Noncommutative analog and generalization

of SU(n) principal fiber bundles

Thierry Masson
Laboratoire de Physique Théorique (UMR 8627)
Bat 210, Université Paris-Sud Orsay
F-91405 Orsay Cedex

Oran, 14-18th April 2007

Contents
COME NS . . ot 1

1 A brief review of ordinary fiber bundle theory. .. ... ... ... . 2
Principal and associated fiber bundles — Connections — Gauge transformations

2 Derivation-based noncommutative geometry ...... ... ... i 5
Derivation-based differential calculus — Noncommutative connections and their properties — Two important
examples

3 The endomorphism algebra of a vector bundle............ ... ... ... .. ... 11
The algebra and its derivations — Ordinary connections — Derivations of A in local trivialisations

4 Noncommutative connections on A ... .. .. 14
Main properties — Decomposition of noncommutative connections — Yang-Mills-Higgs Lagrangian

5 Relations with the principal fiber bundle ..... ... .. .. .. . . ... . 16

A bigger algebra — Ordinary vs. noncommutative connections — Splittings coming from connections

6 Cohomology and characteristiC Classes . .. ... ...ttt 19
The cohomology of Q) (A) — Characteristic classes and short exact sequences of Lie algebras

7 Invariant noncommutative CONNECTIONS . . .. ...ttt e e e 21
Action of a Lie group on a principal fiber bundle — Invariant noncommutative connections

PSP ECtIVES . . . oo 24

ReferenNCes . . .o 24

© 06 06 060600606000 0000000

Outline of the lectures

e Introduce a particular associative algebra related naturally to some constructions in ordinary fiber
bundle theory.

e Equip this algebra with its derivation-based differential calculus. Study this differential calculus, and
show how it is related to some usual differential structures in fiber theory.

e Compare the two notions of (ordinary) connections and noncommutative connections. Show how one
is the generalisation of the other. Use it to propose Yang-Mills-Higgs type models.

e Make some algebraic constructions based on this algebra to recover ordinary characteristic classes.

e Generalize and study the notion of invariant connections by the action of a Lie group to this noncom-
mutative context.
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2 Section 1 — A brief review of ordinary fiber bundle theory

1 A brief review of ordinary fiber bundle theory

1.1 Principal and associated fiber bundles

Principal fiber bundles
M smooth manifold, G Lie group. G—P->M principal fiber bundle for the right action of G on P denoted
by p = p-g = Rgp.

e For any p € P, define V), = Ker(T,m : T, P — T,y M) (vertical subspace of T}, P). For any X € g, let

d
X(p) = =p- X
(p) (dtp exp(t ))t_o
Then V, = {X"(p)/X € g}. One has Ry.V, = V.

=> define vertical vector fields, horizontal differential forms (vanish when one of its arguments is
vertical).

e (U, ¢) local trivialisation of P over U C M if U open subset, ¢ : U x G = 7~ (U), 7(¢(x,h)) = x and
¢(x,hg) = ¢(x,h)-g for any € U and g,h € G.

o (Ui, ¢:) and (U, ¢;) two local trivialisations such that U; NU; # @. There exists a differentiable map
Gij : UiﬂUj — G such that if gbi(l‘, hl) = qu(:m hj) for h;, hj € GG then h; = gij(l')hj for any = € UiﬂUj.
The g;; are the transition functions. They satisfy g;;(z) = gj_il(x) for any « € U; NU; and the cocycle
condition g;;(x)g,x(z)gri(x) = e for any x € U; NU; N Uy, # @.

Associated fiber bundles
G—P-5 M principal fiber bundle as before.
e I manifold on which G acts on the left: ¢ — £4¢.
e On P x F we define the right action (p, ) — (p-g,£4-1¢).

e = (P x F)/G is the orbit space for this action.
This is the associated fiber bundle to P for the couple (F, 7).

e Notations: F = P X, F and [p, ¢] € E the projection of (p, ) in the quotient P x F — (P x F)/G.
Then [p-g, ] = [p, {4¢]-

® o 0000 0 0 0

Sections
G—P -5 M principal fiber bundle, E — M associated fiber bundle.

e A section is a map s: M — E such that 7o s(z) = z for any = € M.
Notation: T'(E) space of sections.

o I'(E)~Fg(P,F)={®: P —F | ®(p-g) =L,1P(p)}
(equivariant maps P — F).

o (U, ¢) local trivialisation of P over U.
sy : U — 7w~ 1(U) given by sy (r) = ¢(z,e) is a local section of P.
Any section s of P is locally given by a local map h : U — G such that s(x) = sy (x)-h(x) = ¢(z, h(z)).
Any section s of F is locally given by a local map ¢ : U — F such that s(z) = [sy(x), p(z)].
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1.1 - Principal and associated fiber bundles 3

o (U, ¢:) and (Uj, ¢;) two local trivialisations such that U; N U; # &. One has

sj(x) = ¢j(x,€) = di(x, gij(x)) = di(w, €)-gij(x) = s:i(2)-gi ()
so that on P, if s(x) = s;()-hi(z) = s;(x)-h;j(x), then

hi(z) = gij(z)h;(z)
On E, if s(x) = [si(x), pi(x)] = [sj(x), p;(z)] for z € U; NU; # @, then
(

@i I) qu m)‘pj( )

Vector bundles

Let F be a vector space and ¢ a representation (linear action).
e The associated fiber bundle E is called a vector bundle.

e I'(E) is a C°°(M)-module for the pointwise multiplication: f(x)s(x) for any f € C>°(M), s € T'(E)
and z € M.

o If F and E’ are vector bundles then E* (dual), E & E’ (Whitney sum) and £ ® E’ (tensor product),
A°E (exterior product) are defined.

Use: (F*,0%), (F&F (@ 0), (FRF, Lx) and (\"F, \0).

Example 1 (The endomorphism bundle)

Consider the case where F is finite dimensional.

E* ® E is associated to P for the couple (F* ® F,* @ ¢).

One has F* ® F ~ End(F) by (¢ ® ¢)(¢’) = a(¢)e.

We use the notation End(E) = E* ® E. It is called the endomorphism bundle of E.

There is a pairing I'(E*) @ T'(E) — C*°(M) denoted by = — (a(z), s(x)).

I'(E* ® E) = I'(End(FE)) is an algebra, which identifies with I'(E*) ®cee(ar) I'(E) and with the space of
C*°(M)-module maps I'(E) — I'(E) by (a® s)(s")(x) = (a(z), s'(x))s(z).

Other useful examples

Examples 2 (Tangent and cotangent spaces)

TM — M, T*M — M are vector bundles over M.

I'(T M), also denoted by I'(M), is the C*°(M )-module of vector fields on M.

It is also a Lie algebra for the bracket [X,Y]-f = X Y-f =Y -X.f for any f € C®(M).
T(A°T*M) = Q*(M) is the algebra of differential forms on M.

Examples 3 (The gauge group and its Lie algebra)

G acts on itself by conjugaison: ayz(h) = ghg™'. The associated fiber bundle P x, G has G as fiber but is
not a principal bundle.

G =T (P X4 Q) is a group, called the gauge group of P: it is the sub-group of Aut(P) of vertical automor-
phisms.

® : P — @, G-equivariant: p — p-®(p).

One has p-g — (p-9)-®(p-g) = (p9)-(97 ' ®(p)g) = (P-2(p))-g

G acts on the vector space g by the adjoint action Ad.

Denote by AdP = P xq g the associated vector bundle. T'(AdP) is the Lie algebra of the gauge group G,
denoted LieG.

1.2 Connections

Connections

G—P-5 M principal fiber bundle, E — M associated vector bundle.
A connection is:
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4 Section 1 — A brief review of ordinary fiber bundle theory

Geometrical definition: A smooth distribution H in TP such that for any p € P and g € G:
T,P=V,®H, and Ry.H,=H,,
=>» horizontal vector fields, vertical differential forms (vanish when one of its arguments is horizontal).
=> horizontal lifting of vector fields on M: I'(M) > X — X" € T'(P).

Algebraic definition: A 1-form on P taking values in the Lie algebra g, w € Q!(P) ® g, such that for any
g€ Gand X €g:
E_Zw = Ad,-1w (equivariance) and w(X")= X (vertical condition)
=> H, = Kerw,.
Analytic definition: A linear map V£ : I'(E) — T'(E) defined for any X € I'(M), such that for any
feC>®M),sel'(E), X,Y eT(M):
VE(fs) = (X-f)s + [VEs Vs = fVs Vi, ys = Vis+ Vis
= ['(E) > s <> ® € Fg(P, F) corresponds to V&s <> X" &.

Curvature of a connection

Geometrical definition: There exists a geometrical interpretation of the curvature which will not be ex-
plained here (obstruction to the closure of horizontal lifts of “infinitesimal” closed paths on M).

Algebraic definition: The curvature is the equivariant horizontal 2-form Q € Q?(P) ® g defined for any
X, Y eT'(P) by
X, Y) = dw(X, D) + [w(X),w(V)]
It satisfies the Bianchi identity
dQ+ [w, Q] =0

Analytic definition: Given V¥ : I'(E) — T'(E), the curvature R¥(X,Y) is the map defined for any
X,Y € (M) by
RP(X,Y) = VEVY = V§VY = Vi y : D(B) = T(E)
It is a C°°(M)-module map.

7 the representation of g on F induced by the representation ¢ of G.
Then I'(E) 3 s <> ® € Fg(P, F) corresponds to R¥(X,Y)s <> n(Q(X,)))-® for any X,Y s.t. X = X
and .Y =Y.

Connections: local expressions
w € QY(P) ® g connection 1-form on P, Q its curvature.

(U, ¢) local trivialisation of P, s its local section.
Local expression of the connection and the curvature:

A=swecQU)og F=sQcOU)ag
(Ui, ¢i) and (Uj, ¢;) two local trivialisations. On U; N U; # @ one has
Aj = g;:' Aigij + 95" dgi; Fj = g;;' Figij
A family of 1-forms {A4;}; satisfying these gluing relations defines a connection 1-form on P.
Globally on P Locally on M
w € QY(P) ® g, equivariant, vertical Family of local 1-forms {A;};, A; € QY(U;) ® g, satisfying
condition. gluing non homogeneous relations.
Q) € Q?(P) ® g, equivariant and hori- Family of local 2-forms {F;};, F; € Q?(U;) ® g, satisfying
zontal. gluing homogeneous relations.

Remark 4 (Intermediate construction)

The curvature is a section of the associated vector bundle /\QT*M ® AdP.

The connection cannot be the section of such an “intermediate” construction between forms on P and local
forms on the U;’s.
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1.3 — Gauge transformations 5

1.3 Gauge transformations

Gauge transformations

G =T(P x4 G) acts on P.

a€G <> d: P — G, G-equivariant.

a induces a vertical diffeomorphism P — P, denoted by a.
w € QY(P) ® g connection.

e a*w is a connection and a*(Q is its curvature.
o a*w=>"1wd + & 1dd.
e ' =310,

Infinitesimal version: ® = exp(§) with £ : P — g, G-equivariant.
=> ¢ defines an element in LieG = T'(AdP).
Infinitesimal action on connections and curvatures:

wid€ + [w, ] Q- [9,¢]

2 Derivation-based noncommutative geometry

2.1 Derivation-based differential calculus

Derivations of an associative algebra

A associative algebra with unit.

Z(A) center of A: commutative subalgebra.

Definition 5 (Vector space of derivations of A)

Der(A) ={X: A — A / X linear, X(ab) = X(a)b + aX(b),Va,b € A}

Proposition 6 (Structure of Der(A))

Der(A) is a Lie algebra for the bracket [X,Q]a = XYa — DXa (VX,2 € Der(A)), is a Z(A)-module for the
product (fX)a = f(Xa) (Vf € Z(A), VX € Der(A)).

Int(A) = {ady : b — [a,b] / a € A} C Der(A), vector space of inner derivations, is a Lie ideal and a
Z(A)-submodule.

With Out(A) = Der(A)/Int(A), there is a s.e.s. of Lie algebras and Z(A)-modules

0—Int(A)—=Der(A)—Out(A)—=0
Definition 7 (Real derivations for involutive algebras)

If A is an involutive algebra (notation: a — a*), X € Der(A) is real if (Xa)* = Xa* for any a € A. Notation:
Derg(A).

Derivation-based differential calculus
A associative algebra with unit.

Definition 8 (The graded differential algebra Qf_.(A))
Let Q% (A) be the set of Z(A)-multilinear antisymmetric maps from Der(A)" to A, with QY_(A) = A.

Define
Q.Der(A) = ®n20 Q%er (A)

e N-graded algebra for the product

1

= Y CU)Ow(@ 0y, X ()Xo 1) Xo(prg)

("‘”7)(:{17 IR x;DJrq) = plg!

0€6p14
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6 Section 2 — Derivation-based noncommutative geometry

o differential graded algebra for the differential d (of degree 1) defined by (Koszul formula)

n+1 i
dw(%l, N ,xn+1) = Z(—l)i+1xiw(xl, oY 7xn+1>

=1

+ 03 () (EL LYY K

1<i<j<n+1

® © 0 0 0 0 0 0 0 0 0 0 0 0 O 0 0 0 0 0 0 0 0 0 0 0 0
Derivation-based differential calculus

Definition 9 (The graded differential algebra Q.. (A))
O (A) C Qp, (A) the sub differential graded algebra generated in degree 0 by A.

Every element in Qf (A) is a sum of terms of the form agda; - - - da,, for ao,...,a, € A.

Example 10 (The algebra A = C*(M))
Let M be a M and let A = C>°(M).

o Z(A) =C>®(M).
e Der(A) =T(M), Int(A) =0, Out(A) =T'(M).
o O (A)=0p,(A)=Q°(M), gr. diff. alg. of de Rham forms on M.

Definition 11 (Restricted derivation-based differential calculus)

Let g C Der(A) be a sub Lie algebra and a sub Z(A)-module. The restricted derivation-based differential
calculus Q¢ (A) is defined as the set of Z(A)-multilinear antisymmetric maps from g" to A for n > 0, using
the previous formulae for the product and the differential.

Cartan operations

Let g be a Lie subalgebra of Der(A).
g defines a natural operation in the sense of H. Cartan on (Q7),.(A),d).

e Interior product: graded derivation of degree —1 on Q.. (A).
ix : Qe (A) — QBN (A) (ixw)(Xq, .o, K1) =w(X, X0, X )

VX € g, Vw € OQF,,.(A) and VX; € Der(A).

ix is 0 on QP (A) = A.
e Lie derivative: graded derivation of degree 0 on Qp..(A).

Ly =ixd + dix : Qpe,(A) = Qpe, (A)
e One has:
ixiy +igix =0 Lyip —igLlx = Z[:{»@]
LxLy — LyLx = Lix g, Lyd—dLx =0

e Subspaces of Q7). (A) associated to this operation:

— Horizontal subspace: kernel of all the ix for X € g. Gr. Alg.
— Invariant subspace: kernel of all the Ly for X € g. Gr. Diff. Alg.
— Basic subspace: kernel of all the ix and Ly for X € g. Gr. Diff. Alg.

Example: g = Int(A) defines an operation.
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2.2 — Noncommutative connections and their properties 7

2.2 Noncommutative connections and their properties

Noncommutative connections
Let M be a right A-module.

Definition 12 (Noncommutative connection, curvature)

A noncommutative connection is a linear map @x : M — M, defined for any X € Der(A), such that
VX, € Der(A),Va € A, Yme M,Vf e Z(A):

Vx(ma) = m(Xa) + (Vxm)a, ﬁfggm = fVzxm, §3€+mm =Vam+ ﬁgm
The curvature of V is the linear map R(%,9) : M — M defined for any X,9) € Der(A) by
R(x,9)m = [V, Vylm — Viz gm

Proposition 13 (General properties)
One has:

e The space of connections is an affine space modeled over the vector space Hom™ Qb .(A), M) (right
A-module homomorphisms).

o fi(%, ) : M — M is a right A-module homomorphism.

Gauge transformations
M a right A-module.

Definition 14 (Gauge group)
The gauge group of M is the group of automorphisms of M as a right A-module.

Proposition 15 (Gauge transformations)

For any ® in the gauge group of M and any n.c. connection 6, the map %% =d 1o ﬁx od: M —-Misa
n.c. connection.

This defines the action of the gauge group on the space of n.c. connections.

Proof of the derivation rule:
Vi(ma) = 071 (Vxd(ma)) =" (Va(@(m)a))
= o7 (@(m)(Xa) + (Vx®(m))a)
=m(Xa) + (&~ 'Vx®)(m)a = m(Xa) + (Vim)a

O
Hermitean structures
Suppose now that A is an involutive algebra.
Let M be a right A-module.
Definition 16 (Hermitean structure)
A Hermitean structure on M is a sesquilinear form (—,—) : M x M — A such that, Vm;,my € M,

Vai,as € A,
(my,me)* = (ma, mq) (miay, maas) = aj{my, ma)as
A n.c. connection V is compatible with (—, =) if, Ymy, mg € M, VX € Derg(A),
X(my, ma) = (Vemy,ma) + (my, Vems)
Definition 17 (“Unitary” gauge transformations)
An element ® in the gauge group is compatible with the Hermitean structure if (®(mq), ®(ms)) = (mq, ms).

Lemma 18
The space of compatible n.c. connections with (—, —) is stable under “unitary” gauge transformations.
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8 Section 2 — Derivation-based noncommutative geometry

Noncommutative connections: M = A
A is a unital algebra.
As a special case we consider the right A-module M = A.
Let Vx A — A be a noncommutative connection.
Pr0p051t10n 19 (Noncommutatlve connections on M = A)
V is completely given by V1 = w(X), with w € QF. . (A), by the relation

Vza = Xa+w(X)a
The curvature of V is the multiplication on the left on A by the n.c. 2-form

QX,9) = dw(X,9) + [w(X),w(D)]
The gauge group is identified with the invertible elements g € A by ®,(a) = ga. The gauge transformations
on V take the following form on w and §2:

Wng:g—lwg+g—ldg QHQg:g_IQg

6% defined by a +— Xa is a n.c. connection on A.

Particular case: A involutive. Hermitean structure: (a,b) = a*b.
UA)={ue A/ u*u=wuu* =1}, the group of unitary elements of A, is the unitary gauge group.

Noncommutative connections: M = A
Remark 20 (Vector space versus gauge transformations)
In ordinary differential geometry, the space of connections is an affine space.

Here it looks like the vector space Qf.,(A).
Gauge transformations are not compatible with this linear structure:

(Aw1 + Aaw2)" = ™ (Awy + dows)u 4+ u~ tdu
Mwt + Aowd = A (v twru 4wt du) + Ao (v wou + u tdu)
are not equal except for A\; + Ay = 1.
Proposition 21 (Canonical gauge invariant n.c. connection)

If there exists a n.c. 1-form & € Qf_.(A) such that da = [57 ] for any a € A, then the canonical n.c.
connection defined by V;ga = Xa — £(X)a can be written as Vae a = —a&(X) and it is gauge invariant.

Proof. One has Xa = [£(X), a], so ﬁgga =[£(X%),a] — &(X)a = —al(%).
Let u € U(A) be a unitary gauge transformation. Its action on the n.c. 1-form —¢ is (=€) = —u"1¢u +

wldu = w7 (~Eu+ [, u) = u(~ug) = . 0

Noncommutative connections: M = AN

As a special case we consider the right A-module M = AN,

Let Vx AN - AN be a noncommutative connection. Let e; = 0,...,1,...,0), for i =1,..., N, (basis of
the right module AY). Look at m = e;a’ as a column vector for the a'’s, use the notation Xm = e;(¥a’) and
the matrix product.

Pr0p0s1t10n 22 (Noncommutative connections on M = A™)

vV is completely determined by N2 n.c. 1-forms w! € Qh..(A) defined by V;gez = e;w! (%), through the
relation Vxm = Xm + w(X)m, with w = (w ) € My (2., (A)). The curvature of V is the multiplication on
the left on AN by the matrix of n.c. 2- forms Q = dw + [w,w] € My (2D, (A)).

The gauge group of AN is GLNx(A) (invertibles in My (A)), which acts by left (matrix) multiplication. The
gauge transformations take the forms w9 = g~'wg + g~ 'dg and Q9 = g~'Qg in matrix notations.

VY defined by m — Xm is a n.c. connection on AN,

Particular case: A involutive. Hermitean structure: ((a), (b)) = 32 (a')*b'.

Unv(A) ={ue My(A) / u*u = wu* = 1y}, the group of unitary elements of My (A), is the unitary gauge
group.
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2.2 — Noncommutative connections and their properties 9

Noncommutative connections: projective finitely generated modules
M is a direct summand in AV, There exists a projection p € My (A) such that M = pA~.

Proposition 23 (Noncommutative connections on p.f.g.m.)

IfV is a n.c. connection on AN then m +— p@xm defines a n.c. connection on M, where m € M C AN,
The curvature of the n.c. connection obtained this way from V% is the multiplication on the left on M C AN
by the matrix of n.c. 2-forms pdpdp.

Example 24 (The algebra A = C*°(M))

We saw that the n.c. derivation-based differential calculus is the ordinary de Rham calculus.

By the theorem by Serre and Swan, projective finitely generated modules over C*° (M) are sections of vector
bundles.

The definitions of connections and n.c. connections coincide.

2.3 Two important examples

© 06 06 06 0606060606 0606006000000 00 00000000000

A = M, (C): derivations, differential calculus

Consider the case A = M,,(C) = M, the finite dimensional algebra of n X n complex matrices. This is an
involutive algebra for the adjointness of matrices.

Proposition 25 (General properties of the differential calculus)
One has the following results:

e Z(M,)=C.

e Der(M,,) = Int(M,,) ~ sl,, = sl(n,C) (traceless matrices) by the isomorphism which associates to any
v € s, (C) the derivation ad, : a — [, al.

Derg(M,,) = su(n). Out(M,) = 0.

o ON . (M,) =02, (M,) ~ M, ® \°sl’, with the differential d’ coming from the Lie algebra differential

complex for sl,, represented on M, by the commutator.
e There exits a canonical 1-form i € QL (M,,) such that for any v € M, (C)
if(ad,) =~ — 5 Tr(y)1

i) makes the explicit isomorphism Int(M, (C)) = s,,.

e if) satisfies the relation d’(if) — (i6)? = 0. This makes i look very much like the Maurer-Cartan form
in the geometry of Lie groups (here SL,(C)).

e For any a € M, one has d'a = [if,a] € O}, (M,). False in higher degrees.
A = M, (C): explicit decompositions, cohomology
o {Eip}r—1.. n2_1 basis for sl,, of hermitean matrices.

=> basis of Der(M,,) ~ sl,,: n? — 1 derivations 0 = ad;g, (real derivations).
=>» The FE;’s and 1 form a basis of M,,.

e 0%s defined by duality: 6(9x) = d%.
=> {0°} basis of 1-forms in A°sl}, they anticommute: §‘0% = —9*9".

o Let [Ey, Ef) = CJLE,,, then:

1
d1=0 d'Ey = —CI'E,.0° d'o* = —icfme’fem

o i) = iEx0F € M, ® \'sl:.
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10 Section 2 — Derivation-based noncommutative geometry

Proposition 26 (The cohomology of the differential calculus)
The cohomology of the differential algebra (Q,,(My,),d") is

H*(Q, (My),d') = Z(\"sL)

the invariant elements for the natural Lie derivative.
The algebra Z(\"sl}) is the graded commutative algebra generated by elements c,._, in degree 2r — 1 for
re{2,3,...,n}.

A = M,,(C): metric, integration
Let us introduce gpe = < Tr(EyEj).
Then the gi,’s define a natural metric (scalar product) on Der(M,,) if one lets g(Ok, O¢) = gre-

Every differential form of maximal degree w € Q’f;r_l(Mn) can be written uniquely in the form

w=a /|g|€1 . 9n2—1
where a € M,, and where |g| is the determinant of the matrix (gre).

Definition 27 (Noncommutative integration)
One defines a noncommutative integration

/ : Q.Der(Mn) - (C

by [ w=2Tr(a)ifwe Qgi;l(Mn) written as above, and 0 otherwise.
This integration satisfies the closure relation
/ dw=0
n.c.

A = M,,(C): canonical n.c. connection
Let us consider the right A-module M = A. o
The n.c. 1-form —if defines a canonical n.c. connection by the relation V;wa = Xa—i(X)a for any a € A.
Proposition 28 (Properties of V=)
For any a € M,, and X = ad., € Der(M,,) (with Try = 0), one has

@;iea = —aif(X) = —avy
Vi is gauge invariant.

The curvature of V=% is zero.

Proof. This is a consequence of the existence of the canonical gauge invariant n.c. connection implied by the
relation d’'a = [i6, a].
The curvature is the n.c. 2-form Q(X,9) = d'i0(X,9) + [i0(X),i0()] = d"i0(X,D) + (i0)*(X,D) = 0.

O

A = M, (C): flat connections
Let us consider the right A-module M = M, ,,, the vector space of r x n complex matrices with the obvious
right module structure and the Hermitean structure (mq,ms) = mimq € M,,.
Proposition 29 (V=% flat n.c. connections)
The n.c. connection V;’em = —mif(X) is well defined, it is compatible with the Hermitean structure and

its curvature is zero. R o
Any n.c. connection can be written Vxa = V“a+ A(X)a for A = Ax0* with Aj, € M,. The curvature of

V is the multiplication on the left by the M,-valued n.c. 2-form
1
F = ([A, Al — CmA,,)0%0°

This curvature vanishes if and only if A : sl,, — M, is a representation of the Lie algebra sl,,.
Two flat connections are in the same gauge orbit if and only if the corresponding Lie algebra representations
are equivalent.
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2.3 — Two important examples 11

A =C>*(M)Q® M,(C): generalities
Consider the mixed of the two algebras C*°(M) and M, (C) studied before, in the form of matrix valued
functions on M (dim M = m).

Proposition 30 (General properties of the differential calculus)
One has the following results:
o Z(A)=C>(M).

e Der(A) = [Der(C™®(M)) @ 1] @ [C>°(M) ® Der(M,,)] = T'(M) & [C>°(M) ® sl,] as Lie algebras and
C*°(M)-modules. Notations: X = X + ad, with X € I'(M) and v € C®(M) @ sl,, = Aq (traceless
elements in A).

=> Int(A) = Ay and Out(A) =T'(M).
e O (A) =2 (A) = (M) ® Q.. (M,) with the differential d = d +d'.
e The n.c. 1-form i is defined as i0(X + ad,) = . It splits the s.e.s.
i0
PZaammen N
0—=Ay—>Der(A)—T'(M)—0

N.C. integration is a well-defined map of differential complexes

/ O (A) — Q=) / Hw:d/ w

A =C>*(M)® M,(C): other structures

Using a metric h on M and the metric ggy = %Tr(Ek.Eg) on the matrix part, one can define a metric on
Der(A):
9(X +ady, Y +ady) = h(X,Y) + 7zg(yn)

where m is a positive constant which measures the relative “weight” of the two “spaces”. In physical natural
units, it has the dimension of a mass.

Consider the right A-module M = A. As for the algebra M,,, the n.c. 1-form —if defines a canonical n.c.
connection by the relation %;iea = Xa —i0(X)a for any a € A.

Proposition 31 (Properties of @fw)

For any a € A and X = X + ad, € Der(A), one has @;wa =X-a—ay.

The curvature of V= is zero.

The gauge transformed connection V=99 by g € C>*(M) ® GL,(C) is associated to the n.c. 1-form X —
—if(X) + 971 (Xg) = =y + 97 (X g).

3 The endomorphism algebra of a vector bundle

3.1 The algebra and its derivations

The endomorphism algebra

E a SU(n)-vector bundle over M (fiber C™). End(FE) fiber bundle of endomorphisms of E, A the algebra of
sections of End(E).

For later references, the trivial case is the situation where F = M x C™ is the trivial bundle =» A =
C*®(M) ® M,,. But in general, A is (globally) more complicated.

Remark 32 (Relation to ordinary geometry)

The endomorphism fiber bundle End(E) is associated to a SU(n) principal fibre bundle P for the couple
(M, Ad).

Because G = SU(n) C M, (C) and g = su(n) C M, (C), one has P x, G C End(F) and AdP C End(FE).
The gauge group G and its Lie algebra LieG are subspaces of A.
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12 Section 3 — The endomorphism algebra of a vector bundle

Locally, using trivialisations of E, the algebra A looks like C*°(U) ® M,,.

Proposition 33 (Basic properties)

Z(A) =C>®(M).

Involution, trace map and determinant (Tr,det : A — C*°(M)), are well defined fiberwise. Define SU(A) as
the unitaries in A of determinant 1, and su(A) as the traceless antihermitean elements. Then G = SU(A)
and LieG = su(A).

Derivations
Let p : Der(A) — Der(A)/Int(A) = Out(A) be the projection.
Proposition 34 (The derivations of A)
p Is the restriction of derivations X € Der(A) to Z(A).
Out(A) ~ Der(C>®(M)) =T(M).
Int(A) is isomorphic to Ay, the traceless elements in A.
The s.e.s. of Lie algebras and C*°(M)-modules of derivations looks like
0 —> Int(A) —= Der(A) -2~ T(M) —= 0
Xi—X

e This generalizes the decomposition obtained in the trivial case.
e There is no a priori canonical splitting in the non trivial case.

e The “n.c. 1-form” i0 cannot be defined here. But one can define a map of C°° (M )-modules:

10 : Int(A) — Ay ady — v — 2 Tr(y)1

Proposition 35

Dher(A) = Qher(A)

3.2 Ordinary connections

Connections

Let V¥ be any (usual) connection on E.
Use notations: X € I'(M), a« € T'(E*) and s € T'(E).
Define the connections V" on E* and then V on End(E) by the relations

X-(a,s) = (V¥ a,5) + (@, V§s) Vx(a®s)=(V§ ) @s+a® (Vys)
Use the notation X = p(X) € I'(M) for any X € Der(A).

Proposition 36

For any X € T'(M), Vx is a derivation of A. For any X € Der(A), X — Vx € Int(A). X — a(X) =
—if(X — Vx) defines a n.c. 1-form a € Qf (A). One has X = Vx — adq(x).

Vy € Ag, a(ad,) = —v, VX € Der(A), Tra(X) = 0 and VX € Derg(A), a(X)* + a(X) = 0.

e X — Vi is a splitting as C°°(M)-modules of the s.e.s.

PR
0—A¢—>Der(A)—TI'(M)—0

The obstruction to be a splitting of Lie algebras is the curvature of V: R(X,Y) = [Vx, Vy] - Vix y].

o The relation a(ad,) = —v shows that « extends —i6 : Int(A) — Ay.
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3.2 — Ordinary connections 13

Connections (continued)

Proposition 37 (Ordinary connections and n.c. forms)
The map V¥ — « is an isomorphism between the affine spaces

SU (n)-connections on E
Traceless antihermitean n.c. 1-forms on A s.t. a(ady) = —v

The n.c. 2-form (X,9) — Q(%X,9) = da(X,9) + [(X), «()] depends only on the projections X and Y of
X and Q). This means that it is a horizontal 2-form for the operation of Int(A) on Q3 .(A).

I(A°T*M ® End(E)) is the graded algebra of horizontal forms in Q% (A) for this operation.

The curvature RE of VZ, considered in the intermediate construction as a section of N\*T*M @ AP C
N°T*M ® End(E), is exactly Q.

Remark 38 (Intermediate construction)

This proposition shows that the intermediate construction can be completed using noncommutative geometry
in order to take into account the connection 1-form, which is now a n.c. 1-form. The vertical and equivariant
conditions at the level of P are replaced by a unique condition on inner derivations at the level of A.

Connections (continued)
Let u e G = SU(A) and £ € LieG = su(A).
The n.c. 1-form a* corresponding to the gauge transformed connection V% is
ot = u*au+ udu
Proposition 39 (Infinitesimal gauge transformations)
The infinitesimal gauge transformation induced by & is
s —d¢ — [, €] = Lug,

This means that

Infinitesimal gauge transformations on connections on E = Lie derivative of real inner derivations on A.

3.3 Derivations of A in local trivialisations

Derivations of A in local trivialisations

Let U; C M be a local trivialisation of E, and so of End(E). We denote by al°® : U; — M,, the restriction of
the global section a € A.
Over U; NU; # @, one has a;-oc = Adgi—jla?C = gigla,liocgij.

Locally a derivation X € Der(A) can be written Xl°¢ = X; + ad,, with v; : U; — M,, (traceless) and X;
a vector fields on U. Using the map p, one gets that X; is the restriction of X = p(X) to U; =» notation
X =X,

Using compatibility with the gluing relations for sections, one finds

Vi = 95 g + 95 X i
The n.c. 1-form « is locally given by the expressions
@ (X +ady,) = Ai(X) -,
where the A;’s form the family of local trivialisation of the connection 1-form.
alo(X +ad,,) = A;(X) =
= (9:, Ai(X)gi; + 955 X 9i5) — (95,7945 + 955 X 9i5)
= g;; (Ai(X) = 7:)9ij = 935" (X + ad, ) gi;

So that these expressions indeed define a global section in A.
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14 Section 4 — Noncommutative connections on A

4 Noncommutative connections on A

4.1 Main properties

Some general facts
The right A-module is taken to be M = A with Hermitean structure (a,b) — a*b.
A n.c. connection V is then given by a n.c. I1-form w € QL..(A) by the relation Vxa = Xa + w(X)a =>»
studying vV is studying w.
Proposition 40 (The n.c. connection associated to «)
Let V¥ be a connection on E, « its associated n.c. 1-form.

e The n.c. connection V® defined by the n.c. 1-form « is given by

A%a = Vxa+ aa(X)
o VO is compatible with the Hermitean structure.
e The curvature of V* is R*(X,9)) = RF(X,Y)

e A gauge transformation induced by u € G = SU(A) on the connection V¥ induces a (n.c.) gauge
transformation on V.

e Recall that X = Vx — ad,(x) and @%a =Xa+ a(X)a.
e Curvature of V* = da(X,9) + [(X), «()] = curvature of V.

e In a gauge transformation, one has a* = u*au + u*au, which is also the n.c. gauge transformation
applied to V.

The space of n.c. connections
We arrive at the main point of this lecture:

Theorem 41 (Ordinary connections as n.c. connections)

The space of n.c. connections on the right A-module A compatible with the Hermitean structure (a,b) — a*b
contains the space of ordinary connections on E.

This inclusion is compatible with the corresponding definitions of curvature and gauge transformations.

e From now on one can consider that an ordinary connection is a n.c. connection.
e This point of view generalizes the notion of connection through the intermediate construction.

e A natural question is: what are n.c. connections from a physical point of view?

4.2 Decomposition of noncommutative connections

Decomposition of n.c. connections
Let us fix a connection V¥ on E, and denote by « its associated n.c. 1-form.
Any n.c. connection V can be decomposed as
Vya = @%a + A(X)a
with A € Q.. (A), so that w = a + A is the n.c. 1-form for V.
Using the relation X = Vx — adq(x), one decomposes A as A(X) = a(X) — b(a(X)), where b : Ag — A is
defined by b(y) = A(ad,).

~

The curvature of V can be written
R(X,9) = R¥(X,Y) + Vx AQ) — Vy A(X) — A(X,9]) + [A(X), A(D)]
= RP(X,Y) = Vib((D)) + V§b(a(X)

)
+ [b(a(X)), b(a(D))] + b(a([X, D))

May 10, 2007



4.2 — Decomposition of noncommutative connections 15

where RF:% is the curvature of the connection Vi’us = VE¥s+a(X)son E and V* is its associated connection
on End(FE).
Performing a gauge transformation with u € G = SU(A), one has

A =" Au + u* (Vu) a* =uau + u* (Vu) b" = u*bu

Notice the replacement of the differential by V in many of these expressions.

The trivial case
Consider the situation £ = M x C™ and A = C>®°(M) ® M,,.
As a reference (ordinary) connection, take Vgs = Xs, so that, using the local expression of a;, one has
a(X) =a(X +ady) = —y = —i0(X)
with Try = 0. Then V* = ¥V~ Moreover, b(a(X)) = b(—y) = —b(), so that
Vza=X-a+a(X)a+b(y)a=Vya+b(y)a

where V" is an ordinary connection on End(E), but is not V°.

X — a(X) behave like a gauge potential with respect to gauge transformations (here V = d). The difference
between ordinary connections and n.c. connections is the presence of b, which represents some additional
fields in physics. It has homogeneous gauge transformations.

The curvature can be written, for X = X +ad, and P =Y + ad,,

R(2,9) = R"*(X.Y) + (V&b)(1n) — (V§-6)(7) + [b(7), b(n)] — b([7,7])

where V* is the connection (63‘( b)(n) = X-b(n) — b(Xn) + [a(X), b(n)] on the space of C*°(M)-linear maps
AO — A.

4.3 Yang-Mills-Higgs Lagrangian

Yang-Mills-Higgs Lagrangian
Consider the trivial case A = C*°(M) ® M,, and the right A-module A.
Let a = a,dz* and b = b,0%, with a,, by, € C®(M) @ M,.
The curvature is then the n.c. 2-form
R= %wual/ = Oyay + [a,, a])dz?da” + (9,by + [ay, br])dzrok + %([bk, be] — CIb,,)0%0°

Using a metric (here euclidean) on Der(A) and an associated Hodge star operation, one can define a La-
grangian. Using ordinary and n.c. integration, one then defines the action:

() = [ a1 3400~ 0, + a7
v
+m? Z(a,tbk + (o, b))% +m* ) 2([by, by — C,Z}bm)Z}
w,k k.4
The integrand is zero when
a gauge equivalent to 0 db =0 bk, be] = Cilibi,

so that the by’s are constant and induce a representation of sl,, in M,,.
For the right A-module M = C*(M) ® M, ., one would get similar results: flat connections are classified
by inequivalent representations of sl, in M,..

Yang-Mills-Higgs Lagrangian

From a fields theory point of view:
o The a, fields behave like ordinary Yang-Mills fields, for a SU(n) gauge theory.

e The by, fields behave as Higgs fields: the vacuum states can be non trivial and the Higgs mechanism of
mass generation is possible.
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16 Section 4 — Noncommutative connections on A

e The coupling between these fields is a covariant derivative in the adjoint representation.
For a more general situation where A is not the trivial case, one can proceed in the same line:

e One has to use a reference connection on E to help to decompose n.c. connections.

e The curvature looks similar except for the presence of the reference connection.

e The Hodge star operator is defined.

e The action splits into three terms, and the vacuum states are related to the global structure of the
vector fiber bundle F.

5 Relations with the principal fiber bundle

5.1 A bigger algebra

The algebra B = C*~(P) ® M,

Let P the SU(n)-principal fiber bundle for which FE is associated.
Consider the associative algebra B = C*°(P) ® M,,. Then

o Z(B) = C®(P), Der(B) =T'(P)®[C>(P)®sl,] and Q. (B) = Q*(P)0Y,, (M,,) with the differential
d=d+d.

e su(n) is a real Lie subalgebra of Der(B) for two inclusions:

& — &Y vertical vector field on P & — ad¢ inner derivation
® gua ={ade / £ €su(n)} and gequ = {£” +ade / £ € su(n)} are Lie subalgebras of Der(B).

Proposition 42
The algebra C*°(P) (resp. A) is the invariants of gaq (r€sp. gequ) in B.

Proof. C*°(P) is the invariants of g,q because ad¢b = 0 for any £ € su(n) implies b € Z(B). A is the invariants
of gequ because A is the set of sections of End(£), which is Fgy(n)(P, My). The relation £”-b + adgb = 0 for
any & € su(n) is the infinitesimal version of the equivariance. O

© 06 060060000000 0 0 0

Cartan operations

The Lie subalgebras gaq and gequ define Cartan operations on (QBQT(B),H).

The previous proposition tells us that the algebras B, C°°(P) and A are related by these operations.
Moreover, C°(M) is itself the invariant elements for { — & in C*°(P) and the invariants in A for the
operation of Int(A).

Proposition 43 (Relations between the differential calculi)
At the level of differential calculi, all these relations generalize in the following structure:

Q.(P) ® Q].Der (Mn) basic elements Q.(P)

su(n) 3 £ — adg
basic elements basic elements
su(n) 3 & — £V + ade su(n) 3§ — &7

Qe (A) > (M)

basic elements
Int(A)
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5.1 — A bigger algebra 17
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Derivations of A and B

There exist some strong relations between the derivations of A, some derivations of B, and some vector fields
on P and M.

!

0

!
— Zpe(A) —T(VP)

!

0 — Int(A) — Nper(A) — Ty (P) —0
0 —Int A)—>Der(A)L>F( )—=0

This exact commutative diagram illustrated these relations.

e 0—>Int(A)—>Der(A)-2>T(M)—=0

Short exact sequence which relates vector fields on M, derivations on A and inner derivations on A.

e 0—=Zper(A)—>Nper(A)—>Der(A)—=0

Nper(A) C Der(B) subset of derivations on B which preserve A C B. Zp.(A) C Der(B) subset of
derivations on B which vanish on A. The Lie algebra Zp,(A) is generated as a C°°(P)-module by the
elements £V + ad, for any £ € su(n).

e 0—>T(VP)—Ty(P)=>T(M)—=0
Geometrical objects.

['(V P) vertical vector fields on P. T'y(P) = {X € I'(P)/n.X(p) = m.X(p') Vp,p' € P st. n(p) =
7(p')} Lie algebra of vector fields on P which can be mapped to vector fields on M using the tangent
maps Ty : TP — T M.

[ ) O%Int(A)%NDer(A)gFM(P)%O

Elements in Int(A) considered as ad,, for v € Ay C B. pp restriction to Nper(A) of the projection on
the first term in Der(B) = T'(P) & [C°°(P) ® Der(M,,)].

Integration

The n.c. integration induces a map
/ : O, (B) — 7 7D(P)

Proposition 44 (Integration)
If w € O, (B) is a horizontal (resp. basic) n.c. form for one of the operation of gaq O @equ, then [ w €

QT_("Q_D(P) is horizontal (resp. basic) for the corresponding operation restricted to Q°*(P) C Q..(B).

This n.c. integration then restricts to a “n.c. integration along the n.c. fiber” O}, (A) — Q’*("2’1)(M).
This n.c. integration is compatible with the differentials, and it induces maps in cohomologies

/:HWM®@H%$*W)

/:HmmmﬂPWE“Wm
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18 Section 5 — Relations with the principal fiber bundle

5.2 Ordinary vs. noncommutative connections

Ordinary and n.c. connections

Let V be a n.c. connection on the right A-module A, and denote by a € QL. (A) it associated n.c. 1-form.
As a basic n.c. 1-form in Q}_ (B) for the operation of gequ, one can write

a=w-¢e Q' (P)® M, &[C®(P)®M,®sl]
The basic condition implies the relations
(Lev + Lag )Jw =0 (Lev + Lag. )9 =0 igvw — Gaq @ =0
for any & € su(n).

Proposition 45 (Ordinary connection)
Let V¥ be an ordinary connection on E and o € Q) (A) its associated n.c. 1-form. Then, as a basic element
in QL. (B), one has

a=w—10
where w € QY(P) @ su(n) C QY(P) ® M,, is the connection 1-form on P and if the canonical n.c. 1-form
defined in Qf_ (B).
In order to prove this formula, one has to use the equivariance and the vertical condition for w, and some of
the properties listed before on i6.

5.3 Splittings coming from connections

Connection as splittings
An ordinary connection w € Q! (P)®su(n) splits some short exact sequence in the diagram relating derivations

of A, derivations of B and some vector fields on P and M.
Look more closely at the central square of this diagram.

Noer(A) o~ L (P)
('/T*X)h + W(X)v + adw(X) X
p(X)" — ad gz Xh
x X
Vx 1 X
Der(A) (M)

T

e 0——=I(VP)——=Ty(P) (M) 0
Lift vector fields on M into horizontal vector fields X" on P.
e 0—>Int(A)—>Der(A)—>=T(M) 0

Lift vector fields on M into derivations on A.

¢ 0——=Zpe(A)——Nper(A)——Der(A)——=0

Lift derivations on A into derivations on B. a(X)B is the basic element in B associated to a(X) € A.
o 0——=Int(A)—>Npe(A) 2T (P)—=0

Lift m.-projectable vector fields on P into derivations on B.
e Notice that (m,X)" + w(X)” + ady(x) # p(X)" — ady(x)=.

Indeed one has Der(B) 3 X = X" + zig +w(X)" + ady(x)-

€Int(A) €Zper(A)
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6 Cohomology and characteristic classes

6.1 The cohomology of 23 (A)

About the cohomology of a fiber bundle
Let us recall the Leray theorem in ordinary differential geometry.
Theorem 46 (Leray)

For any fiber bundle F—FE-"~M , there exists a spectral sequence {E,} converging to the cohomology of
the total space H3p(E) with
Ey" = HP(WHY)
where H4(U) = H3 (7 'U) is a locally constant presheaf on the good covering L of M.
If M is simply connected and H3p(F) is finite dimensional, then

EYY = Hip(M)® Hip(F)

One of the proofs of this theorem relies on the construction of a Cech-de Rham bicomplex:

K" = H Qq(EUQO___ap) = H Qq(,/Tiano...ap)
ap<---<ap ap<---<ap
where Uy,...a, = Uay N - Uy, for Uy, € U4, d: KP? — KP97! ig the ordinary de Rham differential on the
spaces Q*(Ey,, ., ), and §: K" — KPT14 is the Cech differential

p+1

(6Wp)a0.‘.ap+l = Z(_l)iwao,,,a.--ap+l |U(y0...a

; +1
=0 v

The noncommutative Cech-de Rham bicomplex

One can introduce a noncommutative Cech-de Rham bicomplex for A.

Denote by A(U) ~ C*(U) ® M,, the sections of End(E) restricted over a local trivialisation U C M. Denote
by guy : UNV — SU(n) the transition functions for E. Let 4 be a good cover of M.

For any n.c. p-form w = agda; - - ~aap € QP (A(U)) and any differential function g : U — SU(n), define the
action of g by w9 = (9 agg)d(g 'arg) - - d(g~ apg).

Lemma 47 (The presheaf Qf_ (A(7)))

For any V. C U, the maps iy : Q. (A(U)) — Q. (A(V)) given by w — (wy)?V (restriction to V and
action of gyy ) give to U — Q.. (A(U)) a structure of presheaf on M, which we denote by F.

Let CPI(W F) = Ha0<m<% QqDer(A(UaO.__%)), where by convention the trivialisation over Ug,...q, is the
one over U,,. Let d: CP% — CP9*! be the n.c. differential, and define § : CP(8; F) — CPHLa(s(; F) by
(9ap = gU.U5)

p
ga [e3
(6w)aomap+1 = E (_1)1’(wao.u5¢?-.ap+1)IUQOA.AQ + (_1)p+1<wao.-‘ap) .
1=0

p+1 |Ua0..,a7,+1

The cohomology of Q3 (A)
Denote by C~"4(U; F) = QL_(A) and define § : C~ 19 (U; F) — C” (8 F) as the restrictions to the

trivialisations.
One has the following results about the cohomology of Q. .(A):

Proposition 48 (Noncommutative Leray theorem)
The cohomology of the total complex of the bicomplex (C**(; F),d,d) is the cohomology of Qf,  (A).
The spectral sequence {E,.} associated to the filtration

FPC(S5F) = @, B yn0 Co(8k F)
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20 Section 6 — Cohomology and characteristic classes

converges to the cohomology of Q7). (A) and satisfies
Ey = Hig(M) @ Z(\"sl;)

Recall that the structure of Z(A®s[}) is known.

6.2 Characteristic classes and short exact sequences of Lie algebras

® 06 06 0606060 00600000000 00000000000000 0000

Splitting of short exact sequences of Lie algebras

Let 0—=i—>g—>h—=0 be a s.e.s. of Lie algebras. Let ¢ : h — g be a morphism which splits it as vector
spaces. Define R, = dyp+ 5[, ] /\Qb* ®g with dy, the differential on \°h* ®g for the trivial representation
of h on g. For any z,y € b, one has R,(z,y) = —p([z,y]) + [p(x),¢(y)] (obstruction to be a Lie algebra
morphism).

=> R, looks like a curvature: R, belongs to A°b* ®1 and satisfies the Bianchi identity dy R, + [¢, R, = 0.
Let V be a vector space and p a representation of h on V. Denote by Sg(i, V) the space of linear symmetric
maps ®?1 — V which intertwine the adjoint representation ad®’ of g on ®% and the representation p o of
g on V. Let € be the antisymmetrisation map ®°*h* — A°h*.

Proposition 49 (Lecomte)

For any o € SJ(i,V), let a, = coa(R,®---® R,) € A°%* @ V. Then one has da, = 0 where d is the
differential of the complex \*h* ® V.

The cohomology class of o, in H*1(h;V) does not depends on the choice of .

If the s.e.s. is split exact as a Lie algebra s.e.s. then this cohomology class is zero.

®© 06 0600606006060 0000000000000 000 00 00

Characteristic classes constructed from A

Consider the s.e.s. 0—sInt(A)—>Der(A)—>I(M)—0.

It is possible to generalise the previous construction in order to take into account the structures of Z(A)-
modules.

We identify Int(A) with Ay. The adjoint representation of Der(A) on Int(A) is given by adx(ad,) =
[X,ad,] = adx(q) so that it is (X,a) — X(a) on Ay.

The vector space (and Z(A)-module) we consider is Z(A) itself, on which the representation p is (X, f) —
p(X)-f.

Let SqZ(A)(AO, Z(A)) be the space of Z(A)-linear symmetric maps ®qZ(A)AO — Z(A) which intertwine the
adjoint representation ad®’ of Der(A) on ®(IZ(A)Int(A) = ®qZ(A)A0 and the representation p of Der(A) on
Z(A).

Thanks to the Z(A)-linearity, maps in SqZ(A)(AO7 Z(A)) are local on M

=> look at them in local trivialisation of E.

The intertwining relations can be written, with ¥'°¢ = X + ad,:

Yl 9 ® X4, Q- Qay) =X -dla1 @+ Ray)
Y ®-©,a]@ - ®a) =0

Characteristic classes constructed from A
Proposition 50 (Characteristic classes)
The space SqZ(A) (Ao, Z(A)) is well defined (Z(A)-linearity and intertwiners are compatible) and
SZ(a) (Ao, Z(A)) = Pj(sln)

the space of invariant polynomials on the Lie algebra sl,,.
The differential complex in which the characteristic classes for the splitting are defined is

HomZ(A)(/\.Z(A)F(M)v Z(A))
which is the de Rham complex of differential forms on M.
The characteristic classes one computes in this way are precisely the ordinary characteristic classes of the
principal fiber bundle P or of the vector bundle E.
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The last statement relies on the fact that any ordinary connection V¥ on E gives rise to a splitting of the
s.e.s. whose curvature is exactly the obstruction to be a morphism of Lie algebras. The construction based
on S'JZ(A)(AO7 Z(A)) = Pj(sl,) is then the Chern-Weil morphism.

One then concludes that the s.e.s. 0—s>Int(A)—s>Der(A)—2>I'(M)—=>0 contains the characteristic classes
of E.

7 Invariant noncommutative connections

7.1 Action of a Lie group on a principal fiber bundle

Action of a Lie group

G—P-5 M principal fiber bundle. H Lie group acting on the left on P, such that the action commutes
with the right action of G.

e H induces a left action on M. Assumption: this action is simple, which means M admits the fiber bundle
structure H/Hy—M—>M /H where Hy is an isotropy subgroup: Hy = H,, = {h € H / h-xg = zo}.
e Fix Hj an isotropy subgroup.
~ N={zeM/H,=H
— Ny(Hy) ={h € H / hHy = Hyh} normalizer of Hy in H.
— Hy normal subgroup of Ny (Hy), one has the principal fiber bundle
Ny (Hy)/Hy—~N—-~M/H
H/Hy—=M—=M /H is associated to this bundle for the natural action of Ny (Hy)/Hp on H/Hy
(left multiplication).
e S = H x G acts on the right on P: (h,g)-p=h"1pg.

— For pe P, let A\, : Hy(,y — G such that h-p = p-A\,(h).
— Sp ={(h,A\p(h)) / h € Hy(y)} is the isotropy subgroup of p € P
=> the action of S on P is simple.
— Fix Sy an isotropy subgroup, let @ ={p € P / S, = So}, then
S/So—=P—=M/H is associated to Ns(Sg)/So—=Q—=M/H

The reduced fiber bundle @

Proposition 51 (Some properties of Q)
The map A, : Hy,y — G such that h-p = p-\,(h) satisfies

Ap-g(h) = g_l/\p(h)g
For any g € Q, Ay depends only on w(q) € M: Ay(h) = Ag.g(h).
For a fixed z¢ in M, we denote it by A : Hy — G with Hy = H,,.
The projection 7 : P — M induces the fiber bundle structure
Z6(A(Ho)—~ Q> (Q)
with Z¢(A(Ho)) = {9 € G / gA(ho) = A(ho)g,Yho € Hy}, the centralizer of A\(Hp) in G, and 7(Q) C N.
In the following, we will need the diagram of fibrations:

NS(S())/SO e Q—>M/H

S/Sy ——>p—> M/H
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® & 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 o0
Lie algebras decompositions

We are interested in the Lie algebras of different groups introduced before:
e Over the group H: b Lie algebra of H.

— b Lie algebra of Hy, the fixed isotropy group.
t Lie algebra of the quotient group Ny (Hy)/Hyp.
— ng = ho @ ¢ Lie algebra of Ny (Hp), the normalizer of Hy in H.

— [ vector space in the orthogonal decomposition h =ng @ ['s. t. [ng,[] C L.
e Over the group G: g Lie algebra of G.
— 30 Lie algebra of Z5(A(Hy)), the centralizer of A(Hy) in G.

— m vector space in the orthogonal decomposition g = 390 @ m s.t. [39,m] C m.
e Over the group S = H x G: s = h P g Lie algebra of S.

— 59 = {(x0, A\xg) / xo € ho} Lie algebra of Sy, the fixed isotropy group.
— 50 ® LD 30 Lie algebra of Ng(Sp), the normalizer of Sy in S.
— £® 30 Lie algebra of the quotient group Ng(So)/So-

Proposition 52 (Decomposition of T'P)

For any q € @, one has E? &) (z«,o)é2 CTyQ and T,P =T,0Q @ [f; EBm,};.
aff are the tangent vectors associated to x € a through the fundamental vector fields on R for the action of
the corresponding group H or G.

7.2 Invariant noncommutative connections

Action of a Lie group on A
Let H be a compact connected Lie group acting on the SL(n)-principal fiber bundle P (so that G = SL(n)).

Proposition 53 (Operations of h on Q3. (B) and Q7). (A))

The operation of h on Q°*(P) induced by the action of H on P extends to an operation of h on Q})_ (B) =
Q*(P) @ 0., (M,,) by a trivial action on the second factor. This operation commutes with the operations of
Gad and gequ, and so reduces to the operation of h on Q°*(P) and to an operation of § on Q) (A).

Definition 54 (Invariant n.c. connection)
A n.c. connection V on the right A-module M = A is h-invariant if, Vy € h, VX € Der(A) and Va € A,
Ly(Vzxa) = Vi, xja + Vx(Lya) for the action of h on Qp .(A).

Proposition 55 (Invariance of the n.c. 1-form of a n.c. connection)
The n.c. connection V is h-invariant if and only if its n.c. 1-form o is invariant: Lya =0 for all y € b.

® @ 0 0 & 0 0 0 0 0 0 0 0 O O O 0 O 0 0 0 0 0 0 0 0 0 o
The space of invariant n.c. connections

The problem to solve: find all the n.c. 1-forms written as a« = w — ¢ € [Q(P) ® M, ] ® [C>®(P) @ M,, ® sl}]
satisfying

(Lgv + Lads)u} =0 (Lgv + Lad§)¢ =0 anvw - iadg(b =0 Ly(w — (b) =0
for all £ € g=3sl, and y € b.

o Lyw=0and Ly¢ =0 for all y € ) (H-invariance): permits to study w and ¢ over @ C P only. For all
qe @
we: Ty,P=T,Q&1 @ml — M, bg:9— M,

® igow —iaq,¢ = 0 for all £ € g (g-horizontality): ¢,(&) is determined by w,(&})).
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Let us first consider the T Q) part of T, P. Denote by p, the restriction of w, to 7, Q. One has (30)(? CcT,Q
=> 1 and ¢ both defined on 309 C g, u(2%?) = ¢(z), V2 € 30. Denote by 7, the restriction of ¢, to 3o.
Proposition 56 (The algebra W)

Let W = Zj; (Aigo) be the centralizer of A\.go in M,. It is an associative algebra and 30 C Der(W). Let

2, (W) = We A°35 be the restricted derivation-based differential calculus associated to it. There is a
natural operation of 30 on Q*(Q) ® Q3 (W), and 1 — 1 € (Q*(Q)® Q3 (VV))1

30-basic”

® @ 0 0 & 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 o
The space of invariant n.c. connections

Proposition 57 (The differential calculus Qg (M/H; W))
There are natural operations of ¢ C h and 30 C g on the differential algebra Q°*(Q) ® Q3 (W) @ A\°¢*.
Define

togo (M/H;W) = (2(Q) @ % (W) @A) i
The algebra C = Qf, . (M/H; W) = (C*(Q) @ W)
bundle associated to the principal fiber bundle

Ns(80)/So—Q—M/H

is the algebra of sections of a W-fiber

€ @ 30-invariants

Recall that ¢¢ C T, Q. For any k € £, define v(k) = pu(k?), so that v € C*°(Q) ® W @ £*.
Proposition 58 (The T,Q part of T,P)

One hasp—n—v € Q%@éo(M/H;W).

This expression contains all the information about the restriction of w to T'(Q) and about ¢.

The space of invariant n.c. connections
Consider now the [[ & m/[ part of T, P.
Recall that [ho® ¢, [] C [and [30, m] C m, so that there are natural actions [ho, [Pm] C [®m and [P 30, [Bm] C
[Dm.
Recall that 5o @ € @ 30 is the Lie algebra of Ng(Sy) and € & 3¢ is the Lie algebra of Ns(Sp)/So, with

s0 = {(z0, Axz0) / @0 € bo}.

For the restriction of w to @, the H-invariance and the G-invariance combine together into a Ng(Sp)-
invariance.

One can treat this invariance in two steps: one for Sy and one for Ng(Sp)/So-

Define the vector space of Sy-invariant linear maps [ m — M,,:

F={f:1l®om— M, / f([xo,v]) — [Mezo, f(v)] =0, Vzo € ho, Yv € [® m}
on which €& 3¢ acts naturally: (Lyy.f)(v) = —f([k,v]) + [z, f(v)].
Let M = (C*°(Q) ® F)g ¢ 5, -invariants-
Proposition 59 (The [’ ® m/ part of T, P)
M is the space of sections of the F-fiber bundle associated to the principal fiber bundle
Ns(So0)/So—=Q—=M/H

It is a C-bimodule.
The restriction of w to the subspaces [5 &) mf; is in M.

The space of invariant n.c. connections
One get the final identification:

Theorem 60 (The space of H-invariant n.c. connections)
The space of H-invariant n.c. connections on A is Q%%O (M/H;W)a® M.

Remark 61 (Naturality of the spaces)
In this result, all the spaces are constructed from the principal fiber bundle Ng(Sy)/So—Q—M/H with
the help of geometrical or algebraic methods which are natural in this n.c. framework:
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is modeled on the finite dimensional algebra W C M,,. It looks like

C= (COO(Q) & W)E @ 30-invariants
a “reduced algebra” of A.

o O3y, (M/H; W) is a natural differential calculus over C.
o M = (C*(Q) ®F)p g ;0-invariants 1 @ natural C-bimodule.

The space SU(C) acts naturally on the space Q%EBzo (M/H;W) ® M as restriction of n.c. gauge
transformations.

All these spaces are sections of fiber bundles over the base space M /H.

Perspectives
Perspectives

e Look at other ordinary constructions about P using the noncommutative geometry of A.

e Extend this procedure to other kinds of fiber bundles: Clifford algebra of a metric manifold, Dixmier-
Douady bundle of algebras, ...

e Look at the physical consequences of the extra fields. Could they help to understand the “geometry”
behind the Higgs fields?
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