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Introduction

The topic of my talk today is Chern-Simons gauge theory, and my goal is simply to explain to you
some very beautiful mathematical facts about the theory. This talk is a sequel to a talk I gave at
the Simons Workshop last year, which was based upon a previous paper [1] with E. Witten. The
talk today is based upon a follow-up paper [2] to appear.

More or less as a means to establish notation, let me begin by reminding you of some elementary
features of Chern-Simons theory.

Chern-Simons theory is an intrinsically three-dimensional gauge theory, defined on a compact,
oriented three-manifold M. Throughout the talk, the Chern-Simons gauge group will be G, a
compact, connected, simply-connected, and simple Lie group. For example, G could be SU(N) for
some N.

As a classical functional of the gauge field A, which is a connection on the trivial G-bundle over
M, the Chern-Simons action CS(A) is given by

CS(4) = /M Tr(ANdA + gA/\A/\A) . (1)

If G = SU(N), the symbol ‘Tr’ denotes the trace in the fundamental representation. More generally,
with our assumptions on the group G, “Ir’ is fixed up to normalization as an invariant, negative-
definite quadratic form on the Lie algebra g of G.

The Chern-Simons action CS(A) has two important properties. First, CS(A) is a manifestly topo-
logical action, as only an orientation — not a metric — on M appears in (1). Second, though the
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Chern-Simons action is not manifestly gauge-invariant (and indeed it is not gauge-invariant), the
Chern-Simons action is almost gauge-invariant in the sense that it is invariant those gauge trans-
formations which can be continuously connected to the identity. Otherwise, under homotopically
non-trivial, “large” gauge transformations, the Chern-Simons action merely shifts by an integral
multiple of 872, assuming that the form ‘I’ is suitably normalized.

The most basic observable in Chern-Simons theory on M is the partition function Z(k),

Z(k) = Voll( i /A DA exp [14’; /Mﬁ <A/\dA—|— ;A/\A/\Aﬂ . )

So long as the level k is an integer, the exponential of the Chern-Simons action appearing in (2)
is completely gauge-invariant, as required to discuss a physically-sensible path integral. Formally,
Z(k) is described by an integral over the infinite-dimensional affine space A of all connections
on M, and as is standard in gauge theory, Z(k) is normalized by dividing by the volume of the
infinite-dimensional group G of gauge transformations acting on A.

In my previous talk, I focused attention exclusively on the Chern-Simons partition function. How-
ever, no discussion of Chern-Simons theory can be complete without also including the Wilson loop
operators, whose expectation values are related [3] to knot invariants such as the celebrated Jones
polynomial.

Quite generally, a Wilson loop operator Wgr(C) in any gauge theory on a manifold M is described by
the data of an oriented, closed curve C' which is smoothly' embedded in M and which is decorated
by an irreducible representation R of the gauge group. As a classical functional of the connection
A, the Wilson loop operator is given simply by the trace in R of the holonomy of A around C,

Wg(C) = Trp Pexp <_ 72 A) . (3)

To describe the expectation value of Wgr(C') in the Lagrangian formulation of Chern-Simons theory,
let me first introduce the absolutely-normalized Wilson loop path integral,

Z(k:C, R) = Voll( 5 /A DA Wr(C) exp [z:;r /MTr <A/\dA+ gAAAAAﬂ . (@)

In terms of Z(k) and Z(k; C, R), the Wilson loop expectation value is then given by the ratio

Z(k;C,R)

(5)

!The condition that C' be smoothly embedded in M is merely for convenience and is not strictly required to define
Wgr(C) as a sensible operator in gauge theory. Indeed, the Wilson loop expectation value in Chern-Simons theory
can be computed exactly even for the case that C' is an arbitrary closed graph [4] in M.
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Among other results, one which I plan to sketch today is how the Wilson loop path integral in (4)
can be computed exactly, at least in special cases.

Of course, you do not need me to explain to you how to compute Z(k;C, R). In 1989, Witten [3]
explained quite precisely how to compute the arbitrary Wilson loop path integral in Chern-Simons
theory, based upon the canonical quantization of the theory and its relation to rational conformal
field theory. What I want to discuss here is a completely different way to compute Z(k;C, R), a
way which is based much more closely upon the path integral formulation of Chern-Simons theory.

To the naked eye, Chern-Simons theory appears to be a purely bosonic gauge theory. Nonetheless, 1
will show that for certain observables, Chern-Simons theory is secretly supersymmetric, in the sense
that the theory can be reformulated to admit a conserved, nilpotent scalar supercharge () of the
sort that arises naturally in topological twists of supersymmetric Yang-Mills theory (as for instance
lead to Donaldson/Seiberg-Witten theory in four dimensions). Just as in topological Yang-Mills
theory, the presence of ) in Chern-Simons theory implies that for ()-closed observables, the path
integral in (4) localizes onto a finite-dimensional moduli space of supersymmetric solutions, and
the integrand of (4) reduces to a cohomology class on that moduli space.

The cohomological reformulation of Chern-Simons theory turns out to be interesting for at least two
reasons. First, this reformulation of Chern-Simons theory provides a new and essentially classical
interpretation for (some of) the a priori quantum topological invariants that are defined in the
Hamiltonian approach to Chern-Simons theory. Second, from a more pragmatic perspective, the
supersymmetric Wilson loop operators in Chern-Simons theory give nice examples in gauge theory
for which the Wilson loop path integral can be computed exactly, in a more-or-less direct fashion.
Unfortunately, I will not have time in this talk to perform explicit computations of the Wilson loop
path integral in Chern-Simons theory, but see [2] for concrete examples.

Some Ezxperimental Evidence

Before proceeding further, I want to present some experimental evidence that the stationary-phase
approximation to the Wilson loop path integral is exact, at least for a particularly simple class of
Wilson loop operators in a particularly simple class of three-manifolds. This evidence is based upon
remarkable work [5] by R. Lawrence and L. Rozansky, who performed a detailed analysis of the exact
formulae for Z(k;C, R) that arise from conformal field theory. In general, the exact expressions
for Z(k;C, R) have a rather complicated, arithmetic dependence on the level k. However, as
demonstrated in [5], the dependence of Z(k;C, R) on k dramatically simplifies for special choices
of M and C.

Specifically, M must be a Seifert manifold, which is the total space of a nontrivial circle bundle
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over a Riemann surface 3,
St — M

I (6)
by

Here ¥ is allowed to have orbifold points, and the circle bundle is allowed to be a corresponding
orbifold bundle, so long as M itself is smooth.

Amongst all three-manifolds, the Seifert manifolds can be usefully characterized as those which
admit a locally-free U(1)-action, which rotates the fibers of (6). By definition, a locally-free U(1)-
action is one for which the generating vector field is nowhere vanishing. Equivalently, all stabilizers
under a locally-free U (1) action are proper (necessarily discrete) subgroups of U(1).

If M is a Seifert manifold, then M carries a distinguished class of Wilson loop operators which
respect the Seifert U(1)-action. For these operators, the curve C is an orbit of the Seifert U(1),
and hence C appears in (6) as the S' fiber over a point o € ¥. Assuming that o is a smooth
(non-orbifold) point of ¥, the topology of C' in M does not depend upon the choice of o, which can
be continuously varied. Let me refer to the special Wilson loop operators which wrap the generic
Seifert fibers of M as “Seifert loop operators” to distinguish them from more general Wilson loop
operators in M, about which I will also have some things to say.

According to [5], if M is a Seifert manifold and C' is a generic Seifert fiber in M, then the exact
result for Z(k;C, R) derived from conformal field theory can be rewritten very compactly as a
finite sum of analytic expressions, each expression being either a contour integral or the residue
of a meromorphic function, such that the summands in Z(k;C, R) correspond in a one-to-one
fashion with the connected components in the moduli space of flat connections on M. Since the
flat connections on M are the critical points of the Chern-Simons action, this form for Z(k; C, R)
strongly suggests that the stationary-phase approximation to the Seifert loop path integral is exact.

Let me give a concrete example for the sort of formulae that appear in [5]. In this example, I will
take M to be S3, which is a Seifert manifold by virtue of the Hopf fibration over CP'. The Hopf
fiber is a great circle in S3, so the associated Seifert loop operator wraps the unknot.

However, the unknot in S® is not the only knot associated to a Seifert loop operator. Much more
generally, S® admits many locally-free U(1)-actions which are not necessarily free, and by a basic
theorem of Moser [6], the knots which can be embedded as Seifert fibers in S3 are precisely the
torus knots.

Briefly, a torus knot K, , is described by a trigonometric embedding of S Linto a two-torus S x S*
itself embedded in S2, under which

e i — (e"pe, eiq") : ged(p,q) = 1. (7)
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Here 6 is an angular coordinate on S*, and (p, ¢) are a pair of non-zero, relatively-prime? integers
which determine the embedding. If either p or ¢ is equal to 1, then Cp, ; is equivalent to the unknot.
Otherwise, for distinct pairs p > ¢ > 1, the associated torus knots are non-trivial and topologically
distinct.?

In Figure 1, I present three torus knots which can be drawn with few crossings, including the trefoil,
which is K3.2.

\ —

h %
Figure 1: The Torus Knots K32, K43, and Ks 2

If S is embedded as the unit sphere in C?, then KCp,q appears as the generic orbit of the U(1) which
acts on the complex coordinates (wy, ws) of C? with respective charges p and g,

ip@wh eiqewg) . (8)
So long as both wy and ws are non-zero, the orbit representing Ky, ; is embedded in the two-torus
parametrized by the phases of wy and ws. Dividing S C C? by the U(1)-action in (8), we then see
that ICp, 4 sits as the general fiber in a Seifert fibration of S 3 over a genus-zero Riemann surface with
two orbifold points. Upstairs on S3, the orbifold points correspond to the two degenerate orbits
where either w; or wy vanishes and upon which a cyclic subgroup Z, or Z, in U(1) acts trivially.

(w1, ws) 5 (e

The formulae presented by Lawrence and Rozansky in [5] are all for the simplest case that the
Chern-Simons gauge group G is SU(2). Irreducible representations of SU(2) are uniquely labelled
by their dimension, and I let j denote the irreducible representation of SU(2) with dimension j.

According to Lawrence and Rozansky, the exact result for the Wilson loop path integral associated
to a torus knot K, , C S3 decorated with the representation j can be written quite suggestively as

S ™ (p, 4 2
Z(/{,Iqu,.]) =5 Jra exp[ 20k + 2) <q+p+pq(] 1)>] X

2If p and g share a common factor d > 1, the map in (7) is a degree d covering of the embedding determined by
the reduced pair (p/d, q/d).

3For fixed (p, q), the knots KCp , and K, are equivalent under ambient isotopy. Also, K_, _, trivially agrees with
Kp,q up to orientation. Finally, K, _q is the mirror image of K, 4. All torus knots (other than the unknot) are chiral,
meaning that ICp, 4 is not isotopic to its mirror.
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+oo s s T 2 2
X / dr xj|le+t L) sinh(eT L) sinh(e® = exp —Mx— ,
e 2 2p 2q 8™ pq

j=1,...,k+1. 9)

Here x; is the character of SU(2) in the representation j,

sinh(Gy) Gy o (-3 (-3 4 .-y
(y) = — I 1
Xj(y) uh(y) ~© + e + o toe + e , (10)

and j in (9) runs without loss over the finite set of irreducible representations which are integrable
in the SU(2) current algebra at level k.

The formula for Z(k; ICp 4, ) in (9) deserves a number of comments. First, Z(k;C, 4, j) is written as a
contour integral over the real axis. This contour integral is to be interpreted as the stationary-phase
contribution from the trivial connection on S* to the full Wilson loop path integral in (4). Since
the trivial connection is indeed the only flat connection on S2, the stationary-phase approximation
to the Wilson loop path integral is exact for torus knots.

In the special case j =1, for which Z(k;p4,j) reduces to the Chern-Simons partition function
Z(k), we have already provided in [1] a very precise derivation of (4) starting from the Chern-Simons
path integral. In that derivation, the contour integral over x arises geometrically as an integral
over the Cartan subalgebra of SU(2), regarded as the group of constant gauge transformations on
S3. The constant gauge transformations are the stabilizer of the trivial connection in the group of
all gauge transformations, and the presence of this stabilizer group plays an important role in the
semi-classical analysis of the Chern-Simons path integral. In the computation in [1], the Gaussian
term involving 22 in the integrand of (9) is essentially classical?, arising from the tree-level Chern-
Simons action, and the two sinh factors are derived from one-loop determinants over the modes of
A.

One interesting feature of the formula for Z(k; K, 4,j) is that, if j = 1, then all dependence on p
and ¢ cancels between the (p, ¢)-dependent prefactor and the contour integral over x. However, if
j is non-trivial, then Z(k;KCp 4, j) does depend on the pair (p, ¢), as required for instance if (9) is to
reproduce the (absolutely-normalized) Jones polynomial of the torus knot when j = 2.

Since all dependence on the representation j enters the integrand of (4) through the SU(2) character
Xj, one is naturally tempted to identify x; as the avatar of the Seifert loop operator itself when the
path integral in (4) is reduced to the contour integral in (9). The identification of the Seifert loop
operator with a character is quite elegant, and a basic goal in [2] is to obtain this identification
directly from the path integral via non-abelian localization.

“The Gaussian term in (9) is not entirely classical, as we see the famous renormalization k — k + 2 appearing
there.
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Non-Abelian Localization

Briefly, as introduced by Witten in [7], non-abelian localization provides a cohomological interpre-
tation for a special class of symplectic integrals which are intimately related to symmetries. These
integrals take the canonical form

2 = [ e [sz o, mm} . (11)

Here X is an arbitrary symplectic manifold with symplectic form 2. We assume that a Lie group
H acts on X in a Hamiltonian fashion with moment map p: X — b*, where h* is the dual of the
Lie algebra h of H. We also introduce an invariant quadratic form (-, -) on h and dually on h* to
define the invariant function S = %(u, 1) appearing in the integrand of Z(e€). Finally, € is a coupling
parameter.

The symplectic integral in (11) possesses two important properties [7], which for sake of time I will
merely state. First, this integral can be rewritten so that it is effectively supersymmetric, with
a conserved, nilpotent scalar supercharge (). The existence of ) then leads to a cohomological
interpretation for Z(¢) of the sort well-known in the context of the Duistermaat-Heckman formula.
Second, by adding a suitable Q-trivial term to the integrand of (11), one can show that the canonical
symplectic integral localizes onto the critical points in X of the invariant function S = %(,u, 1).

Ezxample: Two-Dimensional Yang-Mills Theory

Given the special form of Z(€), one should not be surprised that this integral has special properties.
But why consider such an integral in the first place? One answer, following Witten in [7], is that
the path integral of two-dimensional Yang-Mills theory assumes precisely the canonical symplectic
form in (11).

To explain the latter observation, I will simply exhibit the counterparts of X, Q, H, and u relevant
to describe Yang-Mills theory on a Riemann surface X..

The Yang-Mills path integral is formally an integral over the affine space A of connections on a
fixed principal G-bundle P over X, so clearly we must set

X =A. (12)
The affine space A also possesses a natural symplectic form €2 given by the intersection pairing on
2,
QO =- / Tr(5ANGA) . (13)
b
Here 6 denotes the exterior derivative acting on A. Since A serves as a coordinate on A, §A is a

one-form on A, and 2 is a two-form on .4 which is manifestly non-degenerate and closed. Of course
on ¥, §A transforms as a section of the bundle Q4 ® ad(P) of adjoint-valued one-forms.
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The obvious group which acts on A is the group G of gauge transformations. As shown long ago by
Atiyah and Bott [8], the action of G on A is Hamiltonian with moment map given by the curvature
Fp=dA+ ANA. That is, since elements in the Lie algebra of G appear on 3 as sections of the
adjoint bundle ad(P), the curvature Fy, as a section of Q% ® ad(P), can naturally be considered
as a function on A taking values in the dual of the Lie algebra of G.

Thus,
H=g, p=Fa. (14)

Finally, the Lie algebra of G admits an invariant form given by

(6.6) = — /Z Tr($nxd) (15)

Here ¢ is an element of the Lie algebra of G, transforming on ¥ as a section of ad(P). With respect
o (15), the invariant function S = %(p, 1) appearing in the canonical symplectic integral over A is
immediately the Yang-Mills action,

S = %(uvu) = —;/ETr(FAA*FA). (16)

The metric on Lie(G) in (15) is defined using a duality operator  on . For two-dimensional Yang-
Mills theory, x relates zero-forms to two-forms, and to obtain such an operator, we only require a
symplectic structure, as opposed to a metric, on ¥. Given a symplectic form w on 3, we define x by
the condition x1 = w. The symplectic form w is invariant under all area-preserving diffeomorphisms
of ¥, and this large group acts as a symmetry of two-dimensional Yang-Mills theory. As a result,
two-dimensional Yang-Mills theory is essentially a topological gauge theory.

In the remainder of the talk, I want to explain how to cast the Seifert loop path integral (4)
as a symplectic integral of the canonical form (11). Once this step is accomplished, the general
arguments in [7] imply that the Seifert loop path integral localizes onto critical points of the
classical action S = %(u, ), as we observed experimentally for Z(k; K, 4,j). Furthermore, using a
non-abelian localization formula derived in [1], one can perform exact computations of the Seifert
loop path integral and thus obtain a cohomological description for the Seifert loop operator itself.

Two key ideas are required to obtain a symplectic description of the Seifert loop path integral. The
first idea, which appears in §3 of [1], pertains to the basic Chern-Simons path integral in (2) and
really has nothing to do with the Wilson loop operator. In contrast, the second idea concerns the
Wilson loop operator itself and really has nothing to do with Chern-Simons theory. Nonetheless,
both of these ideas fit together in a very elegant way.

The Symplectic Geometry of Chern-Simons Theory

The path integral which describes the partition function of two-dimensional Yang-Mills theory
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automatically assumes the canonical symplectic form in (11). As a special case of our general study
of Z(k; C, R), I now want to review how the path integral (2) which describes the partition function
Z (k) of Chern-Simons theory on a Seifert manifold M can also be cast as such a symplectic integral.

In order to obtain a symplectic interpretation of the two-dimensional Yang-Mills path integral, we
found it necessary to introduce a symplectic structure on . To obtain a corresponding symplectic
interpretation for the Chern-Simons path integral, we must introduce the analogous geometric
structure on the three-manifold M — namely, a contact structure.

Globally, a contact structure on M is described by an ordinary one-form &, a section of Q}\/p which
at each point of M satisfies the contact condition

kAdk # 0. (17)

By a classic theorem of Martinet [9], any compact, orientable® three-manifold admits a contact
structure, so we do not necessarily assume M to be Seifert at this stage. However, if M is a Seifert
manifold, then we certainly want the contact form  to respect the U(1)-action on M. Such a
contact form can be exhibited as follows.

We recall that the Seifert manifold M is the total space of an S'-bundle of degree n over X,

Sty M
I (18)
)y

or an orbifold version thereof. For simplicity, I will phrase the following construction of x in the
language of smooth spaces, but the orbifold generalization is immediate.

Regarding M as the total space of a principal U(1)-bundle, we take x to be a U(1)-connection on
this bundle which satisfies
dk = nm*(w). (19)

Here w is any unit-area symplectic form on 3, and we recall that a U(1)-connection on 3 appears
upstairs on M as an ordinary one-form. Because dk represents the Euler class of the S'-bundle over
Y, the degree n necessarily appears in (19). As an abelian connection, x is automatically invariant
under the U(1)-action on M. Also, since the pullback of s to each S! fiber is non-vanishing, the
contact condition in (17) is satisfied so long as n # 0 and the bundle is non-trivial, as we assume.

I began this talk with the observation that Chern-Simons theory is an intrinsically three-dimensional
gauge theory. However, one of the more interesting results in [1, 2] is to show that Chern-Simons
theory is not quite a three-dimensional gauge theory, since one of the three components of A can
be completely decoupled from all topological observables.

®Any three-manifold admitting a contact structure must be orientable, since the nowhere vanishing three-form
kAdk defines an orientation.
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In order to decouple one component of A from the Chern-Simons path integral, we introduce a
new, infinite-dimensional “shift” symmetry & which acts on A as

0A =o0k. (20)
Here o is an arbitrary adjoint-valued scalar, a section of Q}W ® g, that parametrizes the action of

S on A.

Of course, the Chern-Simons action CS( -) does not respect the shift of A in (20), so we must play
a little path integral trick, of the sort familiar from path integral derivations of T-duality or abelian
S-duality. See §8 in [10] for a nice review of the path integral derivations of these dualities.

We first introduce a new field ® which transforms like o as an adjoint-valued scalar, a section of
Q}\/[ ® g, and which is completely gauge-trivial under S. Thus S acts on ® as

00 =o. (21)

Next, we consider a new, shift-invariant action S(A, ®) incorporating both A and ® such that, if
® is set identically to zero via (21), then S(A, ®) reduces to the Chern-Simons action for A. This
condition fixes S(A, ®) to be

S(A,®) = CS(A—rd),

— CS(A) - /M [2mTr(<1>FA) —/<c/\d/<cTr(<I>2)]. (22)

Finally, using (22) we introduce an a priori new path integral® over both A and @,
~ k
Z(k) = / DADD exp [i4 S(A,(P)] . (23)
7

On one hand, if we set ® = 0 using the shift-symmetry in (21), Z(k) immediately reduces” to the
usual Chern-Simons partition function Z(k). Hence,

Z(k) = Z(k). (24)

On the other hand, due to the trivial fact that kAx = 0, the field ® appears only quadratically
in S(A,®). So we can simply perform the Gaussian integral over ® in (23) to obtain a new path
integral description of the Chern-Simons partition function,

20k = / DA exp [14’; S(A)] , (25)

51 will not be very careful about the overall normalizations for the path integrals that appear here, but see §3 of
[1] for a detailed accounting of formal normalization factors.
"We note that the Jacobian associated to the gauge-fixing condition ® = 0 for S is trivial.

- 10 -



Fifth Simons Workshop in Mathematics and Physics - Stony Brook University, July 30 - August 31, 2007

where

Tr [(RAFAY} . (26)

KAdK

S(A) = CS(A4) — /M

In performing the Gaussing integral over ®, we use the contact condition on x in (17), since
this condition ensures that quadratic term for ® in (22) is everywhere non-degenerate on M. In
particular, the inverse “1/kAdk” appearing in (26) is defined as follows. Because kAdk is everywhere
non-vanishing, we can always write kAF4 = ¢ kAdk for some section ¢ of 99\4 ® g. Thus, we set
kAFa/kNdk = @, and the second term in S(A) becomes [;, kKATr(Fap).

By construction, S(A) is invariant under the shift of A in (20), as can be checked directly. Thus, we
have obtained a new description of the Chern-Simons partition function for which one component
of A completely decouples from the path integral. Further, we have yet to use the condition that
M be a Seifert manifold, so the reformulation of Z(k) via the shift-invariant action in (26) holds
for any three-manifold M endowed with a contact structure.

Symplectic Data

If M is a Seifert manifold, an additional miracle occurs, and the path integral in (25) becomes
an integral of the canonical symplectic form to which non-abelian localization applies. For sake of
time, let me merely summarize the symplectic data associated to (25).

First, the space over which we integrate in (25) and which must play the role of X is the quotient
of the affine space A by the group S,
X =A/S. (27)

In three dimensions, the affine space A is not symplectic. However, once we take the quotient by
S in (27), the space A/S carries a natural symplectic form € given by

0= —/M RATE(0ANGA) . (28)

Clearly €2 is both gauge-invariant and shift-invariant, and 2 descends to a non-degenerate symplectic

form on A/S.

We must now find a Hamiltonian group acting on .4/S such that the shift-invariant action S(A) is
the square of the corresponding moment map. As an initial guess, motivated by the example of two-
dimensional Yang-Mills theory, one might consider the group G of gauge transformations. However,
this guess cannot be correct. By construction, the square of the moment map for the action of G
on A/S would be invariant under G. However, S(A) is plainly not invariant under G, since the
Chern-Simons term appearing in (26) is not invariant under the large gauge transformations in G
(while the remaining term in (26) manifestly is invariant under G).

- 11 -
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As a second guess, one might replace G with its identity component Gy, which does preserve the shift-
invariant action S(A). However, one can show that Gy is obstructed from acting in a Hamiltonian
fashion on A/S by a non-trivial Lie algebra cocycle ¢,

(0.0) =~ [ denTi(odv) (29)

Here ¢ and 1 are elements of the Lie algebra of Gy, transforming as sections of Q%/[ ®gon M.
Parenthetically, this cocycle is closely related to a cocycle that appears in the theory of loop groups
[11], which also provides useful background for the identification of H below.

To remedy the situation, we consider the central extension® 50 of Gy determined by ¢(¢, 1),
U(l)z = Go — Go. (30)

Here we use the subscript ‘Z’ to emphasize that U(1)z is central in Go. The natural action of Gy
on A/S extends to an action by Gy, for which U(1)z acts trivially. By construction, the action of
Go on A/S is then Hamiltonian.

However, 50 is still not the group which is to play the role of the Hamiltonian group H! In order to
define the canonical symplectic integral in (11), the Lie algebra of H must carry a non-degenerate,
invariant quadratic form (-, -). But the Lie algebra of Gy does not admit such a form, essentially
because we have no generator to pair with the generator of the central U(1)z.

However, we have also yet to apply the Seifert condition on M. We do so now. To avoid confusion,
let me denote the Seifert U(1) acting on M by U(1)R, to distinguish it from the central U(1)z.
The action by U(1)r on M induces a corresponding action on both Gy and A/S, and we finally
take H to be the semi-direct product

H=U)rGo. (31)

The Lie algebra of H does admit a non-degenerate, invariant quadratic form ( -, - ), under which the
generators of U(1)g and U(1)z are paired. Furthermore, the action of H on A/S is Hamiltonian
with moment map g (for which a completely explicit though perhaps not so illuminating formula
exists), and the corresponding invariant function S = (., p) on A/S is precisely S(A4). Given the
amount of symmetry respected by both %(,u, w) and S(A), the latter result could hardly have been
otherwise.

The presentation here is a regrettably quick sketch of a fairly miraculous result, and I refer the
reader to §3 of [1] for a complete discussion.

8 A Lie algebra two-cocycle always determines a central extension of algebras. Provided that the cocycle is properly
quantized, as is the cocycle in (29), the central extension of algebras lifts to a corresponding central extension of
groups.

- 12 -



Fifth Simons Workshop in Mathematics and Physics - Stony Brook University, July 30 - August 31, 2007

Generalization to Wilson Loops

I now want to explain how the prior statements concerning the Chern-Simons partition function
can be generalized to allow for insertions of Wilson loop operators. As it happens, only one new
idea is required.

We clearly need a new idea, because a naive attempt to reapply the previous path integral ma-
nipulations to the Wilson loop path integral in (4) runs immediately aground. To illustrate the

difficulty with the direct approach, let us consider the obvious way to rewrite the Wilson loop path
integral in a shift-invariant form,

Z(k;C,R) = /DADI) Wr(C) exp [ii:TCS(A - m)] . (32)

Here Wr(C) denotes the generalized Wilson loop operator defined not using A but using the shift-
invariant combination A — x ®, so that

Wgr(C) = Trr Pexp

—740(A—m)]. (33)

Exactly as for our discussion of (23), we can use the shift symmetry to fix ® = 0, after which the
path integral in (32) reduces trivially to the standard Wilson loop path integral in (4).

However, to learn something useful from (32) we must perform the path integral over ®, and as
it stands, this integral is not easy to do. Because the generalized Wilson loop operator Wg(C') is
expressed in (33) as a complicated, non-local functional of ®, the path integral over ® in (32) is
not a Gaussian integral that we can trivially evaluate as we did for (23).

A more fundamental perspective on our problem is the following. Let us return to the description
of the ordinary Wilson loop operator Wr(C') as the trace in the representation R of the holonomy
of A around C,

Wg(C) = Trp Pexp <_ 72 A) . (34)

As observed by Witten in one of the small gems of [3], this description of Wr(C') should be regarded
as intrinsically quantum mechanical, for the simple reason that Wx(C') can be naturally interpreted
in (34) as the partition function of an auxiliary quantum system attached to the curve C. Briefly,
the representation R is to be identified with the Hilbert space of this system, the holonomy of A is
to be identified with the time-evolution operator around C', and the trace over R is the usual trace
over the Hilbert space that defines the partition function in the Hamiltonian formalism.

Because the notion of tracing over a Hilbert space is inherently quantum mechanical, any attempts

to perform essentially classical path integral manipulations involving the expressions in (33) or (34)
are misguided at best. Rather, if we hope to generalize the simple, semi-classical path integral

- 13-
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manipulations which we used to study the Chern-Simons partition function to apply to the Wilson
loop path integral, we need to use an alternative description for the Wilson loop operator that is
itself semi-classical.

More precisely, we want to replace the quantum mechanical trace over R in (34) by a path integral
over an auxiliary bosonic field U which is attached to the curve C' and coupled to the connection
A as a background field, so that schematically

Wa(C) = / DU exp[iesp(U: Alc)| (35)

Here csR(U ;A|c) is an action, depending upon the representation R, which is a local, gauge-
invariant, and indeed topological functional of the defect field U and the restriction of A to C.
Not surprisingly, this semi-classical description (35) of Wr(C') turns out to be the key ingredient
required to reformulate the Wilson loop path integral in a shift-invariant fashion.

The idea of representing the Wilson loop operator by a path integral as in (35) is a very old and
very general piece of gauge theory lore. In the context of four-dimensional Yang-Mills theory, this
idea goes back (at least) to work of Balachandran, Borchardt, and Stern [12] in the 1970’s. See
also [13] and §7.7 in [10] for other appearances of the path integral in (35).

As I mentioned, the basic idea behind the path integral description (35) of the Wilson loop operator
is very simple. We interpret the closed curve C' as a periodic “time” for the field U, and we apply the
Hamiltonian formalism to rewrite the path integral over U axiomatically as the quantum mechanical
trace of the corresponding time-evolution operator around C,

Wg(C) = Try Pexp (—i fc E) . (36)

Here H is the Hilbert space obtained by quantizing U, and h is the Hamiltonian which acts on H
to generate infinitesimal translations along C.

Comparing the conventional description of the Wilson loop operator in (34) to the axiomatic ex-
pression in (36), we see that the two agree if we identify

R «— H,

Pexp (- }[CA) — Pexp (-iiﬁ) . (37)

Hence to make the Wilson loop path integral in (35) precise, we need only exhibit a classical theory
on C, for which the gauge group G acts as a symmetry, such that upon quantization we obtain a
Hilbert space H isomorphic to R and for which the time-evolution operator around C' is given by
the holonomy of A, acting as an element of G on R.

- 14 -
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A Semi-Classical Description of the Wilson Loop Operator

Let me now tell you what classical theory to place on C to realize the quantum identifications in
(37).

Of the two identifications in (37), the more fundamental by far is the identification of the irreducible
representation R with a Hilbert space, obtained by quantizing some classical phase space upon which
G acts as a symmetry. So before we even consider what classical theory must live on C' to describe
the Wilson loop operator, we can ask the simpler and more basic question — what classical phase
space must we quantize to obtain R as a Hilbert space?

As is well-known, the question above is beautifully answered by the Borel-Weil-Bott theorem [14].
In order to recall this theorem, let me first fix a maximal torus T C G, for which t C g is the
associated Cartan subalgebra. Given the irreducible representation R and some choice of positive
roots for G, I also introduce the associated highest weight a. Canonically, the weight « lies in the
dual t* of t, but given the invariant form ‘Tr’ on g, we are free to identify t* = t and hence to regard
« as an element of t,

a ettt (38)

Though mathematically unnatural, the convention in (38) leads to more transparent physical for-
mulae below.

The Borel-Weil-Bott theorem concerns the geometry of the orbit O, C g which passes through
« under the adjoint action of G. Equivalently, as a homogeneous space O, can be realized as
a quotient G/Gy, where Gy is the stabilizer of a under the adjoint action of G. Explicitly, the
identification between G/Gy and Q,, is given by the map

gGo — gag', geq. (39)

As will be essential in a moment, O, is a compact complex manifold which admits a natural Kahler
structure invariant under G. As an easy example, if G = SU(2) and « is any non-zero? weight,
then O, = SU(2)/U(1) can be identified as CP' endowed with the Fubini-Study metric.

In a nutshell, the Borel-Weil-Bott theorem states that the irreducible representation R can be
realized geometrically as the space of holomorphic sections of a certain unitary line bundle £(«)
over O,. That is,

R = H3(Oq, L()), (40)

where the action of G on the sections of £(«) is induced from its action on O,.

As a unitary line bundle over a Kéhler manifold, £(«) carries a canonical unitary connection O,
which is also invariant under GG. The connection ©, enters the path integral description of the

90f course, if & = 0, then O, is merely a point.
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Wilson loop operator, so let me exhibit it explicitly. When pulled back to G, the line bundle £(«)
trivializes, and the connection ©, appears as the following left-invariant one-form on G,

O, = Tr(a . g_ldg) . (41)

I have introduced the connection ©, because its curvature v, = dO,, is precisely the Kéhler form on
Oqu- As aresult, L(«) is a prequantum line bundle over O, and the Borel-Weil-Bott isomorphism
in (40) identifies R as the Hilbert space obtained by Kéhler quantization of O,.

Perhaps more physically, the Borel-Weil-Bott theorem can be interpreted as identifying the space
of groundstates for a charged particle moving on O, in the presence of a background magnetic
field B = v,. Briefly, because of the non-zero magnetic field, the wavefunctions which describe this
particle transform on O, not as functions but as sections of the line bundle £(«). As standard, the
Hamiltonian which describes free propagation on O, is proportional to the Laplacian A acting on
sections of £(a), and by Hodge theory, the kernel of A can be identified as the space of holomorphic
sections of L(«). Hence the role of (40) is to realize the representation R in terms of Landau levels
on Q.

Given the quantum mechanical interpretation of R above, the corresponding path integral de-
scription (35) for the Wilson loop operator follows immediately. Ignoring the coupling to A for a
moment, if we simply wish to describe the low-energy effective dynamics of an electron moving on
O, in the background magnetic field B = v,,, we consider a one-dimensional sigma model of maps

U:C— O,, (42)

with sigma model action

csgp(U) = 72(]*(@&) = jiTr(a-gldg). (43)

Here U*(©,) denotes the pullback of ©, to a connection over C. If U is lifted as a map to
O. = G/Gy by a corresponding map
g:C— G, (44)

then the pullback of ©, appears explicitly as in (43). As a word of warning, I will freely switch
between writing formulae in terms of U or g as convenient.

From a physical perspective, the first-order action csg simply describes the minimal coupling of
the charged particle on O, to the background magnetic field specified by O, and we have omitted
the second-order kinetic terms for U as being irrelevant at low energies. From a more geometric
perspective, csi is a one-dimensional Chern-Simons action for the abelian connection U*(0,)
over C. As such, the quantization of the parameter o € t as a weight of G follows just as for
the quantization of the Chern-Simons level k. Physically, the quantization of « follows from the
quantization of flux on a compact space.
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This sigma model on C' clearly respects the action of G on O, as a global symmetry. To couple
the sigma model to the restriction of the bulk gauge field A, we simply promote the global action
of G on O, to a gauge symmetry. That is, we consider the covariant version of (43),

esp(Us Al) = ﬁ U*(00(A)) = ﬁ Tr(a- g~ 'dag),
dag = dg+Alc-g. (45)

In the second line, we indicate the action of the covariant derivative d4 on g. The action by d4 on
g descends to a corresponding covariant action by d4 on U as well.

I now claim that the quantization of the gauged sigma model on C with action csr(U; Al¢) leads
to the identifications in (37) required to describe the Wilson loop operator. First, the classical
equation of motion for U simply asserts that U is covariantly constant,

daU = 0. (46)

As a result, the classical phase space for U can be identified with the orbit O,, and by the Borel-
Weil-Bott isomorphism in (40), the corresponding Hilbert space H for U is identified as the repre-
sentation R. Similarly, since the classical time-evolution for U is given by parallel transport, the
quantum time-evolution operator around C' is immediately given by the holonomy of A, acting as
an element of G on R.

The Shift-Invariant Wilson Loop In Chern-Simons Theory

Because A only enters as a background field in (45), the path integral description (35) of Wr(C) is
completely general and applies to any gauge theory in any dimension. Nonetheless, this description
of the Wilson loop operator is precisely what we need to obtain a shift-invariant formulation of the
Wilson loop path integral in Chern-Simons theory.

Let us first apply (35) to rewrite the Wilson loop path integral in (4) as a path integral over both

A and U,
1 k
Z(k; = DA j— A A . 4
(C.R) = gz . | PATU exp i CS(4) + esp(U: Alc) (47)

Here we introduce the free loopspace LO,, of O, to parametrize configurations of U.

Once we introduce the defect degree-of-freedom U coupling to A in (47), the classical equation of

motion for A becomes

e 2
Fa ' Ryt U de — 0, (48)

Here 0¢ is a two-form with delta-function support on C' which represents the Poincaré dual of the
curve. Using d¢, we rewrite csp(U; A|¢) as a bulk integral over M,

csR(U;A|C) = jiTr(cwgldAg) = /M(Sc/\Tr(oz-gldAg), (49)
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from which (48) follows.

As we see from (48), in the presence of the operator Wg(C'), classical configurations for A are given
by connections which are flat on the complement M° = M — C' and otherwise have delta-function
curvature along C'. The singularity in A along C' manifests itself on M? as a non-trivial monodromy
of the connection around a transverse circle linking C. Though I will not have time to say more,
the moduli space of such flat connections with monodromies is the space onto which the Seifert
loop path integral localizes. This space is directly related to the moduli space of representations
of the knot group of C' in G and, in suitable circumstances, is also related to the moduli space of
(non-singular) flat connections on M.

At the cost of introducing defect degrees-of-freedom along C, we have managed to describe Wr(C)
in terms of a completely local — and indeed linear — functional of A. Consequently, the same path
integral trick that we used to decouple one component of A from the Chern-Simons partition func-
tion applies immediately to (47). We simply replace A4 in (47) by the shift-invariant!® combination
A — k ®, and we then perform the Gaussian integral over ®. In the process, the only new ingredient
is that we obtain an extra term linear in ® from the coupling of A to U.

Without discussing any more details, let me present the resulting shift-invariant formulation for
the Wilson loop path integral,

1 k
Z(k7C,R) = WA/SXLOQDAW exp |:Z47TS(A, l—]):|7 (50)

where

S(A,U) = CS(A) + %CSR(U;mC) _ / Tr[(kAFA)?] - (51)

v RAdR
The shift-invariant action S(A, U) appears much as the corresponding shift-invariant action (26) for
A alone, with the replacement therein of Fi4 by the generalized curvature F4. Thus for an arbitrary
Wilson loop (or link) operator in Chern-Simons theory, the path integral can be rewritten such that
one component of A completely decouples.

Moreover, if M is a Seifert manifold and C' is a Seifert fiber of M, the shift-invariant Seifert loop
path integral is again an integral of the canonical symplectic form in (11). The relevant symplectic
space X is just the product

X = A/S x LO,, (52)

where the loopspace LQO,, carries a natural symplectic (and indeed Kéhler) form inherited from the

Kaéhler form v, on O,.

The Hamiltonian group H which acts on X is the same group that appears in (31). In fact, the
loopspace LO,, can be interpreted formally as an infinite-dimensional coadjoint orbit of H.

0The shift-symmetry S acts trivially on U.
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Finally, the square of the moment map for the diagonal action of H on X is precisely the shift-
invariant action S(A,U) appearing in (51).

For a last bit of furious hand-waving, let me remark that the description of the Seifert loop operator
as a character follows quite naturally from the appearance of the loopspace LQO,, in (50). In essence,
non-abelian localization on LO, is related to index theory on O,, and index theory on O, provides
a classic derivation [15] of the famous Weyl character formula.
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