation about the shape of a topological space or of a manifold. Given the simplicity of its
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definition, it is quite surprising that no analogue of this group has been found yet for non-
commutative spaces, especially in the context of noncommutative differential geometry [5].
This is in contrast to other structures on topological spaces that have found their counter-
parts in terms of noncommutative (C*)-algebras, such as de Rham cohomology (in terms of
cyclic homology), topological K-theory (as K-theory for C*-algebras), Riemannian metrics
(as spectral triples [5, Ch. VI]) and measures (as von Neumann algebras [5, Ch.V]).

This paper aims to give a definition of the fundamental group of a noncommutative
space. Of course, in view of Gelfand duality one could try to dualise based loops in terms
of x-homomorphisms from a C*-algebra A to C ([0, 1]). However, such a homomorphism ¢
would send any commutator ab — ba to 0, which for many noncommutative spaces already
means that ¢ is trivial. Instead, in the spirit of [14, 15] we adopt a Tannakian approach to our
definition of a fundamental group. In fact, in the case of a differentiable manifold without
boundary this becomes very concrete given the classical result that there is an equivalence
between the category of representations of the fundamental group and the category of flat
connections on vector bundles over that manifold (see for instance [19, Proposition 1.2.5]).
One may then reconstruct (the pro-algebraic completion of) the fundamental group of that
manifold as the automorphism group of the corresponding Tannakian category (cf. [30] and
[9D.

The noncommutative generalisation of the fundamental group that we propose here is
based on the construction in Section 2 of a category of finitely generated projective bimod-
ules over a differential graded algebra (dga) together with a connection. The difference with
previous approaches to connections on bimodules (such as for instance [11]) is that we
demand compatibility of the bimodule connection with all elements in the dga, which also
solves the apparent incompatibility recorded in [18, Example 2.13].

Our main result (Section 3) is then that under some analytical assumptions on the dga
the subcategory where the connections are flat is a Tannakian category. These assumptions
are completely natural in the context of noncommutative differential geometry and are for
instance fulfilled for quantum metric spaces in the sense of Rieffel [29]. It leads us to define
the fundamental group 7! of the dga as the group corresponding to this Tannakian category.
We establish the appropriate (contravariant) functorial properties of the fundamental group,
as well as homotopy and Morita invariance in Section 4. Note that an alternative way to
arrive at a fundamental group for noncommutative spaces would be to develop a theory of
noncommutative covering spaces and consider the corresponding automorphisms. This is
for instance the approach taken in [3, 16, 33], and it is an interesting problem to confront
and compare their results with ours.

In Section 5 we then illustrate our construction by considering examples, including all
noncommutative tori and, more generally, we consider toric noncommutative manifolds.

1.0.1 Notation

Algebras (assumed to be unital and over C): A, B, etc.;
C*-algebras: A;
Graded algebras: QA = @, A with Q°A = A and || the degree of & € QA;
Differential graded algebras (_Q.A, d);
Graded modules over graded algebras: QE, QF, QG,, efc..
Graded centre: Z,(QA), Z,(A) = Z, (A, Zy(E), etc..
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2 Categories of Connections

In this section we will define connections over a noncommutative space. These noncom-
mutative spaces are described by differential graded algebras and, in fact, the results in this
section apply to any (noncommutative) dga. We consider the category of all connections on
finitely generated modules for a dga (2.4, d), and we will prove that it is a rigid tensor cat-
egory. Of course, the same then holds for the subcategory of flat connections. We also show
that the category only depends on the (graded commutative) centre of the dga.

Some words on notation: in this paper we will write a dga as (.4, d). Even though this
might be considered unnatural as dga’s are usually written simply as (A, d), we use this
notation to stress that it furnishes a differential geometric structure on the noncommutative
space described by A (and a C*-algebra A). This becomes even more apparent in Section 3
where we impose some analytical conditions on A. For the same reason, we will write
(€, V) for a graded bimodule with a connection, which in the flat case is then of course
nothing but a differential graded bimodule.

2.1 Connections and Bimodules Over a dga

There are multiple ways to generalise vector bundles to a noncommutative space. By the
Serre-Swan Theorem the vector bundles over a manifold correspond to finitely generated
projective modules over the algebra C*° (M) of smooth functions. Over a noncommutative
algebra we can look at right modules, but there is no suitable tensor product of right mod-
ules. 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 alge-
bra. Instead we look at a more restrictive class of bimodules, namely those that are a direct
summand of a free finite bimodule ([12] defines diagonal bimodules as modules that are a
summand of a free module).

This is very natural when one considers bimodule connections. Namely, connections are
usually defined as maps £ — £ ® Q! A that satisfy the appropriate Leibniz rules. However
to satisfy the left Leibniz rule the image should actually be 2! A ® £. This is solved in [11]
by using an isomorphism o : £® Q' A — Q! A® E. However, then the tensor product
of two flat connections is not necessarily flat. Instead if one considers graded bimodules
QE = @y KE over a graded algebra QA = P),;., 2" A that are a summand of a
free finite module, we automatically get isomorphisms Q'€ = £® QA = QIAR®E
(see Lemma 2.4). Moreover, now the tensor product of flat connections is always flat (see
Lemma 2.18).

Let us now proceed and describe the precise algebraic setup.

Definition 2.1 A differential graded algebra or dga is a graded algebra Q.4 together with
a C-linear map d : QA — QA of degree +1 satisfying the Leibniz rule

d(wv) =dw - v+ (=1)“lwdv
forw,v € QA, and d* = 0.
Notation 2.2 Ler QE be a graded QLA-bimodule. We define the graded commutator
[.]: QA X QE — Q€ as [a,e] = as — (=)'l for a € QA e € QE and C-

bilinearly extended to non-homogeneous elements. We use the same notation for the graded
commutator [-, -] : QA x QA — QA defined similarly.
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1006 W.D. van Suijlekom, J. Winkel

Definition 2.3 Let QA4 be any dga. We call a graded Q.4-bimodule Q£ finitely generated
projective (fgp) if there is another graded Q.A-bimodule QF satisfying Q&€ @ QF = QA®"
for some integer n, as graded ©2.4-bimodules.

In what follows we will also write Q4" := Q.A4%", which is not to be confused with the
form degree.

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

Lemma 2.4 Let QE be a graded fgp QUA-bimodule. Write Q° A = A and QU = . Then
for all k > 0 the multiplication induces isomorphisms
E@AQAS Q' QfAeal S ke

Proof Let QF be another graded Q.A-bimodule satistying Q€ @ QF = Q.A". Then we
have the following commuting diagram:

EQUAD FoatA Qe QkF
EDF)RUQUA ——— A"@4 QA —— (@A)
Here the top arrow is the direct sum of the maps £ ® 4 Q*A — QX and F @4 QA —
QK F. 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. O

From this we see that if Q.4 is graded commutative, then Q& is completely determined
by just &: it is the module QAR 4 £.

Definition 2.5 Let Q& be a graded fgp Q.A-bimodule. A connection on Q€ is a C-linear

map
V:QE& — QE
of degree +1 satisfying the following equations for ¢ € QE, a € QA:
V(ea) = V(e)a + (—1)¥eda, (1)
V(ae) = da - ¢ + (—)%avV(e). )

Remark 2.6 The equations in this definition are called the right Leibniz rule and the
left Leibniz rule, respectively. They are meaningful because the elements of Q& can be
multiplied with elements of 2.4 both on the left and the right.

Definition 2.7 Let Q& be a graded fgp ©2.A-bimodule with a connection V. The curvature
of V is the map V? : Q€ — Q& of degree +2.
Remark 2.8 The curvature is an Q.4-bilinear map: for ¢ € Q&€ and @ € QA we have
V2(ca) = V(V(e)a + (—1)¥leda)
= V(&) + (=DM V(e)da + (=D IV (e)da + ed?a
= V2(e)a
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and

Vda - &+ (—D)av(e))

d’a e+ (=D dav(e) + (=D¥daV(e) + aV3(e)
= aV>(e).

V2 (ae)

Definition 2.9 A connection V is called flat if the curvature V? is zero.
Now we can define the category of flat connections.

Definition 2.10 We define C(€2.A) to be the category whose objects are graded fgp
Q.A-bimodules with a connection, and whose morphisms are graded fgp Q.4-bimodule
morphisms of degree 0 which commute with the connections. Let Cpa(R2.4) be the full
subcategory where the connections are required to be flat.

Example 2.11 Let M be a manifold without boundary. The corresponding dga is the de
Rham differential graded algebra of the manifold QA = QM. Any fgp Q.A-bimodule
Q& is determined by the fgp A-bimodule £ by Q€ = QA® 4 E. This corresponds to a
vector bundle over M by the Serre-Swan Theorem. A flat connection on £ corresponds to
a (usual) flat connection on this vector bundle. So C(2M) is equivalent to the category of
vector bundles over M with a flat connection, which in turn is equivalent to the category of
representations of 1 (M) by [19, Proposition 1.2.5].

2.2 Connections Over the Graded Centre

We will now show that each graded fgp Q.4-bimodule is determined by a graded fgp
bimodule over a graded commutative subalgebra. For this we need the following definitions:

Definition 2.12 Let Q.A be a dga. We define the graded commutative centre Z4(QLA) as
Z,(QA) ={a € QA | [a,v]=0forallv € QA}.
If Q& is an fgp Q2.4-bimodule we define Z,(Q2€) as
Z,(QE) ={e € QE | [e,v] =0forall v € QA}.
Lemma 2.13 With notations as in the previous definition we have the following, part of
which is shown in [11]:

(i) The graded commutative centre of the algebra Z4(QLA) is a dga.
(ii) The graded commutative centre of the module Z4(QUE) is a graded fgp bimodule over
Z,(QA).
(iii) Multiplication gives an isomorphism of graded bimodules Z(Q2E) ®Z,(2A4) QA S
QE.

Proof (i) An easy calculation shows that Z,(QA) is a subalgebra of Q.4, using that
[, v] = a[B, v+ (=DM [o, v]8 for a, B, v € QA. It is closed under d because
[da, v] = d[a, v] — (=D)1®![a, dv] for o, v € QA.

(i) An easy calculation shows that Z,(Q2€) is a graded bimodule over Z,($2.A), using
[ae, v] = afe, v+ (=) [a, v]e fora, v e QA, & € QE.TFQED QF = QA" it
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1008 W.D. van Suijlekom, J. Winkel

follows directly that Z,(QE) @ Zz(QF) = (Z,(QA))", s0 Zg(QE) is a graded fgp
Z,(2A)-bimodule.

(iii) Let QF be another graded fgp €2.4-bimodule satisfying QE & QF = Q.A". Then we
have the following commuting diagram:

Z4(Q8) @z, 24 QA D Zg(QF) ®z,(04) QA ——— QE® QF
(Zg(QE) & Z4(QF)) ®z,(04) QA QA"
Zy(Q8 © QF) @z 04 QA ———— Z(QA") @z, 0.4) QA

Here the top arrow is the direct sum of the maps Z, (Q€) ®z,(o4) QA — Q& and
Z,(QF)® Z,(2.A) QA — QUF induced by multiplication. All other arrows in the
diagram are isomorphisms, so these maps are isomorphisms as well. O

So all graded fgp .A-bimodules are determined by a graded fgp Z, (€2.A)-bimodule.
This is in turn determined by an fgp Z,(€2.4)-module. Note that Z,(A) may be smaller
than the centre of the algebra A.

Theorem 2.14 We have an equivalence of categories:
C(QA) = C(Zg(QA)),

sending an object (QE, V) to Zo(QE) with the restriction of V. This equivalence restricts
to an equivalence Cp (2LA) = Cra(Z4(Q2A)).

Proof Let (€, V) be an object of C(Q.A). For ¢ € Zg(Q€) and o € QA we have
V(ea) = V(e)a + (—1)leda

but also
V(ea) = (—DIE¥v (e)
— (_])(|8|+1)|01|av(8) + (_1)|€|'|Dt|da . e
= (=)EFDIlgY(e) + (—1)leda.
So we get

V(e)a = (—1)EFDIlgv(e),
Since this holds for all « € QA we conclude that V() € Z,(QE). So V restricts to a
morphism Z,(QE) — Zg(QE). Then (Z4(QE), V|z,(¢)) is an object of C(Zz(QA)). It
is easy to see that this is a functorial construction.
Conversely, let (2.F, V) be an object of C(Z;(2.A)). Then we can define the graded fgp
QA-bimodule QF ® Z,(QA) Q.A, and the connection V given by

Vie®a)=V@)®@a+ (—D¢lr @d(@)

for ¢ € QF,a € QA. 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.

Finally, we observe that the functor and its inverse preserve flatness. O
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The Fundamental Group of a Noncommutative Space 1009

Remark 2.15 For a graded commutative dga Q.4 we have a different way to describe the
category C(2.4). Remember that for a graded fgp bimodule Q& we have the isomorphisms
QE = £ @4 QA. The restriction of V to £ is then amap V : £ — £ ® 4 Q' A, satisfying
Vo(ea) = Vp(e)a + e @ da. Conversely each such Vi may be extended to V : Q€ — Q&
by setting V(e ® w) = Vo(e)w + e @ dw for e € QE, w € QA. So we can describe C(2.A4)
as the category with objects fgp .A-modules £ with a connection Vg : £ — £ @4 QLA

Example 2.16 We consider the dga corresponding to the noncommutative space of two
points at finite distance (see [8] or [22, pp 116-118]). If is given by

Q%A = {(g g) € Mz((C)}; QA = {(2 ’3) € Mz(C)}

for all k > 0. The differential is given by

d: A QA d: QA — @* 24

a0 0 §—a\ 0B B+y O
G~ (25 G- (o7 st)
We have Z,(Q*A) = C and Z,(Q**!A) = 0 so that in view of Remark 2.15 the fgp

bimodules over Zg(€2.4) are simply determined by a vector space over C. We conclude that
C(QA) = C(Z,(Q2A)) is equivalent to the category of vector spaces.

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

Proposition 2.17 Let (QE,V¢) and (QF,V7) be objects of C(QA). Then QG =
QE @ QF has the structure of an fgp graded bimodule over QA, and we can construct
a connection VY satisfying

Vi) =ViE®:+=Drle@v/ (@) 3)
fore e QE, ¢ € QF.

Proof The left action of Q.4 on Q& and the right action of Q2.4 on QF make Q@ into a

QA-bimodule. A grading on the tensor product is given as follows: for any r > 0 the degree

r subspace Q"G is the linear span of elements ¢ ® ¢, with ¢ € Qkeg, € QF k+1=r.

To show that QG is fgp, suppose that QE @ QE' = QA™ and QF @ QF' = QA". Then
QG ® QE ®qi QF @ (QF)" = (QF)" & (QF)™ = (QA)™.

So QG is a graded fgp Q.A-bimodule.
We can then define the connection V9 by Eq. 3 on pure tensors, and extend C-linearly.
To show that it is well-defined, let & € Q.A. Then by the above definition we have

Via®t) = VE(ea)®¢ + (= DFHea @ V7 (1)
= V¥(©)a®¢ + (—D)Fleda®@ ¢ + (1) ea @ V7 (0)

while

V() @at + (—Dfle @ VF (at)
= Vi) @at + (—DFfle®@da - ¢ + (— DI @ a VT (0).

Since these are the same, VY is well-defined.

V9 ®al)
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1010 W.D. van Suijlekom, J. Winkel

Lastly, VY satisfies the Leibniz rules: for & € Q&, € QF,a € QA we have
V9ae®¢) = VE(ae) ¢ + (—D)EHge @ V7 ()

do-e®¢+ (—DaVE(e)® ¢ + (—DIETge @ V7 (¢)

=do- ¢+ (DaV9e®7)

and

V@) @t + (—D)Fle®@ VI (ca)

=Vé@E®ta+ (—DFle@VI()a + (=Dl @ rda
= VIe®a+ (-l ® ¢ da.

V9 ®ca)

The curvature on the tensor product is easily calculated:

Lemma 2.18 In the notation of the previous lemma, we have
(V9 = (V52 ®@ QF & Q€ (V)2

In particular, the tensor product of flat connections is again flat.

Proof Fore € QE, ¢ € QF we have
(V)2 e®¢) = VI(VE(E) ®¢ + (—DIle® V7 (0))
= (V)@ ¢+ (-DIIHVEE) ® V7 (¢)
+H(=DIEVEE @ V() + e ®(VH2(0)
= (V)2 () ®¢ + (V) (©).
O

Remark 2.19 The above lemma does not apply for some other definitions of connections
on bimodules, see for instance [18, Example 2.13].

It is easy to see that this tensor product is associative. The tensor product commutes
with the equivalence of categories C(Q.A) — C(Z,(2A)) from Theorem 2.14. In the com-
mutative 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 2.4 with the connection d. It is easy to see
that the isomorphism Q€ — Q& ®q4 QA intertwines the connection V€ with the tensor
product connection on Q& ®q 4 QA.

This makes (C(2.4), ®) into a tensor category, and the same applies to the subcategory
(Cra(QA), ®).

2.4 Duals
We will now construct dual objects in the category C(2.A4).
Proposition 2.20 Let (QE, V) be an object of C(QUA). Then the dual module QEV =

Homgq (€, QA) of right-QA-linear maps from QE to QA is an fgp QA-bimodule.
Moreover, there is a connection on QEY satisfying

(VY (0),e) =dB,¢) — (=1)Ig, Ve) )
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The Fundamental Group of a Noncommutative Space 1011

for 6 € QEV, e € QE. Here the angled brackets denote the pairing between QE and QE.

Proof The bimodule structure is given by (f«, &) = (0, a¢e) and (a8, &) = (b, ¢) for
0 € QEY,a € QA, ¢ € QE. There is a natural grading on Q&Y where in degree k we
find the homogeneous maps of degree k. If Q€ @ QF = QA" we get QEY @ QFY =
(QE®QF)Y = QA" So QEVY is a graded fgp Q.4-bimodule.

We can define the connection VY on QEY by Eq. 4.

This is well-defined because (VY (6), —) is indeed a right-linear map with this definition:
forf € QEY, e € QE,a € QA:

(VV(0), ca) = d(B, ea) — (=110, V(ca))
= d(, e)a) — (=D1O, V(e)a + (=) eda)

= d(0, e)a + (—)PHelg eyda — (=1)P1B, V(e))a — (= 1)ITENH, e)da
= (VY(0), ¢)a.
This satisfies the Leibniz rules: for € QEV, ¢ € QE, a € QLA we have
(VV(0a), &) = d(ba, &) — (=) ga, V(e))
= d(0, ag) — (=Dl oV (e))
= d(O,ae) — (—DH 9 V(ae)) + (—=1DNO, da - &)
= (VY (0), ae) + (=1 (0da, ¢)
= (VV®)a + (—=1)"0da, &)
and
(VV(ab), &) = d{ab, e) — (—DIPHqp v(e))
= da(®, )+ (=D%ad (6, &) — (=)0, V(e))
= (da -0+ (=D)YaVY (), ¢).

We can compute the curvature of the dual connection:

Lemma 2.21 In the notation of the previous lemma, the curvature of V" is minus the dual
of the curvature of V, that is, for 0 € QEY, ¢ € QE we have

(VV)2(0), 8) = —(0, V2(e)).

In particular, the dual of a flat connection is again flat.

Proof We have for 0 € QEY, ¢ € Q&:
(V)2(O), 8) = d(VY(0), &) — (=DIITVY(0), V(e))

=ddB,e) — (—DI6, V(e)) — (DI, V(e)) — (6, V()
= —(0, V3(e)).

Writing Q€ = Z,(Q€) ®z,(2.4) A we have

QEY = Homg 4(Z,(22E) ®z,(2.4) QA, QA) = Zg(Qg)V ®7,(QA) QA.
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1012 W.D. van Suijlekom, J. Winkel

So the equivalence of categories C(Q.A4) — C(Z,(§2.A)) commutes with the taking of duals.
In particular this shows that the dual Q€Y = Homg 4 (€, Q.A) is naturally isomorphic to
the space of left-linear functions o 4 Hom(Q2E, QA).

Since Q€ is an fgp bimodule, we have for each graded fgp bimodule QF an isomorphism
Hom(QF ® Q&, QA) = Hom(QF, QEY @ QA). An easy calculation shows that this iso-
morphism continues to hold for morphisms that commute with connections, if connections
on Q& and QF are given. So (QEV, VY) is a dual object to (€, V). The morphism
QE — (QEVY)Y is an isomorphism because Q& is fgp. So every object is reflexive and we
arrive at the following result.

Corollary 2.22 (C(QA), ®) is a rigid tensor category, and the subcategory (Cpa(A), ®)
is also a rigid tensor category.

3 A Tannakian Category and the Fundamental Group

In this section we will show that under some analytical conditions on the dga the category
Cnat(2.A) constructed above is actually a neutral Tannakian category. In particular, if the
algebra A = Q9.4 is a dense s-subalgebra of a quantum metric space in the sense of Rieffel
[29] these conditions are met, so that our results apply to a broad class of noncommutative
differential spaces. We then define the fundamental group of the pertinent noncommutative
space as the automorphism group of the fiber functor in this Tannakian category (we refer
to [9] for more details).

3.1 Abelianness of the Category

In this subsection we will study when the category C(£2.4) is abelian. Using Theorem 2.14
we can always reduce to a graded commutative dga and this allows for the description of
C(Q2.A) simply as the category of fgp .A-modules equipped with a connection (cf. Remark
2.15). We will assume that A is a unital x-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.

Definition 3.1 A *-dga is a dga Q.A with a linear involution *, satisfying («8)* = B*a*
and d(a*) = d(a)*.

We also assume that the elements in A that are invertible in A are also invertible in A,
so AN A* = A*. This is in particular the case if .4 is stable under holomorphic functional
calculus (see [13, p.134]).

The category C(Q.A) is always an additive category: given two objects (Q€, VE) and
(QF, V7)) the morphisms from Q& to QF form an additive group, and there is an object
QE @ QF where the connection is simply given by VE®7 = V€ @ V7 | In general, C(QA)
is not an abelian category. For example, if XA = 0 for all k > 1, then C(2.A) is simply the
category of fgp modules over .4, which is generally not an abelian category. In fact we can
easily prove a necessary condition on a graded commutative dga QA if C(Q.A) is abelian.
We will call a differential graded commutative algebra QA connected if A is connected
(i.e. contains no non-trivial projections).
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The Fundamental Group of a Noncommutative Space 1013

Lemma 3.2 Let QA be a connected graded commutative dga and suppose that C(Q.A) is
abelian. Let a € A and suppose that da = aw for some w € Q' A. Then a is either 0 or
invertible.

Proof Consider the two objects (A, d + w) and (A, d) of C(Q.A). Since da = aw we have
a commuting diagram

A—24 5 A

J{d+w ld
QA 250U
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 4 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
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. O

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(2.4) to be abelian.

Definition 3.3 Let 2.4 be a x-dga with A C A, densely. We say that Q.4 satisfies property
Q if it satisfies the following condition:

foralla € Awitha >0andallay,...,a, € Awithall |g;| <a,and all wy, ..., ws €
Q' Arifda = Y !_, a;jw;, then either a = 0 or a is invertible.

If QA is graded commutative, this easily implies the conclusion in Lemma 3.2: 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 O or 1.

3.1.1 Quantum metric differential graded algebras

We will now show that property Q holds for quantum metric differential graded algebras.
First we recall the notion of a compact quantum metric space, introduced by Rieffel [29].
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 [5, Ch. VI.1]: for x, ¢ € S(A) we have

di(x, ¥) = sup{lx(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 3.4 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 dj, coincides with the weak-* topology.

Now we go back to the case that we have a x-dga QA and A is a dense subset of a
unital C*-algebra A. Suppose that a norm ||-|| is given on Q!A, satisfying the inequality
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law| < |lall- || fora € A, ® € Q' A. This defines a seminorm L on A by L(a) = |da].
The space QA is called a quantum metric dga if A is a compact quantum metric space with
this seminorm.

Remark 3.5 Note that any compact quantum metric space gives rise to a quantum metric
dga. Indeed, it was realised in [29] that the Lipschitz norm can be obtained as L(a) =
II[D, a]|| for a suitable operator D on a Hilbert space. The space of Connes’ differential
forms [5, Ch. VI] is then a quantum metric dga.

Also note that if 2.4 is a quantum metric dga, the same holds for Z,(Q.4), by [29,
Proposition 2.3].

Lemma 3.6 Ler QA be a graded commutative quantum metric dga and suppose that A N
A* = A*. Then QA satisfies property Q.

Proof Leta € Awitha > 0, and letay,...,a; € Awithall |¢;| < a,and wy, ..., w €
Q! A satisfying da = > i_aiw;. By scaling we may assume that 0 < a < 1. Define
the polynomial p,(x) = > }_, %(1 — x)X, which is the truncation of the power series of
—log(x). Then we have

N n
dpn(a) = pj(a)da = =) aiw; y (1 —a)*"".
i=1 k=1

Foreach 1 <i < s we have

ai f(l —a)*7!

k=1

=1-(0-a" <L

a Xn:(l — a)k_1

k=1

=

So we get

N
ldpn(@)ll <> lleyl,
i=1
in particular the norm of dp, (a) is bounded as n — oo.

If a is neither O nor invertible in A, there are points x, ¥ in the Gelfand spectrum of A
satisfying x (@) = 0 and ¥ (a) =t > 0. Then x (p,(a)) = Z?:l % — oo asn — oo, while
Y(pa(a)) =Y 7, %(1 — )% — —log(t) as n — oo. We get
X(Pa(@) = ¥ (pa(@)]

ldpn (@)l
so d(x,¥) = oo. But the metric d should give the weak-* topology on the spectrum, and

the spectrum is connected, so this is a contradiction. So eithera = O ora € A, and in the
second casea € AN AX = A*. O

d(x.¥) =z

3.1.2 Proof of abelianness

In the rest of this section, we will show that if a graded commutative dga Q.4 satisfies
property Q, then C(€2.4) is an abelian category. Suppose we have a morphism ¢ : £ — F in
the category C(Q2.A). We have to show that ker(¢), im(¢), coker(p) are also in the category,
and that the natural morphism coim(y) — im(g) is an isomorphism. The most difficult part
is to show that these are finitely generated projective modules.

@ Springer



The Fundamental Group of a Noncommutative Space 1015

Lemma 3.7 Let ¢ : £ — F be a morphism between fep A-modules. Then the following
are equivalent:

®  The A-modules ker(p), im(p), coker(p) are fgp.
®  There is an A-module homomorphism ¢+ : F — £ satisfying oo+ ¢ = ¢.

Proof Suppose that ker(¢), im(¢), coker(p) are fgp. Then the short exact sequence 0 —
ker(p) — £ — im(p) — 0 is split, so £ = ker(¢) @ im(gp). The short exact sequence
0 — im(¢) - F — coker(¢) — 0 is also split, so F = im(¢) @ coker(p). The map ¢
then corresponds to the map ker(¢) @ im(¢) — im(¢) @ coker(¢) sending (a, b) to (b, 0).
We can then choose the map ¢ : im(¢) @ coker(p) — ker(p) @ im(p) sending (c, d) to
(0, ¢). It is then easy to check that g+ ¢ = ¢ (and also T peT = ™).

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

Remark 3.8 If ¢ : C" — C" and ¢ : C" — C" satisfy pptT¢ = ¢ and ptTppT =
@™, and po™T and ¢ T ¢ are self-adjoint then ¢ is uniquely determined, and is called the
Moore-Penrose pseudoinverse [2].

In the case that ker(¢), im(¢), coker(¢) are finitely generated projective it is easy to
construct connections on these modules.

Lemma 3.9 Let ¢ : £ — F be a morphism in C(QA) and suppose that ker(g),
im(¢) and coker(g) are finitely generated projective. Then there are natural induced con-
nections on ker(¢) and coker(¢). There are then also natural induced connections on
coim(¢) = coker(ker(p)) and im(p) = ker(coker(¢)) and these are compatible with the

natural isomorphism of A-bimodules coim(g) 5 im(g).

Proof We have the isomorphisms £ = ker(¢) @ im(¢) and F = im(p) @ coker(¢p) as in
the proof of Lemma 3.7. This makes the commuting diagram

¢ F

~ -

ker(¢) @ im(¢) —— im(p) @ coker(¢p).

ker(¢)

The lower horizontal map sends an element (a, b) to (b, 0). Tensoring this diagram with
Q! A gives

pRQ'A

ker() @ QA ———» QEQR QA FQlA

\ lw f

ker(p) ® Q' A @ im(p) @ Q1A — im(p) @ LA & coker(p) @ QL A.
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Now we see that ker(¢) ® ' A is the kernel of the lower horizontal map, so it is also the
kernel of ¢ ® Q' A. We also know that coker(p) ® 2! A is the cokernel of the map ¢ ® QlA
because tensoring with €' A is right exact. Now consider the diagram

ker(¢p) & 4 F coker(p)

[ [+
1
ker(@) @ QA —— £ A2 Foal A — s coker(p) ® Q1A
We see that V€ induces a map vker@)  ker(p) — ker(p) ® 2! A and that V7 induces
a map VoK@ - coker(p) — coker(p) ® Q' A. It is easy to check that these satisfy the

Leibniz rules. These are the connections we want.
Now consider the diagram

E ———— coim(p) = im(¢p) F

lvff lvcoim(w) lvim((ﬂ) lv]:

ERANA —— coim(p) @ QA —— im(p) @A — FRQ'A

The connections Vo™ and VM@ are constructed as above as connections on the cok-
ernel of the morphism ker(¢) — & and the kernel of the morphism F — coker(p),
respectively. We know that the left and the right square of the diagram commute and sim-
ple diagram chasing shows that the middle square commutes as well. So the isomorphism

coim(¢) — im(p) becomes an isomorphism in C(S.A4). O

Let M € M,(A) be a matrix with coefficients in a commutative algebra A. Let x; €
Alx] be the characteristic polynomial, with coefficients (—1)" D,, (M), so

xm(x) = x" = Dy (M)x" "1 4 Dy o (M)x" "% — ...+ (=1)" Do(M).

Note that Do(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 diago-
nalising M*M, and not very interesting. Its proof can be found in the Appendix. The term
2Re(M*[M, K1) will appear in the proof of Theorem 3.12.

Lemma 3.10 For M, K € M,,(C) we have

d

7 Dy (M*M +1t - 2Re(M*[M, K1))| < 4n| K |lus Dn(M*M).
|t=0

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

Proof See Lemma B.1 in the Appendix. O

Remark 3.11 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 point

in the spectrum (the Hilbert—Schmidt norm is then || K ||gs = | Tr(K*K)|| %).
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We are now ready to prove that C(2.4) 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 ¢*¢ is either zero or invertible. Lastly we use this
to prove that ¢ has a pseudo-inverse (as in Lemma 3.7).

Theorem 3.12 Let QA be a graded commutative x-dga satisfying property Q. Then the
category C(QUA) is abelian.

Proof Letg : £ — F be amorphism in C(2.4). We will show that ker(¢), im(¢p), coker(p)
are finitely generated projective .4-modules, and then we are done by Lemma 3.9.

There is a projective module G with € @ F & G = A". We can write G = p A" for
a projection p € End4(A"). Then we can define a connection V9 : p A" — p(Q'A)"
by VY(g) = pdg. It 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(2.A) and it also defines a
connection on the direct sum module £ & F & G.

Now the map

000
w00 . FDPG>EDFDG
000

is a morphism in C(Q.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
projective. Therefore it is enough to prove: for a connection V : A" — (2'4)" and a
morphism ¢ : A" — A" that commutes with V, the kernel, image and cokernel of ¢ are
fgp modules.

The connection V : A" — (Q'.A)" can be written as V = d + «, where « : A" —
(21.A)" is an A-linear function. We can view « as an n x n matrix with coefficients in 2! A.
The induced connection on Hom 4 (A", A"), which we still call V, satisfies

V({(f,e) =(V(f), e) +(f. V()
for f € Hom4(A", A") and e € A". So
d((f,e)) +«(f,e) =(V(f),e)+ (f.de) + (f ke)
and this gives
V(f)=df + I« f1.

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

do = [, k]

where ¢ is viewed as an element of M,,(A). We get

d(p* ) = ¢*d(¢) +d(9)*¢ = 2Re(¢*[¢, k]).

@ Springer



1018 W.D. van Suijlekom, J. Winkel

Now let a,, = Dy, (9*¢) € A be the m-th term of the characteristic polynomial of ¢*¢ (up
to sign). Write k = > i_, K;w; with K; € M, (A) and w; € Q' A. We get

day, = dDy, (</’*<P)

— D, (¢ +td(¢*
dr 1o (N ("))

Dy (9*¢ + 1t - 2Re(¢*[g, k1))

dt [t=0
s

d
= E 7 Dy (¢*¢ + 1t - 2Re(¢* [0, Ki])w;
oy dti=0

N
= E a; w;
i=1

where J
ai = —  Du(p*p+1-2Re(p*[p, Kil)).
dt |1=0

By Lemma 3.10 and Remark 3.11 we get |a;| < 4| K;|lusan. We can now apply property
Q (if we put the factor 4| K; ||gs in the w;) to conclude that a,, is either O or invertible.

Now consider the smallest m for which a,, # 0 (note @, = 1 so this m exists). Then
ay is invertible. The characteristic polynomial of ¢*¢ is now g+, (x) = x" — a,— g
ce A DMy x™ Let p(x) = x 7 qprp = X — po x4 4 (=) Mgy,
By Cayley—Hamilton we know x,+,(¢*@) = 0, so ¢*¢p(¢*p) is nilpotent, and also
self-adjoint, so ¢*pp(p*p) = 0. Then (pp(p*p)) - (pp(p*p))* = 0, so in fact already
ep(p*p) = 0. Let g(x) = w € Alx] and set T = g(p*@)p*. Then we
have

09T = 9q(0* )0 0 = p(1+ (=1)""a, ' p(p*9)) = ¢.
By Lemma 3.7 it follows that the kernel, image and cokernel of ¢ are finitely generated
projective. This concludes the proof of the theorem. O

Corollary 3.13 With the same conditions as in the theorem, the category Cﬂa,(QA) is also
abelian.

Proof The category Cya(2.A) is a full subcategory of C(2.4). The kernel, image and coker-
nel of a morphism in Cyja(2.4) are again in Ca(2.4) because the connections constructed
in Lemma 3.9 are flat if V€ and V7 are flat. O

Corollary 3.14 Let QA be a x-dga such that the graded centre Z4(QUA) satisfies property
Q. Then both categories C(QUA) and Cyai(Q.A) are abelian.

Proof This follows directly from Theorem 3.12 and the equivalence between C(2.4) and
C(Z4(S2A)) proved in Theorem 2.14. O

3.2 Definition of the fundamental group

In this section we will define the fundamental group of a dga satisfying suitable analytical
conditions. We will first complete the proof that C(2.4) is a Tannakian category, after
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which the fundamental group is defined as the group of automorphisms of the fibre functor.
Since we have already proven that Cpa(2.4) is a rigid tensor category, and under some con-
ditions on A, that it is abelian, what is left to show is that End(2.4) = C and constructing a
fiber functor w : Ca(2.4) — Vec, where Vec is the category of finite-dimensional vector
spaces over C.

Lemma 3.15 Let QA be a graded commutative dga satisfying property Q. Then the algebra
of endomorphisms is End(Q.A) = C.

Proof Let 0 : QA — QA be an isomorphism. Since 6 is bilinear, for all « € QA we
have 0(a) = af(1). So 9 is determined by a = (1) € A. Since 6 has to commute with
the connection we get da = d(6(1)) = 6(d(1)) = 0. Let A be a complex number in the
spectrum of a. Then we have d(a — 1) = 0, but @ — A is not invertible. Since 2.4 satisfies
property Q it follows thata = A € C. O

For the fibre functor, pick a point p in the Gelfand spectrum A of a commutative A
(that contains A densely). Then our fibre functor is given by sending a bimodule £ to the
localisation of its centre 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.

Lemma 3.16 Let QA be a graded commutative dga that satisfies property Q and let p € A.
There is a faithful exact fibre functor w : Cya(QA) — Vec sending £ to Ep.

Proof Let (€, V) and (F, V7) be objects of Cpa(2A4) and let ¢ : £ — F be a mor-
phism commuting with the connections. Since ¢ is A-linear, this induces a map £, — F,,
showing that w is functorial.

To show that w is faithful, suppose that ¢, = 0. Since Cga(2.A) is abelian we know
that im(¢) is an fgp module. Now look at im(¢) ® 4 A. This is an fgp module over the C*-
algebra A, which corresponds to a vector bundle on A Itis zero at P, and the rank is locally
constant, and A is connected, so im(¢) ® 4 A = 0. Since im(gp) is projective it is flat, and
im(¢) — im(p) ® 4 A is an injection, so also im(p) = 0. We conclude that ¢ = 0.

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

Theorem 3.17 Let QA be a x-dga such that Z4(QA) satisfies property Q. Then the
category Cpa(2A) can be equipped with the structure of a neutral Tannakian category.

Proof We already know that the category Cp,(€2.4) is an abelian rigid tensor category.
The reduction to the graded commutative case (Theorem 2.14) then allows us to apply the
previous two Lemma’s to complete the proof. O

The fibre functor w : Cpa(2.4) — Vec is then of course given as the composition of the
functor defined in Theorem 2.14 and the fibre functor in Lemma 3.16.

We thus derive from eg. [10, Theorem 2.11] that the category Cpa(R2.A) is equivalent
to the category of representations of an affine group scheme, which allows us to make the
following definition.

Definition 3.18 Let 2.4 be a dga such that Z,(2.4) satisfies property Q. Let p € Z/g(\A).

Then we define 7' (Q.A, p) to be the group scheme of automorphisms of the fibre functor
 : Cia (RA) — Vec at p.
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Note that in practice we will simply recognise the category Cp, (R2.A4) as being equiv-
alent to the category of representations of some (topological) group whose pro-algebraic
completion is the fundamental group.

Example 3.19 We have seen in Example 2.11 that for a connected manifold M with-
out boundary we have Cpqa(2M) = Rep(mr1(M)). Hence 71 (QM) is the pro-algebraic
completion of 1 (M).

Example 3.20 Consider the graded commutative x-dga [0, 1], where Q00,11 =
C*>[0, 1] and Q'[0, 1] = C*[0, 11dx, £[0,1] = 0 for i > 2. Each fgp module over
C®°[0, 1] is a free module. We will show explicitly that each flat connection on a free mod-
ule is isomorphic to the trivial connection d, thereby showing that Cp, (€2[0, 1]) is equivalent
to the category of vector spaces and 771 ([0, 1]) is trivial as we would expect.

Let W ® C*[0, 1] be a module over C*°[0, 1] where W is a vector space, and let
V : WQ®CJO0, 1] be a connection. Write V = d + w, where w : WQ C*®[0,1] —
W ® Q1[0, 1] is a linear map. Leta : W Q C*[0, 1] > W ® C*°[0, 1] be an isomorphism.
Then the diagram

W®C®[0,1] —— W Q0 1]

W®C®0,1] —4s weQllo, 1]

commutes if and only if V = a Vodoaw. If we see « as an element of End(W) ® C*[0, 1]
we can take the derivative of it, which satisfies d(«) = doa —a od € End(W) ® C*°[0, 1].
So the diagram above commutes when V = alod@) +aod) =d+a tdw).

Hence we are looking for an invertible element « € End(W)® C°°[0, 1] satisfying
d(a) = aw. The solution of this equation is given by a path-ordered exponential, namely, we
seta = Zsio oy, where «g = 1 and where recursively «;,11(¢) = f(;ana) for n > 0. It fol-
lows easily by induction that ||a, (7)) || < ’”‘117‘7””’ so the series converges. Since doy, 41 = @@
we get do = aw. In a similar way we can construct o’ satisfying do’ = —wa/, and it is
easy to see that this is the inverse of «.

So (WQ®C™J[0, 1], V) is isomorphic to (W ® C*[0, 1],d) and we conclude that
1[0, 1)) = 0.

Example 3.21 Let QXA = M,(C) for all k. Let d be given by taking the graded commuta-

tor with the matrix D = (§ °, ). Explicitly, d is given in even degrees by (¢ 4) — (. 3%)

and in odd degrees by (f‘) Z ) — (26’ _% y ) This is the noncommutative space corresponding
to the set of two points that are identified.

The graded centre of this dga is just Z,(QA) = CH0DC P 0@ --- where C is
embedded diagonally in M>(C). Then Cyia(Z4(€2.A)) is just equivalent to the category of

vector spaces. The fundamental group is trivial.

Example 3.22 Consider the following graded commutative dga: let Q'8 = C, Q!B = C
and Q"B = 0 for n > 2, with d = 0. Note that there is a unique point in B. An fep
QB-bimodule is simply a finite-dimensional vector space V and a connection is a C-linear
map V : V — V, and it is always flat. So the category Cpn(Q2B) is equivalent to the
category of vector spaces with an endomorphism. This is in turn equivalent to the category of
continuous representations of R: the vector space V with the endomorphism « corresponds
to the representation 7 : R — End(V), m(t) = exp(ta). All continuous representations
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of R are of this form by Lemma A.1 in the Appendix. Since the category of all continuous
representations of a topological group R is equivalent to the category of representations of
the algebraic hull of R (¢f: [10, Ex. 2.33]), the fundamental group of 23 is then the algebraic
hull of R.

Example 3.23 Let QB be the dga from the previous example and let QA be any graded
commutative dga satisfying property Q, and let p € A. Consider the graded tensor product
QA = QAQQB. This is a dga, its modules are given by (Q0A) = QA and Q" A’ =
Q" A Q"' Aforn > 1. Let £ be an fgp A-bimodule. A connection over (.A4) is given
byamapV:& - EQQAPE Write V=V, Vg, where V4 : £ - ER QA
is a connection over QA and Vg : Q€ — Q& is an A-linear map. The curvature of the
connection V2 : & - £® QXA ® £ ® Q' A is then given by V2 & [Vj, V.4]. So V is
flat if and only if V 4 is flat and commutes with the endomorphism V. We get a series of
equivalences

Criat(RA") ~ {objects of Cga(2.A) with an endomorphism}
=~ {objects of Rep(w ! (2.A4)) with an endomorphism}
~ Rep(r'(QA) x R).

Hence the fundamental group of QA = QAR QB at p is (the algebraic hull of)
7' (QA, p) x R.

This leads to the following useful general result.

Proposition 3.24 Let V be an n-dimensional vector space and consider the graded algebra
AV with differential d = 0. Then ! (/\ V) is the algebraic hull of R". More generally,
if QA is any graded commutative dga which satisfies property Q and p € A, then the
fundamental group of QA® A\ V at p is the algebraic hull of T (QA, p) x R™.

Proof The dga /\ V is isomorphic to the n-fold tensor product of the dga in Example 3.22,
so by Example 3.23 we see that 7!(/\ V) is the algebraic hull of R”. Similar reasoning
leads to the second statement. O

4 Some Properties of the Fundamental Group

In this section we will establish some of the crucial properties that one would like a fun-
damental group to possess. This includes base point invariance, functoriality, homotopy
invariance and Morita invariance.

4.1 Base Point Invariance

As one might expect, different base points give rise to isomorphic fundamental groups, at
least provided that they are joined by a smooth path. In this case we will also simply write
71(Q A), omitting the base point from the notation.

Proposition 4.1 Let Q@ A be a x-dga such that Z4(2 A) satisfies property Q. Let p, q €

ZT,(\A) be base points. Suppose we have a x-homomorphism y : Zg(Q.A) — [0, 1]
satisfying evop oy = p,evyoy = q where ev; denotes evaluation at t. Then there exists an
isomorphism t' (Q A, p) =7 (Q A, g).
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Proof We may assume without loss of generality that 2 A is graded commutative. Consider
the following diagram:

Cra(RA) ——— Cpu(Q[0, 1)

L=<

Here the horizontal map y denotes, by abuse of notation, the functor that sends £ to
€ ®, C*[0, 1], and similar for the maps p and g. The functor vy sends £ to & and sim-
ilar for vi. Let n : Cpa(2[0, 1) — Vec be the functor sending (£, V) to the vector
space ker(V). By Example 3.20, we have ker(V) ® C*°[0, 1] 5 &. Therefore the map
ker(V) — & given by localisation at 0 is an isomorphism. This gives a natural isomorphism
between n and vg. Similarly we have a natural isomorphism from n to v;. So the functors vy
and v; are naturally isomorphic, and it follows that the fibre functors from p and ¢ are also
naturally isomorphic. Then their group schemes of automorphisms are isomorphic as well,
giving the isomorphism 7' (Q A, p) = 71 (Q A, ¢). O

It is not known whether base point invariance holds without the additional assumption in
Proposition 4.1

4.2 Functoriality of the fundamental group

For graded commutative spaces there is a good notion of functoriality for the fundamental
group. In this section we will address the question for which maps between dga’s there is
an induced map between the fundamental groups.

We start by observing that the fundamental group 7! (QA, p) is defined in terms of the
dga QA and a character p on the center Z,(Q2.A), interpreted as the base point. Now, if
¢ : QA — QB is a map of dga’s one can only expect functoriality on the corresponding
fundamental groups to have any meaning at all if base points are mapped to base points. In
other words, characters of the center should be mapped to characters of the center. In other
words, it is crucial to demand that the map ¢ maps the center to the center. Under such
conditions, we can establish the following functorial property of the fundamental group of
dga’s.

Proposition 4.2 Let QA and QB be x-dga’s such that their graded centers satisfy property
Q. Let ¢ : QA — QB be a degree 0 algebra morphism satisfying ¢(da) = d(p()) for all
a € QA and that 9(Z,(QA)) C Z,(QB). Let g € ZT,(\B’) and p = ¢*(q) € Z/—g(\A). Then
@ induces a map wly : 1 (QB, q) — 7Y QA, p).

Proof Since C(QA) is equivalent to C(Z,(2.4)) (and the same for 2B instead of Q.A4)
and ¢ induces a map of dga’s from Z,(Q2A4) — Z,(2B) we may assume without loss
of generality that our dga’s are graded commutative. Hence, if £ is an fgp A-module then
€ ® 4 Bis an fgp B-module. A flat connection V : & — £ ® Q! A gives a flat connection
V:EQuB > E®4Q'B, given by V(e®b) = V(e)b + e®db. So we get a map
C(QA) — C(2B). 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(23) — Vec can be
pulled back to an automorphism of the fibre functor C(2.4) — Vec. So we get a map
mle 7Y (QB, q) —» 7 (QA, p). O
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4.3 Homotopy invariance

In this subsection we will show that homotopic maps ¢g, 91 : (2B, p) = (A4, q) give
rise to the same map nlgoo = nlgol crl(Q A, q) — 7H(Q B, D).

Lemma 4.3 Ler £ ® C*[0, 1] be an fgp module over A® C*®[0, 1], where £ is an fpg
module over A. Let V : £EQC®[0,1] — £ Q0, 1] be a connection over Q[0, 1]
that is A-linear. Then there is an A® C*|0, 1]-linear isomorphism a : £ Q C*[0, 1] —
EQCX[0, 1] suchthataa oV =d o a.

Proof The proof is essentially the same as that of Example 3.20. Write V = d + o with
w: EQC®0,1] - £®Q0,1] an A ® C*®[0, 1]-linear map. We want to construct «
such that da = aw, viewing « as an element of End4 £ ® C*°[0, 1]. Let oy = 1, and
define recursively o1 (t) = f(; opw. Then a = Z;’,o:o o, is well-defined and invertible as
in Example 3.20 and it satisfies do = aw. O

Lemma 4.4 Let £ be an fgp module over A® C*[0, 1] with a connection V, : £ —
EQ®Q0, 1] over Q[0, 1] that is A-linear. Then ker(V») is an fgp A-submodule of € and

we have a natural isomorphism ker(V,) ® C*°[0, 1] 5& given by multiplication.

Proof Let F be another fgp module over A ® C*[0, 1] such that £ @ F is free. We can
choose a (Grassmannian) connection V7 : F — FQ® Q'0, 1] over [0, 1] that is A-
linear. Now the free module £ @ F has the connection Vo @ V7. By lemma 4.3 we may
identify £ @ F with W ® A ® C*°[0, 1] for some vector space W with the connection given
byd: W A®C®[0,1] - W®.A®Q'0, 1]. Now note that ker(d) = W ® A and the
map ker(d) ® C*°[0, 1] — £ & F is an isomorphism. It follows that ker(V;) = ker(d) N €
is an fgp A-module and the map ker(V,) ® C*°[0, 1] — & is an isomorphism. O

We can use this lemma to prove a version of homotopy invariance for !. First we give
the definition of homotopy for morphisms of dga’s.

Deﬁnitioﬂ.\S Let Q ﬂd Q B be x-dga’s whose graded centres satisfy property Q and
let p € Zg(A),q € Zy(B) be base points. Two maps ¢o, ¢1 : (2B, q) - (QA, p) are
called homotopic if there exists a map
H:QB—- QA®Q0,1]
that satisfies the following conditions:
the map H sends graded centre to graded centre;

it satisfies ev, oH = ¢, for t = 0, 1, where ev, : Q[0, 1] — C denotes evaluation at ¢;
the diagram

Z,(QB) — 7,2 A) ®Q[0, 1]]
Lo lp@a[o,l]
C z—>const; Q0. 1]

commutes.
Remark 4.6 Considering the diagram above in degree 0, we see that it means that H pulls

back the point p x t € m x [0, 1] to the point g for all + € [0, 1]. If Zg(QlB) is
generated by elements of the form by db1, this is an equivalent condition.
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Theorem 4.7 Let Q A and Q B be x-dga’s whose graded centres satisfy property Q and let
p € Zy(A), q € Zy(B) be base points. Let o, o1 : (2B, q) — (A, p) be homotopic
maps. Then w'gy = 'y : 1Y (Q A, p) — 71(2B, q).

Proof Let H : QB — QAQ® Q[0, 1] be as in Definition 4.5. We may assume without
loss of generality that 2.4 and Q2 BB are graded commutative. Let £ be an fgp module over
A® C®[0, 1] with a flat connection V. We can write V. =V, & V5 : £ »> EQ QA @
E®Q0, 1] where V; : £ »> £® QLA is a connection over 2 A that is C*°[0, 1] linear
while V, : £ = £QQ'[0, 1] is a connection over [0, 1] that is .A-linear. By Lemma
4.4 we know that ker(V») is an fgp Q A-module, and it is easy to check that Vijker(v,) is a
connection on this module. So we can consider the functor

n : Cra(2AQ Q[0, 11) — Cpar(2.A)
given by n(€, V) = (ker(V2), Vi|ker(v,)). Consider also the functor
vp : Ca(RA® Q[O0, 1]) — Cpa (R A)

given by vo(E, V) = (Eevys Vev,) Where evp : 2 A ® Q[0, 1] — € A denotes evaluation at
0. By Lemma 4.4 we have a natural isomorphism 1 : n — vy, sending ker(V,) to &y, by
the composition ker(Vz) — £ — &gy,

Taking 2 A = C in the above we get similar maps n’, v(’) : Crac ([0, 1]) — Vec, and a
natural isomorphism n’ : n” — v(. Now consider the diagram

n

/_\

Crat(RA®Q[0, 1D vy || Crrat (R A)

\_/

P®Q[0,1] I4

T

Crar(R[0, 1) v, A Vec

Here p®Q[0,1] denotes by abuse of notation the functor sending & to
E ®pwaro,11 [0, 1], and similar for p. It is easy to see that pon = n’ o (p® [0, 1]) and
p oy = vy o (p® [0, 1]). Moreover, we have (p ® Q[0, 11)*n" = p4n. Now consider
the diagram

Cra(2B) —2 Chu (R A® Q[0, 1])

lq lp ®Q[0,1]

Vee —E—— Ca(R10, 1]).

Here we used similar abuse of notation as in the diagram above, and F is the functor sending
a vector space W to (W ® C*°[0, 1], d). This diagram commutes because H is a homotopy.
So we have p, H*n = H*(p ® Q[0, 1])*n’ = ¢*F*n’. Now F*1’ is a natural isomorphism
betweenn’o F = id : Vec — Vec and v(’)oF =1id : Vec — Vec, and it is in fact the identity.
So H*n is a natural isomorphism from n o H to ¢y, and p,H*n : g — q is the identity.
Of course we get a similar natural isomorphism for evaluation at 1 instead of evaluation
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at 0, and composing these we get a natural isomorphism p : ¢g — ¢ satisfying p,pu =
id : ¢ — ¢q. Then the maps ¢g, ¢; induce the same map tloy=nle =7 (QA p) —
H(QB, g). O

It follows directly that 77! is an invariant for homotopy equivalence:

Corollary 4.8 Let Q2 A and Q B be x-dga’s whose graded centres satisfy property Q and let
pE Zg(.A) q € Zg(B) be base points. Let ¢ : (QA, p) — (QB,q) and ¢ : (LB, q) —
(2 A, p) be morphisms such that ¢ oy and v o ¢ are homotopic to the identity on Q B and
Q A respectively. Then w'(Q A, p) is isomorphic to 1" (2 B, q).

Proof 1t follows from the theorem that ! (¢) and ! () are inverse to each other. O
4.4 Invariance Under Morita Equivalence

We now address the question whether 77! is invariant under Morita equivalence of the under-
lying dga’s. Since we work with differential graded algebras as well as with C*-algebras,
for both of which there exist notions of Morita equivalence, let us make more precise what
we mean.

Let (R, d) be a differential graded ring. We denote by Mod(;leg the category of all differ-
ential graded right R-modules (M, d) and with morphisms all graded module morphisms,
not only those of degree 0. We write d instead of V here to distinguish these differentials
from the flat bimodule connections considered before. They satisfy the right Leibniz rule
(cf- Eq. 1):

d(mr) = d(m)r + (=D)™mdr; ~ (m e M,r € R).
It then follows that the morphisms Hom((M, d), (N, d)) become differential graded
modules (over the differential graded ring End((M, d))), with

df m) = d(fm)) = (=D fdm);  (m e M). )
Thus, the category Mod‘},eg is a so-called differential graded category, or dg-category.

Definition 4.9 Two differential graded rings R and S are called dg-Morita equivalent if the
categories Modj,ieg and Mod‘;g are equivalent.

It is a classical result in Morita theory that Morita equivalent rings have isomorphic cen-
ters (see for instance [21, Remark 18.43]). We prove an analogue for dg-Morita equivalent
differential graded rings. Recall that the graded center of an additive category is given by all
graded natural transformations 7 from the identity functor to itself (cf. [24, Section 4] and
references therein), i.e. for all dg-modules M, N and f € Hom((M, d), (N, d)) there is a
(graded) commuting diagram

M- N
nm NN
M—Ls N
in the sense that f o ny = (— D"y 0 f.

Proposition 4.10 The center of the category Mods,leg is a (graded commutative) differential
graded ring which is isomorphic to the graded center Z4(R) of R.
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Proof Since ny € Hom((M, d), (M, d)) we can define (dn)y = d(ny) using Eq. 5. This
turns the graded center C(Modfeg) of Mod‘},eg into a dg ring. Let us then show that C(Mod(}eg)
is isomorphic to Z, (R).

Asin [21, Remark 18.43] we define a map

p:Zg(R) — C(Mod¥)

r — ™

where 7 is given by right multiplication by r, that is to say, 171(‘2) (m) = (=) for
all m € M. The map p is a map of dg rings since ™| = |r| and

@npm)y = dl) my) — (=" (dm)
— (—l)lml‘rld(mr) _ (—1)(‘m‘+2)|r‘(dm)r
= (=)D dry = n}(gr)(m)'

It is also clearly injective. To prove that p is surjective take any n € C (Mod‘}eg) and consider
first ng : R — R. This map satisfies ng(s) = ng(l)s = rs where we have set r :=
nr(1) € R. On the other hand, multiplication on the left on R by an element in R is a
morphism in Mod(lieg so that by graded naturality we also have ng(s) = (—1)|S””‘snR(1) =

(—=DV"Islsr Hence r € Zg(R)and ng = ng). For an arbitrary module M in Mod‘}eg consider
the following (graded) commuting diagram:

R—"ym

e |

R m

where for m € M we have defined f(r) = mr, a morphism of graded right R-modules of
degree | f| = |m|. Then

nu(m) = nu(f(1)) = (=DM fp(1)) = (=D ™ £y = (=)™

so that we may conclude that ny; = nxl) for all dg-modules M and hence that p is surjective.

O

Theorem 4.11 Suppose that QA and QB are two dg-Morita equivalent dga’s whose
graded centers satisfy property Q.
Then

a) There is an isomorphism of dga’s ¢ : Zo,(QA) — Z4,(QB),
b) The induced map w'¢ : 7V (QB,q) — 7N QA, p) is an isomorphism where p =
©*(q) € Zg(QA) for q € Z4(2DB).

Proof From the proof of the previous proposition we find that Z,(QA) = C (Modgg 4)
and also Z, (Mod?ng) =C (Mod?ng). Since the categories Mod?ng and Mod?ng are equiv-
alent, their graded centers are isomorphic, which proves a). Functoriality of ! as proved
in Proposition 4.2 in combination with the fact that Tl (QA, p) = y'rl(Z(g (QA), p) and
7Y (QB, q) = n'(Z4(2B), q) (¢f. Theorem 2.14) then proves b). O

Remark 4.12 Tt is an interesting question to see whether 7! is invariant under derived
Morita equivalence as well. For instance, in [25, Prop. 9.2] or [20, Prop. 6.3.2] it is shown
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that the center of a ring is invariant under derived Morita equivalence. For the generalization
to differential graded rings we refer to the notes [17, 32], see also [24, Remark 5.6].

5 Examples: Toric Noncommutative Manifolds
5.1 Noncommutative Tori

In this section we will consider the noncommutative torus, also called the rotation algebra.
Let Ay be the rotation algebra, as studied by Rieffel [26] and Connes [4], and described in
[13, Ch.12]. For any real number 6 we define it to be the following *-algebra

Ag = { D amnu™v" - (amn) € S}

m,n

where u, v are unitaries that satisfy uv = Avu where A = ¢**'?_ Note that the algebra Ag
has a natural Z2-grading where u”v" has degree (m, n). In fact, this degree is related to
the action o of a 2-dimensional torus T2 by automorphisms on Ay given by «; (" v") =
eimtl +nt2um o,

Let us now introduce the dga for the noncommutative torus, given by noncommutative
differential forms $2.4y. The elements of ! (Ay) are of the form adu + bdv with a, b €
Ay and they satisfy udu = du - u,udv = Adv - u,vdu = Adu - v,vdv = dv - v and
du - dv = —Adv - du. The elements of Q2Ay are of the form adudv with a € Ay (see
[13, Sect. 12.2]). The action « extends to the dga as a graded automorphism by demanding
that it commutes with the differential.

Note that an integer value of 6 gives back the algebra C*°(T?) of the usual torus. The
noncommutative 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.

Proposition 5.1 Let 0 be irrational. Then the center of QAy is trivial and the fundamental
group of QAy is isomorphic to (the algebraic hull of) R2.

Proof 1t is well-known that Z(Ajy) is trivial, see for instance [13, Corl. 12.12]). In fact,
this result extends to the differential forms for which we have Z,(Q2A4¢) = (Q.A@)TZ, the
subalgebra of invariant vectors for the action « of T2. We see that Z p (Q1Ay) = u=tdu -
Covldv-Cand Zg(QzAg) = u'du - v='dv - C. We conclude that the dga Z,(QLA)
is isomorphic to the dga /\ V where V is the two-dimensional vector space uldu - Co®
v~!dv - C. From Proposition 3.24 we then conclude that the fundamental group of Q.Ay is
isomorphic to (the algebraic hull of) R2. O

It turns out that the flat connections on fgp Q.4p-bimodules correspond to continu-
ous representations of RZ. We can give the correspondence explicitly. Any continuous
representation of R2 on a vector space W is given by (t1,1) — exp(tjx + 1) with
o, B € End(W) commuting endomorphisms of the vector space. The corresponding module
is Q€ = W ® Q.Ayp, and the connection is given by

V. WRQA - WRQA
Viw®a) =w®da +a(w)®u_ldu -a+ ﬂ(w)®v_1dv -a.

Note that all fgp Ag-bimodules are free by Lemma 2.13, as Z4(Ay) = C.
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Remark 5.2 This should be compared to [23], which considered the irrational rotation
algebra with a holomorphic structure as a noncommutative elliptic curve, with resulting
fundamental group equal to (the algebraic hull of) Z.

Proposition 5.3 Let 0 be rational. Then the fundamental group of QAg coincides with that
of the classical manifold T2, i.e. it is (the algebraic hull of) Z>.

Proof We write 6 = g with p, g coprime integers. Then the centre of Ay is given by
power series in the commuting unitaries u? and v? with coefficients of rapid decay, and
thus isomorphic to the algebra C(T?) (see also [13, Corl. 12.3]). Furthermore, we have
Zy(Q'Ag) = Zo(Ag) - uldu @ Z4(Ap) - v='dv. This is also generated by u? and v4
and their derivations, as u~?du? = ¢ - u~'du and v=4dv? = ¢ - v_1dv. So Zg(Ql.Ag) =
QT2 Similarly, Zg(22A4g) = Q>T2. We see that Z,(Q2A4g) = QT? and hence that the
fundamental group of .4y is the same as that of the classical manifold T?. O

Remark 5.4 For any 6 we have an inclusion map Z,(Q24g) < Q.Ap. This gives a map
7 (QAy) — 7! (Z4(QAy)) = 71 (Q2Ap). In the case that 6 is irrational, this comes from

the inclusion Z?> — RZ. In the case that = Z it comes from the multiplication Z? Y73
With this map we can distinguish the rational rotation algebras for different values of g.

For any 6 the flat connections over .4y correspond to the continuous representations
of the group (Z + 0Z)?2: for irrational 6, this is a dense subgroup of R? which has the
same continuous representations as R? (see Lemma A.2 in the Appendix), and for rational
6 we have (Z + 0Z)%> = Z?. The map 7' (QAg) — 7! (Q2.A4p) is then always given by the
inclusion Z2 < (Z + 07)2.

5.2 Higher-dimensional Noncommutative Tori

The irrational tori can be generalised to higher dimensions, as in [27]. Let ® be a skew-
symmetric n X n matrix with coefficients in R. We use the notation of [13, Sect. 12.2]. The
algebra Ag is generated by unitaries uy, . . ., u, satisfying ugu; = €270y, We can also
write this as uyu; = t(eg, e;)zuluk where 1 : (Z")2 — C is the two-cocycle defined by
T(r,s) = exp(mir'®s) and e; € Z" denotes the k-th unit vector. A general term in Ag is
a power series expansion in the uy with coefficients in the Schwartz space S(Z"). It is the
noncommutative interpretation of the quotient of R” by Z" 4+ ®Z", which is simply R" /Z"
if ® = 0. Note that we get the two-dimensional noncommutative torus back by taking n = 2
and the matrix ® = ( _09 g)

For any r € Z we define the Weyl element

u" =exp | i er®jkrk urll Ceun
j<k
These are linearly independent and generate the algebra Ag, and they satisfy

w'u® =1, s)uts.

The one-form module Q! Ag is free with generators {uk_]duk}. We use these generators
because they are in the centre of ' Ag. The two-form module Q2 Ag is free with generators
{uk_lduk . ul_lduz, k < 1}, et cetera.
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Proposition 5.5 The fundamental group ' (2 Ae) of the n-dimensional noncommutative
torus is the algebraic hull of 7' + OZ".

Proof Define the lattice

A={reZ"|0relZ (6)
(it is reciprocal to the lattice used in [13, Sect. 12.2]). Let ry, ..., r,; be a basis of A and
let 741, ..., Iy be elements of Z" such that rq, r2, ..., r, are linearly independent. Then

Z,(Ap) is generated by the m independent unitaries u’*, so it is isomorphic to C*°(T™),
the algebra of smooth functions on the (commutative) m-torus.

Let V € Q! Ag be the m-dimensional vector space spanned by u~"*du’*, 1 < k < m.
Then QT™ is isomorphic to the sub-dga Z,(Ag) ® /\ V of QAg. Also, let W C QloAg
be the (n — m)-dimensional vector space spanned by u~"*du"™*,m + 1 < k < n. Thus

QAo = A0 ® A\ (VO W).
Since all basis elements of V and W are in the graded centre we get
Z,(QAe) = Z,(QA0)® \N(Ve W) =QT"® A\ W.

With this we can compute the fundamental group of . 4g. The fundamental group of the
torus T™ is Z™. Then we see from Proposition 3.24 that the fundamental group of Q.Ag is
the algebraic hull of Z™ x R"~". The subgroup Z" + ©Z" C R" is dense in {u € R" |
r'u € Zfor all r € A}, and this is isomorphic to Z™ x R"~" So for any © the fundamental
group of QAg equals the algebraic hull of Z" + ©Z". O

Remark 5.6 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 noncommutative realisation of the quotient
of R" by Z" 4+ ®Z" can be identified with Z" + ®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.

5.3 Toric Noncommutative Manifolds

It is possible to deform any manifold M that carries an action of a torus in a similar manner
to the deformation of the tori described above. This is described in full detail in [6, 7], and
the differential graded algebra that we use is described in [6, Sect. 12].

Let M be a manifold and let o : T" — Aut(M) be a smooth effective action of the n-
dimensional torus. This defines an action of T on M, still denoted by o. The deformation
of C®°(M) is conveniently described as the following fixed-point subalgebra:

C®(Mo) i= (C®(M)BA0)® ' = {T € C®(M)®Ap : (0 ® o )(T) =T, forallt e T”}

where ® denotes the (projective) tensor product of Fréchet algebras and « is the action of
T" on Ag given by a; (u") = /"' u”. Similarly, a dga is defined by

QMo = (QMBA)
The differential in QMg is given by d ® 1.
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In fact, we may write any element w € QM as a series expansion in the Weyl elements

u" e Q.A@:
= Z or Qu”
re’zr

in terms of homogeneous elements w, € QM for the torus action, i.e. o; (w,) = € w,. This
series expansion is convergent with respect to the Fréchet topology on QM (see [28, Ch.
2]). Similar to [1] we introduce the following subgroup of T" dual to the lattice A C Z"
defined by Eq. 6:

F={teT" |t-r=0 modZforallr € A}

Proposition 5.7 The graded center of QMg is given by
Z,(QMe) = (QM)"
Consequently, the fundamental group is 7L (QMe) = 7L (QM)D).
Proof The graded center of Mg is given by elements of the formw = ), ., @, @ u” as

forr € A we have t(r, s) = 1 for any s € Z". We can use the subgroup I' < T" to select
these vectors by setting oy (w) = w forall t € T. O

Example 5.8 Let M = T" and let the torus T” act on itself by addition. The algebra C(Mg)
is then the same as the noncommutative torus Q.A4g, and according to the above result we
have 71 (QMe) = 71 (Q(T™F). Let us compare this with Proposition 5.5. We may write

QT = C¥(T) & \(Ve W)
where V, W are defined as in the proof of Proposition 5.5 (but with ® = 0). But then
QI =cC>TMe AV Awz=erhe \W.
Accordingly, we have N QT = Z™ x R as desired.

Example 5.9 Consider the three-sphere S3. It is parametrised by two complex numbers «, 8
with || + |52| = 1. The torus acts on this by (¢, s) - (o, B) = (exp(mit)e, exp(2mis)p).
Suppose that 6 = 5 where p and ¢ have no common factors. Then A = ¢Z? and T’ =

(12222 € T2. We get that 71(28}) = 7' ((28%) @427,

In the case that 6 is irrational we can actually completely calculate the fundamental group
of the toric noncommutative 3-sphere.

Proposition 5.10 Let 0 be irrational. Then the fundamental group ' (QS;) is the algebraic
hull of R2.

Proof We will compute the fundamental group of the deformed 3-sphere Sg using homo-
topy invariance. Let 0 < ¢ < % and let y : [0, 1] — [0, 1] be a smooth function that is
Oon [0,e] and 1 on [1 — &, 1]. This gives a map T2 x y T2 x [0,1] — T2 x [0, 1],
which is T?-equivariant, using the natural action of T2 on T2 x [0, 1]. This induces a map
(T2 x y)* : Q(T2x [0, 1]) = (T2 x [0, 1]), which restricts to a map €2 (T2 x [0, )T <
Q(T? x [0, 1])T2. The functions in the image are constant in a neighbourhood of the edges,
and the forms in the image are zero on this neighbourhood. Now consider the map ¢ : T? x
[0, 1] — S?, sending ((u, v), t) to (u sin(%t), veos(51)) foru, v € S'andr € [0, 1]. This
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is a smooth map so it induces ¢* : QS? < Q(T? x [0, 1]). Since @ is ’]Tz-equivariant, this
restricts to ¢* : QST < Q(T? x [0, 1))™. The image certainly contains all functions
that are constant on a neighbourhood of the edges, and forms that are zero on a neighbour-
hood of the edges. In particular there is a factorisation Q(T? x [0, 1]) & 52(83)Trz &
Q(T2x[0, 1]), where « is the map (T%x y)* with restricted codomain. Now let ¥ : S > §?
be the function given by y'(usin(51), vcos(51)) = (usin(Fy(t)), vcos(5y(¢))). This is
a smooth map: this is clear in the domain ¢ € (0, 1) and at t = 0, 1 it follows because y is
constant at the edges. This then induces 7* : QS < QS3, and since ¥ is T2-invariant this
also restricts to 2(S3)T° — QST Note that 7 o = ¢ o (T2 x y). We get the following
commutative diagram:

QT2 x [0, 1D «——— (T2 x [0, INT°
(T2xy)*
¥* @*

QESHT L QSHT.

7+

Both the maps (T2 x y)* and 7 are homotopic to the identity. This implies by Theo-
rem 4.7 that they induce the identity map on the fundamental groups. So nl(QSg) =

(& (83)T2) = 7 (Q(T? x [0, 1])T2). Now clearly T2 x [0, 1] is homotopy equivalent
to T2 using maps that are Tz—equivariant, and it follows that 71 (Q(T? x [0, 1]))T2) =
Tl(Q (']I‘Z)Tz). As in the previous subsection, this fundamental group is the algebraic hull of
IR, So for irrational @ the fundamental group of Sg is the algebraic hull of R2. O

6 Conclusion and Outlook

We have defined a notion of connections on finitely generated projective bimodules over a
differential graded algebra 2.4. We have defined the category Cpa(2.A4) of these bimodules
with flat connections, and shown that it is equal to the category of flat connections over the
graded centre Z,(€2.4). 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 noncommutative
spaces. This was used to define an affine algebraic group scheme, which we called the
fundamental group 7' (Q.A) of the dga. After having established some crucial properties for
7!, we computed the fundamental group for noncommutative tori, where we realised that it
depends on the deformation parameter.

The structure we introduced suggests the following some natural, still open problems:

a) Does the fundamental group respect products: is it true that 7' (QA® QB, p®q) =
T (QA, p) x 11(2B. ¢)?
b) Is the fundamental group 77! a derived Morita invariant?

The second problem is especially interesting as it turns out that in algebraic geometry the
fundamental group of a smooth projective variety is not a derived invariant [31].
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Appendix A: Representations of dense subgroups of R

We have exploited Tannaka duality to reconstruct a group from the category of its repre-
sentations, however, this only gives access to the pro-algebraic completion of the group. In
other words, via this procedure many groups give rise to the same algebraic group. We will
illustrate this phenomenon for dense subgroups of R.

We consider representations of R and of dense subgroups. Let V be a finite-dimensional
vector space and « € End(V), and view R as additive topological group. There is a contin-
uous representation ¥ : R — GL(V) given by 7 (t) = exp(t«). In fact every continuous
representation has this form.

Lemma A.1 Let V be a finite-dimensional vector space and w : R — GL(V) a continuous
representation. Then there is a unique o € End(V') such that w(t) = exp(ta) forallt € R.

Proof Since m is continuous there is a § > 0 such that for all + € R with |f|] < §
we have ||[w(r) —1]] < 1. Let 0 < t < 4. The formal power series log(x + 1) has
radius of convergence 1, so ¢ = %log(n(t)) is well-defined. Then 7 (t) = exp(ta).
Also o’ = %log(n(t/Z)) is well-defined. Since log(xz) = 2log(x) whenever [x — 1| <
land |x2 — 1] < 1, we get o/ = a. So 7w(t/2) = exp(t/2a). By induction we
get 1(127") = exp(t27"w) for positive integers n. For integers m it also follows that
w(tm2™") = w (27" = exp(tm27"«). Since the set {tm2™" | m, n € Z} is already dense
in R it follows that 7 (x) = exp(x«) for all x € R. O

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

Lemma A.2 Let G C R be a dense subgroup of R. Let V be a finite-dimensional vector
space. Each continuous representation w : G — GL(V) extends to a representation of R,
and is therefore of the form 7 (t) = exp(ta) for some a € End(V).

Proof Since the representation is continuous there is a § > 0 such that fort € [-6,5] N G
we have ||7(t) — 1]| < 1, so0 ||z (¢)|| < 2. For all positive integers n we have w(nt) = ()",
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 forallt € GN (-8, §) we have |7 (t) — 1] < e.Let M > 0 and let
x,y € GN[=M, M]with |x — y| < 4. Then [[7(x) =7 (W < l7)[- 1 —7(y =) <
lr(x)]| - €. Since & is bounded on G N [—M, M] we see that 7 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

Appendix B: Proof of Lemma 3.10

We have put here the proof of Lemma 3.10 that is a bit technical and would otherwise have
disrupted the flow of the argument.

Lemma B.1 For M, K € M, (C) we have

d
o Dy (M*M +1t - 2Re(M*[M, K1))| < 4n||K |us Dm(M*M).
[t=0
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Here 2Re(M*[M,K]) = M*[M, K] + (M*[M, K])* and || K |gs 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

AsA2, ..., Ay € C. Now
Dyu(M*M) = 3 [Tk,
|S|=m ieS
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)) € Cl[t] is %u:oDm (M(1)). The
matrix M(¢) only has multiples of ¢ outside the diagonal. The determinant of an m x m
submatrix is then modulo ¢2 equal to the product of the values on its diagonal. So

Py =Y [[M®i mod .
S=|m|ieS
We have
M) =ni+t | MiKig— Y (M*)i;K jiMy;
jil=1
The t-coefficient in P, (¢) is then

%\t:ODm(M(t)) = Z Z rMKi — Z(M*)injIMli H A

|S|=m i€S ji=1 seS\(i}

For all i, j, 1 we have (M*);;M;; < $(IMji|> + |M;i|*) < Y p_, IMii|* = A;. So we get

d n
7 Dm(M(t))‘ = | >0 > | miKii— Y M KpMy | [T s
=0 ISl=m ieS =1 seS\(i}
< > |k - Z(M i KiaMi| [T »s
|S|=m ies =1 seS\(i)
n
< DO |\ milkal+ Y- Mkl JT
|SI=m ji=1 ses\li)
= Z|K11|+Z|Kjl| ZHAS
j.=1 |S|=m seS
< 2n|Klus D (M*M).

Now we conclude

Dy (M*M + 1t - 2Re(M*[M, K]))‘

d
‘ZRe (Ep:eD’" (M(t)))‘

dt |1=0

IA

4n||Kys Dy (M*M).

O
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