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1. INTRODUCTION

Group theory provides a useful way of mathematically studying the symmetries of physical systems. Most
common are finite dimensional Lie groups such as SU(n),U(n), and SO(n) which contribute to the framework
of rotations. Additionally, finite groups have been used extensively in crystallography (Sternberg [1]). These
examples maintain a strong focus on the finite dimensional symmetry and have many applications to quantum
mechanics. However, to pass into quantum field theory, where it is important to consider systems with an
infinite number of degrees of freedom, algebras such as the Virasoro and Kac-Moody algebras are necessary
for infinite dimensional symmetries.

The Virasoro algebra arises naturally in various applications of physics. In a mathematical formulation,
the Virasoro algebra can be viewed as coming from the algebra of the conformal group in one or two
dimensions. Two-dimensional conformally invariant structures are present in many areas of physics, including
2-dimensional statistical systems of spins on lattices and in finding a mathematically consistent theory of
particle interactions (Goddard and Olive [2]). Furthermore, the Virasoro algebra becomes useful in analyzing
mass-less fermionic and bosonic field theories.

Due to its presence in numerous areas of physics, it is important to be able to construct representations for
the Virasoro algebra. The Virasoro algebra is often associated with observable quantities. In particular, the
algebra determines the mass spectrum in string theory, and also energy spectra in 2-dimensional quantum
field theories made up of two copies of the algebra (Goddard and Olive [2]). In this sense, it is important for
the representation of the Virasoro algebra to be highest weight, so that the energy spectrum is positive (or at
least bounded below).

In addition to this requirement, it is necessary that the representations be unitary. In quantum mechanics,
unitarity is important as it preserves probability. Furthermore, if unitarity is not imposed in quantum
field theories, ghost-states, ie. states with negative norm, may appear and lead to non-physical properties,
such as space-like momenta or negative probabilities. From representation theory, it is known that unitary
representations may be written as direct integrals of irreducible representations. Hence, it is important to
analyze irreducible representations as they provide fundamental building blocks to other representations.
Furthermore, in a physical sense, a reducible representation corresponds to non-interacting parts. As many
systems in physics deal strictly with interaction of particles, it is thus necessary to consider irreducible
representations.

This paper will begin with discussing how the Virasoro algebra arises as a nontrivial central extension
of the Witt algebra. We will then use the Heisenberg algebra to perform a Sugawara construction of the
Virasoro algebra in the case of ¢ = 1 and h = 0 (representing a free, mass-less bosonic field theory) that
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is irreducible, unitary, and highest weight. A brief discussion will then be given on how to generalize the
Sugawara construction to other ¢ values.

2. CENTRAL EXTENSIONS OF LIE ALGEBRAS
Let g, b be Lie algebras over a field F of characteristic zero and a an abelian Lie algebra over F.
Definition 2.1. Consider the short exact sequence of Lie algebra homomorphisms
0—=a—=bh—-9g—0

This sequence is a central extension of g by a if a C Z(h) = {« € b | [z,5] = 0}, where we identify a as
subalgebra of h.

The condition that [a,h] = {0} C a then implies that we may regard a as an ideal of b.
Definition 2.2. A short exact sequence of Lie algebra homomorphisms
0sa—hBg—0

splits if there exists a Lie algebra homomorphism s : g — b such that po s =15. We call s a splitting map
and if such a map exists, then h = g @ a. Moreover, if the sequence is a central extension, then we say that it
is a trivial extension.

Definition 2.3. A bilinear map ¢ : g X g — a that satisfies the following conditions 1 and 2 V x,y, 2 € g is
called a 2-cocycle.

(1) ¢(z,y) = —o(y,x)
(2) d)(xv [y’ Z]) + ¢(y7 [vaD + ¢(Z, [CE, y]) =0

Lemma 2.1. The 2-cocycle ¢ : g X g — a generates a central extension h =g® a of g by a.

Proof.
Define a Lie bracket on h by

[(x1,a1), (z2,a2)] = ([v1, 2], p(21,72))

This is indeed a Lie bracket as may be readily verified.
(1)
[(z1,a1), (22, a2)] = ([z1, 2], p(21, 22)) = (—[22, 21], P(22,71))

= —([r2, 21], (w2, 21)) = —[(22, a2), (71, a1)]

(2)

8

(z1,a1), [(22, a2), (23, a3)]] + [(z2, a2), [(z3, a3), (21, a1)]] + [(23, as), [(z1, a1), (22, a2)]]
(z1,a1), ([w2, z3], d(@2, 23))] + (22, a2), ([23, 21], @(3, 21))] + [(23, as), ([v1, 22, d(21, 22))]
[21, [22, 23], ¢(21, [X2, 23])) + ([23, [21, 22]]s P(23, [T1, 22])) + ([23, [21, T2]]s P(3, [T1, 72]))
[21, [22, 23]] + [22, [23, 21]] + [23, [21, 22]], (21, [X2, 23]) + D(22, [23, 21]) + P(23, [21, 22]))
,0)

[
(
(
=(0

Clearly a € Z(h) when we identify a as a subalgebra of h and thus b is a central extension of g by a. O
Lemma 2.2 (see [3, Lemma 4.5]). Let ¢ : g x g — a be a 2-cocycle and h = g® a. Then the central extension
b ofgbya

0—sa—bhD g—0

where p is the projection map onto g, is trivial if and only if there exists a C-linear map f : g — a such that

o(z,y) = f(lz,y])
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Proof.
(<) Suppose there exists a linear map f : g — a such that ¢(z,y) = f([z,y]). Then, define a map S:g — b

by
Bz) = (z, f(x))
Clearly po 8 = 15. Now, we define the following Lie bracket on b.

(w1, a1), (22, a2)] == ([x1, 2], P(71, 72))

Using this Lie bracket on § we find that § is a Lie algebra homomorphism.

B([x,y]) = ([z,9], f([z,9]) = ([z,9], o2, v)) = [(=, f(2)), (y, f(y)] = [B(x), B(y)]

Hence, the sequence splits and so the central extension is trivial.
(=) Suppose the central extension is trivial. Then there exists a Lie algebra homomorphism S : g — b such
that po 8 = 14. Let f(z) = (2/,d’), for some 2’ € g and @’ € a. Then, p(S(z)) = p(z’,a’) = 2’ but also
p(B(x)) = x and so we find B(x) = (x, 7(z)) for 7 : g — a. Furthermore, 8 being a Lie algebra homomorphism
imposes the condition that 7 is a linear map.

Then, from lemma 2.1, ¢ generates a central extension h = g @ a of g by a where the Lie bracket on b is
defined by

[(z1,a1), (22, a2)] = ([21, 22, p(21, 22)])

Using this definition along with the fact that 5 is a Lie algebra homomorphism, we find that for x,y € g that
(1) [B(z), B(y)] = B([z,y]) = ([=,y], 7([2,9]))
(2) [B(2), B(y)] = [(z,7(2)), (y, 7 ()] = ([z, 9], (,y)).

Hence, it must be that ¢(z,y) = 7([z, y]). O

Definition 2.4. A 2-coboundary on g is a 2-cocycle ¢ : g x g — a such that ¢(x,y) = f([z,y]) for some
C-linear map f : g — a.

From the definition of a 2-coboundary on g we see that lemma implies a 2-cocycle ¢ on g generates a trivial
extension if and only if ¢ is a 2-coboundary. Hence, we define C?(g;a) as the set of 2-cocycles on g and
B?(g;a) as the set of 2-coboundaries on g. It is then of importance to consider the space of nontrivial
extensions of g by a. Hence, we consider the equivalence classes of central extensions of g by a, specifically
the second cohomology group of g by values in a.

H*(g;a) = C*(g;a)/B*(g; a)
3. WITT ALGEBRA

We define the the Witt algebra # as a subalgebra of the algebra of smooth vector fields on the circle S*,
Vect(S'). An arbitrary element in Vect(S?) is of the form f(6 )dav where f : R — R is a smooth periodic
function on R. Hence, we we may expand it as a complex Fourier series. To avoid problems with convergence,
we then further require that the Fourier series is finite, ie. is represented by a finite sum. With these
restrictions, # is defined as

={f(9) Z ane™ a, = 0 for all but finitely many n}.
Note that as f : R — R we require that f* = f, which gives a} =a_,
Now define L,, € # as L, = ze"“g d . From the definition of Wit is clear that {Ly,}nez forms a basis for
# . Recall the definition of the Lie bracket on Vect(S1).

g A (dod
a0°7a0' ~ \' a0 ~ a9? d0
We restrict this Lie bracket to the space # and we find that

[fn, fm] _ [ InQC;Za’iesz%] _ _(ezneimezme _ inezngezm@)% — . z(’n+’m)9i _
Hence, we see # has a basis {f,, }nez such that [f,, fm] = (n — M) froim.

In the contexts of physics, the element fy € # plays the role of energy, which we force to take positive
values. In addition, the fy can determine mass spectrum in string theory, and so we wish it to be non-negative.
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For these reasons, we are interested in particular representations p of # such that the spectrum of p(fy) is
non-negative (or at least bounded below). To simplify notation, we shall henceforth denote p(f,) = L, for
an arbitrary representation p.

Definition 3.1. A representation for which Ly has a spectrum that is bounded below, ie. has a state of
lowest energy, is called a highest weight representation. A lowest energy state |1o) in such a representation
has the following properties

(1) Lolbo) = hlvo)

Any such state |¢)g) satisfying this property is called a vacuum state.

In addition to highest weight representations, we are further interested in unitary representations. We begin
by considering antilinear involutions on a Lie algebra g.

Definition 3.2. An antilinear involution on a Lie algebra g is a map w : g — g that satisfies the following
properties for all z,y € g and for all a € C.

(1) wlw(@)) =
(2) w(az) = a*w(x)
3) [w(z),w(y)] = w(ly, z])

where * denotes the complex conjugate.

Definition 3.3. A Hermitian form (.,.) on a vector space V is a map V x V — C such that
(1) (v, w) = (w,v)"
(2) (v,au+ bw) = alv,u) + b{v, w)
(3) (av + bu,w) = a* (v, w) + b*(u, w)
for all w,v,w € V and a,b € C. Furthermore, (.,.) is non-degenerate if
(u,v) =0Vu e V=v=0
Definition 3.4. Let g be a Lie algebra over a field F with an antilinear involution w : g — g. Let V

be a vector space equipped with a non-degenerate Hermitian inner product (.,.) and p : g — gl(V) be a
representation of g. Then p is an unitary representation of g if

(p(z)(u), v) = (u, p(w(x))(v))
for all x € g and u,v € V. Equivalently, this implies p is unitary if
p(x)" = p(w())
for all z € g.

Consider the map w : # — # defined by

w(fn) = fon
As # is a R-vector space, it is clear conditions (1) and (2) are satisfied in the definition of an antilinear
involution. We further find that condition (3) is also satisfied.

W([fns fm]) = w((n = m) frim) = (n = m)w(frim)
=(n— m)f—(n-i-m) = [fom, [-n] = [wW(fin), w(fn)]
Hence, the condition for a unitary representation of #  becomes
LIL =w(fn)=L-n
Theorem 3.1. The Witt algebra # has no nontrivial, unitary highest weight representation.

We first prove that the following Lemma.

Lemma 3.1. Let V be a vector space equipped with a Hermitian form (.,.). Let u,v € V.. Then, the matriz
M given by

s positive semidefinite.
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Proof.
Let 1,29 € C. Then,

<uau> <U,U> T1 I1<U7U> + ZL'Q(’LL,’U>
S - (s =)
(v,u)y  (v,v) T 1 (v, u) + z2{v,v)
=|z1)? (u, u) + ziza (u, v) + z125 (v, u) +|z2]* (v, v)
= ||lz1u 4+ 220|> > 0

|
Proof of Theorem 3.1.

Consider a unitary highest weight representation for # with vacuum state |1)9) normalized to unity and
highest weight h. Define |¥,, ,,) = L™, |¢o). Let N € Z~( and define the matrix A as

(Wan1|Pon1) (Un2|Pana)

(Voni¥n2)  (Un2|¥n2)

Using the definition of the Witt algebra and the condition that Lf = L_,, for a unitary representation, we
may calculate the matrix elements.

(1)

A=

(Ton1|Van,1) = (¢ |L_2NL an|%0)
= (¢o|LanL_2ntbo)
= (Yo|[Lan, L_on] + L_anLan|tbo)

= 4N (po|Lo|tho) = ANh

ol (L% §)TL_an|t0)
ol LNLnL_an|to)

(Un2|Wan1) = (¥
= (¢
= (o|Ln([Lns L—an] + L_anLn)|¢0)
3N
=6N

(Yol LnL—nlto)
2h

(Won 1| 2) = (Yol LT oy LN L_nltho)
= (Yo|([Lan, L-N] + L_NLan)L_Nltbo)
= 3N(¢o|LnL-n|t0) + (Yo|L—NLanL_n|tbo)
= 6N?h + (0| L~ ([Lan, L-n] + L-nLon)|tho)
=6N?h + (o|3NL_NnLyn + L—N Loy |th)
= 6N?h

(Un|WN2) = (ol (L2) LN L_n[tho)
= (Yol Ln([Ln, L-n] + L-nLn)L_n|tho)
= (Yo|2NLyLoL_n + LnL_nLnL_n|to)
= (Yo|2NLn(NL_n + L_nLo)[tbo) + 4N?h?
= (2N? + 2Nh) (0| Ly L-n|tpo) + 4N?h*

= (

2N? +2Nh)(2Nh) + 4N?h? = AN3h + 8N?h?
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We thus find that
A 4Nk 6N2h
6N2h  4AN3h + 8N2h?
This matrix must be positive semidefinite by the preceding lemma. A consequence of this is that det A > 0.
det(A) = 4N®h*(8h — 5N) >0

Then, for N >> 1, we have that det(A) < 0. Thus, it must be that h = 0. With h = 0, we have that
IL_n|t0)|| = 2nh = 0 for all n € Zs. Combining this with the definition of highest weight representation,
we have L,|1o) = 0 for all n € Z. This means that the representation is the trivial representation. Thus, we
find there does not exist a nontrivial, unitary highest weight representation of # . O

4. VIRASORO ALGEBRA

Theorem 3.1 shows that # has no nontrivial, unitary, highest weight representation. Thus, we consider
nontrivial central extensions of the #  that have a nontrivial unitary highest weight representation. For this
purpose define a map ¢ : # x # — C by

¢(fna fm) = %n(nQ — 1)6n,—m

The following two lemmas will then be sufficient to determine the central extensions of 7.

Lemma 4.1 (see [4, Theorem 5.1]). The map ¢ generates a nontrivial central extension ¥ =W ® C of #
by C.

Proof. Tt is clearly sufficient to prove the following two facts.
(1) ¢ € C*(#;C)
(2) ¢ ¢ B*(#;C)
We first consider (1).
o O(fn, fm) = 11*271(n2 - 1)5n,—m = ﬁ(_m)(mQ - l)dm,—n = _Tlgm(mz - 1)6m,—n = —¢(fm, fn)
¢(fm [fm7 fk]) + qb(fm? [fk7 fn]) + ¢(fk7 [fm fm])
= ¢(fn: (m = k) finsk) + ¢(fims (k= 1) frgn) + 0(fr, (0 = m) frgm)

1 1 1
= 7n(m - k)(n2 - 1)5n,—(m+k) + (k - n)(m2 - 1)5m,—(k+n)) + Ek(n - m)(k2 - 1)5k’,—(n+m)

= %5n+m+k,0[n(m — k)(n2 —1)+m(k— n)(m2 1)+ k(n— m)(k2 B 1)]
- 112 [n(n +2m)(n? — 1) = m(2n + m)(m* = 1) — (n* = m?)((n +m)* = 1)] = 0

Hence we find that ¢ € C?(#;C). Next, suppose that ¢ ¢ B?(#;C). Then, by Lemma 2, ¢(z,y) = f([x,])
for some linear map p: # — C. Then,

(fns f-n) = p([fm fon) = 2’1’Lp(f0)-
Thus, we find that for all n € Z\{0}
Lo
p(fo) = (n® ~ 1),
However, this cannot hold for all n € Z\{0}, leading to a contradiction. Thus, we find that ¢ ¢ B%(#/;C). O

Lemma 4.2 (see [4, Theorem 5.1]). Let ¢ : # x W — C be a 2-cocycle on W . Then, it must be that, up to
a 2-coboundary, ¢ has the form

Ofms fa) = 5m(m® = 1),

for some ¢ € C.
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Proof.
Let n,m,k € Z. As ¢ is a 2-cocycle, we have

O(fns [fms fi]) + O, [frs ul) + (frs (s fm])

= (m - k)¢(fn7 fm-i-k) + (k - n)(b(fma fk+n) + (n - m)¢(fk7 fn+m)
=0.

Letting £ = 0 then gives that
mA(fr, fm) — nP(fins fn) + (0 —m)O(fo, frnam) = (n+m)O(fn, fn) + (0 —m)d(fo, fatm) = 0.

This relation then reduces down to
m-n

d)(fnafm) = n+m
Next, we define a C-linear map p : # — C by
_ld)(fhffl) n=20
_ 2
pn) {Mfo,fn) n#0

We then consider the 2-cocycle p: # x # — C defined by p(fr, fm) = p([fn, fm]), and the map ® := ¢ + p.
We note that ® — ¢ € B?(#;C). Thus, it suffices to look at ®.
Now let n + m # 0. Then,

q)(fna fm) = ¢(fnafm) +I7(fnafm)

¢(f07fn+m) 5 forn+m ?é 0

= " 0(for fuetm) + P Fin)

= ?;;;Qs(fov Jntm) — (M —n)p(friym)
= ;n_;ﬁiﬁb(fov fn+m) - Zl_;’rng(fo, fn+m)
=0,

Hence, we find that ®(f,, fm) is proportional to d,,4+m,0 and so we may write ®(fy,, fi) as

Q(frns frm) = d(n,m)bn1m,0 = d(n)0n 1m0

where d : Z — C. First, as ® is a 2-cocycle, it must be antisymmetric. This then implies

d(n)0n 1m0 = ®(fn, fm)
= 7<I)(fma fn)
= _d(m)6n+m,0
= —d(—n)dn+m,0-
Hence, we find
d(n) = —d(—n).
We may thus consider n € Z~(. Then, using this property of d(n), we find

(P(fna [fma fk]) + (I)(fmv [fk; fn]) + (@(fka [fna fm])
= (m - k)q)(fnv fm+k) + (k - n)q)(fmv karn) + (n - m)q)(fkv fn+m)
= [(m = k)d(n) + (k —n)d(m) + (n — m)d(k)|éntm+k.0

= (2m —n)d(n) — (2n +m)d(m) + (n — m)d(—n — m)
= (2m —n)d(n) — (2n + m)d(m) — (n — m)d(n + m)
=0

We then plug in m = 1 into the above relation to obtain a recursive formula for d(n).

(n=1)d(n+1)—(n+2)d(n)+ (2n+1)d(1) =0
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Evaluating ®(L1, L_1) explicitly gives

q)(flvf—l):¢(flaf 1)+p(f17f—1)
:d)(flaf 1)+p([f17f 1D
= o(f1, f-1) +2p(fo)
= 61, f1) — 260, )
-0

Thus, ®(f1, f—1) = d(1) = 0. The recursive formula then reduces down to
(n—1dn+1)—(n+2)d(n)=0

Define d(2) = ¢ € C. We then claim that d(n) = &n(n? — 1) for all n € Z. Evidently d(n) = —d(—n) and so
we may still consider n € Z~o. Thus, we proceed by induction on n. As d(1) = 0, we find this formula is

satisfied for n = 1. Furthermore, d(2) = %E = ¢. Suppose now that this relation holds for n € Z~;. Then,

2
d(n—l—l):ni—ld(n)
n+2¢
= 1" ~ D
cn+2
2t - )

= gn(nJr 1)(n+2)
= g(n—k D(n*+2n+1) —1]

- %(n—l— D[(n+1)2 - 1]

Thus, we confirm that d(n) = gn(n2 —1). As ¢ € C was arbitrary, we relabel ¢ = ¢/12 for ¢ € C. This then
gives that

(TL2 — 1)5n+m,O

(fnafm) = 12

Theorem 4.1. H?(#;C) ~C

Proof.
Consider ¢ : # x # — C, where

O ) = 5m(m® = 1) .

From Lemma 4.1 this is a nontrivial central extension of #'. Then, suppose m € C?(#;C). As shown in
Lemma 4.2, m = t¢ for some t € C, so that H?(#;C) ~ C. ]

Thus, the Witt algebra has a nontrivial central extension, and we call it the Virasoro algebra, 7.

Definition 4.1. The Virasoro algebra, ¥, has basis {f, }nez U {c} such that

[fnafm] = (n_m)fn+m+
(¢, fu] =0foralln e Z

¢ 2
12n(n 1)0n,—m

As in the Witt algebra, define p(f,) = L,, for an arbitrary representaton p of ¥'. We may further define an
antilinear involution w : ¥ — ¥ by

w(fn) = f-n

w(e) =¢

and thus a representation is unitary if L] = L_,, and ct=c¢, ie. ceR.
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We can characterize a highest weight representation of the Virasoro algebra by its central charge ¢ and
highest weight h. Hence, it is often convenient to write ¥'(c, h) for the Virasoro algebra. Furthermore, as h is
an eigenvalue of Ly and represents energy or some observable quantity, it must be that A € R. By imposing
that a highest weight representation of the Virasoro algebra be unitary, we may find restrictions on ¢ and h.

Proposition 4.1. For a unitary highest weight representation of ¥ (¢, h), it must be that ¢ > 0 and h > 0.
Proof. Let |1g) denote the vacuum state and n € Z~q. Then,

IL—nltbo)I? = (W0l LT, L_p|tbo)
| Ln L —n|tho)
[[Ln, L—n] + L_pnLn|tbo)

Yo|2nLo + ﬁn(n — 1)[%bo)

= (%o
= (Yo

/\/\/\/\

=@m+ﬁmﬁ—mwmﬁ

This then gives the restriction that

2 — —-1)>
nh—|—12n(n )>0

First suppose that n = 1. Then, the above inequality gives that 2h > 0, or that h > 0. Suppose then that ¢ < 0.
As h > 0 and n(n® — 1) grows faster than n, there must exist a N € Zs¢ such that 2Nh + 5N (N? — 1) <0,
leading to a contradiction. Hence, we find that ¢ > 0. (]

Proposition 4.2. Any unitary highest weight representation of 7 is irreducible.

Hence, by considering unitary highest weight representations of ¥ we necessarily have irreducibility.

5. HEISENBERG ALGEBRA AND ITS FOCK REPRESENTATION

The algebra associated with the simple harmonic oscillator can be made more general into the Heisenberg
algebra.

Definition 5.1. The Heisenberg algebra b has basis {t,, | n € Z} U {k} such that
[tnv tm] = nkén—‘rm,o
[k,tn] =0, for all n

For an arbitrary representation p of h we shall henceforth denote p(t,) = ¢,,. As in the cases for # and ¥,
we may define an antilinear involution w on § such that

w(tn) =t_n
w(k) = k.
Hence, a representation f is unitary if ¢L =¢_, and k € R. As in Appendix A, define the Fock space .# by
F ={|N1NaN3---) | N, =0 for all but finitely many Ny}.

It is possible to construct a representation of h on the space .# by identifying ¢, with the creation and
annihilation operators from the simple harmonic oscillator as discussed in Appendix A. Let n € Z~q and
identify ¢,, and ¢_,, as

¢_n = Vnkal
d)n = Vnk Q.

Furthermore, define ¢o|N) = 0 and k = id, for a state |N) € .Z. It is easy to check that this identification
yields the appropriate Lie brackets on h. Let n,m € Z~g.

( [¢n7 QSm] = k\/i [Cln, Clm] =0

)
(2) [(bn’ m] = km[arh am] = k\/m(sn,m = knﬁn,m
(3) [¢n7 k] = k\/% [an, 1] =0
(4) [ K] = ki [al,, 1] = 0
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And as ¢y annihilates each state, it evidently commutes with all ¢,, and k. Hence, we have that [¢,, ¢m] =
kndp+m,o and [¢n, k] = 0, which is precisely the Heisenberg Algebra. With this identification we find that for
TLEZ>0 and |N1N2> cF

(1) ¢p|N1No--0,---) =0

(2) ¢u|N1Ny---Nyp---) = Vnky/N, |N\Ny--- N, —1---)

(3) ¢—nlNiNa-+ Ny o) = vVky/Ny + T[N 1 Ng - Ny 4 1---)
Using these actions on %, we have a representation of h on %, called the Fock representation. Moreover, as

in the simple harmonic oscillator case, we may construct an arbitrary state in .% using a. We may similarly

do so with ¢_,, for n € Z~g.
o0 N,
e

NNy ) [ ——
};[1 VN, 'WnkNn
Proposition 5.1. The representation constructed for b is unitary.

Proof.
We need only show that ¢! = ¢_,, for all n € Z\{0}.

Case 5.1.1. Suppose n € Z~g. Then, as k € R,
oF = (Vnka,)' = Vnkal =¢_,
Case 5.1.2. Suppose n = —m for m € Z-y. Then

(berL = ¢T7m = (ma;rn)T = mam = (bm = (bfn

Now recall the definition of a nilpotent Lie algebra.
Definition 5.2. A Lie algebra g is nilpotent if for some fixed n € Z,,~¢,
ady,adg, ---ady, y=0
for all x1,xs2,..., %,y € g.
Proposition 5.2. The Heisenberg algebra b is nilpotent. Specifically, all double brackets vanish.

Proof.
It clearly suffices to show that [[¢,, dm], @s] = 0 for any n,m, s € Z. But this is easy as k commutes with all

G-
[[¢7u ¢m]a d’s‘] = [nk(;n—i-m,Ov (bs] = nk6n+m,,0[k7 ¢e] =0

6. SUGAWARA’S CONSTRUCTION OF ¥(1,0)

We will use a specific case of Sugawara’s construction to formulate the Fock representation of ¥(1,0) from the
Heisenberg algebra representation already constructed (see Goddard and Olive [2], Kac [5], Schlichenmaier
[6], Schlichenmaier and Sheinman [7]). Thus, consider the Heisenberg algebra spanned by {¢, | n € Z} U {k}
as above. We then define elements L,,, known as the Sugawara operators, as

1
Ln=5p) i 0=jbjsn
2k 4
J€Z
where : ¢_;0,1, : denotes normal ordering, defined by
G—jbjen —J<Jjtn
Pjnd—; —Jj=j+n

To see the importance of normal ordering, consider Ly without normal ordering acting on the vacuum state
denoted by |0) in the space .# (ie. the state for which N; = 0 for all j).

PO jPjn = {
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Lo|0) = Z¢ j510)

kg
:i i¢_j¢j0>+ i ¢-;0|0)
= et
%5: 6410
f $j100---15--+)
i 0) = ol

Thus, we find that without normal ordering we get an eigenvalue of co which is not desirable. Conversely,
with normal ordering incorporated we find that

1
Lol0) = o > 6051 10)

JEZL

2 o0

o5 2 9-3%il0) =0
j=1

We will now show that the definition of L,, above gives rise to the Virasoro algebra ¥'(1,0).

w\%
HMS I

l\'> \

Proposition 6.1. [L,, L] = (n — m)Lypim + 150(n? — 1)6p,—m

Proof.
First, from Proposition 5.2, the Heisenberg algebra is nilpotent and all double brackets vanish. Using this, we
find for a,b,c,d € Z,

[Ga®b, ctd] = ([P, O] + PbOa; el
= [[@as Pbl, Pebal + [PoPas el
= Gcl[Patp], Pal + [[Pa; Do), Pelba + [PvPa, Debal
= [PpPa; el

A consequence of this result is that we may ignore normal ordering in [L,, L,,]. We now compute explicitly
(L, Lin].

Case 6.1.1. Suppose that m + n # 0.

1 1
[Lny Lin] = [ﬁ Z FO-iitn 1y 5 Z L Qi Bitm 1]

iez ez
1
= 42 ZZ[ G—iGign s G—jPjgm i
ieZ jel
1
= 173 2 D N9-ibirn, 6—ibjm]
i€Z JEL
= 2 Z Z {¢ ¢z+na ¢J+m] [¢i+na ¢*j]¢j+m) + ((bfj [¢7i7 ¢j+m} + [qf),i’ ¢*j]¢j+m)¢i+n}
i€Z JEL

1 ) . . )
= 12 2 2 A6 (i )kbisn,—jm + S—ijm (i + 1)kGin j — O binihSi—jm — Dy Pienikd_i ;)

i€EZ jET.

1
T (O i+ 1) iitnim — DO itm®itn)

€L €L



12 LUKE CYBULSKI

Then, replace ¢ by i +m in the second summation to obtain
n—m
[Ln, L] = on Z P—iPitntm-
€L
However, as n +m # 0 we have that [¢_;, ditntm] = 0 and so the summation is equivalent to the normal
ordered form. Hence,

n—m
[LnaLm] = T Z : ¢—i¢i+n+m = (n - m)Ln—i-m
i€
Case 6.1.2. Now suppose that m +n = 0. Notice that [Lg, Lo] =0 and [L_,,, L] = —[Ly, L_,] so we may
assume that n > 0 without loss of generality. Then, we may write L,, as

1
Ly = ﬁ(z ¢—jbjtn + Z P—j4n®;)-
§>0 3i>0
From a similar calculation as above, we find

L L] = iy S+ 106365 = 365 niin + 595005 n + (1= 3)6365)

7>0

o5 (2knLo + D it jinbin = ib— i mbitm)
>0 >0

Replacing j by j + n in first summation and j and j — n in the second summation, we obtain

1 .
[Ly,L_,] = %(2knL0 + Z (J+n)p_;o; + Z n—7)o_;0;)

j>—-n ji>n
1 o) -1 [es) n—1
= o5 (2knLo + Y G+n)g—ibi+ Y (GHnd_bi+ ) (n=io—ié— D (n—i)d—;¢;)
§=0 j=—n+1 j=1 j=1
n—1 —1
= (Qk‘nLo-l-Zn—] (65,6 +Zj+n b+ D (G Hn)eiéo;)
Jj=1 j=—00
n—1
= k(anLo-i-kZ] n—g)+ > hibs)
JEZ
n—1
= k(4k‘nL0—|—ij n—j)).
j=1

The finite sum is calculated as
n—1 n—1 n—1
diln=j)=nd i j
Jj=1 Jj=0 j=0

n*(n—1) nn-1)2n-1)

2 6
nn—1)(n+1)
6
n(n?—1)
—%

Hence, we obtain
1

Combining the two above cases gives that

in(n2 —1)0n,—m

LnaLm: - an
Lo L) = (0= )L +
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Then, defining ¢ = id on % and using L,, defined in the above way, we obtain a representation for the
Virasoro algebra with ¢ = 1 on the space (known as the Fock representation).

Proposition 6.2. The representation constructed for 7 is a unitary highest weight representation with
vacuum state |0) and h = 0.

Proof.
First, by the above computation, we found that Lg|0) = 0. Then, let n € Z~o and consider L,|0).

Case 6.2.1. Suppose n is even. Then, from the definition of normal ordering, we find

1
Lnl0) = 5D 6-3%54n : [0)

JEZ
1 —n/2 oo
= 55( D0 Gind—il0)+ D 6-idal0)
j=—00 j=—n/2+1
1 —n/2 00
=55( > GO+ Y 6(0) =0
j=—00 j=—n/2+1

where the second sum goes to zero since j > —n/2+1landsoj+n>n/2+1>0.
Case 6.2.2. Suppose now that n is odd. Then,
1
Lal0) = 553 6-34n : 10)

JEL

n—1

R =
=52 (D0 Gind—il0)+ D 6-j6i1al0))

j=—o0 j=—15t+1
n—1
1 = oo
=5z( 2 GO+ 3 65(0) =0
Jj=—o0 j=—25141
where again the second sum goes to zero since j > —(n—1)/2+ 1 and so j +n > 0.

Thus, this is a highest weight representation with h = 0.
To illustrate unitarity of the representation, recall the following antilinear involution on b.

w(ty) =t_pn
w(k) =k

By replacing k with ¢ and ¢,, with f,, we also get the antilinear involution on ¥ from before. Hence, it suffices
to show that L = L_,,. But this is trivial since : G—jjin i =1 Pj4nd—;  and k € R.

1
Li = (5 Y ¢ 63050 )

JEL
1 1
= 5% Z : ((b*jquJrn)T = 5% Z : ¢;+n¢T_j :
JEL JEZ
1 1
= 2% Z : ¢*j*n¢j C = ﬁz : ¢jf’n¢*j :
JEZ JEZ
1
=552 0-ibini=Lon
JEL
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7. GENERALIZED SUGAWARA’S CONSTRUCTION OF THE VIRASORO ALGEBRA

It is possible to derive the above construction of #(1,0) from a more general Sugawara construction (see
Goddard and Olive [2], Kac [5], Schlichenmaier [6]) of affine Lie algebras. This construction will then give
rise to the Virasoro algebra for other ¢ values.

Let g be a Lie algebra with dimg = d < co. Suppose g has a symmetric, non-degenerate bilinear form
(.,.). Define the affine Lie algebra § as a central extension of g ® C[z,27!] by C, ie. as a vector space § is

= (g®Clz,z ') ®Ct.

Suppose V is a vector space such that v € V is annihilated by y ® 2™ for all y € g for n large enough. A vector
space satisfying this property is an admissible representation of §. Furthermore, suppose that tv = cv for
some scalar ¢ and {u;}&; and {u’}L, are bases for g and g*, respectively (* represents dual space). Recall
that a Casimir element of a Lie algebra is an element in the center and that the Casimir element of g is given
by

d
Cy = g w;u’
i=1

Further suppose its action is scalar multiplication on the adjoint representation. In this case we define k (the
dual Cozxeter number) as
1
k=3 ; ady,;adyi.

Suppose that ¢ + k # 0 and define operators T,, by

d
1 o

N E E v a(gHn) .

T = 5 T

JEZ i=1
where normal ordering is as before.
Theorem 7.1. Consider the Virasoro algebra with basis {fn}cz U {t}. Then, the mapping defined by

fn =T

t— idv
18 a representation for the Virasoro algebra with central charge

cdimg

ct+K
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APPENDIX A. SIMPLE HARMONIC OSCILLATOR OF COUNTABLE DEGREES OF FREEDOM

Consider a simple harmonic oscillator system of countable degrees of freedom. It is then possible to define
annihilation and creation operators a; and aL, respectively, for k € Z~g.

mw( n ) )
ar =/ —(x —_—
k op Tk mwpk
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Using these definitions of the annihilation and creation operators, we find that the Hamiltonian .7 for the
kth degree of freedom is thus given by

pi 1 2 i 1
H = o T W = fiw(a)ax + 5)
where the total Hamiltonian is 5 = > . However, with this definition of the Hamiltonian, the ground

state energy is already infinite (each degree of freedom contributes %ﬁw) Hence we simply rescale 7%, so that

H = i%@ = i hwalax
k=1 k=1

It is clear that this rescaling is acceptable as only the energy difference between states is of interest.
Furthermore, using the canonical commutation relations [z;, p;| = ihd; ; and [z;, z;] = [pi, pj] = 0, we find
the only non-vanishing commutators are
[ak, a]] = Oy
Then, let Ni, € Z>¢ and consider the set of states .# given by
F ={|N1NaN3---) | N, =0 for all but finitely many Ny}

This space is known as the oscillator Fock space. It is then well known from quantum theory that aj; and az
acting on a given state in % gives

(1) ax|NiNy---Nj---) = /Ng|N{Ny---Np —1---)

(2) aL\N1N2-~-Nk-~-> =/Ni +1|N;Ny--- N +1---)
Furthermore, for a state [Ny Ny ---0---), where 0, represents a zero in the k*" component,

ag|NiNy---0p---) =0.

The state for which all IV; = 0 is denoted the ground state of the system. It is then possible to build each
state in .# from the ground state using the action of az on arbitrary states.

|N1N2 > — ﬁ (aL)Nk

As this state belongs to %, only finitely many N}, are nonzero.

00---)



