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Résumé

Le présent travail décrit la théorie des surfaces de Wilson. Nous commencons par la
définition d’une observable de ligne de Wilson dans les théories de jauge, a partir
de laquelle nous construisons d’abord une observable de surface de Wilson, puis
une théorie de surface de Wilson a 2 dimensions indépendante pouvant interagir
topologiquement avec d’autres théories de jauge.

Cette these contient les résultats suivants:

Une intégrale de chemin a 1 dimension sur des orbites coadjointes, correspondant
a une ligne de Wilson, est remplacée par un modele sigma topologique a 2
dimensions. Nous montrons que ce modele sigma est une extension équivariante
de la forme symplectique de Kirillov sur I'orbite coadjointe. Cela nous permet de
définir des observables de surface de Wilson sur des surfaces bidimensionnelles
arbitraires (y compris fermées).

Nous donnons une nouvelle description par une intégrale de chemin pour les
lignes et les surfaces de Wilson en termes de modele sigma de Poisson.

La théorie de surface de Wilson est formulée en tant que théorie undépendente -
une théorie topologique bidimensionnelle des champs quantiques avec un espace
de Hilbert a 1 dimension. Cette théorie a le Lagrangien d’une théorie BF avec
une contrainte sur le champ B. Nous avons calculé les fonctions de partition
sur toutes les surfaces a 2 dimensions et pour tous les types topologiques de
fibrés de jauge. Sur une surface fermée, la théorie de surface de Wilson définit
un invariant topologique du fibré G-principal.

La théorie de surface de Wilson peut interagir avec une théorie de jauge via
la topologie des fibrés principaux. Nous décrivons ces interactions avec les
théories BF et de Yang-Mills a 2 dimensions et en déduisons des formules pour
les fonctions de partition modifiées par les interactions.

Nous calculons explicitement les fonctions de partition de la théorie bidimen-
sionnelle de Yang-Mills en interaction avec une surface de Wilson pour les cas



G=U(1), G=S0(3), G=SU(N)/Zy, G = Spin(4l)/Zy & Zy et obtenons

une formule générale pour tout groupe de Lie connexe compact.
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Abstract

The present work describes the theory of Wilson surfaces. It starts with a definition
of a Wilson line observable in gauge theories, from which we construct first a Wilson
surface observable, and then an independent 2-dimensional Wilson surface theory
which can interact topologically with background gauge theories.

This thesis contains the following results:

A 1-dimensional path integral over coadjoint orbits, corresponding to a Wilson
line observable, is replaced by a 2-dimensional topological sigma model. We
show that this sigma model is an equivariant extension of the Kirillov symplectic
form on the coadjoint orbit. This allows us to define Wilson surface observables
on arbitrary (including closed) 2-dimensional surfaces.

A new path integral description for Wilson lines and surfaces in terms of
Poisson sigma model is given.

Wilson surface theory is formulated as a separate 2-dimensional topological
quantum field theory with a 1-dimensional Hilbert space. It has a Lagrangian of
a BF theory with a constraint on the B-field. We computed partition functions
on all 2-dimensional surfaces and for all topological types of gauge group
bundles. On a closed surface, the Wilson surface theory defines a topological
invariant of the principal G-bundle.

The Wilson surface theory can interact with some background gauge theory
through the topology of principal bundles. We describe these interactions with
2-dimensional BF and Yang-Mills theories and derive formulas for the partition
functions modified by the interactions.

We compute explicitly the partition functions of the 2-dimensional Yang-
Mills theory interacting with a Wilson surface for the cases G = U(1), G =
SO(3),G = SU(N)/Z,, G = Spin(4l)/Zs ® Zy and obtain a general formula
for any compact connected Lie group.
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Chapter 1

Background material

1.1 Gauge theories in physics and mathematics

Gauge theories lie at the heart of our current understanding of the fundamantal laws
of nature.

The key feature of these theories is their invariance under some local transforma-
tions forming a gauge group G.

The electromagnetism is described by an abelian G = U(1) gauge theory. Its
non-abelian generalisation, pure Yang-Mills theory, describes the gluons’ interactions.
And the Standard Model of elementary particles is a non-abelian gauge theory
with a gauge group G = U(1) x SU(2) x SU(3), it provides a unified model for
electromagnetic, weak and strong interactions and is famous by its predictive power.
Even gravity in general relativity can in some sense be treated as a gauge theory if
for the gauge group we take the group of diffeomorphisms of the spacetime manifold.

In this section we are going to introduce gauge theories in a physical language,
and then provide a mathematical description of the concept.

1.1.1 Yang-Mills theory

For the purposes of this thesis the most important example of a gauge theory is
going to be the Yang-Mills theory which we discuss in more detail [10, 14].

Let G be a compact Lie group and g be its Lie algebra. We denote by T the
basis of the algebra g. These are the generators of the group G. They satisfy the
commutation relations:

[T, T = [T, (1.1)



where £ are called the structure constants of the group G, and sommation is implied
over the repeated indices.

Recall that an element g € G near the identity can always be represented as
g = €%T" where 0, are the coordinates parametrizing the manifold.

The vector fields A7, or gauge potential, take values in the Lie algebra of the
group G. The number of the fields corresponds to the number of generators of
G. Thus in case of electromagnetism with G = U(1), there is only one gauge field
giving rise to a photon after quantization. For QCD the gauge group appears to
be G = SU(3) with 3% — 1 = 8 generators, and 8 gauge fields describe 8 gluons. It
is convenient to consider A, in matrix representation of the algebra g. Then the
potential can be expanded in terms of the generators T:

Au(x) = Al(2)T,. (1.2)
To construct the Lagrangian the covariant derivative is introduced:
D, =(0,+ A,). (1.3)

The covariant derivative transforms as: D, — ¢gD,g~'. This condition defines
the gauge transformation for the potential A, — Af:

O + AZ = 9(0u + Au)g_l,

AY = —g0u97 " + gAL T + 0= =0, + 997 (0,9)97" + gALg T + Oy, (1.4)
AZ = gAMg_1 + (%gg_l.
The field strength tensor F},, is defined as follows:

Fo = (D D) = 0,4, — 0,4, + [A, A, (L5)

Being a function of A, the field strength tensor F),, takes values in the Lie algebra g
and can be expanded in the generators T basis:

Fo, = 0,A% — 0,A% + frAb AL, (1.6)

Note that in electromagnetism the structure constants are zero (as well as the
commutator [A,, A,]) and the field strength tensor is linear in A,. This is not the
case for a non-abelian theory. Also, in a non-abelian theory the field stregth F),, is
not gauge invariant. By construction it transforms in the same way as the covariant
derivative: F,, — gF,,g7".



The gauge invariant kinetic term will constitute the free Lagrangian. It is obtained

by taking the trace on the Lie algebra of the squared field strength:
L= —LTIF Fr = —LF“ M (1.7)
2g2 M 4g2 e .
where g is the Yang-Mills theory coupling and we used the normalization for T'* such
that Tr(T*T") = $0°.

The mentioned non-linearity of F),, results in the fact that cubic and quartic
terms in A, are present in the Lagrangian. They describe self-interactions of the
non-abelian gauge field. Thus already the free YM Lagrangian describes a non-trivial
interacting field theory.

The action functional for the Yang-Mills theory:

v oa

1 4 a v
Syar = —492/d wFo Fhv. (1.8)

Then the equations of motion obtained from this action are:
O F* +[A,, F*"] = 0. (1.9)

Or
D, F™ = 0. (1.10)

We can define a dual tensor F" = %e“”’\‘SF \s, to the field strength tensor F),,
and construct the expression DMF m = GMF w4 (A, F#] which vanishes due to
the antisymmetric properties of Fys and €***® tensors. This provides another field
equation also known as Bianchi identity:

D, F" = 0. (1.11)

1.1.2 Yang-Mills theory geometrically

Gauge theories are geometric in character. Their natural mathematical description
is the theory of principal bundles, connections on them and the curvatures of these
connections [2, 11, 13].

Let G be a compact Lie group, P — N be a principal G-bundle over the space-
time manifold N. Then for the tangent bundle T'P to the total space there is a well
defined subbundle, the vertical bundle V P < T'P. In more detail, to every element
¢ € g we associate the fundamental vector field on P: ¢ € X(P) C TP. This vector
field will be tangent to the fiber G and thus ¢ € VP. The map g — V,P, u € P, is
an isomorphism of vector spaces.



Definition 1.1.1. The connection on the principal G-bundle is the choice of a
horizontal subbundle HP — T P, which is an invariant complement to VP in TP,

such that
(i) TP=VP@&HP

(it) HgyP = g.(H,P), ue P, g€G,
g« is a map induced by theaction G x P — P.

It is convenient to choose the horizontal subbundle as the kernel of some map.
More precisely, a connection can be defined as a bundle projection map A : TP — V P,
then HP = ker(A). For practical computations this is achieved by introducing on P
a connection g-valued 1-form A € Q(P, g)

Definition 1.1.2. A connection g-valued 1-form A € Q!(P, g) is a projection of T, P
to the vertical subspace V, P ~ g, satisfying the following conditions:

(i) wrA=EVEeg,
(i1) Ais G — equivariant, i.e. g* A = gAg !, g € G.

Then the horizontal subspace is given by:
H,P={X e€T,PlixA=0}. (1.12)

The definitions 1.1.1 and 1.1.2 are equivalent.

A connection 1-form can be defined locally on the base manifold N. Let {U;} be
an open cover of N and o; : U; — W_I(Ui) be a local section for each U;. Then we
can define a g-valued 1-form A; on each Uj;:

Ai=0; A€ QU 9). (1.13)

Note that if the principal G-bundle is trivial, there exists a global section o : N — P
and the connection 1-form on the base manifold is given globally by A = ¢*A €
QYN g).

For a non-trivial bundle on the intersections U; N U; the local forms agree in the
following way:

Aj =t Aty — digt, (1.14)

where ¢;; : U; N U; — G are the transition functions.

Hence, if we know a local section o; and a g-valued 1-form A; on each U; we can
define a global connection 1-form A € Q'(P, g) on the bundle, such that A; = ¢} A,
by the formula

A1y = gim* Aigr ' — dgigi (1.15)

4



where d is the exterior differentiation on P and g; is the local trivialization defined
by wi(u) = (p, g:) for u = g;os(p) and ¢; : P — U; x G.

In this formula we recognize the gauge transformation for the Yang-Mills potential
(1.4). And the local 1-forms A; = 0} A on the base manifold are identified with the
gauge potential.

The covariant derivative operator is induced by the connection on the principal
G-bundle in the following way. Recall that a horizontal n-form with values in the
Lie algebra w € Q™(P, g) is a form satisfying the condition 7,w = 0 for { € g and
the fundamental vector field £&p € V P.

Then the connection gives rise to an equivariant projection operator P} :

O"(P,g) — Qp..(P,g). And the covariant derivative is the following composition:
dg= Plhod:Q"(Pg) — QP g). (1.16)

Definition 1.1.3. Let A € Q'(P,g) be a connection 1-form on the principal G-
bundle P — N. The curvature of the connection is the g-valued 2-form F4 € Q*(P, g)
given by the covariant derivative of the connection:

]:A:dA.A.

This 2-form is horizontal by definition (the covariant derivative maps the forms
into the horizontal subspace). Taking the curvature 2-form on two vector fields
X,Y € TP it is easy to show that F 4 is equivariant:

g*fA<X7 Y) = FA(Q*Xa g*Y) = dA(Q*XHag*YH> = dg*A(XHa YH) =
= d(gAX",YT)g™) = g(dAX",Y7))g™1) (1.17)
= gFA(X,Y)g7 !,

where we used the fact that the map g, preserves the horizontal subspaces and
commutes with the differential, i.e. (g.X)¥ = ¢, X and dg* = g*d.

For practical computations it is useful to introduces the explicit expression for
the covariant derivative operator action on the connection

1
dAA:dA+§[A,A] (1.18)
and thus define the F 4 explicitly in terms of A and its ordinary differential:
1
fAsz+§[A,A]. (1.19)

The form dA + 1[A, A] € Q*(P,g) is horizontal. This can be seen by contracting
it with some horizontal vector field £p:

tep (AA+ A, A) = Lo A~ [ A1, A] = [4,6] — [4,.6] =0

5



On the other hand, its Lie derivative satisfies the condition L¢, Fa = [Fa,&]:
Lep(dA+5[A A = (dig, +16,d)(dA + 3[A, A))
= glepd[A Al + dig, dA + 3dig, [A, Al
[tep, d A, A + [dA, 1, Al + dLe, A+ [dig, A, A] + e, A, dA|
= [Lep A A+ [dA €] + dLe, A+ (€, dA]
[A, €], Al + d[A, €] = [5[A, A, ¢] + [dA, ]
[dA+ 3[A, A€

One possible interpretation is that curvature measures the quantity by which the
Lie bracket of horizontal vector fields fails to be horizontal.

Proposition 1.1.4. If XY € HP are horizontal vector fields on P, then
A([Xa Y]) = _‘FA<X7 Y)

Proof. Recall that A vanishes on horizontal vectors, then
FAX,Y) =dAXT YT = dAX,Y) = XAY)-YAX)-A(X,Y]) = —A([X,Y]).

Another possible interpretation is that curvature measures for how much the
covariant differential fails to be a true differential.!

Proposition 1.1.5. For w € Q"(P,g), (da)*w = [Fa,w].
Proof. See [11]

The curvature is covariantly constant. This important property is called the
Bianchi identity:
daF4 = 0. (1.20)

The identity is easily verified:
1 1

as the first two terms cancel each other and the last one vanishes by the Jacobi
identity for g.

The curvature 2-form can be defined locally on the base manifold N. Let {U;}
be an open cover of N and o; : U; — 7 }(U;) be a local section for each U;. Then
we can define a g-valued 2-form F; on each U;:

Fy = 01 Fq € Q(Uy q). (1.21)

IThe exterior differential satisfies the property d? = 0.

6



Note again that if the principal G-bundle is trivial, there exists a global section
o : N — P and the curvature 2-form on the base manifold is given globally by
F=0"F4€Q%N,g).

In terms of local potential we find:

F=0"Fq=0"(dA+ ;[,4, Al) = do* A+ ;[U*A, 0" A] = dA + ;[A, Al

This form is identified with the Yang-Mills field strength.

Note that on the overlapping U; N U; the local curvature forms should satisfy the

compatibility condition:

F; = tij-thz'_jl)
where the ¢;; are the transition functions. This condition corresponds to the gauge
transformation for the Yang-Mills field strength.

Let G be a compact connected Lie group, g = Lie(G) its Lie algebra, and Tr an
invariant scalar product on g. Consider a 4-manifold N and let P be a principal G-
bundle P — N. A connection A is given by a g-valued 1-form on P. The curvature of
the connection A is a g-valued 2-form on P given by the formula F4 = d A+ %[A, Al.

Assuming that P — N is a trivial bundle, we can choose a section ¢ : N — P
and define the gauge field A = 0*A4 on N. Changing a section is equivalent to a
gauge transformation of the gauge field A:

A A9 = gAg~! —dgg! (1.22)

forg: N — G.

Then the curvature 2-form on the manifold N is defined by Fy = o*F4 =
dA+ 1[A, A]. Tt gauge transforms as Fiy — F§ = gFag™".

Now we can formulate the Yang-Mills action:

1
Syar(A) = —292/NTrFA A*F, (1.23)

where ¢ is the gauge coupling constant and *F is the Hodge dual of the curvature.
Note that the quantity TrF4 A *F)4 is invariant under the gauge transformation
(1.22).
The variation of the action with respect to the gauge potential A yields the
equation of motion:
dA*FA:d*FA—i—[A,*FA]:O. (124)

Another field equation is provided by the Bianchi identity (1.20). It is automati-
cally satisfied being just a geometric consequence of the definition of the curvature:

dAFAIdFA—F[A,FA] = 0. (125)



1.2 Equivariant cohomology

1.2.1 Borel model

The equivariant cohomology [4, 5, 7, 12] appears when one is interested in the
properties of manifolds (or topological spaces) with a group action G x M — M.

Let G be a compact Lie group. When it acts freely on a manifold M the quotient
space of this action M /G is also a manifold. Free G action means that for g € G and
a € M ga = a only if g = idg. Then the cohomology of such a quotient manifold
H*(M/G) is a nice object (and it will coinside with the equivariant cohomology of

However, if G-action on M is not free the space M/G is usually singular. But
still useful information can be obtained by constructing the homotopy quotient (also
called Borel construction) and its cohomology will provide an efficient replacement
for the cohomology of the space M/G.

The idea of the Borel construction is to replace M with some space M on which
the group G acts freely and which is homotopically equivalent to the original manifold
M. One can always find a contractible space EG on which G acts freely. Then the
product M x EG = M =~ M is homotopically equivalent to M and G acts on it
freely.

The contractible space EG in its turn is an important example of a principal
G-bundle: EG — BG = EG/G called the classifying bundle for G.

M x EG — (M x EG)/G is a principle G-bundle and its base manifold (M x
EG)/G is precisely the homotopy quotient.

Definition 1.2.1. The equivariant cohomology on M is the ordinary cohomology

on (M x EG)/G: Hi(M) = H*((M x EG)/G).

1.2.2 The Weil model of equivariant cohomology

The topological definition (1.2.1) of equivariant cohomology can be reformulated in
algebraic terms. In more detail, the Weil algebra is introduced:

We == Sg" @ Ng™, (1.26)

which is constructed by taking the product of the symmetric and exterior algebras
of the dual space to g. It is graded by assigning degree 2 to generators of Sg* and
degree 1 to generators of Ag*,

Wcl; = @j+2k:lSkg* & /\jg*. (1.27)



The elements a, f € W ® g are constructed as follows: a is a element in Alg*® g
defined by the canonical pairing between g and g*. Similarly, f € S'g* ® g.

There is an action of a Lie superalgebra G on the Weil algebra, which is defined
as follows. Let M be a smooth manifold, G be a compact connected Lie group acting
on M and g be the Lie algebra of GG. To every & € g we associate the fundamental
vector field &y € X(M).

The three operator: de Rham differential d, contractions zé“[ and Lie derivatives
Léw act on the space of differential forms 2*(M). They satisfy the relations

M My _ M My _ M M 7M]_ M
[ZS » by ] =0, [Lé » by ] = e [LE ’Ln ] _L[ﬁ,n]’

M@ﬂ:L¥J¢@ﬁ:OJ¢ﬂ:Q

where [—, —] is a supercommutator.

These operators form a Lie superalgebra G. One of the possible representations
of G are spaces of differential forms 2*(M). Another representation is precisely the
Weil algebra Wg. G acts on the elements a, f € Wg ® g:

da:f—;[a,a], df = [f,al. (1.28)
zgva =¢, ng = 0. (1.29)
L f=f.¢€, La=]a¢]. (1.30)

One can think of a as a universal connection on a principal G-bundle. Then, the
first formula in (3.17) gives the standard definition of the curvature and the second
one is the Bianchi identity.

As representations of G are carried by both Q*(M) and W the diagonal action
on the tensor product can be defined. Thus d, ¢, L¢ act on Q*(M) @ We as follows:

Le=L{@1+10 LY,
=1 ®1+1®1, (1.31)
d=d®1l+1®d

The Weil algebra W provides the algebraic analogue of the space of differential
forms on the classifying bundle EG. The cohomology of the Weil algebra is trivial,
which is analogous to the space EG being contractible. And replacing the manifold
M by the space M x EG with a free G-action finds its algebraic analog in replacing
the space of differential forms Q*(M, g) by the tensor product Q*(M) @ We.

9



The space QF (M) of equivariant forms on M is then defined as the basic part of
(M) ® We:

QM) :={a e Q" (M) ® Wg|Lea = 0,2, = 0}.
Theorem 1.2.2. The equivariant cohomology on M is given by
HL(M) = H (QL(M),d® 1+ 1®d). (1.32)

Proof. See [7]
The theorem 1.2.2 defines the Weil model of equivariant cohomology.

1.3 (Geometry of coadjoint orbits

1.3.1 Symplectic and Poisson manifolds

Definition 1.3.1. A symplectic manifold is a pair (M,w) where M?" is an even-
dimensional smooth manifold endowed with a symplectic structure w € Q?*(M), a
closed non-degenerate differential 2-form:

dw=0andVpe M, VX #0 3 st w(X,Y)#£0, X,Y € T,M

In local coordinates the symplectic form can be represented as w = w;;(x)dz"dx?
with (w;j(x)) antisymmetric non-degenerate matrix. Thus a symplectic manifold is
always even-dimensional, such matrices don’t exist in odd dimensions.

Non-degeneracy implies the existance of the isomorphism between the tangent
and cotangent bundles w : TM — T*M with the inverse 7 = w™!. The bijection
between vector fields and 1-forms on M is given by:

1xw =0, (1.33)

where X € X (M) is a vector field and 6§ € Q'(M) is a 1-form on M. In local
coordinates it can be represented as (w;;dz’da?, X" 6‘;) = w;; X'dz? = 0;dx?. In case
when the 1-one form is closed and given by § = dH for a differentiable function
H € C*(M), the vector field Xy € X (M) is called Hamiltonian.

Then to each differentiable function H € C*°(M) we can assign a vector field in

the following way:

WXy, Y) =dH(Y), HE C®(M), X € Xyam(M), Y € X(M) (1.34)

This leads to defining a binary operation called Poisson bracket on the vector
space of differentiable functions on M.
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Definition 1.3.2. The Poisson bracket {-,-} : C*°(M) x C*(M) — C*(M) on a
symplectic manifold (M,w) is a bilinear map on the space of differentiable functions
C*°(M) given by

{f,9} = w(Xy, Xy) (1.35)

for f,g € C°(M). The bracket satisfies the following properties:

hd {fa g} = w<Xf7Xg) = _w<Xg7 Xf) = _{ga f} (antis}/mmetr}7>7
o {f{g,n}}+{g,{h f}}+{nA{f g}} =0 (Jacobi identity),
o {fg.h}=flg,n} +g{f h} (Leibniz rule).

The first two conditions mean that the Poisson bracket defines a Lie bracket
on the space C*°(M). The formula for the bracket can be written just in terms of
functions and Hamiltonian vector fields on M:

{f, 9} = W(Xfan) = df(Xg) = ngdf = ﬁng = —Exfg-

A manifold together with the Poisson bracket is a Poisson manifold.
Recall that the inverse of the symplectic 2-form w is a bi-vector defining a map

7 :T*M — TM. In local coordinates it can be expressed as m = 7% B?vi %.

Theorem 1.3.3. The bivector 7 = w™" is Poisson and it defines the bracket {f, g} =
m(df A dg).

Thus every symplectic manifold (M,w) is also a Poisson manifold. However,
the converse is not always true: for a given Poisson manifold (M, 7) the map
7 T*M — TM is not invertible in general and it is not possible to define 77! = w.
Neverthless (M, ) can be represented as a disjoint uninon of smooth even-dimensional
submanifolds which are called symplectic leaves. On each symplectic leaf ¥ the map
m:T*Y — T is a bijection. Consequently, on every leaf there exists a differential
2-form w = 7! € Q*(X) such that w(Xy, X,) = {f,¢9}. The form w =€ Q*(X) is
closed and non-degenerate, hence it defines a symplectic structure on (3, w).

1.3.2 Coadjoint orbits as symplectic manifolds

Let G be a compact Lie group. We use the following notation pretending that G is a
matrix group (by Ado Theorem, this is actually true). The adjoint representation
g — Ad(g) defines the the action of G on its Lie algebra g which is given by matrix
conjugation: Ad(g) = g€g~"' for g € G and £ € g.

The dual to the adjoint representation is the coadjoint representation: Ad*(g) :=
Ad(g=1)*. This is the action of the group G on the dual of its Lie algebra g*. By
definition

(Ad"(g)A, ) = (A, Ad(g)¢), (1.36)
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where g € G, £ € g, A € g" and (-,-) is the canonical pairing between g and g*.
Recall that for a semisimple Lie group the algebra g and its dual are isomorphic:
g ~ g%, hence the coadgoint action can be identified with the adjoint and denoted by

Ad(g)* N =g \g (1.37)
for A € g* and g € G.

Definition 1.3.4. A coadjoint orbit (or an orbit of the G action on g*) is the set of
elements of g*:
Or={9"\gAeg"geG}. (1.38)

Recall that the Lie algebra generators satisfy the condition [T¢,T%] = fT°. The
generators can be associated with the coordinate functions on g*.

Theorem 1.3.5. (Kirillov-Kostant-Souriau)[9] Let [ € C®(g*), X,Y € g,
€ € g*, such that fx(§) =< & X >. Then there exists the unique Poisson bivector m,
such that the Poisson bracket is { fx, fy} = fixy]-

This bivector field can be written in terms of coordinates on g* as:

90
™ = abTCaij_llaij_‘b. (139)

Then the Poisson bracket on g* can be expressed as:

af 9y
= fa Tc a0
{f7 g} ab aTa 8Tb
where f,g € C*(g*). The space of linear functions on g* is closed under this
operation as the bivector 7 has linear coefficients and thus is the Lie algebra g. Then
g is a Lie subalgebra in C*°(g*).
This shows that g*, the dual of the Lie algebra g, is a Poisson manifold.

(1.40)

Theorem 1.3.6. (Kirillov-Kostant-Souriau) [8] Coadjoint orbits O C g* are
symplectic leaves of g*.

By the theorem 1.3.6 the coadjoint orbits are symplectic manifolds (Oy, @,). The
symplectic structure @) on O, is defined as follows. Let us take the Mauer-Cartan
formf = g~'dg € QY(G, g), which is a g-valued 1-form on the group G. Consider a
principal Hy-bundle G — O, ~ G/H), where H) is the stabilizer of A\. For a given
point A € O, we define a 2-form on G taking values in R:

wy = —TrAdf = —Tr \(g~'dg)* € Q*(G). (1.41)
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This 2-form is basic and by definition closed. Recall that Q*(G)pasic =~ 2*(O,). Then
the form @, descends on O, to the unique form &, € Q(0,), i.e. for wy € Q2 .;.(G)
there exists the unique @y € 2%(0,) such that 7*&, = w,. This 2-form &, known
also as Kirillov form [8], is G-invariant, closed, non-degenerate and thus defines the

symplectic structure on O,.

1.3.3 Quantization of coadjoint orbits

One of the reasons why coadjoint orbits arise in gauge theories is that upon quan-
tization they produce gauge invariant quantities defined on curves - Wilson line
observables. Let G be a compact connected Lie group, g its Lie algebra, P — N be
a principal G-bundle over a manifold N, I' C N a closed curve embedded in N, and
A € QY(P,g) be a g-valued one-form on P.

Then a Wilson line (Wilson loop) is given by the holonomy of the gauge field A
along I', and a finite dimensional irreducible representation R of G:

WE(A) = Trg Pexp (/F AR) . (1.42)

The general idea of the quantization is to associate a Hilbert space to a classical
system, whereas classical observables become linear operators on the Hilbert space.
A coadjoint orbit, as a symplectic manifold, thus represents the phase space of a
classical system.

Canonical quantization promotes canonical coordinates {7} (they are coordinate
functions on g*) to operators 7. The Poisson bracket {7, T"} = f%T* becomes
the commutator [T%, T%] = —i fobTe.

The classical Hamiltonian is a function on the classical phase space: H = T*A,(t),
where A,(t) is a background field. The corresponding Hamiltonian operator acting
on the Hilbert space is H = T%A,(t).

Then the partition function of the quantized system takes the form

Zo, = Try Pexp (—2' | A>> — Try, Pexp (—i / Aa(t)Tadt) L (143)
I I

This is exactly a Wilson line, if we identify the representation R with the Hilbert
space H of the system. To show how this identification works, we will go briefly
through the basic steps of geometric quantization for the coadjoint orbits.

Geometrically, a coadjoint orbit O, is quantized as a Kahler manifold [3, 8].
Indeed, one can show that there exists a G-invariant complex structure J, on O,,
compatible with w,, i.e. w,(,-Jy) is a Kéhler metric on O,, such that w, is a
Kéahler form.
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In what follows, we assume that A € h* is regular, then hy = h and Hy, = H
is a maximal torus subgroup. Next, one defines a line bundle over O, ~ G/H.
Such bundles are classified by the elements of the second cohomology of the orbit
H?*(G/H,Z). At the same time, the existence of a principal H-bundle over the same
base space G — G/H implies

H*(G/H,Z) = H'(H,Z) = Hom(H,U(1)) ~ A, (1.44)

where Af, C b* is the lattice of integral weights of GG, hence they classify the line
bundles over O,.

Let £(p) = G xz C be a line bundle over G/H determined by the weight . To
become a prequantum bundle, £(x) must satisfy Bohr-Sommerfeld condition, i.e.
the symplectic form w) must be obtained from the curvature of the prequantum
line bundle as Fy, = iwy. This is indeed the case when A = pu is quantized a weight
of G. So we define L£()\) to be prequantum line bundle over the orbit O,. The
procedure is finished by identifying the Hilbert space of the system as the space of
the holomorphic sections of the line bundle Oy:

H = F}wl(O)\, [,()\)) ~ R)\, (145)
where the isomorphism is given by the Borel-Weil theorem.

Theorem 1.3.7. (Borel-Weil) The space Ty, (Ox, L(N)) is non-zero exactly
when X\ € A, where Ay, is the lattice of dominant weights, and in this case
Lhot(Ox, L(X)) is an irreducible representation Ry of G with highest weight ).

1.3.4 Path integral quantization of a coadjoint orbit

By definition a path integral reproduces time evolution of a quantum system described
by Hamiltonian formalism. Hence if instead of canonical quantization we apply a path
integral formalism to quantizing the coadjoin orbit we obtain a different presentation
for the same object, for a Wilson line observable.

First let us see how the path integral quantization of a symplectic phase space
works. Consider a physical system whose phase space is given by a symplectic
manifold (M, w, H) with the symplectic structure w € Q*(M) and the Hamiltonian
H € C>®(M). Let x; be coordinates on M. The Poisson bracket on M will govern
the time evolution of the system:

i = {H, x;}. (1.46)

The action functional on the phase space (M,w, H) is given by

S = /(a ~ H)dt, (1.47)
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where « is the symplectic potential solving the equation w = da at least locally.
Recall an example from classical mechanics with w = dp’ Adq’, o = p;dq'. The action
functional for the system would be

And after path integral quantization the partition function of the system becomes
/ Dae's. (1.48)

A path integral quantization of coadjoint orbits described by Alekseev-Faddeev-
Shatashvili [1] works as follows. Let b : I' — g* be an auxiliary field defined on
the curve I and taking values in O). In addition, we introduce a field g : I' = G
which takes values in G, with the property b(s) = g(s)Ag(s)~!. The symplectic
structure wp on the orbit is given by the formula (1.41), the symplectic potential ap
is ap = (), g7 'dg), and the Hamiltonian H = —(\, g~'Ag). Further on we denote
the canonical pairing (-, -) by Tr(- -). Then the partition function is

Zo, = / Dy eiS\A9), (1.49)

where
Sx(4,9) =/ Tr Mg~ 'dg + g~ ' Ag) =/ Trb(dgg™" + A) (1.50)
I I

is the action functional 1.47.
This construction becomes the basepoint for the Wilson surface theory studied

further on in the main part of the thesis.
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Chapter 2

Description of results

Diakonov-Petrov formula for a Wilson line

This thesis studies several path integral presentations for a Wilson line, a non-
local observable playing a very important role in gauge theories. The path ordered
exponential Pexp, denoting the holonomy of the gauge field in the formula (1.42)
for a Wilson line, is usually not easy to work with in practical computations. That
is why another descriptions for (1.42) are interesting.

One path integral presentation, involving quantization of coadjoint orbits and
discussed in detail in section 1.3.4, was invented by Alekseev, Faddev, Shatashvili.

Another presentation for a Wilson line was developped by Diakonov and Petrov
[6]. The idea is to consider a surface 3 for which the curve I' is a boundary. Then,
applying the Stokes theorem to Alekseev-Faddeev-Shatashvili Lagrangian in (1.47),
we can provide a new beautiful formula for the Wilson line. This time the action
functional is defined on a 2-dimensional submanifold:

S\(A.9) = [ Tro(dgg™ +4) = [ dTrbldgg™ +A) = [ Trb(Fa - (dagg ™))
r ) b 2.1)
where d4 is the covariant derivative with respect to the gauge field A, and F)y is its
curvature.

The Lagrangian of this formula is defined on the coadjoint orbit O,, as well as
Alekseev-Faddeev-Shatashvili Lagrangian of (1.47). Coadjoint orbit are symplectic
manifolds and are endowed with the canonical Kirillov symplectic form. We show
that the Lagrangian in (2.1) is an equivariant extension of the Kirillov form. This
interpretation lets us define the action functional (2.1) on any orientable surface,
even a closed one, hence define a Wilson surface observable.
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Poisson sigma model for a Wilson surface observ-
able

The construction of the Poisson sigma model of a Wilson surface is based on the
action functional (2.1).

We introduce an auxiliary g-valued field a € Q}

hor

(P,g)¢. The new action is:

Sx(a,b,A) =[5 Tr(b(Fa — (dgg™" + A)* + (dgg™" + A+ a)?)
= Jg Tr(b(d(A + a) + (A + a)?)),

Obviously, if the auxiliary field a is integrated out, this action reduces to the Diakonov-
Petrov action. The resulting expression coinsides with the Poisson sigma model for
coadjoin orbits, but there is a new detail: now a connection A + a is defined on the
same principal bundle, combining the background field A and the auxiliary field a.

(2.2)

Wilson surface theory

The study of Wilson surfaces started as a study of surface observables in some other
gauge theory. The definition (2.2) allowed us to construct Wilson surface theory as
a separate 2-dimensional model, without any theory in the background:

Sy(a, b, A) = /E Tr(bFaa). (2.3)

As a Lagrangian field theory, it has an action of BF-theory with a constraint
on the B-field to belong to a certain coadjoint orbit. This coadjoint orbit is the
parameter of the theory. As a quantum theory, it has a 1-dimensional Hilbert space
associated to a circle. We computed partition functions on all 2-dimensional surfaces
and for all topological types of gauge group bundles.

In more detail, principal G-bundles P — ¥ over a closed surface ¥ are classified
by the elements v € m;(G) in the fundamental group G. The gauge group can be
viewed as G = G//T, where G is the universal cover of G and ' C Z(G) is a subgroup
of the center of G. For each element v € 71 (G) in the fundamental group there exists
a corresponding element C, € I' C Z (é) in the center of the covering group, since
[' 2 m1(G). Then the partition function for a particular equivalence class of principal
bundles P — 3, defined by v € m;(G), is given by:

_ XA(O“/)

dy
where x(C,) is a value of the character x on the element C, and d}, is the dimension
of the representation.

Zys(Cy A) (2.4)
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Topological interactions and exact results for 2-
dimensional gauge theories

In this thesis we study topological interactions of the Wilson surface theory with a
background gauge theory, in particular 2-dimensional BF and Yang-Mills theories.
The two gauge connections A and A + a are defined on the same principal bundle,
this is how the two theories interact through topology. The presence of the Wilson
surface modifies the partition function of the background theory multiplying by a
phase (2.4) the individual contributions for each class of bundles:

yginteract _ Z ZbaCkgr(C’y) . ei‘P'Y_ (25)
vem(Q)

The Yang-Mills theory in 2 dimensions is exactly solvable, so it comes in very
convenient to test our model and compute explicitly the partition functions in the
presence of a Wilson surface for concrete gauge groups. In the present work we study
in detail the examples of the gauge groups G = U (1), G = SO(3),G = SU(N)/Z,
(m devides N), G = Spin(4l)/Zs @ Zy. And we obtain a formula of the partition
function for any compact connected Lie group G' = G/T.

Thus, without a Wilson surface, the 2-dimensional Yang-Mills partition function
is:

Zym(m)= Y d?%;zge_TCz(R“)7 (2.6)
Ry (G=G/T)

where 7 is a parameter absorbing the Yang-Mills coupling and the area of the surface,
p is the highest weight of a representation R, Cy(R,,) is its quadratic Casimir, and
the sum goes over such representations of the covering group G that descend to the

representations of G = G//T.
The presence of a Wilson surface changes the partition function:

Zyw(r)= 3 dimpMeT), (2.7)
RyA(G=G/T)

where the sum now is over such representations RM(CNT'), that the representations of G
with the highest weight p + A would correspond to the representations of G = G/I'.
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The ideas, discribed briefly in this chapter, are developped thoroughly in chapters
3 and 4, corresponding to the following publications:

A. Alekseev, O. Chekeres, P. Mnev, Wilson surface observables from equiv-
ariant cohomology, J. High Energ. Phys. (2015) 2015: 93, [arXiv:1507.06343].

O. Chekeres, Quantum Wilson surfaces and topological interactions, J. High
Energ. Phys. (2019) 2019: 30, [arXiv:1805.10992].
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Chapter 3

Wilson surface observables from
equivariant cohomology

Anton Alekseev, Olga Chekeres and Pavel Mnev

Dedicated to Ludwig Faddeev on the occasion of his 3*th anniversary

Abstract: Wilson lines in gauge theories admit several path integral de-
scriptions. The first one (due to Alekseev-Faddeev-Shatashvili) uses path
integrals over coadjoint orbits. The second one (due to Diakonov-Petrov)
replaces a 1-dimensional path integral with a 2-dimensional topological
o-model. We show that this o-model is defined by the equivariant exten-
sion of the Kirillov symplectic form on the coadjoint orbit. This allows to
define the corresponding observable on arbitrary 2-dimensional surfaces,
including closed surfaces. We give a new path integral presentation of
Wilson lines in terms of Poisson o-models, and we test this presentation
in the framework of the 2-dimensional Yang-Mills theory. On a closed
surface, our Wilson surface observable turns out to be nontrivial for G
non-simply connected (and trivial for G' simply connected), in particular
we study in detail the cases G = U(1) and G = SO(3).

Keyword: Wilson line, Wilson surface, equivariant cohomology, 2d Yang-Mills, gauge theories
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1 Introduction

Wilson line observables play an important role in gauge theories. Such an observable
is defined by a closed curve I' and a representation of the gauge group R. It is
described by the formula

WIE:TrRPeXp</A>,
r

where A is a gauge field.

Wilson lines admit several interesting path integral presentations. The first one is
due to Alekseev-Faddeev-Shatashvili [1], and it involves the auxiliary field b = gh\g™?,
where ¢ is a group element defined on the curve I and A\ is the label of the coadjoint
orbit which corresponds to the representation R. The formula reads

WE(A) = [ Dgeso),
where the auxiliary action S\(A, g) is given by the expression

Sx(A, g) :/FTr)\(g_ldg—Fg_lAg) :/FTrb(dgg_l—l—A).

The second presentation is due to Diakonov-Petrov, and a path integral of an

auxiliary 2-dimensional field theory is defined on the surface > bounding the curve
r

’

Wi(A) = /Dg ¢! Jx PPA(40),

In [2], this presentation was used in the discussion of the area law for Wilson lines in
a gauge theory with confinement.

In this article, we study the relation between the two path integral presentations.
Our first result is a beautiful formula for the Diakonov-Petrov Lagrangian

DP/\(A7 g) =Tr b(FA - (dAgg71>2)7 (31)

where F is the field strength and dag = dg + Ag. With this definition, the
Diakonov-Petrov action can be defined on closed surfaces and on surfaces with
multiple boundary components.

Our second result is the interpretation of the formula (3.1) in terms of equivariant
cohomology. Coadjoint orbits carry the canonical Kirillov symplectic form. We show
that the expression DP,(A4, g) is the equivariant extension of this symplectic form
corresponding to the action of the gauge group on the orbit.
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Next, we use the Diakonov-Petrov formula to give a new path integral presentation
of Wilson lines in terms of the Poisson o-model. In our case, the Poisson o-model
reduces to a 2-dimensional BF-theory

S = /Trb(d(A+ a) + (A+a)?),

where the field b takes values in the coadjoint orbit, A is the external gauge field and
« is the auxiliary gauge field of the Poisson o-model. In case when A is a connection
on a non trivial bundle, the expression A + « defines another connection on the same
bundle.

We test our theory of Wilson surfaces in the case of the 2-dimensional Yang-Mills
(2YM) theory. In this case, the YM theory is exactly solvable, and one can see the
effects of adding a Wilson surface observable in the partition function. We look in
detail at the cases of G = U(1), G = SU(2) and G = SO(3). For G = SU(2), a
simply connected group, a Wilson surface of any spin doesn’t change the partition
function for a closed surface. That is, the corresponding observable turns out to
be trivial. For G = U(1), a Wilson surface observable carries a parameter A € R.
For A\ € Z the observable is trivial, and it is nontrivial for A ¢ Z. In the case of
G = SO(3), the Wilson surface observable is a Zy-valued topological invariant of the
SO(3)-bundle, and and we observe an interesting relation

oi [ DPija(Ag) — \/m

between surface observables of integer and half-integer spin. Observables of integer
spin are trivial (as in the case of G = SU(2)). But the observables of half-integer
spin prove to be nontrivial, and one can see how they change the 2YM partition
function on a closed surface.

Recently, Zs-valued topological invariants appeared in the theory of topological
insulators [3, 4, 5, 6, 7]. A possible relation of our results with these invariants is to
be explored.

Gauge invariant quantities assigned to surfaces rather than curves were extensively
studied in literature [8, 9, 10, 11]. Our approach differs from most other approaches
in that we have no higher gauge fields in the game. Our starting point is the standard
gauge field which is a 1-form with values in a Lie algebra. The surface observable is
obtained by using a non-abelian Stokes formula from a Wilson line observable. It is
surprising that this construction allows an invariant formulation suitable for surfaces
with many boundary components and for closed surfaces. It is also surprising that
even for closed surfaces one may construct nontrivial observables (as in the case of

G=U(1) or G=S0(3)).
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2 A simple example: the case of G = U(1)

We start with a simple example of the first Chern class of a principal circle bundle over
an orientable surface ¥. Let P — ¥ be a principal U(1)-bundle, and let a € Q'(P)
be a connection on P. Then, Fj = da is the curvature of P and the first Chern form.
It is basic and descends to a 2-form on . If ¥ is closed, then

ﬂm:;éﬂ (3.2)

is an integer called the first Chern number of P. One can view the defining equation
for the curvature, F; = da as the definition of the 1-dimensional Chern-Simons form
(12, 13],
Fy = dCSy(a),
where CS;(a) = a.
Assume that the surface ¥ is connected, orientable and has a nontrivial boundary
I' = 0% # (). Then, the circle bundle P is necessarily trivial. Let’s choose a global

section o : ¥ — P and define the gauge field a = o*a so that F, = o*F;. Then, one
can define a quantity S(a) associated to ¥ via

awzéa

We can think of this expression as of the simplest surface observable associated to
the surface 3. Using the Stokes formula, we obtain

ﬂ@:ég:émzéw (3.3)

To distinguish between various connections appearing in the paper, in 1-dimensional CS-theory
we use the Gothic letter a for the connection 1-form on the principal bundle and the latin letter a
for the 1-form representing this connection on the manifold.
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Let ¢ : ¥ — U(1) and consider the gauge transformation a® = a + d¢. Then, the
curvature Fj, is gauge invariant, and so is the expression for the surface observable

fE Fa-
However, in the expression [.a the gauge invariance is lost! Indeed,

[a? = [(a+do) = [ a+ (o(2m) - 0(0)). (3.4)

In general, ¢(27) — ¢(0) = 27n with n € Z. The fact that the left hand side of (3.3)
is gauge invariant and the right hand side is not may appear as a contradiction. But
there is a solution to this puzzle: for gauge transformations defined on the surface
Y (that is, ¢ : X — U(1)) we have ¢(27) = ¢(0), and the extra term ¢(27) — ¢(0)
always vanishes.

If we use the expression S(a) = [ra and admit arbitrary gauge transformations
defined on T', it is the exponential exp(iS(a)) which becomes gauge invariant, while
S(a) is not gauge invariant in general.

3 'Two path integral presentations of Wilson lines

In this Section, we shall discuss an example of the bulk-boundary correspondence
based on the path integral description of Wilson lines in gauge theory.

3.1 The Alekseev-Faddev-Shatashvili (AFS) formula

Let G be a compact connected Lie group, g = Lie(G) its Lie algebra, and Tr an
invariant scalar product on g. Consider a manifold N, and let P be a principal
G-bundle P — N. A connection A is given by a g-valued 1-form on P.

Let I' € N be a closed curve. The restriction of P to a closed curve I is always
trivial (since the group G is connected). Hence, we can use a connection 1-form
A€ QT g) instead of A.

A Wilson line [14, 15, 16] is an observable defined by the holonomy of the gauge
field A along a closed curve I', embedded in IV, and a finite dimensional representation
R of G. 1t is given by the formula

WE(A) = Trg Pexp (/F AR) , (3.5)

For general non-abelian case we use the capital Gothic letter A to denote the connection 1-form
on the principal bundle and the capital letter A for the 1-form representing this connection on the
manifold.
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where A is a matrix-valued 1-form obtained by taking A in the representation R,
AR = Al qq'. (3.6)

The path ordered exponential P exp stands for the holonomy of the gauge field,

1
Pexp (/FAR> — 1+/FAR+2!/81>52 ARG AN AR(so) +...  (3.7)

where s1, s9 are parameters on the curve I'.

Irreducible finite dimensional representations of G are in one-to-one correspon-
dence with integral coadjoint orbits O C g* [17]. In more detail, an irreducible
representation is uniquely determined by its highest weight A € h*, where h C g
is a Cartan subalgebra of g [18, 19]. Then, one can associate to A the orbit of the
coadjoint action in the space g*. By abuse of notation, we write it as a matrix
conjugation

Ady(A) = gAg ™, (3.8)
and denote the coadjoint orbit by
Ox ={9\g"';9 € G}. (3.9)

A path integral presentation of Wilson lines described by Alekseev-Faddeev-
Shatashvili (see also [23, 20, 21, 24, 22]) works as follows. Let b : I' — g* be an
auxiliary field defined on the curve I' and taking values in O,. In addition, we
introduce a field g : I' — G which takes values in G, with the property b(s) =
g(s)Ag(s)~t. Then,

WE = /Dg i5x(A9) (3.10)

where
Sa(A,g) = /F TrA(g 'dg + g ' Ag) = /F Trb(dgg ™ + A). (3.11)

We can introduce the differential form
AFSA(A,g) = Tr Mg~ 'dg + g~ Ag) = Trb(dgg™" + A), (3.12)

such that
S\(A.g) = [ AFS\(4.9).

This action is invariant with respect to the following gauge transformations with
parameter h: I' = G-

g+ hg, A A" = hAR™' —dhh™', b hbh L.

Summation is implied over the repeated indices.
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Indeed, it is easy to check that
AFSy(A" hg) = TrA((hg)~td(hg) + (hg)~Y(hAh™t — dhh~1)hg)
= TrA(g 'dg+ g "'Ag)
= AFS)\(A,qg).

Hence, S)\(Ah7 hg) = S/\(A7 g)
It is interesting to consider another class of gauge transformations

g gt™t t e Hy,
where H) is the subgroup of GG preserving A under the coadjoint action:
Hy={h€G; hAh"' = \}L

For A\ € b* generic, H, is the Cartan subgroup of G. However, Sy(A4,g) is not
invariant under these transformations. Instead, it acquires an additional term:

Si(gt™!, A) = Sx(g, A) — /F TeA(dtt ) = Sa(g, A) — 27 Tr(A7), (3.13)

where 77 = [ dtt™. The components of 7 are the winding numbers of the map
t : T — Hy. The exponential e*5*(9:4) is gauge invariant if

k'Tr (A\il) € Z

for vectors @ € Z". If X is an integral weight, then T'r(\7) is always an integer. This
requires the coefficients k to be quantized.

3.2 The Diakonov-Petrov (DP) formula

The second presentation of the Wilson line is due to Diakonov and Petrov who came
up with the following formula:

DP = d AFS,(4, g). (3.14)

Expanding the form d AFS,(A, g) we obtain the expression for the Diakonov-Petrov
Lagrangian in terms of a matrix-valued 1-form A and a matrix-valued function g:
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dAFSy(A,g) = dTrXg 'dg+gtAg)

= TrA(dg'dg+dg'Ag+ g 'dAg — g~ Adg)
= TrA(—g~'dgg~'dg — g~'dgg~'Ag + g~ dAg — g~ Agg~'dg)
= Tr\g 'Fag— 397 '[A Alg — 5lg~"dg, g7 dg] — [g7"dg, g~ Ag])
= Trb(F4 — %[dgg’1 + A, dggt + A])
= Trb(Fa—(dagg™')?)
= DP\(4,9),

where we used dA = F4 — 3[A, A], dg™' = —g~'dgg™" and dag = dg + Ag.

Now consider a surface ¥ bounded by the curve I'. One can use the Stokes
formula to give a new expression for the action S)(A4, g),

Si(A, ) :/FAFSA(A,g) :/EDPA(A,g) :/ETrb(FA—(dAgg_l)2>.

The right hand side is manifestly gauge invariant whereas the expression [ AFS, (A4, g)
is not. The explanation is similar to the one that we encounter in the case of G = U(1):
for gauge transformations g : > — G, both expressions for the action are gauge
invariant; which is not necessarily the case for the integral of AFS,(A4,g) if one
considers a gauge transformation g : I' — G.

The path integral is taken over all configurations of the field g including all
boundary values.

4 Equivariant cohomology approach

The main result of this Section is the equivariant cohomology [25, 27, 26, 28]
interpretation of the Diakonov-Petrov formula.

4.1 The Weil model of equivariant cohomology

Let M be a smooth manifold, G’ be a compact connected Lie group acting on M and
g be the Lie algebra of G. To every £ € g we associate the fundamental vector field
v € %(M )

The de Rham differential d, contractions zé” and Lie derivatives Léw act on the
space of differential forms 2*(M), and satisfy the relations

[ 01 =0, (L o] =y, (L LY = Lid,y, [dof] =LY, [d,L]=0, [dd =0,
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where [—, —] stands for a supercommutator.
Together, they form a Lie superalgebra G. One natural class of representations of
G are spaces of differential forms Q*(M). Another representation is the Weil algebra:

Wg = Sg* @ Ng™, (3.15)

which is constructed by taking the product of the symmetric and exterior algebras of
the dual space to g. The Weil algebra is graded by assigning degree 2 to generators
of Sg* and degree 1 to generators of Ag*,

W(l; = ®j+2k:lSkg* ® /\jg*. (3.16)

It is convenient to introduce elements a, f € W ® g constructed as follows: a is a
element in A'g* ® g defined by the canonical pairing between g and g*. Similarly,
feSg g

The superalgebra G acts on W as follows:

do=f-lad,  df=[fa (3.17)
zgva =¢, zgvf = 0. (3.18)
Lgvf = [f,&], L?]a = [a, &]. (3.19)

One can think of a as a universal connection on a principal G-bundle. Then, the
first formula in (3.17) gives the standard definition of the curvature and the second
one is the Bianchi identity.

As representations of G are carried by both Q*(M) and Wy the diagonal action
on the tensor product can be defined. Thus d, 12¢, L¢ act on Q*(M) @ W as follows:

Le = I¥eol+leLy,
e = ' @1+1®17, (3.20)
d = dol+led

The space Q% (M) of equivariant forms on M is then defined as the basic part of
Q"(M) @ Wg:

Q6(M) :=={a e W' (M) ® Wg|Leaw = 0,100 = 0}
And the Weil model of equivariant cohomology on M is defined as:

HL(M) = H*(Q5(M),d® 1 + 1 ® d). (3.21)
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4.2 The form DP)(4,g) as an equivariant cocycle

Now we consider in more detail the Diakonov-Petrov action, where the form

1 1
DPy(A,9) = TrA(g ' Fag— 59‘1[/1, Alg— 5[9‘1dg, g 'dg)—[g9 'dg, g7 Ag]) (3.22)

is of particular interest. Here A is the gauge field on N and F)y is its curvature. We
can now construct an equivariant differential form on the orbit O, by replacing A
with a and F)4 with f. The resulting element has the form

B 1 1. - - B
DPj(a,g) =TrAg ' fg — 59 'la,alg — 519 Ydg,g " dg] — [g7"dg, g "ag]) (3.23)

It is a well-known fact that the coadjoint orbits O, C g* (discussed in the previous
Section) are symplectic manifolds (Oy,@wp). Here the symplectic form wo on O,
can be identified as one of the terms in DP,(a, g):

wo = —Tr Mg *dg)* = —Trb(dgg™")*. (3.24)

This is a closed and non-degerate 2-form also known as the Kirillov form.
Our first claim is that DPy(a, g) is equivariantly closed. Indeed,

DPy(a,g) = d AFSy(a,g9) = dTr \(g~'dg + g 'ag).

Hence, d DP)(a, g) = 0.
Futhermore, applying the combined contraction gives:

1 1
1tDPy(a, g) = Tr b(—§[—599‘1+5, dgg‘1+a}+§[dgg‘1+a, —£g9~'4€]) =0, (3.25)

where we have used that 1 (dg) = —£g.
Closedness and horizontality of DP,(a, g) imply vanishing of its Lie derivative:

L¢DP,(a,g) = (1¢d + dig)DPy(a, g) = 0. (3.26)

The two conditions L¢DP,(a, g) = 0, 1:DP)(a, g) = 0 being satisfied, DP,(a, g)
is an equivariant differential form on the coadjoint orbit O,. Since it is equivariantly
closed, we can view it as an equivariant extension of the Kirillov symplectic form.
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5 Poisson o-model formula for a Wilson line

In this Section, we introduce another description for a Wilson line observable in
terms of a 2-dimensional path integral.
Recall that for a Poisson manifold (M, 7) with Poisson structure
1 .. 0 0

T =—m"

- N\ —
2 Ort Oxd’
the corresponding Poisson o-model [29, 31, 30] is defined by the action

S™X,a) = /2 (aidXi + ;Fij(X)Oéi A 04]) :

Here X : X — M is a map of the surface ¥ to the target space M, X = 2’ o X are
its components, and «; are 1-forms on X representing gauge fields of the Poisson
o-model. In case when 7% is invertible, one can integrate out the fields o to obtain
an integral of the symplectic form w;; = (7~1)7":

1 ) .
S =3 [ wndx? ndxI, (3.27)
b

In particular, when ¥ is a surface with boundary the path integral is taken over
all X, including boundary values, and over the auxiliary fields o which vanish on
the boundary:

[, DXDaes ) — [ xS,
alos=0

Now let the target space be O,, a coadjoint orbit of G' passing through the point
A. (For this part of the discussion we avoid unnecessary complexity and work with
a trivial G-bundle over the world-sheet 3.) The form w is given by (3.24), and the
action (3.27) reads

Swp = —/ Tr\(g 'dg)? = —/ Trb(dgg)>.
2 b

To construct the Poisson o-model on the coadjoint orbit, we have to add the auxiliary
gauge fields o € Q1(3, g). The action ST is given by

S™(b, @) = /E Trb(da + a?). (3.28)

And again, for ¥ a surface with boundary we impose the condition that the auxiliary
field a vanishes on the boundary. In fact, in the expression (3.28) one can identify

If further on we want to perform gluing on the surface observable, instead of fixed a|syx = 0 we
then allow a family of boundary conditions a|syx = ap and integrate over «q for gluing.
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the 2-dimensional BF-theory [32] with an extra condition that b belongs to a fixed
coadjoint orbit.

To make the relationship between S
latter as follows:

/ETr b(da + o?) = /ETrb ((dgg’1 +a)? — (dgg’l)z) : (3.29)

, and S™ more transparent, we rewrite the

where we have used integration by parts and the fact that Trb[dgg™',a] =
Tr[b,dgg o = —Tr(db)a. Tt is now clear that integrating out a yields the
expression for S, .

Recall that the Diakonov-Petrov form (3.22) is an equivariant extention of the
Kirillov form and thus the Diakonov-Petrov action

Spp = /ETrb(FA — (dagg™")?)

can be viewed as a version of the action S, interacting with the external gauge
field A. Introducing an auxiliary gauge field o and performing the transformations
similar to (3.29) we define the Poisson g-model version of this action by

So(b, A, ) = [sTrb(Fa+ (dagg™ + a)® — (dagg™)?)
= JsTrb(Fa+ dac+a?) (3.30)
= JsTro(d(A+a)+ (A+a)?).

From the first line, it is obvious that integrating out « yields the Diakonov-Petrov
action. Surprizingly, the final expression coincides with the Poisson o-model for the
coadjoint orbit (3.28), but with the new gauge field A 4+ « combining the background
field A and the gauge field of the Poisson o-model a.

Up to now all the argumentation above works in the case when A is a gauge
field on a trivial G-bundle over X. If this is not the case, a further analysis is
required. In fact, for a nontrivial geometric setup all the formulas still hold. However,
one should be more precise about where the fields take values. Let P — X be a
(possibly nontrivial) principal G-bundle and A € Q'(P, g) be a connection on P. The
curvature F 4 = dA + A? belongs to Q2. (P, g)¢, the space of horizontal G-invariant

hor
2-forms with values in g. Since the expression

/ TrbF,
>

makes part of the action S,(b, A, ), the field b must take values in QY (P, g)¢,
that is in G-invariant functions on P with values in g. The expression TrbF is
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then a horizontal invariant 2-form on P, and it descends to . In a similar fashion

a€ O (P,g)Y and interestingly the combination A + « defines a new connection

on P.

6 The interpretation of surface observables in
terms of topology of principal bundles

In this Section, we give an interpretation of the surface observables in terms of the
first Chern class of the bundle [33, 34, 35, 36] with the structure group H,.

Let N be a manifold (space-time), P — N be a principle G-bundle over N,
¥ C N be a submanifold of N, and P|y — X be the restriction of the principal
bundle P to ¥. Assume that over ¥ the structure group G of P reduces to a
subgroup H C . That is, ¥ carries a principal H-bundle ) — 3, and there is an
H-equivariant inclusion i : @ — P|y.

The bundle ) — ¥ is a pull-back of the universal bundle FH — BH under
the map o : ¥ — BH. It induces a map in cohomology o* : H*(BH) — H*(X).
Since X is 2-dimensional, we are particularly interested in the cohomology group
H?(BH) = char(h) C b*. Here char(h) is the set of characters of the Lie algebra b,

char(h) ={A e b*; (A [z,y]) =0 forallz,y € h}. (3.31)

For a closed surface ¥, we will show that the surface observable of the previous
sections is given by
/ o *C)\,
b

where ¢, € H*(BH) is the image of A € char(h).
In more detail, the form DPy(a, g) defined on a universal G-bundle can be viewed
as an element of Q% (P x @, g). Let 7 : g — b be an H-equivariant projection from g
to b, and let
a=m(g  dg+ g ' Ag). (3.32)

This is an element of Q'(P x @, h). We will show that
DP,(A, g) = Tr A(da + a?). (3.33)

First, observe that the condition (3.31) implies Tr A(a?) = 0. Indeed, a* = 3[a, a]
and a takes values in h. Thus, we are interested in the expression

Tr Ada = Tr A (da + a?).
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Second, recall the structure of the invariant pairing between the elements of b
and its dual b*, A € h* being an element of the dual to the Cartan subalgebra of g.
One can view g as a direct sum of the subalgebra h and its invariant complement p

(that is, [h,p] C p):
g=bhop.

Then the invariant product between two elements is defined in the following way:
Tr (Az) = (A, z) for A€ b™, z €,

Tr (Ay) =0 for A€ b*, y €p.

And the product of A with an element of g under projection to b is the same as the
product of A\ with this element itself:

Tr(Am(z+y)) =Tr(Ax) =Tr(AMz +y)) = (A ).
Thus the following direct computation proves our claim:
Tr A(da + a?) = TrAda
= Tran(d(g~'dg + g~ Ag))
= Trn(g~'Fag — 597 '[A Alg — 5l9~'dg, g~ dg] — [9~"dg, g~" Ag])
= Tran(g 'Fag — (9 'dag)?)
= TrA(g 'Fag — (97"'dag)?)
= DP\(A,g).

Hence, we conclude

/ZDPA(A,g) :/ETr)\(da—l—a2) z/za*c)\, (3.34)

as required. Thus, our more sophisticated definition for a surface observable in the
case of G non-abelian is structurally the same as the one in the case of G = U(1).
And the value of the observable can be identified with the first Chern number ¢;(Q)
of the bundle () C P over .

7 Application to 2-dimensional Yang-Mills theory

In this Section, we study the effects of adding a Wilson surface in the 2D Yang-Mills
theory. Since this theory is exactly solvable [37, 38, 39, 40, 41, 46, 44, 45, 43, 42|, one
obtains explicit formulas for partition function in the presence of a Wilson surface.
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7.1 2-dimensional Yang-Mills theory
Recall that the action of the Yang-Mills theory is given by

1
Syu(4) = 5 /E TeFy + Fa, (3.35)

where * is the Hodge dual defined by the metric on the surface . In the first order
formalism, this action can be rewritten as

2
S(A, B) = / Te(BF, + %B2d20), (3.36)
by

where B is an auxiliary field and d?c is the area element on .

The canonical quantization of the theory on a cylinder S' x R gives rise to
the Hilbert space with a basis yg(w), where R runs through the set of irreducible
representations of G, and

w = Pexp/ A
Sl

is the holonomy of A around S!. The partition function of the theory on an orientable
surface of genus g with r boundary components reads

Z(T7 Wiy - - - ,U),«) - Z dQR_Zg_re_TC2(R)XR(w1) s XR(wT)' (337)
R
Here 7 = éa, o the area of the surface, wq, ..., w, are holonomies of A around

2
the boundary components, the sum runs over all irreducible representations of G,

and Cy(R) is the quadratic Casimir in the representation R. In particular, for a
closed surface one obtains

AGEDI R (3.38)
R

For more details see e. g. [47, 48].

7.2 UQ1)

As a warm up example, we consider the case G = U(1). The partition function for
2D-YM with Wilson surface can be obtained through Hamiltonian formalism. The
idea is to construct the new Hamiltonian which already contains the Wilson surface.
The formula for the partition function would be:

Z)(1) = Tre " (3.39)
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where H) is the Hamiltonian of the theory perturbed by a Wilson surface operator:

. rL
Let w = e'Jo @41 he o holonomy around a curve of a constant time slice. The
representations of U(1) are labelled by integers n € Z. The characters of the
representations are y,(w) = w". Then the eigenvalues of the Hamiltonian are given

by:

Hyxn(w) = 5 L(n = X)xa(w).

where L is the length of the cylinder on which the quantization takes place. And the
partition function becomes:

Zy(r) =Y e TN, (3.40)

nez

Notice that the label of the representation n gets a shift by —\ due to the presence
of the Wilson surface.

On the other hand, recall that in the case of G = U(1) the Wilson surface
observable S(A) coincides with the first Chern class of the corresponding U(1)-
bundle. Hence, after adding a factor exp(iS(A)) in the definition of the partition
function the calculation of the path integral yields

Z(7) = /DA ISy IS _ 3 Z pin?m? [T+i2mAm (3.41)
MmeZ

where (3 is a constant and the meaning of the parameter m is the first Chern number
of the U(1)-bundle over .

A nice observation can be made that the partition function computed from the
Hamiltonian formalism (the sum over the representations) is related through the
Poisson resummation to the partition function obtained from the functional integral
formalism (the sum over the first Chern number of the U(1)-bundles over X):

. y\2 T . 2 2 .
Z e iT(n—A)? _ /.7 Z el m /T+Z27T)\m'
1T

nez meZ

From this resummation we can deduce the value of the constant § = /.

7.3 G arbitrary

We shall use the Poisson o-model action representing the Wilson surface observable.
In the first order formalism, the total action reads

2
g = / Tr (BFA + %B2d20 + bFA+a> , (3.42)
Y

37



where Fla o = d(A+ ) + (A + «)? is the field strength of the gauge field (A + «)
calculated in equation (4.4). Hence, we obtain two non-interacting BF-theories. The
first one has a Hamiltonian %TIBZ, and the field B can vary in g*. The second one
has vanishing Hamiltonian, and the field b takes values in the coadjoint orbit passing
through A. The Hilbert space of such a system has a basis

Yr(A, @) = xr(w(A)xr, (W(A + @), (3.43)

where R runs through irreducible representations of G, R, is the irreducible repre-
sentation corresponding to the coadjoint orbit passing through A, and

w(A) = Pexp/SlA, wA+a) = Pexp/Sl(A—l—oz).

Since only the first BF-theory contributes in the Hamiltonian, its eigenvalue on
Yr(A, a) is given by Cy(R), as in the pure YM theory.

On a surface of genus g with r boundary components, the partition function
reads

Z\(1, A, ) = dig 3 dy e T x g (wn (A)) - xr(w,(A)) X, (01 (A+@)) - X, (wr(Ata))
R
(3.44)

In particular, for a closed surface we obtain exactly the same expression as for the
pure YM theory:
Zy(r) =Y di #e M = Z(7),
R

The Wilson surface observable which has no effect on the partition function is
hardly of any interest. However, while considering the cases when R, is a projective
representation of the gauge group G, we obtain nontrivial results. The difference is
transparent in the U(1) example discussed in the previous subsection. If in formulas
(3.41) and (3.40) A is an integral weight of the U(1) representations, the shift of
the Chern number in the exponential is not visible. If we allow A to be a weight
of a representation of R (that is, a projective representation of U(1)) the partition
function changes. The same principle is applies to a more interesting example of the
gauge group SO(3) and its universal cover SU(2) which we discuss in more detail in
the next section.

7.4 SU(2) and SO(3) in Hamiltonian formalism

We now apply the general formalism of the previous section to the case of G = SU(2)
and G = SO(3). We keep the notation Z(7) for the partition function of the free
2YM theory and Z,(7) for the theory with a Wilson surface of spin .
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For G=SU(2), irreducible representations are labeled by integer and half-integer
spins j. The dimension of such a representation is 25 + 1, and the quadratic Casimir

2
element is (j + %) . The corresponding formula for the partition function on the
surface of genus g with r boundary components reads

Za(T, A,a) = (A4 1) Sjegsop(2) + 1)2727Te U2
XX (w1(A))..x;(wr(A)) xa(wi (A + a))..xa(wr (A + @)).

Here the sum is over non negative integer and half-integer values of j, and the
characters of irreducible representations are defined by formula

c 0 12 _ =(+1/2)
X ( 0 ¢! ) = /2 _ —1/2 : (346)

(3.45)

For the closed surface, we get the following result

Zysu@e)(T) = Z (25 + 1)2_29€_T(j+1/2)2 (3.47)
JEZ=0/2

which coincides with the partition function Z(7) without Wilson surface.
In the case of G=SO0(3), the partition function for a closed surface may be
calculated as a sum of contributions of the trivial and nontrivial bundles over ¥ [49]:

ZSO(3) (T) _ Ztriv(T) 4 Znontriv<7_). (348)

Here the contribution of the trivial bundle

: 1
Z(r) = 5 Zsuey (7).

To obtain the contribution of the nontrivial representation, we consider the partition
function of the surface with a disc removed, in such a way that one boundary
component appears:

Zrw) = 3 (2 + )2 U (w), (3.49)

JEZ20/2

and then put w = —e (the nontrivial central element of SU(2)) to get

Znontriv(,r) — %Z(T, —6)
S ) G50
%Zjezz(w(_l)zj(zj + 1>2_296_T(j+1/2)2'
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The resulting partition function for SO(3) yields
Zso) () = Y (2 + 1) 72070127,
j€Z=0

where the sum is now over non negative integer spins, as expected.
Now we apply the same procedure to a partition function with Wilson surface of
spin A. For the trivial part we obtain

. 1 i 2
Z;\rw(T) _ 5 Z (2] + 1)2729677(J+1/2) , (3.51)

JEZ20/2

as before. And the nontrivial contribution yields:

Zgmsn(s) = 12,7, —e,—o)
= smagy) jezzosa(2) + 1)17200= 7012y S (—e)ya(—e) (3.52)

(712)2)\ Zj6220/2(_1)2j(2j + 1)272g67T(j+1/2)2'

If the spin of the Wilson surface observable A is an integer, summing up the two
contributions reproduces the same answer as for the theory without Wilson surface.
However, if ) is half-integer, we have (—1)** = —1 and partition function is changed
by the presence of the observable:

Z/\,SO(?:)(T) _ Z (2j + 1)2—296—7(1'4—1/2)27 (353)

jes+z20

where the sum is over j which now take only half-integer values!
Thus the formula for the partition function in 2YM with a Wilson surface
observable for the gauge group G = SO(3) is given by

Zys0@)(T) = Yjez=0(2) + 1)2-207(+1/2)? A€ Z20,

| (3.54)
Zxso3)(T) = Xjeryz20(2) + 1)2-20¢-7(+1/2)* Aelyz20

Note, that we observe a shift of the representation labels j, similar to the U(1)
case formula (3.40).
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7.5 Topological approach to SU(2) and SO(3) partition func-
tions

In this Section, we would like to confirm by path integral computations the results
obtained previously for G = SO(3) . Recall that for pure SO(3) Yang-Mills theory
on a closed surface we have

Z(T) — /DADQ 6iSyM — Ztriv(T) + Znontriv(T)7

where on the right hand side we split the contributions of trivial and nontrivial
SO(3)-bundles over the surface.

For the theory with Wilson surface observable, the partition function is

It turns out that the Wilson surface factor ¢!/ PP (4.9) only depends on the topological
type of the bundle and not on the particular gauge field choices on this bundle.

Recall the topological description of the observable given in Section 6 and assume
that the field g defines a circle subbundle () C P. Then according to the formula
(3.34), the term of the action corresponding to the Wilson surface is

Sy = / DP\(A, g) = / Tr Mda = 27Ae1 (Q). (3.56)

Here a € Q(Q, Lie(S1)) is a connection 1-form on the subbundle Q taking values in
the Lie algebra of S*, ¢1(Q) = 5= [, da is the first Chern number of the S*-subbundle
over Y and A is the coefficient of the Wilson surface with the meaning of spin.

Note that for 2YM the SO(3)-bundle and the S'-subbundle are over the same
base-space ¥. Hence the SO(3)-bundle P — ¥ is completely determined by its
subbundle @ — 3. In more detail, since S' C SO(3) we are allowed to use the
transition functions ¢ € S of Q) as transition functions of P. The SO(3)-bundle is
then given by P = SO(3) xg1 Q.

The transition function of @ is ¢ : S' — S, and the transition function of P is
$: 8= 51— SO(3). It is obtained from ¢ by composition with the embedding of
the maximal torus ST — SO(3). The equivalence class of the bundle P is determined
by the homotopy class [§] € 7' (SO(3)) = Zy = {+1,—1}. At the same time the
equivalence class of the subbundle @ is determined by [¢] € 7'(S') = Z which
corresponds to an integer winding number and hence to the first Chern number

This is a particular instance of the construction of relative bundles (see [50]) used to describe
topological defects in [51].
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¢1(Q). The relation between the winding number and ¢;(Q) is transparent from the
formula (3.4). The induced map between the bundles equivalence classes Z — Zo
maps even Chern numbers to the trivial element of Z, and odd Chern numbers to
the nontrivial one [52]. Then an SO(3)-bundle defined by an S'-subbundle with an
even Chern class is trivial, and an SO(3)-bundle defined by a subbundle with an odd
Chern class is necessarily nontrivial.

Another interpretation of the map Z — Z, between the bundles equivalence
classes can be given. For ¥ connected and orientable, an SO(3)-bundle P — ¥ is
completely determined, up to a bundle isomorphism, by its 2nd Stiefel-Whitney
class wy € H?(3, Zy) =~ Z,, while a U(1)-bundle @ is determined by its 1st Chern
class ¢ € H*(X,Z) ~ Z. For P = Q Xy) SO(3), these classes are related by
wa(P) = ¢1(Q) mod 2.

The Wilson surface factor in the functional integral then gives:

e2mrer(@ = 41 P is trivial,
e?me(@ = 41, P is nontrivial, \ € Z=°, (3.57)
gi2mer(@) = _1 P is nontrivial, A € 1 4 Z=°.

Note that the exponentials for surface observables for A = 1/2 and for A = 1 are

related as follows: )
eipol(Avg) — (eifDP1/2(A79))

ot [ DPia(Ag) — \/ez‘fDT(A,g),

That is, the surface observable for half-integer spin is a nontrivial square root of the
observable for integer spin.

For X\ half-integer the nontrivial part of the partition function acquires a factor
—1 and becomes

or

Z;ontri\/(T) _ Z (—1)2j<2j + 1)1729677(J'+1/2)2.

JEZ20/2

1
2
This leads to the following formula:

Zysop)(T) =Z"(r) 4 Zmm(r), X eZ=°

| | (3.58)
Z)\,SO(3) (7_) — Ztrlv(,r) _ Znontrlv(T)’ P W= % + 720,
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Summing up the trivial and nontrivial contributions reproduces exactly the result
of the equation (3.54). For the SU(2) gauge group the bundle P is necessarily trivial
and the Wilson surface does not affect the 2YM partition function.
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Chapter 4

Quantum Wilson surfaces and
topological interactions

Olga Chekeres

Abstract: We introduce the description of a Wilson surface as a 2-
dimensional topological quantum field theory with a 1-dimensional Hilbert
space. On a closed surface, the Wilson surface theory defines a topological
invariant of the principal G-bundle P — X. Interestingly, it can interact
topologically with 2-dimensional Yang-Mills and BF theories modifying
their partition functions. This gives a new interpretation of the results
obtained in [1]. We compute explicitly the partition function of the
2-dimensional Yang-Mills theory interacting with a Wilson surface for
the cases G = SU(N)/Zy,, G = Spin(4l)/(Zy ® Z3) and obtain a general
formula for any compact connected Lie group.

1 Introduction

The discussion of surface observables in gauge theories has been ongoing for quite
some time. Wilson surfaces, domain walls, surface defects etc appear in many
domains of physics and mathematics, from gauge theories to condensed matter. They

Keyword: Wilson surface, topological interactions, 2d Yang-Mills, gauge theories
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have been studied extensively in literature [2, 3, 4, 5, 6, 7, 8]. In most cases a
1-dimensional observable, namely a Wilson line [9, 10, 11, 12, 13, 14, 15, 16, 17], is
generalized to 2 dimensions by introducing higher gauge fields defined on surfaces.
Our approah is different, it is based as well on a definition of a Wilson line, but
doesn’t involve introducing higher gauge fields.

The first result of this article is a formulation of the Wilson surface as a new
2-dimensional topological quantum field theory. We define its action, the Hilbert
space and compute its partition function.

The basis for our construction is a 1-form standard gauge field taking values
in a Lie algebra. A Wilson surface is defined by an orientable surface ¥ and an
irreducible representation R, of the gauge group G. In [1] we obtained its description
as a 2-dimensional topological o-model:

Sa(a,b, A) = /E Te(b(d(A + a) + (A + a)?)) = /E Te(bFara), (4.1)

where A € A* is the highest weight of the representation Ry, b is a scalar field taking
values in g* and constrained to be a conjugate of A € A*, A is a background gauge
field, and a is an auxiliary gauge field. Interpreting A + a as a new gauge field allows
us to interpret a Wilson surface as an independent 2-dimensional BF-theory with a
constraint on the B-field.

In this article we start with the action functional (4.1) from [1] and canonically
quantize it to obtain the partition function formula for the Wilson surface theory. To
describe the formula we first recall some topological facts. Principal G-bundles P — X
over a closed surface ¥ are classified by the elements v € 71 (G) in the fundamental
group of the gauge group G [18, 19]. The gauge group can be represented as G = G//T,
where G is the universal cover of G and I' C Z (é) is a proper subgroup of the center
of G. Since I' 2 7, (G), for every element v € m(G) in the fundamental group there
exists a corresponding element C,, € I' C Z (G) in the center of the covering group.
Then the partition function for a particular equivalence class of principal bundles
P — %, defined by v € m1(G), is given by:

Z35(Cy, A) = XAC(ZC” =¥ e U(1), (4.2)
A

where x(C,) is a value of the character x on the element C., and d) is the dimension
of the representation. This is a 2-dimentional topological quantum field theory with

a 1-dimensional Hilbert space.
Our second result is the description of topological interactions of Wilson surfaces
with 2-dimensional topological gauge theories, e.g. with BF or Yang-Mills theories.
Their partition functions on a surface ¥ are obtained by summation over all the
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classes of principal G-bundles defined over the given surface [20, 21, 22]. When
we insert a Wilson surface into 2-dimensional BF or Yang-Mills theory, it interacts
topologically with the background gauge theory, as the gauge connections A and
A+ a are defined on the same principal G-bundle P — 3. The presence of a Wilson
surface modifies the partition function of the background theory multiplying by a
phase (4.2) the individual contributions for each class of principal bundles:

ginteract _ Z ZbaCkgT(C'y) . el (43)
vem (G)

In subsection 3.1 we describe explicitly the action and the partition function of
2-dimensional BF-theory interacting with the Wilson surface theory.

The formulas of the partition function for 2-dimentional Yang-Mills theory with
an insertion of the Wilson surface observable were first obtained in [1] for the cases
of G =U(1),S5U(2),SO(3). In subsection 3.2 of the current article we write the
general formula for 2-dimensional Yang-Mills theory with a Wilson surface and give
it a new interpretation of the topological interaction.

Since Yang-Mills theory in 2 dimensions is exactly solvable, we can compute
explicitly the partition functions in the presence of a Wilson surface for concrete
gauge groups. The examples of G = U(1),SU(2), SO(3) were computed in [1]. In
this article we compute the partition functions of 2-dimensional Yang-Mills theory
with a Wilson surface for a larger class of gauge groups. In particular, we study
in detail the examples of the gauge groups G = SU(N)/Z,, (m divides N) and
G = Spin(4N)/(Zy & Zs).

In case of G = SU(N)/Zy, the fundamental group is m (G) = Z,, and the Wilson
surface phase e*#* is defined by the angle:

21k
m

Pk = [)‘]7

where k =0, 1, ...,m — 1 labels the elements of 7 (G), and [A] € Z,, is an integer mod
m denoting the equivalence class of the highest weight A characterising the Wilson
surface. For G = Spin(4N)/(Zy @ Z5) the fundamental group is m (G) = Zs & Zo
and the Wilson surface is defined by the angle:

Pry ke = T(k1[Ai] + ka[Aa]),

where a pair (k1, k2) labels the elements of 71 (G), with ki, ks € {0,1}, and [A1], [No] €
Zs are integers modulo 2 given by two linear combinations of the components of
same highest weight A characterizing the Wilson surface.
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Eventually, we obtain the formula of the partition function for 2D-YM with a
Wilson surface for any compact connected Lie group G = G/I'. In this case the
Wilson surface phase is defined by the angle:

ki
Pka,oky = Zk’z < /\7 Ci >= 27’(’2 E[)\Z]

Here we account for the most general case, when the fundamental group of G is
given by a product of i cyclic groups: m(G) = Zp, X ...... X L. Then m; is the
number of elements in Z,,,, the index k; = 0,...,m; — 1 labels the elements in the
i-th factor, ki¢c; € h C Lie(G) is an element of the Cartan subalgebra such that
el 2ikici = Chy.. ks € I' 2 m(G) is a central element of the covering group G, Aebp
is the highest weight of the irreducible representation of G' characterizing the Wilson
surface, <, > is the invariant scalar product defined on Lie(G) and [)\;] € Z,,, are
integers modulo m; given by ¢ linear combinations of the components of same highest
weight .

For a closed surface the Wilson surface is nontrivial for G non-simply connected,
and it is not visible (¢’¥ = 1) for G simply connected. Also the value of A plays a
role: for \ being the highest weight of a representation of the gauge group G itself
the Wilson surface is trivial, and it is nontrivial if A labels a representation of the
universal cover G which does not descend to G. On a closed surface, the partition

function of the Wilson surface is a topological invariant of the principal G-bundle.

Acknowledgements. Our deepest gratitude is to A. Alekseev for inspiration
throughout this work. We also thank D. Nedanovski, who participated in the
early stages of the project and independently confirmed our computation for G =
SU(N)/Zn, F. Valach for illuminating discussions and all the inhabitants of Villa
Battelle Math Department in Geneva for inspiring atmosphere. Our research was
supported in part by the grant 178794, the grant MODFLAT of the European
Research Council (ERC) and the NCCR SwissMAP of the Swiss National Science
Foundation.

2 Wilson surface theory

2.1 Wilson surface observables

Recall the construction of Wilson surface observables from [1]. Let G be the gauge
group, g its Lie algebra, (z,y) — Tr(zy) an invariant scalar product on g and P a
principal G-bundle over a surface . We denote by h C g a Cartan subalgebra and
by A* C h* the weight lattice.
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A Wilson surface observable is described by an auxiliary 2-dimensional gauge
theory on the surface . The fields in this theory are a g*-valued scalar field b and a
g-valued 1-form a. The action depends on the following data: the background gauge
field A and the weight A € A*. For a trivial G-bundle it is given by

Sx(a,b,A) = [, Te(b(Fa — (dgg™' + A)? + (dgg~' + A+ a)?)

= Tr(b(d(A + a) + (A + a)?), (4.4)

where we identified g* with g using the scalar product and integrated by parts using
the equality Trb[dgg~', a] = Tr[b,dgg']a = —Tr(db)a. The field b = gAg~' belongs
to the same conjugacy class as the fixed element A, the combination A + a is a new
gauge field. The fields obey the following gauge transformation rules: by A : ¥ — G
they transform as

g hg, A hAR™Y — dhh™ b+ hbh™', a s hah™'.

Note that integrating out a in (4.4) yields the Diakonov-Petrov action [23, 1] for
a Wilson surface:

Sop = [ Tr(b(Fa — (dgg™" + A)?) (4.5)

The construction (4.4) also works on nontrivial bundles. A € Q!(P,g) is the
connection on P, its curvature [y € Q2_ (P, g)¢ is a horizontal 2-form taking values in

g. The auxiliary gauge field a is such that a € Q} (P, g)¢ and the sum A+a defines a
new connection on P with a curvature Fu,, = d(A+a)+(A+a)?, Far, € Q2,.(P,g)°.
The field b takes values in 9 (P, g*)¢. The combination Tr(bF4,,) is then a basic
2-form which decends to . One can show this in the following way. The 2-
form bF4,, is G-equivariant, i.e. under the gauge transformations it transforms
as V' Fynign = hbFa,oh7!, yeilding Tr(b"Fyn gn) = Tr(bFay.). Acting by the

contraction we obtain:
16 Tr(bFasq) = 16 Tr (b(Fa+a®+dgg~'at+adgg™ ' +Aa+aA)) = Tr (b(—Ea+a&+Ea—a)) = 0,

where ¢ € g induces the fundamental vector field ¢ € X(X), and we have used
that 1 (dg) = —&g, 1: A = £ (by definition of connection), 1 Fy = 0, 1¢za = 0 (Fy
and a are horizontal). This computation proves that G-invariant form Tr(bF4.,) is
horizontal, and hence basic.

The meaning of A € A7 is as follows. The integral weights of the representations
of G form the weight lattice A* C h*. Dominant integral weights A7 C A* are
in one to one correspondence with irreducible representations of G [24, 25]. The
element A € A% is the highest weight of some representation of G, it is a parameter
characterising the Wilson surface. For example, for G = SU(2) or G = SO(3) we
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talk about a Wilson surface of spin A. Note that in case when G is not simply
connected but is a quotient G = G/T", where G is its universal cover and T' C Z(QG)
is a subgroup of the center of G, the weight lattices are related as AL C AL A
representation of G can be considered as a projective representation of G, and \ is
allowed to take values in A%, and, as we will see later, these are exactly the values
which describe the presence of nontrivial Wilson surfaces.

2.2 Quantum Wilson surfaces

The action for a Wilson surface (4.4) was first constructed in [1] to represent a surface
observable within some other gauge theory. In the current paper we define it to be
a separate 2-dimensional quantum field theory. Its action is a 2-dimensional BF
theory [26] on X, with respect to the new connection A + a:

Sa(a, b, A) = /E Tr(bFass). (4.6)

There is just one subtlety which distinguishes the Wilson surface theory from an
ordinary BF-theory: its b-field, as described in the previous subsection, is restricted
to take values in the coadjoint orbit of A\, O, C g*. This affects, as we will see later,
the definition of the Hilbert space of the Wilson surface and the structure of its
partition function. Nevertheless, as a starting point for our formulation we recall
canonical quantization of an ordinary BF-theory on a surface and the derivation of
its partition function first done by Migdal in [27] and then discussed in more detail
by Witten in [20, 21].

For simplicity let first 3 be a cylinder C', the G-bundle P will be necessarily
trivial. We chose space and time coordinates (x,t) in a way that the boundary of
C' is given by two closed curves v, and 79, situated on equal time slices, and z is a
periodic coordinate of period L. We associate to ; a gauge invariant wave function
¥ (A) which is a function of holonomy U; of A around ~;:

WU = w[Peh ).

The Hilbert space H., of such a theory is given by G-invariant L? functions on G.
H., admits a natural basis in terms of characters of representations, and any wave
function ¢ (A) € H, has an expansion in characters xr(U), where R is an irreducible

More precisely, in [27] Migdal derives the formulas for 2-dimensional Yang-Mills theory. Then
in [20, 21] Witten describes this derivation in more detail and considers the case of the topological
2-dimensional Yang-Mills (action 2.14 in [20]) taking the vanishing coupling constant limit, which
is equivalent to 2-dimensional BF-theory.
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representation. The boundaries are oriented, the wave functions on the incoming
and outgoing boundary components are denoted by Xz(U;) and xg(U;) respectively.

In BF-theory the Hamiltonian vanishes (as expected for a topological field theory),
so the partition function on a cylinder (equation 4.12 in [21]) reduces to:

Zgp(Ur, Us) = Y Xa(Ur)xr(Us). (4.7)

For a generic surface with genus g and r boundary components the BF partition
function (equation 2.68 in [20]) reads:

Zep(Uy, ..U, Zcf 297" m(UY) .. xR(U), (4.8)

where dp is the dimension of the irreducible representation R and all the boundaries
are chosen to be outgoing.

To obtain the formula for a closed surface we proceed as follows. The partition
function will necessarily depend on the equivalence class of G-bundle over Y. Recall
the classification of principal G-bundles over ¥ by the elements of the fundamental
group of G: 7 (G) =T C Z(G). Consider a surface with just one puncture, i.e. one
boundary component. Gluing this puncture to an infinitesimal disc yeilds a closed
surface, and this operation is described by identifying U = C;, where C; € ' is a
central element of G.

The contribution to the partition function of each class [P] of a principal G-bundle
over the surface is given by (equation 4.26 in [21]):

Z5r(C Z d, *xr(C (4.9)

The total partition function for BF-theory on a closed surface ¥ is then a sum
over equivalence classes of principal G-bundles over ¥ (equation 4.27 in [21]):

Zep = Z S dy ¥ (4.10)

C’EFR

where #I is the cardinality of I'.

Note that the sum over R in (4.10) converges only for surfaces ¥ with genus
g > 1.

Using the tools from [20, 21| described above we can now define our Wilson surface
theory. It is a very simple 2-dimensional gauge theory and in what follows we are
going to explain how to construct its partition function. In contrast with BF-theory,
the g*-valued field b = gA\g~! is now the conjugation of the same fixed element
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A € A%. The Hilbert space becomes one-dimensional choosing just one irreducible
representation Ry, and the partition function is just a phase. The normalization of
the states is such that || < xA(U)|xA(U) > |]* = 1.

Any orientable surface can be obtained by gluing together some elementary
components, namely discs and pairs of pants. So it is sufficient to define the states
corresponding to these elementary components and then the definition of the Wilson
surface for any orientable surface will follow. A natural way to describe the state
corresponding to a disc would be to assign a character of holonomy U of the connection
A+ a to the boundary of the disc and a character of the identity element e of the
holonomy group to the second “no-boundary” of the disc. This formulation was
chosen by Witten in [20, 21], and it would give the following:

235U, A) = xa(U)xa(e), (4.11)

where the orientation is chosen in a way that U is a holonomy of the connection A+a
around an outgoing boundary, and e is a holonomy around an incoming boundary. In
contrast with BF-theory this formulation is not good for our Wilson surface with a
1-dimensional Hilbert space for the following reason: the value of the character of the
identity yx(e) yields the dimension of the representation, so the state Z4¢(U, \) will
not satisfy the normalization condition || < xx(U)|xA(U) > ||> = 1. This motivates

us to introduce a normalization factor é into the definition of the disc state:

iSC K €
24500 = 0@ 2 = o), (412)
where d is the dimension of the irreducible representation corresponding to the
highest weight .
The Wilson surface on a pair of pants is naturally defined by the formula:

Ziys P (U, Us, Uz, A) = Xa(Un)xa(U2) xa(Us), (4.13)

where Uy, Us, Us are holonomies of A 4+ a around one incoming and 2 outgoing
boundary components.

Then any other orientable surface can be obtained by gluing those components
together, i.e. assigning the same holonomy element U; to the incoming and outgoing
boundaries which we want to glue, and integrating over it using the property of the
characters:

/dUiK(Ui)XA(Uz‘) =1

The partition function for a surface of arbitrary genus with » boundary components
is thus a product of r states living on the boundaries (here chosen to be outgoing):

Zirs(Ury ooy Upy A) = XA(UL) o XA (U).
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To get the expression for a closed surface we start with a surface with one boundary
component Zij¢(Uy, A) = xA(U1) and glue it to a disc Zg=$(Uy, \) = X,\(Ul)xg—@, the
factor x(U;) disappears after the integration. But here there is a subtlety: unlike
over an open surface, a principal G-bundle over a closed surface in general can be
nontrivial, so, keeping the normalization factor %, we replace the identity element
of holonomy e by a central element C; corresponding to a particular class [P] of the
bundle P — .. This yields the formula of the Wilson surface theory for a closed
surface for a class [P] of principal bundles P — X:

XA(CZ')
dy,

For a nontrivial central element C; this is an element of U(1): Z¢(C;, \) €

U(1). In case when P is a trivial bundle, the Wilson surface is always trivial:
ZI%:VS(Ptriva >\) =1

Ziis(Ciy A) = (4.14)

3 Topological interactions with 2-dimensional
gauges theories

In general case our observable could be understood as a surface defect embedded into
a higher dimensional space-time. But in this paper we want to test it in the context
of 2-dimensional gauge theories, which can be solved exactly. In this case the Wilson
surface is a “global” observable, defined on the entire 2-dimensional space-time .

3.1 BF-theory with a Wilson surface

The action functional for BF-theory with a Wilson surface is:

SAp(A,a, B,b) = /Z Te(BF.) + /Z Te(bFura), (4.15)

where B € Q°(P,g*)%, A € Q}(P,g) is the background gauge field, Fy € Q2 _ (P, g)¢
its curvature.

These two BF-theories are not completely independent, they interact topologically:
the connections A and A 4 a are defined on the same principal G-bundle, so the
characters xr(U(A)) and x,(U(A + a)) are taken on the same central element.

Then the partition function for a closed surface with a Wilson surface of weight
A is obtained by taking a product of partition functions (4.9), (4.14) defined in the
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previous section for each class [P] and then summing over all the equivalence classes:

1 XA (Ci) 1-2
Ihpm = — dn v r(C)). 4.16
BF #F oo d)\ % R XR( ) ( )

3.2 2D-YM theory with a Wilson surface

In this subsection we derive of the partition function for 2D-YM with a Wilson
surface observable. In [1] the partition function formulas were obtained for the cases
of U(1), SU(2) and SO(3) gauge groups. Now we quantize the whole system of
2-dimensional Yang-Mills theory with a Wilson surface inserted. Also we are giving
to the presence of the Wilson surface a new interpretation: it is viewed as a field
theory interacting with the background Yang-Mills theory through topology of the
principal bundle.

Recall 2D-YM in the first order formalism. The action functional for the theory
with a Wilson surface [1] is:

2
S3(A, a, B,b) :/ Tr(BFA+%B2d20)—|—/ Te(bFura), (4.17)
by 3

where B is an auxiliary field taking values in g* and d?c is the area element on
Y. Again, we see that the action splits into two theories interacting topologically
through the connections A and A + a defined on the same principal bundle. The
partition function for each class [P] will be a product of the partition function for
2D-YM and the partition function for the Wilson surface.

Canonical quantization of this interacting theory goes as follows. The Hamiltonian
of the first theory is H = %TrBQ. The Hamiltonian of the second theory vanishes.
The basis for the Hilbert space, as it was described in [1], is given by gauge invariant
functions ¥r(A,a) = xr(U(A))x»(U(A + a)), where R runs through the irreps of G,
A chooses one irrep of G, and U(A), U(A + a) are holonomies of the connections A
and A + a respectively. The eigenvalues of the Hamiltonian on ¥(A, a) are given by
quadratic Casimir Cy(R) of the representation R, just like for the 2D-YM without
Wilson surface, as only the Hamiltonian of 2D-YM contributes to the total theory.

Then the time evolution operator takes value e~7“2(®) on the functions (A, a),
where 7 = %0 absorbs the YM coupling constant e? and the area of the surface o.

First, we obtain the partition function for each class [P] which is a product
of a Wilson surface phase (4.14) and the 2D-YM partition function Zy (1) =
S rdp e 7By 1 (Cy). Then the total formula of the partition function for a closed
surface with a Wilson surface of weight A is given by the sum over all the equivalence
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classes [P]:

Zin(r) = g 3 Sy PO () D) (1.18)
# c,el R d)\

4 Exact results for 2D-YM theory interacting
with a Wilson surface

Yang-Mills theory in 2 dimensions is exactly solvable [27, 28, 29, 30, 31, 32, 33, 34,
35, 36], this allows us to obtain explicit formulas for the partition function in the
presence of a Wilson surface. In [1] we computed the partition functions for 2D
Yang-Mills with a Wilson surface for the gauge groups U(1), SU(2) and SO(3). Now
we are going to generalize this result to G being any compact connected Lie group.

4.1 SU(N) and the groups covered by SU(N)

To visualize the result of topological interactions with a Wilson surface, we first
perform a detailed computation for the case of é = SU(N). The center of SU(N) is
given by: Z(SU(N)) = {¢’¥ Idy |k = 0,. — 1} = Zy. And the subgroups of
the centre are I' = Z,,, where m divides N. We consider G = SU(N)/Z,.

The rank of SU(N) is equal to N — 1, i.e. the basis of Cartan subalgebra
h has N — 1 elements. In the defining presentation the basis of b is given by:
h, = diag(0....... 1, =1, 0) with matrix elements h,, = 1, hyi1n41 = —1. Then
any element h € fh can be represented in terms of the basis as h = ZﬁLV 1 aphy,, with
a, € R linear coefficients. Exponentiating elements h €  we obtain the maximal
torus of SU(N): H = eih = ¢! 2 anhn — diag(e, el ..., o1 e I i %) eT.

The center Z(SU(N)), and hence its proper subgroup I' C Z(SU(N)) C T, is a
subgroup of the maximal torus: I' > Cy = €% Idy € T, with 0, = 27k /m.

Consider the elements of the Cartan subalgebra ¢, = diag(6y, bk, ...... ,—(N —
1)0)nxn € b, such that Cy = e € Z(SU(N)). In terms of the basis of h they are
given as follows:

cr = diag(by, O, ......, —(N—1)0y) = Oy-diag(1,1, ....... 1, — (N 1)) = 6-> N nh,,.
Then the central elements of SU(N) are given by Cj, = e ) nhn ¢ 7 (SU(N)).

The irreducible representations of SU(N) are labeled by highest weights with
N — 1 independent elements: p = (1, ..., fin—1)-

The central elements in the representation I, of highest weight y are obtained
as: R“(giek 22:11 "h”) — eiek 27]::11 nRu(hn)_

The natural choice for the basis of I, is in terms of the weight vectors. In this
basis R, (h,) are diagonal and yield weights while acting on the basis vectors. A
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central element Cj, is a multiple of identity, therefore R,(C}) has to be a multiple of
identity as well, so it’s enough to compute it just on the highest weight vector:

2Trk

R (Ck) =¢e'm 7]:/71 ]ddR (419)

The linear combination 3N=' ny, is an integer, but the expression (4 19) depends
s N-1 T
only on the value of this sum modulo m, as e 2 1 N — ezﬁ(zn L et Thig

allows us to define the equivalence classes of the hlghest weight u:

N-1

] =D npy) € Zn,. (4.20)

n=1

Note that the irreps of G descend to the irreps of G if > np,, = 0 mod m. In
terms of weight lattices Af; C A% C b*, where A% is the weight lattice for SU(N),
A} is the weight lattice for G= SU(N)/Zm.

The characters of the central elements in the representations R, are as follows:

X, (Cr) = Tr(e 5 st Ly, ) = dp, - (7)1 (4.21)
We keep the notation Zy/(7) for the partition function of the free 2D-YM theory
and Zy,,(7) for the theory with a Wilson surface of the highest weight \.
Without Wilson surface the partition function for SU(N)/Z,, is given by

ZYM

1 m—
- Z S dp, ey g (C), (4.22)
k=0 R, (sU(N))
where the sum is over the representations R,, of SU(N), and k labels central elements
in the subgroup I.

The computation gives the following result:

—r 27k
ZYM(T) = 1 Z ZRM SU(N) d2 29 CQ(RH)(eQWL )UL] (423)
= ER (SU(N)) dRH % _TCQ(R”) LSy (e ),

where the sum over k is equal to m for [u] = 0 and zero otherwise. The condition
corresponds to those representations of SU(N) in which the central elements are all
trivial, that is to the representations of SU(N)/Z,,:

Zyu(r)= > dy e, (4.24)
Ru(G=SU(N)/Zm)
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Now let us introduce a Wilson surface of weight A:

ZX)}M(T) = #F Z ZRH (SU(N dl_Qg _TCZ(RM)XR#<C’ )X)\C(lck)

A
-2k

s, A ZE N
_ 1 Ly ZRH S dl 29, OQ(RM)%% (e )[,4 (4.25)

_ 1 e SR, (sUW) d2 29 T Ca(R) (e85 )+,
m

where [\ =[S 'n)\,] € Z,, are equivalence classes of the Wilson surface weight
A. In more detail, we consider a quotient map A% > A — (N A modm € L
and the highest weights for Wilson surfaces will belong to equivalence classes [A] €
AL /NG = Zy,. Note that in case when A € Ag, ie. SN tnA, = 0 mod m, the
Wilson surface is not visible: Z*(1) = Z(7).

The sum over k in (4.25) is different from zero only for [u] + [A\] = 0, and the
partition function formula for 2D-YM with a Wilson surface yields:

ZQM(T) = Z dim%i?ge—TCg(R“) = Z dimiizge—TCQ(Ru)’
HEAY, , [p+A]=0 pe[=A]

where the sum now goes over the representations R, of G = SU(N)/Z,, of highest
weights p+ A, ie. [u] = [-A] € AL/AG.

Note that in case when G = SU ( ), i.e. the gauge group is simply connected, the
presence of the Wilson surface makes no impact on the partition function. Let us look
at this situation in more detail. There is just one class of principal SU(N)-bundles
over a surface ¥ — trivial SU(N)-bundle. The SU(N) partition function without
Wilson surface is given by:

23N (7) = S0 d e Ry p(e) = 3y MmO, (4.26)
Ry i

where e is the identity.
And adding a Wilson surface of weight A leaves the partition function unchanged:

Zyrg () = D dg e (e

Ry

ZdQ 29— TC2(Ru), (4.27)

4.2 Generalization for any compact connected Lie group

The result explained in the explicit example of the previous section remains valid for
all compact connected Lie groups. All of them (with the exception of exceptional
ones) have as a universal cover one of the following groups: SU(N), Spin(N), Sp(N)
and can be obtained by taking a quotient by a subgroup I' of the center.
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The case of G = SU(N) has been discussed in the previous section. For Spin(N),
N > 3 the data is as follows:

Z2 lfN:2l+1,F:ZQ,
ZQ@ZQ lfN:4l, F:ZQ or F:ZQ@ZQ

The group Sp(N) has the center Z(Sp(N)) = Z,.

Among the exceptional groups only Fg and E; are interesting for our purposes,
the rest of them (G2, Fy and Ey) are simply connected and have a trivial center. The
real compact forms of Eg and E; are not simply connected. The universal cover of Eg
has the center Z (EG) = Zs, and the universal cover of E7; has the center Z (E7) = Zo.

We consider the gauge group G = G/T'. The center of the cover Z(G) C T is
a subgroup of the maximal torus. T is given by the elements H = ¢* € T, where
h € B is in the Cartan subalgebra.

The irreducible representations of G are labeled by highest weight with 7 inde-
pendent elements, where n is the rank of G: (1, ..., jtn).

In most cases the center of G, or its proper subgroup I, is given by Z,, for some
m € 7, and the calculation looks similar to the G = SU(N) example. But in general
I' can be represented by a product of i cyclic groups: I' = Z,,, X ...... X Lo, We
take the elements Y, k;c; € b in the Cartan subalgebra b of G and exponentiate
them to get the central elements C,  x, = el ikici ¢ Z(é) Here we account for the
structure of I': the index ¢ refers to the i-th factor in the product and the coefficient
k; labels the elements inside each factor Z,,,.

In terms of the basis of the Cartan subalgebra h; € h we can express Y, kic; =
> 2#% ;L:l(ai) jh;, where n is the dimension of b, m; is the number of the elements
in Zy,, and (a;); are real linear coefficients describing ¢; and depending on the choice
of a basis h;.

The representation R, of a central element Cy, 1 is given by the formula:
R,(Ch,,..k;) = Ru(eizikici) — ¢/ 2ikiBu(e)  The characters of the central elements in
the representations R, are:

7 i Cci iy ks c; 27 ﬁ i
X (Chrie) = Tr(el ZakiBuledy = qp - o Dikisme> — g o272 miliil (4 29)
Here we have rewritten the pairing >, k; < p,c; > in the following way: <
Wy > kic; >= 2wy, %Z?Zl(ai)juj = i2r Y, %[ul], where (a;); are linear coethi-
cients producing different linear combinations of p;s for each k;-th element. The ¢
different linear combinations 37, (a;);/1; € Z define i types of equivalence classes of

the highest weight u: [3°7_, (ai);p;] = (] € Zim,, Where [p;] is an integer modulo m;.

62



Without Wilson surface the partition function for G is given by:

1 m;—1

Z Z dl 29 —7C%(Ry) XRM(Okl, s ) (430)

Mi =0 R,(G)

Zym(T Z

where the sum is over the representation R, of G = G/T and i coefficients k; label a
central element in the subgroup I'.
Using (4.29) we compute:

1 i—1 2-29 — ik <p1,Ci
Zym(T) = Yin Yhito Lrua) dr, e 7C2(B) . giki<pei>

= ZR#(G) d2 29 o —7C2(Ry) S m; ZZ?:() eZQTrm—i['u,i]'

Here each sum over k; in the second line is different from zero and is equal to m;
only if p; = 0 mod m; (i.e. [u;] = 0) . This condition corresponds to choosing only
those representations of G in which the elements Chy....k; € I are all trivial, i.e. the
representations of G = G//T":

Zyu(r)= 3 dy e, (4.32)
R.(G=G/T)

Now let us introduce a Wilson surface of weight . Just like any highest weight,
A will belong to 7 types of equivalence classes defined by the pairing k; < A\, ¢; >=
2m £ _1(ai)jA;, where (a;); are real linear coefficients for the pairing with the k;-th
element and >j-1(ai);A; is an integer. Then the weight A will be characterised by
belonging to i types of equivalence classes: [A\;] = [X27_;(a;);Aj] € Zp,,. The partition
function with a Wilson surface of weight A is given by:

i 29T Chyooiky
Buln) = T TR T G)dl e (G, )2t

> E i 1 E 2 29 ,— 1) ptki <p,ci> Siki<Ac;
_ i m; X 9e TCQ(R;) iki<p,ci> ol <\ei> ( 33)
— i2m —% 02 '
sz Zmz lz Y 12 296 TC2(Ry) o TF [/h] g 7T [/\}

2-29 —7Co(R i—1 127r [ul—i-/\}
= YRy dy e T ﬂ>zzmzm

Now each sum over k; is different from zero and is equal to m; only if [u; +\;] = 0
for all i. This results in:

63



Zyy(r)= Y dimp e TR0, (4.34)
Ry 2 (G=G/T)

where the sum is over such representations Ru(é), that the representations of G
with the highest weight p + A would correspond to the representations of G = G/I.

4.3 Example of G = Spin(4l)/(Zs & Zs)

Now let us illustrate the formulas (4.33), (4.34) with an example of a gauge group
with m(G) 2 T = Zp, % ...... X Zm,. The covering group G' = Spin(4l) has
the center given by a product of two copies of Zy: Z(Spin(4l)) = Zo & Zy. 1f
we factorize by the entire center we get G = Spin(4l)/Zy & Zy. We start with
the central elements of G = Spin(4l): Crp, = eFatke) ¢ 7, @ 7, where
kicy + koco = wky 31 (a1)ihy + mha Y0 (a2):h; € b are in the Cartan subalgebra
of Spin(4l), the coefficients k; = 0,1 label the elements in the j-th copy of Z,, and
(a1);, (ag); are real coefficients describing the elements ¢; and ¢y respectively and
depending on the choice of a basis h;.

The representation R, of a central element C, is given by the formula:
R,(Criky) = Ry (eiFrertheea))y = cilkiRule)thaRule2)) - The characters of the central
elements in the representations R, are:

Xp (Choky) = Tr(ei®rBuethaButen)y = g citi<per>tha<mer>) _ g ei(babulhale)
(4.35)
Here we’ve computed the pairing < p, kycq + kace > explicitly: im(ky S0 (a1)ipi+
ko >0y (ag)ip;) = im(ky[pa] + kao[pa]). We denote by [u1] and [us] two different linear
combinations (31 (a1);p; € Z and Y1 (az2)ip; € Z) of the components of the same
highest weight © modulo 2
Without Wilson surface the partition function for G = Spin(4l)/Zs & Zs is given
by:

_ 1-2 9o—TC2(R
ZYM(T) - 4 Zkl =0 Zk:g =0 ZR#(Spm 41)) d 70 H)XRu(Ck1k2)
2—2g _— i
=1 Zklzo Zk2_0 ZR,L(Spm d 96 TC2(Ry) . ez(k1<u,c1>+k2<u,c2>)

2— 29 e~ TC (Ru) w(k +k
= r,(spin(a) r 2(Ryu) '4Zk1 02k2 (k1 [pa]+hz[p2])

2-29 _r
- ZRM(Spin(zu)/(ZQ@ZQ))dRN 9e Ca(Ry)

(4.36)
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In more detail, the sum in the first line of (4.36) runs over the representations R,
of Spin(4l) and in the last line - over the representations R, of Spin(4l)/(Zs & Z,).
The change happens for the following reason. Each sum over k; in the second line is
equal to zero, or to 2 if > | a;u; is even, i.e. [p;] = 0. This condition corresponds to
chosing only those representations of Spin(4l) in which the elements Cy,, € Zo @ Zs
are all trivial, i.e. the representations of Spin(4l)/(Zs ® Zs).

When we introduce a Wilson surface of weight A, it will involve defining two
equivalence classes for A from the pairing < A, kic; >: [\] = [X7_(a1);A;] € Zy and
[A2] = [ (a2);A;] € Zo. The partition function in the presence of a Wilson surface
is modified in the following way:

A — 129—CR X2 (Cryky)
ZYM(T) - 42161 Ozk’z OZRH Spin(4l)) d 702 (Bu XR;L(CMIQ) d; 2

_ 2— 29 —7Co(R—p) i<,k kaca> i<\ k kaca>
T C0 Lham0 LR, (Spin(an)) g, € TR eisphiatiae> gish e thae

_ 1 2— 29 —7C2(R k k i(k1[A1]+k2[A

= Zkl Ozkg OZR,, (Spin(aD) g 7C2(R) pi(k1[p1]+kz2[pa]) ik [AM]+k2[A2])

2—2g f‘rCz (k1 [p1+A]+Ek2[pa+A2
= 2 R.(Spin(4l)) AR Zkl 0 Shpmo €I Frha| D

= Vel pel—r dim, e,

(4.37)

Here the sum over each k; is different from zero only for u; + A; even. This
condition reduces the sum in the last line to the sum over such representations
R, (Spin(4l)) that the representations of Spin(4l) with the highest weight p + A
would correspond to the representations of Spin(4l)/(Zy & Zs).
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