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Abstract

This note discusses the canonical quantization of the Chern-Simons theory. We will
focus on the case where the spatial geometry is a disk. The discussion will be helpful in
understanding the entanglement entropy in Chern-Simons theory. [1-6]
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1 Introduction

In the zoo of quantum field theories (QFTs), a simple and interesting class is the topological
quantum field theories (TQFTs). In such kind of theories, all observables are invariant under
smooth deformation of the spacetime manifold, or equivalently, independent of the choice of
spacetime coordinate.! For example, under a transformation z — 2’ = f(x), the correlation
function of scalar operators must satisfy (we ignore the boundary)

(d(z1)d(wa) - ) = (d(x1)d(x5) - ) (1.1)

It implies that ¢ = ¢ is just a c-number. More generally, one can show that there are no local
operators in the theory. Therefore, TQFTs only have a finite number of degrees of freedom
and hence a finite dimensional Hilbert space (if we ignore the boundary).

One important example is the three-dimensional Chern-Simons gauge theory, which is the
focus of this note. Let Y denote the space-time manifold and A the gauge field, the action
takes the following form

S[A]:ﬁfyTr(A/\dAJrgA/\A/\A) (1.2)

where k is the coupling constant and is called the level of the Chern-Simons theory. It was
first studied in details in [1,2] and then plays important roles in high energy, condensed matter
physics and mathematical physics. In this note, we will explain its canonical quantization.
The detail of the quantization procedure depends on the choice of spatial manifold. Here we
primarily work on a spatial unit disk, i.e., Y = D?x R. There are two main reasons for studying
this choice:

e It exhibits a clear connection to the (141)-dimensional conformal field theories. We will
see that the physical degrees of freedom are only on the edge, which are described by a
chiral Wess-Zumino-Witten model. The Hilbert space forms a representation of a chiral
Kac-Moody algebra, the unitarity of which imposes quantization condition on the level k.
The details of the dynamics (such as the energy) depends on the choice of the boundary
condition.

e [t is relevant to defining the bipartite entanglement in Chern-Simons theory. The defini-
tion of entanglement requires a factorization of the Hilbert space as the prerequisite. For
the bipartite entanglement, we need

H=MHs®Hp (1.3)

In the context of QFTs, A and B will be a spatial region and its complement. However,
the definition of H 4 and Hp needs boundary conditions, which are not part of the data
in the original QFT. Therefore, the factorization (1.3) does not make sense (and hence,
does not exist).?

!The value of the correlation function is always independent of the choice of coordinate. Here, we require
the form, the way it depends on the coordinate, is also invariant.

2A more intrinsic statement on the fact that any QFT does not have a factorized Hilbert space is that the
local algebra of QFTs is a type III von Neumann factor. We thank Xi Yin for this comment.



One solution of this issue is the cutting map method. The idea is to first add appropriate
boundary conditions at the entangling surface to define a Hilbert space for each region
and get a factorized Hilbert space H4 ® Hp. Then one embeds the original Hilbert space
into this factorized one through an isometry

it H o Ha® Mg (1.4)

to define various entanglement quantities therein. Thus, one has to understand how to
define Hilbert space of the QF T on spatial manifolds with boundary to actually implement
this method. The disk the simplest case.

The rest of the note is organized as follows. In Sec. 2, we introduce the non-Abelian Chern-
Simons action and its basic properties. In Sec. 3, we discuss the canonical quantization on a disk
in details. The appendix contains some useful details and other related topics. Appendix. B
review the canonical formalism of constrained systems and the quantization. The main text
focuses on the non-abelian Chern-Simons theory. Appendix. C reviews the Abelian version,
which is also quite useful and has simplified features.

2 Basic properties of the Chern-Simons theory

We consider the Chern-Simons gauge theory of a simply connected Lie group G. Most of
our statement holds more generally though. After introducing the action, we will examine its
symmetries and equations of motion.

Action Let A = A}T"dz" be the gauge field that takes the value in the Lie algebra. In this
convention, the generators of the Lie algebra T are anti-Hermitian and satisfy

[T, T = fo1¢, TeTT® = —6 (2.1)
The gauge field transforms in the following way
A A9 = gAg~! —dgg™', g€ SUN) (2.2)
so that (A9)" = A", Note that g is unitary, thus dgg—"' is anti-Hermitian as well. The field
strength is defined as
1
F = §Fdeu Ndr, =dA+ANA, F, =0,A —0,A +[A. A (2.3)

The theory is defined by a classical action

S[A] :E/Tr (A/\dA+§A/\A/\A)
Y

s
k

T 4r

5 (2.4)
/ dz3e"P Tr (AM@AP + gA,uAVAp)
Y

where Y is a space-time manifold and & is the coupling constant, called the level. We denote
the above Chern-Simons theory by Gy.



Time reversal and parity The presence of ¢#*? implies that the action changes sign under
the parity or time-reversal transformation. This is one of the reasons why the Chern-Simons
theory can describe the fractional quantum Hall systems. This is also consistent with the fact
that putting the system on a disk gives rise to chiral edge modes, which will be shown later.

Let us consider the time-reversal in more details. There is always ambiguity in the definition
of time reversal, here, we work with the following one?

T Ao(t) = Ap(t) = —Ao(—t), Ai(t) = Aj(t) = Ai(-1) (2.5)
Let us use the rule to compute how the the action transforms under the time-reversal

S[A] = % / 4 e Ty <A;<t', D)OLAL( x) + gA;(t',@A;(tgx)A;(t’, x))

where the derivative is 0, = (0y,0,) = (=0, 0;). The first term contains derivatives that
transform in the same way as the gauge field, and thus changes the sign, e.g.,

/ dt'd®x Tr A;(t) 0y A; (') = / dtd?x Tr Aj(—t)0_ A%(—t) = — / dtd*z Tr A;(1)0,A;(t)

The second term does not involve derivative and always contains Ay, thus must changes sign
as well, i.e.,

/dt’dzxe‘“”’ Tr (A, (', 2) A, (', ) AL (' 2)) = — /dtd%e‘“’” Tr (A, (t,2)A,(t, 2)A,(t, z))

Therefore, the action changes its sign under the time-reversal transformation
T : S[A] — S'[A'] = —S[A] (2.6)

The demonstration of the parity symmetry breaking is similar.

Gauge transformation As a gauge theory, the action has to be invariant under the gauge
transformation. This turns out to be a subtle and interesting issue for the Chern-Simons theory.
Let us explicitly compute S[AY]. The first term in the action gives

Tr ((9Ag~" — dgg™") Ad(gAg~" — dgg™"))
=Tr ((gAg~" —dgg™") A (dgAg™" + gdAg™" — gAdg™" + dgdg™"))
=Tr (AdA +2A%g7'dg — 2Ag'dgg"'dg + d(g~'dgA) + g~ 'dgg"dgg~'dg)

The second term in the action gives

Tr (A® — 3A%¢g'dg + 3Ag~'dgg"dg — g~ 'dgg~"dgg'dg)

3In our convention, the gauge field A, is anti-Hermitian (purely imaginary in the Abelian case), which
explains why the transformation looks opposite to the conventional one. For example, the time reversal in the
Maxwell theory is usually defined as T : E — E,B — —B or T : Ag(t) — Aj(t) = Ao(—t), Ai(t) — Ai(t) =
—A;(—t), where A, is a real field.



In total, we have

k _ k _ _ _
S[A%] = S[A] = E/@yg ldgA + - T (97 'dgg~"'dgg~"dg) (2.7)

The first term is a boundary term. The second term is the Wess-Zumino (WZ) term denoted
by I'
1

S[A%] = S[A]+ kTlg], T[g] = m/yTr (9~ 'dgg~"dgg~"dg) (2.8)

where we choose the normalization such that I'[g] takes values in 277Z. The WZ terms can have
non-trivial effect because the space of maps ¢ : Y — G is not simply connected. For example,
suppose the space-time manifold is a three-sphere S®,* the gauge transformations are maps

g:8° =G,

which are classified by m3(G). For any simply connected Lie group G, we have m3(G) = Z so
that the gauge transformations fall into sectors labeled by a ”winding number”, which is exactly
captured by the WZ term. Under a transformation of winding number m, the Chern-Simons
action transforms as

S[AY] = S[A] + 27km (2.9)

In the path-integral quantization, we requires e**4’! is invariant under the gauge transformation,

which gives a restriction k£ € Z. In this note, we will perform the canonical quantization and
get the same conclusion. Since the WZ term only detects the topological effect, it does not
appear in the equation of motion (local dynamics).

Equations of motion The variation of the action
2
05 :4£/ Tr <5A/\dA+A/\d5A—|—§(5A/\A/\A+A/\5A/\A+A/\A/\5A))
T Jy

:ﬁ / Tr (26A(dA + A A A) + d(A A GA)) (2.10)

k k
=— Tr(0ANA)+— | Tr(0ANF
AT Joy I >+27T/Y I )
From the first to the second line, we used the cylicity of the trace. From the second to the last
line, we used the cylicity of the trace and Stoke’s theorem. Thus, in the absence of a boundary,
the equations of motion is

F=0 (2.11)

Namely, there is no local physical degrees of freedom. We will see below that the presence of a
boundary will make the dynamics more interesting.

4If Y is non-compact, such as R3, the gauge transformation is required to approach the identity at the spatial
and temporal infinity, i.e., lim,_, U(x) = I. This is equivalent to considering an S3.



3 Canonical quantization on a disk

In this section, we explain how to quantize the Chern-Simons theory on a disk. First, we
discuss how to properly describe the classical theory in the canonical formalism, i.e., construct
the phase space and Poisson structure. Then, quantization is simply replacing the Poisson (or
Dirac) bracket with the quantum commutator, which, as we will see, is the Kac-Moody algebra.
Because the Hilbert space has to be a unitary representation, this will impose constraints on
the coupling constant and the allowed states.

3.1 Effective action for the boundary

As we have seen above, the Chern-Simons theory on a closed spatial manifold does not have
local physical degrees of freedom. The presence of a boundary gives rise new dynamical degrees
of freedom that are chiral and only live on the boundary. In this subsection, we explain how
the boundary affects the dynamics and derive the action for the boundary modes.

First of all, we need to determine the boundary condition. A general criterion is to choose
the boundary conditions such that there are no boundary contribution to the equations of
motion, i.e.,

k
I ), AN A) =0 (3.1)

Because we consider the manifold Y = D? x R with R being the time direction, a convenient
choice is®

Aglyy =0 (3.4)
Therefore, a classical Chern-Simons theory on Y = D? x R should be defined as follows
A k AdA 2A3 A
S| }:E Tr | AdA+ S A%, 0lyy =0 (3.5)

The boundary condition also disallows some gauge transformations. Now, the legitimate gauge
transformations are ones that are independent of time on the boundary and thus do not change
the boundary conditions. However, only a subgroup of this group should be viewed as a gauge
symmetry. This is the set of transformations that are one on the boundary, i.e.,

=1 3.6
g\ay (3.6)

5In order to for the gauge field to have a non-zero boundary value, one needs to add a boundary term. For

example, by adding
L Tr AtAs (3.2)
47 )%

to the action, the boundary term in the variation of the action becomes

45 / Tr(6A; Ay — 6 A0 Ay) + Tr(6 A, Ay + A6A,) = 25 / TroA A, (3.3)
7I 7

Thus, it is legitimate to have (fixed) nonzero values of A; at the boundary while maintaining a well-defined
variational problem. This trick is useful when one wants to use the path integral to obtain the wavefunction.



Time independent transformation on the boundary should be viewed as a global symmetry,
because they does not approach identity in the temporal infinity. These are

9|,, = 9() (3.7)
where o € [0, 27| parametrizes the boundary circle. These transformations form a loop group,
the elements of which are loops in a Lie group. The spectrum should be in the representation
of these symmetries rather than being invariant under them.

In order to find its Hamiltonian formalism, it is more convenient to isolate the time direction
and identify the dynamical variables. We decompose the field A and derivatives d into spatial
and temporal components and write the action as

S[A] = _ﬁ/ﬂmfu %/Tr [AO(JA“+ A?) (3.8)

where g, d denote the spatial components. Note that Ay does not have dynamics and imple-
ments the Gauss law constraints on the spatial components

F=dA+ A =0 (3.9)

Thus, we can remove Ay by choosing the temporal gauge Ay = 0, which is the most convenient
choice that is compatible with the boundary condition, and impose the Gauss law. The Gauss
law constraint can be satisfied automatically if we introduce a new variable U : D? x R — G
and define

A=—dUuU! (3.10)
Notice that this reparametrization has a gauge redundancy, namely, U — U V (t) leaves A
invariant. Now we substitute A = —dUU ! into the gauge-fixed action and have
S =- yy €’ Tr A;0,A; (i, j are spatial indices)
T
k ~
== [T [0:U U 0,(0;UU )]
T
=—— [T [QUU N 0,0,U) U] — — / ! Tr [O,U U 0;U0,U ]
47 47
= — E/G” Tr [&-U’l(@tajU)U*l} + E/Ew Tr [U’lﬁtUU’lﬁiUUflajU]

where the second term is proportional to the WZ term. Note that

€19; Tr [0,U " 9,U| =€ Tx [0,U"9,0,U]
=— T [U'Q,UU(6,0,U)]

which is exactly the first term above. Thus, we have

k k
S[U| = —/ Tro,U *o,U + — | Tr(U'dU)? (3.11)
47T ay 127T Y



where o is the coordinate for the boundary S!. This is the chiral version of the Wess-Zumino-
Witten model and the coefficients of the two terms happen to be right at the critical point.°

Remark The effective action for the boundary does not have Lorentz invariance. This is
related to the boundary condition that we choose. A more general boundary condition is the
following

AO - UAO-

=0 3.13
oy (3.13)

where v is an arbitrary constant. Then, one has to use a different gauge fixing that is compatible
with this boundary condition. It can be shown effective action for the boundary becomes

sl =X [ o, ou — va,U) + kT[T (3.14)

am Joy

When v = 1, this yields a Lorentz invariant theory.

Let us derive the equation of motion. The variation of the WZ term is a surface term. The
variation of the chiral kinetic term is

55 :4ﬁ Tr (8,6U ' 0,U + 9,U'8,8U)

T Joy

:4ﬁ Tr (—6U'0,0,U — (9,0,U")6U)  (integration by part)
T Joy

= [ T (U~'éU (2 '0,0,U — U 'QUU ' 0,U — U '0,UU19,U))
T Joy

Combined together, we have

5S[U] Tv (U'6U (U18,0,U — U'8,UU'8,U))

“2m Joy
k
—— | TcUu'sva, (U'aU)
21 Yy

(3.15)

If the coefficients of the kinetic term and the WZ term are random numbers, the variation of
the action will be more complicated. Thus, the equation of motion is

0,(Ur0,U) =0 (3.16)

6The standard WZW model is a principal chiral field action (written with the holomorphic and anti-
holomorphic derivatives) plus a WZ term

1
Swowlgl = F/Tr[azgflégg] kg, kez (3.12)

It is a conformal field theory only when the coefficients satisfies A\? = 47 /k.



3.2 Poisson (Dirac) bracket

After identifying the dynamical variables as the chiral boundary modes U(c), we discuss how
to construct the phase space and find the Poisson bracket. The chiral WZW action is first order
in time derivative. The canonical formalism of such kind of system is complicated due to the
fact that the canonical momenta is not independent of the canonical coordinates. Therefore,
one has to define the phase space and the bracket that incorporate such constraints properly.
A systematic way is due to Dirac and is reviewed in Appendix. B. However, the chiral WZW
action is somewhat special and allows for shortcut. [7]

Before discussing the chiral WZW action, let us begin with a more general theory with
dynamical variables ¢ and an arbitrary action that is first order in time derivative

I= / (Ai<¢>) dj: - H(gb)) dt (3.17)

where i can be regarded as a collection of indices and even can be continuous (say, spatial
coordinate in a field theory), H(¢) denotes terms independent of time derivatives. Such terms
are important in the equations of motion but do not play any role in determining the canonical
formalism and computing the brackets. We can use the least action principle to find the
equations of motion as

04; 0A;\ d¢' OH
(ac/ﬂ - 8751‘) dt 0
Now, we want to find the canonical formalism that correctly reproduces the dynamics. It can
be done in two different but equivalent ways:

(3.18)

e Dirac’s approach. We regard ¢ as the canonical coordinate, whose conjugate momentum
is defined as

oL
T = o0 = A;(9) (3.19)
Thus, it gives a primary constraint
Xi =7 — Ai(¢p) =0 (3.20)
We can define the Poisson bracket as usual on this phase space (¢, 1)
{¢s mitp = 0 (3.21)

The Hamiltonian is just H(¢) that is independent of the canonical momentum. Let us
assume that the above primary constraints are of the second class, i.e.,

ox; O0x; Ox; 0x; 0A; 0A,;
Fi={XoXi}P= 557t — A = 2o — 5 3.22
1= W XidP = 5ok 50k T Gekagk ~ 01 0o (3.22)
is non-degenerate, also guarantees that there will be no more constraints being generated.”
We can follow the general recipe to define the Dirac bracket. The Dirac bracket between
the canonical coordinates is no longer zero. For any two functions of ¢, we have

X 8Y
{X,Y}p = —{X, xi}p(F Dij{x;, Y} = Fi;l@gzﬁi 0

"Namely, the equation [y, H] + u;[xi, x;] = 0 cannot be reduced to an equation that is independent of u.

(3.23)

9



e Witten’s approach. Since the physical quantities are eventually functions of ¢’s only, it
seems to be redundant to introduce the canonical momentum. Here, we let the phase
space contain only ¢ and find a Poisson bracket on it. Namely, we want to find a non-
degenerate 2-form w = %wijdgbi A dg’ so that the Poisson bracket between two functions

X,Y on the phase space is
0X oY

T O¢t DI
Moreover, we require the Poisson bracket gives the correct equations of motion, i.e.,

dX
S =X H©O) (325)

{X.Y}p: (3.24)

The variation of the action is

Ry CAT A PRI P

95 04 it Op

ds OH
= [ Fubo G~ 5599

(3.26)

Notice that Fj;, as the coefficient of (5¢iddif, is always anti-symmetric and can naturally
induce a symplectic structure. We can define the Poisson bracket of any two functions on

the phase space to be
0X 9Y
X, Y}yp=F;'———
{ ) }P iJ a¢z 8¢1
This choice can gives the correct equations of motion and is the same as the result (3.23)
obtained in the first approach, as it has to be.

(3.27)

Let us make a few comments on the two approaches:

e Although the two equations (3.23) and (3.27) take the same form, they are defined on
different phase spaces. The former includes the momentum and is twice as large as the
latter one.

e The first approach is more systematic and can be applied to any systems. Generalizing
the second approach amounts to writing the action in a first-order form on the phase
space.® In the most general situations (with constraints), writing the action in the phase
space is as hard as the first approach. However, when the action is already in the first
order time derivative, this approach is much more convenient than the first one.

e In the first approach, one has to choose an explicit set of coordinates ¢ in order to
compute the conjugate momenta. In the second approach, it is enough to have a basis of
tangent vectors to the phase space and the matrix F;; may be constructed relative to any
such basis. This is particularly convenient when the configuration is nonlinear.

8In the most standard case, we have

5S = 6 / (o — H(mq))dt (3.28)

Its variation yields the standard Poisson bracket.

10



The chiral WZW model is a non-linear sigma model. It is awkward to explicitly work with
any coordinate system. Thus, we will use the second approach to find the canonical formalism.”
As we have commented above, we only need to find a basis of tangent vectors. Here, a very
convenient basis of tangent vectors are the matrices U 16U (in contrast, 6U would be an
inconvenient choice). The matrix F then must act both on the Lie algebra index of U~'6U and
the spatial coordinate o. Recall the variation of the action

k

6S=— [ TxU U9, (U 'OU) (3.29)
27T oY
Thus, we see that
n
F=1® —0,, .
® Qﬁa (3.30)

where I acts on the Lie algebra index and J, acts on the spatial coordinate, whose inverse is
0(o) + const (0(o) is the step function).
We now apply the definition of the Poisson bracket to

X (o) = TrA%U‘l , Y(o)= TrB%U‘l

where A and B are just auxiliary matrices that contract with the Lie algebra elements. The
way to compute their Poisson bracket is to calculate 6.X8Y = 9% 9. 54i547 and then replace

S ¢t 0p7
00'0¢7 by Fgl First, we calculate
d d
X =TrA(—o0U U+ TrA—UcSU—l
do do
—Tr A (i(SU) v — e A pspr
do do

_vrr-tar
=T U AU~ (U1oU)

so we have
d
§X(0)0Y (o) = Tr U—lAUdi (U'6U) x Tr U—lBUW (U6U)
o o
By substituting d¢'d¢’ with F'¥, we have
2
{X(0),Y(c)}p=— %5’(0 — o) Tr U Yo)AU (o)U*(o")BU (o)
3.31)
2m , av ., 2, , (
=——0(oc — — - — —o) T
ké(a U)Tr([A,B]dGU ) ké(a o) Tr(AB)
A particular useful field is the current field
k au
“ = —TyTe—U"! .32
J 5y 1t dO’U (3.32)

91f we consider Abelian Chern-Simons theories, the boundary modes are described by chiral compact boson.
Then it is not hard to compute the Poisson (Dirac) bracket in the first approach. We leave this discussion to
Appendix. C.

11



where the factor of % is added to be consistent with the standard normalization. One can
check that J* is a real field, i.e.,

k di/_l k dU
a * T Ta T —lTa a .
(J (0)) = ——2 r U = —2 r—U =J ((7) (3 33)

By using [T, T%] = f%°T¢ and Tr[T°T"] = —§%, we find

k dU k
{J%0), J (") p=— —6(c — o) Tr | [T, T —U" ) — —8(0 — o) Tx(T°T?)
2m do 2m
. (3.34)
=0(0 — ') f**J(0) + —6& (o — o)5*
2
Equivalently, we can write it in the momentum space. Introducing the Fourier modes,
o = / doc™ Jo(0),  (JO) = J° (3.35)
we can write the Poisson bracket in a nicer form
{Je, J0 A p = fTC, . — ikndaOnimo (3.36)

If we trace back to how we reduce the gauge field A to the boundary degrees of freedom, we
can find that variable J* is related to the boundary value of A, as (recall A, = A%T?)

k

J(0) = 5= A%(0)] 3.37
(0) = 5o A2(0) (3.37)
And the Fourier zero mode is the holonomy of A
Jg i do A (3.38)
= — o .
O on “lay

3.3 Quantization, Kac-Moody algebra and its Representation

The canonical quantization is readily done. We only have to promote the Poisson bracket (3.36)
into a quantum commutator in the standard way, i.e.,

[J2 8] = f*e e, + kndubnimo (3.39)

where J? are now operators acting on a Hilbert space. Eq.(3.39) is known as the Kac-Moody
algebra, which a prototype example of infinite dimensional Lie algebra. The Hilbert space
should form a unitary representation of it. The unitarity is implemented as the Hermiticity of
the generators

J (o) = J o) & J = J (3.40)

and having a positive-definite norm. In the following, we will show that the unitarity of the
representation (1) requires k to be an integer (2) restricts the allowed representations. For
simplicity, we consider the simplest example G = SU(2). The arguments below are readily

12



generalized to other simply connected Lie groups by examining the SU(2) subgroup (and the
corresponding subalgebra).

The irreducible representations of the Kac-Moody algebra are the highest weight represen-
tations. Namely, there are so-called highest weight states |\) that transform as an irreducible
representation of the ordinary Lie algebra of zero modes J§, and are annihilated by the positive

modes
JrIA) =0, ¥Yn>0 (3.41)

New states can be generated by applying the negative modes J¢, to the highest weight states.
Thus, the highest weight states |\) are also called the primaries (of the Kac-Moody algebra)
and states likes J% |\) are called the descendants.

Just like how we analyze an ordinary Lie algebra, it is convenient to use the Cartan basis.
In a Cartan basis, the J%(z) are written as H' and E*®, where i = 1,--- ,rg labels elements in
the Cartan subalgebra and the positive roots « labels the raising and lowering operators. The
highest weight states satisfy

Hy Ay =X'[N), Eg|A)=0,a>0

H N =E*\) =0, n>0 (3.42)
In our concrete example G = SU(2),'Y the the following linear combination
I = L(Jg +iJ3), IP= ijg (3.43)
V2 V2
gives a conventionally normalized su(2) algebra [IT, 7] = 213, [I?, [*] = £1%, where 213 has

integer eigenvalues in any finite dimensional representation. From the Kac-Moody algebra, we
also find that
1 1 k 1 4

f—’_ - E(Jil - Zjil) ) f_ - E(Jil + ijl) 9 TS - 5 — %JO (344)

also satisfy the standard su(2) algebra [I*,17] = 213 [I*,I¥] = +£I* where 2% has integer
eigenvalues. Thus % has to be an integer for unitary highest weight representation.!

For a given level k, unitarity also puts constraints on what irreducible representation of the
corresponding ordinary Lie algebra can appear. For example, we take SU(2); and suppose the
there exists a highest weight representation in the spin-j representation of SU(2). The 2j + 1

0Notice the normalization Tr[T%T%] = —§%, we have T® = —-¢% (0% are the Pauli matrices) and f¢ =

V2
\/ieabc'
"This argument can be generalized to other Lie algebra by using the canonical su(2) subalgebra

I*=E3" IP=4-Hy/y? (3.45)

generated by the highest root ¢. The Kac-Moody algebra implies the following choice also form an su(2)
subalgebra.

- ~ k
I* =Ef =g - H/v? (3.46)

Thus, the level has to be quantized in a unitary representation.

13



states will be labeled by their I? eigenvalues, where I is defined above. Using the other su(2)
generators, we can derive the most stringent condition by considering |7, j)

0< (|15 = Gl TG ) = Gdlk = 21%,5) = k= 24 (3.47)
Therefore, unitarity only allows highest weight representation with!?
27 <k (3.49)

For example, in the case of SU(2), there are only two highest weight representation with spin-0
o]
and spin-3.
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A  More on the Wess-Zumino term

In this section, we discuss some technical details of the Wess-Zumino term.

Abstract form First, let us write the WZ term in an abstract form. On the group manifold
of any simple, non-abelian group G, there is a G x G invariant third rank tensor field w that

is closed
dw =0 (A.1)

and locally but not globally exact
w = dA\ (A.2)

where A is some second rank tensor field. We choose the normalization such that the integral
of w over any three sphere in GG is an integral multiple of 27. Let Y be a three-dimensional
manifold!® whose boundary 0Y is identified with space-time. Given a mapping

g:0Y -G

we can extend it to a mapping (also denoted by ¢) from Y to G. (The existence of this extension
requires the map g : 9Y — G is homotopic to a trivial map) The WZ term is defined as

p:/yg*(w) (A.3)

12The above argument is also generalizable to other groups where one find

20 - Np? < k (3.48)

B3In the standard definition, we choose a three-ball.
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Here g* is the pull-back of differential forms. Noting that w = d\, we have

r=[g@=[ so (A1)

The last formula exhibits I' as the integral of an ordinary two-dimensional Lagrangian. In more
concrete terms, let ¢ be a set of coordinates for the group manifold G and \;; be the components
of the tensor A\. Then, the mapping g : 9Y — G can be described by means of functions ¢'(x),
where z is the coordinate on 9Y and ¢'(x) gives the coordinate of the corresponding group
element. The WZ term can be written as

I'= /ay g ()\ijd(bi A d¢j) = /d%:em/)‘ij(Qb(x))au(bi(x)a,,qu(x) (A.5)

This equation has Dirac string type singularities, because the defining equation of A, w = dA\,
can be solved only locally.

Explicit form for SU(2) Now, let us construct explicit formulas for the simplest non-abelian
group SU(2). There are two commonly used parametrizations and we will discuss both of them.
Polar angle parametrization. The SU(2) manifold is a three sphere, which can be

described by
w4t rai=1 (A.6)

or polar angles ¢ € [0, 7], 6 € [0, 7] and ¢ € [0,27]. The two set of coordinates are related by

Tg=-costy, x3=sinycosl, x;=sinysinfcosep, xy=sinysinfsingp (A.7)

The upper hemisphere ¢ € [0, 7] is a three-ball, which can be viewed as a foliation of two-

spheres. The radius of the two-spheres are given by sini. A generic element in SU(2) is
written as

3 . .
. . k[ To+1x3 11X + T2
g=1x9+1 kgl Tpo" = (ml Cry o ixg) (A.8)
The line element is
1
ds* = ) Tr (g 'dgg~'dg) = dip* + sin® ¢ (df” + sin® 0d¢?) (A.9)

which yields the volume form (the only third rank tensor in this case)
1
w=—sin?¢Ysinfdy A df A do (A.10)
T

The normalization is chosen such that the integral of w over the whole manifold is 27. The
equation w = d\ can be solved in many ways, for instance,

= %(mp — sin 2¢)) sin 0dO A do (A.11)
m
or 1
A= —¢sin®¢sinf dip A df (A.12)
m
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The WZ term is ]
['=— / d*z ¢(x) sin® ¥ (z) sin O ()" 9,10,0 (A.13)
7r

Note that g is periodic in ¢ while the above expression of I' is not! When ¢ changes by 27, '
changes by [i want to show the ambiguity is an integral multiple of 27|

AT =2 / d*r sin® () sin 0(z)e" 0,40, 0
=— 2/d2x "o, <% — 511142@&) 0y (cos )

Euler angle parametrization. A different parametrization is to use the three Euler
angles,

(A.14)

23 o1 .3
g=e27e" 7T e |0,2n],0 € [0,7], ¢ € [-2m, 27] (A.15)
The line element is

ds? = }1 (d? + d6> + dup® + 2 cos Bdpdy)) (A.16)

which yields the following third rank tensor (normalized such that | su@ W= 2m)

1
w = 8—sin0d¢/\d0/\dw (A.17)
T
The solution to A can be chosen as
1
A= —sinfdo N db (A.18)
8
And the WZ term reads )
r- o / P () sin 0()e 9, 60,0 (A.19)
T

The 1) has a 47 ambiguity, which makes the WZ term also ambiguous
1
AT = 3 /d2x sin 0(x)0,¢0,0 (A.20)

The integral is exactly how many times the two-dimensional manifold dY covers the unit two-
sphere with an area 4w, thus, Al' € 2nZ.

The Euler angle parametrization has another advantage compared with the polar angle. It
has the following identities (which can be checked by using Mathematica)

—iTr (a3g’1dg) =d) + cos Od¢

. A.21
—iTr (0Fg~'dg) =e*""(d0 F isin 0do) ( )

where 0 = ¢! £ i0%. These expressions will be much more complicated in the polar angle

parameterization. If we write

3 . .
1 1 Vi —V% % V
—ig_ldg:§zvk0k=§ (—1 2Z 20+—|——1—;Z 20_—1—‘/303)
k=1
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we have

Vi+iVo = e (df Fisinfdg), Vs = dip + cosfde (A.22)

As a sanity check, one can compute

1
ds® = —2 Tr (g™ dgg " dg) = 7 (Vi = iVa)(Vi + iVa) + VaVi)

AN

and find that it is the same as the line element we wrote above.

Variation
T :% Tr ((6U'dU + U~ 'déU) AU~ AU AUHU)
T Jy
:4i Tr ((-U'6UU AU + U 'dsU) AUHU AU U )
T Jy
1
-1 dTr (U U)UdU) AUTHU)  (cyclicity, d* = 0)
17T v (A.23)
=0 Tr (U'U)(U'dU) AU'dU)  (Stokes theorem)
T Joy
1
=—— [ Tr((U'U)d(U"dU)) (d*=0)
47T oY
1
=—— [ ¢ Tr (U '0U)0,(U'0,0))
47T oY

B Canonical quantization of constrained systems

B.1 Generalities of classical constrained systems

Our starting point is the action principle. We assume that there is an action integral which
depends on the motion, such that, when one varies the motion and puts down the conditions for
the action integral to be stationary, one gets the equations of motion. The method of starting
from an action has the advantage that it makes the theory conform to the principle of relativity
rather easily. The action integral will be denoted by

[ / Lt (B.1)

One might wonder whether one could not take the Hamiltonian as the starting point and short-
circuit this work of passing from the action integral to the Hamiltonian. The objection to trying
to make this short-circuit is that it is not at all easy to formulate conditions for a theory to
be relativistic in terms of the Hamiltonian. When we have the Hamiltonian, we can apply a
standard method which gives us a first approximation to a quantum theory.

For simplicity, we start with a dynamical theory involving only a finite number of degrees of
freedom. It is then merely a formal matter to pass from this to the infinite number of degrees
of freedom which we need for a field theory.
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Let gn, n = 1,--- N, be the dynamical coordinates. Their velocities are ¢, = dg,/dt.
The Lagrangian is a function L = L(q, q) of the coordinates and the velocities. The classical
equations of motion are

d (0L oL

(=)= =9 B.2

dt (3%) I (B2)
More explicitly, we have

0?L oL . 0°L

" i0dn ~ 04, " 40, (B3)
At a given instant of time, the state of the system is determined by the coordinates and
velocities (g, ¢). However, we see from Eq. (B.3) that the accelerations ¢ is uniquely determined
if and only if the matrix aqéjjann can be inverted, namely, if the determinant det(aq?qun) does
not vanish. If, on the other hand, the determinant is zero, the acceleration is not uniquely
determined and the solution of the equations of motion could them contain arbitrary functions
of time that does not change the physical state.

The departing point for the Hamiltonian formalism is to define the canonical momenta

_ oL
Pn = 84,

(B.4)

Here, we allow for the possibility of these momenta not being independent functions of the
velocities. There may be several (independent) constraints

Gm(q,p) =0, m=1--- M (B.5)

They are called the primary constraints, a name due to Bergmann. The next step is to introduce
the canonical Hamiltonian H. We start with the quantity ¢,p, — L and make variations in the
variables ¢ and ¢

. ) ) . 0L oL
8(Gnpn — L) =0Gnpn + @népn — 6Gn=r — 6Gn=—
Iqn, gy, (B.6)
. oL )
ZQn(Spn - 5Qna_

We see that it does not involve 04 explicitly but only through the combination p(q, ¢). It means
that ¢,p, — L can be expressed in terms of the ¢’s and p’s independent of the velocities, which
is called the Hamiltonian H

H:=q¢,p,— L (B.7)
However, the Hamiltonian is not uniquely determined as a function of the ¢’s and p’s. Because
0p are not all independent but are restricted to preserve the primary constraints ¢,, ~ 0. We
may add to H any linear combination of ¢,,’s, which are zero in the above variation. Thus, we
could go over to another Hamiltonian

H* = H + ¢n(q,p)9m(q; p) (B.8)

One can rewrite (B.6) as

OH 0L oH .
(50, * ) 000 (G ) 3w =0
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where the variation dp, and ¢, are subjected to the primary constraints, namely they are
tangent to the constraint surfaces. Then one follow the general method of calculus and show

that
0H 0L B 0P, oH . 0P,

Oan " Oan 0w Bp T " op,
where u,, is some unknown coefficient that can depend on p, ¢ and the minus sign is added for
convenience. In summary, the equivalent Hamiltonian form of the original Euler-Lagrangian
equations is

. oH OPm
" op ",
b OH . 00n (B.9)
! g, " Ogy
bm(q,p) =0

where we have used the definition of canonical momenta.

It is convenient to introduce a certain formalism which enables one to write these equations
in a more concise form, namely, the Poisson bracket formalism. The equations of motion can
be written as

F = [F, H] + un[F, ¢ (B.10)
Let us now examine some of the consequences of the equations of motion. A basic consistency
requirement is that the primary constrains should be preserved in time

Sm = (G H] + iy [$m, S]] =0, m=1,--- M (B.11)
It is possible for these consistency conditions to lead directly to an inconsistency (such as

1 = 0). If that happens, it would mean that our original Lagrangian has self-inconsistency.'
After excluding this, (B.11) can be divided into three kinds:

e One kind reduces to 0 = 0, i.e., it is identically satisfied with the help of the primary
constraints.

e [t reduces to an equation independent of the u’s, thus involving only the ¢ and p. Such an
equation must be independent of the primary constraints, which is called the secondary
constraint

x(p.q) =0 (B.12)

Once a secondary constraint is found, we get yet another consistency condition. And we
have to repeat the self-consistency check to exhaust all the possible constraints.

e [t may impose a condition on the u’s.

where m = 1,--- , M enumerates all the primary constraints and j takes on any of the
primary or secondary constraints.

140One example is L = ¢, whose Euler-Lagrangian equation is 1 = 0. Thus, we cannot take the Lagrangian to
be completely arbitrary.
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Let us look at these equations from the following point of view. Let us suppose that
the u’s are unknowns and what we have here are a number of non-homogeneous linear
equations in these unknowns u, with coefficients which are functions of the ¢’s and the
p’s. The solution is unique up to adding any solutions of the associated homogeneous
equation

Vinlsgs 6] = 0 (B.14)

We denote all the linearly independent solutions to (B.14) by V,.(q,p),a = 1,--- | A.
The most general solution to (B.13) can be written as

We introduce the total Hamiltonian
HT - H, + Uagba H, =H + Um¢m7 ¢a - %m¢m (B16)

The equation of motion of any dynamical variable read simply

F ~ [F, Hy) (B.17)

As a result of this analysis, we have satisfied all the consistency requirements of the theory
and we still have arbitrary coefficients v, which implies that the general solution of the equation
of motion contains arbitrary functions even if the initial conditions are completely fixed. The
number of the arbitrary functions is equal to the number of primary constraints. This provides
a difference of the generalized Hamiltonian formalism from what one is familiar with in ele-
mentary dynamics. These arbitrary functions in time implies that we are using a mathematical
framework containing arbitrary features, for example, a coordinate system which we can choose
in some arbitrary way, or the gauge in the electrodynamics.

Let us introduce some terminology which will enable one to appreciate the relationships
between the quantities occur in the formalism. Any dynamical variable, R, a function of ¢’s
and p’s is called first-class if it has zero Poisson brackets with all the ¢’s

(R, ¢;] ~ 0 (B.18)

Otherwise, R is second-class.
An important feature of the first-class property is that the Poisson bracket of two first-class
functions is still first-class. We prove it below. Suppose F' and G are first-class, we have

[F, 0] = fi505, (G, 851 = 5505 (B.19)
Now, by the Jacobi identity, we have
([F, Gl ¢5] = [F\[G, 5] = |G, [F,¢;]] = 0 (B.20)

Finally, let us try to get a physical understanding of the situation where we start with given
a initial state and get a solution containing arbitrary functions. The initial variables are ¢’s
and p’s. We do not need initial values for the coefficients v. These initial conditions describe a
physical state.
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Now, the initial state must determine the state at later times. However, the ¢’s and p’s
at later times are not uniquely determined by the initial state because we have the arbitrary
functions v coming in. Instead, there must be several choices of ¢’s and p’s which correspond to
the same state. So we have the problem of looking for all the sets of ¢’s and p’s that correspond
to one particular physical state. For a general dynamical variable g, if we choose two different
coefficients v and v’, the value of ¢ at time &t differs by

Ag(0t) = 6t(va — v,)[g, Ga] = €alg, bl (B.21)

where €, = dt(v, —v),) is a small arbitrary number, small because of §t and arbitrary because of
v. Thus, we come to the conclusion that the ¢,’s appearing in the theory generates infinitesimal
transformation that does not affect the physical state.

These are not the only generators of the gauge transformations. We can go on further and
find another two types:

e Apply two of these infinitesimal transformations €,¢, and v,¢, in succession. Applying
in different orders will give a difference (after using the Jacobi identity)

€aVa! [g7 [¢aa ¢a’“ (B22)

Thus, we can also use [¢,, @] as a generating function of an infinitesimal transformation
that does not change the physical state. The only way these transformations (obtained
from the Poisson bracket) are more general than ones we had before is that they can be
secondary constraints.

e The Poisson bracket [¢,, H'] of any first-class primary constraint ¢, and the first-class
Hamiltonian H’ also generate a gauge transformation. We prove it as follows. We compare
the values of the dynamical variable g at time ¢ 4 0t obtained by (i) first making a gauge
transformation of parameter v, and then evolving the system with H' and (ii) doing the
same operations in the reverse order. The net difference is (after using the Jacobi identity)

Ag = dtvy|g, [¢a, H']] (B.23)

which must be a gauge transformation.

However, it is not possible to infer from these considerations that every first-class secondary
constraint generates a gauge transformation. One can actually construct such examples. Nev-
ertheless, one postulates, in general, that all first-class constraints generate gauge transforma-
tions.

B.2 Example: Maxwell theory
As an illustration to the abstract theory, let us consider the Maxwell theory

1
S = -7 / E,, F*d'z (B.24)
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The canonical momentum of the canonical coordinate A, is

oS
Bt = _— =W B.25
i (B.25)

By taking p = 0, we get the primary constraint
B~ 0 (B.26)

These momenta will satisfy the (equal-time) Poisson bracket
[Au(2), B (y)] = g6 (@ — y) (B.27)

where z,y are spatial coordinates.
Let us now introduce the Hamiltonian. We define that in the usual way by

H = / BroyAudPs — L

1 1
— / (BOAO + F9A, + —F, F™ + —FTOFT°> d>x

4 2
1 ] (B.28)
— / (BOAO + ZFTSF” — §FT0FT0 + FT°8TA0> dx
1 TS 1 0 3
= ZF,.SF + §BTBT — Ao(0,B, — BY) | &’z
We can also utilize the ambiguity of H to get rid of the term AyB° and have
1 TS 1 3
H= ZFTSF + §B,.B,. — Ap0,.B, | d’x (B.29)

Since BY & 0 has to remain satisfied at all times, [B°, H] has to be zero, which leads to the
secondary constraint

8,B, ~ 0 (B.30)

One can check that [0,B,, H] = 0 reduces to 0 = 0 and thus does not give us anything new.
We now have to check whether they are first or second-class. In this example, they are all
first-class. Our expression for the Hamiltonian is also first-class. The total Hamiltonian is

1 1
HT = / <ZFTSFTS + iBTBT> d337 - /AOarBrd3x+ /U(x)BOde (B31)

The equation of motion of Ajq is
80/10 = (B32)

This gives us a meaning for the arbitrary coefficient v.
To get the most general motion, which is physically permissible, we add the secondary
constraint with arbitrary coefficients

Hg = Hr + / u(z)0, B, d*z (B.33)
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There is a certain simplification that is possible. This simplification comes from the fact
that the variables Ay, By are not of any physical significance. The equation of motion of By is
By = 0 at all the times, which is not of interest. Ag is something whose time derivative is quite
arbitrary, which is again not of interest. Thus, we can drop them out from the theory and that
will lead to a simplified Hamiltonian formalism with few degrees of freedom

1 1
H = / (ZFTSF’"S + §BTBT) dr+ /u’(:c)@rBrd?’x (B.34)
where we have set v = 0 and absorb Ag into u.
One can impose gauge constraints to turn the first-class constraints into second class. For
example, removing Ay, By amounts to the gauge choice Ag = 0. We can further impose the

Coulomb gauge
0.A, =0 (B.35)

so that 0,8, = 0 together become second-class.

B.3 Quantization

To discuss the question of quantization, let us first take the case when there are no second-class
constraints. We promote our coordinates and momenta into operators that satisfy the canonical
commutation relations which correspond to the Poisson bracket relations of the classical theory.
Then we impose the constraint on the Hilbert space, namely

¢ =0 (B.36)

The consistency of the constraints requires

(95, dx]yp =0 (B.37)

We do not want to have any fresh conditions on 1 (this is ad-hoc). We want all the conditions
on ¥ to be included among (B.36), which means that we require

(05, Pr] = Cjnedr (B.38)

Since ¢;’s are all first-class in the classical theory, their Poisson bracket is a linear combination
of ¢’s. However, for the quantum commutator, it does not necessarily follow that the coefficients
c are all on the left because ¢’s and p’s do not commute. When we set up the constraints ¢’s
in the quantum theory, there may be some arbitrariness of how to order ¢’s and p’s. We have
to try to arrange the order such that (B.38) holds.

There is a similar discussion needed in order to check that the constraints are consistent
with the Schrodinger equation. If we start with a state that satisfies the constraint, it must
remain to do so during the entire time evolution. This requires

(9, H] = bjxdr (B.39)

Let us now consider the case where there are only second-class constraints. The simplest
example of two second-class constraints is

a~0, p,~0 (B.40)
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If we naively promote the Poisson bracket to the quantum commutator, we immediately run
into contradiction

g1, ;| =iy = 0y (B.41)

In this simple case, it is obvious what the solution is. The variables ¢; and p; are not of interest
if they are both set to zero. We have to throw them away to do quantization. The existence of
second-class constraints means that there are some degrees of freedom which are not physically
important. We have to pick out these degrees of freedom and set up new Poisson brackets
referring only to the other degrees of freedom which are of physical importance. In terms of
those new Poisson brackets, we can pass over to the quantum theory.

In the presence of both first-class and second-class constraints, we have to first do linear
combination to have as many constraints as possible brought into the first class. And treat the
residual second-class by introducing the Dirac bracket. It takes care of the constraints properly
and does not change the equation of motion, i.e.

[97 HT]D :[97 HT] - [gv Xs]css’ [Xs’, HT]

~lg. Hy] (B.42)

which follows from the fact that Hp is first-class.

In the quantum theory, the distinction between primary and secondary ceases to be impor-
tant. The distinction between first-class and second-class is very important. We must put as
many as possible into the first class and bring in the Dirac bracket which enables us to treat
the surviving second-class constraints properly.

C Edge theory of the Abelian Chern-Simons theory

The Abelian Chern-Simons theory, in its full generality, can be written as
1
S = —/ K ATdA7 (C.1)
47T Y

where K7 is a symmetric invertible matrix with integer entries and Al’s are U(1) gauge fields.
This action is useful in the study of the hierarchy states of fractional quantum hall systems,
and is called the K-matrix formalism. For purely bosonic theories, the diagonal elements of
K must be all even integers. For fermionic theories, at least one diagonal element is an odd
integer.

Now, we consider the theory on a spatial disk, i.e., the space-time manifold is Y = D? x R.
By following the recipe discussed in Sec. 3.1, we can write down the effective action for the

boundary modes

gL K;170,¢' 0,07 — Vi;0,0'0,¢7 (C.2)

4 Yy

where V7, is a positive definite constant matrix that depends on the choice of the boundary
condition and is non-universal. The boundary field ¢ is related to the boundary value of the
field A, by

Ao

= 0,¢ (C.3)

oy
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We will first explain the canonical quantization of Eq. (C.2) and use the U(1); Abelian Chern-
Simons theory as the simplest interesting example to discuss various aspects. At the end, we
will extend the discussion to the general case.

C.1 Canonical quantization

As we have discussed in Sec. 3.2, there are two equivalent approach to find the canonical for-
malism and canonical quantization. In the context of the non-Abelian Chern-Simons theory,
we only use one approach due to the non-linearality of the configuration space. Here, we will
do it with both approaches and explicitly show their equivalence.

Dirac’s approach We treat ¢’ as the canonical coordinate of the phase space and define the

conjugate momentum by
oL 1

II = —— = —K;;0,¢" CA4
7(o) 500 am 17050 (C4)
The Poisson bracket is defined as usual
{¢I(J), (")} p :=6750(0 — o) (C.5)
The definition of the conjugate momentum yields primary constraints
1
xi(o) =1 (o) - EKIJ&;QSJ =0 (C.6)

It turns out that these are the only constraints and they fall into the second class. Their Poisson
brackets are given by

K K
Cralwyy) = Da@) o)} ={Tr, ==210,6" ()b + (= =21 0,0" (@), Ty ()}
m 47T (C 7)
1 .
= — %Kuaxé(x — y)
The inverse of the above C function is
(C s, y) = =2m(K 1)1 (0(z — y) + const) (C.8)

where 6(z) is the step function that jumps between 0 and 1, const is an undetermined constant.
One can check that the above C~! indeed satisfies

/ Crale, y)(C) sy, 2)dy =61 / 0,6(x — ) (By — =) + const) dy
=07k 0, (0(x — z) + const)

=01k0(z — 2)
Then, we can define the Dirac bracket between any two functions on the phase space as
{f,9}p ={f9}p = {f.xu}pCii{xs, 9} P (C.9)
In particular, we are interested in the Dirac bracket of ¢!
{¢"(x),¢"(n)}p = —2m(K ™) 1,0(z — ) (C.10)
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Witten’s approach The action itself is already in the Hamiltonian form (first order in
time derivative), and it is more convenient to shortcut Dirac’s procedure. Let us consider the
variation of the action

1
58 = — / dadtQ—KU(quI&,@tqﬁJ (C.11)
T
which yields an anti-symmetric matrix
1
Fri(2,y) = —5-K16(z —y)9, (C.12)

If we regard ¢! as the phase space variables, we can directly use the inverse of Fy; to define
the Poisson bracket as

{0 (2). 0" (W)} = (F ) 1s(x,y) = =2m(K 1)1y (0(z — y) + const) (C.13)

We get the same result.

Quantization The canonical quantization is simply to replace the bracket by the quantum
commutator, which in this case is

(6" (2),¢" (y)] = —2mi(K™") 15 (6(z — y) + const) (C.14)

Note that this commutator is non-local. This is not problematic because ¢ is a compact variable
and is not a well-defined local operator by itself. Its derivative is a well-defined local operator
and has the commutator

(020" (2), 9y” (y)] = 2mi(K ) 158 (x — y) (C.15)

C.2 Example: U(1);

Let us begin with the simplest interesting example, the U(1); Chern-Simons theory, and discuss
with details. This theory can describe the Laughlin states. There is only one U(1) gauge field
A. The bulk and the edge (with Lorentzian invariant boundary condition) action is

S[A]z%/yA/\dA

L (C.16)
_ . 2 ~
Slol= 4 /8 0:00i6 — (0:0)°, $= o+ 2m

The gauge field and the boundary field are still related by A, = 9,¢. The boundary condition
of ¢ is related to the holonomy of the gauge field and thus is

2

O,pdo =27Q, Q€ (C.17)

0

Here, we require () to be an integer in order to be consistent with the absence of topological
defect in the bulk (i.e., the A has a trivial holonomy (¢f4=) = 1). In the context of fractional
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quantum Hall systems, %&m is the electron density and () is the number of electrons on the

edge. The canonical quantization yields the following commutation relation

[6(),6(0)] = — 7 0(z ~ y)
- (C.18)
[0:0(), 0,0(y)] =——0'(z —y)

k

where we have chosen the undetermined constant to be zero [any reason for this choice, or we
should treat it as part of the definition?].

Local operators First, let us determine the operator content in the theory. In addition to
the derivatives of ¢, local operators at least have to be the vertex operators

@) nel (C.19)

In order to determine whether they are actually local or not, we can compute their com-
mutator with 0,¢ and among themselves. These commutators can be computed using the
Baker-Campell-Hausdorff formula (the normal ordering does not matter in this calculation):

e The commutation with d,¢

[0,0(x),: W) ;] = Té(x —y) : W) (C.20)

implies that : €”?®) : can modify the boundary condition of ¢, i.e.

2

) 2 )
[ 8.6(x)dz,: €m0 ] = % e (C.21)
0
The twist is restricted to be an integral multiple of 27, and thus only
etV NeZ

act within the Hilbert space.

e The commutators among the vertex operator themselves are

L (@) . ' BY) . ' [9(2)0()] . i B) .. ind(a) .

(C.22)

Not all the vertex operators are mutually local, only
etV NeZ

commute with other ones and can be treated as local operators. Furthermore, We notice
that : e*¢ is actually a fermionic operator when k is odd.

Therefore, the set of local operators are generated by
dp, ek (C.23)

In the context of the fractional quantum Hall systems, they describes the density fluctuation
and adding/removing an electron on the edge.
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Spectrum Now, we determine the energy spectrum of the theory. We will use the spectrum
to determine the partition function and identify it with the chiral character of the compact
boson.

The quantum Hamiltonian is defined with the normal ordering in order to remove the
diverging ground state energy

k 2m
H = E/o : (0,0)% : do (C.24)

We can separate ¢ into two parts, the zero mode which includes the winding and the quantum
part which includes the fluctuation

¢(0) = do + Qz + dgu(0) (C.25)

where ¢4, (0) is periodic in space and has the following Fourier expansion
u( o C.26
The commutation relation of ¢, is

We want to treat ¢, as the annihilation operator and the Hamiltonian in terms of the Fourier
mode is

_ k 2 k 2
H=2Q"+ - Zon O—nn (C.28)

The Hilbert space falls into topological sectors that are labeled by Q. The vertex operator e***¢

maps state from one sector to the other. Each sector has a ground state that satisfies

G0 ]Q;0) =0 (C.29)
The excited states are created by applying ¢_,, (or equivalently 9%¢).
The partition function is obtained by summing over states from different topological sectors.

The result is given by
Z i (C.30)

QEZ

where 7)(7) comes from summing over the states within each topological sector.!® This is the
character of the compact boson with radius R? = k (and o/ = 2 in Polchinski’s convention).
More generally, let us define the chiral character for the twist sectors as

Zqzw’“Q*f , 0<t<k (C.31)
QEZ

158trictly speaking, the normal-ordered Hamiltonian can not give us the ¢'/?* term in 7(7).
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Its modular transformation is

2

Xe(T+1) = 627“(2’“7%))@(7')7 xe(—1/7) = % Ze
7

2mite!

kX (T) (032)

Thus, the partition function is not modular invariant. The detail of this computation will be
provided later when we discuss the partition function with defect lines.

Correlators Finally, let us look at some Euclidean correlation functions. This can be easily

computed by using the Heisenberg operator (we suppress the zero mode, which is important in
the computation of the correlation function of vertex operators)

Be,7) = elTp()e T = — 300, grria _ (C.33)

Then one can show that

(0:6(,70:60.0) = {7 (34
When the spatial dimension becomes large, the result gets simplified
(0260 710.000.0 . = T (©35)
Accordingly, we have
(62, 7)6(0, 010, = 7 logli +7) (C.36)
(ro@ngmoooy L (C.37)

plane (Z.T T T)ng/k
The vertex operator €™ thus has the conformal dimension

’I’L2

T 2%

This is equivalent to Polchinski’s convention at o/ = 2, R* = k. When n = k, the conformal
dimension is k/2, which is a half integer for odd k. This is consistent with the fact that e™*? is
a fermionic operator at odd k. When n = kQ with ) € Z, we see that the conformal dimension
of e*@? is the same as the ground state energy of the charge Q sector. This is consistent with
the state-operator correspondence.

hn (C.38)

Partition function with defect line The global U(1) symmetry allows us to introduce
partition function with a defect line, which in this case is a chemical potential

Z(1, 1) o= Try g 216" q =™ e [0,2n] (C.39)

where we use ~ to emphasis that EO and especially @ are operators. Such an object is quite
useful in the study of modular bootstrap. More generally, we can define the partition function
with a defect line in the twisted sector

Zy(7, ) = Try, qzo_iei“@ (C.40)
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Our goal here is to compute the modular S-matrix of this object and extract its high temper-
ature limit (7 — 0), which is related to the charged Cardy formula.
The expression of Z, follows from the previous results about the spectrum and is a simple

modification to (C.31)
Z Z q% (L+kQ)? )

Qez
Note that the extra iul/k term is added because the boundary condition of ¢ is shifted by
(/k in the twisted sector. This term is related to the fractional charge of the anyon in the
bulk. Its modular S-transformation can be computed by the Poisson summation formula. The
computation is detailed below

1 etk 2mi (04 RQ)?
Zz(—;yﬂ) _\/—_TU(T);;GXP { —or +2MQ]

etrt/k 2mi (0 + kx)?
dz e 2miMy — ———— +iux
~ N —imn(r) / A;Z P { i %k a ]

[y omi (M + e~ Fp i by
s [ enla s o s 1)

MeZ

We can complete the square as

M+ Lo D)

2m 2T k
k l T S 1 T o\ 2
- (g ) e £ (e )
27(I+k5 ( +27T>k2> k +27T +2/{: +27T
Then, we can perform the Gaussian integral in z first and have
1 1 1 m
Zi(=op) = s D e gAY (C.41)

7 k() 2=

Let M =0 + Qk with ¢/ =0,1,--- ,k — 1 and )/ € Z, we can reorganize the summation as a

double sum
1 271'7, ’ !
7(—= § § o0 2k '+Q’ k+ )
E( 7_7 e q

=0Q'€Z

We can let ¢ = k — ¢ and modifies Q@' accordingly to get the following final form

1 ]. ]_ 27
Ze(=2m) = e DS B A (C.42)
S T @gz

Written more compactly, we have

1 it 1 2m
2=t = o (SE) s S (0



Note that the chemical potential is also changed under the modular transformation.

Now, we can extract the high-temperature limit (7 — 0) of the partition function Z(7, p).
If we assume —7 < p < 7, the leading term is given by

1 142 1 1 2\ L
Z(T, @) ~ ﬁexp (—42:]“_) q 2= ﬁ exp {(% — élljr_k) z} (C.44)
In the second step, we choose a particular modular parameter 7 = ie/L. This is related to the
charged Cardy formula. When o = m, both ¢ = 0 and ¢ = 1 make contribution, the leading
term is amplified by a factor of 2.
The above result is mixed with the background thermal fluctuation. We can isolate the
contribution of the defect line by considering the ratio

s Z(T, ) > L 1+6,,
In ("9) =1 L~ “T Ik 4
n(e") :=ln Z(1,0) Ak € 2 (C45)

Let us give a physical interpretation of this result using a different context.'® Suppose that
we Ahave a two-dimensional U (1) symmetric gapped state and consider the expectation value of
eM@p  where @ p is the total charge associated to a disk subregion D. Since the state preserves
the U(1) symmetry, e®*@P acts non-trivially only near the edge of the subregion and can be
approximated by a line operator that is supported on dD. The line operator should be regarded
as a defect line because any charged object with a charge ¢ will get a phase factor e#? after
encircling the line. Generically, the line operator has a line tension and its expectation value
satisfies a perimeter law

In (e9r) = —aLp — v (C.46)

Then, (C.45) implies that if the low-energy physics of the gapped state is described by the
U(1); Chern-Simons theory, we have
i1l 1+0ux

@ Ak e’ " 2 1 (C47)

The constant correction is universal and related to the level of the Chern-Simons theory. The
line tension has more structures: it is quadratic in p, has a UV divergence from 1/e¢ and
proportional to the level. However, this case is too special that it obscures the general structure
of the line tension. In the following, we will discuss the Abelian Chern-Simons theory with a
general K-matrix and come back to this point, where the correct interpretation becomes more
clear.

C.3 General K-matrix

In this section, we return to the general case. It is technically not that different from the
simplest U(1); Chern-Simons theory and thus we will mostly quote results without proof. The
action is copied below

1
S:—/KIJaIdaJ, I:L,N
47 Y

16We thank Meng Cheng and Yingfei Gu for helpful private discussion.
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Here, we use the lower-case a! for the dynamical U(1) gauge fields and save the upper case A
for the external U(1) gauge field that is introduced below.

We want to specify an external global U(1) symmetry of the system, that is coupled to the
external electromagnetic fields, to eventually make some contact to the fractional quantum hall
systems. However, such a choice is not canonical and can be denoted by a charge vector ¢ with
integer components. Thus, the action with the U(1) background electromagnetic field is

1 1
Sla, A] = E/}/Kualda‘] - %/tlAdaI (C.48)

Bulk properties We first list some bulk properties of the theory:

e Hall conductance

1
= —tTK¢t C.49
TH 21 ( )

e The anyons are described by a bosonic current j and characterized by another integer
vector £ as follows

/e,af - j (C.50)

Such an anyon carries a U(1) charge

q=0"K"t (C.51)
e Self-statistics
9@7g = WETK_lg (052)
e Mutual braiding statistics
eg,g/ = 27T£TK71€I (053)
e Local excitation /,
(= KA (C.54)

where A is an arbitrary integer vector. This condition guarantees that it has a trivial
braiding statistics, i.e., 6, € 27Z for all integer vectors ¢'. A local excitation always
carry an integer amount of charge ATt.

e Two anyon vectors are equivalent if they differ by a local excitation
(~0 i =0 =KA for some A (C.55)

We will use £ to denote the set of representative vectors from the equivalence classes.
There is one pictorial way of representing the inequivalent (abelian) anyons. We think
of the integer vectors ¢ that label the anyons as a vector in the N-dimensional integer
lattice Z~. The primitive vectors are given by the columns of the K matrix,

which form a Bravais lattice. The distinct anyons thus correspond to the sublattices in
this lattice. The fusion of anyons is the vector addition on this lattice. The statistics of

two anyons represented by vectors a and b is determined by the inner product between
the two vectors, where the inner product is defined as a’ K~'b.
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Example: We illustrate the above idea with one concrete example, the Z, toric code, which
is described by a 2 x 2 K matrix. There are four types of anyons 1, e, m, f and can be organized
as follows on the anyon lattice

(0,2)

0 2 o
2 0 m :(0,1)

1:(0,0) e:(1,0)

=
I

(C.56)

If one were to make connection between the abstract theory and the actual quantum Hall
system, it would have to satisfy two constraints: [8]

e Local excitations that carry an even U(1) charge must be self bosons. It requires

tl = K[[ mod 2 (057)

e At least one local excitation is a fermion (electron). It requires

ged(ty, - ty) =1 (C.58)

The following discussion will be general and not affected by whether imposing such constraints
or not.

Edge properties The edge modes are also coupled to the background electromagnetic field.
The action is

Sio.A) = = [ K./’ ~ Vi’ + o [ u@oha, (€9

If we just turn on a chemical potential, Ay = pd(t) being a constant at a given time slice, the
gauge coupling takes the form

L / b (0,6 dx = it QT (C.60)

where Q! € 7Z is the boundary condition for the boundary field ¢’. Thus, we can identify ¢;Q’
as the total U(1) charge of the system.

Generally, both chiral and anti-chiral modes coexist in the action. This can be made manifest
by diagonalizing the K matrix. We introduce new variables ¢ = W ¢, where W is a real N x N
matrix that does

n

WTKW:E:CI” —]1)’ n+n=N (C.61)

The action written in terms of the new field variables 5 is
1 — e~
& [ Eno.dad - Tua.dlo.s (C.62)
™
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We will assume that 171 7 = 07y so that the dynamics of the system is described by a con-
formal field theory.!” It is then clear that there are n chiral modes and 7 anti-chiral modes,
which corresponds to the eigenvectors of the K-matrix with positive and negative eigenvalues,
respectively.

The local operators are the derivatives of ¢’ and a subset of the vertex operators. A generic
single-valued vertex operator is associated to an integer vector

M el (C.63)

which corresponds to the anyon ¢ in the bulk. Let us compute its commutator with other
operators using the baker-Campell-Hausdorff formula:

e Commutator with 9,¢’
(020" (), e 9W] = 21 (K1) ,€,0(2 — y)e oW (C.64)

implies that e ?® changes the boundary condition of ¢/ by 2m(K~1);;¢; and thus
carries a U(1) charge t' K~'/. Since we require that the boundary conditions of all ¢’
is an integral multiple of 27 (states carry integer charges), only vertex operators with
¢ = KA act within the Hilbert space.

e Commutator with another vertex operator
el 6(@) ity S(y) _ 2mil] K~ 1ea0(x—y) ,il3 6(y) yil{ ¢(z) (C.65)
Therefore, only vertex operators with £ = KA commute (or anti-commute) with other
ones and can be regarded as local operators.

Therefore, the set of local operators are generated by the following ones
ol ENS N ez (C.66)

which, by the operator-state correspondence, generate all the states in the Hilbert space. In
the quantum Hall systems, they describe the density fluctuation and creation/annihilation
of fermions and bosons. Other vertex operators e’ ¢, where ¢ is a representative of integer
vectors that is not of the form of KA, give rise to the twisted sectors and correspond to
creation/annihilation of anyons. Again, we use £, the same as what we have introduced for the
anyons, to denote the set of twisted sectors.

To accommodate the above discussion, let us write a generic vertex operator as
HENTS e p (C.67)

In this free field theory, the conformal dimension of an operator is determined by the two-
point function of the fundamental field, which can be read off from the equations of motion.

1"The Hilbert space, as a representation of the local operator algebra, is not affected by the choice here.
Because the algebra is determined by the quantization, which in this case is determined by K. The dynamics,
which is related to the dispersion, is affected.

34



Therefore, to determine the conformal dimension of the vertex operator, it is more convenient
to rewrite the vertex operator in terms of the variable ¢

ey =W+ KA) (C.68)

Note that the first n components of 5 are chiral and the last n components are anti-chiral. The
conformal dimension of the generic vertex operator is

_]. T ]In N_lT O
h—2’7 < 0)% h—zfy ( Hﬁ)fy (C.69)

The scaling dimension and the conformal spin are

~ 1 ~ 1 1
A=h+h= §7T7, s=h—h= §7T27 = §€K_1€ + integer (C.70)

Note that the conformal spins of the vertex operators are the same as the self-statistics of the
anyons, which is consistent with the bulk-edge correspondence.

Partition function with a defect line The above discussion prepares us for writing down
the partition function in a twisted sector, labeled by ¢. We also allow the insertion of a U(1)
symmetry defect line. The general partition function is

’FL Z qhg+KAqE4+KAethTK71(€+KA) s q — 6271—2.7— (C?l)

w2

where we have used the fact that a vertex operator labeled by ¢+ KA carries the external U(1)
charge tT K=1({ + KA).

We are interested in the modular properties of the partition function. The modular T

transformation is simple
Zo(T 41, 1) = ¥ Zy(7, ) (C.72)

where s, = %ETK ~1¢ is the conformal spin of the vertex operator ¢"?. Since K is a non-
degenerate matrix, only the identity sector ¢ = 0 is modular T invariant. The modular S
transformation is more complicated

1 ? ~
Z@(—;,u) = exp (—Z—WtTWA(T, F)WTt> Z SeeZp (T, 11) (C.73)

el

where A is a diagonal matrix that is determined by the modular parameter

A(r,7) = (_”Hn ﬂﬁ) (C.74)

The chemical potential is also transformed and g becomes a matrix
gy (T Wt (C.75)
—7l5 ’
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The modular S matrix is the related to the braiding statistics of the anyons in the bulk and is

given by
1

/| det K|

One can check that it reduces the previous result in the U(1) case.

The modular S transformation can be computed by the Poisson summation formula in high
dimensions, which is reviewed in Appendix. D. Let us first introduce some notations. The states
that differ by the U(1) charge within the twist sector ¢ € L fit into the following Euclidean
lattice

S&g/ = el (076)

Iy={W"(l+KAN)|A; € Z} (C.77)

The basis vectors of the lattice correspond to the columns of the matrix W7 K and thus the
volume of the unit cell of the Euclidean lattice is

vol(T') = +/| det K| (C.78)

We can then rewrite the partition function as a summation over vectors in the lattice

1 .
Zilm, ) = === Z exp [—my" A(T,T)y + WZTV}
TR 2
.7]1 ‘ (C.79)
— [ Ty g T
A(1,7) = ( ﬁ]lﬁ) , t=XW"t

Under a modular S-transformation, we have

1 ! X
Zi(=—n) = V] det K| n(7)"7(7)" p;

Pt = pt )T
—)'A —)—2 W
5 ) AMT)p+ o) = 2mit Wp

(C.80)
[—ww

where T is the dual lattice of T'y and we have used the property A(7)~! = A(—1/7). One can
show that the dual lattice is equal to a union of the original lattices'®

Iy= )2 Tv (C.81)
el

18A vector p € T} in the dual lattice should satisfy p -+ € Z,Vy € T'y. Since K and W are non-degenerate
matrices, we can write p = WK ~'P = YW P without loss of generality. Then, for vy = KTKA € I'y, we
have
p-y=P-AN€eZ

which can be solved by imposing P to be an integer vector. The dual lattice I'j can be written as
Iy = {SWTA|A € ZV}

Note that any integer vector P can be written as in the form of ¢ + KA’ for some ¢’ € £ and an integer vector
A’. Therefore, we can rewrite the dual lattice as the union of the original lattices.
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Therefore, the summation can be reorganized as a double sum

POREIDIDD

peTy veL~ely,

and we have (note that we changes the sign of ¢ and ~ to be consistent with the convention in
the literature)

1
2,; |detK n(7)"n(T)"
X Z exp [—71'(’7 - %WTt)TA(T, T)(y — %WTt) + 27Ti€TK_1€']

’y/GFe/

(C.82)

This completes the derivation of the modular S transformation (C.73) shown before.

Now, we consider the high-temperature limit (7 — 0) of the partition function. We choose
a particle modular parameter 7 = ie¢/L and let ¢ — 0, in which case the matrix A becomes
proportional to the identity matrix. The leading term is

, Z(T, ) u? L 1
(e™9) :=1n W Z(r.0) o (t"ww'e) -5 Indet K (C.83)

One can show that the matrix WW7 is almost the inverse of the K-matrix, with all the negative
eigenvalues being flipped to become positive. Namely, if the K-matrix is diagonalized as

K = Odiag(ky, -+, kn, —kns1, s —kpim) OT . ki >0 (C.84)

Then we have

~ 1 1 1 1
K1t .=ww?t =0Odiag(—,--- , — o, k>0 C.85
L T SR S A (C.85)
and can write the result as
Z(T, 1) u? L 1
WY . — I — T tTK14) 2 — Zlndet K .
(™) nan(T 0) 47‘(‘( ) e 2 (C-86)

This sign flip means that both the chiral and anti-chiral modes make positive contribution to
the line tension

D Poisson summation formula

This section is a review of the Poisson summation formula in high dimensions. Let us consider
a d-dimensional Euclidean lattice I

d
I'={w+ anez‘nz €7} (D.1)

=1
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where 7y is a vector lying inside the unit cell I'y

d
=1

The volume of the unit cell is given by

UOZ(F) = 1/ det Gij, Gij = € " €5 <D3)

The dual lattice I'* is similarly defined

d
F* = {Z nleﬂnz c Z}, 6: c € = 51’]’ (D4)
i=1

Note that there is no additional shift in the dual lattice. For an arbitrary scalar function f(v)
defined on the lattice I', the Poisson summation formula is

>0 = s 3 e ) (05

vyel T+

where f(p) is the Fourier transformation of f(z), i.e.,

flo) = [ gt (D.6)
Rd
Note that the integral is done over the entire Euclidean space.

The proof is outlined below. We introduce an auxiliary function
=Y f(r+2) (D.7)
vyel
which is, by construction, periodic on the lattice I' and can be Fourier expanded

FE) = 3 ). Fo) = s [ Sy (D3)

pel*

One can plug the definition of F' into its Fourier expansion and have
. 1 )
F — —2mizp__ 2miy-p dd
pel* 0 ~yerl

Then we can combine the summation of x and the integral of y into an integral over the entire
space Note that the unit cell 'y is not shifted by 7o, we have

F —27izp 6727”’70 P 2mwix-p dd
@=L e [ e
pel*
) e 2mivop
_ — 7rzzp
=) e 2ol ———f(p)
pel'*

Finally, setting z = 0 yields the Poisson summation formula.
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