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Introduction

Theoretical physics is about the study of mathematical models aiming to describe nat-
ural phenomena. Mathematics, through the use of numbers, representing physical quanti-
ties, answers to a requirement of precision. For example, if we speak about length the most
precise and understandable notion the human mind has developed is to compare, using a
numerical ratio, everything to a fully apprehended object. No adjectives, like short, big, or
huge, would be ever more precise and direct than "1.86m". The clear advantage of the num-
ber is that it can accurately describe infinitely many different situations, whereas it appears
cumbersome to invent infinitely many words to do the same job. Here the meter is a univer-
sal object which serves as reference for all distances; it is called a physical unit. Hence, with
an adequate set of physical units - and the same amount of numbers - we can precisely de-
scribe any physical object, and the human mind have found no better way to express these
accurate descriptions.

Precisely describing a physical object is already very useful but we want more. We
want to be also able to foresee his movement, to predict his future behaviour; or simply
speaking, we want to describe his evolution. This evolution is expressed by the values the
physical quantities, describing the object under consideration, will take in the future. All
the relations between these past, present and future physical quantities are given through
mathematical laws forming what is called a physical model. Although one could think that
each model applies to a particular situation, in fact a same model can describe a variety of
apparently completely different phenomena. Hence the study of physical models as purely
mathematical objects has become a field of interest in its own, and is the heart of theoretical
physics.

As one of the most famous and studied model of physics, general relativity is the mod-
ern theory describing the forces of gravity. It is one of the most solid theory, in terms of
experimental verification, of today’s physics. However, it is the only fundamental theory of
classical physics which has no quantum counterpart, and this is interpreted as a problem by
many physicists; a problem already in Weinberg’s book [Wei72], and still actively discussed
nowadays [Gid]. Many ideas has been proposed to tackle this problem. Among them, the
Loop Quantum Gravity theory, developed by Carlo Rovelli and its collaborators [Rov04], or
String theories. String theories gave birth to a plethora of proposals for fundamental or ef-
fective actions and models in theoretical physics, we refer to [Str13] for an introduction. A
peculiar aspect of string theory, is that it generally requires, in order to define a well-behaved

quantum theory, higher dimensions. A second aspect is that it eventually requires a theory
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8 CHAPTER 0. INTRODUCTION

called supersymmetry, forming a sub-classes of string theories called superstring theories.
Supersymmetry is a theory that propose that any fundamental particle of nature posses a
kind of a dual particle, a so-called supersymmetric partner. Supersymmetry has been intro-
duce in the aim of finding a fundamental theory unifying the theories of electroweak and
strong interactions. An excellent book on supersymmetry, detailing all these ideas and more,
is [Wei00]. Some of string theories apply supersymmetry to gravity as well, the most famous
one doing it might be the M-theory [Wit95|. At low energy and large scale, quantum effects
are negligible, hence superstring theories give rise to classical theories combing gravity and
supersymmetry: supergravity. The study of supergravity theories on their own have been
then an important field of research, and have lead to many new mathematical ideas. our
main reference for general supergravity theories is [FV12].

In this manuscript, following a first part devoted to the exposition of some mathematical
concepts used in the research area surrounding supergravity, we will present three different
works we actively took part in. The first one present a model which describe electroweak
theory and gravity together, in the sense that it enjoys the same gauge invariance as these
two theories, where all fundamental fields involved are part of a unique super-connection,
following the spirit of [AV]J11]. This theory contains more fields than necessary to describe
uniquely the electroweak and gravity interactions, hence can be seen as a "mother model",
where standard physics should live in a restricted sector. The delimitation of this interest-
ing sector is sought with the help of the notions of symmetry, super-symmetry, spontaneous
symmetry breaking, and partially using the field equations of some exotic fields. In fact, a
parameterized class of effective theories is obtained and studied. The second work present
a family of Chern-Simons supergravity theories, involving a maximal amount of so-called
super-charges, for all odd dimensions, in direct continuation of [HR08]. In this theories too,
the fundamental fields are all part of a single super-connection. The super-algebras are ob-
tained through an expansion method inspired from [JOO03], method which is revisited and
geometrically interpreted in the first part of the manuscript. The maximality of these Chern-
Simons supergravity theories is carefully shown and their geometric properties allowing for
a compact notation enlighted. The third work answer a problematic of [Bag+18|, where a
tensionless limit of the Polyakov action, describing a string theory, is obtained. In the afore-
mentioned article, no clear path from the standard Polyakov action to its tensionless limit,
keeping a Majorana representation of the spinor fields, has been obtained. We show how
to obtain these wanted representations, by carefully examining the tensionless limit for all
mathematical object involved. A parametrized family of Clifford algebra, Majorana represen-
tation, super-field and action are built and shown to all possess a well defined tensionless

limit.



CHAPTER 1

Algebra

1. Presentation of the different types of algebras

1.1. Standard definitions.
Let K be a field. An algebra is a vector space A together with a bilinear map m: Ax A —
A. There can also be algebra defined over rings, but we will not use any of them in this
manuscript. A morphism between two algebras (A, m4) and (B, mp) is alinear map f: A— B
such that

Ya,be A, f(ma(a, b)) = mp(f(a), f(b)). (1.1)

An isomorphism A — A is called an automorphism of A. The set of automorphism of A is
denoted by Aut(A). It is a group for the composition. A subalgebra B of an algebra A is a
subvector space B c A such that m(B, B) c B. An ideal I of an algebra A is a subvector space
satisfying m(A, I) c I. An ideal is in particular always a subalgebra. If I is an ideal of A, then

the quotient vector space A/ T inherits of a structure of algebra given by
m(@,b) = m(a,b) (1.2)

where we have used the notation @ = a+ I to denote the equivalent class of a. Furthermore,
the projection map (A, m) — (A/ 7,m) is a morphism of algebra. Conversely, let A, B be alge-
bras and v : A— B be an algebra morphism. Then :

(1) Ker(y) is an ideal of A,

(2) Im(y) is a subalgebra of B,
3 @) =er(y):
An algebra A is unital if it contains a unit, i.e. an element 1 such that
VYae A, m(l,a) = a. (1.3)

It is associative if
Ya,bceA m(m(ab),c)=m(a mb,c)). 1.4)

It is commutative if associative and

Yabe A m(a,b)=m(b,a). (1.5)

9



10 CHAPTER 1. ALGEBRA

Let A be an algebra and B be a subalgebra of A. The normalizer of B in A, denoted by
Ny4(B) is the largest subalgebra of A in which B is an ideal. The set of elements commuting
with all elements of A is called the center of A and denoted by Z(A).

DEFINITION 1. Let A be an algebra. A representation of A is a pair (V,p) where V is a

vector space and p a linear map p : A— End(V)

Let A be an algebra. A derivation of A is a linear map d : A— A such that
d(ab) =d(a)b+ ad(b). (1.6)

The set of derivation of A is denoted by Der(A).

PROPOSITION 1. Let D be a nilpotent derivation of an algebra A. Them eP =Y, DTT isan

automorphism of A

1.2. Tensor algebra and tensor product.
There exists a universal associative algebra, i.e. given a vector space V, there exists an al-
gebra, the tensor algebra over V, denoted T'(V), satisfying the following universal property:
there exists an injective linear map i : V — T(V) such that, for any linear map f from V
into an algebra (A, m), there exists a unique algebra morphism f : T(V) — A such that the
following diagram commutes:
(1.7)

The product of the tensor algebra is called the tensor product and denoted ®. Its unit is the
empty vector . The universal property above assert that any associative algebra is the quo-
tient of T(V) by an ideal identified with Ker( f), the product being given by f (a® b). Hence,
another definition of an algebra is: an algebra is a vector space V together with a linear map
m:A® A— A.

Tensor product between different vector spaces can also be formed. Following the pre-
ceding definition through the use of a universal property, given two vector spaces V, W over

the same field KK, the tensor product V ® W, together with a bilinear map
@:VxW->VeW, (1.8)
(w)—veow, 1.9

is the unique (up to isomorphism) such pair satisfying the following property: for any bilin-
ear map b: V x W — IK, there is a unique linear map b: V® W — IK such that b = bo®. In

other words we have the commutative diagram:

VxW (1.10)
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There is a natural isomorphism between V® W and W ® V given by, for generic v € V and
wew,

T:VOW— W . (1.11)

1.3. Topological algebras and topological tensor product.

We have seen that the tensor product of two vector spaces A, B is the set of the finite sums
Zai®bi. (1.12)

where the a;’s belong to A and the b;’s to B. We can extend these notions to infinite sums by
adding a topology and requiring convergence. An algebra in which convergent infinite sum
are allowed is called a topological algebra.

An example of topological algbera is a Banach algebra. A Banach algebra is an algebra
with a norm, denoted ||.||, the topology is induced by the norm and as topological space it is
complete. Given two Banach algebras A, B of infinite dimension, the tensor product A® B is
an algebra admitting in general several different norms induced by the norms of A and B. A
common one is the so-called 7-norm

Vxe A®B, m(x) = inf{ i IIaiIIIIb,-II/x: i a; ®bi} (1.13)
i=1 i=1
Secondly, the normed algebra so obtained is not complete, i.e. contains Cauchy sequences

not converging to an element of A® B. Hence it is usual to denote by
A&, B (1.14)

the topological algebra completed with respect to the norm (1.13). Our typical topological
algebra is C*°(IR"), endowed with the sup norm ||||. In this case, the choice of the 7-norm
(1.13) for the completion leads to the satisfying isomorphism:

C®(R™&,C®(R™) = C®(R"*™), (1.15)

1.4. Coalgebra.
The dual notion of an algebra is a coalgebra. A coalgebra is a vector space C together with a
linear map A: C — C® C, called the coproduct. It is common to use Sweedler’s notation for

the coproduct A:
Ale)=) c1®cy, (1.16)

where the sum is always finite. A counit for a coalgebra C is a map € : C — IK such that
(Id®e)oA=(e®ld)oA=Id. (1.17)
A coalgebra C is coassociative if A®Id = Id ® A, cocommutative if coassociative and
YceC,Al0)=) c1®c=) cr®cr. (1.18)

Given an algebra of finite dimension A, there is a natural structure of coalgebra on its linear
dual A*, thanks to the isomorphism (A® A)* = A* ® A*. The coproduct on A* is defined by

VfeA*, Va,be AA()(a®b) = f(m(a,b)). (1.19)
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When the algebra is of infinite dimension, this definition does not hold in general. It works
however on the restricted vector space of linear form vanishing on ideal of finite codimen-
sion, called the finite dual, denoted A°. We would like to explain this fact with a simple
example. Consider the algebra of polynomial over R, IR[X]. As a vector space, it admits the

basis
n,x,x%x3...,x",..1. (1.20)

Hence, a linear form is uniquely defined by its values on each of the X", thus the dual of

IR[X] is the vector space of series in one variable IR[[X]], and a basis for a linear form is {#;}

. 1 ifk=n
(X7) = . (1.21)
{ 0 ifk#n

A(ty) can be easily computed using the notion of dual coalgebra. Given two polynomials
P=YpiX', Q=X q;X/,

4PQ = ) piqj (1.22)
i+j=k
hence
At = ). tiet. (1.23)
i+j=k

Now given a linear form f, A(f) would be a finite sum if and only if the expansion f =} ft
is finite, which is precisely the same as asking that f vanishes on a ideal of finite codimen-
sion. Indeed, if f = Zlk(:o fetr, f vanishes at least on the ideal generated by X**+1.

Let C be a coalgebra. A sub-coalgebra D of C is a sub-vector space D c C satisfying

AD)cD®D (1.24)
A coideal J of C is a sub-vector space J < C satisfying
A()cJeC+CeoJ (1.25)

In particular, any sub-coalgebra is a coideal. If J is a coideal of C, the quotient vector space

C/ 7 equipped with the map A defined by
A©) =A(c) (1.26)

turn C/ 7 into a coalgebra, and the projection map (C,A) — (C/ 1»A) is a coalgebra morphism.

Let A be a finite dimensional algebra. Suppose A = Ag® A; where Ay is a subalgebra. Then for
the dual coalgebra, A* = Aj @ A} and A] is a coideal of A*. Reciprocally, if A} is a coideal, Ay
is a subalgebra. In the same fashion, if Ay is an ideal, A} is a sub-coalgebra and reciprocally.
It also means that the dual coalgebra of the subalgebra Ay is the quotient coalgebra A*/ A
(in the case Ay is a subalgebra) and the dual coalgebra of the quotient algebra A/ Ao is A} (in

the case Ay is an ideal).
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1.5. Tensor product of algebras and coalgebras.
Let (A, m4) and (B, mp) be two algebras. Then there is a natural structure of algebra on (A®B)

with product defined as

mA®B=(mA®mB)(Id®T®Id) (1.27)

If (C,Ac¢) and (D, Ap) are two coalgebras, there is a natural coproduct
AC@D = (Id®T®Id)(Ac®AD) (1.28)

turning C® D into a coalgebra. If A and B are finite dimensional, (A* ® B*, maep™) is the dual
coalgebra of (A® B, maep). If I is an ideal (resp. a subalgebra) of A, I ® B is an ideal (resp. a
subalgebra) of A® B; if ] is a coideal (resp. a sub-coalgebra) of C, J® D is a coideal (resp. a
sub-coalgebra) of C® D.

1.6. Lie algebras.
A Lie algebra (over IK) g is a IK-algebra such that product is antisymmetric and for any a € g,
left multiplication is a derivation of the algebra. As everywhere else in the literature, we write

the product of a Lie algebra with a bracket [,]. The definition above means that
Vx,yeg, [x, y1 = —[y, x] (1.29)
Vx,y,z€g [x[y 2l =I[xyl,z +yx 2] (1.30)

1.7. Lie algebras and derivations.
Let A be an algebra. Then (Der(A),[,]) is a Lie algebra with

ldy,dr] =dyody—dpyody (1.31)

A specificity of Lie algebras it that their products define derivations. We let Inn(g) < Der(g)

the set of inner derivations, i.e. the one of the form
a— |b,al (1.32)
for a,b € g. Inn(g) is an ideal of Der(g).

1.8. Bialgebra, Hopf Algebra.
A bialgebra is a vector space endowed with both an unital associative algebra structure and a
counital coassociative coalgebra structure, denoted alltogether (A, m,14,A,¢€). Furthermore

a relation of compatibility between the two structure is required. They are the following:
(1) A and € are morphism of coalgebra.

(2) m is a morphism of coalgebra and A(14) =14®14.
(3) e(la)=1

A Hopf algebra is a bialgebra (A, m, 14, A,€) endowed with an antipode, i.e. amap S: A— A
satisfying:
mo(S®Id)oA=mo(Id®S)oA=14¢ (1.33)
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1.9. Hopf algebras and Groups.
Let G be a group, and #(G) be the set of function from G to a field K. Then #(G) is a Hopf
IK-algebra whose structure is as follows (in the list, f refers to an element of H and g refers to
an element of G):
multiplication: my (fi ® f2)(g) = f1(g) f2(g),
unit: 1y : g— 1,
comultiplication: Ay f(g1 ® g2) = f(g182),
counit: €y : 1k — 1y,
antipode: Sy (f)(g) = f(g™h.
Conversly, given a Hopf algebra 7 over a field K, the set of functions G(H) = {f : H — K}

as a natural group structure given by:
Vg, 82,8€GH),VheH,  (g1-82)(h) =mik(g1 @ g2)Ay(h), (1.34)
g " (h) = g(Su(h) : (1.35)

This equivalence is a fundamental result in the theory of algebraic group: [Wat79]

THEOREM 1. Let IK be a field. There is an equivalence between the category of affine group

scheme over IK and the category of Hopf algebras over IK.

1.10. Grading.
Let (G, +) be an abelian group (we have in mind Z, Z,, eventually Z,). A G-graded vector

space is a vector space V that decompose as

V=V, (1.36)
geG

An element of v € Vg is called homogeneous of degree g. We denote this degree by |v]. A
morphism of G-graded vector spaces is a linear map f:V — W, with V, W two G-graded

vector spaces, preserving the degree of homogeneous elements:
Yve Vg, [vl=If()I. (1.37)

It is possible to extend these morphisms by allowing them to have a degree as well. The
set of these extended morphisms is what is called an inner Hom functor in the categorical
vocabulary. Practically, we add the degree of the morphism to the degree of the elements it

is applied to. With the preceding notations, if we suppose f has now degree | f| we have
Lf@)I=1f1+]vl. (1.38)
A G-graded algebra is an algebra (A, m) such that A is a G-graded vector space and such that
m(Ag, ® Ag,) C Ag, 1g, (1.39)
A G-graded coalgebra is an algebra (C,A) such that C decompose as

C=pc, (1.40)
geG
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and such that

ACpe B Cuely (1.41)
81+82=§
Subalgebras or ideals of graded algebras or coalgebras are also naturally graded.

If A and B are two G-graded algebras (resp. coalgebras), then A® B is itself a G-graded algebra
(resp. coalgebra), with
(A®@B)g= @ A ©Bg, (1.42)
81+82=8
There is another grading one can consider for the tensor product of two algebras, namely
(A®B)g = Ag® Bg (1.43)

Note however, that @ge;(A® B)g is now only a subalgebra of A® B.

1.11. Super-linear algebra.
A super vector space is a Z-graded vector space : V = V@ V;. We use the notation |v| €
Z; to denote the degree of an homogeneous vector v. The super-linear morphism we will
consider are the extended morphism, with degree, that we described earlier. There is a subtle
point differing from the theory of standard graded vector space. Indeed, usually the natural
isomorphism between the tensor product of two vector spaces is replaced in the super-

linear case by the following: for homogeneous v, w we have
frvew— (D" wey. (1.44)

This is the sign rule, central in super-linear algebra, which can be resumed by the following
sentence : We add a minus sign whenever we interchange two odd symbols. This rules applies
to vectors as well as morphisms between them. A super-algebra is simply an algebra built
over a super-vector space and where the rule is used instead of (1.11). For example, an

algebra (A, m4) was commutative when we had the equality
map=mporT. (1.45)
Hence an algebra (A, my4) is super-commutative if
ma=myof, (1.46)
which can be succinctly written, for a, b€ A,
ab = -ba. (1.47)
As another example, a super-Lie algebra is an algebra &, [,] such that, forall x, y,z € &,
[x, y1 = (=DM [y, x), (1.48)
[x, [y, 211 = [(x.1], 2] + (=D [y, [x, 211 (1.49)

To give an example with a morphism, a super-derivation ¢ for a super-algebra A with homo-

geneous degree |§]| is a super-linear map satisfying
8(ab) = 5(@b+ (1)1 a5 (b). (1.50)

References about super-linear algebras are [CCF10] or [Tuy].
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1.12. Real Lie super-algebras.
By a complex Lie super-algebra, we mean a Z,-graded complex vector space & over C with

a linear map

L1:606 -6, (1.51)

satisfying
Vel g, 83 €6, (g, 8l =(DHElslg, ) (1.52)
(g1, (g2, &3]l = g1, &), g3] + (= 1)/8111&l (g, g, g3]1. (1.53)

By a real structure on a complex Lie super-algebra &, we mean an anti linear map

]:6 -6, (1.54)
such that
Vze(, Vge 6,]J(zg) =2"1(g), (1.55)
Vg, 8 e®, [(g)JEg)l=]g, 8D, (1.56)
J? =1d. (1.57)

The real form associated to the real structure J is by definition the set of fixed points of J.
A real form comes naturally with the structure of a real vector space. By a real Lie super-
algebra we mean the real form associated to a real structure defined on a complex Lie super-
algebra. Real Lie super-algebras have been studied and classified in |[Kac77], [Par80]. There

is a generalization of the notion of real structure in which the condition (1.57) is relaxed to

Ple, =1d (1.58)

Ple, = +1d (1.59)

In this case, the notion of real Lie super-algebra is better understood with functors, see
[Pel03].

2. Expansion of algebras

2.1. Expanding algebras.
Let IK[A] be the algebra of polynomial in one variable 1 over IK. Let A be an algebra. We
first form IK[A] ® A. Expansion of the algebra A will be obtained as adequate quotient or

subalgebra of IK[1] ® A. For example, the first and natural quotient to consider is
'KW/ANlK[ NOAE AN @.1)

As a vector space, it is given by N copies of A. Let B be a subalgebra of A. Then K[1]® B is a

subalgebra of IK[A] ® A. One can also form B(N) which is a subalgebra of A(N). Also remark

M
that A IK[l]//lzlew, M < N, is an ideal (hence a subalgebra) of lK[l]/)LNIK[/I]’ thus one can

form

M
A 'K[”/ANMW ® A= AN, M) 2.2)
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Combining both subalgebra one forms
B(M) + A(N, M) < A(N) (2.3)

which is a subalgebra of A(IV). It structure can be understand as follows: up to order M, one
has the structure of B, after order M, one enlarge it to the one of A. One can also consider a

tower of subalgebra

BicByc:.---cB,cA (2.4)
and a succession of integers
O<Mi<My<:---<M,<N (2.5)
and form the subalgebra
B(M;) + B(My, My) + -+ B(My, M,—1) + A(N, M},) (2.6)

If A is Z graded, one can use the natural Z grading on IK[A], given by powers of 1 to form
interesting subalgebras of A(N). For example (IK[1] ® A)y. One observes that the grading
goes well into the quotient, thus one can consider A(N)g. This construction can be done

conjointly with the one we just exposed. One can also consider

@ AK® Ap. 2.7
neZ
We can also consider a decomposition
A=Ag® A10---® Ay, (2.8)
with
mAp®Ag)c P Ax (2.9)
ksp+q
In that case,
Pripa,=A (2.10)
qsn p=q

is a subalgebra of IK[1] ® A, and, provided n < N, of A(N) (once quotiented). One can thus
consider the subalgebra A + A(N, n), which can be understood as follows: an element of A,
will always appears with power at least p. It is also possible to quotient some higher degree
terms in A(IV). The easiest case being if one has a decomposition A = Ay @ A; with A; an
ideal. Then the highest degree subspace AV~!A; is an ideal and one can form the quotient
algebra A(N)//IN—I Ar

2.2. Equivalent expansion for coalgebras.
Let A be an finite dimensional algebra. We would like to show that the constructions we
made in the preceding paragraph can be seen as expansion of the dual coalgebra, i.e. the

coalgebra defined over the finite dual. In particular A(N) is dual to
A*[N]1=K[Al<y® A" (2.11)

and all subalgebra of A(N) we obtained are dual to quotient algebras of A*[N], and can
be constructed directly as such. In particular, all constructions of [JOO03] are just some of

the construction of this coalgebra method, presented differently. In this article, the authors
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wanted to find an expansion in the spirit of the original article of Wigner and Inénii [IW53].
In their constructions, they interpret the indeterminate A as a deformation parameter. How-
ever their presentation is far less direct than our. Furthermore, we will find a geometrical

interpretation of this construction at the end of the section devoted to jets.

3. Theory of Lie algebras

We have already defined Lie algebras. We now wish to present some further aspects on
their theory. The references we are using for this sections are mainly [Boe63], [Hum72] and

lectures notes taught by Victor Kac.
3.1. Nilpotent, solvable, semisimple and simple Lie algebras.
Let g be a Lie algebra. Then the series of ideals

=

g9 =g2g 3,0912¢? =(g,gV]2..2¢™ = [g,g" V] 2...

is called the lower central series and the series of ideals
g0=9201=1[g0,001202=1[91,0112...20n = [gn-1,In-11 2 ...

is called the derived series. An algebra for which g™ = 0 for some 7 is called nilpotent and
an algebra for which g, = 0 for some n is called solvable. A Lie algebra is semisimple if
it contains no solvable ideals. A Lie algebra is simple if its only ideals are 0 and itself. A
well-known proposition states that a semisimple Lie algebra is a direct product of simple Lie

algebras

3.2. Killing form.
A standard representation of a Lie algebra g is through real- or complex-valued matrices,

where the Lie bracket of two of its elements is computed by
Va,beg, la,b]l = ab- ba. (3.1)

However another representation always exists for Lie algebras. Indeed the Lie algebra g itself

is a vector space, and the map
ad:g— End(g), (3.2)

a—la,—] =adg, 3.3)

define a representation of g on itself called the adjoint representation. Using this adjoint

representation, we can define a bilinear map

K:gxg—K, (3.4)
K(a, b) =Tr(adgady), (3.5)

called the Killing form of the Lie algebra g. It is symmetric, and invariant in the sense

K([a,b),c) = K(a,[b,c]).
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PROPOSITION 2. Let g be a finite dimensional complex Lie algebra. g is semisimple if and
only if its Killing form is non degenerate. Furthermore, if g is semisimple and Yy is an ideal of g,

then the Killing form of g restricted to by is non degenerate and coincides with the Killing form

of b.

3.3. Rank of a Lie algebra.

Let g be a Lie algebra. For a € g consider the characteristic polynomial of ad,
Pad, D) = A"+ cpo1 (@A + ..+ cola). (3.6)
The rank of a Lie algebra is the smallest integer r such that
dacg cr(a)#0. (3.7)

An element a € g is called regular if ¢, (a) # 0 and singular otherwise. There are other equiv-

alent ways to define the rank of a Lie algebra.

3.4. Weights.
Given a vector space V over C (or any algebraically closed field) and an endomorphism f €

End(V). Then V decomposes as
V=aV) Vi={veV/iane N/(f - Aldy)" (v) =0} (3.8)

In the case of a Lie algebra g with a representation (V, p), for any given element a € g we write
Vi for the decomposition with respect to the endomorphism p(a). For example, given a Lie

algebra g and a € g, and p is the adjoint representation, we use the notation
g=eg}. (3.9)

However a more interesting case happens when A is not a number but a linear form A € g*,

g* the vector space dual of a Lie algebra g. In this case, the subspace
Vy={veV/Vaeg,pla)v=Ala)v}, (3.10)

is called a weight space. If V) # {0} then A is called a weight of the representation (V, p). This
allows some kind of simultaneous decomposition of V.

The existence of weights is ensured by the following theorem:

THEOREM 2 (Lie’s theorem).
Let g be a solvable complex Lie algebra and (V,p) a finite dimensional representation of it.

There exists a non zero weight space.

3.5. Cartan’s subalgebra.
Let g be a Lie algebra. A Cartan’s subalgebra of g is a subalgebra h which satifies
(1) b is nilpotent
(2) Ng(h) =h.
A well-known proposition states that a Cartan’s subalgebra is a maximal nilpotent subalge-

bra.
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THEOREM 3. Cartan’s theorem
Let g be a finite dimensional Lie algebra over C (or any algebraically closed field of character-

istic 0). Let a € g be a regular element. Then g{ is a Cartan subalgebra of g.

As a remark, we have dim(g{) = r =rank(g). This is simply because the dimension of g
is equal to the power of the factor X in the characteristic polynomial p(X) of ad,, which is
equal to the rank of g since a is regular. As a second remark, we have that any Lie algebra

posses at least one Cartan subalgebra.

PROPOSITION 3. Let g be a finite dimensional complex Lie algebra and Yy a Cartan subal-
gebra of g. Let

g=P a 3.11)
Aeh*

be the weight space decomposition of the adjoint representation of b on g. Then gy = .

Proof : On the one hand, as b is nilpotent, Ya € b, ad,ly is nilpotent showing b < go. On

the other hand, suppose § # go. Then
Q(Vh
is not zero so we can consider the quotient representation ad of h on it. As it consist only of

nilpotent operators, Va € 0y, by first Engel’s theorem, there exist

E € g(yh
such that
VYaeh,ad,(b) =0

Let b be a preimage of b in g. Then we have ad,(b) € b - i.e. be Ng(bh) and b ¢ f), which

contradict the fact that § is a Cartan subalgebra.
O

The next theorem shows that all Cartan subalgebra are equivalent from a theore tical point

of view.

THEOREM 4. Chevalley’s theorem

Let g be a finite dimensional Lie algebra over C and let
G= {e“dx, X€g, adyis nilpotent}. (3.12)
Any two Cartan subalgebra of g are conjugated by an element of G.
3.6. Roots space decomposition.

DEFINITION 2. Let g be a finite dimensional complex Lie algebra and t a Cartan subalge-

bra. A weight of the adjoint representation of by on g is called a root. The decomposition

g=he P g (3.13)
aech*\{0}
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is called the root space decomposition. We call
A={ach (0} / ga#(0}}. (3.14)

the set of roots, a name that will be explained in the next paragraph. Just before we would

like to present some properties of the root space decomposition:

PROPOSITION 4. Keeping the notation of definition|2,

a) b is a maximal abelian subalgebra,
b) VYaeh, ad, is diagonalizable.

©) dim(ge) =1,

d) Ifa,B,a+BeA, then[gaq,9p] < ga+p
e) IfacA, thennae Ao n=+1.

In particular, we see that g, ®g_q @ [ga, 9—«] forms an sl, subalgebra. In fact, this propo-
sition shows that the whole structure of the Lie algebra is encoded in its root space decom-
position. For example, given two elements a € gq, b € 8p their bracket [a, b] in non vanishing

if and only if a + 8 is either 0 or a root, in which case it belongs to go. g (or b if & = —f5).

3.7. Root system.
The name "root space" for A linked to a mathematical concept called "root system". Let V
be a finite dimensional vector space with a non degenerate symmetric bilinear form (,). A
root system A in V is a finite subset of V satisfying the following properties:
(1) Vect(A) =V,
2) VaeA AlaeAeo A=+]1,
B) Ya,fen, p-2L% g e,

(a,a)

@) Ya,feA, 22 ez

(a,a)

The link between root space and root system is made by the following celebrated theo-

rem.

THEOREM 5. Let g be a semisimple finite dimensional complex Lie algebra, g = he@yen 9a-

Then A is a root system of h*.

In order to see A as a root system, we need a non degenerate symmetric bilinear form. It

is given by the dual K* of the Killing form K of g. In details, we define first the isomorphism

vih—h*, (3.15)
a— K(a,-). (3.16)
abd then K* by
K*:h* xh* = K, (3.17)
K*(a,p) =K (a),v' (). (3.18)

Conversely, proposition (and a bit of work) shows that any root system give rise to a Lie

algebra; in other words the correspondence between root system and Lie algebras is 1-1.
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Root systems can be used to apprehend the structure of semisimple Lie algebras. For exam-
ple, a root system A is called decomposable whenever it can be written A = A; U A,, with
(A1,A2)* =0. Otherwise it is called indecomposable. Applied to the root space of a semisim-

ple Lie algebra, this notion gives:

THEOREM 6. Let g be a semisimple finite dimensional complex Lie algebra and A its root

system. g is simple if and only if A is indecomposable.

Hence, in order to classify all simple Lie algebras, it is sufficient to classify all root sys-

tems.

3.8. Simple roots.
Let V be a finite dimensional vector space and A a root system in V. Let f € V* be a linear
form such that f does not vanish on any element of A. Then f separate A in two subsets; A,
containing the elements a for which f(a) > 0, called positive roots, and A_ those a for which
f (@) <0 called negative roots. We can give a partial order on the set of roots. We say that a
root «a is bigger than another root 8, and we write a > §, if a — f is a root and if it is positive.
A positive root is said decomposable if it is possible to write it as a sum of two other positive
roots. A non decomposable positive root is called simple. The set of simple roots form a basis
of the surrounding vector space V, and hence of the root system A. Given a set (ay,...,a;)
of simple roots of an indecomposable root system, the matrix C whose entries are

3 2aj,aj)

- , 3.19
@y (3.19)

ij
is called the Cartan matrix of the root system. Cartan matrices are independent of the linear
form f used to define the positive roots. Two roots system with the same Cartan matrix are
isomorphic (the definition of isomorphism for root systems can be found in [Hum?72]) and
give rise to the same simple Lie algebra. Hence the classification of Cartan matrices is equiv-
alent to the classification of simple Lie algebras. There are rules to build Cartan matrices, see

[Hum?72]. Cartan matrices can be represented by drawings called Dynkin diagrams.

3.9. Weights and irreducible representations of Lie algebra.
We have already given a definition of weights in paragraph[3.4] In view of the next theorem,

we give a second definition.

DEFINITION 3. Let g be a simple Lie algebra, iy a Cartan subalgebra, A cb* the root space.
A weight is a vector A € h* such that, Va € A,

2{a, L)

is an integer. 3.20
(a, a) & (5.20)

A weight is called (strongly) dominant if is a (strictly) positive integer. Weights are
partially ordered by the following relation

A1 <Ay if and only if A, — A, is a sum of positive roots. (3.21)
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The fundamental weights are the weights dual to the simple roots; i.e. they are those weights

A; satisfying
2{aj, A
— L =5y, (3.22)
(aj,aj)

where §;; is the Kronecker symbol and {a;} the set of simple roots. The next two theorems

show the correspondence between weights in the sense of (3) and irreducible representations

THEOREM 7. Let (V,p) be an irreducible representation of a simple Lie algebra g and b
a Cartan subalgebra of g. Then there exists a dominant weight A such that V) is a weight
subspace of V, has dimension 1 and V decompose as a direct sum of weight spaces V,,. Fur-
thermore each weight is of the form p=A—-Y k;a;, where k; are integers and a; simple roots.

In other words, A is higher than any other weight p.
In the above theorem, A is called the highest weight of the representation.

THEOREM 8. Let g be a simple Lie algebra, and A a dominant weight. There exists, up two

isomorphism, one and only one representation whose highest weight is A.

We write V(A) for the irreducible representation with highest A. Finally, it is possible to

show that, given two dominant weights A, u
VA+w cVA) e V(W. (3.23)

Hence, it is possible to construct any irreducible representation from the fundamental rep-

resentations V(A;), where the A; are the fundamental weights.

3.10. Structure of so(2n).
This section present the root space decomposition of the complex Lie algebra so(2n), i.e. the

set of complex matrices a € My, (C) satisfying

Ta+a=0. (3.24)

0 i 1 i

E= ) X= ) (3.25)
-1 0 -1 1
1 i

Z= (3.26)
i -1

h: . r(hly h2)~uhn)€q:n . (327)

We define the matrices

Let

h,E
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b is a Cartan subalgebra of so(2n). We define €; € h* by

mE
hyE

hyE

Next we define, for i < j,

Agi_gj = »
_Tx

with X at the (i, j)-th entry and 7 X at the (j, i)-th one. Similarly, still for i < j,

Tx
A—E,’+Ej = ’
-X
Y
AEi+€j = )
_Ty
VA
A—E,’—Ej =
Tz

We can check that for any H € §,
(H,Agl = a(H)Aq,  a=teite;
The set of roots of so(n), n even is thus
A={xe;xejl)
To define the set of positive roots, we can take the linear form

fp" =G

Ei—n—i.

(3.28)

(3.29)

(3.30)

(3.31)

(3.32)

(3.33)

(3.34)

(3.35)
(3.36)
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Thus the positive roots are

lei+ejlizjUlei—€jtic. (3.37)
The simple roots are
{e1—€2,60—€3,...,Ep—1—En,En—1+Enl}. (3.38)
Because Tr(E) = 2, we have
v(h;E) = %ei, (3.39)

where v is the isomorphism defined in (3.16). Thus
" 1
K (Ei,Ej)ZE(Sij (3.40)

(6 is the Kronecker symbol). We can compute the Cartan matrix

2 -1 0 0 0 0

-1 2 -1 0 0 0

0 -1 2 . 0 0 0
C=. .. - - : : : (3.41)

2 -1 -1

0 -1 2 0

0 0 0 -1 0 2

The fundamental weights are
{e1,61+€2,61+E2+€3,...,61+E2+ -+ Ep-2,
1 1
5(61 +Ex4 - +Ep_1+En), 5(51 +ex+ e —ERL (3.42)

3.11. Spin representations.
The representations associated to the fundamental weights {€1,&; +¢€2,...,61 + €2+ - + €,,-2}
can all be obtained from the defining representation (3.24). However, the representations as-
sociated to %(81 +ex+---+€,_1+E,) and %(51 +€&2+-+€y-1 —€,) can not. They are called
"spin representations"”. A similar spin representation exists for the Lie algebra so(2n + 1).
These spin representation play a crucial role in physics. Indeed in quantum mechanics,
physical objects are described mathematically through states, which are elements of pro-
jective Hilbert spaces (A projective Hilbert space is the set of line of an Hilbert space). As
dynamical objects, these physical states must belongs to some representation of the Lorentz
group; a projective representation. The projective representations of the Lorentz group are
obtained thanks to the spin representations of it ([Wei96|] [Bar54]). One of the aim of su-
pergravity is precisely to combine gravity with these physical spin representations, called
spinors. The spin representations are themselves obtained as subrepresentation of Clifford

algebras, which is the topic of our next chapter.






CHAPTER 2

Clifford algebras and their representations

This Chapter is devoted to the classification of Clifford algebra and their representa-
tions, as well as deriving symmetry properties of these representations. Our main reference
is [Figl9]

1. Construction

1.1. Quadratic form.

Let IK = R or C. Let V be a finite dimensional vector space over IK. Let B be a symmetric

bilinear form

B:VxV - K (1.1)

The associated quadratic form is

Q(x) = B(x, x). (1.2)
Reciprocally, if Q is a quadratic form, the associated symmetric bilinear form is
B(x,1) = 5(Q(+ ) - QW) -~ QW) 1.3
The pair (V,Q) is called a quadratic vector space.
1.2. Definition.

Let (V,Q) be a quadratic vector space. We already have the tensor algebra T'(V) over V. We
define the Clifford algebra as a quotient of this tensor algebra by

AV,Q =TV e x— Qo) (1.4)

where (x ® x — Q(x)) is the ideal generated by all elements of the form (x ® x — Q(x)).

1.3. Universal property.
Let (V,Q) be a quadratic vector space and A be a unital associative algebra over IK. The K-

linear map ¢ : V — A is called Clifford if it satisfies
$0* = -Qx)La. (L.5)

The Clifford algebra is universal in the sense that if such a map exists, then there is a mor-

phism of algebras
f:C(v,Q) — A (1.6)

27
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such that the following diagram commutes

1.7)

where i : V — CI(V, Q) denotes the canonical inclusion inherited from V — T (V).

1.4. Basis.
Let {e;} be a basis of V diagonalizing B and n = dim(v); we write y; = i(e;). For a general
vectorve V,v = Z;?II vie;, we write p = i(v) = Z?:o v;yi. As a quotient of the tensor algebra,
the Clifford algebra is generated by {y;}. A vector space basis of the Clifford algebra is given

by

L, Y6, Yiyips oo Yiyoinhs (1.8
with
1
Yirip =5 2 Yotn-Yol,)- (1.9)
p: oe$,

It has dimension 2".

2. Pin group, Spin group and spinorial representations

As the Clifford algebra is unital associative it contains a multiplicative group formed by in-
vertible elements called the Clifford group. We denote this group by CI*(V, Q). Any element

of this group define an inner automorphism by

CI*(V, Q) — Aut(CL(V, Q)) 2.1
X—[y—x yx_l]
Let v, w € V with Q(v) # 0. We check that p is invertible (with inverse —%) and that

B(v,w)
Q)

So pwp~! belongs to i(V) and as i is injective it is possible to send this element back to

—pwy t=w-2

V. Doing so, we define a linear isomorphism of V, that we will denote by Ad,. One check
that Ad, is in fact the reflection with respect to the hyperplan orthogonal to v, so that Ad, €
O(V,Q) (i.e. Ad, preserve the quadratic form Q : Q(Ad,(w)) = Q(w)).

DEFINITION 4. We define the following subgroups of CI* (V,Q) :
a) P(V,Q) = (xe CI"(V,Q)/Y v € V, Ady(p) € i(V)}
b) P(V,Q), the group generated by {¥} with Q(v) #0.
¢) Pin(V,Q), the group generated by {p} with Q(v) = +1.
d) Spin(V,Q) = Pin(V,Q) n Clp(V,Q)
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These definitions are made to clarify the different definitions that one can find in the
literature. In fact it is possible show that P(V,Q) take values in O(V,Q) and its kernel is
IK*Lcyv,q), with IK* are the non zero elements of IK and where IK = R or C is the field over
which V is a vector space. It is also possible to show that P(V,Q) — O(V, Q) has the kernel
K*Lcyev,0) N P(V, Q). The next step is to show that Ker (Pin(V,Q) — O(V,Q)) = +1¢yv,q) and
that Pin(V, Q) is a double cover of O(V, Q). Finally, using Cartan-Dieudonné theorem, one
shows that Spin(V, Q) is sent to SO(V, Q) by Ad.

3. Classification of Clifford algebras

From now on, the quadratic form Q will be assumed non degenerate.

3.1. The low dimensional real Clifford algebras.

We start with the classification of real Clifford algebras, which means that IK = IR. In the

diagonalizing basis {e;}, B take the form

1
( s ) 3.1
-1,

We call Cl(s,t) the associated Clifford algebra.

Cl(0,0) is the algebra consisting of scalar multiples of 1. So it is isomorphic to IR.
ClI(1,0) is the algebra generated by 1 and y satisfying y?> = —1. It isomorphic to C

with isomorphism x1 + yy — x+1iy.

N+y
2
I'y are complementary projectors satisfying Fi =Ty, I''T_ = 0. It isomorphic to

Cl(0,1) is the algebra generated by 1 and y satisfying y?> = 1. We define I'y. =

R @ IR with isomorphism xI'; + yI'_ — (x, y).

Cl(2,0) is the algebra generated by 1, y; and y, satisfying y12 = y2% = -1, y172

—Y2y1. It isomorphic to IH with isomorphism

XL+ yy1 +zy2 + wy1y2 — x+iy+ jz+kw.

CI(1,1) is the algebra generated by 1, y1 and y; satisfying y12 = -1, 122 = 1, y172

—Y27y1. It isomorphic to M>(IR) with isomorphism

X+z y+w)

XL+ yy1+zy2 + wyryz2 — (
-y+w X—2z

Cl(0,2) is the algebra generated by 1, y; and y» satisfying y12 = y,? = 1, y172

—Y271. It isomorphic to M>(IR) with isomorphism

x+y z+w)

xL+yyy +zy2+ wyry2 — (
zZ—w xX—-y
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3.2. Two propositions regarding matrices.
PROPOSITION 5. For K =R, C or H, V m,n € IN¥
Mn(lK) ®R Mm(lR) = an(IK)~

In particular

My, (K) = K ® g My, (R).

Proof : For the second statement, note that the matrices E;., with 0 everywhere except
at the (i,j)-entry which is 1, form a basis of M,,(IK) which makes the isomorphism trivial (k ®
E; — kE;) So we just need to show M, (R) ® M,,(IR) = My, (IR). This follows from the fact

that the tensor product of matrices is the Kronecker product and that

El@EF= :
j 1
J Ef
PROPOSITION 6.
a)CeorH= M (0), (3.2)
b)HeR H =~ M, (IR), (3.3)
OCerC=Cal.

Proof :

a Consider H as a C-vector space with basis {1,j}. Let ® : € x IH — L¢(H) defined
by ®(z, g)(x) = zxq. @ is R bilinear so it define a linear map ®:CorH — Lg(H).
Writing any quaternion as g = zj + 22 j we have a natural isomorphism L¢(H) =
M>(H). Check that ® is a morphism of R-algebra which is injective, and that C&R H
and M, (C) have the same real dimension.

b Define ® € HxIH — LR(IH) by ®(q1, g2)(x) = g1xg> and use the same argument.

c Define p» = (1®1+i®i). Use pi? = ps, p+p- =0, py + p— = Id. This gives an

isomorphism Ce C — CeoR C, explicitely (z;1,22) — z1p+ + 22 p-.

3.3. Classification of all real Clifford algebras.

PROPOSITION 7. For all n,s,t we have the following isomorphisms:
a) Cl(n,0) ® CIl(0,2) = CI(0,n +2),

b) Cl(0,n) ® Cl(2,0) = Cl(n+2,0) ,
o) Cl(s,t)® Cl(1,1) = Cl(s + 1, t + 1).
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Proof : For a) let {e;, ey} the standard basis of IR®? and v1,72 their image in Cl(0,2).

Accordingly discompose R©7*2 = R®" g Re; @ Re, and define a map

¢ : RO _ Cl(n,0) ® Cl(0,2), (3.4)
X—1®Y1Y2, (3.5)
ei—1ey;. (3.6)
Then we have
(p(x+Aey + pen)? = (k@172 + M ey, +ull ®y2)?, (3.7

= Pel+ A1l +p’lel+At® (y1y2y1 +Y171Y2), (3.8)

+px® (Y1y2Y2 +v2yY1Y2) + Apl @ (Y1y2+7y271), 3.9)
= (QRrr0 (X) — Qro2 (Aey + pex))1 1, (3.10)
= —Q|R(O,n+2) (X+/l€1 +,U€2)]1®]1. (3.11)

So ¢ is a Clifford map. Hence there is a unique morphism

f:Cl0,n+2) — Cl(n,0) ®Cl0,2). (3.12)

All the generators {y;®1}_ ul®y;Ul®y, are in the image of ¢ (note that y;®1 = ¢y ;Y n+1Yn+2)-
Furthermore the two algebras have the same dimension, finishing the proof. The proofs of
b) and c) follow the same line (use the same morphism).

Now with these 2 propositions and the classification of low dimensional Clifford algebras

we made before, one get the following table

¢ S 0 1 2 3

0 IR C H HeoIH

1 Re R M5 (R) M, (0) My, (H)

2 M>(IR) M5 (IR) ® M5 (IR) M4 (R) M4 (0)

3 M (©) M, (IR) M, (R) & M4 (IR) M;s(IR)

4 M, (H) M, (©) Mg(R) Mg(R) ® Mg(RR)
5 | My(H) & M, (IH) My (H) Mg (Q) Mi6(IR)

6 M, (H) My (H) & My(H) Mg(H) Mi6(C)

7 Mg (C) Mg (H) Mg (IH) ® Mg(IH) Mig(H)
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P 4 5 6 7

0 M, (IH) My (C) Mg (R) Mg (IR) & Mg(IR)
1 My (IH) ® M5 (IH) My (IH) Mg(C M;is(IR)

2 M, (H) My (H) ® My(IH) Mg (IH) Me(0)

3 Mg(Q) Mg(IH) Mg (IH) & Mg(IH) M (H)

4 Mie(IR) Mie(0) Mie(H) Mie(H) ® M1 (IH)
5 | Mis(R) ® Mis(IR) M3, (IR) M3 (0) M3, (H)

6 M3, (IR) M3 (IR) & M3, (IR) Me4(IR) Me4(C)

7 Ms3,(C) M4 (IR) Mi4(IR) © Mgy (R) Mi28(IR)

In order to complete the table, one uses the following isomorphism

PROPOSITION 8. a) Cl(n+8,0) = Cl(n,0) ® Mis(IR),
b) Cl(0,n+8) = Cl(0,n) ® Mis(IR),
c) Cl(s+4,t+4) = Cl(s,t) ® Mi6(IR).

Proof : For a) we use
Cl(n+8,0) =Cl(2,0) ® Cl(0,2) ® Cl(2,0) ® Cl(0,2) ® Cl(n,0), (3.13)
=|He M2 (R) ® H® M, (R) ® Cl(n,0), (3.14)
= M5(IR) ® Cl(n, 0).
and similarly for b. For c the proof uses

Cl(s+4,1+4) =Cl(1,1)®* ® Cl(s, 1) = M;5(IR) ® Cl(s, 1).

Corollary :
Cl(s+8,1) ~Cl(s +8—1,0)®Cl(1,1)®" =~ Cl(s — £,0) ® Cl(1,1)®*" ® M5(RR), (3.15)
= Cl(s, t) ® My5(R), (3.16)
Cl(s, t+8) = Cl(s, t) ® My5(R). (3.17)

Using this corollary and recording that CI(1,1) = M»(IR) so that tensoring with it does not
change the type of the algebra, we get the following table(n = s + t).
s-t[8] Cl(s,0)
0 Mz% (IR)
1 M n1 (€)
272
M. n2 (IH)
2732
MznT—S (H)® MznT—S (H)
M2 n-2 (IH)
M,z (©
MZ% (IR)
MZnT—l (R) e M2n7—1 (IR)

N| Ok W




3. CLASSIFICATION OF CLIFFORD ALGEBRAS 33

3.4. The subalgebra Cly(V, Q).
The tensorial algebra T(V) is Z-graded and thus Z,-graded. The ideal

I = {(x®x—-Q(x){, (3.18)

is homogeneous for the Z;-grading so the Clifford algebra inherits a Z,-gradation. Accord-
ingly we decompose

ClI(V,Q) =Clp(V,Q) & CLi (V, Q). (3.19)

Note that Cly(V, Q) is a subalgebra of CI(V, Q). Its basis is given by the even elements of

the basis of CI(V, Q), hence its dimension is % =2n1

PROPOSITION 9.
Cl(s,t) = Cly(s+1,1) = Cly(t, s+ 1).
In particular Cly(s, t) = Cly(t, s).
Proof : Let
RSO —  Clo(s+1,1)

X — I®Ys+1

¢ is a Clifford map, hence it extends to a morphism of algebras CI(s, t) — Clo(s+ 1, #). The

(3.20)

image of this extension contains all the generators y;; so that it is surjective and that both
algebras have the same dimension. The proof of the second isomorphism follows the same

lines.

3.5. Classification of Cly(V, Q).
With the help of the preceding isomorphism, it is easy to classify the algebras Cly(s, £). (the

following classification fails only for (s,t) = (0,0), in which case Cly(s, ) = IR.

s-t[8] Clo(s, 1)
0 M n2(R)®M n2(R)
272 272
1,7 M n-1 (R)
272
2,6 M 22 (O
272
3,5 M s (H)
2"
4 M pas(HHe M ua(H)
272 2"

3.6. Complex Clifford algebras.

If (V,Q) is a real quadratic vector space, its complexification (V¢, Q¢) is given by
Ve=VeoC (3.21)
Qc(v® z) = 2°Q(v)

PROPOSITION 10. (V¢,Q¢) =Cl(V,Q)eC

Proof: The map VxC — ClI(V,Q)®Rr C; (v,2) — p®Rz is IR-bilinear, from what we get a
linear map ¢ : Voxr € — Cl(V,Q) &R C;

P(vORZ)=VORZz=(POR1)z=¢p(veR])Z
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and thus ¢ is also C-linear. Finally
per)*=(eorl)*=-Qw)Aerl)
so the application is Clifford, whence it extends uniquely to a morphism of complex algebras
@ : Cl(Vg, Q) — CI(V,Q) R €

The generating set {¢ ® 1} is in the image of ® and both algebras have the same dimension,

so @ is an isomorphism.

3.7. Notations.
If (V,Q) is a real quadratic vector space, we call Cl¢(V,Q) the associated complex Clifford
algebra. If (V, Q) is a real quadratic vector space, we can always find a basis of V¢ in which
Bg is the identity. So there is no signature for complex quadratic forms. Accordingly, complex

Clifford algebras are uniquely determined by their dimensions. We will denote them Clg (7).
3.8. The 2-periodicity of complex Clifford algebras.
PROPOSITION 11. V n € IN, there is an isomorphism
Clg(n+2) = Clg(n) ¢ Mo (C). (3.22)

Proof: Let C"*2 = C" @ Ce; @ Ce,. Define

C"*? - Clg(n)ec M (C)

X — r®co

¢ o ) (3.23)
e — 1 ®C ios
e — 1ecios

where x € C" and
0 1 0 -1 1 0
1 0 i 0 0 -1
are the Pauli matrices. Then we check that

dx+ ey + ,ueg)2 = C 012 +2°1 ¢ (ia%) + ;12 C (1'03)2 +Ax®ci(0102+02071),
+ux®ci(0103+0301) —Aul ®¢ (0203 +0302) (3.25)

=-Qx+Aey + pey), (3.26)
so the map ¢ is Clifford. Thus it extends to a morphism
@ : Clg(n+2) — Clg(n) ¢ Ma(C). (3.27)

This map is surjective as its image contains the generators of the target algebra, and both

algebras have the same dimension.
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3.9. Classification of complex Clifford algebras.
Using complexification of real Clifford algebras we obtain the first two complex Clifford al-
gebras
Clc(0) = RegC=C,
Clc()=(ReR)erC=Cao C.
Then we use the preceding theorem to get
Clc(2n) = Man (D),
Clg@2n+1) = Mon(C) ® Mo (Q).

3.10. Cl¢o(n).
As well as for their real equivalent, complex Clifford algebras admit a Z,-grading, whose even

part Clg  is a subalgebra. Furthermore we have
Clg,o(n) =Clg(n—1) (3.28)

A proof of this result can easily be obtain by complexifying real Clifford algebras. From the

preceding classification of complex Clifford algebras one obtains the following classification

Clq:’o (2”) = Mznfl (C) (5] Mznfl ((I:),
Clgo@n+1) = MO

4. Classification of representation of Clifford Algebras

4.1. Matrix rings and their representation.
Let R be a ring and M be a R-module. M is simple if and only if the only submodules of M
are M and 0

LEMMA 1. Schur’s Lemma.
Let R be a ring and M, N be simple R-modules. If ¢ : M — N is a morphism of R-modules,
then ¢ = 0 or ¢ is an isomorphism. For a simple module M the ring Endg(M) is a division

ring.
Proof : Ker(¢) and Im(¢) are submodules of M and N respectively.
For A € M, (K), we call

L;j(A) the matrix with all rows being 0 except the j™ one which is the i one of A.
C;;(A) the matrix with all columns being 0 except the j™ one which is the i one of
A.

PROPOSITION 12. V A € M, (K),
EfA=Lij(A),
EfA=Cji(A),
E,AE; = a;sE].

with a,s the (1,s)-component of A.
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PROPOSITION 13. M, (K) is a simple ring (its only bilateral ideals are 0 and itself).

Proof : Let J be a non-zero bilateral ideal of M,,(IK). Then there exist A € J and (r,s) such
that a,s # 0. Then

V (i, j)Ej = EJAES € ], 4.1)

and J = M, (IK).

PROPOSITION 14. Let R = M, (KK) and e; = E'.

a C; = Re; is a left ideal of R. In particular it is a left module of R, and it is simple as
such.

b Any simple left R-module is isomorphic to IK".

c As a left R-module, R is isomorphicto C1 @ C2 &...® C,,.

Proof : c is a consequence of a and the fact that any matrix is the direct sum of its

columns.

a Let A € Re;. Then A is of the form (0,0,...,C,...,0) where C is some column. Now for
B € R, BA is also of the form (0,0,...,C,...,0) and the first assertion is proved. Now let
J be a non zero submodule of Re; and A € J, A # 0. So there is r such that a,; # 0.
Thus E! = J-E} A € ] and thus Re; < ], which proves the second assertion.

b Let M be a simple left module and m € R, m # 0. Then
lg-m= () e)m=) e;-m. 4.2)
i i

Asm #0,3i/e;-m # 0. Fixsuch an i. Let

Re; — M
¢ : . (4.3)
r-e; — r-eim
¢ is an morphism of left R-module and ¢ # 0 as ¢(1r-e;) # 0. Hence ¢ is an iso-
morphism. Finally there is an obvious isomorphism of left R-module C; = R-e; = K"

given by (0,...,C,...,0) — C.

PROPOSITION 15. Let R = M, (IK) @ M,,(IK). Then the simple left R-modules are (up to
isomorphism) (IK",0) and (0,IK™).

Proof : Let N be a left R-module. Let p; = (Ip7,k),0) and p2 = (0,17, (k). As p1 and
p2 commutes with any elements of R, p;N and p,N are sub-R-modules of N. As piz = pi,
p1p2 = 0and p; + p» = 1z, N = pyN@ poN. Thus if N is simple, N = pyN or N = p,N.
But in that case, N is a left M, (IK)-module, equally simple as such. Thus N = [K" as a left
M, (IK)-module, and this isomorphism can be extended to an isomorphism of left R-module

with appropriate action of p;.

THEOREM 9. Let R = M, (IK). Then any R-module is completely reducible (or semisimple)
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Proof : Let N be a non zero R module and n € N. Let e; be the matrix whose only non-
zero entry is 1 at the (i,i) entry. We know that Re; is a simple left R-module. Let N; = Re;n,
it is a simple left R-module as well. So N contains at least one non zero semisimple N-
submodule. Let P be the set of all semisimple N-submodule, ordered by inclusion. Then
for any linearly ordered subset Q = {M;} of B, &; M; is a maximal element of Q. Thus we can
apply Zorn’s lemma to get a maximal semisimple submodule M of N. If M # N, then N/ M
is a non trivial R-module. By the above, we can find a simple submodule S of N/ V- 1Ifwe
let S be its preimage in N, then S® M is a semisimple submodule of N strictly containing M,

contradicting its maximality. Thus M = N and N is semisimple.

PROPOSITION 16. Let R = M, (IK) ® M,,(IK). Any left R-module is a direct sum of simple

R-modules.
Proof : The proofs of[15)and[9| together.

PROPOSITION 17. Let A = M, (K) and B = M, (KK"). Any A-B-bimodule is a direct sum of

simple A-B-modules. Any two A-B simple bimodules are isomorphic.

Proof : Similar, using A = ®;Ae; and B = @ ie;.B. The simple module is M, , (IK") where
IK" is given by propositions 1 and 2 above. Be careful of the largest commuting subfield of IK
and K'.

4.2. Skolem-Noether Theorem. (Originally published in [Sko27].)

THEOREM 10. Let A = My, (K) and K" = Z(A). Any IK'-linear automorphism of A is inner,

i.e. if fis an automorphism of A, there is an x € A such thatV a € A, f(a) = xax™!

Proof : Consider A as an A bimodule in two ways, i.e. by (a® a’)-m = ama' and (a®
a) rms= amf(a). Call Ay the second bimodule. It is a direct sum of the simple A-bimodule
A, and as both are isomorphic vector space over K’ they are ismorphic as bimodule. Let

¢ : A — Ay be this isomorphism. In particular, ¢ is a morphism of left A-module. So
$la) =¢dla-1) =ap(l)=a-x

Now as ¢ is an isomorphism, x need to be invertible. As a morphisme of right A-module, we

have

¢la) = ¢(1-a) = ¢()-ra = xf(a)

4.3. Real Clifford algebras.
Let A be a real Clifford algebra. The goal of this section is to classify all finite dimensional

representation of A.

DEFINITION 5. A (real) representation of A is a pair (p, V) where V is a IR-vector space and

p is a unital R-linear morphism A — EndR (V).
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Any representation (p,V) of the algebra A gives V a structure of A-module. This leads to

several remarks.

DEFINITION 6. A representation (p,V) is called irreducible if the A-module V is simple.

Similarly, a representation (p,V) is called completely reducible if the A-module V is semisimple.

From the fact that the Clifford algebras have only semisimple modules, we need only to

determined their irreducible representations.

DEFINITION 7. Let (p,V) be a real representation of A. We say that (p,V) is of type KK if the

set of all automorphism of V. commuting with p is equal to IK.
PROPOSITION 18. In the preceding definition, IK is a division ring (if we add 0).

Proof : Suppose V is irreducible. An automorphism of V commuting with the representa-
tion of A is an automorphism of simple A-module. This result is thus Schur’s lemma. Now if
V is not irreducible, it can be written as a direct sum of irreducible one. The requirement of
being an automorphism exclude morphism which will be 0 on some simple summand and
non 0 on another.

We recall the famous Frobenius theorem

THEOREM 11. The only finite dimensional associative division algebras over the real num-

bers are the real numbers themselves R, the complex C and the quaternions H.

It follows that the only possibilities for K are IR, C or H. In that case we will say that V
is a IK-vector space and p has target space End (V). A special attention need to be done on
quaternionic vector spaces. Here scalar act on the right for quaternionic vector spaces and
quaternionic matrices act on the left. Moreover, any irreducible representation is given by
a simple module. Thus from the classification of simple modules we know the form of irre-
ducible representation. When A = M,,(IK), this representation is K" and thus the morphism

o is a morphism M, (IK) — M, (IK).

DEFINITION 8. Two IK-representations (p1,V1), (02,V2) are equivalent if there exist a IK-

linear isomorphism ¢ : Vi — V, such that
Vae A popi(a)=p2a)o¢p

We will start now to classify irreducible representation of Clifford algebras. We begin
with the case A = M, (K). If IK = R or H, we know from Skolem-Noether theorem that any

R-morphism M, (K) — M,(IK) can be written as p(a) = xax™1

i.,e. p(a)x = xa for some
x € GL,(IK). The morphism defined by x is K-linear with our convention that quaternionic
scalars act on the right and quaternionic matrices on the left. Thus any irreducible repre-
sentation of M, (IK) is equivalent to the natural representation of the algebra of matrices on

vectors.
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When IK = C, a representation p is a IR-linear morphism M,,(C) — M,,(C). Any R-linear mor-

phism p can be written as the sum of a C-linear one and conjugate C-linear one p = A+ C

with
Alg) = PO 1plia) —21 ptia) (4.4)
C(a) = w_ 4.5)

p is unital so p(1) =1 = A1) + C(1). Also, as algebra isomorphism, p needs to preserve the
center. As the center is the field C, p restricted to the center is a field automorphism of C
preserving IR. There are only two of such, the identity or the complex conjugation. So we

have

p(1) = AGLD) +C>GEDL) =2iAM) - i1, (4.6)
A=p ifp(il) =11, 4.7
A=0 ifp(ill) = —il. 4.8)

So either p is C-linear or C-antilinear. If p is C-linear, we have, by Skolem-Noether theo-
rem p(a) = xax~' for some invertible complex matrix x. Similarly, if p is C-antilinear p(a) =
yay~' for some invertible y. In the first case, the representation is equivalent to the tau-
tological representation p(a) = a and in the second case it is equivalent to the conjugate
representation p(a) = a. Thus we have two inequivalent representations of the real algebra
My (0).

Finally, if A = M,,(IK) ® M,,(IK), we know that its simple modules are either (IK",0) or (0,IK™).
Then the same analysis applies to these simple modules. As here we only have K = IR or
IH, there are only two irreducible representations. This ends our classification of irreducible

representations of real Clifford algebras.

4.4. Representations of Complex Clifford Algebras.
Let A be a complex Clifford algebra. We know from the classification above that A = M,,(C)
or A= M,(C) ® M, (C). Thus the unique simple A-modules are C" or (C",0) and (0,C). As
a representation of a complex Clifford algebra is now a C-linear map, A admits respectively

only 1 or 2 irreducible representations by Skolem-Noether theorem.

DEFINITION 9. Let V be a complex vector space. A real structure on V is an antilinear map

J such that J? = Idy. A quaternionic structure on V is a antilinear map J such that J2=—Idy.

From a complex representation of a complex Clifford algebra Cl¢ (), one can recover the
representations the real algebra Cl(s, 1), where s+t = n, with the help of a real or quaternionic
structure, commuting with the representation. Of course the existence of such operator is

provided only in the case these representations were real or quaternionic respectively.
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5. Representation of complex Clifford algebra

5.1. Generating set.
Let (V, Q) be a quadratic vector space. Let {e;} be the orthonormal basis of V w.r.t Q (the one
in which B is a diagonal matrix with entry +1). We suppose we have a map ¢ : e; — I'; where

{[';} is the free set of some matrix algebra M, (IK), where the T';’s satisfy

[iTj+I;T;=-2B;j. (5.1)

Then we can extend this map by linearity to all of V and the map thus obtained is au-
tomatically Clifford. By universality of the Clifford algebra, we have an algebra morphism
ClI(V,Q) — M,(IK), i.e. a representation. If we are in the case where we already had an irre-
ducible representation (p, [K™) of the Clifford algebra CI(V,Q), with p taking value in M, (IK),
and there is only, up to equivalence, one irreducible representation, we know that there is
some matrix X such that T'; = Xp(y;) X~!. This argument will be use here to obtain represen-

tations enjoying specific symmetry properties.

5.2. Unitary representations.
We will focus on complex Clifford algebra in even dimensions. In that case, we know the
Clifford algebra is isomorphic to M, (C). We consider an irreducible representation (p,C") of
this algebra. The y;’s generate a finite multiplicative group G in the Clifford algebra of order
2. Also, €™ has a canonical hermitian form /. We define
1

H(x,y) = on

Y h(p(g)x,p(g)y) (5.2)
geG

Any element of G is unitary for the hermitian form H. Any hermitian form can be diago-
nalized (and rescaled), so let I'; the matrix associated to p(y;) in the basis where H is the

identity. the y;’s define an equivalent representation of p. So we have shown

PROPOSITION 19. It is always possible to choose a representation p in which every matrix

p(y) is unitary (with respect to the canonical hermitian form of C").

In this paragraph, we have made a distinction between the abstract Clifford element y;
and a matrix representing it I'; = p(y;). We will not make this distinction anymore in the
sequel, and simply write y; for the Clifford generator and its representation, that we assume

to be a unitary matrix. implies that y;2 = +1. So y; = +y;~!. By unitarity of y;,
— (5.3)

In such a representation, as any other, the y;’s satisfy (5.I). But then an easy calculation
show that {'y;}, {y;‘} and —y,-T satisfy also (5.1). By the discussion above, there are invertible
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matrices A, B and C such that

by, = Ay; A7! (5.4)
yi* =By;B™! (5.5)
~yi'=cy;c™?

5.3. A concrete representation.
We start with complex Clifford algebras. We recall that the Clifford algebra in even dimen-
sion d is M,ar2(€) and My-12(C) & My@-12(C) in odd dimension. It is generated by anti-
commuting elements v, the so-called gamma matrices. In any irreducible representation of

the Clifford algebra they can be chosen to be unitary. Their anticommutation relations imply

Ya=Ya' (5.6)

For example, we can use the explicit representation

yi=o010le---o1, (5.7
Y2=0201®---01, (5.8)
Y3=0300;91®---01, (5.9)
Ya=0300,01®---01, (5.10)
. (5.11)
Yi=03®---®03®032. (5.12)

for even dimensions. For odd dimension the ultimate y matrix is
Ya=03®--®03. (5.13)
The o; are the Pauli’s matrices.

5.4. Basis of irreducible representation and the matrix y..

We will use the common notation

1
Yar..an = — Z Yasq) -+ Yaom» (5.14)
n: o€S,
and
Y« =Y1.--Yd- (5.15)

For an irreducible representation, a basis of M,a.2(C) is

{]lyYa,---;Yal...an»n-y?/*}; (516)
for even d and
WLya--5Yareag, b (5.17)
2
for odd d. y. satisfies the following commutation relation with the other gamma matrices:
YeYaran =" Yay. 0¥ (5.18)
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In particular in odd dimension it commutes with any other gamma matrices, and ,as they
form a basis of the algebra of matrices, must be proportional to the identity. Now
dwd-1)

2 dld-1)
Y«“=(=)"2z 1 (5.19)

SO
(dtd=1),
Y = +1 2

(5.20)

In odd dimension there exists two unequivalent irreducible representations of the Clifford
algebra, we will see in a moment that they are characterized by the value of y.. One go from
one to the other with the change :

Ya— —Ya (5.21)
It is obvious that if {y,} generates an irreducible representation, then {—y,} generates one as
well. To see that they are not equivalent, one of them as its y, equal i (“S1. Under the
transformation , Y« is changed to minus itself, and the to y. cannot be similar, as 1 is

not similar to —1.

5.5. Symmetry of gamma matrices.
5.5.1. Existence and unitarity of C.

We start by looking only of the even dimensional case. As {y,} satisfies the Clifford relations
Yo' vb' +vp"Ya' =8ab (5.22)

it can be used define an irreducible representation of the Clifford algebra. By uniqueness of

it, there exists some matrix C such that:
CyoC'=v4" (5.23)

By the same argument, there exists also a matrix C such that:

CyaC'=-ya" (5.24)
From these two relations one infers
CYaraC =T yL (5.25)
CaranC = () YD (5.26)
Next, on the one hand one has
(CYaaC) = €Y, C! (5.27)

On the other hand

T n(n-1)
(€] =™ T, 52
=Yar.an® (5.29)

nn-1)
=(-)"7 CYay.a,C! (5.30)

Thus
CTCYal...a,l =Ya..an c'c (5.31)
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So
cfc=al (5.32)

C'C is hermitian so a € R. It is possible to rescale

1
C——C 5.33
Ja (5.33)

So we can always choose C to be unitary. This we will do for the rest of this exposition.
5.5.2. The e-sign, even dimension.

The corollary of yaT =Yqis yaT =v4". Thus
CYar.anC™' =Yay .ay (5.34)

Using the same argument as above, we find

C*'C=¢l (5.35)
Using the unitarity of C,
* 1 -1 1 +
C'=-C"=-C (5.36)
€ €
1, 1
C=-C =5C (5.37)
€ €
leading to
e==+1 (5.38)
Using this fact we get
n(n-1)
CYar.an =€) 7 (CYay.a)" (5.39)
The same reasoning applies to C i.e. :
cté=1 (5.40)
CT=eC &=+1 (5.41)
~ n(n+1)
CYal.A.ar, =€(-) 2 Yai..an (5.42)

To find the sign of €, we use the following trick: As for {yg4,..a,}, {CYa,..a,} form a basis of
the algebra of matrices M,a2(C). In particular they are linearly independent. Furthermore

they are either symmetric or antisymmetric. Now the number of antisymmetric matrices is

(d)
(5.43)
n

antisymmetric matrices among the Cyg, . q,. S0 we have to fix € so that this two numbers are

2d/2(2d/271)
known to be =—5——. One the other hand, there are

d

n(n-1)

1-e(-)" 2

1
02

n=

equal. To compute (5.43) we go as follow. First we decompose

d

d
d (d o L2 d : /2( d ) ;
=z = A7+ . (=) (5.44)
) ) 2l
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To compute each sum we compute

1+ =292

cos(— )+zsm(—)]

d/z A (d/z)—l d .
= =) +i (GO
jgo 2j j;) 2] +1)

Taking respectively real and imaginary part of the preceding expressions we obtain

Yola) g dm
(=) =2%"%cos(—)
/-1 _
% (zj(i 1)(_)] =2 sin( )
j=0

From what (5.43) is found to be

l [Zd —2dl2¢ (cos(@) + sin(@))]
2 4 4

Hence we have
+1 d=0,2 [8]
€=
-1 d=4,6 [8]

n(n+1) ] d
- 2
n

l [Zd - 2d/2~(cos( )— sm(—))

For é has to be replaced by

d q
250

which is equal to

2

and thus the values for € are:

€

] +1 a=o06
) -1 d=2,4 8]

5.5.3. The e-sign, odd dimension.

(5.45)

(5.46)

(5.47)

(5.48)

(5.49)

(5.50)

(5.51)

(5.52)

(5.53)

In odd dimension there are two inequivalent irreducible representations of the Clifford al-
gebra. As {yl} and {—yI} are related by the transformation , they generate the two

inequivalent irreducible representations. Thus the representation generated by {y,} is either

equivalent to the one generated by {y’} or to the one generateedd by {—y’} but never both.

This in turn implies that always one of the two matrices C, C exists, but never both. To see

wich one, recall that
(dd-1) d(d 1) ) ﬂ

Y =%
This implies that

dd-1)
Y*T:Y*:CY*C_lz(_) 2 Y*T

Forcing
dd-1)
=

(5.54)

(5.55)

(5.56)
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Thus the matrix C can only exist in dimension d =1 [4], and therefore C can only exist for
d=3 [4].

5.5.4. The different signs of e and é.
Now we can compute € and € for the dimensions where the matrices C and C exists. We use
the same method as for the even dimension, but in this case we pay attention to the fact that

a basis of M,u-n2(C) is given by:

Lya - Yarag,} (5.57)
2
or by
{Yul...a@ y e )Y*} (558)
2

To take this into account one has to multiply 1l 1| for €) by an additional % factor.
This gives

d nn—
;1,;0(3) 1-e(-)“F ] = le 24— 22 (cos(%) +sin(%)) (5.59)
d nn+
inzo(j) 1) ] = 211 24 g2l (cos(%) —sin(%)) (5.60)
Which gives
+1 d=1 [8] __ ] +1 a=7 8
€= €= (5.61)
-1 d=5 18] -1 d=3 [8]

5.5.5. Summary.

The following table and formula condensate the above development.

Cay..an =€) "7 CYay, .an)” (5.62)
Cayan =6 "2 Chay oa)” (5.63)
d(mod8) | € | €
0 +1 | +1
1 +1
2 41| -1
3 -1
4 11
5 1
6 1|41
7 +1

5.6. Change of representation.
We made our calculations assuming the gamma matrices to be hermitian. In an arbitrary

representation,

Yy =P ly,P (5.64)
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the matrix C transform as
c'=pTcp (5.65)
The relation

c'T=eC (5.66)

is conserved. Exactly the same happens to C.

Finally let us mention that in the explicit representation given in (5.7)-(5.13), one can use
[Tr2i  [lrein (5.67)
i i

for C and/or C. When the dimension is even, one of the two matrix above is C, the other is

C, when the dimension is odd, both of them are either C or C.

6. Representation of real Clifford algebras

6.1. Generators in a given signature, hermitian conjugates.
In the real case, one has to consider the signature of the bilinear form defining our Clifford
algebra. We will say it has ¢ minus signs and s = d — ¢ plus signs and we will denote it CI(s, ).

The set of generators of Cl(s, ) is obtained by replacing

Ya—1Ya a=1...t (6.1)
We have then
-y a=1...t
Ya' = ¢ 6.2)
+Ya a=t+1...d
We introduce a new matrix:
A=y1...7; (6.3)
With it, one can rewrite as
+ ¢ 1 t(t=1)
Ya =(=) AygaA™" =(=) 2 AyqA (6.4)

This is extended to all gamma matrices:

n(n-1)

+ — (_)nt+ 5 +1AYa1...anA_l (6.5)

Yal..,a,,

Under a similarity transformation (a choice of another equivalent representation), the rela-

tion changes as:

Yy, =P ly,pP (6.6)
Yl =) Aly,A! (6.7)
A =pPtAP (6.8)

The following relation stays true in any representation
A/T - (_)l’(l’+l)/2A (6.9)

One can also define the matrix

A=Yi1...74 (6.10)
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It satisfies
+ ) &"ys" whendis even

Ay Al = (_)d—t+1
Te Va (=) 'ys"  when dis odd

(6.11)
6.2. The Dirac conjugation.

Let V (that we will identify with C'™) be the irreducible representation like in (6.17), but

whose element are odd (Grassmann). We want to build an hermitian form on V invariant

under the orthogonal group SO(s, t) associated to the bilinear form defining the Clifford al-

gebra. Such an hermitian form will be of the form:

(v1,v2) = 11" Dy (6.12)
where D satisfy
pt=-D (6.13)
Y, D=-Dya 6.14)
We check that the second condition is always satisfied if we take D proportional to A. In
.o . . . . tr+1).,
regard to the first condition, we can take D = i¥ A, where p is the opposite parity of =5
t(t+1)
p= 5 +1[2] (6.15)
The Dirac conjugation is defined as
7=v'D (6.16)

6.3. Real and quaternionic structures.
Let V be the vector space defining the irreducible representation. By this we understand that

the representation is given by a C-linear map
p:Cl(s, 1) = GL(V) (6.17)
A real structure for the representation is an antilinear map
J: VoV (6.18)

commuting with p and squaring to the identity. A quaternionic structure is the same thing
but it square to minus the identity instea We make the identification V = Cl4/2] The
representation p is now given by what we called earlier the gamma matrices and both the

structure we just discussed can be represented by a matrix B:
v—Bv* vevV (6.19)

where from now on * will denote complex conjugation. One sees that the squaring property

of J implies
BB* =1 for a real structure (6.20)

BB* = -1 for a quaternionic structure (6.21)

1Physicists often call real representation "Majorana" and quaternionic one "Symplectic-Majorana"
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and the "commuting with the p" property implies

Ya..an t= B_lyal---anB

6.4. Under a change of representation, B transforms as

Ya=P 'y.P
B =p lBp*

6.5. Existence of real and quaternionic structures.

Suppose such a matrix B exists. Then
Y= (B Ay (BT A7 = (1) 1B Ay (BT A)7!
When d is even, one has
Ya =)' B Ay (B' AT = ()1 B Ay, (BT A) !

but when 4 is odd

yI=)'B Ay, BT A = () 'B Ay, (BT A

(6.22)

(6.23)
(6.24)

(6.25)

(6.26)

(6.27)

which is to be expected because when d is odd, A = +A. Thus when d is odd we see that

there is a limitation. Only one of the two matrices C, C exists, thus B can exist only for

{t=0mod 2 and d =1 mod 4} or {f =1 mod 2 and d = 3 mod 4. Furthermore, B is unique.

In even dimension however, two B (we call them B and B we they coexist). In other words

d=0mod2,t=0mod2 B=(CA™H) B=
d=0mod2,t=1mod2 B=(CA™H) B=
d=1mod4,t=0mod2 B=(CAH
d=3mod4,t=1mod2 B=(CA™H

Next we compute BB*. We use a standard unitary representation.

t0t=1

cA Y cAaHT=ac A Y eC=€eACTIATC)  =e(-) 2

t(z+1)
2

€A HNCaHT =¢(-)

d-n(d-t+1)
2

(CAHCA™HT =e(-)

(d-n(d—t+1)
2

(CAHNCAHT =¢(-)

(6.28)

(6.29)
(6.30)
(6.31)

(6.32)
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Leading to

d=0mod4,t=0mod4 BB*=¢ BB*=¢
d=0mod4,t=1mod4 BB*=-¢ BB*=-c¢
d=0mod4,r=2mod4 BB*=-¢ BB*=-¢
d=0mod4,r=3mod4 BB*=é BB*=¢
d=1mod4,t=0mod4 BB*=¢

d=1mod4,t=2mod4 BB*=-¢

d=2mod4,r=0mod4 BB*=¢ BB*=-¢
d=2mod4,t=1mod4 BB*=-¢ BB*=¢
d=2mod4,t=2mod4 BB*=-¢ BB*=¢
d=2mod4,t=3mod4 BB*
d=3mod4,t=1mod4 BB*=-€
d=3mod4,t=3mod4 BB*

(6.33)

1l
™
o]
o)

*
1l

|

(L}

Il
™

Even if it has been computed in a specific representation, this result is independent of

it. Also observe that for d = 0 mod 4, € = € while for d = 0 mod 4, € = —€. Thus we can resume

the preceding table by:
t BB*
4k €
4k +1 | —€
ak+2 | —e
4k+3 €

For example if we consider the case t = 1, i.e. the Lorentzian signature in the mostly plus
case, we find that real representations exist in dimension d = 2,3,4[8] while if we consider

the mostly minus signature ¢ = d — 1 real representations exist for d =0,1,2[8].

6.6. Majorana conjugation and usual physicist’s conventions.

In standard convention, the Majorana conjugate ¢ of a spinor  is defined to be

o= wTC~‘ (in even dimensions) 6:30)
wTC  (in odd dimensions)

According to the preceding paragraph, for us a Majorana spinor is a spinor which satisfies
v =]J(y) =By (6.35)
while it standard definition is
y=y° (6.36)
In order for both to agree we set

Be (DC:‘I)T (for even t) 6.37)
(DCHT  (for odd )

From now on, whenever we speak of a matrix B, it will be the one of (6.37) (no more reference

to a will be made).
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6.7. A last remark.

When a real structure exist, it is always possible to go to a real representation. Indeed, B has

u+u*
2

an eigenvector, call it u. Then u*, and v = are also eigenvectors of B. Furthermore, v

satisfies Bv* = v. We also have
B(Yay..a,)* =BB 'ya,..a, BV =Yay.a,V (6.38)

Thus we can find a basis {v;} such that Vi, Bvl’." = v;. Let P be the change-of-basis-matrix,

{e;} the original basis and B’ = P~1BP* the B matrix in the new basis. We have:
vi=Pe; = v; =P"e¢; = B l'v;=P*e; = v; =BP"e; (6.39)

— P ly;=P 'BP*e; = e;=B'e; = B'=1d (6.40)



CHAPTER 3

Differential Geometry

Differential geometry is the geometrical theory supporting classical field theory. Hence
we shall recall its most basics definitions, like the ones of manifolds and fiber bundles. In
particular, the theory of connection is of central importance, as gauge fields in physics cor-
responds to local connection one-form in differential geometry. Their action on other physi-
cal fields, like vector fields, is expressed through covariant derivatives, another mathematical
object presented in this chapter. We will also present some more advanced topics, like super-
manifolds, used in an attempt of a fully geometric description of super-gravity, see [Ede20],

or as framework of the super-field approach [Del+99], [Cas18].

1. Manifolds

1.1. Introduction.
Manifold refers to certain class of topological spaces. Somehow, these are the nicest topo-
logical spaces after finite dimensional vector spaces and are gluing of them. They have all

properties needed to define differentiability. We will start by the notion of real manifold

1.2. Differentiable map.
Let U be an open subset of IR”. An application f: U — IR™ is called differentiable at x € IR" if
there exists a linear map J : R” — IR such that

lim ILfCet+ h) = F(0) =T (W _
h—0 1Al

0. (1.1)

(Il -1I is the usual euclidean norm). If f is differentiable at every point x € U, and J, is invert-
ible for every x € U as well, then f is called a diffeomorphism. f is two times differentiable

if it is differentiable and the application
R"™ — IR™", x— Jx (1.2)

is itself differentiable; the definition goes on for k times differentiable. f is smooth if it is k

times differentiable for any k € IN.

1.3. Charts and atlases.
Let M be a Hausdorff, secondly countable topological space and let 7 (M) denotes its topol-
ogy. A local chart on M is a open set U € T (M) together with an homeomorphism ¢ from
U to some subset of R”. An atlas A of M is the data of a covering of M by local charts with
the restriction that for any two local charts (U,¢: U — R™), (V,¢: V — R™), the dimension

of the target vector space is the same i.e. m = n ; and on any non empty intersection of local

51
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charts, i.e. if UnV # @ the map ¢pow~':IR” — IR" is a diffeomorphism. In case ¢poy ! is
smooth with smooth inverse we speak about a smooth manifold. Given two atlases A;, A, of
M, we say that A, is a refinement of 4; if any local chart of .A; can covered by local charts of
Ac. This gives a partial ordering < on the set of atlases on M, and, still in the case where .4,
id a refinement of A, we write 4; < .4,. Two atlases are compatible if there exists an atlas
bigger than both of them, and a atlas is called maximal if it is a maximum with respect to this
ordering. A topological space with a maximal atlas is called a manifold. A choice of a local
chart allows to speak of local coordinates, that we will often denote by {x!,..., x"}, which are

the image of the natural coordinates of IR” by the chosen chart.

1.4. Morphisms.
Morphisms of manifolds are applications f : M — N, with M, N two manifolds, such that
for any x € M and local charts (¢q, U, 3 X), (Wp, Vg > f(x), the application vp Ofogb;1 is

differentiable (or smooth).

1.5. Partition of the unity.

Let M be a topological space. A partition of the unity on M is a set of continuous maps
{fo: M — IR}

such that
Vxe M, {alfy(x) # 0}

is a finite set and
Y fa0)=1
a
We recall that the support of a function f: M — IR, denoted supp(f) is the closure of the set :
{x/ f(x) # 0}

Let M be a manifold. Let (Uy, ¢p4) be an atlas on M and {fﬁ} a partition of the unity on M. We
say that {f3} is subordinate to (Ug, ¢q) if

VB 3Ja /supp(fp) c Uy

The Hausdorff secondly countable assumptions we imposed in our definition of mani-

folds ensure the following theorem.

THEOREM 12. Let M be a manifold and {(Uy,p4)} an atlas of M. There exists a partition
of the unity subordinate to {(Uy, ¢g)}.

2. Sheafs

2.1. Definition.
A presheaf O of sets over a topological sapce M is the assignment of a set O(U) to each open
set U of M such that, for every open set included into another U c V there is a restriction

map ryy : O(V) — O(U) subject to the transitivity condition:

UcVclW = rwu=Tvuorw,v 2.1)
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and ry,y =Idp@). An element sy € O(U) is called a section of O over U. A sheaf is a presheaf
satisfying the additional condition that given an open set U, covered by a family of open sets
(Vi), and a family of section s; € O(V;), compatible in the sense that they satisfy TV, VinV; (si) =

v, vinv; (Sj), there exist a unique section s € O(U) such that s; = ry v, (s).

2.2. Example.
Here a simple example of a presheaf. Consider a topological space M. Define the constant
presheaf C by C(U) = R for any open set U. This presheaf is not a sheaf. Indeed consider two
disjoint open sets U and V and the sections 1 € C(U) and 2 € C(V). There is no section of

C(U u V) whose restriction on U is 1 and whose restriction on V is 2.

2.3. Stalk.
Given a presheaf over a topological space, the stalk O, are defined as the direct limit lir{lj ow),
X€
with order given by reverse inclusion. In other words, an element sy € Oy corresponds to an

equivalence class of elements sy € Oy, with equivalence relation
sy~sy=adW/WcUn V/I’U,W(SU):rvyw(Sw). (2.2)

The elements sy € O are called germs at x of sections of O.
When the sets O(U) are rings, one speaks about a (pre)sheaf of rings. A topological space
M together with a sheaf of rings is called a ringed space. If furthermore the stalks are local

rings (i.e. they have a unique maximal ideal), one speaks about a locally ringed space.

2.4. Manifolds as locally ringed spaces.

An alternative definition for a manifold is the following. A manifold is a locally ringed space
(M, ), Hausdorff and second countable, such that for any point x € M, there exist a neigh-
borhood U, x € U c M, and an open space V c IR”, such that O(U) is isomorphic (as a ring)
to C*°(V). Under this isomorphisms, the maximal ideal of the stalk O, is identified with the
set of germs of functions vanishing at x. We denote this ideal by Z, . In fact, we have the
isomorphism

Oy = R[[X3,..., Xn]], (2.3
where R[[X],... X,]] denotes the ring of formal series in n = dim(M) variables. This isomor-
phism identifies any germ at x with the Taylor expansion at x of the function it represents.
Thus, we have the decomposition

Oy =R&Zyg 2.4)

and the isomorphism
Ty = (X7 + X2+ + Xp)RIX,... Xp]] (2.5)

It is also interesting to pay attention at the finite dual O°(M) of the ring of global sections
O(M). We recall the definition of the finite dual

O°(U) ={¢ : O(U) — R / ¢ vanishes on an ideal of finite codimension}, (2.6)

and that it naturally comes with a structure of coalgebra. We could consider a sheaf of finite

dual O°, but the restrictionis so restrictive that such a sheaf would not have great interest.
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Indeed the first element of interests of this dual are the group-like elements, i.e. elements evy
satisfying

A(evy) = evy ®evy. 2.7)
Are they name suggest, they are exactly the evaluation at a point x of a function, and are thus
in one-to-one correspondence with the points of the manifold. Indeed, the property [2.7 is

equivalent to say that such an ev, preserves the multiplication:

evi(fg) =evyi(fevy(g), (2.8)

for some functions f,g. And it is a well-known proposition, called "Milnor’s exercise" that

only evaluation at points satisfies this property.

2.5. Super-manifold.
This alternative definition of manifold is perfectly suited for generalisation of manifolds. In-
deed, we see that we a natural generalisation of the concept of manifold is obtained after ex-
tending the ring isomorphic to O(U). A supermanifold is thus a locally ringed space (M, 0),
Hausdorff and second countable, such that for any point x € M, there exist a neighborhood

U, x€ Uc M, and an open space V < R”, such that
o) =C®(V)oA@B',...07), (2.9

where A(6',...0P) is the exterior algebra generated by {6',...67}. In other words, A(0',...0P)

is the exterior algebra of a vector space whose one possible basis is 01,...07}.

3. Tangent space

3.1. Tangent space at a point.
Let M be a manifold of dimension n, and y : R — M a curve, whose parameter is called
t. We choose a system local chart (¢, U) and write ¢ oy(#) = {x*()}. The tangent vector
at t = 0 of this curve in R” is %([)oylt:o. We want to define the abstract tangent vector
7(0) = %yltzo independently of the chosen chart. For this we introduce the equivalence
relation "~" among the curves satisfying y(0) = x, with y; ~ v, if and only if there is a chart
(U, ) with x € U such that %(l)o?q lt=0 = %(POYzlz:o, and we set y(0) = [y]~,, the equivalence
class for ~,. The tangent space at x, denoted T, M is the set of all tangent vector at x. The

(total) tangent space is TM = Uyxep Tx M. It is a manifold as well.

3.2. Vector field.

An application which send (smoothly) to each x € M a vector of T, M is called a (smooth)
vector field. (We will always assume our vector fields to be smooth.) If this application is
only defined on an open subset U c M, we speak of a local vector field, by opposition to
global vector fields. The choice of local coordinates {x'} gives a local basis (sometimes called
natural basis, although this denomination has nothing to do with naturality in the categorical
sense) for vector fields % = 0;. In other words any vector field (global or local) can locally
be written as

X(x) = Xi(x)('i,-, xin some open set U 3.1)
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Given a function f and a vector field X, we form a new function X(f), over which we can
apply a new vector field Y to form Y (X(f)). One then shows that although Y o X, defined
by (Y o X)(f) = Y(X(f)), is not a vector field (it does not define a derivation), the Lie bracket
[X,Y]=XoY —YoX does. Hence the set of vector field over a given manifold define a Lie

algebra.

3.3. Functoriality.
Any morphism of manifold f: M — N extends to a morphism of vector bundle Tf: TM —
TN, such that T(fog) = Tf o Tg. In local coordinates {x'tc M, {yj} c N Tf is expressed as

TFUx'L X = Af7 (., x™),0; £ XYy (3.2)

3.4. Sheaf definition.
Let (M, O) be a manifold with its local ring, as presented above. We can alternatively define

Ty M as the set of derivation of the stalks Oy, i.e. linear maps X : O, — IR satisfying
Yu,ve Oy Xuv)=Xwv+uX(v), (3.3)

i.e. TyM = Der(O,). More algebraically, we can say that tangent vectors are the elements X
of the finite dual O°(M) satisfying

AX=X®evy+evy®X, (3.4)

i.e. a tangent vector at x is a primitive element with respect to one ev,. Now we can define
the tangent space TM as the union of the tangent spaces TxM properly topologized, and
vector fields as smooth maps as above, but the sheaf structure allows for a more direct def-
inition. We define the sheaf Der(0O) of derivation of O with values in O. More precisely, for
any open set U ¢ M, we let Der(O)(U) be the set of R-linear maps O(U) — O(U) satisfying
the derivation property but adapted for u, v in O(U) instead). A (local) vector field is a
section of that sheaf. One then show that the stalk of Der(O) at some x € M coincide with

the space Ty M defined just above.

3.5. Tangent space of super-manifolds.
This definition admits a straightforward generalization in the case of supermanifolds: the
super-tangent space of a supermanifold (M, Q) is the space of super-derivations of the stalk
of it defining sheaf at a given point; (local) super-vector fields are section of the sheaf of
super-derivations of the structure sheaf O of the supermanifold with values in O. In local
coordinates O(U) ~C®(V)® ARP, Uc M, V c A(@',...6P) both open, U sufficiently small, it
can be shown that a super-vector field X € Der(O)(U) admit an expansion similar to :

xw=xi2L ixe 2 (3.5)
ox! 06«

3.6. Submersions and immersions.
A smooth map n: M — N is called a submersion if the tangent map n, : TM — TN is sur-
jective. A smooth map t: M — N is called an immersion if the tangent map ¢, : TM — TN is

injective.
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4. Lie groups and Super-Lie groups

4.1. Lie groups.
A Lie group is a set G which is at the same time a group and a manifold, with the additional
assumption that the multiplication mg : G x G — G and the inverse i : G — G are morphism

of (smooth) manifolds. The unit of the group is commonly written e.

4.2. Fundamental vector fields.
The multiplication on the left by an element g being a smooth map Lg : G — G, it gives rise to
a tangent map Lg. : TG — TG. Given any vector tangent at the identity X € T, G, we can use
this tangent map to define a vector field X by X(g) = Lg. X. This vector field is called a left
fundamental vector field, because it is defined using a left action. Similarly, there exists right
fundamental vector fields. The tangent space at the identity, thus isomorphic to a particular
sub-Lie algebra of vector fields, (either left fundamental or right fundamental) is called the
Lie algebra of the Lie group. The left fundamental vector fields X’s are left invariant, in the

sense that Lg, X = X, and similarly for right fundamental vector fields.

4.3. Sheaf definition and super-Lie groups.
A Lie group is a manifold (G, O) whose structure sheaf is not only a sheaf of rings but a sheaf
of Hopf algebra. As explained in the section "Hopf algebras and groups", the product and
inverse of the Lie group are given respectively through the coproduct, denoted A, in the
sequel, and the antipode, denoted S in the sequel, of the Hopf algebra structure. A super-
Lie group is a super-manifold (G, ) whose structure sheaf is a sheaf of super-commutative

graded Hopf algebras.

4.4. The super-Lie algebra of a super-Lie group.

The standard left-invariance property of vector fields is given in the sheaf point of view by
Qe X)=ApX. (4.1

The left invariant vector fields of a (super-)Lie group form a (super-)Lie algebra. This (super-

)Lie algebra is also related to the tangent space at the identity e by
TeG3 Xe— (1 ® X,)Ap, € Lie(G) 4.2)

where Lie(G) is the (super-)Lie algebra of left invariant vector fields. A similar construction
holds for right-invariant vector fields. For more information on this topic, including a de-

tailed proof of this last fact, see [CCF10], chapter 7.

5. Fiber bundle

5.1. Definition.
A fiber bundle is a collection (P, M, F, ) of three manifolds (P, M, F) and a surjective submer-
sion 7 : P — M such that Vx € M, n~!(x) = F. Furthermore, P is required to fulfill the local
trivialization property: for any x € M, there is a neighborhood U, of x such that there is a

(smooth) diffeomorphism v : x 1(Uy) = U, x F. W, is called a local trivialisation and we
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say that P is locally trivialised over U,. Whenever x € U, N Usg, the (smooth) diffeomorphism
8ap(X) =Wqlyo Wﬁl;cl : F — F is called a transition function. A fibre bundle is called trivial if

admit a trivialisation of the form P~ M x F.

5.2. Principal and Vector bundles.
We are interested mainly in two types of fibre bundles: vector bundles and principal bundles.
A vector bundle is a fibre bundle (P, M, F, ) for which the fibre F is a vector space and such
that the transition function g,5(x) : F — F belongs to GL(F) for any x € Uy N Ug. A principal
bundle is a fibre bundle such that the fibre is a Lie group G, called the structure group, and
such that there is a right action of G on P preserving the fibre. The two notions are related.
First, for any vector bundle (P, M, V, 1) we can construct a principal bundle (P, M, GL(V), ) in
the following manner. Let {U,} be a cover of M over which P is locally trivialised. Consider
the disjoint union | |, U, x G form the quotient space under the equivalence relation (x, g)q ~
(x,84p8)p- This quotient space is a principal bundle with structure group GL(v). On the
other hand, given a principal bundle (P, M, G,n) and a representation (p, V) of G on a vector
space V, one can construct the associated vector bundle Px V/~ Y where the equivalence

relation is (z,v) ~, (zg,p(gil)l/)-

5.3. Sections.
Let (B M, F,n) be a fiber bundle and U an open set in M. A local section is a continuous
map s: U — P such that m7os =Idy. From now on, we will always assume our sections to
be smooths. A global section is a local section with U = M. A principal bundle is trivial if it
admits a global section. A vector bundle is trivial if it admits n linearly independent global
section, with n the dimension of the fiber. We denote by I'(P) the space of smooth sections
M — P.

5.4. Morphisms.
A morphism of fiber bundle f: (B, M, F,n) — (Q,N, H, ) is a morphism of manifold f: P — Q
sending fibers onto fibers and such that the induced map f: M — N, f(x) = 7o fon '(x)
is a morphism of manifold as well. Here 7~! denotes any section M — P. In the section
"Characteristic classes", we will furthermore ask that the morphism induces an isomorphism

between the fibers.

5.5. Building new fiber bundles from old ones.
Let (B N,F ) be a fiber bundle and f : M — N a morphism. It is possible to construct a
new bundle over M, called pullback bundle of P by f and denoted f*P. It consists of pairs
(x,2), x€ M, z € P such that f(x) = n(z). If (Ey,M,V1,m1) and (E», M, V,,75) are two vector
bundles over the same base manifold, one can constructs their Whitney sum E; @7 E» with
fiber V; @ V, and tensor product E; ® s E» with fiber V; ® V,. As sets, they correspond to the
disjoint unions | lyeps E1x @ Eox, Llxenm E1x ® E2x respectively. They are then topologized so
that they become fiber bundle over M, by constructing the base for their topologies using

the bases of E; and E, so that the local trivialization conditions are satisfied. Using tensor
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product, it is possible to build any "associative algebra bundle" as quotient of a finite tensor
algebra bundle E®”. In particular, we will be able to construct the bundle of differential form
as an exterior algebra bundle, the Clifford algebra bundle, or a symmetric algebra bundle as

the space for pseudo-Riemannian metrics.

5.6. Sheaf definition of a vector bundle.
The sheaf counterpart of vector bundle is a rank-r locally free sheaf. Let (M, O) be a manifold
with its structure sheaf. A sheaf 7 on M is called locally free of rank r if, for any x € M, there
is a neighborhood U > x such that the restriction of F to U, Fly, is a sheaf of free module
of rank r of O|y, i.e., for all open subsets V < U, F(V), is isomorphic (as O(V)-module) to
O(V)". If (E, M, m) is a standard vector bundle, then for any open set U ¢ M we can define a
set of smooth sections C*°(U, E), which has naturally the structure of a C*°(U)-module. As U
varies through the open set of M, we can give the family C*°(U, E) the structure of a locally
free sheaf. We denote by X this sheaf. Thus we have shown that any vector bundle structure
(E, M, m) give rise to a locally free sheaf over M of constant rank. Conversely, given a manifold
(M, ©) and a locally free sheaf of constant rank r X, we can use the locally free condition on
a sufficiently fine open cover {U,} of M to obtain transition functions 8ap : ZWUanUp) —
2(Uq — Up). We can then use this transition function to patch together the different U, ® IR".

The above definition does not mimic the traditional case given by two manifolds and a
projective submersion P L M, or only indirectly. Hence we can also define a vector bundle
as a triple {(B Op), (M, Oy),t}, where {(P,Op)} and {M, Oy} are differentiable manifolds, 7 :
P — M is a projective submersion and we have the local triviality condition: fro each z in
P, there exists an open U c M with ze V = 7~1(V) and an isomorphism of manifold ¢ :

(V,0ply) = (U x R™,Oply®C), where C™ is the natural sheaf of C* functions on R”.

5.7. Sheaf definition of principal bundles.
We can similarly define a principal bundle. First we need the notion of action of a group.
Let (G,0Og) be a Lie group. A right action of (G,0g) on a manifold (M,0Oy) is a map r :
(M,0p) x (G,0g) — (M, M) such that the morphism of commutative algebra r* : Oy (M) —
OMm(M)&0Og(G) endows Oy (M) with a structure of right Og(G)-comodule. In term of coalge-

bra structures, this can be written by the equalities:
Id®Ag)or* =(r*®Id)r, (Id®eg)or* =1d. (5.1

A right action r : (M,Op) x (G,0g) — (M, M) is said free if for each x € M the morphism
Ivs 1 (G,0G))° — (M,0p)° is injective. We recall that Op;(M)° is the finite dual of O (M).
We are ready to state the definition of a principal bundles in terms of sheafs. Let (G,Og)
be a Lie group. A G-principal bundle is a quadruple {(B, Op), (M, Oyp), 7, 7} where (P,Op) and
(M, Opy) are manifolds, 7 : (P, Op) — (M, O)y) is a projective submersion, r : (B, Op) x (G,Og) —
(B, Op) is a free right action, and we have the local triviality condition: for each z € P, there

exists an open U c M such that ze V = 7~ 1(U) and an isomorphism ¢ : (V,0ply) = (U x
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G,0Mmlu®0g), such that furthermore the isomorphism of algebra ¢* is an isomorphism of

Og(G)-comodules. The comodule structure of Oy (U)®0g(G) is given by id ® Ag.

5.8. Tangent and cotangent bundle.

A natural vector bundle that we can consider over any manifold M is the tangent bundle
T M previously described. It is a natural bundle in the sense that it defines a functor 7 from
the category of manifolds to the category of vector bundles. The image of a smooth map f
by this functor is called the (associated) tangent map or pushforward, denoted T f or more
frequently here f.. The projection = : TM — M assign x to the pair (x,v), where v € T, M.
Vector fields are simply section of this tangent bundle.

The tangent space Tx M is a vector space, hence we can consider its dual space, called cotan-
gent space, denoted T M. It naturally admits the structure of vector bundle over M as well,
and T* can be seen as a contravariant functor from the category of manifolds to the category
of vector bundles, i.e. it reverses the direction of the morphisms. The image of a smooth map

f by this functor is called (associated) cotangent map or pullback; and can be written T* f
or f*.

5.9. The frame bundle.
Another natural bundle over any manifold M is the frame bundle LM. The fiber L, M over
X € M consists in all possible basis of the tangent space Tx M and is isomorphic to GL,(IR),

m = dim(M). It is a principal bundle and T M is a vector bundle associated to it.

5.10. Differential form.
From the cotangent bundle one form the exterior algebra AT* M. It is the vector bundle over
M whose fiber over x is ATy M, and it is the Whitney’s sum of the AFT* M. A smooth section
of A¥T*M is called a differential k-form or simply k-form. The space of differential k-form
is denoted by QX (M) and the total space of differential form simply Q(M).

5.11. Exterior derivative.
The pairing between a k-form w and k vector fields Xj,... X} defines a new function w(X,... Xj) :
M — R, over which we can apply another vector field X;, forming yet another function
Xo(w(X;...Xy)). This action is used to define the exterior derivative d. We recall its formula:
for vector fields vy,... v, and a k-form w we have

k+1

dwy,..., Ves1) = Y Vi (@1,..., D, ... Vgr1)) (5.2)
i=1

i R .
+ Z (_)l ]w([vi,Uj],vl,...,Ui,...vj,---yk+1).
l<i<j<k+1

An important property of the exterior derivative is that it commutes with pullback

5.12. Sheaf definition and super-differential form.
Let ADer(O) the exterior algebra built out of the algebra Der(0). A differential form is an
element of Hom(ADer(0), O), where morphism here are O-module morphisms. The exterior

derivative d can be define exactly as in (5.2).
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5.13. Form with values in a vector space.
Let V, W be vector spaces. A linear map V — W is the same tings as an element of V* ® W,
where V* is the (linear) dual of V. Hence by tensoring Ty M with a vector space V, for each
x € M, we obtain a collection of linear maps TyM — V. We can form the bundle T* M®V, an
element of which is called a one-form with values in V. We can go further and consider the
bundle AT*M ® V, whose sections are called differential forms with values in V. We denote

by Q(M, V) the space of differential form with values in V.

5.14. Maurer-Cartan form.
As an example of a famous one form with values in a vector, we describe the Maurer-Cartan
one-form 0 of a Lie group G. It is a one-form taking values in the Lie algebra g of the group.
We said earlier that any Lie group admits left fundamental vector fields X(g) = Lg. X for some
X € g. By definition
0 (X(g) = X. (5.3)

The Maurer-Cartan form is then extended by linearity. In other words, for a vector V € T, G,

the Maurer-Cartan form is given by
O (V) =Lg1,V. (5.4)

5.15. Tensors.
The tensor bundle construction explained above applied to the tangent and cotangent bun-

dle form what we will simply call tensor bundles. They are of the form
T**"Me T®P M, (5.5)

for some positive integers n, p € IN. Its sections are called tensors. These tensors can be seen

as maps, at each x € M, from T®"M to Ty" M.

5.16. Metrics.
As an example of tensor is the metric g,. It is a symmetric rank two tensor, a section of
T*®2M. It is non degenerate: the determinant of the dim(M) x dim(M) matrix g,,(x) never
vanishes, whatever x € M. Here g,; denotes the expression of the matrix in some local basis
{e,} which cam be thought as a local section of LM. It is always possible to choose this local

section such that
8ab = . . (5.6)

If all the +1 are +1, we call the metric Riemannian. Often, in mathematical works, metrics
are required to have only +1 in the diagonal, while the ones with one or several —1 are called
pseudo metrics; but we won'’t use this denomination, and instead speak of Riemannian met-
rics for the "true" ones and just simply metrics for the "pseudo” ones. A manifold with a

Riemannian metric is called a Riemannian manifold. The number of + and — signs in (5.6)



6. HOMOLOGY AND COHOMOLOGY OF MANIFOLDS - ORIENTATION 61

is called the signature of the metric, hence a metric of signature (p, g) is a metric which can

1
P ) (5.7)
_]]'6]

Riemannian metrics are thus those metrics of signature (m,0). Metrics of signature (m—1,1)

be put in the form

or (1, m—1) are called Lorentzian metrics.

5.17. Volume form and Hodge operator. Let e, be a local basis in which the metric g,
takes the form[5.6] and e“ the dual basis. The n—form (n =dim(m))

w=e A’ An---ne, (5.8)

is called the volume form. (This appellation is abusive as it is a local object, we should call
it "a local volume form".) Because the space of top form Q" (M) is "one dimensional”, the

volume form allows us to define a pairing
Qv x Q" F vy — e,
(a, B)— A, with A defined through a A = Aw. (5.9
This pairing gives an isomorphism
ofv =" Fan* (5.10)
Now the (inverse) metric also induces an isomorphism
Q* o —af o,
Ay XN A xR — g gV By A A Dy, (5.11)

with {0,} a dual local basis of {dx"}. The successive application of the first isomorphism and

the inverse of the second one leads to an isomorphism
.0k n—-k
*: Q" (M) —Q (M) (5.12)

called Hodge isomorphism.

6. Homology and cohomology of manifolds - Orientation

6.1. Homology.

A complex C, is a sequence of abelian groups indexed by integers

arz+1 an—l 5n—2 6}1—3

0
o—Cpi1 _n’cn

Cn_l Cn_2 (6- 1)

with boundary maps 8, : C,+1 — C; such that 6,008,-;1 =0. (n denotes an integer.) In fact,
we will see these abelian groups C, as R-modules for some ring R. The homology groups

associated to such a complex are the groups

H,= Im(6n+1)/Ker(an) 6.2)
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The homology groups of a topological space M are defined to be those associated to the

complex of singular simplices. The standard n-simplex is
A" ={(x1,%2,..., %) € R"/0 < x; < 1Vi} (6.3)

A singular n-simplex is (an abstract sum of) continuous maps form the standard »n simplex
to the topological space M under consideration. Given a ring R, the complex of singular sim-
plices is formed by the free R-modules C, with one generator for each singular n-simplex.
The ring R is called a coefficient ring. The boundary map of a singular n-simplex o is ob-
tained by restricting o to the boundary of A”.

Using standard method it is possible to show for example that homology groups of the

sphere S" are

H,(S",Z) = Hy(S", Z)=Z, H;(S",Z)=0ifi+# n,0. (6.4)

6.2. Cohomology.
Given a complex C. of R-modules with boundary maps d., we can look at the complex of

cochains C*

LAl onet G, on Qe gt Dz, 65
formed by their dual
C" =Homg(Cp, R), (6.6)

and the coboundary maps d, : C"~! — C" defined by
Vuec" ' VaeC,, dyula@=ud,a) 6.7)

It is straightforward to show that

dp+10d, =0. (6.8)

The cohomolgy groups of such complex are
Hn (Cn,R) - Ker(dn+1)/lm(dn) (69)

In fact, any complex of cochain of the form with coboundary map satisfying [6.8] give
rise to cohomology groups through (6.9).

6.3. Functoriality.

An important fact about homology is that the construction is natural in the sense it defines
a functor from the category of topological spaces and continuous maps to the category of
abelian groups and group morphisms. In particular map, any continuous map f: M — N
between two topological spaces M and N give rise to a group morphism f,st: H,(M) —
H,(N). Sometimes we also write H,(f) or H.(f) instead of f,st. The same remark holds for
cohomology. But in the case cohomology, arrows go in the opposite direction : f gives rise
to f%st: H*(N) — HM). f* can also be written H"(f) or H*(f).
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6.4. Homotopical invariance of homology.
Let M and N be two topological spaces and f,g: M — N two continuous maps. An ho-
motopy between f and g is a continuous map h:[0,1] x M — N such that h(0,-) = f and
h(1,-) = g. If there exists an homotopy between f and g we say that f and g are homotopic.
Homology (as well as cohomology) is invariant under homotopy in the sense that if f and g
are two homotopic maps then H.(f) = H.(g) (and H"(f) = H"(g)). For example a contrac-
tile space is a topological space M such that there is an homotopy between the identity map
Id)s and a constant map xo : M — M; x — xo. Homotopy invariance of homology implies in
this case that the homology of M is equal to the homology of the space {xo} which is, with R
the coefficient ring, Hy(xp, R) = R and Hy(xo,R) =0 Vn # 0. This is the case for example for
IR™ where an homotopy between Idg» and the map O sending any point to 0. Let (E, M, r)
be a vector bundle with fiber IR”. Let o be the zero section of E. Then the homotopy be-
tween Idjgr» and O~ extend to an homotopy between the identity of E and o o 7, showing

the isomorphism of cohomology H"*(E, R) = H"(M, R) for any n.

6.5. Relative Homology.

Let M be a topological space, A< M a subspace and consider the quotient
Cn (M)/Cn (A) (6.10)

Because the boundary of a singular n-simplex in A is a singular (n — 1)-simplex in A the

boundary map
On : Cu(M) = Cp1 (M) (6.11)

passes well to the quotient and defines a boundary map
0, Cn(M)/Cn(A) - Cnfl(M)/Cnil(A) (6.12)

The homology groups of the complex so obtained are called relative homology groups and
denoted H, (X, A) or H,(X, A; R) if we specify the coefficient ring. Exactly the same definition
holds for cohomology.

6.6. Cup product.
The front n-face of the standard (n + m)-simplex is {(x1, X2, ..., Xp+m) € A" ™/ xpi1 = Xpeo =
-+ = Xp+m = 0}. Similarly its back m-face is {(x1, X2,..., Xn+m) € A"/ x1 = x5 =-+- = x,, = O}.
Let a, be the projection to the front n-face and §,, the projection to the back m-face. Let
c1 € C"(M), ¢, € C"™(M) be two cocycles representing the cohomology classes [c;], [c2] and

o € C,(M) a cycle representing an homology class [o]. We define the cup product U by
([aluleD(0) = cr(ooan) - ca(o o fm). (6.13)

The cohomology complex H* (M) = @,, H" (M) already had the structure of an abelian group,
with the sum of two cohomology classes being the class of the sum of any two of their rep-
resentative if they belongs to the same H™ (M) or just their abstract sum if they belong to
different H" (M), H™(M). The addition of the cup product turn H*(M) into a ring.
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6.7. Orientation for a Manifold.
Whereas homology is a device to extract global information about a given topological space
M, relative homology is a way to extract local information. For example, the relative homol-
ogy group H, (M, M\ x) only depends of the local topology around the point xe M. If M is a
manifold of dimension m, we know that this local topology is equal to the local topology of
IR™ around 0, hence the isomorphism H;, (M, M\ x) = H,(R™,IR™\ {0}). Using the long exact
sequence of relative homology, and the fact that IR \ {0} is homotopic to S”, it is straight-
forward to show that H, (IR, IR\ {0}; Z) is 0 when n # m and isomorphic to Z when n = m.
A generator uy € Hy(M, M\ x;Z) is called a local orientation around x. An orientation of M
is an assignment x — py, p a generator of H,(M, M \ {x};Z) such that Vx € M, there ex-
ists a compact neighborhood K of x and a class ux € H, (M, M \ K) such that the restriction

rk,x(UK) = lx. Here, the restriction map rk x, is derived from the canonical inclusion

Cn (X)/Cn(U) — Cn (X)/Cn({x})- (6.14)

This definition of orientation should be understood in the following way. An orientation of
IR™ is the choice of an ordered basis that we can see as the edges of A”. Because locally M
is like IR, we can look at a singular simplex with image around x € M as a map R"” — IR".
The one with non vanishing determinant fall into two classes, choosing the generator p is

exactly like choosing which one has positive determinant.

6.8. Orientation for vector bundle.
Let (E,M,n) be a vector bundle with fiber IR”. An orientation for E is a choice of an ori-
entation for each of the fiber in a continuous way. The orientation of the fiber is given by a
homology class ur € Hy, (IR, IR"\{0}, Z). The locality condition is that for any trivializing chart
77 1(U) = U x R" there should exist an homology class uy € Hy, =), 771 (U)g; Z) such that
under restriction to any fiber, yy is mapped to ur. Here 77! (U)o means 7~!(U) minus the
0 section. When a possible choice for an orientation of E exists, we say that E is orientable.
A proposition states that a manifold is orientable (as a manifold) if and only if its tangent

bundle is orientable (as a vector bundle).

6.9. De Rahm Cohomology.

Let M be a manifold. Then the differential forms on M form a complex of cochain
0L o' Latan . Laimtp L (6.15)

whose coboundary map is the exterior derivative. The cohomology groups H};,(M) of this
complex are called de Rahm cohomology group, named after Georges de Rahm, who proved,
among other things, that for compact manifolds these de Rahm cohomology groups are iso-
morphic to the singular cohomology groups [Rah31]. The isomorphism is still valid for para-
compact manifold, as has been shown by Weil [Wei52|. However the coefficient ring of the
de Rahm cohomology groups is necessarily IR because the space of differential form Q(M) is

a real vector space. Furthermore, under this isomorphism, the cup product is mapped to the
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wedge product, turning it into an isomorphism of graded ring
H*(M;R) = H} (M) (6.16)

6.10. Orientation with Differential form.
We have seen that the orientation of a manifold can be defined by an ordering of the basis
01,05,...8, associated to a local frame (x!,x?,...x"). Now, the space A" T*M, m = dim(M)

is one-dimensional. If {¥} denotes another local basis, we have
di' AdZ2 A Adi" =det(f) dx!Adx®A---Adx”, (6.17)

where f is the endomorphism sending {x} to {¥'}. {¥'} defines the same orientation as {%'}
if and only if det(f) is positive. From this remark, we understand that a nowhere vanishing
top form w € Q™ (M) defines an orientation at any point. If ' is another nowhere vanishing
top form, then there is a nowhere vanishing function F € C*°(M) such that o' = F-w. If
F is positive, o’ defines the same orientation as w, if F is negative, it defines the reverse

orientation.

6.11. Orientation with de Rahm Cohomology.
A top form w defining an orientation does not necessarily define a non trivial cohomology

m

class in Hg (M). Indeed, the prototype of orientable manifold of dimension m is IR"" and

HPLR™) = 0. (6.18)
As explained earlier, what has to be considered is compactly supported cohomology
Hff (M) = lim HJ} (M, M\ K) (6.19)

KcM

represented by form vanishing outside some compact K < M. We will simply say that for a

smooth paracompact manifold of dimension m,

" IR if M is orientable,
Hyp (M) = (6.20)
’ 0 if M is not orientable.

For any compact K of M with inclusion map tx : K — M, the top form w defining the orien-
tation is mapped to a generator of HJf (M, M\ K) by 1w, linking orientation defined through

top form with orientation defined through homology.

7. Reduction of principal bundle

7.1. Reductive subgroup.
Let G be a Lie group and H c G a sub-Lie group. H is called reductive if there exist a decom-

position of the Lie algebra g of G:
g=hem (7.1)

as the direct sum of the Lie algebra ) of H and an Ad y-invariant subspace m c g.
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7.2. Example.
The pseudo-orthogonal group SO(p,q), p+ q = n is a reductive subgroup of GL,(R), the
group of invertible m x m real matrices. Indeed, let 7 be the standard bilinear form on IR"
of signature (p,q) and let * denote the matrix transposition with respect to it, i.e., for any

Me M, (R), u,velR",
n(u, Mv) =n(* Mu, v) (7.2)

the Lie algebra gl,,(IR) = M,,(IR) of GL,(R) can be decomposed as
al,(R) =s0(p,q) &5 (7.3)

with s’ the set of matrices symmetric with respect to 7. s’ is indeed Adso(p,q) -invariant, as,

forany Mes', O€ SO(p, q),
‘omMmo™H =toM'0)=0'M'O=0MO™! (7.4)

7.3. Reduction.
Let (P M, n,G) be a principal bundle and H a subgroup of G. In general, an H-reduction, or
simply reduction, is a subspace Q c P such that (Q, M, 7|g, H) is a principal H-bundle. We
denote by ig_.p the canonical inclusion map. In this thesis, we will impose the supplemen-

tary condition that H is a reductive subgroup of G.
7.4. Reduction as a section of an associated bundle.

PROPOSITION 20. A reduction Q < P as described above is equivalent to the data of a

global sectiono : M — P xg G/ H-

Proof : Suppose Q c P is an H-reduction. Defineamap 6 : P — G/H by a(q) = eH for all
g€ Q, and 6(zg) = g~'6(z) for all ze P and g € G. We get a global section 0 : M — P xg G/H
by defining

o(x)=[z,0(2)], w(z)=x (7.5)

where [z, (z)] denote the equivalence class {zg, g‘la(z)} g€G-

Conversely suppose given a global section 0 : M — P xg G/ 'g- Taking equations as a
reverse definition, we obtain a G-equivariant map 6 : P — G/ ‘> and a reduction Q < P by
setting QG ! (eH). It remains to show that Q is an principal H-bundle. Let g1, g2 € Q such
that n(q1) = n(q2). Because ¢, g» are in the same fiber of P, there exists g € G such that
q1 = q»g. Hence we just need to show that g € H. This follows from 6(g,) = g7 '6(qo) = eH.

The number of + and minus — signs is called the signature of the metric.

7.5. Reduction for Riemannian Manifolds.
The frame bundle LM of a Riemannian manifold admits a natural reduction to SO(M), a
principal bundle with structure group SO(m), m = dim(M). We can decompose LM into
local trivializing charts {U, x GL(m)}. On each U,, we can choose, using the Riemannian

metric, local orthonormal frame {eZ}. We can order these frames so that they respect the
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manifold’s orientation. On overlaps U, N Up, the transition maps 8ap sending {e4} to {eg}

belongs to SO(m) and satisfy the cocycle property

8ap© 8By ° 8ya =IdUanUﬂnUyy (7.6)

so we can use them to define the reduced principal bundle SO(M). The local orthonormal
frames {e&} are called "vielbein" or "tetrad". We can use them to define local orthonormal

basis of the tangent or cotangent manifolds through
e‘(x)=el(x)dx*e Ty M,  Eg(x)es(x)=0q€ TxM (7.7

7.6. The tangent space of a reduction.
Let Q P be areduction and ig-.p the canonical inclusion. The pullback bundle i,  ,(TP) =
TP xp Q, which can be understood as the restriction of TP to Q, admits a canonical decom-
position

ia_,P(TP) =TQeV. (7.8)

V can be seen as generated by the fundamental vector fields associated to m in the decom-
position g = h @ m. In particular, any vector field P — TP decomposes, once restricted to Q,

to a vector field tangent to Q and a transverse vector field.

8. Lie derivative

8.1. Flow.
Let M be a manifold and X a vector field over M. At each point x € M, there is an interval

I, <R and a curve y™ : I — M satisfying
Vite I, i/}/(X)(s)ltzs ZX( (™) (1)) (8.1)
ds Y

This is the theorem about existence of solution of differential equation in manifolds, whose
proof can be found in many books, including [Lan02]. Let I be the infimum, with respect
to the order defined by inclusion, infyeps(Ix). We can define an automorphism d)f , for each
tel, by

X (x) =y (). (8.2)

The theory of ordinary differential equations insures that, for t;, #; € I such that t; + o € I

D} od) = (8.3)

1+t

a result which follows directly from the unicity of the solution of ordinary differential equa-
tion. This turn the set {®¥},c; almost into a 1-parameter group, the group law being the
composition, the identity being <I>é( and the inverse of (Df being @i(t. {(Df }rer is group only
when [ is itself an additive group, i.e. when I =R or I = {0}. In this case, {CDf }seg is called a
1-parameter group. If M is compact, then it is possible to take I = IR.

The map ¢ — ®X, re I, is called the flow of the vector field X. The map ¢ — ®X(x), € I,
is called the local flow. The local flow always is always defined for sufficiently small ¢ > 0,

which is all what we need for the next paragraph.
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8.2. Lie derivatives.
Keeping the same notation, the Lie derivative by the vector field X Lx of a function f : M —
IR is
. d X
Lx(f)= Eh:ofo@t . (8.4)

A small computation shows this definition leads to

Lx(f) =X(f). (8.5)
The Lie derivative £x of another vector field Y is
d
EX(Y)EIt:()CD)_(t* Y 00X, (8.6)
This definition leads to
Lx(Y)=[X,Y]. (8.7)

The Lie derivative £x of a one-form w is
Lx(w)= 4 oX*wo X (8.8)
dt =0
Lie derivatives are, as their name suggests, derivations. This means that, for f,g € C*°(M),

X, Y vector fields and w a one-form,

Lx(fg)=Lx(f)g+fLx(g), (8.9)
Lx(fY)=Lx(IY+fLx(Y), (8.10)
Lx(fw)=Lx(flw+ fLx(w). (8.11)

8.3. Lie derivatives of tensors.
Lie derivatives extend well to tensors. For example, the Lie derivative of V1 ®---® ¥, ® w1 ®
®wp € TM®" @ T*M®P is

d
Lx(Y1® - @Y,00® - @w),)= E(Cb)_(t*Yl®--~®<D)_(t*Yn®d>§fw1®-~-®d>)_(;‘wp)ocli$’.,12)
ZEXyl®”'®£XYH®[,X(1)1®'”®[,X(,UP. (8.13)

This formula shows that Lie derivatives are derivations for the tensor product.

Lie derivatives for sections of sub-bundles of tensor bundles are also well defined, by the
same above formula. For example, we can compute Lie derivatives of sections of the frame
bundle, which is a sub-bundle of TM®2. However we have to keep in mind that these Lie
derivatives may not stay inside this sub-bundle. Hence, the Lie derivative of a smooth frame

can be computed, but may not be a frame.

8.4. Lie derivatives for algebra bundles. Lie derivative of sections of algebra bundles

defined as quotient of tensor bundles, i.e. bundles of the type

®n * 7 r®p
TM™"T" M . (8.14)

I an ideal, can be defined if and only if Lie derivatives of sections of I, seen as a sub-bundle of

TM®" @ T* M®P, stay in I. For example, differential form are sections of the exterior algebra
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of the cotangent bundle; it is a quotient T* M®™, m = dim(M), by the ideal Iy generated by

{w; ®wy + w2 ®w1}. Because
Lx(1®wr+wr®wy)=(Lxwi ®wr+wr2QLxwi)+w; ®Lxwr+Lxws Wy (8.15)

the Lie derivative of a section of I, is a section of I, consequently Lie derivatives pass well
to quotient, and thus we can define Lie derivative of differential forms. However, in the case
of the Clifford bundle, the ideal I defining it is generated by Y, ® V> + Y, ® Y] —2g(Y1, Y2),
with g the metric. In that case the Lie derivative of a section of I¢ is not a section of I¢, as

can be seen from

Lx(Y1eY,+Y,®Y; —Zg(Yl, YO)=LxY19Y,+Y,®LxY; —Zg(ﬁxyl, Y>)
+N®LxY2+Lx Y20 Y1 —28(V1,LxY2) —2(Lxg) (Y1, Ya). (8.16)
The appearance of the Lie derivative of the metric prevent any satisfying definition for Lie
derivative of sections of the Clifford bundle.
Because Lie derivatives are derivations for the tensor product, they are also derivation for all

other product obtained from it by quotient. In particular, they are derivations for the exterior

product of differential forms. Concretely, for w1, w» two differential forms,

Lx(wi Aw2)=Lx(w1) Awa+w1 A Lx(ws). (8.17)

8.5. The Cartan’s formula.

Let X be a vector field. We define a map txwk(M) — w*"1(M)), called insertion by X, by
ixo(Y1,... Y1) =X, Y1,... Yi_1). (8.18)
Using the insertion map, we have the very famous Cartan’s formula.
PROPOSITION 21. Let w be a differential form and X be vector field, then
Lxw=(dix+ixd).w (8.19)

8.6. Lie derivatives for super-manifolds.
The formulas (8.5), and are so simple that they usually serve as definition in
super-differential geometry, together with their property of super-derivations. More precisely
if M,0O is a super-manifold, f,g € O(M), X,Y € DerO(M), w € Q(M), all supposed homoge-

neous, the following equalities serve as definitions

Lx(f)=X(f), Lx(fe)=Lx(Hg+ DXV fry(g), (8.20)
Lx(Y)=[X,Y] Lx(fY)=Lx(NY + DXV fy(y), (8.21)
Lx() = (dix +ixd)o Lx(fo) = Lx(Ho+ D)XV fLyw), (8.22)

Lx(Yow) =Lx(V)ew+ DX VY e Ly(w). (8.23)
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9. Connections

9.1. Distributions.
Given a smooth manifold M, a distribution is a the data, for each x € M, of a subspace
Ey c TyM. We will call a distribution regular if all the subspaces V; have the same dimen-
sion. A distribution {E = LIE,} is called smooth if for every x € M there exists some smooth
vector fields Xj,..., X;, defined in a neighborhood of x such that for each y in this neighbor-
hood X;(y),..., Xx(y) span E;. An integral manifold for a distribution V in a manifold M is
a pair (V,t) where N is a manifold and ¢ : N — M is an immersion such that for each x € N,
1« (TxN) = E,(x). An integral manifold is called maximal if it is maximal with respect to the or-
der defined by inclusions. A distribution is called integrable if for any point x € M there is an
integrable manifold containing it. A distribution is called involutive if the Lie brackets of any
two vector fields of the distribution is again a vector field of the distribution. The Froebenius
theorem states that a smooth regular distribution is integrable if and only if it is involutive.
For supermanifolds, we say that a distribution is regular if their even and odd dimensions

are sep arately constant.

9.2. Vertical, horizontal and G-invariant distributions.
Let (B M, ) be a fiber bundle. The set V = Ker(n.) < TP form a smooth regular integrable
distribution called the vertical distribution. Its integral manifolds are simply the fiber of the
fibration. The choice of complementary space H, of V, form what is called an horizontal
distribution, also named connection. It is automatically regular, and is usually required to be
smooth. If (P M, , G) is a principal fiber bundle with right action r, we say that a distribution
E is G-equivariant (sometimes also called G-invariant) if Exg = rg.« Ex. A principal connection
is a smooth G-equivariant horizontal distribution. Still in the case of a principal bundle, the
right action r : P x G — P give rise, when restricted to a fixed z € P, to an isomorphism r,
between G and the fiber containing z. The tangent map at the identity of this isomorphism
defines another isomorphism r;.|., between the Lie algebra g of G and the vertical subspace
V.. Those vertical and horizontal subspaces can be respectively regrouped into two new
bundle, denoted VP and HP. The construction of VP can be extended to any bundle, not
necessarily principal. For HP we can extend it generically if we forget about G-equivariance,

or we can define it on associated bundle using the associated structure.

9.3. Connection one-forms.

The choice of an horizontal distribution H; at z is equivalent to the choice of a projection
D,:T,P—V,, 9.1

with H; = Ker(®;). ®, can be seen as an element of T,) P ® V,. When the horizontal distribu-
tion is smooth, the assignment z — ®, define a one-form ® with values in V: ® € Q(BVP),
and reciprocally. In the case of a principal bundle, we can use the isomorphism r.|. defined

above to have a connection one-form with values in g instead of VP

Dz (rule) Lod,. (9.2)
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Using pullback of sections, we define a connection one-form over the base manifold
A=s*®,  s:M— P asection. (9.3)

This connection one-form may be defined only locally, if s is a local section. It is this defi-
nition that we will mainly use in this thesis, and that we will refer to simply as "connection"

and we will also always assume that the connection is G-equivariant.

9.4. Gauge transformations of the connection.
Because this definition of the connection A depends on the choice of a section, it is impor-
tant to understand how A changes when we change this choice. Given two sections s, $»,
defining two connections A; = 51¥®, Ay = 5,* D, the principal bundle structure ensures the

existence of a smooth map g : M — G such that
Sp=151-8. 9.4)

Hence we have to relate s} ® with (s1-g)*®. We start a digression. Suppose we have a smooth
map f : M xN — P between three smooth manifolds M, N, P. Let liy and ri, be the left- and

right-insertion map
lix: N—-MxN, y—(x,), (9.5)
riy: M—MxN, x—(x,}). (9.6)
Their tangent maps are given by, at some yy € N, xp € M,
lixslyy : TyyN — TxM x Ty, N, Y — (0,Y), 9.7
Tiyslyy : TyyM — TxyM x TyN, X~ (X,0). (9.8
Thus the tangent map of f at (x,y) is
Felayp X, Y) = (foliy)«ly(Y) + (foriy).l«(X) (9.9
Applying this observation to the right action r of G on P we obtain that
(ro(s1,8))« =Tgs081x +I'sx © &us (9.10)
where we have used the short-hand notation rg = rorig, rs, = roliy . Dualizing, we get
(518 =sirg" +8"rg," 9.11)
This equality simply reflect the derivation rule:
0i(s1(x) - g(x)) = (0i51(x)) - g(x) + 51 (x) - (0; g (x)). (9.12)

Note that the above formula requires a well defined action (we have denoted it - as well) of G
on the tangent space Ty, ()P and of the tangent space Tg()G on P. This would be the case,

for example, if G is a matrix group, see below.

The gauge invariance of the connection is by definition the equality

rg« Hy = Hzg. 9.13)
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This means that given a tangent vector X, its decomposition X = X" + X"" is preserved by

the tangent map r¢.
Fage (X" = (rgu XDV, 1w (X1) = (rgu )M (9.14)

For the one-form @, this last equality implies, for any tangent vector X, rg.®(X) = ®(rg. X),
or simply

rg«®=rg"®. 9.15)

Now let X be a vector in the Lie algebra g = T,G. From

_d . d s
FgulzTzule(X) = E(rg(ze”‘)) = (288 leiX g) (9.16)

we obtain the equality
rg*|zrz*|e(X) = rzg*'e(Adgfl)_()- (9.17)

To follow carefully the end of the computation, we denote be @ the value of ® at z, i.e.

@, € T} P. By definition ®;) = r,.|.®(,), hence

rg*|zq)(z) = rg*|zrz*|ed)(z); (9.18)
= IzgwleAdg1®(y). (9.19)

Using equation (9.15), we get
rg"|zg®P(zg) = TzgxleAdg1Py). (9.20)

Finally, applying rzg*le‘1 on both sides of the preceding equation, we obtain rg*| zgi)(zg) =
Adg-1®(,) or simply, as this equality hold for all z € P,

rg"®=Ad,-10. (9.21)
Hence we have worked out the first part of the computation
A =Adg1 A1+ 871y " ®. 9.22)

For any vector Xg) € TgG,

2" |zg(i>(zg) Xg) = " lzg T2+ |e_1q)(zg) (X)), (9.23)
= rz*|e_1q)(zg)(rg*|gx(g)) (9.24)
= rz*|e_1rg*|gX(g); (9.25)

where the last equality holds because rg.|g X(g) is a vertical vector. Now of course
Tz« |e71 TgxlgX(g) Tz |971 Tgx |gig* |ezg—l* lg X(g)» (9.26)

where Zg denotes the left multiplication by g. Because r is a group action r;(g182) = rz¢, (82),

or, in other words, r;g = r; o I;. Hence

r2" g Pag Xig) = [g-1 (X(g) (9.27)
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showing that r,*® is simply the Maurer-Cartan form of G. Hence the second term in is
the pullback of the Maurer-Cartan form by the map g : M — G. Hence

Ay ZAdg—lAl +g*9 (9.28)

Now suppose G is a matrix group, in which we can multiply tangent vectors with group ele-

ments. Then, for a vector X € T, M,
85 0(X) =0(g(x)) (8 X) = Ly-1(), 8 X = g ' (0)0; () X’ (9.29)
Hence we arrive to the physicist’s notation of gauge transformation
Ay =Adg1 A +g7'dg (9.30)
9.5. Local description.
Let (B, M, ) be any bundle with fiber F, ® a connection one-form and ¢, : P — U, x F alocal

trivializing chart. In this chart, a tangent vector X, at z € P can be decomposed as a tangent

vector of M and a tangent vector of f:
Pax(Xz) = (X, Xp), ba(2) =(x, ), Xy €TyM, XreTyF (9.31)

The vertical vectors are those tangent to the fiber, i.e. the "X¢’s". Hence applying the con-

nection one form, we have
Par PPyt (X, Xp) = (0, T, ) (X + X)) 9.32)

For a linear homomorphism I’ wf) - TxM & T¢F — T¢F. This homomorphism is a projection
onto the T¢F, hence
Lo X+ Xp) =T ) (Xo) + X (9.33)

Thus a connection can also be defined charts by charts, by saying how much a vector tangent
to M in a chart is vertical, which is precisely what T'y, ) (X) tells. In the case (B M,7,G) is a

principal bundle, the equivariance of the connection is the expressed through I" by
re« L' =T gg)- (9.34)
In the case, the link between I' and A, is given by
A =lg1, (T g, + 8a)- (9.35)
In this last equation, the section s, defining A, is given in local coordinates by
$a o sa(x) = (x,8a(x), (9.36)
and lg, . denotes the pushforward of the left multiplication by g, in G.

9.6. Connections and reductions.
If (B M,n,G) is a principal bundle, A, a connection form on P (rigorously, we should write
{Aq}, associated with some cover {Uy} of M), and (Q, M, 7, H) a reduced principal bundle,
with Q c P and H a subgroup of G, then A, defines a connection on Q if and only its image

is in the Lie algebra h < g of H.
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9.7. Connections on associated bundles.
If (BM,n, G) is a principal bundle, ® a G-equivariant connection on P and E = P xg F a
associated bundle, it is possible to construct a connection for E. We will do it locally on
trivializing charts using the form I' of the previous paragraph. For simplicity, we will write
the right action of G on P and its left action on F using dots. We will also not write explicitly
the charts map ¢, as well as their pushforward, and indentify P = U, x G, Uy < M. In this

set-up the quotient map defining E takes the form

UyxGxF=PxF—E=UyxF, (9.37)
(x,8,v)—(x,8-0). (9.38)
At the level of tangent spaces,
TP x7g TF — TE, (9.39)
(x, 8,0, Xz, Xg, Xp) — (X, 8 1, Xy, Xg - v+ &+ Xp). (9.40)

hence a tangent vector of E can be written as an equivalence class
v X, X)) = [(6,8,8 1 ;X0 Xg, 8 Xy —g 1 X871 V)L (9.41)

What we can do is apply the connection ® to any vector of this equivalence class to obtain
its vertical part, express it in terms of the G-equivariant I" and apply the quotient map (9.40).

We obtain a local definition for a connection form ®F on E

DF(x, v; X, Xp) = (%, 1505, T ) (X2) + X)), (9.42)
Ten (X0 =Trg(X) g7 -v. 9.43)

9.8. Covariant derivatives.
The covariant derivative correspond the "horizontal projection after taking exterior deriva-
tive". So far we have defined ® : TP — VP. Equivalently, we have the horizontal projection
h=®-1Id: TP — HP. The dual endomorphism acts on differential forms h* : Q(P) — Q(P),
whose image are those differential forms which vanish on vertical vectors. The covariant

derivative V is the composition of h* with d
V=h"*od. (9.44)
It is a derivation as d is a derivation and h* is an endomorphism for the exterior algebra of

forms.

9.9. Basic forms.
Suppose we have a representation p : G — F of G onto a vector space F and consider the
differential form with values in F, Q(P, F) 3 w. Among these forms, horizontal forms are the
one satisfying

ho=ow. (9.45)

Invariant forms are the one satisfying

rgw=p@Eg "o (9.46)
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A form which is at the same time horizontal and invariant will be called basic, their space will
be denoted Qgp,s (B F). Basic forms are related to form with values in the space of sections of

the associated bundle P x F through the isomorphism
Qpas(PF) = Q(M, P xg F) (9.47)

where Q(M,P xg F) = QM,T(P xg F)) = QM) @ I'(P xg F). We will refer to elements of

Q(M, P xg F) as forms-sections.

Proof : Let w = 0* ® [, € Qpas(BF). We cover M by local patches {U,} such that we have a
local section s, on each patch. We define w € Q(M, P xg F) by

w(x) = (s;0?) (%) ® [sq(x), fa] if x € Uy, (9.48)

where [sq(x), fz] denotes the equivalence class defining an element of P xg F over x. We
show that this definition does not depends on the chosen section s,, which will at the same
time show that w is single-valued on overlap UanUpg. Let §, be another local section defined

on Ug. Then there exists a map gq : M — G such that §; = 54 - go. Using (9.11),
((5a - 8a (X)) @) (x) ® [$q () - 8o (x), fal =
(st + gars 0] (0 ® [50(0ga ), ful- 9.49)

Because w is horizontal, rg @ = 0. Using invariance of w, we have

(5207) (%) ® [Sa (x), fal = (s507) (x) ® [0 (X)gar (82  afb), (9.50)

which is what was needed to be shown.

Conversely suppose given w € Q(M, P xg F). Then we define w(z) € Qpas (B, F) by the formula
0°(2) ® fo=n,0%1(2) ® 2, fal, (9.51)

where 7} is the pullback T (z)M — T} P. This form is horizontal because of 7*. Its invari-

ance follows form the equalities nzg = rgnz and [z, fy] = [zg,p(g’l)bafb].

9.10. Covariant derivatives of basic forms.
Let w € Qpas (P, F) be a basic form, p the action of G on F, ® a connection and V the covariant
derivative. Then
Vo =dw+p.(®) Aw. (9.52)
We show this equality following [KolMicSlo]. We calculate what gives the two sides of the
equality when applied to k vectors (Xj,..., Xk) supposing w is a differential form of degree
k —1. We separate in two cases: when all vectors are horizontal and when at least one vector

is vertical. In the first case,
Vo(Xi,...Xp) = h'dw(X,..., Xk, (9.53)
=dw(X;..., Xg), (9.54)

=dw(X;..., Xp) + px (@) Aw(X7 ..., Xp), (9.55)
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since ® applied on any horizontal vector gives 0. The second case is equivalent to applying
tx to both side of the equation, where X is a vertical vector and ¢ the insertion operator.

Because X is vertical, and both w and Vw are horizontal,

ixw=1txVw=1xh*dw=0. (9.56)
Using Cartan’s formula, we have

txdw = (tyd+dix)w =Lxw (9.57)

We can write X = r, a for some a € g. So

d Xx
Lxwz = T l=0P% Wgx (o) (9.58)
d ,
= alrzore%wzem, (9.59)
d ta
= ah:op(e )W zpta, (9.60)
=p«(@wz, (9.61)
= p(@X))w,. (9.62)
Hence
hdwlX,...)=i1xh*dw(...) = (9.63)

9.11. Covariant exterior derivatives in associated bundles.

The isomorphism between basic forms and and forms-sections, together with the formula
for covariant derivative of basic forms, lead to a natural definition for covariant derivative of
forms-sections. Let w = w%s, be a form-section. Using the notation of the preceding para-

graph, e.g. sq = [Sq, fal, we perform the following transformations
Q(M,PxgF)> w’® [Sa;fu] — ”:awa ®fa € Qpas(P F), (9.64)
My 0 fo— V(i 0°® fo) =drl, 0 ® fot+ (-1) 7 0 A p.Df, (9.65)
where k is the degree of w* (assuming it is of homogeneous degree) and the (—l)k comes

from the inversion of ® and w®. We continue
drj w’® fu+ (—l)kn:aw“ AP« Dfy,

— sadnl 07 ® [Sa, fal + (D sint 0% Alsa, pesi®fal. (9.66)

The operator d commutes with pullbacks, s;7; =Id and s is A4 by definition. Hence, after

simplification, we obtain our definition for covariant derivative of forms-sections:
Vo =dw+p.Ag Ao, w€eQU,,PxgF) (9.67)

This last formula is widely used in physics, because what we call forms-sections are usually
used to describe matter fields. It also explains why the connection expressed in its local form

A, is preferred by physicists (rather than the global ®).
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9.12. The covariant derivative is a derivation.
It is direct to show from that the covariant derivative fulfill a derivative property. If
w e Q(M) is a k-form and o € Q(M, P x F) is a p-form-section, then w Ao is a k+ p-form-
section and

ViwAo)=dowro+(-1D)*eAVe. (9.68)

9.13. Matrix form of the connection.
In this part we assume that the representation p of G on F is transitive. Let {e,} be a local
basis of E, i.e. {e,;)(x)} is a basis of the fiber E, for all x in some open subset of M. Then we
can write e, in the form
ea(x) = [sa(x), fal, (9.69)
for some local section s, of P. The preceding development shows that

Veq = (Aa)’aep, (9.70)

where (Aa)ba is the matrix form of p.(Ag). If 0 € Q(M, E) is any local form-section, then we
can decompose o = g%, with 0% € Q(M) and by the derivation property of the covariant

derivative
Vo =(do%e, +0%Vey,), 9.71)
- (do“ + (Aa)“bcrb) ea. 9.72)

We can write down the form indices as well, in which case we have, for 0- and 1-forms-

sections,
V0% =0,0%+ A%0", 9.73)
(Voyuy = 0y0®y = yafy+ A 0"y = A%)y0”), (9.74)

We have introduced a convention that we will keep throughout this manuscript: matrix in-

dices are written before form indices. We also recall the convention that for a 2-form w,

1
w= Ewmdx“ Adx". (9.75)

10. Curvature

10.1. Definition.
For any fiber bundle (P, M, x), the vertical distribution is an integrable distribution, because
of the formula, for X, Y e I'(VP),

(X, YD) = 7" (%), 7" (V)] (10.1)

However the horizontal distribution is not necessarily integrable; the vertical part of the Lie
bracket of two horizontal vector fields is correspond to the curvature of the distribution.
More precisely, we define the curvature two form R at x € W, c P, for two local vector fields
x,Y e T'(TW,) defined around x, by

Ry(X,Y) = ®([h(X), h(Y)])x- (10.2)
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Intuitively, this definition of the curvature can be understood in the following way. Pick two
horizontal direction, say west and north, and let’s imagine the vertical direction is the alti-
tude. If there is non a vanishing curvature, making first an infinitesimal step to the west then
an infinitesimal step to the north versus making first an infinitesimal step to the north and
then an infinitesimal step to the west (this would represent a Lie bracket [Xwest, Ynorth]) will
lead you to the same location but not at the same altitude. This difference of altitude is the
curvature and it is precisely the quantity expressed by (10.2). A short calculation shows that

the definition (10.2) is equivalent to

R=h"do. (10.3)

10.2. Standard Formula for curvature.
We assume (P, M, , G) is a principal G-bundle and the connection one-form ® is a principal

connection. We show that our definition is equivalent to the standard curvature’s formula
1
R=do+ E[(D/\(D]. (10.4)

The notation [A] denotes the product obtained from the tensor product of the two algebras
Q(M) and the Lie algebra of vector fields, recall ref(EARLIER). The proof of is given in
[SpinJMF] and consists in deriving the equality

R*dO(X,Y) =dd(X, Y)+%(D(X)/\®(Y), (10.5)

in three cases:

i) X and Y both horizontal,
ii) X vertical and Y horizontal,
iii) X and Y both vertical.

In case i), both sides of are equal to
do(X,Y). (10.6)
In case ii), the left-hand-side of vanishes whereas its right-hand-side equals to
do(X,Y) = X(@(Y)) - Y(D(X))+D([X,Y]). (10.7)

X(@(Y)) and Y (@(Y)) both vanishes because @ is constant on both the horizontal and verti-
cal subspaces: it is either the Identity or the 0 map there. [X, Y] is horizontal because of the

G'equivariance of the connection
(X, Y]=L (Y)__l l1=0P, (Y) = —| Y (10.8)
y = = = % =0T ptay ¥, .
X [ =0"¢ T =01t

where we have assumed that X is a fundamental vector field generated by a € g. The push-
forward of the right action of G on P sends horizontal vectors to horizontal vectors, hence
the right hand side of vanishes as well in case ii). In case iii), the left-hand-side of
vanishes, and the right-hand-side is equal to

-O(X, YD+ PAD(X,Y), (10.9)
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where X®(Y) = Y®(X) =0 for the same reason as in case ii). The Lie bracket of two vertical

vector fields is vertical hence

O([X,Y]) =[X,Y] (10.10)

The definition of the wedge product implies
DAD(X,Y]) = [@(X),P(Y)], (10.11)

which is equal to [X, Y] as well as X and Y are vertical, finishing the proof.

10.3. Local curvature.
We gives the formula for the curvature in terms of the local form for the connection A,. So
let (P, M, m,G) be a principal fiber bundle witch connection ®, a local section s, : Uy — M
defined on a an open U, € M and A, the "physicists" connection. Applying sj;7s,+1, " to both

sides of equation (10.4), we obtain a formula expressing the curvature in terms of A,
1
Fo=dAg + E[Aa A Aql. (10.12)

where we have defined
Fa=sirs,«|; R (10.13)
It this version of the curvature that we will mostly use. In the case G and its Lie algebra g are

a matrix group and a matrix algebra respectively, and writing explicitly the matrix and form

indices, and forgetting the local section index «, the last equation becomes
1
Fbyay = 0 A by = 0y Ay + 3 (A Ay = A% v A%y (10.14)

10.4. Equivariance of the curvature.

The curvature satisfies the same equivariance property as the connection
rg*R: rg«R, VgeQG. (10.15)

Indeed, equivariance of ® implies equivariance of &, hence h* commutes with r:g“. d com-
mutes with pullbacks hence commutes with rg*. Using these two properties and equivariance

of ® in R = h*d® shows the result. Express in term of the g-valued connection
Ry =rzl,'R=h*dd, (10.16)

this property is written

reR=Adg R, (10.17)

showing that the curvature R is a basic form R € Qp,s(P,g). Hence F, is the expression on

local patch of section 2-form of the associated bundle P x4, g.
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10.5. Bianchi Identity.

The Bianchi identity expresses the fact that the covariant derivative of the curvature vanishes
h*dR =0. (10.18)

This is shown by direct calculation using (10.3). Because R is a basic form, formula (9.52)
directly shows that

dR+[®AR]=0. (10.19)
Similarly, for F,

dFy +[Ag A Fyl =0. (10.20)

10.6. Covariant derivative and curvature.
Let (B M, ,G) be a principal bundle and E = PxF an associated bundle with p : G — GL,(F)
the defining representation. Let A, be a connection on P and V the associated covariant
derivative on E. Let w € Q(Uy, E) be a (locally defined) form-section. Using two times

we have

VVw = d?w + p.(Ag) Adw +dp . (Ag) Aw (10.21)
04 (Ag) Adw + p4 (Ag) A pu(Ag) Aw (10.22)
= p*(dAa+%[AaAAa])/\w, (10.23)
hence,
VVw = py (Fg) Aw. (10.24)

Another link between the curvature and the covariant derivative can be expressed through
the operator

VX ﬁlxv, (10.25)

where X is a vector field on M. Using the derivation property of 1x and d, two vector fields

X,Y on M and a form-section w, a computation of VxVyw shows that
tytyFy =[Vx,Vy] - VX, Y]. (10.26)

10.7. Connection and curvature for super-manifolds. We end this section by briefly
presenting how the theory of connection and curvature extends to the case of super-manifold.
We follow [Sta98|, and we refer to it for further details. However here we call "super" what
the author of the aforementioned article calls "graded". Let (M, ) be a super-manifold. A
super-distribution is a subsheaf D of Der(O) of constant graded dimension i.e. the dimen-
sion of the even and odd part of D are separately constant. The distribution is called regular
if the dimension of the even and odd part of the stalk Dy, x € M are also separately constant.

In [Sta98] is shown

THEOREM 13. Let (P,Op) be a super-principal bundle over the super manifold (M, Oy)
with structure group G, Og. The action of (G,Og) on (P, Op) induces a regular super-distribution

of vertical derivations that we denote Ver.
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A graded connection is then defined as a regular distribution Hor c Der(Op) of (even

and odd) dimensions equal to the ones of M, Oy such that
1) Hor @ Ver = Der(Op),
2) Hor is (G,Og) invariant,
where we recall that the action of (G,Og) on Hor is given by the comodule structure of Op.

Later it is shown that such a distribution can be equivalently described by a one-form w with

values in the super-Lie algebra g of G of total Z, degree 0,
w= wﬁ))Xu(o) + wi‘Xa(l), (10.27)

where w(‘g) (resp. wf‘l)) is a purely even (resp. odd) 1-form and X, (resp. Xq(1)) is a generator
of the even (resp. odd) part of g. From w, it is possible to define a super-covariant derivative
and a super-curvature exactly as in formulas (9.67) and (10.12).

11. Riemannian Geometry

11.1. Riemannian Manifold.
Stricto sensu, a Riemannian manifold is an orientable manifold M together with a Riemann-
ian metric. However, in this work we will usually call "Riemannian manifolds" orientable
manifolds with pseudo metrics. We recall some notation regarding Riemannian manifolds

and introduce some new ones. First the metric is denoted
g=gundx!edx". (11.1
However, when expressed in a local orthonormal basis {e?} we denote the coefficients by 1,
g=nae’ee’ (11.2)

We shall always use greek indices to refer to coefficients expressed in a natural frame while
latin indices refer to coefficients expressed in an orthonormal frame. The orthonormal dual
basis e” is called vielbein, as well a the matrix ej; relating it to the natural basis dx*. Ej

denotes the inverse matrix of eﬁ. If we summarize

et = ezdx“, E,= EZGH, (11.3)
Ehel =6y,  Ehe) =0}, (11.4)
nabezee = 8uv» gvaZEZ =TNab- (11.5)

The orthonormal tangent vectors E, as well as the coefficients Ef, are also called "inverse

vielbein". There is also an inverse metric g~!, with upper indices.
g ' =g"0,®0,=n""E, 8 E. (11.6)

We don't write the power ~! for the coefficient, hence the reader should remember that a g*

(or n%P) with upper indices refers to the inverse metric.
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11.2. Connections for manifolds.
Let M be a manifold. We will call a connection on M a connection on LM, the frame bundle
of M. This kind of connection gives rise to a covariant derivative on TM. Let us recall that
for any vector field X, and any point x € M, VX is an element of T,M ® Ty M. Thus we can

expand it in the natural basis {0, ® dx"}
VX=(VX)", 0,edxt. (11.7)
In particular, applying this formula to the vector field 9, itself
(Vop) =(Vop)y oyedxt=T",, o0,®dx" (11.8)

In equation 1l we have define the coefficient of the linear connection I'y , expressed in a
natural basis. It is important for the reader to remember that whenever he sees the connec-
tion expressed with greek indices and denoted by the letter I', we refer to formula (11.8). It
may also be important to remember that the convention we adopt is that the first two indices

are the matrix indices while the last one is the form index.

11.3. The spin connection.
In the Riemannian case, we have access to the orthonormal frame E,, hence we can express
the matrix coefficients of the connection in this basis. Doing an analysis similar to the one
of the preceding paragraph, but using the orthonormal frame as basis of the tangent space

(but keeping the natural frame as basis of the cotangent space), we get
VE,=(VE)’, Ep®dx'=w’s E,edx* (11.9)

Expressed in this basis, we always denotes the connection-form w“p,. w%p, is sometimes
called the spin connection. The relation between I'V,;, and w“j,, is obtained by expending
E, = E}0, in (11.9). Using the derivation property of the covariant derivative

V(E)0,) = dEY0, u+ E\Vd,, (11.10)

we arrive at
w®puEy = 0,E) + ENTY .. (11.11)

This equation is sometimes called "vielbein postulate" in the literature.

11.4. Connection for Riemannian manifolds.
Let M be a Riemannian manifold, with metric g. and connection form A. We recall that the
metric induces of the principal frame bundle LM to the (pseudo-)orthonormal frame bundle
SO(M). The connection A is called "compatible with the metric" if it define a connection for
the reduced bundle SO(M), in other words, if A takes values in the Lie subalgebra so(p, g) c
gl(p+ g). In term of w?, the fact that the image of the connection is inside so(p, g) can be
written

Nac®’p+MNpcq =0 (11.12)

Because 1 is constant, this last relation immediately implies that

Vg=dnap+w anca+® pNac =0 (11.13)
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But this relation must hold in any basis, hence we have
Vu8va :augv)l_rpaugp/l_rp/lugap =0. (11.14)

11.5. Torsion.
A particularity of the tangent space in the whole family of tangent bundle, is that the fron-
tier between form-sections and tensors is not so clear. In fact, the same object can be seen
through different angle, but the way we look at it is important when we compute its covariant

derivative. Among those objects, the identity of the tangent space
Id:TM—TM, (11.15)

can be seen as a 1-form with values in TM, i.e. an object of Q(M, TM). When so considered,

it is called the soldering form. We can write it
e=e"®E,. (11.16)

The covariant derivative of e need not to vanish; in fact this covariant derivative is called the

torsion of the connection and is denoted T

T=Ve=T",dx' dx"®E,, (11.17)
1
T = > (apeﬁ —6vez +w“bye€ —w“bveZ). (11.18)

11.6. Levi-Civita Connection.

THEOREM 14. Let M be a Riemannian manifold. There exist on M a unique metric com-

patible connection whose torsion vanishes at every point, called the Levi-Civita connection.
In term of the metric, the Levi-Civita connection is given by
1
I*,1= 58" (0891 + 0180w~ 0p8ui) (11.19)

11.7. Riemann, Ricci and scalar curvature.
The Riemann curvature is by definition the curvature of the Levi-Civita connection. We de-
note it

1
R=—-R" d0,®dx"edx" ndx’. (11.20)
27 vAp

The matrix coefficient of the Riemann curvature can also be expressed in the orthonormal

frame, in which case we write them R%p,, or even
R, =0 R . (11.21)

Because the * and the , of (11.20) are dual to each other, we can pair them, obtaining a trace
leading to the Ricci tensor

Ricyp = Ruvppy (11.22)

where we have used Einstein’s summation convention. Finally, the scalar curvature is

R = g"" Ricyy. (11.23)
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In some physical models, we shall sometimes also use an arbitrary SO(p, q) connection. We

will still write it ' or T'#, 3, and still call the tensors defined by equations (11.20), (11.22) and
(11.23) using this arbitrary I'" in the right-hand side the Riemann, Ricci and scalar curvature.

12. Lie derivatives of spinor fields

12.1. The strategy.
A natural definition for Lie derivative of spinors fields would have been to see them as section
of a bundle associated to the Clifford bundle, if we had a natural definition for Lie derivative
of sections of this Clifford bundle. However we have seen this is not the case, hence we need
another idea. The method we will use is to see the spinor bundle as a bundle associated to
the spin bundle, i.e. the principal bundle whose structure group is the spin group. The spin
bundle however is not a natural bundle, in the sense it is not a sub-bundle of a tensor bun-
dle. But the (pseudo)-orthogonal bundle is; and the 2-to-1 covering Spin — SO is sufficiently
simple, so that we can "lift" the definition of Lie derivatives on SO(M) to Spin(M). Once we
have a definition of Lie derivatives on Spin(M), we have one for the spinor-bundle by the

associated bundle construction.

12.2. Projectable vector fields.
Let (F,M,n) be a fiber bundle. A vector field X : F — TF is vector field satistying 7. X, =
7w+« Xz, whenever m(z1) = m(z2). In that case, denoting ¢ = 7. X (7. X is taken at any point of

the fiber), we say that X is projectable over ¢.

12.3. The vertical vector bundle.
Let (E, M, ) be a vector bundle. Then the vertical bundle VE is isomorphic to E x, E,i.e. the

Whitney sum of E with itself, the canonical isomorphism vg being given by

VE:ExyE—VE (12.1)

d
(x, Uy, V) — E lt=0(X, Uy + tVy) (12.2)

12.4. Lie derivatives for general vector bundles.
Let (E, M, ) be a vector bundle and o : M — E a section. Let X : M — T M be a vector field
and ¢ : E— TE a projectable vector field over M. Then the expression 0. X —¢ oo define a
section of the vertical bundle VE. Indeed, 7.0, =1d and n.¢ = X at any point of E, showing

that 7. (0. X — ¢ o0) =0. Using the preceding observation, we have, for all x € M,
0+ X—¢o0(x)=(0(x),Lex(0)(x)) € E xpp Ey. (12.3)

L¢ x(0)(x) is the generalized Lie derivative of o with respect to ({, X). Hence the generaliza-

tion needs the additional data of a projectable vector field over X.
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12.5. Recovering the standard definition.
When the vector bundle is E = TM and the section o is a vector field Y, we have a natural
projectable vector field X, € TTM over X. We then recover that Lx(Y) is the second compo-
nent of Y, X — X, Y in the decomposition (12.3). The same remark applies for Lie derivatives

of one forms (where the projectable vector field is X*) or Lie derivatives general tensors.

12.6. General Lie derivatives.
We now give the general definition of the Lie derivative of any map f : M — N between two
manifolds, with respects to two vector fields X : M - TM, ¢ : N— TN,

Lex(f)=fX-Eof. (12.4)

12.7. Kosmann Lift.
Let M be a manifold, and X : M — TM a vector field. There is a natural lift of X to the frame
bundle LM defined as follows. Let <Df the flow of X and (x;(ey,...,ex)) a point of LM, i.e.

{ea}Zi:l is a local basis of T, M, where m = dim(M). We can extend (Df to be by
D (x5 (eq, ..., em)) = (@F (X); (@ e1,..., DY em)), (12.5)

which define a one-parameter group of diffeomorphism of LM. Differentiating with respect
dbi( to t at t =0, we obtain a vector field X : LM — TLM. In local coordinates,

X(x;{eqh) = [(x;{eqd); (X (x); ea(Xh)

axab)]. (12.6)

This natural lift is invariant under the action of GL(m). From it, it is quite simple to construct

a natural orthonormal lift, called Kosmann lift,

1
Xk (x3{ea)) = (X(x), 5 n*ec(XP) =nPCe (X)) Jap) 12.7)
where
1 0 9
]ab—i(nhcm_nacm) (12.8)

denote a set of generators of so(p, g). An important point is that the Kosmann lift is SO(p, q)-
invariant. We recall that a vector field X : P — TP on a principal bundle P with structure
group G is G-invariant if

V(z,8)€PxG, rg.X(2)=X(zg). (12.9)

12.8. Covering projection.
We recall that, given two topological space A, B, a covering projection is a surjective map
p : B— A such that, for all a € A, there exists an open subset U, c A and a discrete space D

(not depending on a) such that

P U = | Vae (12.10)
deD

where each V; , is homeomorphic to a. When such p exists, B is called a covering space for
A. As a matter of facts, a covering space of a manifold is a manifold, a covering space of a Lie

group is a Lie group.
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12.9. Covering lift of vector fields.
Let M be a manifold, G a Lie group and p : G — G a covering projection such that Ker(p) is
normal in G (equivalently, ker(p) is contained in the center of G). Let (P, M, G,n), (P, M, G, )

be principal bundle over M such that we have a map p : P — P satisfying
VzeB,VgeG,p(z-§=p2) - p@. (12.11)

In this set-up, it holds that any G-invariant vector field of P is projectable over a vector field
of M, and can be lifted uniquely to a G-invariant vector field of P. In particular, if we consider
the principal spin bundle Spin(M), covering the orthonormal bundle SO(M) as in ,
then the Kosmann lift can be lifted again to a Spin(p, g)-invariant vector field, that
we still call Kosmann lift. From the practical point of view, this Kosmann lift to the spin
manifold takes the same form as (12.7), but with the generators J,; being now generators of
the spin(p, q) Lie algebra, typically represented by %yab, the y,’s being the generators of the
Clifford algebra.

12.10. Lie derivative of spinor fields.
If (B M, r,G) is a principal vector bundle and E = P x F an associated vector bundle, then a

G-invariant vector field Xp defines a vector field Xg on E through
Xg(e) = [(z,Xp(2)),(e,0)], (12.12)

where [,] denote the equivalence class defining TE as the associated bundle TE = TPx g TF,
and reciprocally. Hence if SM denotes a spinor bundle v : M — SM a spinor field and X a

vector field on M, we obtain a vector field X (y(x)) projecting on X (x), using the Kosmann

lift Xx for Xp in (12.12). Applying (12.3), we obtain

1
LxW)() = Lgg x @)W = X ea) + 201" ec(X) =" ecX Ny apy- (12.13)

13. Characteristic classes

This whole section is a resumé of [MS74] until the paragraph "Chern-Weil Homomor-

phism". Then we use [Nak91].

13.1. Thom isomorphism theorem.
It is also possible to define orientation in term of cohomology rather than homology. Exactly
like homology, we have that H"(IR",IR"” \ {0}; Z) = Z, and an orientation is given by the con-
tinuous choice of a generator ur for this cohomology group at each fiber F in accordance
with local trivializing charts like in the homological definition. For oriented vector bundle

we have the Thom isomorphism theorem

THEOREM 15. Let (E, M,n) be a vector bundle with fiber R". Then H'(E,Ey;Z) =0 for

i <n and H"(E, Ey; Z) contains one and only one class u such that for any fiber IR" L FcE,

ipu=ureH"(R",R"\{0};2), (13.1)
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where ur is the preferred generator at F defining the orientation. Furthermore the application

H"(E;Z) 3 a— avue H"'(E, B, Z), (13.2)
define an isomorphism HYE;Z) ~ HF"(E, Ey, 7).

Finally because HN(E,Z) =~ H*(M,Z), uu leads to an isomorphism between HA (M, Z)
and H*(E;Z) = H*"(E, Ey, Z).

13.2. Euler class.
Keeping the same notations, the inclusion ¢: (E,) — (E, Ep) gives a morphism H k (E, E(;)Z) <l—>
H* (E;Z) HT» H k(M ;Z). The image of the orientation u just defined under this morphism is
called the Euler class, we denote it "e". The Euler class is our first example of a characteristic
class: a cohomological class of the base manifold but describing a certain type of vector

bundle. The Euler class fulfill some important properties among which we find:

i) The Euler class is natural: If f: M — M’ is a smooth map covered by a morphism of
vector bundle fE — E', then e(E) = f*e(E).
ii) The Euler class of a Whitney sum is e(E & E') = e(E) U e(E").

Here a morphism of vector bundle means a morphism of manifold such that its restriction to
any fiber defines an isomorphism IR” — IR”. The first property implies that the Euler class of
a trivial vector bundle vanishes. Indeed, if (E, M, ) is such a bundle, there is a morphism of
vector bundle sending E to IR covering a map sending M to a point (and the cohomology of
a point is trivial). The second property implies that if (E, M, ) admits a nowhere vanishing
section, its Euler class is trivial. Indeed, in that case we can decompose E = E' @ L where L is
the trivial line bundle defined by this nowhere vanishing section. Then e(E) = e(E') U e(L) =
e(E"YuO.

13.3. Complex vector bundle.
By a complex vector bundle, we mean here a vector bundle (A, M, &, F) such that each fiber F
is isomorphic the the complex vector space C" for some n. The realification A of a complex
vector bundle A is the real vector bundle with the same total space A but whose fiber are
now the real vector spaces Cj = IR?". The complexification E¢ of a real vector bundle E is
the vector bundle obtained form E whose each fiber have been complexified F — F @ C. If
(E, M, ) is a real vector bundle, a complex structure on E is a continuous assignment x — J,
x € M where ]y : F, — Fy, Fy the fiber over x, is a real linear map squaring to —Id. A real
vector bundle can be turned into a complex one, by declaring on each fiber the action of C

to be

(a+ib)-vy=a-vy+b-Jyvy, vi€F,,a+ibeC. (13.3)
If (A, M, m) is a complex vector bundle, its realification admits a canonical complex structure
induced by the multiplication by i. A word of cautious: for the real vector bundle (T M, M, r),
what we have presented as a complex structure is called an almost complex structure. It

is only when this almost complex structure is integrable, i.e. when it allows to see M as a
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complex manifold, that this almost complex structure is called simply a complex structure.
But in this case the complex-real duality which is studied concern the base manifold itself,
not the vector bundle, hence the discrepancy in the denomination.

If (A, M, ) is a complex vector bundle, its realification Ay is orientable. Indeed, consider any
basis ay, ..., a, of the fiber C". Declaring the basis ay,iay, ay, iay,...,an,ia, of [R2" ~ CI’& to
be ordered in this sequence does define an order on IR?”*. This order does not depends on
the chosen basis of €, because mainly a permutation of any two a;’s will lead into permuting

simultaneously two elements of the induced real basis.

13.4. Grassmann Manifold and universal bundle.
The Grassmann manifold G, (R"*¥) is the set of n-planes in IR”*¥_ It is a direct generalization
of the projective space PIR" = G1(IR""1), the set of lines in R”. The Grassmann manifold
G, (IR™¥) is a compact manifold of dimension nk. The infinite Grassmann is the direct limit

G = |J Gn(R™F), (13.4)
kelN*

(IN* is the set of strictly positive integers), where each Gn(IR”+k) is seen as a subset of the
bigger G,(R™K k<K, thanks to the canonical inclusion IR**k =« R"*¥ | In other words we

have

Gn(R™) c G,(R"™) c G, (R™*?) c---c G (13.5)

and a set in GS° is open if and only if its intersection with any G,(R"*¥) is open. G° is an
infinite dimensional paracompact "manifold" (we will not define infinite dimensional mani-
fold). A paracompact space is an Hausdorff topological space such any cover admits a locally
finite refinement. A cover is locally finite if each point meets only finitely many open set of
the cover. Over each G,(R"*¥), and over G° we define a vector bundle y"** (or y%°), with
fiber R” through

point in y** = (n — plane in R+, point in that 7 — plane). (13.6)

The fact that y+* and y$° respect the local triviality condition can be found in []. In a com-

pletely analogous way we can G, (C"*%), Gro }/Z}k » Yorc Where R is everywhere replaced by

n+k

C. (E.g. Yne is the set of (n—plane in crk, point in that n — plane)), etc.)

13.5. Universality of Y.

The bundle y$? is universal in the following sense :

THEOREM 16. Let E be a vector bundle over a paracompact base with fiber isomorphic to

IR™. Then there is, up to homotopy, a unique morphism of vector bundle from E to y5’.

The same theorem holds if we replace R by €. The existence of such a morphism of

vector bundle means that we can see E as the pullback bundle

E=f*(y) (13.7)
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where f in the underlying map f : M — G°. In other words, a vector bundle over M with
fiber IR” is nothing but an homotopy class of a smooth map [f : M — G,]. Also, this theorem

implies that for any real vector bundle E with fiber IR” there is a morphism
fi H (yy)— H'(E) (13.8)

13.6. Chern Classes.
This paragraph presents one possible definition of the Chern classes ¢, ¢z, .... Let (A, M, 7, C")
be a complex vector bundle. The top Chern class is defined as the Euler class of the underly-

ing real vector bundle

cn(A) = e(AR) (13.9)

For the next one, we define an n — 1-vector bundle over A whose fiber over (x,v) € A, x€ M,
veF=C"is Cn/< VY- The Chern class c;,_; is defined as the Euler class of the realification of
this bundle. The n—2, n—3, etc Chern classes are defined with iteration of this construction.

The total Chern class is the sum
c=l4+c1+co+--+cy (13.10)

With this construction we can see directly that the Chern classes tells us how many indepen-
dent nowhere vanishing sections of A we can find. If there exists one, c, vanishes, if there

exist two, c¢,,_1 vanishes, etc.

13.7. Universality of Chern classes.

Chern classes are universal because of the following properties:

(1) Chern classes are natural: Given two vector bundles E, E' and a morphism of vector
bundle f : E— E’, we have ¢;(E) = f*¢;(E").
(2) Chern classes generates the ring H* (YC;;?C)‘

In other words, any cohomology class of H* (y‘,’l‘fc) can be written as a polynomial in the
Ci (yfsc). If any cohomology class would be a universal class among the complex vector bun-
dles, by universality of Y;O,C’ it would need be a cohomology class of H* (y;‘?c), because of
the naturality property and the universality of y‘r’l‘fc, and hence be expressed as a polynomial
of the Chern classes. Finally, we can add that there are no polynomial relations for Chern

classes.

13.8. Pontrjagin classes.
We have seen that Chern classes are all the characteristic classes for complex vector bun-
dles. For real vector bundles; the story slightly more complicated because not all real vector
bundles are orientable. For example the projective space IRP" is not orientable when 7 is
even, hence the direct copy paste of the construction of Chern classes will not leads to uni-
versal cohomology class with integral coefficient. But for orientable real vector bundle, we
can define characteristic classes as Chern classes of their complexification i.e. something like
Ci(E) = ¢;(Eg). We remark that this definition gives ¢;(E) € H?!(E;Z). One more fact: Chern
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classes are independent elements and we would like to keep this property. Let A be a com-
plex vector bundle; we denote its complex conjugate by ‘A, which is the set of all (x, 7) with

(x,v) € E. Tt is possible to show that Chern classes satisfies
¢i(A) = (-D'c;i(A) (13.11)

But if E is a real vector bundle, then E_q; =E, showing that 2¢;(E¢) = 0 in that case, leading
to the following definition. Let (E, M, ) be a real vector bundle. The Pontrjagin class p;(E) €
H*(M;Z) are
pi(E) = (=1 ¢ (Eq) (13.12)
The total Pontrjagin class is
p=l+pi+patetpn (13.13)

for a bundle of fiber dimension n. The Pontrjagin classes are natural because Chern classes
are, i.e. f*(p;(E") = p;(E) for any morphism of vector bundle f : E — E'. Like the Chern
classes, the Pontrjagin classes generates a universal cohomology ring, but not H*(y$°, Z). In-
deed the torsion two elements c¢z;+1(E¢) cannot be generated by the Pontrjagin classes, but
we can get rid of it using a coefficient ring in which 2 is invertible, like Z[%] or IR. Fur-
thermore, y$° has to be replaced ¥, the universal oriented vector bundle, in order for the
property to hold. Finally, in even dimension, the top Pontrjagin has to be replaced by the

Euler class in the set of generators. because in that case
_ 2
pn=e". (13.14)

If we resume, let R be a ring containing %

D1 F), P2(F), ..., Pn ()} generates H® (G) if n is odd,
D1, P2(T50)s - Pr—1(F50), e(¥50)} generates H'(Gﬁo) if n is even.
13.9. Stiefel-Whitney classes.
Another type of characteristic classes in the real case can be obtained by changing the coef-

ficient ring by Z,. Indeed, in that case H"(R", IR\ {0}; Z,) has a unique generator (equiva-

lently: all manifolds are Z,-orientable). This leads to the Thom isomorphism:

THEOREM 17. Let (E, M, m) be a real vector bundle and E, the obtained from E after re-
moving the image of the 0-section. The cohomology groups H'(E, Ey; Z,) are all O for i < n,
and H"(E,Ey; Z,) is generated by a unique class u, whose restriction to any fiber gives the

unique generator of H" (R,IR"\ {0}). The map
HY(B; Zy) — HN(E; Z,) — H"F(E, Eo, Z,), (13.15)
a—n"(a)— 1" (a)Uu. (13.16)

is an isomorphism, called Thom isomorphism.

It is then possible to construct the Stiefel-Whitney classes from the class u of the the-

orem. We won't detail the construction. Let us say that we obtain one class w;(Z,). These
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classes contains global information about the vector bundle. For example (E, M) is ori-
entable if and only if w;(E) = 0 and, if it is the case, admits a spin structure if and only if
wy(E) =0.

13.10. Gauss-Bonnet theorem.
The perhaps most famous link between cohomology and differential form is the Gauss-Bonnet
theorem which relates the Euler characteristic y(M) of a Riemann surface to the integral of

its Gaussian curvature K.

(M) =fd2xK. (13.17)
The Euler characteristic is simply the Euler class evaluated on the fundamental homology
class pps defining the orientation

xX(M) =<e, tm). (13.18)
The direct generalization of the Gauss-Bonnet theorem, the Chern-Gauss-Bonnet theorem,

states that the for a 2n dimensional Riemannian manifold M, with Riemann curvature R, the

Euler class is

e Pf(R). (13.19)

"~ enn
The Pfaffian "Pf" is like the square root of the determinant. For a 2n x 2n skew symmetric
matrix X it is defined by

="
2"n!

Pf(X)= > D' Xo)0@ Xo@)o@ - Xo@n-1oen- (13.20)

0’€$2n

13.11. Chern Weil homomorphism.
The equivalent of Chern classes in de Rahm cohomology can be computed as integral of
certain polynomials in the curvature of any connection. This fact is a consequence of the
Chern-Weil homomorphism which states the following: let (E, M, ) be a vector bundle, as-
sociated to a principal bundle whose structure group is G; then any Adg-invariant polyno-
mial define a de Rahm cohomology class by evaluating it on the curvature of any covariant
derivative of E. Here we will consider polynomials P(X) with the indeterminate X evaluated
in a (super-)Lie algebra g. In order for this to make sense, we see g as a subalgebra of an
algebra of (super-)matrices. In this setting, and with G a group whose Lie algebra is g, P is

called Adg invariant if
P(AdgX) = P(X). (13.21)
If (E, M, ) is a vector bundle, V = d+ A a covariant derivative on E, F the associated curvature

and G the group such that A takes values in g = Lie(G), we can evaluate a polynomial in F

using the product rule

F*=F* NFP ® X, Xp. (13.22)
Xq, Xp are Lie algebra elements and their product is the matrix product as just said. If P is
an Adg-invariant polynomial, then

(1) P(F)isclosedi.e. dP(F)=0,
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(2) If A’ is another connection with curvature F’, then P(F') — P(F) is exact, i.e. is the

exterior derivative of a differential form.

In other words, P(F) define a de Rahm cohomology class, which does not depend on the

choice of the connection one-form A.

13.12. Proof of the Chern-Weil homomorphism.
Let us prove this statement as we will need a result from the proof of the second statement.
It is sufficient to prove the proposition for homogeneous polynomial, so suppose P is homo-

geneous of degree r and write
P(F) =Py (EF,...,F). (13.23)
5,—1

r—times

P,, called the polarization of P, is the symmetric polynomial which, when all its argument

are identical, gives P. Infinitesimal Ad¢ invariance implies, for X € g
P.(IX,F|,E...,F)+ P (E(X,F,....F)+---+ P.(EF...,[X,F]) =0. (13.24)

Because d is a derivation, we have

dP,(FF...,F)=P,(dFF...,F)+ P.(FdF,...,F)+---+ P.(F F...,dF), (13.25)
=P.dFEF...,F)+P,(FdF...,F)+---+ P, (EF...,dF) (13.26)

+P([A FLE...,F)+ P, (F[AFl,...,F) ++-- + (13.27)

+P (EE...,[AF)), (13.28)
=P,(VEF...,F)+P.(FEVE...,F)+---+ (13.29)
+P.(EF...,.VF)+ P.([AFl,F,...,F) =0, (13.30)

using the Bianchi identity VF = 0. For the second statement, define interpolating connection

and curvature

A=A+ tAp, Ap=A - A, (13.31)

F,=F+ tVAx + 2 Ap2. (13.32)

In this calculation, V =d + AA is the covariant derivative with respect to A. Then

, 1 4 1 d
P(F)—P(F):f dt—P(F):rf dtP,(—F, F,,...F,) (13.33)
0 dr 0 dr
1
- rf dt(Pr(VAA,Ft,...Ft) +2tPr(AA2,Ft...Ft)). (13.34)
0

Using Bianchi identity and invariance of P a short calculation gives
dP,.(Aa, Ft,...Fy) = VP (VAp, Fy,...Ft) + (r —1)tP:(Ap, [As, Ftl, Fy, ..., Fyp). (13.35)
Invariance of P again implies

2P, (Ap% Fy...F) + (r —1)Py(Ap, [As, Fyl, Fy, ..., Fy) = 0. (13.36)
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Hence
P, (F')—P,(F)=drTp(A, A", (13.37)
Tp(A A = foldtP,(A’—A, F;,...Fy) (13.38)
The form Tp(A, A) is called a transgression form.

13.13. Analytical Chern and Pontrjagin classes.
Let (E, M, ) be a complex vector bundle of rank n, with a covariant derivative V and the

associated curvature F. Then the total Chern class c(E) is equal to
F
c(E) =det(Id+ —) (13.39)
2mi

Expanding the determinant, we obtain the Chern classes c;. For example

c1(E)= —F, (13.40)
27
¢ (E) = L M EAF) —Tr () ATE(E), (13.41)
472
i n
cy(E) = (—) det(F). (13.42)
27

Now if (E, M, ) is a real vector bundle, with covariant derivative V and curvature F, the total

Pontrjagin class is given by

F
E)=det(A+ —). 13.43
p(E) =det(A+ 27[) ( )
The expansion of this formula gives
1 2

pi(E) = —@TI(F ) (13.44)
(E) = (1) 21y (13.45)

p2 12874 ) .
(13.46)

1 n

Pins2] =(§) det(F). (13.47)

13.14. Proof for Chern classes.
Let us outline the proof of (I3.39). The first step is to prove it for a compact complex line
bundle L. This is done using the Gauss-Bonnet theorem, which links the Euler class to the
Riemannian curvature. This ends the first step as in that case ¢ =1+ e. The second step is to
prove it for arbitrary Whitney sum of compact complex line bundles E=L; @ Ly &---& L,. In
this case we can write a connection as a sum of connections on each Line bundle, leading to
a diagonal curvature
F

F,
F= _ (13.48)



94 CHAPTER 3. DIFFERENTIAL GEOMETRY
Then the property of Chern classes with respect to Whitney sum
C(Ey®Ex®---®E)=c(E1)Uc(E)U---Uc(Ey) (13.49)

is used to show that (13.39) holds in this case. The last step is to show that the pullback of

the morphism of vector bundle

f:yfl’?d:eay‘l’?d:@-n@yfc _’Yzo,cr (13.50)
n—t‘irmes

maps H" (Y5, €) monomorphically into H*(y{% &+ @ y{%). As a consequence, the result
holds for y7°c. Because the pullback of the Chern classes are the Chern classes of the pull-
back, and that the pullback of a curvature 2-form is a curvature 2-form, if the result holds for

Y5 ¢ it holds for any bundle.

13.15. Chern-Simons forms.
Let P be a 2k-form associated with a characteristic class. Because P is closed, there ex-
ists, at least locally, a (2k — 1)-form Q whose exterior derivative is P. Such a form is called
a Chern-Simons form. Chern-Simons forms can be constructed explicitly using the trans-
gression form Tp. Indeed, putting A’ = 0 in (13.37), we obtain

1
Q= kf P(AFy,...Fy), (13.51)
0

with now

F,=tF+ (> - AN A. (13.52)

As an example, the Chern-Simons form associated to the second Chern-Class is
1 2
Q3=—Tr(A0A+-ANANANA) (13.53)
8n2 3

where Tr denotes an invariant bilinear form of the Lie algebra in which the connection-form

A takes values, like the trace for a faithful irreducible representation.

14. Jets

14.1. Multi-index notation.

A mutli-index is a finite sequence of positive integer which we will denote using an underbar
p= {u1,... Unt. (14.1)
It will serve for example to denote succinctly derivatives with respect to multiple variables
Oy =0y, ...0u,. (14.2)
Given a multi-index My we denote by | El the sum of all index it contains

lul = py + p2 + oo+ p. (14.3)
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14.2. Jets.
Let M and N be two manifolds. We define equivalence classes indexed by positive integers
~k on the set of functions from x € M to y € N by the following. Two functions f,g: M — N,
f(x) = g(x) = y are equivalent, and we write it f ~ g if and only if for any function ¥ : R — M
with ¥ (0) = x and any real-valued function ¢ defined on a neighborhood of y, the derivatives
of ¢po fow and ¢po gow at 0 coincides up to order k. An equivalence class for this relation
is called a k-jet at x, denoted by jXf (or sometimes only j'f if the origin x is clear), and
the set of all these jets, which is easily seen as a vector space, is denoted J ’;(M,N) y. By an
abuse of language, we can say that two function define the same k-jet at x if their respective
Taylor expansions at x agree up to order k. The following simple proposition should make

the reader’s mind clear:

PROPOSITION 22. Two functions defines the same germ at x if and only if they define,
V k€ IN, the same k-jet at x.

14.3. Tangent vectors and jets.
Given a manifold M and a point x € M, we can identify the tangent space at x T,xM and the
Jet space from IR to M ]é(IR,M) x- Hence we can easily extend the notion of tangent vectors
to second-order, third-order, k-order tangent vectors as elements of ]3 (R, M), ]S(IR, M), and
](')C (IR, M) respectively. We can also speak of tangent bi-vectors, or second-order tangent tri-
vectors as elements of ]é(IRZ,M) » and ](Z)(IRs,M) « respectively. This suggests the notation
TkX.M for the space ]g(IRr,M)x. The union of all the spaces TX.M form a bundle over M,
denoted TXM. Its typical fiber is the space LK, = JE(R",IR™),.

There is a natural pairing between Jj (R, M) and J 1(M,R) given by

d
G'fite = (fo)Dli=0, (14.4)

showing that the space J.(M,R)y can be identified with the cotangent space T; M. Analo-
gously of what is done for the tangent space, we will denote by Tr*)f the space J )’C“ (M,R")g and
T7*M the bundle over M their union form. Its typical fiber is the space L% ..

14.4. The group GF,.
We define the group G¥, of k-jets of diffeomorphism ¢ : R™ — IR sending 0 to 0, i.e. GX, is a

subset of ](’f(IRm, IR™)y. The group multiplication is given by composition:

Vi*f,i*geGh, i fi*g=j*(fog) (14.5)
The group G¥, can be identified with the group of polynomial functions from IR™ to IR with

at most degree k or equivalently to

GL(m)[Xl,...,Xm]/I’ (146)
where
I=( ), XHGLM)(Xy,..., Xl (14.7)
|ﬁ|:k+1

is the ideal generated by elements of total polynomial degree strictly bigger than k.
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14.5. Jet prolongation of manifolds.
Jet prolongation of manifolds are defined as jet prolongation of the local charts. Hence we
define F¥M, the bundle of k-jets of smooth diffeomorphism from IR” to M. It is a principal
bundle whose structure group is GX,. The right action is given by composition of representa-

tives.
r:F*Mx Gk — Ffm (14.8)
G*¢, v — jFpow. (14.9)
As notation suggest, this bundle is the natural extension of the frame bundle FM. The bun-
dles T*M, T}*M defined above can be seen as associated bundles of the principal bundles

F¥M, exactly like the tangent bundle is a bundle associated to the frame bundle. The left

actions of the structure group G’,,% on the typical fibers L*rm, L*mr are given respectively by

p1:GE Lk 1k (14.10)
5o, jFu) — jFpow), (14.11)
p2: Gy x Ly, — Ly, (14.12)
G*¢, j* ) — jFapop™. (14.13)

14.6. Geometrical interpretation of Lie algebra expansions.
If (G, mg, i, e) is a Lie group, then the tangent group (TG, Tmg, Ti, (e,0)) is a Lie group as well.
This fact is still valid for the extended tangent spaces T*G. Let g be the Lie algebra of G and
g'¥ the one of T*G. Then

gkl = g[X]/<Xk+1>. (14.14)

Let us show it. The first point is to compute the prolongation j¥m of the multiplication law
of the Lie group. In order to avoid complicated notation, we will write everything as if we
were in the case of a matrix Lie group. The notation can then be adapted by the reader to the

general case. Hence let
(81, X1, A1,...U1), (82, X2, Az,...., Up) € Th(G). (14.15)

Then there are two local curves ¢4, @2 : [-1,1] — G such that

g1=91(0) g =¢2(0), (14.16)
X—dl X—dl (14.17)
1= dt =091 2= dt =092, .

d? d?
A= ﬁltzo(ﬂl Ay = Wlt:O(PZ» (14.18)
(14.19)

dk dk
U =2 Up= 2| _00s. 14.20
1 dtk|t 0P1 ) dtk|t 02 ( )
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The result of the sought product is obtained by computing the k-first derivatives of m (¢, ¢>).

Hence

J m((gL X1, AL, UD); (82, Xo, Ay, UR)) = (81 82,81+ Xo + X1 - €2,
gl-A2+A1'g2+2X1-Xg,...,gl'U2+U1-g2+...). (14.21)

We have not write the full product at the k" element for the sake of clarity. Next we compute
the tangent of the left multiplication I'¥ associated with this product. We need an element

a of the Lie algebra g'¥! expressed as a derivative
d
a= a|t=0(efw, tY,tB,...,tV). (14.22)
We have
[k d [k :
Mgxa..ux@= E|t:0 ' gxa.uEeWtY,tB,...,tV)|, (14.23)
— (g W,g Y+X-W,g-B+A-W+2X-Y,...,g-V+U-W+...)(14.24)

We can similarly compute the tangent of the right multiplication r*!,. The last step is to

compute the Lie bracket of two elements a, b € g using

d
(a, bl gin = ada(b) = E|t=0Adg(t)(b): (14.25)
d
a=—li=0g(0), (14.26)
Adg=1Mg, orM .. (14.27)

The result is
[(Wl;leAlw-wUl),(WZrXZ»AZ)---,UZ)]g[k] = ([WI’WZ]gy (W1, Xolg + [X1, Walg
(W1, Azlg + [Wa, A1lg +2[X1, Xolg, ... [W1, Uzl g + (U1, Walg +...), (14.28)

where we have denoted by []4 the Lie bracket of g. Hence the Lie bracket [] glkl is the exactly
the one of EV(X’““)'

14.7. Jet prolongation of fiber bundles.
There are two kinds of jet prolongation of fiber bundle. The first category consists in pro-
longing the sections. Hence, given a fiber bundle (F, M, ) we define the set /*F whose ele-
ments are k-jets jffo of sections 0 : M — F defined around a point x € M. There is a natural

structure of nested fiber bundles

P21
.

MIZpP g iy iy (14.29)

where the projection p,,—; is just given by the truncation of the Taylor expansion. These
jets bundle are the one to consider in field theory. Indeed, when we consider a Lagrangian

depending on fields and its derivatives

L(¢,0,6,...) (14.30)
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it is an interesting point of view to see in fact the fields and its derivatives as jets, as they are

like simple coordinates, and the whole lagrangian as a function
L:JJF-A"M (14.31)
instead of a functional
L£:S(M,F)—A"M (14.32)

where S(M, F) denotes here the space of smooth sections. The former point of view simplify
the formalism, in particular when we consider the Euler-Lagrange derivatives
oL oL
% - "a(a—y@ +...

which are now simple derivatives instead of variation of functional with respect to functions.

(14.33)

In particular no 6 function appears in (14.33).



CHAPTER 4

Physical Models

1. Gauge symmetries

1.1. The harmonic oscillator.
One of the most basic model in theoretical physics is the harmonic oscillator. It describes a
large class of system including for example pendulum’s oscillations in the small angle limit.

The equation of an harmonic oscillator is
j+wiq=0, (L.1)

whose solution is
q(t) = Acos(wot +¢). (1.2)

Equation (1.1) is referred as the equation of motion of the system. ¢ is the dynamical variable
under consideration, it also called coordinate, and belongs to the configuration space. A
and ¢ are two integration constant determined by the problem one is considering, wy is the
frequency. The model of the harmonic oscillator can be used to describe the movement of
a pendulum with small oscillations. In this case, g is the angle between the pendulum and
the vertical axis and wg = \/%, g being the gravitational acceleration and L the length of
the pendulum. In this model, like almost all other model of classical physics, the dynamical
parameter is the time ¢. Here, g is also called a physical degree of freedom. It correspond to
a parameter which can in principle evolves in any way, but whose behaviour is completely
fixed by the equation of motion. The equation does not depends explicitly on time, thus
is invariant under time translation ¢ — ¢+ ty. This kind of symmetry, which correspond to a

global transformation of a physical quantities, is called a global symmetry.

1.2. Example of gauge symmetry.
In this thesis we will be interested in another kind of symmetries called gauge symmetries.
There are the symmetries of the equations of motions involving an arbitrary function of time.

For example consider the system

X— %x+ y=0
))ccx+y' (1.3)
. vy _
Y= x2+y2y_x—0
It is invariant under
x()— %),  yn)— Py, (1.4)

with A an arbitrary function. Indeed, the general solution is given by

x(t)=eMcos(r),  y(t) =M sin(r). (1.5)

99
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Here, the transformation is called a gauge transformation and A is called a pure gauge
quantity. It is a variable which is still completely free after solving the equation of motion,
and which does not depend on the initial conditions; and thus cannot be given any physical
interpretation. Indeed the physical system we are considering does not provide any way of
measuring it. As it cannot be provided any physical sense, it is convenient to fix its value to
a given value in order to simplify the problem. For example we could choose A(#) = 0. This
procedure is called gauge fixing. It is worthwhile to note that going to another system of co-
ordinates makes the arbitrariness of unphysical coordinate more explicit. Indeed, choosing

polar coordinate (r, a), the system|1.3|can be written

a=1, (1.6)

making it clear that r = e* does not play any role. Once in this form, we can get rid of r
definitively and the system does not contains any pure gauge quantities anymore. However,
in many physical problems this kind of simplification may not occur, and it is often more
convenient to work keeping the pure gauge quantities, solving them only in the last steps of
the resolution of a physical proble. In this example, we saw that only the angular coordinate
was sensible to the initial data, necessary to solve the differential equation. Such a quantity
is called an "on-shell degree of freedom". On the other hand, x and y are called "off-shell
degrees of freedom". They correspond to the number of expected functions to be found
solving equation of motion after a quick and naive look at them. One important step in any
physical problem is to count the number of degrees of freedom, This has to be understood
as counting the minimal amount of initial data that are necessary to solve the equations of

motion.

1.3. Gauge symmetry in shape dynamics.
The following example is taken from [Wil22]. We consider a body that we approximate in the

following manner: we cut it into N pieces, that we then reduce to a single point, concentrat-

N
i=1"

having a mass m;. We consider then a motion of the body, which consist of a rotation each

ing all the mass of that piece. Hence the body is seen as a collection of N point {x;} each

point x; around the center of mass, hence:
xb (1) = R™ (a)x} (0), 1.7

for a matrix of rotation R*V with some angle of rotation a;. In the notation we adopt the
convention that two repeated indices are summed. This convention is called Einstein’s sum-
mation convention and will always be assumed in this manuscript. In order to study de-
formation of the body, we introduce the reference coordinate s;, which is the position the

point x; would have taken if the body were not deformed during its motion. Once again, we
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consider that the motion consists only of rotations, hence:

()= U6)s] (1), (1.8)

st (6) = TH(B;) x] w(0), (1.9)

R (a;) = UM O T (), (1.10)
(1.11)

with two new rotation matrices U*” and T"'. We consider that s;(0) = x;(0), i.e. the body
is not deformed at the beginning of the motion. For the sake of clarity, we will no more
write the angles (a;), (8;), (6;) in argument of the rotation matrices. We are interested in the
analysis of the torque induced by the motion. We recall that the torque correspond to the

derivative with respect to time of the angular momentum, which is itself given by:
N
I* =Y my(x i) - x) i, (1.12)
i=1
with the time derivative denoted by a dot. We introduce the angular velocity:
wh) =RMP(RTHPY, (1.13)
with which the velocity can be expressed as:

i =l x}, (1.14)

and, with the help of the moment of inertia:
IMVP% (x1) = m; (5“le-vxf +6Vpxi.le - 6P x) x7 —6V‘7xfxf) , (1.15)

(where 6" is the Kronecker’s tensor) express the angular momentum as:

N
" =Y M7 (xp)why . (1.16)
i=1

We now wish to separate the contribution from what we will call the true movement of the
body, which is given by the s;’s, and the deformation of the body, given by the motion of the
x;’s relatively to the s;’s. For this, we find the relations between the respective moments of

inertia and angular velocities:
1P (x;) = UREUYPUPY U0 19F10 (5y), (1.17)
wh) = UM U ol + UM (UHPY. (1.18)
The angular momentum can thus be written as:

LK = gray VP [abieo (s (a)”" + w”") , (1.19)

i Si

where cbf 7 = (U~HPYU? will be called in this section the "connection". The gauge freedom
of this problem is the choice of the reference coordinate s;. Indeed, nothing here tells us

what is the true motion of the undeformed body, and it is our free choice the set it through
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the coordinates s;, or equivalently, through the choice of the global rotation T. A gauge trans-

formation is a choice of another s;:
si=(V s (1.20)

It implies a change in the connection:
@ =viev+vly (1.21)

This is precisely the kind of transformations followed by connections in fibre bundles, as we

will be shown later. Finally, the torque of the body is expressed as:

ar*v . oo | po
—— = U UYPD, 197 (@77 + 007). (1.22)
dat ! !

We have introduced the covariant derivative
afipo~P0 PO apspv d . - apspv | sap~pvyruvipo (~p0 | PO
D PP @] + wy, )=(0%*o %+w orY + 6P IHY (@; g ). (1.23)

1.4. Lagrangian formalism.
Models in physics are often cast into a formalism called Lagrangian formalism. It correspond
to an integrated form of the equations of motions, which are then obtained by varying the
dynamical coordinates or the dynamical fields, following the least action principle. Here, a
theory is specified by an action, denoted S, which is the integral over time of the Lagrangian,
denoted £,

B
S= L(gn (1), qn(1), §u(1),..)dt, (1.24)

[7)
where q,(t), n € {1,...,N} are the dynamical coordinates. The action principle states that

among all possible path going from {g,,(£4)} to {g,(¢p)}, the physical one is the one for which

the action take an extremal value. Thus the equation of motions are
65 =0. (1.25)

The variation 6S is given by the integral of the variation of the Lagrangian, which in turn is

given by

oc d oL d* oc
L= |-t
dqn, dtdq, dt®dg,

dﬁ_d6£+ 6+6L+ S+
aa, aiag, T qn 3, T gn+...

In computing the equation of motions, the variation is always assumed to leave the extremal

+ ] 5qn (1.26)

,d
dt

(1.27)

points fixed
6qn(ta) =6qn(tp) =0. (1.28)

Hence the integral of the total derivative (1.27) gives 0. Furthermore, in most of the situation
encountered in physics, the Lagrangian depends explicitly only of g and g. Thus we arrive at

the celebrated Euler-Lagrange equations

oL —ia—c—o (1.29)
0qn  dtdgn ‘
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while the derivative term reduce to

d(aL

. 1.
ey aqn5q") (1.30)

1.5. Noether symmetries.
Lagrangian formalism permits to make the link between global symmetries and conserved
quantities. Global symmetries are those which are parametrized by a global constant param-
eter. We said earlier that the equations of motion of the harmonic oscillator were unchanged
after translation in time. We propose to show here that, using the Lagrangian formalism, a
system enjoying such a symmetry possesses an associated conserved quantities called the
energy. Translation in time form a one-parameter group of transformation. When dealing
with such a kind of transformation, it is best advised to look at infinitesimal transformation.
Let £(qn(t),gn(t)) be a Lagrangian not depending explicitly on time. Under infinitesimal

time translation ¢ — t+¢, £ is transformed as

d
L+e—L. 1.31
+Edt ( )
At the same time, we showed that the have
oL d oL d | oL
0 L=|——-——|0 +—|=—90 1.32
€ (aqn dtac']n) eln dt(ai]n sCIn) ( )

Here, 6:q, = qn(t+¢€) — gn(t) = €G,. We are interested at properties of a physical object, for
which the equations of motion hold, hence we assume the first term of the right-hand-side
of to vanish. However, in this computation we don’t require the boundaries to be fix :
here they are shifted as well (g, (t4) — g, (ta + €)). Equating the variations obtained in
and in (1.32), we get

d | oL .
sﬁ(ﬁqn—ﬁ) =0 (1.33)
Showing that £ = 6‘%67” — L is conserved.

More generally, a Noether symmetry is any transformation which transform the Lagrangian
by a total derivative, i.e. for which §.£ = %IC, for some functional £ and for which the
infinitesimal parameter ¢ is constant. Then, a computation totally similar as the one we just

made shows that the quantity

o= oL O0cqn—K (1.34)
= aqn 86/11 .

is conserved. This conserved quantity Q is called the charge of the symmetry.

1.6. Gauge symmetries in Lagrangian formalism.
Let us point out that in the case of time-independent Lagrangian, the Euler-Lagrange equa-
tions (1.29) can be rewritten as
0°L o . 0L
3 A A, Ami -
04m0qn 0qn 0qmodqn

Hence, the acceleration §, can explicitly compute from the {g,}’s and {g,}’s if and only if

Gm (1.35)

2
the matrix aq‘jn—g% is invertible. In the case it is, the system can be exactly solved, in the
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opposite case, the solutions will contains arbitrary functions of time, meaning that we have

the appearance of a gauge symmetry.

1.7. Hamiltonian formalism.
The Hamiltonian formalism starts by defining canonical momenta associated to the dynam-
ical coordinates (or dynamical fields).

_oc
Odn”

Pn (1.36)

In case of gauge symmetries, these momenta are not independent: they satisfy some condi-
tions, denoted ¢, k € {1,... K} called "constraints", that we assume independent. Next we

introduce the Hamiltonian as the Legendre transform of the Lagrangian:
H=qap" L. (1.37)

The Hamiltonian, as well as The constraints ¢y, are functions of p, and g, only and does

not depend on the velocities ¢,,. When non trivial constraints exist, the change of variables

{ané]n}_’{qn»pn}r (1.38)

is not invertible, and map the whole (g;, g,) space to an hypersurface, called the constraint

surface"”, in the (g, pn) space, which is itself called the "phase space". The following regular-
9¢r

0(qn,pn)

mal. This regularity condition implies that locally, the constraints ¢4 can be seen (rigorously

ity condition on the constraints are usually required: the rank of the matrix is maxi-

only locally, but here we assume globally) as coordinates complementary to the {g,, p,}. In

other words, there exists some functions x;, [ € {K +1,...,2N} such that the Jacobian matrix
0(Pr,x1)
0(qn,pn)

The fact that the phase space variable are required to satisfy the equations ¢ (q,, pn) =

is invertible.
0 means that the Hamiltonian is not a well defined function of these same variables; the
following proposition teach us that it could be changed by

Ho— H+cFpy (1.39)
where the cy’s are abitrary functions of the phase space variables.

PROPOSITION 23. If a smooth phase space function G(qn, pn) vanishes on the constraint

surface, then G = gk for some functions g*

(Taken from [HT94])

A tangent vector to the constraint surface can be written as

A0 _10dn 0 10pn O

— —. 1.40
0x; 0x; 0qn 0x; Opy, ( )
To simplify the notation, in the following paragraph we write
0 0
oqn = vlﬂ opn= vlﬂ. (1.41)

axl ’ 6xl
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In this direction, the Hamiltonian changes as

. oL
6H:ann_@5Qn (1.42)
implying
0OH O0H oH
-—0gn+|=——-Gn|0pn=0 1.43
(aqn aqn) qn (apn CIn) Pn ( )
This last equation is true for any vector tangent to the constraint surface; we obtain at each
point 2N-K equations with 2N unknowns, one possible basis of solutions of which is {g%, g%

because of the regularity conditions. Thus we obtain

= T kTR (1.44)
n 0pn 0pn
oL 0 a

__ 91 k9%k (1.45)

g,  0qn aq,’

with ¢* some arbitrary smooth functions. Now we can use the Euler-Lagrange equations to

change into
__OH _ k0%

n—_aqn 0qn’

(1.46)

1.8. Poisson Bracket.
Equations (1.44}1.46), together with the constraint equations ¢ (g, pn) = 0 are called "Hamil-
ton’s equations of motion". For any two function on the phase space, we introduce the no-

tion of Poisson bracket, denoted {-,-}:

F(gn, pn), GG, ) = ———-—7—. (1.47)
qn,Pn qn;Pn 3G 0pm _ 0pn 9an

With it, can be written as:
Gn=1H, qn} + {prpnt,  Pn=—1H, pa} — bk, an}, (1.48)

and more generally

F(pu, qn) = 11, F} + c*{¢r, F} (1.49)

1.9. Constraint algorithm.
Constraints are time-independent. Hence, on the constraint surface, gbk =0. In term of Pois-

son brackets:
br = {H, P+ 1), dik. (1.50)

If this expression in not a linear combination of the already existing constraints, we obtain a
new constraint. Then we have to check that ¢; = 0, and so on. We keep the notation ¢;. for
the constraints, including the new ones we just added to the list, k belonging now to a bigger
set of indices. During the process, equations is solved for the ¢/’s, which lose arbitrari-

ness. We can always redefine ¢/ = u/ + v}, where u/ and v}, are some functions which has
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been explicitly found soling (1.50), whereas ¢’* are unknown functions, corresponding to the

remaining arbitrariness. Thus we rewrote our system of constraints:

k
H+c . —H + ¢, (1.51)

H=H+up;,  ¢,=vip;. (1.52)

1.10. First class constraints.
A quantity is called first class if its Poisson bracket with any constraint vanishes on the con-
straint surface, or, according to proposition[23} is proportional to the constraints. It is straight-
forward to show that the Poisson bracket of two first class quantities is again first class. A
quantity which is not first class is called second class. The Hamiltonian H' defined in
is first class. We use now the notation ¢, for a first class constraint and y, for a second class

constraint. The matrix of Poisson bracket for the different constraints (on the constraint sur-

face) is:
ba  Xa
¢p | O 0. (1.53)
Xb 10 Cap

If C,p is not invertible, there exist a linear combination A*C,j, = 0. Then A%y, is seen to be a
first class constraint. Thus we can assume that the separation between first class and second
class constraints has been properly made (no combination of the second class constraints
yields a first class one), and that the matrix Cg, is invertible. C,j, is antisymmetric, thus

there is an even number of second class constraints.

1.11. Gauge symmetries.
We have seen that constraints enter in the Hamiltonian multiplied by arbitrary functions.
Let us now explore how the dynamic is changed under different choices for these arbitrary
functions. Let ¢* and ¢? be two such different functions. Let F(q,, p,) be any dynamical

quantity. Its evolution is governed by the equation
E={EH}+ cpga, F}. (1.54)
After an infinitesimal displacement in time, the difference between the two dynamics is
O6F = (¢*— Mg, Fidt. (1.55)

Thus, we can interpret the constraints as generators of transformations F — F + e¢%{¢,, F}.
First class constraints generate transformations that do not take physical quantities out of
the constraint surface, as they preserve the equality ¢, = 0 on the this surface. Thus they
can be interpreted as true gauge transformation, as defined earlier. Second class constraints,
on the other hand, do not. However, it is possible to remove them from the formalism, by

modifying the Poisson bracket. The new bracket, called Dirac bracket, is:

{F, Ghpir = {F, G} — {E, xa}(C"H)* {1, G} (1.56)
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The dynamics is given by the exact same equations as before, but with the Poisson bracket

everywhere replaced by the Dirac bracket.

1.12. Gauge fixing.
A gauge fixing procedure is exactly like a constraint but added by hand. It solve a first class
constraint by forming with it a pair of second class constraint, which as we have seen, does
not allow for arbitrary function in the physical solutions of the motion. The converse is also
true: removing one of the second class constraint will turn one other (or a linear combination

of the other) into a first class constraint.

1.13. Degrees of freedom.
In this formalism, the counting of degrees of freedom is immediate. Starting with N physi-
cal coordinates g,, then going to 2N canonical coordinates (g, p,), we remove one degree
of freedom for each constraint. Furthermore, we have seen that each first class constraint
generates a gauge transformation, so we have to remove an additional degree of freedom for

each first class constraint. In the end

Number of degrees of freedom = (Number of canonical variables - 2- Number of first class

constraints - Number of second class constraints) /2.

1.14. The free relativistic particle.
Let us illustrate our preceding discussion by a very basic example of physics: he free massive

relativistic particle. Its action is:

S= —mfds, [8uvadtq”, (1.57)

with p € {0,1,2,3}, and we call the dynamical parameter s and not ¢ to emphasize the fact
that it is not time (time is usually ¢°). The associated momenta are
A

m—. (1.58)
lq

Pu=-—
There is one constraint p? + m? = 0. The Hamiltonian vanishes. Thus there is no further
constraint, and the constraint is first class. It generates the transformation:
g+
q"—q"=2me: .. (1.59)
q

Accordingly the Lagrangian changes as

L— L—-2€EL. (1.60)

Using the equality %ds = de we see that the gauge symmetry correspond to the freedom in

the choice of the parameter A used to describe the particle. The number of physical degrees

of freedom is 3.
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1.15. Field theories.
Field theories describe the evolution of dynamical fields instead of dynamical coordinates.
Concretely, this means that there are now several dynamical parameter instead of just one.
Mathematically, the problem is changed: the equations of motions are partial differential
equations, not ordinary differential equations. For example, if we consider a theory describ-
ing a scalar field ¢(x), depending on four space-time variables x = {x},-0,1,23, through a

Lagrangian L(¢(x),0,¢(x)), the Euler-Lagrange equations are

oL oL

“—a(amp) “op (1.61)

Usually, initial data for these partial differential equations are given on a surface at fixed time.
Hence space-time variables are decomposed into space variables X and the time variable .
Concretely, solving the Euler-Lagrange equations (1.61) amount to find the time evolution

¢(X,t), knowing ¢(x,0) and its time derivative d,¢(x,0).

1.16. Gauge symmetries in field theories.

In field theories, the momentum field associated to the physical field ¢ is

n(x, 1) = 6_5” (1.62)
0

The Hamiltonian # is defined a the space integral of an Hamiltonian’s density H
H(r)=[d3xH(x, H, H=ndp-L. (1.63)

The constraints functions turns into smeared constraints functionals F, which are integrals

of local functionals
f:dexF((p(x, 0,7(x,1)). (1.64)
The Poisson bracket for two functional depending of the fields ans their momenta is

O0F(x,t) 6G(x',1) OF(x, 1) 6G(x',0)| 5 ,
- d’x
dpx",t onmx",t O6mx",t dpx",t

’

{Floe 0,706, 0), G, 0,7 n)} =f

(1.65)
where the variation show the appearance of delta-functions
T
LASINY TR (1.66)
', 1)

The formalism - distinction between first and second class constraint, generation of gauge
transformation by the first class constraints, etc. - stay globally the same, but the variational
calculus implies a lot of technical difficulties in particular in the quantum theory. Hence the

attempt of using jets to mathematically simplify the calculus, [GM].
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1.17. Yang-Mills theories. The undoubtedly most famous gauge field theories are the
Yang-Mills theories. The Yang-Mils action take the form

SYang—Mills =f FAxF (1.67)
M

where M is a (usually Lorentzian) manifold, * is the Hodge operator defined in and
F the curvature associated to a connection defined over a G-principal bundle over
M. Three of the four fundamental interactions are described by Yang-Mills theories, namely
electromagnetism with gauge group G = U(1), weak interaction with gauge group G = SU(2)

and strong interaction with G = SU(3), hence their importance in mathematical physics.

2. Gravity

2.1. The Einstein-Hilbert action.
In general relativity, the physical space-time is described as a four dimensional manifold. On
it, gravity is the effect produced by metric field g of Lorentzian signature. The physical action

is the Einstein-Hilbert action

1

=-——— [ y/=gRd'x, 2.1
SeH 1671Gf gRd X @1

where the integral is over the whole space-time, R is the scalar curvature presented in (11.23),
and G is the gravitational constant. It is possible to add to this action a constant A, called

the cosmological constant

1

- — 4
SAEH = 1671Gf‘/ gR+Nd"x. (2.2)

The Euler-Lagrange equations derived from it are the Einstein equations (+ cosmological

constant)
. 1
Ricyy — ERgNV +Aguw=0 (2.3)

So far, we have presented a vacuous theory, with no matter in it. Adding matter amount to

add a matter Lagrangian to the action,

SAEH = f V=8R+ N d*x + Linatter, (2.4)

and the Einstein equations become

1
Ricyy — ERgIW +Aguy = —8aGTyy. (2.5)
Here
5£matter
T'uv = 68’7' (26)

is the energy momentum tensor, describing the distribution of matter. It is convenient to

work in a system of unit in which — =1 so that we do not have to write this constant in

1
167G
the equations anymore; we adopt this convention. All of the material presented here can be
found in [Wei72].
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2.2. Gravity is a peculiar gauge theory.
Like Yang-Mills theories, the Einstein-Hilbert action of gravity presents gauge symmetries, as
can be seen explicitly in the ADM formalism [ADM59]. However, in Yang-Mills theories the

algebra of infinitesimal gauge transformations can be factorized as
goC™® (M) 2.7

where g is the Lie algebra of the so-called gauge group G - the structure group of the princi-
pal fibre bundle - and M the manifold over which the theory is defined. In gravity the group
of gauge transformation is the group of diffeomorphism of the manifold. Its Lie algebra is
the Lie algebra of smooth vector fields and does not factorize as C*°(M) times a finite di-
mensional Lie algebra. This fact leads to many complications, in particular for the quantum

theory of gravity.

2.3. First order formalism.

It is common to consider that in general relativity, the only one fundamental field is the met-
ric g. This approach is called the second-order formalism of general relativity, because the
Einstein equations involve derivative of order two of the metric. On the other hand, the
first order formalism consider two fundamental fields for the theory, the metric g and the
linear connection I'. This linear connection is similar to the Levi-Civita, but do is not related
to the metric by[11.19] in particular its torsion does not necessarily vanishes. It is in fact the
new equations of motion, obtained by varying the connection field I', that impose the van-
ishing of the torsion. In other words, the connection solution in the first order formalism
(with action is the Levi-Civita connection. The remaining equations of motion are the
Einstein equation 2.3} unchanged.

The use of an arbitrary connection implies the appearance of another gauge symmetry (dif-
ferent of the one of the previous paragraph). This is because the connection form I" only
appears in the connection through its curvature, curvature which is invariant under gauge
transformations as defined as in paragraph Another way of understanding this new
gauge symmetry is the following. In the first order formalism, the fundamental object is an
orthonormal frame (the vielbein) whereas in the second order formalism the fundamental
object is the metric. There are several choices of an orthonormal frame for a given metric;
the freedom in in the choice of the orthonormal frame is encoded by this new gauge sym-

metry.

2.4. Vielbein as fundamental fields.
In the first order formalism, it is common to use the vielbein eﬁ defined in instead of
the metric g as fundamental field. The connection form is accordingly put with orthonormal
indices, i.e. we use the w?; of|[11.12|instead of I'. In term of this fields, the Einstein-Hilbert

action takes the form

SpH = fsabcd R p g€ p e, (2.8)
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where R% is the Riemann tensor, while the one with cosmological constant becomes
SAEH = fgabcd (R“b AeCne? + he®nel nef A ed) . 2.9)

The integral is written as the integral over a four-form instead of a zero one, hence the ap-
pearance of wedge products, as the fact that the metric determinant do not appears explicitly.
Finally, we have also introduced the Levi-Civita tensor €,5.4, whose values is the sign of the
signature of the permutation sending {0,1,2,3} to {a, b,c,d}. [Pro] contains all the standard

convention we adopt concerning it. In particular

gabed _ ﬂaenbfngcnhdgefgh’ (2.10)
Epvip = eﬁeeeieggahcd» (2.11)
et P = EhEyE}ER el (2.12)

In this manuscript, we will mainly use this form of the Einstein-Hilbert action. In this for-

malism, the gauge transformation

2.5. Lorentz gauge transformations. Expressed in term of vielbein and spin connec-

tion, the gauge symmetries evoked in (2.3) are, for Sy
Sw™ =dA" + 0 AP + WP A%, (2.13)
5% =1%,eb. (2.14)
These transformations are the geometric gauge transformations, as presented in paragraph
(9.4), for a connection-form wj, of a principal bundle whose structure group is the Lorentz

group. The field e transforms as a section of an associated vector bundle. In fact, introduc-

ing the generators J,p, P, of the Poincaré algebra

UabsJeal =Naalbe +MbcJad —NacTba — MvdJac (2.15)
Uab» Pcl =NbcPa—NacPp, [Pa, Ppl =0, (2.16)

we can write (2.13) more compactly
1 1
6w:d/l+5[w/\/1], 66:5[/1/\9], 2.17)

1 1
A= El“b]ab, w= Ew“b]ab, e=e’P, (2.18)

2.6. (Anti-)de Sitter connection.
In the case of a non vanishing cosmological constant, the symmetry algebra is changed: the
Lorentz Lie algebra so0(3,1) (we assume the dimension to be 4) is extended to the de Sitter Lie
algebra so(4,1) (if A > 0) or anti-de Sitter Lie algebra so(3,2). The Poincaré generators P, are

replaced with (anti-)de Sitter generators J, with commutation relations

1
Uar Jp] :iﬁ]ab (2.19)
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In that case, it is possible to view the vielbein e® as part of the connection as well. In other
word, it is possible to define the connection
1 1
A==+ =e%,. (2.20)
2 4
The gauge symmetry of action Spgy can be cast as a gauge transformation of the connection

A. Using a gauge parameter A = %/I“b Jap +A%], it reads
1
0 A=dA+ E[AAM. (2.21)

The action Spgy is not directly built from the connection one-form A. However, if we add the
Gauss-Bonnet invariant of paragraph (13.10), we can achieve such a construction. In details,

we define the curvature

1 1 1
F:E( “biﬁe“/\eh ]ah+ZT“, 2.22)

where T? is the torsion two-form. Using this curvature, we build the action

1 1
S = Eabed (R“b + ﬁe“ A eb) (R“” + ﬁef A ed) ) (2.23)

This action contains the Einstein-Hilbert action with cosmological constant, plus the Gauss-
Bonnet term 4.0 R’ A R°. This term does not contributes to the equation of motions, as
it is purely topological. Hence we recover from the action (2.23) the standard equation of

motions of general relativity.

2.7. Chern-Simons gravity.

The Einstein-Hilbert action can be extended to any number of space-time dimension
S/(\dE)H =€qapas..ag (R +Ae™ NeP)ne® - Ne, (2.24)

The case d = 3 presents the peculiarity of being a Chern-Simons action. A Chern-Simons
action is an action whose Lagrangian is a Chern-Simons form, as defined in section (13.15).
Here, we can write SE%H as the difference of two integral of the form (13.53) if we set (we

follow [Ban] )

1 i
A%=—Zg% 0P + = e, 2.25
2 bcW [ ( )
A= —leabcwbc _La, (2.26)
2 ¢

The connections A = A%X,, A = ZaXa are two SI(2,C) connections. The exact relation be-

tween the Einstein-Hilbert action and the Chern-Simons forms built from A and A is
B _ B ()
Snen = Scs(A) = Sg(A), (2.27)
2
S(cgs](A)zfdngr(A/\dA+ FANANA (2.28)

where the trace is taken over the representation

0 i
, X, =
i 0

0 -1
Xo = ) , Xo = (2.29)

0

DN —
N =
N | =
(e}
|
~
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We refer to [HZ16] or [Wit88|] for more details. Similar Chern-Simons action can be built in
any dimension and can be seen as useful toy-model of gauge-invariant systems in higher
dimension. However, only in 3 dimensions it matches the Einstein-Hilbert action.

In the first order formulation of gravity, there is an additional gauge symmetry which,

this time, behaves like the Yang-Mills gauge symmetry.

3. Supergravity

3.1. The Rarita-Schwinger action.
A common feature of all supergravity theories, is the presence of a spin—% field ¥ = W, dx*,
called the gravitino. Physically, it is the supersymmetric partner of the vielbein; geometri-
cally, it is one-form-section of a spinor bundle. One of the most simple action using such

Rarita Schwinger action is
Srs = f W, yHPo, Y, 3.1)

where ¥ is the Majorana conjugate of ¥. This action is defined over the Minkowski space. In
other words, the metric is the Minkowski metric, and the gamma matrices y* are assumed
to be constant (although we used greek indices). The Rarita-Schwinger action is invariant

under the infinitesimal transformation
Wy — W, +0,€. (3.2)

Transformation (3.2) is an example of a supersymmetry transformation, where the symmetry

parameter is fermionic.

3.2. A supergravity action.
A simple supergravity action in four dimension can be obtained by adding to the Einstein-
Hilbert action a slightly deformed version of the Rarita-Schwinger action. This supergravity

action is
— 1
S= fgabcdR”b NeCnet + W aet A (d+ Zw“byab)‘l’. (3.3)

As such, the action is not supersymmetric. However, it is possible to make it invariant under
a supersymmetry transformation by going back two a second-order formalism, where the

b

spin connection w%’ is no more seen as an invariant field but instead is determined by the

fields e* and Y. Its expression is obtained through its equations of motion
Wby = 0 pue) + K, (), (3.4)

where wZu(e) is the torsionless Levi-Civita connection, depending exclusively on the vielbein
field eﬁ, and Kgﬂ(w) is the contorsion tensor whose dependence from the gravitino is (eq.
9.21 in[FV12])
1 — — —
Kyppu(y) = ~a (Puyo¥v —yyu¥o+¥orv¥p). (3.5)

In the last equation, p is the form index. To go from the natural to the orthonormal indices,
we have to use equation (11.11). When the action (3.3) is expressed with w“}, satisfying (3.4),
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it invariant under the supersymmetry transformations
a 1 a 1 ab
de’ = zey v, 0¥, =(d+ Z(u Yab)€. (3.6)

Working with is sometimes called the 1.5 formalism. This denomination comes from
the fact that we are working in the second-order formalism but with fields expressed in a

notation usually used in the first-order formalism.

3.3. Geometric supergravity actions.
Earlier, we have shown that we can see the fundamental fields of gravity as related with the
Poincaré (or (anti-)de Sitter) algebra. This fact can be extended to supergravity. For example,
the field W¥ appearing in can be associated with a super-generator Q,. The algebra
spanned by the generators {/,;, P4, Qq} is called the super-Poincaré algebra. The new non-

vanishing commutation relations are

1 1
Uab, Qal = _E(Yab)ﬁaQﬁy {Qa, Qp} = _E(Yu)aﬁpa. 3.7)

We have used the notation {,} to denote the symmetric anti-commutator of two fermionic
(i.e. with degree 1) generators. The fields involved in can be put together forming a

"super-connection one-form"
1
A= Ew“b Jap + Py +¥¥Qq, (3.8)

however 3.3 cannot be written as an integral over a functional in A (unlike a Yang-Mills ac-
tion); and one of the main motivation of the two following works we are about to present
is to write down actions starting from a very geometrical point of view, explicitly using a
super-connection A\. This idea is not new, as an example, the MacDowell-Mansouri action
for supergravity uses this formalism [MM77]. Also, Chern-Simons gravity can be extended to
Chern-Simons supergravity, where the connection one form A of[2.28)is replaced by a super-
connection A. But before going to the explicit geometric action, we would like to further

develop some points about real super-algebras and their connections.

3.4. Super-Lie algebras for AdS supergravities.

3.4.1. The complex AdS super-algebra.
sl(m|1,C) of (m+1) x (m+1) is the super-algebra of super-traceless complex super matrices.
The supercharges are represented by

Omxm Eal Omxm 0m><1

Q= , Q= : (3.9)
Oixm | O Ela 0
where Ej, denotes the elementary matrix with entry 1 in the (1, a) position and 0 everywhere
else. The supercharges will be associated to the physical spinors of the theory. The basis of
the even part is chosen as:
1 Omxl

, n=1, J%= . (3.10)
01xm m
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3.4.2. The real AdS super-algebra.

We consider the following real structure:

A A
J(X) = - xt , (3.11)

—
—

where A is the matrix defining the Dirac conjugate of a spinor, usually A = y. This real

structure is chosen for three reasons:

(i) It preserves the decomposition of the even basis as in (3.10) (modulo factors of i),

(i) It preserves the generators of the Lorentz algebra

) (3.12)

(iii) The spinors associated to the real supercharges can be reassembled into a Dirac

spinor and its Dirac conjugate (see the next paragraph).

The basis of the obtained real super-algebra is given by

%Yal.,.an Omxl
Jay..an = , n=1,2 mod4, (3.13)
Oxm | 0
[ e | om
Jay..ap =1 , n=0,3 mod4, (3.14)
Opam | 0
1 Omxl
Jo=1i , (3.15)
lem m
for the bosonic part, and
Omxm ‘ Ea(m+1) Omxm iEa(m+1)
Tia= ’ Toq = ’ (3.16)
EminaA| 0 ~iEmenad | 0
for the fermionic part. We have
[]aly]ag] =]a1a2- (3.17)

Therefore we call this algebra an AdS super-algebra. Using the fact that there is a represen-

tation in which (see for example [FV12])

A=yp=0191le---0l1 ~Id , (3.18)

’

N3
NfF

the AdS super-algebra is classified as su(%, 7 [1).
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3.4.3. Using the complex generators.
The AdS super-algebra is a real algebra and all its structure constants are real as it can be

verified with this example
1 p .1 B
Oab,T1,a] = leﬁ(ERe(yab) at Elm(yab) a)- (3.19)

In order to build a real Lagrangian, one should associate real spinor-fields with the generators
T, and Ty, let us call them ¢, and ¢. They are real in the most basic sense: ¢; = ¢;, where
* stands for the standard complex conjugation. Under a Lorentz transformation, these fields
are multiplied by real and imaginary parts of gamma matrices, as dictated by (3.19). Because
of these transformations rules, the fields ¢; will not be interpreted as physical fields. This
explains why it is more convenient to introduce the complex spinor field ¥ = ¢; + i¢,. In-
deed, it is straightforward to show that ¥ so defined will, under a Lorentz transformation
(with parameter /I“b), changes as ¢ — y + i/l“hyabu/. In a connection for the su(%, %Il), we

obtain
Agum,mppy = +Tigr +Topo =... QU +YQ, (3.20)

with @, Q the generators given in . In other words, the @ and Q generators can be used
in the connection as long as the spinor fields multiplying them are Dirac conjugate of each
others. Whereas for a general complex connection, the spinor fields v, iy associated to 6, Q
are totally independent of each other.

3.4.4. Representation of Higher N algebra.

The fundamental representation of sl(m|M, C) is given by

c Yal...ak Ome
Var..an = . (321
OMx m ‘ OMX M
—i
Q. - (3.22)
(3.23)

where K; denotes the standard representation of su(M). One then uses the same real struc-
ture as in , with the 1 in the bottom-right corner changed by an Idys« 57, and get su %, % |M).
We will be in particular interested in su(2,2|2).
3.4.5. Reduction to Majorana spinors.

It was already shown in [TZ99] how to reduce the Dirac spinors to (symplectic) Majorana
spinors. Here, we would like to propose a similar construction, but in a way that does care

for the reality of the algebra at every step. We will work here with 5[(%, %Il), the cases of
the different Poincaré super-algebra can be inferred from it. We first start with the Majorana
case. As we are back in the case ¢ =1, a quick glance at the preceding table forces us to put

tilde over our C and €. In order to perform the reduction, one needs to find a new generator
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S, satisfying such that, for any real spinor (in the sense ¢* = ¢b), one has:
¢S=Qy +(-)yQ, (3.24)
where v is a Majorana spinor. Suppose that such a generator S, exists and write it

S
Sq = . (3.25)
St D

The Majorana condition ¢° = ' implies the same condition on S,. We obtain it by consid-

ering an invertible matrix M satisfying
M'D=MT"C, (3.26)

and then by setting:
Sa = MEg,(m+1)- (3.27)

For example one can take M = % (if invertible). The next step to go to an ' = 1 supergravity

theory is to find a subalgebra with the S,’s generators. The anti commutator is found to be
(_)n(n—l)/Z B
{Sa8p) =X eV (M7 Cray M) | DTy a, (3.28)
with
n(n-1)

qg=nt+ +1 mod 2. (3.29)

We check that the coefficient

(=) (M Téyalman M)ﬁa is real. Then, we need to check that all generators appearing in the
right-hand-side of together with the generators S, form a subalgebra. For the J4,. 4,
generators, we compute

(Clay...am Yor..5mD " = ~€C1Y ar..an Yby...bm)> (3.30)

where in the left-hand-side the labels 7, m are such that (C‘yal,,.an)T = C‘yal,..an. In order for
the right-hand-side to have the same symmetry as the left-hand-side, we need € = —1. We
finally check the commutator
1 B

Dar...an Sal = M‘lgiml..ﬂnM aSp- (3.31)
In this computation, we have to be sure that the structure constant appearing in the right-
hand-side is real, otherwise it would require the introduction of a new generator (e.g. iSg),
and in that case, the algebra will not close. Using the defining properties of M (3.26), one
verifies that the coefficient is indeed real. The symplectic Majorana case is very similar. The
first difference is that one need to introduce an index i associated to higher N theories. Then

Si, needs to be a "symplectic Majorana column" making the matrix M to satisfy
MTeC=M"D. (3.32)

The anti commutator then becomes
(_) nn-1)/2

i oy —
{Sfpsﬁ} —sz—

—— (=) MTeCY 0,0, M) .. (3.33)
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Relation (3.30) is still valid, however now we want only matrices satisfying the condition
(Cyal,_.un)T =—-Cv4q,..a,, and this implies € = 1. If we look at the commutator between even
and odd generators, we obtain again (3.31). The reality condition of the structure constants

can be checked as before.



CHAPTER 5

N =2 Extended MacDowell-Mansouri Supergravity

1. Conditional symmetries

Yang-Mills and Einstein-Hilbert field theories are the two main theories of fundamental
physics. Although both are gauge theories, they present an important difference. In Yang-
Mills theories, the fundamental fields of the theories are the so-called gauge fields geomet-
rically interpreted as (smooth) sections of a principal G-bundle, G, the gauge group (usu-
ally U(1) or SU(N)) is a finite dimensional Lie group. In contrast, the fundamental field of
Einstein-Hilbert theory, in his most common presentation, is the metric field gy, which does
not take values in the gauge group of the theory. Furthermore, in this textbook picture of
gravity theory, the gauge group is the infinite dimensional LieE] group of diffeomorphism of
the manifold over which is defined the metric. Using the first order formalism for gravity, it
is possible to give a Yang-Mills-like aspect for the Einstein Hilbert theory. In this case, the
fundamental fields are the vielbein (replacing the metric) and the spin connection, which
both take values in the finite dimensional Poincaré Lie group. However, only the Lorentz
(structure) group is a gauge invariance of the Einstein-Hilbert action, while

We have seen that in first order gravity, the fundamental fields - the vielbein and the
spin connection - takes values in the Poincaré Lie algebra. We have also seen that the the-
ory possesses a Lorentz gauge invariance which does not require additional conditions and
is therefore called an off-shell symmetry. On the other hand local translation invariance is
a broken symmetry [Reg86|. In order to enforce local translation invariance of the action,
it is necessary to appeal to the so-called forsion constraint, which is a consequence of the
field equations and it is therefore referred to as an on-shell symmetry. In pure supergrav-
ity [FNF76; DZ76]—composed by the Einstein-Hilbert and the Rarita-Schwinger actions—
supersymmetry remains on-shell [FN76] up to a torsion constraint, 7% = y“%w, like in first
order gravity. The introduction of auxiliary fields [SW78} [Fv78] makes it possible to realize
the off-shell fermionic symmetry (for further details see e.g. [FV12; [RV20; DRV21]). Leav-
ing aside the introduction of auxiliary fields, on-shell and off-shell symmetries play different
roles in (super)gravity. As is well known, off-shell symmetries can be represented by a princi-
pal bundle. Broken off-shell symmetries on the other hand, which are preserved when some
constraints are imposed, could be understood as sections of an associated vector bundle. In-
deed, as both on- and off-shell symmetries form a group, there is a natural representation of

the structure group on the generators of infinitesimal on-shell symmetries.

11f we do not restrict Lie group to be of finite dimensions

119
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Symmetries that are realized on the surface of the field equations and which belong to
certain Lie (super)group that also contains (unbroken) off-shell symmetries are often referred
to as “on-shell symmetries"E] The equations of motion provide sufficient but not necessary
conditions for these symmetries to hold; the consistency conditions (cf , Y = 0 in section
2), provide necessary conditions for the invariance of the action and they can be therefore
called symmetry constraints. The symmetry constraints are, in general, less restrictive than
the equations of motion and we shall refer to the symmetries that arise when these con-
straints hold as conditional symmetries.

The MacDowell-Mansouri approach [MM77] of pure SUGRA shows clearly this pattern.
Their supergravity action principle is a quadratic form of the gauge curvature for a osp(4]1)-
valued connection, however, this bilinear explicitly breaks the OSp(4|1) symmetry leaving
unbroken only the Lorentz subgroup. The translation symmetry is broken and the corre-
sponding “dual" symmetry constraint holds on the surface of the torsion constraint. Super-
symmetry is also broken and the dual symmetry constraint appears as a product of the tor-
sion and the fermion curvature, which is therefore automatically satisfied also imposing the
torsion constraint.

More precisely, let g be a super algebra, A € g the gauge potential, and S,[A] the corre-

sponding action principle. The variation of the action with respect to the A reads,
8Sp= f 5AMYy +b.t, 1.1

where M labels the (super)algebra generators and the differential operator Yy = Ym[A] is
“dual” to 6 A. The action is invariant under the proposed variation if Yy = 0, which defines
the field equations of the system. In what follows we shall often omit the A-product of dif-
ferential forms, and assume that the (anti)commutator [, ] is graded with respect the form
degree and statistics of the fields, consistently with the Lie (super)algebra under considera-
tion.

For gauge transformations the transformation parameter takes the particular form 5§ AM =
(DMM, where D is the covariant derivative. Clearly the action remains invariant for “Killing
vectors" parameters A, DA = 0, or when A is in the kernel of Y. When this is not the case,

upon partial integration yields,
msm:f MYy +bit, (1.2)

where the dual differential operator Yum = (DY[A])m is dual to the parameter AM It turns out
that Y = 0 is an integrability condition for the equation of motion Y = 0 and, at the same
time, an indicator of whether the parameter AM generates a symmetry or not.

Consistently with our previous definition, an off-shell symmetry is the one for which

Yum = 0 is an identity. Reciprocally, a conditional gauge symmetry is one for which Yy does

2The expression “on-shell symmetry" appears to us as vacuous, since any transformation of a field 6.4 leaves
invariant the action on-shell. Instead of on- and off-shell symmetries, we prefer to refer to them as unconditional

or conditional symmetries, respectively.
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not vanish identically, but needs to be imposed as a constraint Yy = 0. Thus, the index M in
can be restricted to run over the off-shell broken symmetry generators only.

Geometrically, the distinction between off-shell and conditional symmetries can be un-
derstood as follow. Let g 3 A be the Lie (super)algebra generating the a Lie (super)group
G—which combines off-shell and conditional symmetries—and let ) be the algebra of off-
shell symmetries generating the subgroup H < G. The broken gauge symmetries are those
in the coset G/ H, spanned locally by the vector subspace | c g. Denoting by b the Lie sub-
algebra corresponding to the subgroup H, we can decompose g = h) @ f, where the direct sum
is a vector space direct sum. The differential operators Yy dual to the generators of h vanish
identically whilst those dual to the generators of § do not.

Since [h,f] is a subset of f the gauge fields valued in the algebra elements f transform as
vectors under the endomorphisms generated by the unbroken symmetry algebra . Effec-
tively, the gauge fields components in § can be regarded as fiber bundle sections. The group
H is the real structure group of the fiber bundle. From this perspective, the group G puts
together the structure group H and fiber sections, unifying the H-principal bundle and the
associated fiber bundle with sections in §. For a more rigorous exposition of these subjects
see e.g. [Ede20; |[Ede21].

In order to illustrate these aspects we shall consider briefly Yang-Mills theories and the
MacDowell-Mansouri approach [MM77] for ' =1 (super)gravity. In the first case, the action

reads,

Sym =/ tr F xF, (1.3)

where F = d A+ A? is the 2-form field strength of the gauge connection one form A € g and *
is the Hodge dual operator. The variation of the gauge field 6.4 and the gauge transformation
0 A = DA yields respectively and with dual differential operators,

Y=D=xF, Y = [F, = F]. (1.4)

For general Yang-Mills theories [F, *F] = 0 and the whole symmetry group G is preserved
off-shell.

Next, the MacDowell-Mansouri action is given by

S = f FMQoun FN, (1.5)

where now the field strength F is valued in the algebra g = so(3,2) for first order gravity,
or in g = osp(4|1) for pure supergravity. Appealing to the standard nomenclature, in the
first case, G = SO(3,2) and A = %w“blBab + e%IB,; in the second case, G = OSp(4]1) and
A= %w“b B,y + e?B,+ Qg w%. In both cases Qu is a Lorentz invariant tensor but it breaks
explicitly the transvection symmetry generated by IB,, and it also breaks the supersymmetry
transformations generated by Q. It can be shown that for the Lorentz transformation param-
eters the dual constraint vanishes identically, whilst for supersymmetry the dual constraints

(see e.g. [Nie04]),

Y = 7% ,Dy=0, (1.6)
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where F? is the transvection-valued component of the field strength, y is a Dirac matrix and
Dy is the covariant derivative for the so(3,2) connection acting on the gravitino field in the
Majorana representation. Although admits different solutions, it is often solved using
the more restrictive field equations. Indeed, the equation obtained by extremizing the action

with respect to the spin connection yields,
Yea =€apea F e =0, (1.7)
implying, for invertible vierbeins (eﬁ), the torsion constraint
F4=0. (1.8)

Here F“ consists of the vierbein torsion in pure gravity, and in the case of supergravity it also
contains an additional 2-form fermion-current. Hence on the surface of the constraint
the action is invariant under local supersymmetry transformations. Alternatively, when the
gravitino field strength Dy vanishes, or when it is in the kernel of Fy, supersymmetry also
holds.

The constraint dual to the transvection transformation parameters is

Y = Zeapea FP F4 - DYy, iysDy =0, (1.9)

Do | =

which, using the torsion constraint (1.8), reduces to
DyyaiysDy =0. (1.10)
This constraint can be satisfied for example if
iysDw = Dy + ¢’ * Dy, (1.11)

where ¢ and ¢’ are scalar fields. This is because (Cy®) 44 is symmetric in its spinor indices,
where C is the conjugation matrix, whilst the products (Dy)*(Dy)? and (Dy)® * (Dy)P are
antisymmetric. Conditions can be fulfilled by configurations that are not necessarily
solutions of the field equations, but it can be checked that on-shell configurations do sat-
isfy the constraint (I.I0). Indeed, the Rarita-Schwinger equation obtained by varying with

respect to the gravitino,

¢Dy=0, where ¢:=y,e" (1.12)

implies that (I.10) holds. In order to prove this, we can use the equivalent form of the Rarita-
Schwinger equation in four dimensions (see (4.18)),

(iys—*)Dy =0, (1.13)

which is in the class of (I.11) for ¢ = 0 and ¢’ = 1. Hence, both local supersymmetry and

transvection invariance are conditional symmetries of A" = 1 supergravity.
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2. Notations

In the following sections we consider an N = 2 supergravity model following the same pat-
tern, unifying the MacDowell-Mansouri supergravity and the non-abelian U(1) x SU(2) Yang-
Mills theory. This model has been presented in [Alv+21b]. Our action principle can be ex-

pressed in the Yang-Mills fashion,
S::—f str F®F, (2.1)

(cf. [Wis10] in the pure gravity case) where F = d A+ A% € g=su(2,2[2), str is the super-
trace and ® combines the standard Hodge operator and an involution of the superalgebra
su(2,2]2). The explicit form of ® is given in Eq. (3.3).

The field equations and corresponding consistency conditions that follow from

can be written as
Y=DeF =0, Y=D*®F =[F,®F" =0, 2.2)

where D is the su(2,2|2) covariant derivative and F* is the su(2,2|2) curvature with the terms
along transvection generators removed. The removal of the transvection terms is prompted
by the ® operator, which is necessary in order to recover the pure (super)gravity sector.

The gauge transformation of the action, (I.2), takes the form
6S:=— f str A[F,®F'] +b.t., (2.3)

hence the su(2,2|2) symmetry holds on the surface of the non-trivial components of the inte-
grability condition Y in @.2). As we shall see [F, ®F "] vanishes trivially except for the terms
along transvection generators and supercharges, analogously to A/ = 1 supergravity. Thus,
the group G = SU(2,2|2) breaks into H = SO(3,1) xRx U(1) x SU(2) off-shell symmetries while

transvections and supersymmetry are conditional symmetries.

2.1. Superalgebra representation.
In this section, we consider su(2,2|2) as spanned by

i

{Bap,Ba,Ba,Bs; Bg,B; ;5  QF, Q, 1. 2.4)
s0(4,2) ulyesu2) gypercharges

This representation will allow us to handle complex gravitino fields charged under U(1) x
SU(2) interactions

Here the so(4,2) generators are labeled by spacetime indices (a, b) in the range 0,1,2,3,
su(2) indices (1) in the range 7,8,9, and spinorial labels (&) in the range 1, ...,4, whilst there is
single u(1) generator with the label 6. Hence the whole set of internal symmetry generators
are labeled by Latin letters, 1, s, ..., in the range 6,7,8,9, B, € u(1) @ su(2). The supercharges
isospin labels i = 1,2, transform in the fundamental representation of su(2) ® u(1).

The adjoint action of the bosonic generators, denoted IB, onto the fermionic generators

Q2 Barl = By QF,  (Bur, Ryl = Qf (Bar)), 2.5)

ja’
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provides the fundamental representations of the spacetime symmetry algebra so(4,2) and

the internal symmetry algebra u(1) @ su(2), by means of the structure constants By, where

the indices M € {a, [ab], r} label Lorentz vectors/tensors and internal symmetry generators.
The constant of structures Bjs can be expressed in terms of tensor products involving

4 x 4 spinor representations for spacetime symmetry generators,
i ; 1 1 1 1
. aj _ J - a - a _ a _ a
s0,2): By =0 x S0 0%, F0ars)s 05} (@26)
or from 2 x 2 matrices for internal symmetries
uDesu@:  (Ba)jg=6%x{ i) e )il} @2.7)
. M ip B 2x2)i7 2 i’ (» .

where y’s are Dirac gamma matrices and o are the Pauli matrices. We shall denote the ad-

joint representation
p(Bn) = B, (2.8)

simply by p-representation.

Introducing the Killing form Cjsn normalized by,
str (ByBn) =Kun, (2.9)

the anti-commutator [(1',),6]Jr can be cast in a compact form using the representation p of
the bosonic subalgebra and the inverse Killing form KMV,
(Q Q1+ =KMY By By, (2.10)

where the Bys are given in (2.6)-(2.7). Note that the su(2,2|2) contains the subalgebras,

so0(3,2) = {IBab: |Ba} =sp@), (2.11)
50(4,1) = {Bgp, B}, (2.12)
1503, 1)s = (Bup, Baa), Bagis %(lsa +B,), (2.13)

which are isometries correspondingly of anti-de Sitter, de Sitter and Minkowski spacetimes.

In the latter case we have two options, iso(3,1)+ or iso(3,1)_, for Poincaré subalgebras.

2.2. The gauge potential.
The gauge potential (connection) is of a one-form valued in the superalgebra (2.4),

A =A+P-F € su222), (2.14)
A= AMIB,,, (2.15)

which we have decomposed in its fermion sector containing the gravitino supercharge-valued

field, ¥ := 1//;"6; and its conjugate ¥ := E; Q¢, and the bosonic sector containing spacetime
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(W) and internal (U) symmetry components,

A=W+U, (2.16)

1 _
W = EwublBab +p*B,+p*B,+hBs € s0(4,2), 2.17)
U=U"IB, € u(l)esu2). (2.18)

Here 0 is the Lorentz connection, p® and jp ¢ are respectively AdS;— and dS;— type transvec-
tion gauge fields (cf. respectively and (Z.12)), h is the dilation gauge field, U® is the u(1)
electromagnetic gauge field and U’ are SU(2) gauge fields.

Using the adjoint representation p 2.8), which does not affect the field coefficients, we
can map the bosonic gauge connection A\ to its adjoint action A := p(A\) upon the gravitino
fields,

A=W+U, W=pW), U=pWU),
W=Q+P+P+H, U=U'B,, (2.19)
where
Q:%w“bBab, P=p°B,, P=p*B,, H=hBs, U B,=U°Bs+U"'B;. (2.20)

2.3. The field strength.
The covariant derivative associated to the gauge connection (2.14) acts on su(2,2|2)-valued

differential forms as

DO:=dd + [A, D]. (2.21)

We also introduce the covariant derivative, with respect to the bosonic gauge connection
(2.16),
D:=d+A. (2.22)

The su(2,2]2) field strength, F := d.A + AA, has components

F= %]—'“bIBab +FBy+FOB,+ FOBs + FTB, + QX — XL QY 2.23)

where
X% = (DY), Xy = DY), (2.24)
Dy =dy+(W+ Uy, Dy =dy+y(W+U) (2.25)

The covariant derivative D = d + W + U is induced by the action of on supercharge-
valued gauge fields X =DV — D¥, where DY = @Dw and DV = (DY) Q.

We identify three main sectors of the gauge curvature:

F=F-l+X, (2.26)

F:=D®>=FMB,, I:=[¥,¥1=1I"By, X:=Qx-XQ, (2.27)
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respectively the bosonic gauge field strength, the gravitino (bosonic) 2-form current, where

™ = KMNy By, (2.28)
1% = —%WB“bw, (2.29)
I“=yB%, I*=-yB%, (2.30)
P =yBsy, (2.31)

s 1 ;o
IP= yBey, I'=2yBry. (2.32)

Thus, the boson and fermion components of the curvature are respectively,
Fleos=FMBy=IF-I,  Flrer=X. (2.33)

For future reference, we shall use the “evaluate” symbol to project the superalgebra-valued
differential forms on particular elements of the algebra, namely, |ggs and |reg to be the pro-
jections onto the bosonic and the fermionic sectors, |sT and |1y the projections onto the
spacetime and internal generators, |r, |t and |p the projections onto Lorentz, transvection
and dilation generators.

Thus the boson components of F|gpg can be subdivided in their spacetime and internal

type of components, IF|sr and IF|1yT, respectively given by,
IF:=IF|sT + IF|1nT, IFlst = dW+WW, [F|;yr =dU+UU. (2.34)

The 2-form current ll = ll|gt + |1yt is decomposed similarly.

In more detail we have,

1 o
IFl., = EF“hlBab, IFlr = F*B,+ F*B,, IFlp=F°Bs, IFlmyr=G®Bs+G'B;, (2.35)

where
F® =R w)+pp?-p*p*,  RPw):=dw®+ww?", (2.36)
F*=Dqp®-hp®,  F*=Dqp*-hp?, (2.37)
FP=dh+p®pa, (2.38)
Gb=au®, G'=aul+U/uXen!, (2.39)

and for the gravitino currents,
— 1 ab _ra 7a p _ 715 _ 16 I
I = > I Buy, Nr=1%B,+I*B,, llp=1I>Bs, llznt=I"Bg+1'IB;. (2.40)
In the adjoint representation we write, from

F:=p(F)=FMBy, I:=pl)=I"By (2.41)
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In what follows we shall also use gauge-field symbols as labels in the covariant derivative in

order to specify the gauge connection being used,
Dw=d+W, DU=d+U, DQ=d+Q, DQ+H=d+Q+H.

2.4. T'-gradding.

The matrix
(2.42)
02x4 | O2x2
induces a natural graded structure on the bosonic generators of su(2,2]2),
By, Tl+=0,  [B},T1=0, (2.43)

where B~ =B, B,, and IB* = B, Bs, B, .

The grading of the bosonic component of any differential form © € g is preserved
in the representation p. Since p(I') = ys5, we have [p(Olgy5), Y51+ =0, [p(Bl5,5),¥s] = 0. Thus
we can also decompose the differential forms valued in fundamental representations of the
bosonic gauge algebra accordingly. In particular, for future reference, the gauge connection

decomposition reads,
A=W =P+P, A"=W'+U=Q+H+U. (2.44)
Henceforth all differential form © € g can be decomposed as follows,

©=0"+0", (2.45)
O =0|r= ®a|Ba + @“IEQ, 0 = G)l]JBrOS + O|FER, ®|I§OS =0|L +0O|p+0O|1yT.

Hence the denoted *-component contains all the generators of the corresponding gauge
algebra excluding transvection generators. The “—components refer therefore only to the
transvection components. In particular, the transvection term of the field strength is given
by,

F =(F = IMBy+(F* - IB,, F =(F"—IYBg+(F*~I"B,. (2.46)

3. Lagrangian, dynamics and symmetries

3.1. Construction the Lagrangian and the ® operator.

With the necessary ingredients at hand, we can proceed with the generalized Yang-Mills
action (2.23). The corresponding Lagrangian density, built from the field strength 7 2.26), is
given by,

Li=-str(FeF), 3.1)

We would like that this construction follows the Yang-Mills spirit of gauge theories, hence
that the ® operator extend the traditional Hodge operator used in Yang-Mills theories. Hence,

® must produce an authomorphism of the complexified su(2,2|2) two-form curvature: ® F €
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s1(4]2,C). In order to operate similarly to the regular Hodge dual in Lorentzian signature, we
shall also require ®? = —1 on the 2-forms. These restrictions still allow for a large variety (at
least too many for us) of possibilities. As we want our model to extend the standard model
of theoretical physics, we add the following restrictions:
i) str (IF|lrer ® IF|rer) contains Rarita-Schwinger terms.
ii) str (IF|st ® IF|sT) contains Einstein-Hilbert terms.
iii) str (IF|zyT ® IF|1yT) contains the Yang-Mills term.

iv) The action does not contain torsion kinetic terms.

Inspecting these terms we observe that the goal is achieved with the following actions of
the generalized Hodge operator, specified on the different sectors of the field strength:

1) @X=iI'X+Xil = QiysX - XiysQ.

2) ®IF| = iTIF|y,.

3) ®IFlint = * Fl1nT.

4) ®IF|r=iTIF|;r=-iF%B,— iF“IEa. Here, even though ® produces imaginary factors,
in the Lagrangian these terms will cancel out.

5) In addition we choose ®IF|p = *IF|p upon the dilation sector. The option ®IF|p =
iTlFlp does not belong to the algebra hence it is discarded. The option ®IF|p = ilF|p

yields an imaginary term in the Lagrangian, hence we avoid it.
The ® operator will act in the same way on any g-valued 2-form, in agreement with their
su(2,2]2). The requirements above are satisfied by the choice

1 -
®F =E(®]:“b)|Bab +(®F By +®(FYB,+ (+F°)Bs
(3.2)

+(+FNB, +Q® X - (@) Q,

where )
@]_-ab — _eabcd}-cd, ®F% = _l-]j-ay @]j-a — _i]_-a) @]_-5 — *]_-5,
2 3.3)
®F =+F", ®@X=iysX, ®X=Xiys.
Variations of the signs of the ® operator on particular sectors of the curvature that may lead
to different models. We shall discuss briefly two additional cases in sections[4.4]and [4.5] For
example the option used in (4.49) also fulfills the requirements.

Collecting only bosonic terms in Ly0s and fermion terms in Ler, is composed as,
L=Lyos +Lfer (3.4)

—. _ 1 . o1 1
Lter =4y |iysW™ D+ 5 (x —iys)(Flp + Flovy) —iys 5 F =2 @ " |y (3.5)
In components the bosonic component of the Lagrangian reads,
1 1 1
Loos =5 R (W) p*eanca+ 7 p* P €anca+ LR (W)R™ (W)eapea

(3.6)

ax ax b o1 o 0 0

—dhxdh-2dh*ppg,—p“Pa*p pb_EF * F' —4dU" «dU",

where
pab:: papb_ﬁaﬁb- (3.7)
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The Lagrangian contains boson and fermion kinetic terms at exception of the transvec-
tion gauge fields, couplings of fermion-currents and field strengths (Pauli couplings) and
four-fermion self-interactions. It can be shown that the terms containing the transvection-
like component of the curvature cancel out from the Lagrangian as a consequence
of the ® action along these terms. Hence the absence of F|r Pauli couplings and Kinetic
terms is natural. The absence of F|;, Pauli couplings in is consequence of a cancelation
of the identical terms provided by the boson gauge curvatures and the fermion gauge curva-

tures.

As a last remark on this construction, we observe that since the ® operator removes the

transvection type of terms from the Lagrangian, (3.1) can be alternatively written as,

L=—str FFT®F"
(3.8)
=—str F*=IM®(F" -1") - str X®X.

Here we can see why the imaginary components of ®, on transvections, do not produce
imaginary terms in the Lagrangian. Since the supertraces of the bosonic generators (2.9)
produce the Killing form of the bosonic subalgebra, and since ®IF is in the algebra by con-

struction (see (3.3)), the bosonic Lagrangian is equivalent to,
Lpos := —(FHn@FHY, (3.9)
where (F)y := (F")MKpn. For the fermionic component we get,
(1, 1, _
Lfer =4y |iysW D+ > (®F* —iysF) - n ®I"|w—dQiyysDw). (3.10)

Noticing that iysF = iys F* +iysF~ and that ® F* = iy5F|;, + * F|p + * F|1yT, the Lorentz com-
ponents of the Pauli terms in (3.10) cancel out,

®F* —iysF=(@®—iys)F" —iysF~ = (x —iys)(Flp+ Flint) — iysF ™. 3.11)

Thus we can write Ler as in (3.5).

3.2. Field equations.
The equations of motion are given by the vanishing condition of the variation of the action

with respect to the gauge connection A4,
6L=-2str (JAD®F") - str dSA®F"), (3.12)

where F* =IF" —II" + X from definition (2.45).
From (3.12) the equations of motion reads

D®F"=0. (3.13)

In an extended form the equations of motion are given by:
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ow:
a ay.,,b ~a__ jayzb| _
cdap | (Dap® ~1)p” - (Dap - 1)p"] =
This equation is equivalent to
€cdab (Fa I“)P Ia) ] 0,
since the components hp and hp in the definitions cancel.
oh: ]
i
d|+F° -~ ) =
(* YV
op:
1 — — .
S€abeap” (F =1°") = p x (F° = I°) - Diys Bay + ¥Baiys Dy = 0.
op:
1 _ . = —= .
Eeahcdpb(FCd — IV~ p* (F° = I°) + DWiys Bow —WBaiysDy = 0.
oU”:
Dy (*IFlzyt + |yt — *lllvt) =0,
where "’|INT = WiY5BrW|Br = iaij/g,B(ﬂ//"gs + 2@1')/5311// B;.
oy

. - 1 . I _ .1,
iysW D+§(®—zy5)(F =1 )—Ezy5(F -1 )_EWSI v=0,
or alternatively,

1
(75 W™ Do+ iys (W) + 5 (= iys)((F = Dlp + (F = Dinw)

1 I P
~SiYsDaW ™ = 1) = SiyslJw =0,

where [ is given in (2.41).

O : Similarly,
. 1— . R S 1_ .
Dyw 1y5+§u/(®—1y5)(F -1 )—51//(F -1 )z}/5—§w11y5:0
or alternatively,

— — 1_
(Dag )W iys +FP2ixs + 5 (x = iys)((F = Do + (F = Dlwe)

1_ o 1_ .
—EW(DQW -1 )1y5—zwlzy5=0

(3.14)

(3.15)

(3.16)

(3.17)

(3.18)

(3.19)

(3.20)

(3.21)

(3.22)

(3.23)

In (3.21) and (3.23) we observe that the terms including the gauge field H in the covariant

derivative D¥ and in F~ =dW ™ +[Q+ H, W™] cancel each other.
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3.3. Integrability conditions and conditional symmetries.

Acting once again with the operator D on we obtain theintegrability condition
[F,®F ] =0. (3.24)
Note that more generally, the system of equations
DB =0, [F,B]=0, (3.25)

where B is a generic differential form and F is the curvature for the connection in D, is self-
consistent by virtue of the Bianchi identity, DF = 0. In fact, acting once more with the co-
variant derivative produces no new constraints on B. In the same sense, the equations of
motion and their integrability conditions are also self-consistent.

It can be verified that all the components of the commutator along the subalgebra

h=so3,1)oRe u(l) e su(2), (3.26)
vanish identically,
[F,®F L=0, [F,®F llp =0, [F, ®F 1t =0. (3.27)

Hence, the non-trivial components of (3.24) are along transvections and supercharge gener-

ators;
F,®F 1=[F,®F it +[F, ®F 1lrer, (3.28)

where
(F,@F lr=[F,®F 1+ X, ®X], (3.29)
[F, ®F llrer = Qp(Flpos iT — ®F ") Dy + Dy p(il Flgps — ®F Q. (3.30)

Therefore, is equivalent to the system
(P @Pp+ 75 F° +2DF iysB Dy B,
+(fb(®F)b“+F“*F5 —2Dwiy53“Dw)rBa=o, (3.31)
EP({-HD + Flint} (iT — %) — il"]—")Du/
+pr((ir—*){f|p + Flmr} + irf‘)ozo. (3.32)
Alternatively, the supercharge-valued constraint can be expressed as

Q({(F=Dlp+ (F=Dlmwr} (iys — =)Dy + (F~ =) iys Dy)
(3.33)
+(DW (iys = 0 {(F=Dlp+ (F= Dlmwr } + Dy iys (F= Dlmvr ) @ =0.

An su(2,2]2) transformation of the connection gauge field (6.4 = DA) and its curvature

(0F =[F, A]), implies that the Lagrangian changes as

6 L=2str (ALF,®F"]) + b.t. (3.39)
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From (3.27) we know that (3.34) vanishes identically for A € b, hence is a genuine gauge
(off-shell) symmetry of the system. As for transvections and supersymmetry, they are condi-
tional symmetries, i.e. subjected to their dual symmetry constraints (3.31) and (3.32) respec-
tively.

4. Ground states and effective theories

We have not yet established the relation between the symmetric tensor gy, used to build
the Hodge dual necessary for the Yang-Mills action, and the transvection gauge fields in the
W~ = P+ P component of the gauge connection.

So far, we have assumed, as in Yang-Mills theories, that the symmetric tensor g, is a
prescribed function, like a fixed parameter of the action, not dynamical field. It is therefore
not varied in the computation of field equations and the symmetry transformations of the
Lagrangian. In this picture, the expected correspondence of the type e;; ~ pj;, e ~ Py, SO
that g,y = eﬁefj Nab, should be established a posteriori, as part of the solutions around a
ground state.

In order to avoid the emergence of new fields related to the basis-change matrices,

dp* op°
seb’  seb’

that could spoil Lorentz invariance, they must be proportional to the only available invariant

(4.1)

tensor of rank 2, the Kronecker delta. Hence, following [Tow77;|/AV]20], we consider a ground

state sector in which the transvection fields are chosen as,
pt=a.e?, pl=a_e?, 4.2)

with constants a ..

The field equation for the spin connection,
ecdan(Fp" - Fp?) =0, 4.3)

is an algebraic equation. When the system of equations is non-degenerate, the Lorentz
connection can be solved in terms of the transvection gauge fields p%, p%, and the gravitino
currents % and I%.

In the ground state (4.2), for non degenerate

p = (a® —a?)ete?, (4.4)
the equation (4.3) can be reduced to the torsion constraint

_a ' —a I?

a
r 2 _ 2
a;—a?

, T%:= Dge®. (4.5)

Hence decomposing the spin connection in a torsionless component (such that Dqe® = 0)

and the contorsion, Q = Q(e) + K, we obtain the solution
b 1
Q8P (e) = 2e!Pop e) — ecyelelPPy el, KD = —EeavebP(Twp ~ Typu+ Tpwy), (4.6)

— a
where Tyyp = Tjj, €ap.
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4.1. N =2 supergravity ground state.
Imposing Majorana reality conditions on the gravitino fields, and setting @_ = 0, the solution

produces
F'=F-1"=0, F4=F*-1"=0. 4.7)
Using this back in the transvection symmetry constraint (3.31)), we are left with
DyiysB®Dy =0, DyiysB*Dy=0, (4.8)
which can be alternatively written as
DyB(iys — *)Dy — (Dyiys — *Dy)BDy =0, with B=B% B, 4.9
Now using in the supersymmetry constraint (3.32), we get

{(F-Dlp+ (F=Dlmr} (iys —*)Dy =0,

(4.10)
(Dyiys—*Dy){(F—DIp+ (F— Dt} =0.
Since and can be factorized by the Rarita-Schwinger equations (4.18),
(iys—#)Dy=0, Dyiys—+Dy=0, 4.11)

the torsion constraints and the Rarita-Schwinger equation provide enough con-
ditions for transvection symmetry and supersymmetry. We stress that and could
be solved by more general methods, which can allow complex gravitino configurations and
non-trivial field strengths.

Finally, about the Rarita-Schwinger equations, we would like to recall a result found in [DKS77].

Let B be a spinor 2-form satistying,

enQ=0. (4.12)
Then it follows:
i Quy =0, #*Qpy 1= %eeyvapﬂﬂp, (4.13)
Y, =0, (4.14)
Y*Qu =0, (4.15)
(iys —*)Q=0. (4.16)

From (4.12), equivalent to y[,Qy4) = 0, we demonstrate these identities performing the
following operations:
e ur*Q M =0 = @I3)
o from using identity iysyua = —e€uapy’ = (@14

o YHypQyy=0and @14 = @15
o we multiply and by v, and iysy, respectively, then we add the both

terms and anti-symmetrize the 2 free indices to obtain,

Yy Qu + iysyy! = Quvy = Qay +iys * Qay =0, 4.17)
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which is equivalent to (4.16). In particular these results are valid for Q = Dy, hence,
¢Dy=0 = (iys—*)Dy=0. (4.18)

4.2. Gravitino ground state.
The supersymmetry constraint (3.33) can be fulfilled also in the gravitino vacuum configura-
tion
Dy=0, Dy=0. (4.19)
Since D?*y = Fy we also need

Fy=0. (4.20)

In particular, the case F = 0 implies that all the bosonic curvatures (2.3642.39) must vanish:

0=R®w)+p*p"-ppt, 4.21)
0=Dqp*—hp*=Dap®—hp®, 4.22)
0=dh+p°pa, (4.23)
0=G". (4.24)

From solutions interpolating Anti de Sitter and the de Sitter spaces can be achieved
with a suitable choice of the parameters a; and a_ in {@.2). The flat case, R*”(w) = 0, occurs
for a® = a®. This case, however, is degenerate since vanishes, which is reflected also by
the fact that the Einstein Hilbert term drops out from the Lagrangian (3.6). Replacing in
the torsion-like conditions this yields,

aiDoe®—azhe®=0, (4.25)

which, in the non-degenerate case ai £ a2, requires i =0, Dge® =0, and spacetime to be of
constant curvature,

R (w) + (a? - a?)e%e’ =0. (4.26)

4.3. Effective Lagrangian.
With the transvection fields at their ground states {@.2), the theory yields the effective
Lagrangiarﬂ take the form
£ = —str Fo@ Fo, 4.27)

with F, = d A, + A2 built from the 1-form
1 _ .
Ao = EwablBab +aie?By+a_e®By+hBs+U'B, +yQ, -y, QY. (4.28)
The field equations for (4.27) are obtained from (3.14)-(3.23) taking into account the de-
pendence on the vierbein, implicit in {4.2),
oL a 0L

oL
5.5 =, 5e” +a_de?— + e —.
op“ ope Oe“

(4.29)

3By effective we simply mean that the theory can be expanded around the ground state {.2).
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Here the partial derivatives indicate functional derivative w.r.t. the explicit dependency on
the variables p and p. The first two terms on the right hand side of (4.29) are obtained from
the sum of the field equations (3.17) and (3.18) multiplied by @ and a_, respectively. The

third term is obtained from the Yang-Mills terms,

Lg=—str (G+G), G=Flp+ FlinT- (4.30)
Hence
SeLg = _fd‘*xeée;j vk, (4.31)
where
1
VF = str (a; 1pGMP el — 26 PR LD (4.32)

Here e/, is the inverse of the vielbein and we have also introduced the inverse metric tensor
gt = egeZn“b to raise the 2-form indices of G.

With a slightly different parametrization of the linear correspondence (4.2),
pt=al-1)e?, pt=are”, (4.33)
so that W~ = %a((l — 1) —1Y5) ¢, the Lorentz curvature reads
F% = R (w) + a?(1 - 21)e%". (4.34)

Thus, 7 interpolates between anti de Sitter for 7 € (—oo,1/2) and de Sitter for 7 € (1/2,00), and

gives the degenerate case for 7 = 1/2. The effective Lagrangian (4.27) reads

1 1\
L35 = az(i—T)R“b(w)ecedeabcd+a4 5—7) e“eleCee ypea (4.35)
1 1
+ZR“b(w)REd(w)eabcd —dh+dh- EFI «* FI —4qU% « dU®, (4.36)
2
off i [ (1 a1l .5
Lier =4y um( 2 (2 T)ﬂ_)DQ+U+ 1 (2 ‘L')l]/5¢ (4.37)

T+

+iD¢’a(——(l—r)ﬂ_)+l(*—iy5)(F|D+FU)—l®I+ V. (438
2 2 2 4

In the fermionic sector, 7. = (I £y5)/2 are the chiral projectors. We observe that the La-
grangian breaks partity (asymmetric chiral terms) and it has a bi-parametric Newton
constant.

Note that the fact that for T = 1/2 the gravity sector in decouples is consistent with
the fact that pure Yang-Mills theories provide a good approximate description of internal
interactions at short scales, with no need of gravity.

For positive cosmological constant (7 > 1/2) the Lagrangian produces ghosts modes
for gravitons, since the Einstein-Hilbert term has the opposite sign. In section [4.4] an alter-

native Lagrangian is proposed where this is fixed.
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4.3.1. Standard normalization of the Lagrangian.

The standard Einstein-Hilbert and Yang-Mills Lagrangians,

_ 1 1 ab A a b\ _c_d _ 1 4
Sei= 5.5 E(R () - See )e e eahcd_mfd xe(R-21), (4.39)
1 1
SEn=—7— fGI*GI——z fGB*GG, (4.40)
28500 2850

are contained in the effective Lagrangians (4.36)-({.38) for 1 € (—00,1/2),

1
v = ﬁ

We see that the coupling constant gsy) has the canonical value and the Maxwell coupling

1
== 202(1-21), g =1, (4.41)

constant gy < gsuw, which respects the electroweak hierarchy. The Gravity coupling « is bi-
parametric and from the first relation in .41) a has the units of the inverse of the Newton
constant Gy since x? = 87Gy.

In addition, there is a new abelian term in corresponding to the (non-compact

symmetry) dilation gauge field h,

1
Sdi]_:——zf dh+dh, (4.42)
2gD

hence gp = 1/v/2 is in the hierarchy g, < & < gsuw. Note that the dilation gauge field & is
not minimally coupled, but has a Pauli coupling to the gravitino.

For 7 = 0 and with a rescaled gravitino field, the standard Rarita-Schwinger action is
contained in in the form,

1 - 1 - v
Lgs = —pf(ws(BD( = pfd‘lxeCpY”MDu(m (= va (4.43)

For more general values of 7, from the presence of the chiral projectors, the gravitino field

should be decomposed in its chiral sectors, which will therefore appear with different weights.
4.3.2. Limiting chiral model.

We can obtain fixed chirality gravitino models from the model in the limit, &« — 0,

7 — —oo while
1 1

az(g - r) =13 (4.44)

is kept fixed. Hence we obtain in the bosonic sector (4.36),

1 1

L35~ mRah(w)ecedeabcd * Toxd e“eleee ypea (4.45)
1 1

—dh*dh- 5F’ * Fl —4dUS » dU® + ZR“b(w)RCd(w)eahcd, (4.46)

whilst for the fermion term (4.38), redefining { = n_y/\/a, we get the Rarita-Schwinger ac-

tion for a chiral field with a torsion-coupling,

eff _ i
Lfer - +F ¢

1
¢Doru— §D¢] ¢. (4.47)
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4.4. Alternative ®; operator and the de Sitter sign fix.
The wrong sign in the Einstein-Hilbert term in for 7 € (1/2,00) can be fixed by redefin-
ing the action of the generalized Hodge dual operator on the Lorentz component of the field
strength: ®F|; — — ® Flr. This leads to the wrong sign of the Einstein-Hilbert term in the
anti de Sitter sector. The Pauli-like term wF| w produced by the terms str (IF|L ® lllL) will
not cancel the identical term produced by the fermion sector str X@® X. Hence, in order to
prevent the new Lorentz-Pauli coupling we need to flip also the sign of the ® operator on the
fermionic curvatures: ®X — —® X.

Different choices for the operator ® can be selected by introducing the ad hoc sign func-

tion,

1, T€(-00,1/2]
Sr = , (4.48)
-1, 1€(1/2,00)

such that,
®sFlL =8 (®FIL), ®sX=5:(®X), ®s(Flr+Flp+Fly) =*(Flr+ Flp+ Fly), (4.49)
which produces the alternative Lagrangian,
£ = —str F* @, F, (4.50)

suitable for both, negative and positive curvature backgrounds. Since (t —1/2) s; = |t —1/2],

the new bosonic and fermionic components of the Lagrangian £3'* = ﬂgig + L3 are given

fer
respectively by,
alt 2 1 ab c, d 4 1 2 a, b c_ d
Lpos =@ ‘E_TR (w)e“ e €eapca + Sr E_T ee e e €abcd
(4.51)
1 1
+sTZR“b(w)RCd(w)eabcd—dh*dh—EF’*FI—4dU6*dU6,
and
2
eff _ym | oo (L “_‘l_ | 2
Lier =4Y¥ s,wa( 2 (2 T)n_)DQ+U+ rab T|iys¢
(4.52)

51 z‘Dw(”—+ - (1 —T)n_) s iy (Flp+ F) - L @ 1+] v
2 2 2 4
Now the Einstein-Hilbert term sign is always correct and only the cosmological term in the
gravity side flips sign.
The chiral models are obtained as before in the limits @ — 0, T — *oo, while keeping
fixed the value (@.44). From this yields

1 S+
£ = mR“b(w)ecedeahcd + ﬁe“ehecedeubcd (4.53)
s 1
+%R“b(w)RCd(u})eabcd —dh*dh- EFI «* F1 —4dU® « dU®, (4.54)

where s.o, = ¥1, and in the fermion sector £.52), redefining { = 7_w/\/a gives

cale = #Z ‘. (4.55)

fer —

1
¢Da+u— ED¢
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4.5. The matter ansatz.
In [AV]J11] a mechanism to incorporate Dirac fermion (0-forms) in a supersymmetric gauge
connection was introduced, such that the corresponding 3D Chern-Simons supergravity ac-
tion produced, instead of a Rarita-Schwinger term, the Dirac action minimally coupled to
a Maxwell gauge field and gravity, with a torsion-dependent mass. This approach, referred
to as unconventional supersymmetry, has been used to build several models in 3D [Alv+15;
And+18], including interesting applications in condensed matter systems [And+20; IP21} Ior20;
Gal21b;|Gal21a]. Extensions of these ideas to four dimensions can be found in [APZ14;/AV]20].

In unconventional supersymmetry (for a review see [Alv+21al) a spin-1/2 field is intro-
duced directly in the supersymmetry gauge connection, not as a fundamental gravitino field

but combined with the vielbein in the form,

vi=Qd), VY=)HQ, (4.56)

where ¢ is a fermion 0-form. Hence, instead the action principle for a spin-3/2 field the
results is a spin-1/2 action principle. This justified to denote as the matter ansatz.

In reference [AV]20] an unconventional supersymmetry model was proposed in four di-
mensions based in the superalgebra su(2,2|2) and a Lagrangian of the type (8.1), with the
fermion sector replaced by the matter ansatz (4.56). Similarly, here when the matter ansatz
is used in (3.I), one obtains the descendant Lagrangian

Looans = — StT (]—'m_ans @]—'m_ans). (4.57)

In this Lagrangian the fermion field strength is given by X := @;D(a&é)‘i" . Hence one
would obtain a theory for U(1) x SU(2)-minimally coupled matter fermions governed by a
Dirac action, with additional torsion and Pauli couplings, and four-fermion self-interactions.

The model would differ from the one in [AV]J20] because the operator ® used there
acts on the fermions component of the curvature with the opposite sign. As a consequence,
in [AV]J20] there is an additional coupling of the fermion field and the Lorentz curvature with
respect to the one here.

Without further additions, the theory obtained in this way hinges on the identification
between transvection and vierbein fields. Hence, considering the ground states (4.2), we can
obtain a theory of fermions coupled to gravity and gauge fields in a more standard fashion
applying the matter ansatz (4.56) in (£.38) and (£52), or in the chiral-model limits
and (4.55). In particular a matter-anti-matter symmetry breaking of fermions can be fine
tuned using the parameter 7 in and (4.52). Instead in (4.47)-({4.55) the chirality of the
fermions is fixed. See [AV]20] for further discussions.




CHAPTER 6

Maximally extended Chern-Simons Poincaré supergravity for

all odd dimensions

1. Motivation

In [HRO8]|, a supersymmetric extension of the Poincaré Lagrangian
L= eul---agnHRal@ A+ R®2n-1@2n p e“Z"“, (1.1

was found for the A/ =1 Poincaré super-algebra (1.2) with the maximal amount of bosonic
generators Zg, ...q,,, arising from the anticommutator of two spinor charges of the (\V-extended)

Poincaré super-algebra
{5 Q% = (r)sPad ™ + X (1" ) s Zd (1.2)
p

The construction was performed in d = 3 mod 8, which corresponds to the odd dimensions
where Majorana spinors exist. The goal of the work presented in the following sections is to
further extend this construction to all other odd dimensions, and for any /. Furthermore,
we show how the symplectic Majorana condition - an alternative reality condition - can be
implemented in the formalism. It may be stressed that, since the Poincaré algebras are non
semi-simple, the construction of supersymmetric Poincaré Chern-Simons theories for the
their maximal extension is highly nontrivial. In order to circumvent this problem, we
observe that Poincaré (super-)algebras can be obtained from the semi-simple AdS (super-
)algebras by means of an expansion method inspired by Wigner-Inonii contractions. The
expansion method consists in forming the algebra of Lie algebra-valued polynomial, truncate
it at a given order N (i.e. quotient out the element of degree higher than N), and then extract
a subalgebra from this algebra of truncated polynomial. This technique is similar to one
proposed in [MMO03; JOO03| for generating a Lie algebra from a lower dimensional one H
Here, we start by considering AdS super-algebras with maximal number of bosonic (even)
generators. These algebras are then expanded through the method that we briefly present in
a form adapted to our specific problem. Thus, we obtain all possible Poincaré super-algebras
with the maximal number of "central charges", namely the Zg,...q,’s in . The correspond-
ing supersymmetric Poincaré-Chern-Simons Lagrangians can be constructed from the in-
variant tensors of the semi-simple maximal AdS super-algebras. It can be shown that half

of the Zg..a, and the corresponding gauge fields associated to them, do not contribute to

1n f003], the expansion is presented in the dual form i.e. the expansion is done for the dual coalgebra.

139
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the final Lagrangian, and these can be safely removed from the algebra. It is also shown that
these fields could not be part of any Lorentz invariant Lagrangian built from exactly one of

these fields and the Riemann curvature tensor.

2. Presentation of the Lagrangian

2.1. The Algebra.
We are interested on constructing gauge theories for some supersymmetric extensions of the

Poincaré algebra with generators given by

Jap Lorentz generators, (2.1)
P, Translations generators, (2.2)
Z4..a, 'Central"charges, (2.3)
Qg Q% Super charges. (2.4)

There, we made two slight abuses. Firstly, the generators Q and Q are not part of the Poincaré
super-algebra but of its complexification. We do so because the fields associated to the real
generators have no physical meaning, see the Appendix. Secondly the Z,, ,, generators are
not strictly speaking central charges since they do not commute with the Lorentz generators.
However they do commute with all other generators, and hence in what follows we will refer
to them as "the central charges".

These central charges impose a splitting of the odd dimensions into the cases d =4k +1 and

d =4k +3. Indeed, their possible rank n are given by a set Z; > n, where

Tak+1 ={n=0,1mod4}\ {1}, (2.5)

Tur+3 ={n=1,2mod4} \ {1}. (2.6)
The non-vanishing (anti)commutators are

1 — — 1
Uap, 1= = (van)* Q" Ua,Qa) = Qp5 Yar)a, @.7)

_ (n-1)/2
{Qa 6 } = ; Pa( )(Z + %Z‘llmun( )(X (2 8)
PP T S Ya)"pt X Y Yar..an) p |- .

neZy

while the commutators between the Lorentz generators with the other bosonic generators

can be read off from their tensorial characters.

2.2. Connection and Chern-Simons form.

Let us now introduce the connection for the Poincaré super-algebra A\p as

Ap=Q+V¥Y +B, (2.9
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and, where for convenience, we have defined

1

Q= Ew“blab, (2.10)

¥ =Qu+vQ, 2.11)

B=¢"Py+ Y bY“Zy a4, (2.12)
neZy

Since the algebra is closed, the curvature 2—form IF = dA + %[A\ A A\ is also expanded along

the generators as

IFp=R+D¥+DB+¥ AV, (2.13)
1
R= ER“blab, R = dw® + w0*?, (2.14)
DY =Qd+@)y +y(d +9)Q, 2.15)
DB=De“Py+ Y Db""Zy 4, (2.16)
neZy

where D denotes the Lorentz covariant derivative, and the right exterior derivative d is de-
fined by, acting on a p-form A,
Ad = (-1)PdA. 2.17)

We also define the pure Lorentz connection
Apror =Q. (2.18)

The Lagrangian is chosen to be the transgression form (denomination borrowed from
[Nak91]) interpolating between the %-th Chern character of associated to the pure Lorentz
connection A\, and the full super Poincaré connection Ap. In details, one defines the inter-

polating connection and curvature

Ar=1-0AL + tAp 2.19)

=Q+1t(¥Y+B), (2.20)

IF, =R+ D(¥ +B)+ *¥ AP, (2.21)

for t € [0,1]. With the use of the invariant forrrﬂ ( ,..., ), constructed in section 3, and

detailed in (3.1313.15), we are able to construct the Chern-Simons Lagrangian as

1
L :f dt(Ap —Aror, IFs, ..., IFp) (2.23)
0 —
%
d-1
=(B,R,...,R)1 + —<(¥,DY,R, ..., R);. (2.24)
—— 4 ———
a1 d=3
p 2
2By an invariant form of a real super-algebra g, we mean a linear map ( ,..., ):g®---®g— IR satisfying:

n
Vhgl...,gneg 3 (~DIMUsIHgIHEiaD g h g, g0y =0 2.22)
=
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2.3. The main Lagrangian. In a more explicit way, the Lagrangian can be written in a

very compact form as

L£=i"Tr |R9 2| Ree+ Y. b+ @Dy -Dyp) ||, (2.25)

neZly

where we have defined

1 1 d+1
R= ZR“byab, ¢= Eeaya, == mod2, (2.26)
b = o " Yar..a,y  1=0mod4, 2.27)
ﬁb‘“'"“"mlman, n=1,2mod4.

It is interesting to note that, restricting the spinor ¥ appearing in (2.11) to be a Majorana
spinor (which is possible only in dimensions d = 3mod8 for the mostly plus Lorentzian sig-

nature) [TZ99], the Lagrangian becomes (with ¥ now a Majorana spinor)

Lnvaj =Tr [RCI2| Re+ Y. b +2yDy ||, (2.28)

nels

and this expression coincides with that found in [HR08]. There, the restrictions for n € Z,
were computed using a symmetry argument exclusive to Majorana spinors. Surprisingly, re-

laxing the Majorana condition did not affect those restrictions.

2.4. Higher VN theories.
So far, our theory contains one Dirac spinor and is therefore referred as a ' = 2 theory. If
we restrict the spinor to be Majorana as explained in the previous paragraph, we obtain an
N =1 theory. However, it is possible to increase N. To do so, we generalize the pair of odd
generators {®, Q}, introducing a new index i € {1,...%/forming the pairs {Q;, 6i} with new

commutation relations given by

1 —i —il
Db Q] = —E(yub)“ﬁQf, Db Qql = Q’ﬁé(m)ﬁa, (2.29)

(_1)71(71—1)/2

. 1 .
QF,Qp = =501 | P“O)p+ X

aj...ap\a
2(d+1)/2 = Za,..a, (Y el
d

n!

For this extended Poincaré super-algebra, the resulting supersymmetric Chern-Simons La-

grangian is given

N2 R .
L=i"Tr [RI2 R+ Y b+ Y ;DY -Dyw") || (2.30)
neZy i=0

3\ is taken to be an even integer because we are adding Dirac spinors.
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2.5. Symplectic Majorana Spinors.
Our construction can also be extended in the case of symplectic Majorana spinors defined
in dimensions d = 7mod8 (for mostly plus Lorentzian signature). Indeed, when %/ being an

even integer, we can ask the spinors 1 to satisfy a symplectic Majorana condition,

Vo =" Cpat’, (2.31)
where ¢ is the matrix
0 Id
= . (2.32)
-Id 0
In this case, the local supersymmetric Lagrangian obtained for the symplectic Majorana spinor
reads
P .
L=Tr |[R9I2 R+ Y pH+2) w;Dy' ||. (2.33)
neZy i=0

3. Expansion of super-algebras and invariant forms

The goal of this section is to obtain the invariant form of the Poincaré super-algebra
used in to define our Lagrangian. This invariant form is computed using an expansion
of the AdS super-algebra. Thus we start by briefly recalling what is the AdS super-algebra (it is
reviewed in details in the appendix), then present the expansion method in its full generality
before applying it concretely to obtain the desired invariant form. We close this section by

discussing the more general cases of higher N theories.

3.1. The general expansion method.
We recall some results of section and further develop the subject. Let g be a real Lie

super-algebra, and let

RIAl ®g, 3.1)

be the algebra of polynomial in A with coefficients in g. Here, one can view A as an infinites-
imal parameter, A ~ rl%’ and hence (3.1) can be thought as the algebra with generators g; € g

together with their infinitesimal versions A”g;. We take the following quotient

In our picture where A is as an infinitesimal parameter, the quotient by AN*!IR[A] corre-
sponds to "keeping track of terms up to order AV".

Notice that g is Z,-graded as a Lie super-algebra, and that R[], as well as lRM’]//lN+1 IR[A]
are also Z,-graded, the grading being given by powers of A (either even or odd), thus so is
g(V). We denote by g(IN)g the even part of g(IN), which is itself a Lie super-algebra. Viewing
A~ rl—l,z, looking at g(IN)q corresponds to rescale odd generators by odd powers of A and even

generators by even ones.
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Suppose we have a subalgebra ) c g. Then obviously h(N) c g(N). Let K < N, and

AKIR[A

g(K,N) = e R |29 3.3)

which is the subalgebra of g(/NV) with elements starting only at minimum A-power K. It is
easy to see that g(K, N) is a subalgebra (even an ideal) of g(/N). The sum of two subalgebra
being a subalgebra, h(N) + g(K, N) is a subalgebra of g(N), and we consider the even part

(H(N) + g(K, N))o. (3.4)

We note that this construction is the dual transcription of the expansion method pre-
sented in [JOO03]. Indeed, in this last reference, the authors make an expansion for the dual
coalgebra which, although presented differently, can be seen as taking a tensor product with
lR[M/ANH RIA] then looking at subcoalgebra and keeping only even part. It can also be gen-
eralized by taking the (Cartesian and not tensorial) product of a given algebra with a semi
group. This method, called "S-expansion of algebras", has been developed in Ref. [IRS06].

Of important use for our purpose, we now show how to construct an invariant tensor
of the quotient super-algebra. Keeping g as a Lie super-algebra, let ( ,..., ) denotes a p-

linear invariant form over it. Then it can be extended to

ol )th(]V)0®p—>lR[M//lNHlR[M. (3.5)

For each n < N, one can consider the projection

IR[A] ~ 20 IRg- o AR — AR =
/AN+1|R[M =A"ReA'IRe---a A" R - A"R =R, (3.6)
where = means isomorphism of vector spaces. The composition pr,,o{ ,..., )y definesa

p-linear invariant form over g(IN)o. This of course, restricts to a p-linear invariant form over

any of its subalgebras.

3.2. Application to the Poincaré super-algebra.
We are now in position to show that the Poincaré super-algebras of interest and their
invariant tensors can be obtained using the previous constructions applied to the AdS super-
algebra su(%, 3[1). Let so(d —1,1) c su(%, Zt|1) be the Lorentz subalgebra. In the notations

of the previous paragraph, g = su(}, 311), h =so(d - 1,1), N = 2, K = 1. Thus we consider

m m
(5o(d—1,1)(2)+5u(?,?|1)(1,2))0. 3.7
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It is almost our Poincaré super-algebra (2.742.8). At the level of the generators, the contact
with its earlier presentation (2.112.4) is achieved through

A%V ap — Jab, (3.8)
A%, — P, (3.9)
Mayan — Zay.ay, N#1,2, (3.10)
AQ—Q, (3.11)
Ar'Q—Q (3.12)

To get our Poincaré super-algebra, we still need to impose the restriction n € Z; in (3.10).
Let us explain why such a restriction is needed. The resulting %—linear form (obtained by
taking projection onto the A2R-subspace) is given by

1
<P“’]b1b2""lbd_2bd_1> = Weabl by’ (3.13)
)
i
Zay...an Vby by Iby_oby_ ) = WUTI(Yal...aanlhz Ybg_ybg_1 ) (3.19)
-k
_ i
(Qa,Qﬁ,Ible,..-Ibd%bd%) = m”nwaﬁmlbz “Yby_sby_s) (3.15)
where [, k € {0,1} with
I=k+qmod2, (3.16)
d+1
=— mod 2, (3.17)

and where oTr means symmetrized trace defined by
oTr(M{M;...My) = % Y. Tt(Mo)Mg(@) - .- Mg(n)-
‘ g€S,

As it can be seen from the expression of the invariant tensors, one is led to compute traces of
the form (3.14). Note that the other trace (3.15) can be cast in the form decomposing
Eqp in the matrix basis formed by the vy, ...q, -matrices. One can show that the trace (3.14) is
proportional to

Tr ({Yal...a,,, Ybiby - AV by_abasr Yby_sbai}--} }) ) (3.18)
and using the following formula for the anti commutator

Z Nbras)Mb2as2)Y ao@)--aomy (3.19)

o€S,

{yﬂl---an’ th bg} = Yal...anbl by — E

it is easy to show that the trace (3.18) vanishes for n = 3mod4 for all odd dimensions, as
well as for n = 2mod4 in dimensions d = 1mod4 and for n = 0mod4 in dimensions d =
3mod4. In other words, this means that the corresponding bosonic fields will not appear
in the Lagrangian (2.25). On the other hand, since any of the sub-vector spaces generated
these central charges having the same rank n (i.e. Vect{{Z,, 4,})) form an Abelian ideal, we
can freely quotient the algebra by any of them. Hence, eliminating all central charges of the
same rank will not in any case affect the Chern-Simons form defined previously, and this

leads naturally to consider theories with central charges which are Lorentz tensor of rank n,



146 CHAPTER 6. MAXIMALLY EXTENDED CHERN-SIMONS POINCARE SUPERGRAVITY FOR ALL ODD DIMENSIONS

with rank only given in n € Z;. Note however that taking a quotient does not, in general,
preserve the invariance of (3.13}3.15). It is only because we are eliminating generators where
(3.14) vanishes that we do not affect the invariant from.

3.3. Invariant forms for the (extended) N super-algebras.
Instead of starting with s[(m|1, C) we could repeat the analysis with s[(m|M, ), which allows
the introduction of new fermionic generators coming in pairs, namely {Q?,a?}. This con-
struction also brings new bosonic generators that we will denote by K;, forming a new s((M)
algebra.

Exactly as before, we choose a real form, su %, %IM), and construct the algebra

m m
(5o(d—1,1)(2)+5u(E,E|M)(1,2))0. (3.20)

This is the extended Poincaré super-algebra. In absence of further Majorana reduction, it
has /' = 2M. The Majorana reduction achieved earlier depends uniquely on the Lorentz
subalgebra so(d — 1, 1) which has not been modified, and thus can be performed in the exact

same way. In this construction, the AK;’s are true central charges, and the invariant form

(3.15) is now given by

o 0B _ 1 i
<Qa’®j’lb1 bpr+-Jd-4a-3) = m(sjUTr(EaﬁYb]bz «++Yba_4ba-3)- 3.21)

One can also compute the contribution of the central charges K; whose only non trivial can-
didate is given by
(AKI;Ialag,---]uz,,_1a2n>- (322)

Nevertheless, computing the super-trace over the representation 3.23), this contribu-
tion identically vanishes. As a direct consequence, we can eliminate the AK; generators of the
extended A Poincaré super-algebra. For completeness, we briefly mention that one could
keep the A°K; generators, and the resulting theory would contain an additional SU(N) gauge

symmetry (but the Lagrangian will involve a bunch of new terms).

4. Maximality of the theory

In this section, we prove that the theories presented in section 2 contains the maximal
number of b % fields allowed, i.e. we have all possible n for which it is possible to write a
Lorentz invariant term built from one b* % and the Riemann curvature tensor only. We had
a Lagrangian with n =1 mod 4 and n = d — 1 mod 4. We have to show that it is impossible
to build a Lagrangian respecting the conditions mentioned above if 7 does not follow this

restriction.

4.1. To show this, we recall that any Lorentz invariant tensor is built from the Minkowski
metric 74, and the Levi-Civita tensor &g4,..4, (For example the Killing form of the Lorentz al-
gebra can be written 1,4Mpc —NacNpq)- With this remark in mind, let us set up more clearly
our problem. The resulting Lagrangian is a d-form, and b* % a 1-form. Hence we need

to use % Riemann curvature two-form R?’. This gives us a total of n+ d — 1 indices, with
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n< %, that we need to contract using &4,..4, and 74p; in other words, one is force to pair

these indices with some indices obtained from different tensors €4,...q, and 14.

Let us first suppose that n is even. Then we have an even number of total indices to be con-
tracted. Thus, if we want to use the ¢4, 4, tensor, we need to use an even number of them.
However if we use at least two, counting the number of available indices, we see that we have
to contract some indices of these two tensors among themselves. But a well-known formula
tells us that two Levi-Civita tensors with some of their indices contracted is proportional to
a sum of antisymmetrized n,j’s. We reach the conclusion that in the case 7 is even, we can
dispose of the Levi-Civita tensor, and that our sought invariant tensor will be built using the

Minkowski metric only.

Contracting indices of the curvature tensor R*” using the Minkowski metric, one can form
monomials without free indices as R*,R?.R¢, or with two free indices as R, R .R°?. Note
that a monomial with two free indices is symmetric in these two indices if it contains an even
number of curvature tensor (R, R® = R°, RP%), antisymmetric if it contains an odd number
of them (R%,R".R°% = —R%,RY .R°?). A monomial without free indices, as the contraction
of two monomial with two free indices, these two monomials need to have the same type
of symmetry; thus a monomial with no indices necessarily contains an even number of cur-
vature tensor. Leaving them apart, we are left with monomials with two free indices, built
in total with a number of curvature tensor having the same parity as %, which is the total

number of curvature tensor at our disposal.

The field b® 9 is fully antisymmetric, its indices can only be contracted with those of ten-
sors having the same symmetry; in other words with monomials made of an odd number
of curvature tensor. Suppose % is even, then the total number of curvature tensor to be
used is even, so we need an even number of these monomials. As they have two free in-
dices, we obtain a multiple of four of indices to be contracted with those of b* %", leading
to n=0 mod 4. If % is odd, the same argument leads to n =2 mod 4. In other words, one
can construct non-vanishing Lorentz invariant Lagrangians from one b% % field, n even,

and d —1 curvature tensors if and only if n =d — 1 mod 4.

Suppose now n is odd, then one can form b1~ = €ay..q, 1% p®- - Forming an
Lorentz invariant Lagrangian with b®% is equivalent to forming a Lorentz invariant La-
grangian with b%+1-4, as we pass from one field to the other using a Lorentz invariant
tensor. The preceding analysis tells us that this is possible only if d —n = d -1 mod 4 or

equivalently n = 1 mod 4. This conclude our proof.
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5. Further developments

The work we have presented has been done in the mostly plus Lorentzian signature.
However, thanks to our formalism, the analysis in other signature will be straightforward.
Indeed, one just has to change the matrix defining the Dirac conjugate (assuming a unitary

representation of the y-matrices) by:

iq)’o}/l...)’[_l, (5.1)

where t denotes the number of minus signs in the metric and g = @ + 1 mod 2. Work-
ing with the adequate Dirac conjugate, the representation of bosonic generators of the AdS
super-algebra is modified (they will be proportional to the generators modulo
some i factors). Following the construction of the invariant form for the Poincaré super-
algebra, one sees that the sporadic appearance of i in the r.h.s. of is changed. This
implies in turn a change in the definition of b in (2.27). More explicitly we had an i for
n=0,(3) mod 4 and no i for n=1,2 mod 4. Now there will be an i when g =1 mod 2.

Changing the signature also affects the dimensions for which the reductions to Majorana or

symplectic Majorana spinors exist. Indeed, in terms of ¢ and d, one gets

t=1mod4 and d=3mod8§,
Majorana Spinors < or (5.2)
t=2mod4 and d=5mod8.

t=1mod4 and d=7mod8§,
Symplectic Majorana Spinors < or (5.3)
t=2mod4 and d=1mod8.

It is quite striking to see that there are no Majorana spinors for the mostly minus Lorentzian
signature, meaning that reversing the signature does not lead to equivalent theories. Fi-
nally let us mention that the construction of Chern-Simons forms for other invariant tensors
would be possible but will probably lead to very complicated expressions to cumbersome to

be manageable.



CHAPTER 7

Tensionless limit of super-strings and its Majorana condition.

1. Motivation

The first approach to tensionless strings was provided by Schild [Sch77]. Its interest has in-
creased to concern string scattering [GM84], [GM88], AdS/CFT correspondence [Kni2l] or
even in Hagedorn phase transition [AW88], [PA82], [Ole85]. Since supersymmetry is a cen-
tral element in string theories, there have been also some works regarding super-string ten-
sionless limits; with the precursor work of [LST91]. More recently, tensionless limit of the
super-Polyakov action have been investigated in which the spinor fields scale inhomoge-
neously [Bag+20], [BBP19], [Bag+18]. In these works a new action have been obtained, in
which the spinor fields play a more important role. Nevertheless, it was not found any Ma-
jorana condition in their tensionless action. This is somewhat intriguing since the spinors of

the super-Polyakov action are indeed Majorana spinors.

Let us remind the expression of the super-Polyakov action:

1

S=—-——
47l

f d*x\/=gg"" [0,X0y X + iy 0 y]. (1.1)

The metric g is the standard Minkowski metric, diagonal in the system of coordinates (x, #),
with gy =1 and g;; = —1. The spinor v is a two-components Majorana spinor, ¢ stand for
its Majorana conjugate, ¢ is the string length. We consider closed strings, with periodicity T
along the x-coordinates: X(x+ T, ) = X(x,1), w(x+ T, 1) = ¢(x, t). Usually, the physical space
is supposed to have several dimensions, implying that the fields X and v possess several
coordinates (i.e. there are collections of fields {X*}, {¢/#}). In order to keep the present work
as simple as possible, and because it doesn't play any role in the problem we are studying at
the present time, we do not consider these coordinates and assume the physical world has

dimension 1.

Considering only the bosonic part of this action
1
SBos = ——— f d*x\/—ggH"0,X0,X, (1.2)
4l
its tensionless limit is obtained after setting

t
¢ — oo, - —0. (1.3)
x

149
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An usual way of implementing this limit it is to introduce a parameter A € [0, 1], producing

the deformation

4
O——, —AL 1.4
1 (1.4)

and then taking the limit A — 0.

When the full superstring action is considered, a deformation of the spinor v is also
necessary (it can be inferred by analyzing the physical dimension of the spinor). In the past
(IBBP19], [Bag+20], [Bag+18]), this deformation has been guessed and a quite interesting ten-
sionless limit has been obtained. However, the authors of the aforementioned articles have
not been able to find any Majorana condition fulfilled by the spinor fields in their tensionless
limit. We will show in this article that this is mainly due to the election of their deformation.
In order to circumvent this problem, we will show how to compute the appropriate defor-
mation for the spinor, leading to a satisfying Majorana condition, by a method we will now
shortly resume. First, we observe that in the bosonic case, we can, instead of deforming
the coordinate, and in a manner totally equivalent, deform the metric. Then, in the full su-
perstring action, we will use this deformation of the metric to obtain a deformation of the
Clifford algebra. Finally, invoking the fact that, similarly to the bosonic case, a deformation
of the metric should be equivalent to a deformation of both the coordinates and the spinor,

we transfer the deformation of the Clifford algebra to its irreducible representation.

2. Short review of superstrings

2.1. Symmetries.
It is well known that the action (1.1) is invariant under a set of transformation called "ex-

tended diffeomorphisms" (see [BLT'13] for an explanation of the terminology), given by
6:X=¢P0,X, 2.1
1 P 1A Py, 1 P 1 7 Py
65111:5{ 6,,1//—51—: p¢P oA TY + Zapf W_ZE 00u¢P 7Y, (2.2)
with ¢ subject to
g1 0,EP —g1Pa,¢" —gPa,ét = 0. (2.3)
The action is also invariant under the supersymmetry transformations given by

8eX = ey, (2.4)

Sy =—i0, Xy"e, (2.5)
where the spinor € is subject to the condition

Y y*d,e=0. (2.6)
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2.2. Super-field formalism.
The bosonic symmetry transformations acting on the bosonic field can be represented by
a differential operator, as it can be seen from (2.1). We would like to extend this feature to
the whole superalgebra, and represent every (super-)symmetry transformation by a super-

differential operator. For this reason, we introduce on-shell super-fields
Y =X+ify, 2.7

where X and v are on-shell fields and 6 is called a super-coordinate. Here, the use of on-
shell fields is required by the fact that the super-symmetry algebra only closes on-shell. In
order to work with off-shell fields, it is necessary to introduce the so-called auxiliary fields.
The advantage of this approach is that the addition of such fields to the theory would allow
to work with an off-shell closing supersymmetry algebra. In the super-field approach, the
auxiliary fields are components along 66. The vanishing of this component is also part of
the condition that an on-shell super-field fulfills. For more details on this topic, we refer
to [Del+99]. See also [CCF10] for a both rigorous and comprehensive presentation of the

mathematical nature of super-coordinates.

We define the following projectors

1
hlyy = 5 gy Fel), (2.8)
1
b, = 5(11 =7, (2.9)
where
1
7= Semy"y", (2.10)
as well as as the quantities
vi=P.y, @2.11)
0.y = hY 40y, 2.12)
&= hie, (2.13)
éi = E-'Pi = _x (214)

These definitions allow a clear decomposition of the symmetries.

Let us show how the super-differential operator representation s obtained by taking the ex-

ample of the symmetry generated by ¢ . Its action on Y is given by
8:, Y =06: X+i08¢ . (2.15)
We demand it to be of the following form

8Y =6x10,Y +60,05 Y. (2.16)
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Thus, we find expressions d x* (& +)0y, 00,(& +)65a and write that we call the super-differential
operator representation of d¢,. Concerning the notations, we will write this representation

as Ly (¢4), Q4 (€4). Explicitly, we have

1 _
L+(§+)=5ﬁ0+y+§a+pflj6+aé+’ 2.17)
1 _
L.(¢)=¢Ho u+ Ea_ﬂéﬁe_ag_, (2.18)
Q. (€4) =04y e 0.y — i€, 05, (2.19)
Q_(€-)=0_y"e,0_,—ic_0p . (2.20)

2.3. Mode expansion.
The analysis of tensile superstring is simplified by choosing an appropriate coordinate sys-
tem and an appropriate representation of the Clifford algebra. We use the light cone coordi-

nates: xT =t+x, x~ = t—x, and

10! (2.21)
YO - _1 0 ’ .
10! (2.22)
Yl - 1 O ) .
C=D =y, (2.23)
W= ¥- , (2.24)
Yy

where, with a slight abuse of notation, we have identified ., as defined in (2.11) and its only

one non-vanishing component. Using this convention, the equations of motions are

0+0-X=0, (2.25)
o_w,=0, d,p_=0. (2.26)
The solutions of these equations can be expanded in Fourier modes as
2nl l\/z 1 winxt inx_
X=Co+ oPpt+ o Y —lane T + a,e T, 2.27)
T 27 pwezZvop

v () =V2rl Y bhe T, (2.28)

neZ
w_(x)=verl Y bye . (2.29)

neZ

The symmetry parameters can also be expanded in Fourier modes (the symmetries have

to preserve the periodicity of the fields)

_2minxt _ _  _2minx_
@)=Y &e T, E)=) e T, (2.30)
neZ neZ
winxt minx”_
e xN=Y Eope T, e (i)=Y 6 e T 2.31)
neZ neZ
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In the light cone coordinate system, we can identify é* (the component of ¢ along x*) with
¢+ (defined in (2.13)). We can therefore perform a mode expansion of the operators Ly, Q.

of the previous section. We write

Li(€2) = Z fiLi-,nr Q1) = €+,nQx p- (2.32)
neZ neZ
L, , o (a+ - lT"éma), (2.33)
L, = e (a_ - lT"é_aé_), (2.34)
_ 2minx . =
Qin=e (~i05, -20.0.), (2.35)
Q=€ " -y —20-0). (2.36)

Using their explicit representation given in the appendix, we check that the operators {L, ,,Q. ,}
and {L- ,,Q_ ,} form two independent copies of the super-Witt algebra, whose non vanish-

ing commutation relations are given by:

2mi
[L+,n;L+,m] = T(m - n)L+,n+mr (2.37)
2mi n
L, Qy pl = —— 0 — )04 ntrs (2.38)
T 2
{Q+,r»Q+,s} = 4iL+,r+s- (2.39)

3. The exotic super-string action.

3.1. An exotic convention.
The tensionless super-string action is not obtained as a limit of the standard super-string
action, but instead from an exotic action, as was pointed out in [Bag+20|. We briefly review
this result and refer to the quoted article for more details. The exotic super-string action is

obtained after replacing the traditional physicist’s definition for the Clifford algebra
YuYv+Yv¥u=28uw, (3.1
by another choice, preferred by mathematicians
YuYv+Yv¥u=—28uv- 3.2)

This conventions has repercussion on the so-called Majorana representation of spinors.

In full generality, the Majorana conjugation of a spinor v is
y=vy'C, (3.3)

where C, called conjugation matrix, is any matrix satisfying
Cy,C ==y, (3.4)

In spacetime of dimension 2, the two choices are possible: there exists two matrices, let us

call them C, and C_ depending on the sign of (3.4), that can be used to define the Majorana
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conjugation. Furthermore, it can be shown that these matrices can be chosen so that they
satisfy
C:"==xC". 3.5)

However the on-shell closure of the supersymmetry algebra requires to take C = C_. There-
fore there is no choice for the super-Polyakov action. Furthermore, the Majorana condition
in nothing else than a reality condition. To keep things as clear as possible, we ask C, yq, 71
to be represented by real matrices, implying that a Majorana spinor is simply a real spinor
(w* = y). With all these considerations understood, when the convention (3.1) is chosen,
and for real representations, it is possible to have y( antisymmetric and thus C = yp. On the
other hand, when the convention (3.2) is chosen, it is impossible to have both y, real and

symmetric, hence we cannot take C = y,.

Now, the main physical implication of such a result comes from the Dirac bracket of the
spinor field

ap

Wy s = -2mie(Cy")) (3.6)

The consequence is that in the case of the standard super-Polyakov action, i.e. when con-
vention (3.1) is chosen for the Clifford algebra, the fermionic modes, after canonical quan-
tization, will follow the anticommutation relations of (infinitely many) standard fermionic

harmonic oscillators,
[—=b}, —=biT, =1. 3.7)

n

On the other hand, in the case of the exotic super-Polyakov action, i.e. when the convention
is used, one of the modes, lA),J; say, will follow whereas the other, E; say, will follow
— by, L
vn tvn

This kind of commutation relations leads to negative norm states. Differences between stan-

b,y =-1. (3.8)

dard fermionic oscillators and this kind of exotic fermionic oscillator are surveyed for exam-
ple in [HT94].

3.2. Symmetries of the exotic super-string action.
The appearance of the minus sign in the right-hand-side of (3.2) has repercussion in the

(super-)symmetry transformations, which become

5:X=EP0,X, (3.9)
Sey = %§Papw+ %sﬂpf”aﬁw+ iapg‘pu/ + ie“paﬂ.f”?w, (3.10)
5eX = —&y, @3.11)
Sew = —id, Xy e. (3.12)

The restrictions for the (super-)parameters (2.3), (2.6), however, are unaffected. Because we

non

want that a clear separation (on-shell) between the "+" symmetries and the

non

ones (for
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example we want {Q,,Q,} =L,), we have to change the definition of the projectors. Now we
set
1-7 1+7%
Pi=——, Po=—-. 3.13
+ 5 2 (3.13)

The super-differential operators representation of the bosonic symmetries L. (¢ ) is still
given by (2.17}{2.18) (taking (3.13) into account), whereas for the fermionic symmetries it
changes as

Q4 (€4) =0,y e 0,y +i€,:05,, (3.14)
Q_(6-)=0_y"e,0,,+iE_0; . (3.15)

An appropriate representation for the gamma matrices is now given by

o [0 1

Y= o) (3.16)

. [0 -1

LAl PR (3.17)

C=D=y!, (3.18)

w= (1’/‘). (3.19)
Yy

The mode expansion of the fields X and v, as well as the parameters ¢ and €, are given by
the equations (2.27| - [2.31). The modes of the super-differential operators L, are given by
(2.33}{2.34) and the one of Q. are now:

Qp=e aninx (iaa +2é+6+), (3.20)
Q,=e " (105 —20-0.). (3.21)

The operators {L; ,Q ,} and {L_ »,Q_ ,} still form two independent copies of the super-Witt
algebra; their commutation relations are still given by (2.37}2.39), with the only exception of

non

the anticommutator of the "-" supercharges which is now:

{Q—,er—,s} = _4iL—,r+s- (322)
Although this change has mathematically speaking no importance, it should have one in the
quantum theory. These consequences are beyond the scope of this article.
4. Deformation of the action

4.1. The bosonic deformed action.
In order to present some aspect of the problem in a simpler way, let us first focus on the

purely bosonic theory. The tensile bosonic string action is given by

1
SBos = —mfdzw—gg”vﬁuXavX. 4.1)
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It is straightforward to see that the two possible deformations

t— At t—1t
(@ x—x , b x—7 4.2)
0~ -4
lead to the same result
SBos(A) = —ﬁ f dxdt(-X*+ 12X, (4.3)

where we denote the derivative w.r.t to ¢ by a dot and the one w.r.t x by a prime. It is possible
to, instead of deforming the coordinates like in (4.2), to deform the metric. Explicitly the
deformation (4.2} @) will be replaced by

-1 -1
71: — 71& = A?
1 & ( IJ g W ( 1) , (4.4)

l
0

and the deformation (4.2} b) by

| =7
& 1 & A2 . (4.5)

14
['-’z

Replacing in (4.1), we obtain again (4.3), showing that all four deformations are equivalent.
A final remark on this equivalence: when the deformation x — % is chosen, the period of the
(super-)strings T has to be deformed as well by T — % Taking this into account, it is then
straightforward to show that in both cases ({t— A, T — T} and {x — %, T — %}), the limit

A—0of yields

2 Z | ( 1 2 j Tinx
X=Co+ Zpyrr YL Y —( - ”’ntan)e‘%, (4.6)
T 271 nezvioy 1t T
with
1
an=—=(an—G-p),  @n=VAay+an). 4.7)
VA

in accordance with [Bag+20].

4.2. Deformation of the Clifford algebra.

Let us expose the strategy we will use. On the one hand, by analyzing the physical dimen-
sion, we understand that a deformation of the coordinates x* should be accompanied with
a deformation of the spinor field . On the other hand, a deformation of the metric has
to be accompanied with a deformation of the Clifford algebra. Computing the deformation
of the Clifford algebra from the deformation of the metric is quite easy, as we will show.
Hence, in order to compute the deformation of the spinor, we will assume that the equiv-
alence between the "coordinates deformation" point of view and the "metric deformation"
point of view still hold, and compute the deformation of the spinor from the deformation of
the gamma matrices. We remind that we use for the Clifford algebra.
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We now turn on computing the deformation of the Clifford algebra. We consider the case
where the space-space component of the metric is deformed, which should be equivalent to
x — 3. This will yield to a one-parameter family of Clifford algebras, denoted C(1), whose
generators T (1) satisfy

THTY () +TY (W) = —2g* (1, (4.8)
with
g = . (4.9)

It is important in this construction that we work with the inverse metric g*¥, and his asso-
ciated gamma matrices "with upper indices". Indeed, the inverse metric converges, in that
case, to a well defined degenerate matrix, whereas the normal metric diverges as A — 0. Had
we consider the deformation equivalent to r — At, we would have done the opposite, i.e.

consider the normal metric and gamma matrices "with lower indices".

The central problem the sought deformation should answer is to provide a representation of
C(0) with a Majorana condition. We will follow the strategy of [Bull3]. For this, we see the
full family of C(A) as a collection of subalgebras of the bigger Clifford algebra CI(1,2), where

the latter denotes the Clifford algebra associated to the three dimensional metric

-1
Gy = 1 : (4.10)
-1

We will then use the fact that CI(1,2) admits a Majorana representation, and restrict the Ma-
jorana condition of the representation of CI(1,2) to the sub-representation of the C(1). It
is because of this injection of C(A) into ClI(1,2) that we have to work with the metric de-
formation equivalent to x — 3. If we would try instead the metric deformation equivalent
to t — At, we should have seen the family C(1) as family of subalgebras of Cl(2,1), whose
irreducible representations do not possess a Majorana condition, and we would not have

obtained a reasonable Majorana condition for C(0).

At this point, we have to ensure that the representation of Cl(1,2) can be seen as an extension
of the representation of C(1) we started with. This crucial point is doable only if we choose
the Majorana conjugation matrix to satisfy C* = —C. Indeed, we said that two kind of matrix,
C,, C_ could be used in spacetime of dimension equal to 2, and this is no longer true in
spacetime of dimension 3, where only C_ exists. This is also what constrains us to embed
our family C(1) in a Clifford algebra of dimension 3. In higher dimension, the dimension
of the representation will grow up, i.e. the spinors will have more components, which is an

undesirable feature.
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Explicitly, let T?, I'! be the generators of C(1) (with identification T'* = T¥(1)), with T the
timelike generator, (I'’)? = 1, and T'; the spacelike generator, (I'')? = —1. Let (V,R1) be an
irreducible representation of the starting Clifford algebra C(1), used for example in with
C and D the matrices defining the Majorana and Dirac conjugation.. We have y* = R, (T'¥).
Let 2% =! and =2 be the generators of CI(1,2), =1 being the spacelike generator. Then (V,R)
(with the same V), with R(Z°) = y%, R(E') = y! and R(Z?) = 71 define an irreducible repre-
sentation of Cl(2,1). As argued in the previous paragraph, we chose the same matrices C and

D to define the Majorana and Dirac conjugation. An injection ¢y : C(A) — Cl(1,2) is given by

e r’n) — =9, (4.11)

2 92
r'au — 1+4 El+1 21 =2 (4.12)

We obtain a representation (V,Rj) of C(A) by putting R} = Roty. The Majorana condition on

any of these R is obtained by restriction of the Majorana condition defined on R.

4.3. Deformation of the spinor.
We finally compute the deformation of the spinors. The equivalence between the "metric
deformation" and "coordinates deformation" stated before means that we are looking for a

collection (1) satisfying

S = 4ﬂ€()L)fd x(A)y/=g[g" o, Xa, M) X
+ig (MY o, My )], (4.13)
- _ ]' 2 — uv s
N 4ﬂ£()L)f d*xy/=gM)[g"" Mo, X0u X + ipy* (M)ovy], (4.14)

with the convention that for any quantity y (1) deformed in the L.h.s, its non-deformed coun-
terpart in the r.h.s satisfies yrnhs = ¥(D1ns; and reciprocally for quantities deformed in the
r.h.s but not in the Lh.s.. Therefore, to compute the deformation of the spinor we first write

the required equality:

Yy Moy =g yHo,My ), (4.15)
leading to
Y0y =My 0y (W), (4.16)
7 ¥Y0; %7(3@ =)y 0w ). (4.17)
1412 1-12

We observe that, so long A # 0, the two sets of matrices {yy,y;} and {W,}q} obey

the same Clifford relations. By uniqueness of the equivalence class of faithful irreducible
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representations of the Clifford algebras of even dimensions, we know that there exist an in-

vertible matrix P(A) such that

Py’ Py =7, (4.18)
14421, 1-A% =
_— + _—r
P'ytP(y) = Zfﬂ (4.19)
Finally, the sought deformation is
vy =P 'Dy. (4.20)

A last remark: in the previous section we said that the Majorana and Dirac conjugation ma-
trices should be conserved in order to preserve the Majorana condition. This means that

searching for P(1), we also need to consider the two following equations:

PTycr =, (4.21)
PYA)DP() =D. (4.22)
We insist on the fact that the matrix P(1) is guaranteed to exist only if A # 0. In the limit

A — 0, this matrix might become singular. However, we expect the Lagrangian to have a non

singular limit.

4.4. Explicit deformation and tensionless limit.
We introduce a representation for the gamma matrices in which the equations (4.18|- 4.22)

are easy to solve

ot ° (4.23)
"o ) '
1 ( 0 1)
yl= =C=D. (4.24)
-1 0
The components of a spinor in this representation are ¢ = (U/u) They are related to the v
Va
by
_ y-+wv,) . ( ) (4.25)
Wu—\/ﬁW— V), Wd—\/zil’— V). .
In this representation
Vi 0
P = e (4.26)
o 7
thus
Ly,
yA) =P Wy=[ VA "]|. 4.27)
Vg

From here it is possible to take the limit A — 0 and obtain

1 . . . .
STensionless = m f dzx[XZ +1 (Wqu +TYu¥qa ""'Wuwlu) ] (4.28)
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The mode expansion of the tensionless field X has been already given in (4.6). For the spinor
fields, we have seen that the well defined tensionless components are ¥, and ¥ ;, whose

mode expansions in the limit A — 0 are

YulAl(x, 1) Y () + t§' (%), WalAl(x, 1) P x(x), (4.29)
1D =V2AlY e T, 70 =V2rlY fpe T, (4.30)
n n
with
b, +b_ . .
Bn= % Bn=bn—b_p. 4.31)

Note that it is possible to play exactly the same game starting from the standard super-

string action, in which case the tensionless limit is

1 .
Shlternative = m f dzx[Xz + iu/dw'd]- (4.32)

This result explains why we have to start with the exotic action.

4.5. Deformation of the symmetries.
For A # 0, the symmetries of the deformed action (4.13) are just the expressions Ly, Q. given

in sections 1 and 2, but with A dependent quantities. For example
1 _
Ly A€+ () = &L (M0, (A) + anwéﬁ (M0 (D)3, (A). (4.33)

Here the A-dependence of ¢ is just through x* (&4 (A1) = é.(x*(A))), whereas 0. need to
be changed like ¥ using the formula (4.27). However, at A = 0, the + decomposition of the
symmetries do not hold anymore and is replaced by another decomposition. In other words,

we have the equalities

LIAI(S(A) = Ly [A(S+ (M) + L-[A] (€~ (1)) = K(f) + M(g) + 0o(A), (4.34)
QIAIE) = QIMI(EW) + QIME) = G({) +H(p) + 0(A), (4.35)

but it is impossible to express for example K(f) alone in terms of L, and L_. It means that the
decomposition in term of projectors hy, P+ do not exist in the tensionless limits; or equiva-
lently, these projectors do not possess a well defined limit when A goes to 0. The new sym-

metries are

M(g) = g0 + % §'0.0;,, (4.36)
K(f) = fox+ % f'6u5,+0ad;,) + M(f), (4.37)
H(p) = p(id;, - 0.,00), (4.38)
G({) ={(id5, +0,0x—040,) — tH({"). (4.39)

(4.40)
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and f, g,(, p are related to ¢ and € by

+_ = + -
¢ 2; =f, ¢ Z"r =g+tf (4.41)
% =, VAég=p—1t{. (4.42)

Although the symmetries L., Q4+ and K, M, G, H are not directly related, their modes are,
by

Lin—L_-n Lin—L—n
K,=———, M, = ——F-—"FZ—, 4.43
n 21 n 2 (4.43)
1 A
G, = E(Q—,r - Q+,—r)» H, = E(Q+,r + Q—,—r)v (4.44)

which is a (disguised) Wigner-Inénii contraction. Why the Wigner-Inénii contraction takes
this form is understood by looking at (2.37}{2.39), we see that T appears in the structure con-
stants. As said earlier, the deformation x — % implies a deformation T — % and thus we
get a A-dependent algebra. In order to remove this A-dependence, it is possible to scale
Liyn— 3Lty Qi — \/LIQJL,, after what equations take the form of a standard

Wigner-Inénii contraction. The non-vanishing commutation relations of the new symmetry

modes are
27
Ky, Kinl = 71(”” - mMKnsm, (4.45)
27 .
Ky, M) = 7l(m - m)Muim, (4.46)
2mi n
Ky, Gyl = T(T - E)Gn+r» (4.47)
2mi n
[Knr Hr] = T(r - E)Hn+r; (4.48)
2mi n
My, Gyl = T(T - E)Hn+r» (4.49)
{Gr,Gsl = 2iKr+s; (4.50)
{Gr;Hs} = 2iMr+s; (4.51)
with
_ 2minx 2rint
Kp=e 7 (In— T Tn), (4.52)
M, = e 7, (4.53)

2 2mirt
Gr=e T (U+

V), (4.54)

_ 2mirx

H,=e T, (4.55)
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and
inn - _
I,=0y— T (Huaéu + Qdaéd), (4.56)
inn -
In=01-—-0a0p,, (4.57)
U =idg, + 0,40 —0,0,, (4.58)
V=ids —040;. (4.59)

We recognize the commutation relations of the super-BMS3 algebra [AGS86]. The fact that
the algebra of symmetries of the tensionless action (4.28) is the super-BMS; algebra, as well
as its relation with the algebra of symmetries of the tensile action, was already shown in
[Bag+18|. Thus, what this last paragraph shows is that the implementation of the Majorana
condition haven't altered the previous results of [Bag+20], [BBP19] and [Bag+18]. Further-
more, we can now state that the generators G and H defined in are real.



Conclusion

In this thesis we have presented three theoretical model related to supergravity. In the
first one we have constructed an N = 2 supergravity model in a manner approaching a super-
Yang-Mills model based on the G = SU(2,2|2) symmetry. The peculiarity of this model is the
Hodge-like operator ®, which acts on the form indices of the SU(2) x U(1) gauge fields as well
as the "dilatation" fields, but on the Lorentz and spinor indices for the other fields forming
the super-connection, mimicking the MacDowell-Mansouri approach to supergravity. This
theory has to be seen as a mother theory containing interesting physical sectors, joining both
gravity and electroweak interaction in a single action principle (although some care has to be
taken regarding the values of the coupling constants).

In the second model we have constructed supersymmetric extensions of the so-called
Poincaré invariant gravity for some extensions of the Poincaré algebras involving Lorentz
tensors of higher ranks. In order to ensure gauge invariance, the Lagrangians were chosen
to be Chern-Simons forms obtained thanks to the construction of invariant tensors. The
Poincaré super-algebras being non-semi simple, the construction of invariant tensors is in
general an highly nontrivial task. We circumvent this difficulty by exploiting the fact that the
Poincaré super-algebras can be obtained from the semi simple AdS super-algebras by
means of an expansion. Indeed, in the super AdS case, the invariant tensors can be taken
as a super-trace over all the generators, and the expansion has the advantage of providing
the corresponding invariant tensor for the Poincaré super-algebras. These constructions are
done in any odd dimensions, and apply equally well for Majorana and symplectic Majorana
spinors, as long as they exist in the given signature and dimension, and can also be extended
for any A. Furthermore, the Lagrangians we obtain are coupled to fields b% % for any n
where it is possible to have such a coupling. Interestingly enough, our construction yields
a nontrivial supersymmetric Lagrangian which can be expressed in a simple and compact
form whose explicit invariance can be easily checked, either directly by means of Fierz rear-
rangements, or using the general theory of Chern-Simons forms.

In the third model, we have successfully given a Majorana condition for the spinors in
the tensionless limit of the super-Polyakov action. This Majorana condition is obtained by
carefully looking at the deformation linking the exotic super-Polyakov action to its tension-
less limit; in particular we have computed the deformation of the spinor fields by preserving
the equivalence between a deformation of the coordinates and a deformation of the metric.

This deformation has also been constructed in a way that it preserves the Majorana condition
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existing in the tensile theory. It was not guaranteed at all that such deformation was possi-
ble, and a profound analysis of representation theory of Clifford algebras has been done to
ensure its existence. It has been shown that it was crucial at this step to deform the spacelike
coordinate x and not the timelike coordinate ¢, partially explaining why all previous attempts
of defining a Majorana condition in the tensionless limit failed. We have also make sure that
the newly computed deformation reproduce some of the most important results shown pre-
viously concerning the tensionless action. The way on how symmetries are deformed has
been our main focus regarding this point; and we correctly obtain the Wigner-Inénii defor-
mation of the two copies of the super-Witt algebra to the super-BMS; algebra.

Throughout the completion of the thesis, a deep attention was given to the rigor of the
mathematics used. In particular, the notions of super-connection and Lie derivative of spinor
fields, or even the relations between spinor fields and gravity have been studied before being
used in physical models. The widely used concept of Majorana spinors have been acutely
analysed which led to a simple solution of the problem of defining a Majorana condition for
tensionless strings. The expansion of algebra presented in [JO03] has been carefully stud-
ied and better apprehended, leading to more systematic constructions like the maximally
extended Chern-Simons Poincaré Lagrangian. Hence, although the theoretical models we
have presented might find no experimental applications, their analysis have shown them-
selves fruitful for improving the understanding of the mathematics at the heart of funda-
mental models of modern physics. Thanks to many similar works, we can hope to find even

more fundamental models constructing the physics of tomorrow.
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