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Abstract

The group Diff(S!) of the orientation preserving diffeomorphisms of the circle S!
plays an important role in conformal field theory. We consider a subgroup By of Diff (S*)
whose elements stabilize “the point at infinity”. This subgroup is of interest for the
actual physical theory living on the punctured circle, or the real line.

We investigate the unique central extension K of the Lie algebra of that group. We
determine the first and second cohomologies, its ideal structure and the automorphism
group. We define a generalization of Verma modules and determine when these represen-
tations are irreducible. Its endomorphism semigroup is investigated and some unitary
representations of the group which do not extend to Diff(S!) are constructed.

1 Introduction

In this paper we study a certain subalgebra of the Virasoro algebra defined below. The
Virasoro algebra is a fundamental object in conformal quantum field theory.

The symmetry group of the chiral component of a conformal field theory in 141 dimen-
sion is By, the group of all orientation-preserving diffeomorphisms of the real line which
are smooth at the point at infinity (for example, see [15]). Instead of working on R, it is
customary to consider a chiral model on the compactified line S! with the symmetry group
Diff(S'). In a quantum theory, we are interested in its projective representations.

With positivity of the energy, which is a physical requirement, the representation theory
of the central extension of Diff(S') has been well studied [15]. In any irreducible unitary
projective representation of Diff(S1), the central element acts as a scalar c¢. The (central
extension of the) group Diff(S1) has a subgroup S! of rotations and by positivity of energy
the subgroup has the lowest eigenvalue h > 0. It is known for which values of ¢ and h there
exist irreducible, unitary, positive-energy, projective representations of Diff(S'). All such
representations are classified by ¢ and h.

The Lie algebra of Diff(S!) is the algebra of all the smooth vector fields on S*! [14]. It
is sometimes convenient to study its polynomial subalgebra, the Witt algebra. The Witt
algebra has a unique central extension [15] called the Virasoro algebra Vir. In a similar way
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as above, we can define lowest energy representations of Vir with parameters ¢, h and it is
known when these representations are unitary [6]. On the other hand, for any positive energy,
unitary lowest weight representation of Vir there is a corresponding projective representation
of Diff(St) [4].

In a physical context, conformal field theory in 1+1 dimensional Minkowski space can be
decomposed into its chiral components on two lightlines. Thus it is mathematically useful
to study the subgroup By of stabilizers of one point (“the point at infinity”) of Diff(S?!).
We can construct nets of von Neumann algebras on R from representations of By, and nets
on R? by tensor product. The theory of local quantum physics are extensively studied
with techniques of von Neumann algebras [5][1][10][7]. In the case of nets on S!, the nets
generated by Diff(S1) play a key role in the classification of diffeomorphism covariant nets
[8]. This gives a strong motivation for studying the representation theory of By, since for
nets on R the group By should play a similar role to that of Diff(S') for nets on S?.

Some properties of the restrictions of representations of Diff(S!) to By have been studied.
For example, the restriction to By of every irreducible unitary positive energy representation
of Diff (S!) is irreducible [17]. Different values of ¢, h may correspond to equivalent represen-
tations [17]. Unfortunately little is known about representations which are not restrictions.
In this paper we address this problem.

1.1 Preliminaries

We identify the real line with the punctured circle through the Cayley transformation:
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The group Diff(S') contains the following important one-parameter subgroups. They are
called respectively the groups of rotations, translations and dilations:

xr =

ps(z) = €%z forze St cC
Ts(x) = xz+s, forzeR
ds(x) = e€°x, for x € R,

where rotations are defined in the circle picture, on the other hand translations and dilations
are defined in the real line picture. Here we see that the point z = ¢2™@ =1 or § = 0 on the
circle is identified with the point at infinity in the real line picture.

The positivity of the energy for Diff (S!) is usually defined as the boundedness from below
of the generator of the group of rotation (since we consider projective representations, the
generator of a one-parameter subgroup is defined only up to an addition of a real scalar
multiple of the identity). It is well known that this is equivalent to the boundedness from
below of the generator of the group of translations (see [11]). The latter definition is the
one having its origin in physics. Concerning the group By, as it does not include the group
of rotations, the positivity of energy is defined by boundedness from below of the generator
of the group of translations.

In the rest of this section we explain our notation regarding some infinite dimensional
Lie algebras (see [15]).

The Witt algebra (we denote it by Witt) is the Lie algebra generated by L,, for n € Z
with the following commutation relations:

[Liny L] = (m — n)Lygn.



The Witt algebra has a central extension with a central element C', unique up to isomor-
phisms, with the following commutation relations:

[Liny L) = (m —n) Ly + 1%m(m2 — )8 —n-
This algebra is called the Virasoro algebra Vir. On Witt and Vir we can define a *-operation
by
(Lp)*=L_,,C*=C.

The Witt algebra is a subalgebra of the Lie algebra Vect(S') of smooth complex functions
on the circle S with the following commutation relations:

[f7g]:fg/_f/ga

and the correspondence L, — ie'™®. Its real part is the Lie algebra of the group of diffeo-
morphisms of S'[14]. This algebra is equipped with the smooth topology, namely, a net of

functions f,, converges to f if and only if the k-th derivatives fék) converge to f*) uniformly
on S! for all k > 0. The central extension above extends continuously to this algebra. As
the group Diff(S!) is a manifold modelled on Vect(S!), it is equipped with the induced
topology of the smooth topology of Vect(S!).

We consider a subspace Ky of the Witt algebra spanned by K, = L, — Lg for n # 0.
By a straightforward calculation this subspace is indeed a *-subalgebra with the following
commutation relations:

Ky, K] = { (m —n)Kpmin — mKp +nK, (m#—n)

’ —mK,;, — mK_, (m = —n)

We denote Vect(S'), C Vect(S!) the subalgebra of smooth functions which vanish on
6 = 0. This is the Lie algebra of the group By of all the diffeomorphisms of S! which
stabilize § = 0. The algebra Ky is a *-subalgebra of Vect(S%)o.

We will show that Ky has a unique (up to isomorphisms) central extension which is a
subalgebra of Vir. The central extension is denoted by X and has the following commutation
relations:

(m —n)Kmnin —mBpy +nk,  (m#—n) (1)

Kom, K- = { —mK,, —mK_,, + 1%m(m2 —1) (m=-n)

In section 2, we determine the first and second cohomologies of the algebra Ky. The
first cohomology corresponds to one dimensional representations and the second cohomology
corresponds to central extensions. It will be shown that the only possible central extension
is the natural inclusion into the Virasoro algebra. On the other hand the first cohomology
is one dimensional and does not extend to Vir.

In section 3, we determine the ideal structure of Xy and calculate their commutator
subalgebras. It will be shown that all of these ideals can be defined by the vanishing of
certain derivatives at the point at infinity.

In section 4, we determine the automorphism group of the central extension K of K. This
group turns out to be very small but contains some elements not extending to automorphisms
of the Virasoro algebra.



In section 5, we construct several representations of . Each of these representations
has an analogue of a lowest weight vector and has the universal property. Thanks to the
result of Feigin and Fuks [3], we can completely determine which of these representations
are irreducible.

In section 6, we investigate the endomorphism semigroup of K. Compositions of these
endomorphisms with known unitary representations give rise some strange kinds of repre-
sentations. Corresponding representations of the group By are studied in section 7.

2 First and Second cohomologies of K,
We will discuss the following cohomology groups of Kqy [15]:

HY(Ky,C) = {¢:Kg— C| ¢ is linear and vanishes on [Ko, Ko].}
7Z*(Ko,C) := {w:Kox Ky — C| w is bilinear and

for a,b,c € Ky satisfies w(a,b) = —w(b, a),

([, ¢) + w([b, @) + w([e,a], b) = 0}
B%(Ko,C) = {w:Kyx Ky — C| there is u s.t w(a,b) = u([a,b]).}
H*(Ko,C) := Z*/B%

Elements in the (additive) group H' correspond to one dimensional representations of
Ko. The group H? corresponds to the set of all central extensions of Ky. We call H' and
H? the first and the second cohomology groups of K, respectively.

Lemma 2.1. [y, Ko] has codimension one in Ky.

Proof. Let us define a linear functional ¢ on Ky by the following:

P(Kn) = n.

As K,,’s form a basis of Ky, this defines a linear functional. By the commutation relation
above, we have

(for the case m # —n)
= (m—n)9(Kmin) — mo(Kp) + no(Ky)

= (m Y(m +n) — m? + n?
0
O([Km, Kn])
(for the case m = —n)

= —mo(Km) — mo(K_m)
= —m?—m(-m)

=0

Hence this vanishes on the commutator. The linear functional ¢ is nontrivial and the
commutator subalgebra [Ko, o] is in the nontrivial kernel of ¢. In particular, [Ko, o] is
not equal to Ky.

To see that the commutator subalgebra of Iy has codimension one, we will show that all
the element of Ky can be obtained as the linear combination of K; and elements of [Kg, Ko].



Let us note that

K1, K4] = —-Ki—-K_4
Ka K1 = 3K, —2Ks— K_,
[K,Q,Kl] = 3K _1+4+2K o+ Kj.

So K_1, K5, K_5 can be obtained. For other elements in the basis, we only need to see

[Kn, K1] = (n—1)Ky11 —nkK, + K
[KfnaKfl] = _(n_l)Kfnfl“‘ann_Kfla
and to use mathematical induction. O

Remark 2.2. In proposition 3.2 of [17] it is claimed that [IC, K] = K where K is the central
extension of Ky defined in the introduction of the present paper. It is wrong, as seen
in lemma 2.1: I, as well as Ky, is not perfect. In the proof of [17], there is a sentence
“confronting what we have just obtained with (14), we get that ...”, which does not make
sense. In accordance with this, the remark after proposition 3.6 and corollary 3.8 in that
article should be corrected as to allow the difference by scalar. On the other hand, what is
used in corollary 3.3 is only the fact that ¢(C) = 0 and the conclusion is not changed. The
main results of the paper are not at all affected.

Corollary 2.3. H'(Kg,C) is one dimensional. In particular, there is a unique (up to scalar)
one dimensional representation of K.

Next we will determine the second cohomology group of K.

Lemma 2.4. The following set forms a basis of the commutator subalgebra of Ky.
[Kny K1, [K—p, K] for n > 1, [K_o, K1], [K2, K_1], [K1, K_1].

Proof. As we have seen, the commutator subalgebra is the kernel of the functional of lemma
2.1. The last three elements in the set are linearly independent and contained in the sub-
space spanned by K_o, K_1, K; and Ks. The elements [K,,, K1| (respectively the elements
[K_n, K_1],) contain K1 terms (respectively K_, 1y terms,) hence they are independent
and form the basis of the commutator subalgebra. O

Theorem 2.5. H?(Ky,C) is one dimensional.

Proof. Take an element w of Z%(Kg,C). Let Wi = WKy, Ky,) for m,n € Z\ {0} be
complex numbers. From the definition of Z2?(Kg,C), the following holds:

Wi = —Wn,m
0 = w(Ky,[Kn, Ky]) +w(Ky, [K, Kp)) + w(Knp, [Kn, K))
= (M — )W min — MWLM + Wiy
+(l — m)wp j4m — lwp g + Mwnm (2)
+(n — Dwmmptt — MWmpn + lwpm g,

where this holds also for the cases | +m = 0,0m +n = 0, or n + 1 = 0 if we define
w0 = wo, = 0 for k € Z.



Let a be a linear functional on the commutator subalgebra defined by

a([Kp, K1]) = wpforn>1
a([K_p, K_1]) = w_p_1forn>1
a[K-2,K1]) = w-2:1
a([K2, K_1]) = wa,1
ao([K1, K_1]) = wi—1.

This definition is legitimate by lemma 2.4.

If we define w),, , = Wm.n—([Kpm, Kp)]), there is a corresponding element ' in Z%(Ko, C)
and belongs to the same class in Z2/B?(Kg). To keep the brief notation, we assume from
the beginning the following:

Wnpl =W_n-1=W_21=W2_1=W1-1= Oforn>1

)

and we will show that wy, , = 0 if m # —n.
Now we set [ =2,m =1,n = —1in (2) to get:

0= 2(4)270 —w21 —Wwy-1t+w-_13— 2(,(}_1,2 +w_11— 3w171 +wy,—1+ 2w172.

From this we see that w_1 3 vanishes because by assumption all the other terms are zero.
Similarly if we let [ = —2,m = 1,n = 1, we have w; _3 = 0.
Furthermore, setting [ > 1,m =1,n = —1 we get

0=2wo—w—w,—1+{—1Dw_141—lw_1;+w_11
— (I +Dwi -1 +wi,—1 + lwiy.
This implies w_1 ;41 = 0 by induction for [ > 1. Similarly, letting I < —1,m =1,n = —1 we

see wyj—1 =0 for [ < —1.
Next we use formula (2) substituting I = 1,n = —m to get

0 = 2mwi 0 — MWim — Mwi,—m + (1 = M)W_rmmi1 — Wem 1 + MW_rm
+ (_m - 1)Wm,l—m + Mwm,—m + Wm,1-
Since w1 ;m = w—_1,m = 0, as we have seen above, and by the antisymmetry w_,, m = —wm,—m,
we have
(1 —m)w—m,14m + (—m — L)wpm 1—m = 0.

By assumption, we have w_j 2 = 0. By induction on m, we observe w_, ;41 = 0. Similarly
it holds w_, -1 = 0.
Finally we fix k € Nand let ] =1,n =k — m to get

0= (2m - k)wl,k — Mwi,m + (k - m)wl,k—m + (1 - m)wk—m,m-l—l — Wk—m,1
+ mwg—mm + (k —m — 1)wm,k—m+1 - (k - m)wm,k—m + Wm,1-
By assumption, as before, the preceding equation becomes the following:

0 = (1- m)wk—m,m—l-l + kwg—mm + (k—m — 1)Wm,k—m+1
= (1- m)w(k+1)f(m+1),m+1 + kwk—mm + (k —m — 1)wm,(k+1)fm (3)



If we let k = 1, the second term vanishes by the observation above and we see
(]- - m)wlfm,erl — Mwm2-m =0

Again by induction on m, we see wa_, ,, vanishes for all m. Then by induction on k and
using (3), we can conclude wy_yy, , vanishes for all k € N,m € Z. Similar argument applies
for £ < 0.

Summarizing, if we have an element in Z2(Ko,C), we may assume that all the off-
diagonal parts vanish. Letting [ = —m — n in (2), we see that there is a possibility of one
(and only) dimensional second cohomology as in the case of Virasoro algebra (see [15]). O

This theorem shows that there is a unique central extension (up to isomorphism) of K.
We denote the central extension by K. By fixing a cocycle w € Z2(Ky, C) \ B?(Ky,C) the
algebra K is formally defined as Ky & C with the commutation relations

[(z,a), (y,0)] = ([2,9],w(z,y)) for z,y € Ko,a,b € C.
Equivalently, in this article and in literature, using a formal central element C, one writes:
[z 4+ aC,y + bC] = [z, y] + w(z, y)C.

Proposition 2.6. Let us fix a real number X\. On K, there is a *-automorphism A defined
by A(K,,) = K, +inAC and A(C) — C.

Proof. Tt is clear that this preserves the *-operation. Since the change by this mapping
is just an addition of a scalar multiple of the central element, this does not change the
commutator. On the other hand, as seen in lemma 2.1, the map K,, +— n vanishes on the
commutator subalgebra, hence the linear map in question preserves the commutators. [J

Proposition 2.7. The *-automorphism in Proposition 2.6 does not extend to the Virasoro
algebra unless X = 0.

Proof. Assume the contrary, namely that A extends to Vir. Since K has codimension one
in the Virasoro algebra, we only have to determine where Lg is mapped. The algebra Vir is
the linear span of K,,’s, C' and Lg, hence A(Lg) takes the following form.

A(Lo) = anKy + agLg + bC,
n#0

where a,,’s and b are complex numbers and a,’s vanish except for finitely many n.
On the other hand, in Vir, we have

[Kn,Lo] = [Ln — Lo, Lo] =nlL, =nk, + nlLy.

Since in the sum of A(Ly) only finitely many terms appear, let N be the largest integer with
which ap does not vanish. If N > 1, recalling [K7, Ly] = K1 + Lo, we have

A([Ky, Lo)) = [Ki+iMC,A(Lo)]
= A(K1) + A(Lo),

which is impossible because the second expression contains K1 term but the last expres-
sion does not. Hence N must be less than 2. By the same argument replacing K7 by Ks, we



have that N must be less than 1. Similarly replacing Ky by K_; or K_s, it can be shown
that A(Lg) must be of the form

A(Lg) = agLo + bC.

We need to note that ag and b must be real as A is a *-automorphism.
Now let us calculate again

[A(K1),A(Lo)] = [Ki+iAC aoLlo+b-C]
= aoK1 + agLo,

by assumption this must be equal to

A([K1, Lol) = A(K1 + Lo)
= Kij+apLo+ (b+iN)C,

which is impossible since b is real, except the case A = 0 (and in this case b = 0,a9 = 1). O

Remark 2.8. When we make compositions of these automorphisms with a representation
of I, we might obtain inequivalent representations of . However these representations
integrate to equivalent projective unitary representations of the group By, since with these
automorphisms the changes of self-adjoint elements in K are only scalars and the changes of
their exponentials are only phases, therefore equivalent as projective representations of By.

3 Derived subalgebras and groups

3.1 A sequence of ideals in K

We will investigate the derived subalgebras of y. The derived subalgebra (or the com-
mutator subalgebra) of a Lie algebra is, by definition, the subalgebra generated by all the
commutators of the given Lie algebra.

The easiest and most important property of the commutator subalgebra is that it is an
ideal. This is clear from the definition. If a Lie algebra is simple, then the commutator
subalgebra must coincide with the Lie algebra itself. This is the case for the Virasoro
algebra.

On the other hand, the algebra Ky and its unique nontrivial central extension K are not
simple. This can be seen from lemma 2.1: the commutator subalgebra (which we denote by

IC(()D) has codimension 1 in Ky and it is the kernel of a homomorphism of the Lie algebra.
Let us denote Vect(S!)q the subalgebra of Vect(S!) whose element vanish at § = 0. We
remind that the commutator on Vect(S?) is the following.

1,9l =fd' — f'g. (4)

Now it is easy to see that Vect(S')o is a subalgebra. Let us recall that we embed Kg in
Vect(S'), by the correspondence K, — i(exp(in-) — 1). We clarify the meaning of the
homomorphism ¢ by considering the larger algebra Vect(S!)o.



Lemma 3.1. The homomorphism ¢ : K, — —n on Ky continuously extends to Vect(51)0
and the result is

¢:Vect(S)y — R
o= f(0).
Proof. 1t is easy to see that ¢ and the derivative on 0 coincide. The latter is clearly contin-
uous on Vect(S1)g in its smooth topology.

To see that the extension is still a homomorphism of Vect(S!)g, we only have to calculate
the derivative of [f, g] on 8 = 0:

d d ., .
Za0) = —(f9'='9)

t=0

= (f'd+rfd"—f"9—19)(0)

= (f"g— fg") (0)
0

since f and g are elements of Vect(S!)o. O
We set ¢1 := ¢ and we define similarly,

o : Vect(S ) — R
foe 10,

where f*) is the k-th derivative of the function f. Again these maps are continuous in the
topology of smooth vectors.
We show the following.

Lemma 3.2. Let f and g be in Vect(S')g. Suppose ¢m(f) = ¢m(g) =0 form =1,---k.
Then ém ([f,9]) = dm(fg' — f'g) =0 form=1,---2k + 1.

Proof. First we recall the general Leibniz rule:

k
(F-G)D(0) = 3 4Cn P (9)GE) (),

m=0

where ;,C,,, denotes the choose function W Then, in each term of the m-th derivatives
of [f,g9] = fg' — f'g where m < 2k, there appears a factor which is a derivative f or g of
order m < k and the term vanishes by assumption. To consider the (2k 4 1)-th derivative,
the only nonvanishing terms are

[f7 ](2k+1 ( ) _ 2k+10k3+1f(k+1)g(k+1) _ 2k+lckf(k+1)g(k+1)
= 0.
O
Proposition 3.3. The subspace Vect(S1), = {f € Vect(SY)o : ¢1(f) = -+ = ¢p(f) = 0} is

an ideal of Vect(S')o and it holds that
[Vect(S1)g, Vect(S1) ] € Vect(SY) g1



Proof. The latter part follows directly from lemma 3.2. To show that Vect(S') is an ideal,
we only have to take f € Vect(S!)g and g € Vect(S'),, and to calculate derivatives of [f, g].
By the Leibniz rule above, for m < k, in each term of the m-th derivative of [f, g] there is
a factor which is a derivative of g of order less than m or f itself and they must vanish at
# = 0 by assumption. O

Note that if we restrict ¢,, to Ko, it acts like ¢, (Ky) = i(ik)™. Defining K = {z €
0: ¢1(z) = - dr(x) = 0}, we can see similarly that {K} are ideals of Ky and that
(K, Ki] C Kapta-

3.2 Basis for K,

Our next task is to determine the derived subalgebras of {Ky}. For this purpose, it is
appropriate to take a new basis for each Kj.
The following observation is easy.

Lemma 3.4. If V is the vector space spanned by a countable basis {By}nez, then {B, —
Br+t1}nez is a linearly independent set and the vector space spanned by them has codimension
1 V.

We set recursively,

M} = L,— L,
My = M) — M),
M = ME Mk+1,

where {L,} is the basis of the Witt algebra. By lemma 3.4, we have a sequence of sub-
spaces of Witt. We will see that they coincide with {/C,,}. For this purpose we need the
combinatorial formula in lemma 3.7.

Remark 3.5. We use the convention that a polynomial of degree —1 is 0.

Lemma 3.6. If k > 0 and if p(x) is a polynomial of x of degree k, then p(x) — p(x + 1) is
a polynomial of degree k — 1.

Proof. We just have to consider the terms of the highest and the second highest degrees. [

We fix a natural number k. Let us define a sequence of polynomials recursively by
pr(z) = 2",
Pm-1(x) = pm(z) —pm(z+1) for 0 <m < k.
Lemma 3.7. We have the explicit formulae for —1 < m < k.

k—m
(z + D*(=1) i
1=0

10



Proof. We show this lemma by induction. If m = k, p,,(x) = 2* and the lemma holds.
Let us assume that the formula holds for m. We use the well-known combinatorial fact
that if 1 < j <4 then ;Cj_1 +;C; = ;41C;. Now let us calculate

pm—l(x) = pm(x) Pm(l"i‘l)
k—m k—m
= @+ D) (=D hemCr = D (x4 1+ D (1))
=0 =0
k—m k—m+1
= ($+l) ( )k: mCl Z ('r"i'l/)k(_l)l_lk—mcl’fl
=0 I'=1
k—m k—m+1
- @+ DF (1) eemCi+ > (@ + DM (=) mCis
=0 =1
— (.%—I—/{ m_|_1) ( )k m+1
k—m
+ > (z+1) ) (eemCi-1 + k—mC1) +
=1
k—m

= (z+k-—m+ 1)1 m“+Zx+l (=)' kemr1C + 2

Proposition 3.8. For k > 0, as a polynomial of x, it holds

k+1

Y @+ D (1) kG =0.

=0

Proof. If we put m = —1 in lemma 3.7, we get the left hand side of this formula. On the
other hand, by definition of p_; and by lemma 3.6, it must be a polynomial of degree —1,
in other words, it vanishes. O

We want to apply this formula to the calculation of the functionals ¢y. For this purpose
we need formulae for {M*} (which are defined at the beginning of this subsection) in terms

{Lu}.
Proposition 3.9. It holds that

k+1

My = (=1)'k41CiLn
1=0

Proof. Again we show this by induction. If k¥ = 0, then M? = L, — L,;1 and this case is
proved.

11



Assume it holds Mff = fiol(—l)lkHCanH. Again using the combinatorial formula
iCj—1 +:C; = 410}, let us calculate

MET = o

k+1 k+1

= > (-D'%1CiLngs = > (1) k1 Cilnga
=0 =0
k+1 k+2

- Z(_l)lkHCanJrl - Z(—l)l 1 Cr—1 Ly
=0 =1
k+1 k+2

= Z(_l)lkHCanH + Z(—l)lkHCIALnH
1=0 =1

k+1

= (-1D)"Lyjpia+ Z(—l)l (k+1C1 + k+1C1-1) L1 + Lo
=1

k+2
= > (=1)'k42CiLnp.
1=0
And this is what we had to prove. O

Corollary 3.10. For fized k > 0, {MF|n € Z} is a basis of K.

Proof. We can extend ¢, to the Witt algebra by ¢(L,) = i(in)* (for k =0, ¢o(L,) = i by
definition).
Then, it is immediate that we have the following.

Koy = {ZL‘ € Witt : ¢0($> = 0}
Ke = {z e Witt: ¢o(z) = ¢1(z) =+ = ¢p(x) = 0}.

Clearly {¢r} are independent and each Ky has codimension 1 in K.

We will prove the corollary by induction. The set {MC} spans a subspace of Witt with
codimension 1 by lemma 3.4 and it is immediate to see that ¢o(M?) = 0. On the other
hand K is the kernel of ¢g and has codimension one in Witt. Hence they must coincide.

Assume that {M*~1} is the basis of Kj,_;. Then it is obvious that M} = MF~1 —M,’flll €
Kr_1. Now, by proposition 3.9 and proposition 3.7, we see easily that for n € Z

k+1

(M) = Y (D)1 Cir(Lns)
=
a1

= > (DenrCiln+ D"
=0
= 0.

This means that M* € K.
The linear span of {M}*},cz must have codimension 1 by lemma 3.4 in Ky_1, therefore
it must coincide with K, since I has codimension 1 in /Cp_1. [
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3.3 Commutator subalgebras of K

Now we can completely determine all the commutator subalgebras of K. The key fact is
that we can easily calculate the commutator in the basis we have obtained in the previous
section.

Proposition 3.11. Let kK > 0 and m,n € Z. It holds that

[Mp, My] = (m — )M

m-+n

Proof. We prove the proposition by induction. The case for k = 0 is shown as follows.

[M,?L, MS] = [Lm — L1, L — Ln+1]

= (m—n)Lyin — (M+1=n)Lpt14n

—(m —n—1)Limnipi1 + (M —n)Limyi4n

(m = n) (Lmt+n — Lmtnt1) — (M = n) (Lintn+1 — Lintn2)
= (m-— n)(MgH-n - M7?z+n+1)

(m — n)M'r%l—l—n

Let us assume that the formula holds for k. We calculate

[M’I”{V:L—*—l? MSH] = [M’rliz - M::H—lv Mﬁ - Mﬁ—&-l]
= (m-— n)Mg{Tﬁl —(m+1- n)Mgﬁjﬂrn
—(m—n-— 1)M31kjnl+1 + (m — ”)Mg@kjﬁrnﬂ

_ 2k+1 2k+1 2k+1 2k+1
- (m - n) ((Mern - Mm+n+1) - (Mm+n+l - Mm+n+2)>

— (m - n)(M2k+2 _ M2k+2 )

m+n m—+n-+1
2k+3
This completes the induction. O

Remark 3.12. The Witt algebra can be treated as K_; in this context, in the sense that the
formula of the proposition holds for k£ = —1.

Theorem 3.13. It holds that Kor11 = IC,(:), where IC,(:) is the derived subalgebra of Ky.

Proof. Tt is clear from corollary 3.10 and proposition 3.11 that the derived subalgebra of ICj,
is included in Kox11 and the commutators of elements in the basis of K exhaust the basis
of K2k+1 . ]

3.4 The ideal structure of K,

The basis obtained in the previous subsection is suitable to determine all the ideals of Ky.
In fact, we will see that any ideal of Ky must coincide with one of {Cx} or ker ¢ Nker ¢3.

Lemma 3.14. If 7 is a nontrivial ideal of Ko, then it includes Ky, for some k.

13



Proof. Let x be a nontrivial element of Z. It has an expansion = = Zj\f: 1 angj and we

may assume a; 7 0 for all j. Since 7 is an ideal of Ky, any commutator with = must be in
7 again. In particular,

N
0
[MnN’ ] = ZCLj(TLN - nJ+nN Z b nj—l—nN’
j=1

where each of b; = aj(ny —n;), for j =1,2,--- N — 1, is nonzero, must be an element of Z.
Similarly [M} [MD

nN+NnN-—1’ nN’
peating this procedure, we see that Z contains some an Then, using the commutation
relation in K, we see that Z contains { M2}, 4o, and {M2F3},cz. This implies that 7

includes Kyy43. ]

z]] = Z i c]M}L]JrnNJrnN ) is also an element of Z. Re-

To prove the next lemma, we need to recall that Ky is a subalgebra of smooth vector
fields on S' and all the functionals {¢}ren have analytic interpretations as in subsection
3.1. There, we have identified the real line with the punctured circle, the point at infinity
with the point 8 = 0. The algebra Ky is realized as a subalgebra of smooth functions on the
circle vanishing at # = 0. Seen as the algebra of functions, their commutation relations are

[z,y] = 2y’ — 2'y.

Lemma 3.15. Let T be a nontrivial ideal of Ko and let k be the smallest number such that
Ky is included in T (this exists by lemma 3.14). If k > 4, then T = K.

Proof. We will prove this lemma by contradiction. Let us assume that 7T # K and that
x € T\ K. Possible cases are (1) x € K2 (2) z € Ko\ K1 (3) z € K1 \ K2. We treat these
cases in this order.

If x € Kg, then there is [ such that 2 <! < k and = € K\ K;41. Let us take an element
y from K1 \ Ko. Then, since K; is an ideal of Ky by the remark after proposition 3.3, we see
[x,y] € K; and we calculate the derivatives at §# = 0. By the assumption on z and y, the
derivatives vanish up to certain orders and we have the following:

I+1
[z, z+1 chk ( (0)z (l+1—k+1)(0> _ y(k+1)<0)x(l+1—k)(0))

:()7

1+2
[z, 4]+2 (0 Zl+2Ck ( (0)z+2=k+1) () — y(k+1)(0)x(l+2fk)(0))

= (l+202 - z+2C’1)y( )(O)x(l+l)(0)

_ 1+ 2)2(l - 1)y(2)(0)x(z+1)(0>_

The latter cannot be zero by assumption and the fact 2 < I. This means [z,y] is in K1 \
Ki+o. Repeating this procedure, we obtain an element of Z in Kx_1 \ K. Therefore 7
contains Kp_1 because by definition Z contains K and Kj_1 has codimension 1 in Kp_.
But this contradicts the definition of £ and we see that = € Ky is impossible.

14



Next we z € Ko \ K1. Then we can expand x = agM + a1 M} + y (here we use same
symbols as before to save the number of characters) where y € Ko, hence ag is nonzero. If
a1 # 0 we have [MJ,z] = a; M} + [MQ,y]. If a1 = 0 we have [M?,z] = agM{ + [M?,y].
Therefore at least one of these is in K; \ K2 and we may assume that z € K; \ Ka.

Let us assume that € K; \ 2. Here we consider the following two cases, namely (3-1)
¢3(x) # 0 (3-2) ¢3(x) = 0. If ¢3(x) # 0 and y € Ko \ K1, then we see that [x,y] + v/ (0)x €
K2\ K3 (and this element is clearly in Z). In fact, by a direct calculation or by the Leibniz
rule, we see

([, 9] + 4/ (0)2)P (0) = =y (0)2@(0) + /' (0)?(0)
= 0,

(2, 9] + ¥ (0)2) P (0) = —¢/(0)2®(0) + /' (0)2?(0)
= —2¢/(0)z¥(0) + v/ (0)2®(0)
= —/(0)2)(0).

This implies that there is an element of Z in Ko \ K3. By repeating the argument in the
paragraph for the case x € Ky, we see again a contradiction. Hence we must have ¢3(z) = 0.
By the calculation above, this time [z, y] + ¢/ (0)z € K3, but using ¢3(z) = 0 we see

(l2.9] + v (0)2) Y (0) = 25 (0)2®(0) - 3¢/ (0)x(0) + y/(0)2 (0)
= 2y®(0)2®(0) — 2/ (0)2®(0).

Hence with an appropriate element y this does not vanish. That means [z,y] + v/ (0)x is
an element of K3\ 4. By the same argument as in the case of x € Ky, we see that this
contradicts the definition of k£ and this completes the proof. O

We state now the final result of this subsection.
Theorem 3.16. If T is an ideal of Kq, then the possibilities are
e 7 ={0}
o 7 =Ky for somek >0
o 7 = ker ¢1 Nker ¢3.

Proof. As before, we can define a number k£ > 0 as the smallest number such that Ky is
included in 7.

If k=0 or kK =1, then there is nothing to do because the former case means 7 = K
and in the latter case K; has already codimension 1 and Z must coincide with it.

Next we consider the case k = 2. Since Ky has codimension 2 in Ky, it holds Z = Ko
or Z has an extra element. But the latter case cannot happen because if z € Z \ Ko we
can expand z = agM{ + a;M} + y (the same symbols again, but the coefficients of a
different element) where y € K2 and ag # 0 (since otherwise x € K; and contradicts the
assumption that k = 2). If a; # 0 then [MQ, 2] = a1 M} + [M{,y] € K1 \ Ka. If a; = 0 then
(MY, 2] = agM{ + [M?,y] € K1\ Ka. In both cases they contradict the assumption k = 2.

Let us assume k£ = 3 and Z # K3. We can take an element x € 7 \ K3 and expand it as

T = aoM(()) + alM& + CLQMg +y
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(same symbols again to different coefficients) where y € K3. By straightforward calculations
we see that:

(Mg, x] = a1 M} + 2ao M7 + [Mg, y]

[M?, 2] = (ag + ar) M{ + ag(M7 + M3)[M7, y]
(MY, [Mg, 2] = a1 My + dag M3 + [M7, [Mg), y]]
(MY, [MY, 2]] = (a0 + a1) My + as(Mj — 3M3).

We note that all these elements are in 7 since it is an ideal. By comparing the first and
third equations, we see

[M(??x] - [MP7 [M(())vx“ = al(M12 + M22) + 2&2(M12 - 2M32) +z
=2(ay — ag)M?? + al(Mf’ + QMS) + 2a2(Mf’ + Mg) + 2,

where z is the sum of commutators of ¥ and hence again in 3. Now it is easy to see that
this element is in 3 if and only if a; = as. And this must be in K3, since otherwise it is in
Ko \ K3 and contradicts the assumption that k£ = 3. Therefore we have a; = as.

Next we consider the difference of the second and fourth equations with a; = ay above
and we get

[Mlovx] - [M{], [M?,:L’H = (CLO + al)(M12 + M22) +
ay(M}E+ M3 — M2 — 3M3) + 2/
= ao(M7 + M3)
+a1(2M? + 2M2 — M2 — 3M2) + 2/
= ao(M? + M3) + a1 (2M3 4+ 4M3 + 3M3) + 2/,

where 2’ is again an element of K3. As before it is in Z. By the assumption k = 3 it is
contained in K3, therefore ag = 0. This indicates that an extra element of Z must have the
form
@ = a1 (Mg + M§)

and it is immediate to see this is in ker ¢ N ker ¢p3. Since K3 has codimension 1 in this
intersection, Z must be equal to ker ¢; N ker ¢s.

By calculating derivatives, we can see that ker ¢1 Nker ¢3 is surely an ideal of Vect(S')g
and it is also the case even when restricted to Kg.

The case k > 4 is already done in lemma 3.15. O

3.5 The derived subgroup of B,

As mentioned in the introduction, Diff(S!) is the group of smooth, orientation preserving
diffeomorphisms of S'. The group By is the subgroup of Diff(S!) whose elements fix the
point # = 0. Identifying S' and R/27Z, we can think of an element of By as a smooth
function g on R, satisfying g(0+27) = g(0) + 27, g(0) = 0 and ¢'(#) > 0. The last condition
comes from the fact that g has a smooth inverse. On the other hand, a function on R with
the conditions above can be considered as an element of By. And it is easy to see that the
composition operation of the group coincides with the composition of functions. In what
follows we identify the group By with the set of smooth functions with these conditions.

Under this identification, Lie algebra Vect(S!) of By is seen as the space of smooth
functions f such that f(0) =0 and f(6 + 27) = f(6).
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Proposition 3.17. By :={g € By : ¢'(0) = 1} is a subgroup of By.

Proof. By a simple calculation. O
Proposition 3.18. The derived group [By, Bo] is included in By .

Proof. Take elements g, h from By. It holds that

d

Ll h0) = F(gonog ™ oh™)(0)

do
= ¢'(h(g7"(h71(0)))) x I (g~ (h™1(0)))
(g7 (h=1(0)) x (R1)'(0)
= ¢'(0) x B'(0) x (¢~ 1) (0) x (h~1)(0)
= 1,

where the last equality holds since the derivative of the inverse function on the corresponding
point is the inverse number. O

We need the following well-known result [16] [13] [2].

Theorem 3.19. The group Diff(R). is simple, where Diff(R). is the group of smooth
orientation-preserving diffeomorphisms of R whose supports are compact.

Here, a support of a diffeomorphism means the closure of the set on which the given
diffeomorphisms is not equal to the identity map.

Corollary 3.20. Let B, be the subgroup of By whose elements have supports not containing
0 =0. Then B, is simple.

Proof. There is a smooth diffeomorphism between R and S! \ {0}, for example, the stere-
ographic projection. This diffeomorphism induces an isomorphism between Diff(R), and
Be.. O

The following is a result similar to the fact [Ko, o] = K; which we have proved in
theorem 3.13.

Theorem 3.21. [By, By] is dense in B.

Proof. By corollary 3.20, By has a simple subgroup B.. The simplicity of B, implies [By, By]
includes [B., B| = B., since any commutator subgroup is normal. Hence we can freely use
compactly supported diffeomorphisms.

Let g be an element of B;. By the observation above, there is an element h of [By, Bo]
such that g o h has compact support around 0. In other words, we may assume that g has
a compact support around 0 and we only have to approximate g with elements in [By, By).

By the stereographic projection in corollary 3.20, we can consider g as a diffeomorphism
of R. It is well-known that dilations of R are mapped by this isomorphism to elements of
By. Let §; be the dilation by ¢. For z € R, it holds

_ _ 1 _
5tlog 10(575(33):?9 l(tx).
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By assumption ¢/(0) = 1. It easy to see that for ¢ — 0 the functions }¢~!(tz), its first

derivative and higher-order derivatives converge to x, 1 and 0 respectively, uniformly on
each compact set of R. This means % g~ !(tz) approximates the identity map around z = 0.

Let € be a positive number. Let v be a smooth positive function on R such that it is 1 on
[—€, ¢l and 0 on x < —2¢ or & > 2¢. And let us consider the following functions parametrized

by 1.
ho(w) = 2 + Cgl(m) - x) (@),

It is easy to see that h;’s are smooth, h:(0) = 0, hy’s are equal to x outside a compact set
and if ¢ is sufficiently small then each of h; has the first derivative which is strictly larger
than 0. Hence we can consider h; as a diffeomorphism of R with a compact support. From
the observation above it is clear that h; and its derivatives converge to x, 1, and 0 uniformly
on R, namely h; converge to the identity element in the smooth topology.

An important fact is that h; is equal to %gfl(t-) on [—¢,€]. The map (5{1 o god;oh; has
a compact support which does not contain 0, hence it corresponds to an element of B.. We
denote it by f;.

Now it is evident that (god; 'og™'od;)ofy = go(6; L og~tods0 f;) is in [By, By because
it is a product of a commutator and a diffeomorphism with compact support. It is equal to
g o hy which converges to g with all its derivatives. This shows [By, By| is dense in By. [

Remark 3.22. The Lie group Diff(S!) is simple [16] [13] [2], but the Lie algebra Vect(S!)
is not simple. This is easy to see: for example, we only have to consider the subalgebra
of vector fields with compact supports in some fixed proper subinterval of S'. By the
commutation relation (4) this subalgebra is an ideal. This is closed in the smooth topology,
hence Vect(S!) is not even topologically simple.

On the other hand, the Witt algebra is simple. This can be seen by observing that the
linear map [Lo, -] is diagonalized on the standard basis of Witt with no degeneration and
that we can raise or lower the elements by commutating with L, or L_,. From this it is
easy to see that any ideal containing nontrivial element must contain Witt.

4 The automorphism group of K

In this section we will completely determine the *-automorphism group of K, the unique
central extension of Ky defined in section 2. However, this group is not necessarily a natural
object. As we have seen in the introduction, the algebra Ky is a subalgebra of Vect(Sl)O,
the Lie algebra of vector fields on S' which vanish at & = 0. On this algebra of vector
fields the stabilizer subgroup By of § = 0 of Diff(S') acts as automorphisms, but when we
restrict these actions to Ky, it does not necessarily globally stabilize Kg. In fact, the group
of *-automorphisms turns out to be very small. The situation is similar for the Virasoro
algebra [18].

We will study this problem only for the interest of representation theory. Many things are
known about the representation theory of Virasoro algebra. In particular, all the irreducible
unitary highest weight representations are completely classified [6]. But for the algebra
IC the situation is different. Of course we can restrict any unitary representation of the
Virasoro algebra to K to obtain a unitary representation of . But it is not known if there
are other unitary representations which are not localized at the point at infinity.
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On the other hand, if we make a composition of a (known) unitary representation with
an endomorphism of K then we obtain a (possibly new) unitary representation. The result
will show that this method is not productive and, in fact, all the representations obtained
by this method are already known.

The algebra K has a natural decomposition K = K4 & K_ @ CC where K, = span{ K, :
n > 1}, K- = span{K,, : n < —1}. Each of these direct summands is a subalgebra and it
holds K% =K _.

Lemma 4.1. Let K and K’ be elements of K. We expand them in the standard basis:

K = aC+anKn +an,Kp, +--+an Ky,
K' = bC + by Ky + by Ky + -+ + by Ky -

We assume here that all a,,; and bmj but ag and by are not zero and that n1 < no < -+ < ng
and my < mg < --- < my. Suppose the expansion of [K,K'| in the standard basis does
not contain terms K; where i > max{ny, m;}. If we decompose K = K, + K_ + aoC and
K\ + K' +byC according to the decomposition K = Ky & K_ @ CC, then Ky and K!_ are
proportional.

Proof. We take a look of the commutation relations (1) of K. It is easy to see that in
(K, Ky] the term with index higher than m and n appears if and only if m and n are
positive. And in such a case, the term K,,+, appears if m # n.

We may assume ny; and m; are positive, since otherwise the statement would be trivial.

From the observation above, we see that n; must be equal to m;. Otherwise, the term
Ky, +m, (which is larger than max{ny, m;}) appears in [K, K'] and cannot be cancelled, but
this contradicts the assumption that there is no term with index higher than n; and m; in
the commutator.

Now K and K’ have the following form:

K = anKn +an,Kn, +--+an,_ Ky, | +an Ky,
K' = by Ky + by Ky + -+ by Ky + by Ko

In the commutator [K,K’], the terms with the highest indices are now K, 4,, , and
Ky, +m, , which appear from the commutators of K,, and K,, , or K, ,. If one of
ng—1 and my_1 is still positive, then again by the assumption, the highest term in the com-
mutator must be cancelled. This implies that again n,_; = my_1 and ay, b, | = bin,an,,_ -
This means that the last two terms of K and K’ are proportional.

Next steps go similarly: we know the last two terms are proportional and their commu-
tator vanishes. Again by considering the terms with highest indices which appear from the
commutator [K, K'], we see also that the last three terms are proportional. Continuing this
procedure, we can see that all the positive part of K and K’ must be proportional. O

Note that with a completely analogous proof we can show a similar lemma for the
negative parts.

Lemma 4.2. If p is a *-endomorphism of IC, then there is an element K of Ky and \, u,v €
C such that p(K1) takes the form

p(K1) = AK + uK* + vC.
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Proof. Since p is a *-endomorphism, it holds that p(K_;) = p(K)* and from (1)

[p(K1), p(K1)*] = —p(K1) — p(K1)*".

We can apply lemma 4.1 to see that the positive part of p(K1) is proportional to the
positive part of p(K7)*. This is the statement of the lemma. O

With an analogous argument we have the following:

Lemma 4.3. If p is a *~endomorphism of K, then there is an element K* of Ky and
N, v € C such that p(K2) takes the form:

p(K2) = NK' + /K™ +/C.
By a direct calculation we see that the map 7 defined by
T(Kp) =—-K_,,7(C) =-C

is a *-automorphism of K (it extends also to the Virasoro algebra).
It is also immediate that C' is the unique central element up to a scalar. This means
that any automorphism must map CC' to CC.

Lemma 4.4. If p is a *~automorphism of KC, then there are two possibilities.

1. There are elements K, K' of Ky and v, € C such that p(K1) = K+vC and p(K2) =
K' +/C.

2. There are elements K, K' of K_ and v, € C such that p(K1) = K+vC and p(K2) =
K' +/C.

Proof. By lemma 4.2, p(K) takes the form p(K;) = AK + puK + vC where K € K4 and
A\ u,v € C. By lemma 4.3 we have that p(Ks) = NK' + /K™ 4+ /. Let us recall that the
following commutation relation holds.

[p(Ka), p(K1)"] = 3p(K1) — 2p(K) — p(E1)"

Note that p(K7)* = pK + AK* + vC.

By considering the composition with 7, we may assume that A # 0 (A = p = 0 is
impossible because it would mean that K is mapped to a central element and p would not
be an automorphism). We show that p = 0. If not, applying lemma 4.1 we see that K’
must be proportional to K. But this is impossible because we would have

p(K1) = MK+ uK*+vC,
p(K1)* = uK+AK*+7vC,
p(Ky) = NK+p/K"+/C,
p(K2)* = WK+NK*+1C,
which are linearly dependent. The map p is an automorphism and this is a contradiction.

Similarly we have p/ = 0 applying lemma 4.1 to the negative parts of p(K7)* and p(K>).
This concludes the lemma. O
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Now we can determine all the elements of the *-automorphism group of K. Recall there
is a family A of *-automorphisms parametrized by A € R defined in proposition 2.6.

Theorem 4.5. If p is a *-automorphism of KC, then p = A for some A€ R or p=Aor.

Proof. By lemma 4.4 and possibly a composition with 7, we may assume that p(K;) =
K +vC and p(K3) = K' +1/C where K and K’ are in K.
Let us expand K and K’ in the standard basis of K,

N M
K = ZCLZ‘Ki,K, = ijKj,
=1 7j=1

and assume ay # 0 # byy.
Since p is a *-automorphism, it must hold that

[p(K1), p(K1)"] = —p(K1) = p(K1)7, ()
p(2), p(I2)') = ~2p(K2) — 2p(o)" + S (©
[p(K2), p(K1)"] = 3p(K1) — 2p(K2) — p(K1)" (7)
Considering the terms K in the first equation, we see that Zfi 10 = % Similarly,

considering the terms Kj; in the second equation, we obtain Z]]Vil bj = % On the other
hand, by comparing the terms K _ in the third equation, it turns out that —Nay Z]J\/il bj =
—ay. Since we have the assumption that ay is not zero, this implies that 2N = M.
The subalgebra K is generated by K; and Ko with the recursive formula
1

From this formula we see by induction that the term with the highest index of p(K}) is
Kin. If N was larger than 1, these terms would not span all of £; and p could not be
surjective. Thus N must be 1.

Again, by equation (5) and by a direct calculation, we obtain a; = 1, namely:
p(K1) = K1 +1C,
where v is a pure imaginary number. Similarly we have two solutions for equation (6):

Ko + 1nC
Ks) = 1
pK) { —%Kl +%K2+V2C.

The second solution does not satisfy equation (7). Then again by (7) we see 2v; = vs.

We have seen in proposition 2.6 that this p can surely be extended to a *-automorphism
of K. Since K; and Ks are the generators of K as a *-Lie algebra, this determines p
uniquely. O
Corollary 4.6. Aut(K) =R X Zs.

Remark 4.7. Tt is also possible to determine the automorphism group of the Virasoro algebra
[18]: it is generated by the extension of 7 and one-parameter subgroup of rotation:

pt(Ln) = eitnLn7
n(C) = C.
It is again isomorphic to R X Zso, but the action of the R part is different.

21



5 Generalized Verma modules

As we have seen in section 2, Ky has the unique (up to isomorphism) central extension which
is a subalgebra of Vir. We denote it by K. This section is an attempt to construct a family
of unitary representations of K.

We are going to construct modules Vj, 1, . » parametrized by three complex numbers
h+1ih',c,\, where h,h’ € R and ¢, A € C. Every module has a “lowest weight vector” which
satisfies K,v = (h+ih/ +n\)v for n > 1 and Cv = cv. If we restrict to the case A = 0, this
module reduces to the restriction of the Virasoro module to K.

Recall that K is a *-Lie algebra. A sesquilinear form (-,-) on a module V is said to be
contravariant if for any v,w € V and x € K it holds (zv,w) = (v, z*w). In addition if this
sesquilinear form is positive definite, then the representation of K on V is said to be unitary.

It turns out that for any set of values of h,h',c, \ we can construct a corresponding
module. In addition, if ¢ is real, there exists a contravariant sesquilinear form on the
module. Then we arrive at natural problems, for example, when the contravariant form is
unitary, when the representation of K integrates to the (projective unitary) representation of
By and when these representations are inequivalent, etc. These problems will be addressed
in further publications of the author.

Here we make some remarks. It is easy to see that these modules are inequivalent as
representations of the Lie algebra I, however, as we saw in the remark 2.8 (after proposition
2.7), the imaginary part of A does not make difference for the corresponding projective
representation of the group By. In addition, in [17] it has been proved that there are modules
which integrate to equivalent projective representations of the group for some different
values of h. Furthermore, as we will see in section 7, there exist true (non projective)
representation of By whose naturally corresponding representations of X are not lowest
weight modules. In the case of Diff(S!) there is a one-to-one correspondence between
irreducible unitary positive energy projective representations of the group and irreducible
lowest weight unitary representations of the Virasoro algebra. But for By and K we cannot
expect such a correspondence.

5.1 General construction of modules

We start with general notions. Let Ly be a Lie algebra, U(Ly) the universal enveloping
algebra of Ly, 1p a nontrivial linear functional on £y which vanishes on the commutator
subalgebra [Lg, Lo]. In particular, we assume that £y is not semisimple (otherwise ¢y would
be trivial). Later £y will be a upper-triangular subalgebra of a Lie algebra.

Lemma 5.1. The linear functional vg extends to a homomorphism of the universal algebra
U(Ly).

Proof. Clearly 1y extends to a homomorphism of the tensor algebra of £y. Now we only have
to recall that U(Ly) is the quotient algebra by the two-sided ideal generated by elements of
the form a®b—b® a — [a, b] where a,b € Ly. By assumption, ¢y vanishes on these elements,
hence on the ideal generated by them. This implies vy is well-defined on U(Ly). O

Lemma 5.2. Let Jy be the left ideal of U(Ly) (the subspace invariant under the multipli-
cation from the left) generated by elements of the form 1g(a) — a for a € Ly.

Then U(Ly)/Jo is nontrivial if and only if 1o vanishes on [Lo, Lo]. In this case Ty =
ker g and the quotient space is one-dimensional.
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Proof. 1f 1y vanishes on [Lg, Lo], then by lemma 5.1 1y extends to U(Ly) and Jp is included
in ker¢g. Since g is nontrivial, ker vg is nontrivial.

On the other hand, if ¢y doesn’t vanish at [Lg, Lo], then take z,y € Ly such that
Yo([z,y]) # 0. Then it holds that

[(Yo(z) — ), (Yo(y) — y)] = [z,y] € To,
Yo([z,y]) — [z,y] € Jo.

Hence Jy contains a nontrivial scalar and generates all.

To complete the proof, we only have to show that Jy D ker 1y since the other inclusion
has been done. Therefore it is enough to show that Jyp has codimension 1 in U(Lp). This
is a rephrasing of the claim that any element of U(Ly) is equivalent to a scalar modulo Jp.
This is easy to see since any element of U(Ly) is a linear combination of tensor products
a1 ® ag ® -+ ® a,. By definition there is an element a1 ® a2 ® - -+ ® (a, — ¥o(a,)) in Jo,
therefore a1 ® a2 ® - - ®a, =7, a1 ® a2 ® - - - @ Yp(ay). By repeating this procedure, we see
that every element of U (L) is equivalent to a scalar. O

In the following we assume that £ is a *-Lie algebra with a decomposition into Lie
subalgebras £L = N_ & H @& N4, where (N;)* = N_, (H)* = H, and H is commutative.

Let ¢ be a linear functional on H & N which vanishes on its commutator subalgebra.
In other words, 1 is an element of H'(Ny @ H,C). We will show that for any such v we
have a left module on £. Again let U(L) be the universal enveloping algebra of £. It is
naturally a left module on L.

Proposition 5.3. Let J be the left ideal of U(L) generated by elements of the form ¥ (l4) —
4, where ly € H® Ny. The subspace J is a nontrivial submodule on U(L).

Proof. By the theorem of Poincaré-Birkhoff-Witt, it holds that U(L) = UWN-) @ U(H) ®
U(N.). By lemma 5.2, ker ¢ has codimension one in U(H) ® U(N,). It is easy to see that
J takes the form U(N_) ® ker 1, hence it is nontrivial. O]

For a fixed ¢ we define the quotient module V- =U(L)/J. Since U(H) ® U(N;)/ ker ¢
is one dimensional, the module V is linearly isomorphic to U(N_) and we identify them.
There is a specified vector v which corresponds to 1 € C C U(N_) and, on v, an element x
of H® N5 acts as zv = i(x)v.

Example 1. The Virasoro algebra has the following decomposition:
Vir=V_®HoV,,

where V; = span{L,, : n > 0} and H = span{Lg, C'}. It is easy to see that the commutator
subalgebra [H @ Vi, H & V4] is equal to V4. According to proposition 5.3, we obtain a
module of Vir for any linear functional ¢ on H &V, vanishing on V. The linear functional
1 is determined by the two values ¢ := ¢(C') and h := ¢(Lg). It is well known that for some
values of ¢ and h we can define inner products on these modules and these representations
integrate to representations of the group Diff(S*) [4].

Example 2. The *-Lie algebra K has the decomposition

K=KyaHak_,
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where Ky = span{K, : n > 0} and H = span{C}. It can be shown that H'(K; @ H,C) is
three dimensional and an element v in H' (K, @ H, C) takes the form

P(C) = ¢, (K,) = h+ih’ + An where ¢, A € C, h, b/, € R.

We denote this module on K by Vitin cx. If ¢ € C, (K,) = h+ih/ € C and A = 0 then the
modules Vj 4/ 0 reduce to Verma modules on the Virasoro algebra (see proposition 5.7).

Let us return to general cases. From now on we assume that 1 is self-adjoint on H
(namely, ¢ (h*) = ¢(h) for h € H). Recall that V is the quotient module U(L)/J as in the
remark after proposition 5.3. Our next task is to define a contravariant sesquilinear form
on V. Note that the *-operation extends naturally to U(L).

We define a sesquilinear map on V x V ( = U(N,) x U(N,)) into U(L) by

a(Ly,Ly)=(Ly)*® Ly, for L, Ly; e UN_) =V.

On the other hand, we can define a linear form (3 on U(L) using the decomposition
UN-)®U(H)®U(NL), by

BL-®H® Ly) =9 (L)) (H)p(Ly).
It is easy to see that 3 is self-adjoint since v is self-adjoint on H.
Theorem 5.4. B o« = is contravariant.
Proof. We have to show that for any L € £ it holds
YL ®Ly,Ly) =~(Ly, L"® Ly).

As elements of U(L), we have the following decompositions by the Poincare-Birkhoff-
Witt theorem:

LoLy = Y Ly ®H,®Lf
k
(Ly)*®L; = ZL,;J®H,€J®L;J (8)
l
Hy@ Ly @ Hy © Ly = > Hitm © Ly
m

where elements in the decompositions are L, , L, , € UN_), Hy, Hyy, Hp 1 € U(H) and
+ 74+ 7+
L, LkJ, Lk7l7m e UN,).
Now we calculate

YL@ Ly, Ly) = ry(ZLM(Hk@Lg),L;)
k

= Y wH @ LB ((Ly)* @ L)
k
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By substituting the expression in (8) to (Ly)* ® L, , we have

WL®Ly Ly) = Zzp Hy L) (L))" ) (Hy @ L)

= Zw ((L;;l)*>¢(Hk,l ® Ly, ® H, ® L)

By substituting the expression in (8) to Hy ® LJr ® Hyy ® L,‘:l,

WLl ) = 3w (L) ) oHim ® Li),)

k,l,m

k,l,m

= B> Ly @Hy® L, ® He® Ly
k.l

= B <Z(L2_)* ® L,y ® Hy ® L,j)

k
= (L) ®@L®Ly).

Similarly, in order to see 3 ((L3)*® L ® L) = (L7 ,(L)* @ Ly ) we need the following
decompositions (we use same notations to save number of letters.).

I'el; = Y L 9H. oL}

(L) ®Ly = > Ly, ©Hy® Ly,

(L) ©@He@ L = > Heym @ LE s
m

where elements in the decompositions are L, , L, , € UN_), Hy, Hyy, Hy 1, € U(H) and
L;, L;fl, L;“l . € UNL). Now the final computation goes as follows.

YLy, L*®Ly) = 7<L1’2Lk®H’“®Lz>
k
= D vlHe LD (L) © L7)
k

= S w(HIWELDY (L) Yo H (L)
k,l

_ Zq/;( ) @ Hy® Lf ) o(Hi (L)

= Zmem L e H (L)

k,l,m
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In the next step (and only here) we need the self-adjointness of ¢ on H. Continuing,

YL L@ Ly) = Y O (Hipm)) (L) 0 (He) o (L)

k,l,m

= B D (L) (Hepm)* © Hey @ L
k,l,m

= B (Z(L;)* ® (Hy)* ® Ly, ® Hiy @ L,

(L) ® (Hp)* @ (L) @ LI)
(Ly)®LeLy).
This completes the proof. ]

In the case of Vir, ¢ = ¥(C) and h = ¥ (Lg) must be real for the sesquilinear form to
be defined. For such 1 it has been completely determined when the sesquilinear forms are
positive definite thanks to the Kac determinant formula [6].

In the case of K, the only condition for the existence of sesquilinear form is that ¢ (C') € R.
Hence there are additional parameters i’ € R, A € C for generalized Verma modules Vi1 p/ ¢ 2

on K.

5.2 Irreducibility of generalized Verma modules on

In this section, we completely determine for which values of h + ih/, ¢, A the corresponding
generalized Verma modules on K are irreducible. The proof heavily relies on the result of
Feigin and Fuks [3] which has determined when the Verma modules on the Virasoro algebra
are irreducible. To utilize their result, we extend the generalized Verma modules on K to
(non-unitary) representations of the Virasoro algebra.

Let Vi4inrcn be a generalized Verma module on K and v be the corresponding lowest
weight vector such that

Knv = (h+ih' +n)\)v for n > 1 and Cv = cv. 9)

First we observe that
K,— K, —n\,Cw— C,

where I is the identity operator on Vi ., extends by linearity to a well-defined (non
*-) representation (on the same space Vi iin/yny) of K (the proof is the same as that of
proposition 2.6). On the other hand, it is straightforward to see that this new representation
is equivalent to Vi, c0. Irreducibility of a representation of an algebra is not changed
even if we add the identity operator to the set of operators. Therefore the irreducibility
of Vitin cx is equivalent to that of Vi, 0 and we may restrict the consideration to the
latter case. We denote it Vi, p ..

Lemma 5.5. For any w € Vj4p . there is N € N such that Kp,w = K,w for m,n > N.
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Proof. The module V4 . is spanned by vectors Ky, - - - K, v. We will show the lemma by
induction with respect to k. If w = v, the lowest weight vector, then the lemma obviously
holds with NV = 1, hence the case k = 0 is done.

Assume that the lemma holds for w and put lim,,, K,,w = w’ (here lim has nothing to
do with any topology, but simply means that “the equality holds for sufficiently large m”).
We will show that it also holds for K,w. Let us calculate

K,K,w = ([Kn, Ky, + K,Kp)w
= ((m—n)Kpin —mK, +nK, + K, K,,)w,

and for sufficiently large m this is equal to
(m —n)w —mw +nK,w+ Kyw' = —nw' + nK,w + K,w'.
and this does not depends on m. O

Let us define Dw = lim,, K,,,w. Then, it is clear that D is a linear operator on Vj,x .
and it holds Dv = (h + ih/)v.

Lemma 5.6. The following commutation relation holds:
[D, K] =n(K, — D). (10)
Proof. We only need to calculate
(DK, — K;,D)w = lim(K, K, — K,K,)w
= lim((m —n)Kpin — mKy, +nK,)w

The relation (10) can be rewritten as [K,, — D, —D] = n(K,, — D).

Proposition 5.7. The representation of KK on Vi, 1in o extends to a representation of Vir.
This extension is the Verma module with —h — ih/, c.

Proof. We take a correspondence Lo — —D, L, — K, — D,C — C. Now that we know all
the commutation relations between D and K, the confirmation that this correspondence is
a representation is straightforward.

It is clear that the lowest weight vector is v and —Dv = (—h—ih/)v, (K,—D)v = 0 for n >
0, Cv = cv. We only have to show that all the vectors of the form (K, — D) --- (K., —D)wv,
where n; < --- < ng, are linearly independent. But this is clear from the fact that these
vectors are eigenvectors of D and the fact that {K,, - - - K,, v} are independent by definition.
The former fact is shown by a straightforward induction. O

Here we remark that this extension of the representation does not change the irreducibil-
ity. If the module on K is irreducible, then clearly it is irreducible as a module on Vir. On
the other hand the operator D above is defined as the limit of K,’s, hence if the module on
K is reducible then it is still reducible as a module on Vir.

The following theorem is due to Feigin and Fuks [3].
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Theorem 5.8. For h,c € C, the Verma module V}, . on the Virasoro algebra is reducible if
and only if there are natural numbers «, 8 such that

D, 5(h,c) = <h + i(oﬂ —1D(c—13) + %(aﬂ - 1))

X <h+ i(ﬁQ —1)(c—13) + %(aﬁ - 1))

(a2 o ﬂ2)2

16 0.

_l’_

The application of this to our case is now straightforward.

Corollary 5.9. For h,h' € R, ¢, A € C, the generalized Verma module Viip cn on K is
reducible if and only if there are natural numbers o, 8 such that

O 5(—h —ih',c) = 0.

6 Endomorphisms of

This section is devoted to the study of *-endomorphisms of the algebra K. As in the case
of automorphisms, endomorphisms of K are not natural objects, but they are interesting
from the viewpoint of representations. We remarked before that any composition of a *-
endomorphism and unitary representation provides a unitary representation. In this way,
we obtain a strange kind of representations of L. We will also have a rough classification of
endomorphisms.

It is well known (for example, see [12][17]) that the following maps are endomorphisms
of the Virasoro algebra and they restrict to K:

1 C 1
57‘(LN) = ;Lrn + ﬂ (T - 7") )

6, (C) =rC,

for any integer r € Z.

We have another type of *-endomorphisms of K parametrized by a complex number
a. In the next section we will see that these endomorphisms are related to some unitary
representation of Diff(S!),.

Proposition 6.1. Let o € C and K be an element of KK which satisfies [K, K*| = —K — K*.
Define

2 2 2
n“+n n“—m_ n“—n
oa(Ky) = ( 5 a+ 5O )K
2 2 2
n“+n n—n n®+n
— K*
+< p YT T YT > ’

oo(C) = 0.

Then o, extends to a *-endomorphism of KC by linearity.
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Remark 6.2. Examples of K in this proposition are K = K1, —K_1, —%Kz + %Kl. Since the
image of C'is 0, o, extends also to a *-homomorphism of Ky into K. Therefore, the kernel
of o, is the direct sum of ker o, as a homomorphism of Ky and CC.

Proof. 1t is clear that o, preserves the *-operation. We only have to confirm that it preserves
commutation relations and this is done by straightforward calculations. However, we will
exhibit a clearer procedure.

Let us put 8 = 3a 4+ & — 1. The definition of g, can be rewritten as

oK) = <”22_ g (n?— 2n)a> K

+ <n22— nﬁ — (n* —2n)a —n) K*.

If we put v, = ”22_"6 — (n? — 2n)a, this takes the form o,(K,) = 7K + (7, —n)K*. Now
it is easy to see that
[Ua(Kn)aUa(K—n)] = ['YnK + (Y — n)K*, (Yn — n)K + 'TnK*]
= (=l* + Iy — nf*) (K + K)
= —n(2Rey, —n)(K + K¥)
= -—n(0a(Ky) +0a(K_p)).

Next we calculate a general commutator, for m # —n,
2

(00 (Km), 0a(Kn)]
n?—n m-—m

_ <m< . ﬁ—(n2—2n)a—n>—n< . ﬁ—(m2—2m)a—m>>

X (K + K¥)
- <§ - a) (m®n —mn?)(K + K*)

On the other hand,

(m —n)oo(Kman) — moa(Ky) + noo(Ky)
- ((m - n)7m+n — MYm +NYn — (m - n)(m + TL) + m2 - TL2)
x (K + K*)
p

_ <2 - a) (m*n —mn®)(K + K*)

and this completes the proof. ]

Proposition 6.3. Let us assume that K + K* #0. Ifa € %JriR, then ker(oy) is K1 @ CC
(see section 3.1). Otherwise, ker(o,,) is Ko @ CC.

Proof. As we have noted in the remark 6.2, first we think o, as a homomorphism of K.
By direct calculations, we have (see section 3.2),

p(M®) = (=(n+1a-na+n)K+(—(n+1)a—-na+n+1)K*,
p(My) = (a+a—1)(K+K"),
p(Mz) = 0.
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The kernel of o, must be one of ideals in theorem 3.16. From this it is clear that ker(c,)
contains o and contains /Cq if and only if Rea = %

By the remark 6.2, the kernel of o, as a *-endomorphism is Ky & CC or Ky & CC,
respectively. O

We have a partial classification of endomorphisms of K.
Proposition 6.4. If p is a nontrivial *-endomorphism of KC, then the possibilities are:

1. p = o, with appropriate K and o € % + iR. In this case, ker(p) = K1 & CC and
p(K1) =aK + (o — 1)K*.

2. p = o, with appropriate K and « ¢ % +iR. In this case, ker(p) = Ko & CC and
p(K1) =aK + (a—1)K*.
3. p(K1) = N aiK; 4 agC € Ky ® CC, p(Kz) = 32N b;K; + boC € Ky ® CC, where

(2

Zf\il a; = Z?ivl b; = +. In this case, ker(p) = {0}.

4. p(Ky) = S v aiK; +apC € K- @ CO, p(Ky) = Yy biKi +bC € Ky @ CC,
where Z:N a; = ZZ;IQN b; = —%. In this case, ker(p) = {0}.

5. p(Ky) =inAC for some A € R.

Proof. By lemma 4.2 and 4.3, it takes the form p(K;) = AK + uK* + vC, p(K2) = NK' +
W K™ 4+1'C, where K and K’ are elements of K. Also by lemma 4.1 with the commutation
relation of Ky and K_1, K and K’ must be proportional.

If both of A\ and p are nonzero, then also K and K’ must be proportional. By the
commutation relation of K7 and K_; we see that some scalar multiple of K plus a central
element (we call it temporarily K) satisfies [K, K*] = —K — K*. Hence from the beginning
we may assume [K, K*] = —K — K* + kC for some x € C. Then again by the commutation
relation, p = A — 1. Similarly, it holds x/ = X — 2. By the commutation relation of Ky and
K_1 we see N = 3\ + X\ — 1. Then this is exactly the case (1) or (2). It depends on the
value of A\ whether it is (1) or (2).

Let one of A and p be zero. By composing an automorphism 7, we may assume p = 0
and we will show that we have the case (3). By the same argument of the beginning of
theorem 4.5, p(K7) takes the form p(K7) = Efil a; K;+aoC, p(K2) = 2]251 b; Kj+byC and
ZZJ\L LG = % = Zfivl b;. Any finite set of p(Kj;)’s is linearly independent (by considering
the highest or lowest terms of p(Kj;) in the standard basis of ) and we see ker(p) = {0}.

If X\ = p = 0, by the commutation relations (1), p(K2) must be mapped to a central
element. By the same argument as that of Lemma 2.1, p is of the form p(K,,) = inAC. O

Let p be the Lie algebra of the group generated by translations and dilations in Diff (S1).
This algebra has a basis {7, D} with the relation [D,T] = T [11][9]. Its complexification
(which we denote again p) is a *-Lie algebra with the *-operation D* = —D,T* = —T. By
setting K = —D + T, we have [K, K*] = - K — K*.

Lemma 6.5. Any unitary representation ¢' of p produces a representation ¢} of Ko (or a
representation of IC with the central charge ¢ =0).
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Proof. 1t suffices to set

n?+n n%—n
Ph(In) = T (K) +

@' (K™).

We see that ¢} preserves the commutation relations by the same computations in the proof
of proposition 6.1 with oo = 1. ]

Remark 6.6. Any composition of a *-endomorphism and a unitary representation of K is
again a unitary representation. As we shall see in the next section, a composition of an
endomorphism of type (1) or (2) in proposition 6.4 and a lowest weight representation
gives rise to a strange representation (in the sense that they are “localized at the point at
infinity”). On the other hand, a composition of the type (3) endomorphism and a lowest
weight representation contains at least one lowest weight vector in the sense of subsection
5.2, equation (9) which is the lowest weight vector of the original representation, and the
value of h + ih’ is changed to %(h +ih'). If we start with the restriction to K of a unitary
representation of Vir, representations with “complex energy” (namely, b’ # 0) do not arise
in this way.

7 Some unitary representations of B

In this section we will construct true (not projective) unitary representations of By. Sym-
metries in physics are in general described by unitary projective representations of a group
[15]. From this point of view, one dimensional true representations are trivial, since they
are equivalent to the trivial representations as projective representations. Nevertheless, we
here exhibit a construction of a one dimensional representation. The author believes that
this reveals the big difference between Diff(S') and By. In fact, Diff(S!') does not admit
any positive energy true representation (see [15]). This difference comes mainly from the
fact that Diff(S!) is simple but By is not simple.
We identify By with a space of functions on R as in section 3.5.

Proposition 7.1. For any A € R the map

0:By — St
f — exp(irlog f/(0))

is a (one-dimensional) unitary representation of By.

Proof. Recall that By is the group of orientation preserving, 0-stabilizing diffeomorphisms of
S1. By the identification with the function space, the derivative of any element is everywhere
(in particular at # = 0) positive, hence the map is properly defined.

By the formula

(f ©9)'(0) = f(0) - g'(0),
we see the map ¢ above is multiplicative. ]
Remark 7.2. This ¢ is obviously irreducible and does not extend to Diff(S!). In fact, ¢ is
the integration of the one-dimensional representation of corollary 2.3. If g € By is localized

on some closed interval which does not include 0, then ¢(g) = 1. In this sense, ¢ is “localized
at the point at infinity”.
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Next we need a general lemma.

Lemma 7.3. Let G be a group, H a normal subgroup of G and 7 the quotient map G —
G/H. Let F be a subgroup of G such that FNH = {e} and n(F) = G/H. Then G/H and F
are isomorphic by a canonical isomorphism y such that yor|p = id. If ¢ is a representation
of F, it extends to a representation ¢ = po~yomw of G.

Let Bo ={g € By : f'(0) =1, f”(0) = 0}. Tt is easy to see that Bs is a normal subgroup
of Bo.

Let G = By, H = By and F' = P be the subgroup generated by dilations and translations.
It is obvious that any element of F' can be written as a product of a dilation and a translation.
The derivative of a translation at point 0 is always 1, whereas a nontrivial dilation has
the derivative different from 1 at 0. From this, the intersection of F' and H must be
pure translations. But then, any element of this intersection must have a vanishing second
derivative at 0. This implies that the intersection is trivial.

By a similar consideration, it is not difficult to see that w(P) = 7(By). By the previous
lemma, the unitary irreducible representation of F' = P extends to a unitary irreducible
representation of By having B in the kernel.

Also this representation is “localized at the point at infinity”, since if a diffeomorphism
is localized in a closed interval which does not contain 0, then it is an element of By and
hence mapped to the identity operator.

Summing up, we have the following.

Theorem 7.4. Any unitary representation ¢ of P canonically extends to a representation
@ of By which is localized at the point at infinity.

We describe the relation between this representation and the endomorphism of I con-
structed in section 6. The group P admits a unique irreducible positive energy (which means
that the generator of translation is positive) true (not projective) representation [11]. This
representation can be considered as the integration of several lowest weight representations
of the Lie algebra p of P. In the following, we fix such a representation of p and extend it
to K. The representation space of p is a dense subspace of the representation space of P
and it is the core of any generator of one-parameter subgroup of P (see [11]). Through ¢,
any one-parameter subgroup g; of By is first mapped to P by « o m and then represented
as a one-parameter group of unitary operators. Hence any unbounded operator appearing
here is in the representation of p explained above and there arise no problems of domains
or self-adjointness.

Proposition 7.5. Let ¢ be a unitary representation of the Lie group P, ¢' be the corre-
sponding representation of the Lie algebra p and ¢ be the extension to K in proposition 6.5,
then ¢! integrates to ¢ in the theorem 7.4.

Proof. The quotient group By/Bs is isomorphic to Ry x R with the group operation:
(X1, X5) - (V1,Y2) = (X1Y1, X1Ys + Y Xo), for X1,Y) € Ry, X5, Y € R,

The isomorphism p is given by f — (f'(0), f”(0)).
It’s Lie algebra has the structure R & R with

[(z1,22), (y1,92)] = (0, 22y1 — 21Yy2)] for x1,z2,y1,72 € R.
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If g% is a one-parameter subgroup in By with generator v, then the corresponding element
in the algebra is p'(v) = (v/(0),v”(0)), where p’ is the derivative of p.

The generator of the one-parameter subgroup of dilations Dy(6) is (K1 — K7)(0) =:
d1(f) = sin® and the generator of translations Ts(0) is —5 (K1 + K{) =: t1() = 1 — cos 0.
Thus p'(d1) = (1,0) and p/(t1) = (0,1). Similarly, the generator (K, — K;)(0) =: d,(0) =
sinnf is mapped to (n,0) and —5(K, + K;) =: t,,(§) = 1 — cos nf is mapped to (0,n?%). In
short, it holds that p/(d,) = np'(d1), p'(tn) = n?p/(t1). Hence these relations hold also for
the derivative of @, namely ¢'(d,,) = n@'(d1), @' (tn) = n?@ (t1).

On the other hand, for ¢} we have

e (50 KD ) = 0 = ),
o (U4 KD ) =~ + K,

e (5060~ K) = 50 = K% =ngh (550 KD )

i in? i
A (= K2 ) = =T 4 K0 =t (g (K4 KD)).
From this it is clear that ¢} and ¢’ are equivalent, since by definition ¢;(d;) = ¢'(d1) and

e1(t1) = ¢'(t) O

As remarked before, there is a unique irreducible positive energy representation of P.
By the proposition above, it extends to an irreducible positive energy true representation of
By.
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