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1 Introduction

The Sugawara construction [@] and the GKO construction [§] have both come to play a prominent role in string
theory and in the theory of Kac-Moody algebras (see e.g. 13, [L] for the general theory). As is well known, the
Sugawara construction extends a representation of an affine Lie algebra g to that of its semidirect product with
the Virasoro algebra Vir?. The GKO construction, in turn, is based on the Sugawara construction: given an
affine subalgebra p C g, there always exists another Virasoro algebra corresponding to the difference of Virasoro
operators associated with g and p, respectively, such that the resulting coset Virasoro algebra Vir?* commutes
with the affine subalgebra p. It is for this reason that the GKO construction, which was originally developed
for the explicit description of ¢ < 1 Virasoro modules [E], has acquired great importance in the representation
theory of affine algebras @] More specifically, every highest weight representation L(A) of g can be decomposed
w.r.t. the direct sum p @ Vir®? as follows:

L) = @ LPN)@UKN). (1.1)

a,p
AeP?

The relevant specialization of this formula for tensor products of g modules is obtained by taking p to be the
diagonal subalgebra of g® 1@ 1 ® g. In this case ([L.I]) becomes

L(A) ® L(N) = @ L(A)) @ V(ej, hy), (1.2)

where V(cj, hj) is the Virasoro module with central charge ¢; and highest weight h;. Unfortunately, it is not
so easy in general to compute the products (E) in practice. For simple examples, where ¢; < 1 and unitarity
restricts h; to a finite set of allowed values, one can work out the product explicitly. However, at higher level
the right-hand side of (IE) will contain many terms; furthermore, these will in general correspond to Virasoro
Verma modules with central charge ¢; > 1 where the values of h; are unrestricted (apart from h; > 0). In order
to better understand these representations it is thus desirable to find an explicit and manageable representation
for the coset generators. A necessary prerequisite for this is the construction of an explicit representation for
the higher-level Sugawara operators themselves (the explicit representation at level 1 is well known, see formula
@) below). This is the problem which we address and solve in the present paper.

Before going into the details we would like to briefly explain the new features of our construction. The famous
FKS vertex operator realization [ﬂ, E] of nontwisted affine Lie algebras corresponds to a spatially compactified
bosonic string whose momentum lattice is taken to be the (Euclidean) root lattice of a finite-dimensional simple
Lie algebra of ADFE type. The Laurent coefficients (“modes”) of the tachyon vertex operators together with
the string oscillators then constitute a basis of the affine algebra. This basis, however, is not physical in the
sense of string theory since except for the zero mode these mode operators do not commute with the Virasoro
constraints. Furthermore, the FKS construction has the drawback of being restricted to affine algebras at level 1.
In [E, H], it was noticed that if the momentum lattice of the string is enlarged by a two-dimensional Minkowski
lattice then the zero mode operators by themselves already lead to a basis of the affine algebra which agrees
with the FKS realization when the operator-valued expression € X(?) is formally replaced by z". Our starting
point was the observation that apart from being manifestly physical, this construction is applicable to affine Lie
algebras at arbitrary level and thus more general than the FKS construction (this fact is apparently not widely
known).

In the usual vertex operator formalism the computation of Lie algebra commutators is reduced to the
evaluation of the singular terms in the expansion of certain operator products at coincident points. By contrast,
we here find that, beyond level 1, additional poles appear at the non-coincident points z = w, := (Pw in the
expansion of the product of two conformal operators supported at z and w, where ( is a primitive ¢-th root of
unity. A second unusual feature is that we are led to introduce a new “transversal coordinate” field, which has
the form of the old Fubini-Veneziano field, but for which the usual string oscillators are replaced by the level-¢
DDF operators, see Eq. (R.17) below. The final expression for the general level-¢ Sugawara operators (cf. (B.15)
below) involves an exponential dependence on this new field; since the DDF operators themselves are defined by
exponentials of the string oscillators, our construction may thus be termed “doubly transcendental”. Moreover
it is non-local in the sense that the integrand in ([B.13) below depends both on w and w,. This (controllable)
non-locality accounts for a number of complications, such as the fact that the level-¢ Sugawara operators contain
products of the DDF operators of arbitrary order (depending on the state on which they act) whereas the level-1
Sugawara operators are always quadratic.

The present work is mainly motivated by and continues our previous investigation of hyperbolic Kac-Moody
algebras corresponding to the canonical extensions of affine algebras by an over-extended root r_; [ﬂ, ﬂ] There
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an attempt was made to understand the structure of such algebras, and in particular the maximally extended
algebra Fip, via a novel realization in terms of DDF states which enabled us to give a simple and explicit
representation for a non-trivial level-2 root space of Ejy corresponding to a 75-fold multiple commutator of
the Chevalley—Serre generators for the first time (meanwhile, further examples have been worked out). These
results explicitly demonstrate the occurrence of longitudinal states for levels |[¢| > 2 and the simultaneous
decoupling of certain transversal states, whereas the level 1 sectors can be simply realized as the set of purely
transversal states [ﬂ, E] (the level-0 sector is just the affine subalgebra). Let us recall that the higher-level
elements of the algebra can be recursively defined as multiple commutators of level-1 elements. In principle one
should thus be able to understand them from a representation theoretic point of view by analyzing multiple
products of level-1 representations. However, a first difficulty here is that one must discard all those multiple
commutators (and hence the corresponding affine representations) which contain the Serre relations somewhere
inside. This difficulty is invisible in the string vertex algebra realization [ﬂ], which takes automatic care of the
Serre relations (since there are no physical string states below the tachyon), but the tribute to this convenience
is the phenomenon of “missing” (or “decoupled”) states, i.e., physical string states that can not be reached
by multiple commutation of the Chevalley—Serre generators [ﬁ] The second difficulty — already alluded to
above — is that there is no general method for efficiently computing the relevant products of representations
in practice. So we see again that we must gain a better understanding of the higher-level Sugawara generators.
Although the challenge of finding explicit formulas for the coset Virasoro generators remains, we believe that the
present results bring us one step closer towards the ambitious goal of finding a concrete realization of hyperbolic
Kac—Moody algebras. With this future application in mind, we will give explicit examples of the new formula
only for some special representations of Fg9 which arise in the analysis of the hyperbolic algebra Fip.

Apart from the new structural insights afforded by the new formula, our results illustrate to what degree the
higher-level sectors of hyperbolic Kac—-Moody algebras are more complicated than the low-level sectors. This is
acutely evident from the increasing “anisotropy” of the higher-level root spaces, which was already observed in
[d], and which is now (partially) explained by the symmetry breaking of the full (affine) Weyl group down to
a finite (and generically trivial) subgroup called “little Weyl group” in [{fj. From a more technical perspective
this phenomenon is due to the appearance of certain weighted sums of tensor products of roots (see (@)) which
have not yet appeared in the literature to the best of our knowledge. We would like to emphasize that these
and other special features of hyperbolic Kac-Moody algebras can not be explained by string compactification
alone. In other words, such algebras reveal an enigma beyond the string vertex operator construction. By
contrast, many of the generalized Kac-Moody (super)algebras which have recently received attention (see e.g.
[Q, E, ) can presumably be realized as untruncated, hence bona fide, algebras of physical vertex operators
of some compactified string. For instance, the so-called fake monster Lie algebra is just the algebra of all
transversal physical states of the bosonic string compactified on 55 1; its root spaces are therefore perfectly
“isotropic” and the associated root multiplicities are simply given by the number of physical string states.

2 Preliminaries

We consider a nontwisted affine Lie algebra g with underlying simple finite-dimensional Lie algebra g of rank
d—2 (d > 3). The associated hyperbolic Kac-Moody algebra § of rank d is obtained by adjoining to the
affine Dynkin diagram another node which is related to the over-extended simple root r_;. The extended
(Minkowskian) affine root lattice is defined as Q := Q & ZA (viewed as the even sublattice of the affine weight
lattice), where @ denotes the affine root lattice and Ag :=r_; + d is a null vector conjugate to the affine null
root 8. Clearly, Q is just the hyperbolic root lattice. For any element A of Q, the level ¢ is defined by

0= —A-5. (2.1)

Now suppose that A € Q is a root of g of nonzero level. The DDF decomposition of A [ﬂ] is defined by

A = a— nky, (2.2)
where we have put
1
ke = —Zé €EQoe =Q®zQ, (2.3)

and where the vector a is uniquely determined by requiring a2 = 2, i.e., n :=1 — %AQ. Note that n is always
a non-negative integer since A? < 2 for any root. We will refer to a as the ‘tachyonic level-¢ vector’ and to |a)
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as the ‘tachyonic level-¢ state’ associated to A; beyond level 1, it need not be an element of the lattice Q but
only of its rational extension. Let us furthermore introduce the orthonormal polarization vectors &, = &;(a)
satisfying §;-§; = d;; and ;-6 = §;-A = §;-a = 0. They constitute a basis of the complex vector space h* dual
to the Cartan subalgebra b of §. Then we define the operators

i dz imky-X(z
[EMm(a) = %27”' & (a)-P(2)e kX (z) (2.4)
pr . Az | irrmke)X(2). 9
m T 27T € * ( 5)

formeZ, 1<i<d—-2,re€ A (roots of g). Here we have used the well-known Fubini—Veneziano coordinate
and momentum fields, respectively,

1
XH M it ; e )
(2) q" —ip'Inz+i Z —amz (2.6)
m#0
PH(z) = Z—X“ Za“ , (2.7)
meZL

expressed in terms of the string oscillators o, (m € Z, 1 < p < d),
[aym o‘;jz] = mnMU(Sern,O- (28)

The shift of any polarization vector &;(a) along the § direction leaves the associated DDF operator A’ (a)
unchanged for m # 0, because the residue of a total derivative always vanishes. Since the polarization vectors
of two tachyonic level-£ states are related by

&) = &) + 7 (€:(a) )5, (29)

we are thus effectively dealing with a single set of DDF operators for m # 0,
U, = A7 () = O, (a); (2.10)
so we can suppress the labels a, a’ in the remainder, i.e. write YA’ = "4’ (a). Let us stress, however, that the

zero mode operators do differ for different a, viz.
i i 1
HUp(a) = &i(a)p = &(@)-p— 5 (&(a)-a)d-p = "Up(a) - ;(&i(a)-a)d-p. (2.11)

For definiteness, we choose the polarization vectors to be &€,(Ag) throughout this paper, where Ay denotes the
above fundamental dominant weight of level 1 with tachyonic level-1 vector ag = Ay — 28 € Q This vector ag
plays the role of the simple root r_; occurring in the canonical extension of g to the hyperbolic Kac-Moody
algebra g with Q as root lattice. Last not least we have the obvious relation

" (a) = U, (a). (2.12)

The above operators obey the commutation relations

U5, AT = M S0 Ko, (2.13)
(U5, VER] = (&1) EN, 4 (2.14)
0 ifrs>0,
B, VES] =  e(r,s) VBT, if res=—1, (2.15)
[Afn+n —MOpmyno0 Ko ifrs=-2,
where K := ky-p = ——6 -p denotes the operator realization of the central element of the affine algebra and
dz . X _
AT il imke-X(z) _ L) Lyl
Ay, = po P ()X = > (&)L, vreA
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As usual, we have to extend the Cartan subalgebra by an exterior derivative which we choose to be “dy :=
¢(Ag + 8)-p for the basic (level 1) fundamental weight Ao (note that (Ag + 6)? = 0).

The operators MKy, Mg, MAL  PET (1 <i<d—2,r €A, m € Z) establish a realization of the affine
Lie algebra g, the level being given by the eigenvalue of the operator "'Ky. Note that in contrast to the FKS
construction this vertex operator realization works for arbitrary level and is physical in the sense of string theory,
ie.

[Lon, "Ko] = [Lim, o) = [Lpn, "M%] = [Lpm, "EX] =0  Vm,n€Z,1<i<d-2rcA,
where the operators

Lm =13 ton-am nt. (2.16)
nez

satisfy the standard Virasoro algebra with central charge ¢ = d. There is yet another realization of the affine
Lie algebra which is, however, restricted to level 1. Namely, on states with eigenvalue ¢ for 'K, the operators
YKy, Ydo, MAL VBT (1<i<d—2,r€A, mecZ) form a level-1 realization of g which is also physical.

Since we are working with the so-called homogeneous vertex operator construction we will refer to the
algebra of operators [%in as the homogeneous Heisenberg subalgebra of the affine algebra. The crucial
observation for our analysis is that these operators not only occur as part of the affine algebra but also as part
of the spectrum generating algebra for the physical string states. In this context, they are nothing but the
well-known transversal DDF operators. A crucial new feature of our analysis is the appearance of the level-¢
transversal coordinate field

. ) ) 1 )
() =g —ip Iz iy — U 2T (217)
m#0 m
and the level-/ transversal momentum field
_ d . _
4pi(z) == iz yi(z) = mzejz eyi = (2.18)

respectively, neither of which has appeared in the literature so far. Evidently, these fields are transcendental
expressions in terms of the standard oscillator basis. The momentum ﬁel) is physical because it commutes
with the Virasoro constraints term by term. This is not quite true of (R.17) due to the presence of the center
of mass coordinate ¢* in it; however, in all relevant expressions below we will be dealing with the fields

Wi(z) =0 () =X (2), p=1, -1, (2.19)

where 2, := (P2 and ¢ denotes a primitive /-th root of unity. These fields are physical since the zero mode ¢*
drops out.
The Sugawara generators built from the affine Cartan—Weyl basis (2.13)-(R.15) are

d—2
1 o
L= ) > (Z§ B R i)a (2.20)

n€Z ~i=1 reA
where hV denotes the dual Coxeter number of g. Normal-ordering is defined by
; j A DT for m < n
gl g7 { m A <m, (2.21)
X oTm T x WA TAY - for m o> n,

MEr MES for m < n,

X i s X o { SEEUEY  for m > (2.22)

It is well known that the operators E%], m € Z, form a Virasoro algebra (see e.g. @] and references therein),

14
210,210 = (m = m) 2+ S ) e, (2.23)
with central charge
_ fdimg

c(f) :

. H—}L\/. (2.24)
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These operators act as outer derivations on the affine algebra so that one obtains a semidirect product Vir ) x g:

(el il ) = —p il o [2 MR = —n MR (2.25)
By construction, the Sugawara generators are physical, viz.
£l L,)=0 VmmnecZ (2.26)

Thus the above semidirect product is a symmetry of the physical string spectrum, whereas in the FKS approach
only the full Fock space carries a (level-1) representation of the affine algebra. It should be mentioned that
in addition to the operators EL@, there is another infinity of “physical” Virasoro algebras (but with uniform
central charge ¢ = 26 — d) generated by the longitudinal DDF operators A7 (a), all of which commute with
the Sugawara generators () However, we will not elaborate on this point here; for further information, the
interested reader may consult [ﬂ]

3 The main formula

Our aim is to rewrite the Sugawara generators E%] in terms of the homogeneous Heisenberg subalgebra spanned
by the A} ’s. This will be the generalization of the well-known result

C[l]:lzg 1Az 1Az (31)
m 2 mn><7 .

nezZ i=1

which is referred to in the literature as ‘the equivalence of the Sugawara and the Virasoro construction at
level 1’.E| For this purpose, we wish to evaluate the operator products occurring in the second part of the
Sugawara generators. We start from the well-known formulas

. i(r+n5)-X(z): . 7i(r+(m+n)5)~X(w) - 72:€ir-[X(z)7X(w)] :efim&X(w)ein&[X(z)fX(w)]

(z —w)

—z(r-i-(m n)éd)- X(w) z(r nd)- X(z) —2:eir-[X(z)—X(w)] :e—im&X(w)e—in&-[X(z)—X(w)] ,

= (z—w)
where the exponentials involving & need not be normal ordered since 8 = d-r = 0. Invoking the algebraic

identity
dat=(-g ) -1=—(1-g == "¢",

n>0 n>0

we get

S
— z(r+n5 . 7i(r+(m+n)5)~X(w):
e [f%m j{ 27 Z

o> ™20
—z(r-i-(m n)éd)- X(w) (r—n&)»X(z).
me j{ 27i Zo }
2| <|w] ">
_ dw —2. ir-[X(2)—X(w)]. ,—imé-X(w) ind-[X(z)—X(w)]
= 2%27”, Z f 27” H e Ze . (3.2)
reAj wpE{poles}, ” wy n>0

where the second sum runs over all poles of the integrand in the region
Cw = lim{z | fw] = e < [2] < [w] + e} = {z][2] = [w]},

i.e., on a circle of radius |w| in the z plane. A crucial observation for our construction is that besides the the
obvious pole at z = w, there will be extra poles for level |¢] > 2 in the operator-valued function

— Z ezn& (z)—X( w)]

n>0

L Although, strictly speaking, this statement has only been proven in the framework of the FKS construction.
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Figure 1: Location of poles for level £ =7

These are due to the replacement of (w/z)" by (w/z)*™ in the momentum mode contributions when the infinite
sum defining Y (z, w) acts on a level-£ state |a). More specifically, we shall see that, when acting on such states,
this operator gives rise to poles of arbitrary order located at (see Fig. E below)

z = wp = (Pw, 1<p<y, (3.3)
where ¢ := €2/¢ and ¢ denotes the eigenvalue of K. These extra poles will lead to non-local (in the sense of
quantum field theory) integrands in our final expressions.

Let us first analyze the pole that Y (z,w) gives rise to at z = w = wy; expansion around z = w yields

1
(2 — w) fe(z,w)’
where the function fy(z,w) does not vanish at z = w; explicitly,

1 k—1 8k 6-[X(z)—X(w
fe(z,w) = ZH(Z—U’) <@€ X (z)=X{w)]

k>1

Y(z,w)=— (3.4)

zZ=w

§-P(w) +%
+ %(2 — w)2[5-P" (w) + 35-P(w)5-P'(w) + (8- Pw)] + ..., (3.5)

with the momentum field P(z) already defined in Eq. (P-7). When we insert the expansion of Y (z,w) back
into Eq. (@), we observe that the integrand has a pole of third order at z = w;, = w. Application of Cauchy’s
theorem therefore yields

E:E:xm r [1)p—r X
X E”l Emfnx

re An€z
Z%dw{ 192 <:eir'[X<Z>X<w>1:>
e 2mi 20z fo(z,w)

1 dz [;eir-[xw—xw)];

(z —w)?

(2 = w)[8-P'(w) + (8-P(w))?]

Z=w

Y (2, w)] }e—im‘*'X(w). (3.6)

The first term may be further simplified by noting that the sum over both the positive and negative roots of g
cancels expressions linear in r. Hence

(3.7)

ir-[X(2)—X(w)]. )
reA

0? [:e B (r-Pw))?:  6-P(w) 6-P"(w) (6-P'(w))?
Z @ < fé(sz) a Z |:

5Pw) 6 36-Pw)’  20Pw)yE|

FEW reA
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Next recall that the physical states of a subcritical bosonic string are finite linear combinations of states of
the form

R AL L W A ) (3.8)

—mm —nN

where |a) is any tachyonic state with "K(-eigenvalue £ and the operators "M’ and A denote the transversal
and the longitudinal DDF operators, respectively [ In order to know the action of the Sugawara operators on
arbitrary physical states, it is therefore sufficient to work out explicitly the action of the E%] 's on a tachyonic
ground state and then to determine their commutation relations with the DDF operators.

So let us consider a state |a) satisfying a? = 2 and "Kj |a) = —(8-a)|a) = ¢|a) for some ¢ € N. Evidently,

|a) is a highest weight state for Vir ),
Lay =0  vm >0,

because (a — md)? = 2(1 + ¢m) > 2 for m > 0, but there is no physical string state below the tachyon. For
m > 0, we first have to evaluate Y (z,w)|a). We find that

V(s wa) = 3 Xl

- T () X - 8 Xcw)

k>0 n>0 z
LA(k+1) w/z)t
S P ) X (o) - 8 X )] ), (3.9)
k>0 k! [zf — w?]
where
BX(2) = 3 (G )",
n>0
and
po =1, prr1(x) = z[(1 — 2)pk(z) + (k + Vpi(z)] Yk > 0. (3.10)

The latter recursion relation follows from the formula

3wk = (w%)k (lix> = (1]ikgi+1 (|z| < 1). (3.11)

n>0

The polynomials pg(z) only have positive coefficients. Indeed, the above recursion relations translate into
Pk+1,4 = ipk,i + (k — 1+ 2)pk,i71 V>0, 0<i<k+1,

Whereﬂ
k .
pr(x) = Zpk,ixl-
i=0

Hence, in particular, the polynomials cannot vanish at x = 1 which proves that the term

Zﬁ(k-i—l)plC ((w/z)é)
(20— we)kJrl

contains ¢ poles at z = w, = (Pw, each of order k + 1.
On the other hand, the expression [i§-X < (z) — i6-X < (w)]* is a sum of terms of the form

(2™ —w™) (2™ — w6 g, ) (0 0n,), n; > 0 Vi,

2By induction, it is easy to show that the coefficients are symmetric in the sense that Pk, = Pk,k—it1 VE >0, 0 < i< k. In
particular, py , = pr,1 =1 Yk > 0.




each of them having a zero at z = w of order k. In total, Y (z,w)|a) always has a simple pole at z = w = wy,
which was already evaluated in @), but exhibits a much more complicated pattern at the other poles. For
example, if (n;,¢) = m > 0 (highest common divisor) then the poles at z = e2™*/™ 1 <k <m, in (2* —w’)~?
cancel against the zeros in 2™ — w™. Up to oscillator number two, for instance, one has the explicit formula

Zé waf
V) = { i+ s [ wEa) + 6 - ) E e +
ZZ’LUZ ZZ wl
ﬁ [( w)2(5.a_1)2+...} +...}|a). (3.12)

It is obvious from this result that a direct evaluation of E[f]m|a> quickly becomes unfeasible with increasing m.
There is, however, an elegant argument which allows us to shortcut this calculation and to read off the result
directly from the expression (E) We recall that the leading oscillator contribution of a DDF operator is

AT~ € YAZ,, ~a-a_pm+...

Since these oscillators are linearly independent we can immediately rewrite a given physical state in terms of
DDF states simply by identifying the leading oscillators. An important assumption here, without which this
argument would be invalid, is that there must not be any null physical state present, because their appearance
would spoil the nice oscillator structure. Now a glance at Eq. (@) shows that longitudinal oscillators are absent
altogether. This means that the Sugawara generators when applied to any physical state neither produce null
physical states nor additional longitudinal excitations (apart from those already contained in the initial state
@)) We conclude that the Sugawara generators can be rewritten in terms of the transversal DDF operators
alone and that the result can be obtained by isolating those terms which do not contain §-a_,, oscillators. For
the second term in the Sugawara generators we find in this way that

DD BB

re An€z

= Z]{Qm{ e P(w)”: + 12€w +; 7{ omi [ (;)(;(iﬂ;iﬂ }wem

Z=wWp

+ terms containing d-c_p’s. (3.13)

Note that the integrals around z = w,, for the displayed terms can be immediately performed since the integrands
have only simple poles. The above reasoning ensures that all terms involving §’s in () must combine with
the other terms precisely in such a way that the ordinary string oscillators are replaced by DDF oscillators.
After this “leap of faith” we arrive at

DD BB

reAn€z

_ [epr 2% >< ir-[x (wp) =X (w)] x |, m
Zf{zm {%w (P ()" 12£w +Z£ x€ X}w (3:14)

p=1

Our main result is thus the following new realization of the Sugawara generators at arbitrary level:

Theorem 1 The operators

L[l] _ ZZ IAZ IAZ ZZX [eAz [eA X (62_1)(d_2)hv5
m €+hV mn x £+hv tm—n x 4000+ hvy ™Y
nEZl 1 nEZ’L 1
1 dw em—1x _ir-lY_(w)x
P 1
£+hv ;;Kp—u?f{zm' {w x¢ X}’ (3.15)
r

form a Virasoro algebra with central charge

__tdimg
0=



In deriving this result we have made use of the identity

d—2
S X EPr(a) PR ()% = 28V S X 1P (2) 9P ().
reA =1

Observe that (B.15) is “doubly transcendental” as a function of the ordinary string oscillators because the new
coordinate field (R.17), which itself is already a transcendental function of the string oscillators, appears in
the exponential. Moreover, this expression is manifestly physical as it depends only on the difference of the
coordinate field. (B.15) contains the well known formula (B.1]) as a special case for £ = 1.

With the above formula, the level-¢ energy-momentum tensor

LU(z) ="l (3.16)
mEZ
becomes nonlocal, to wit
d—2 d—2
1 , - hY - - (2 —1)(d - 2)hV
€] _ X [1pif LN (i A\ X X [ i X
£5@) = s ;X PE P+ g Z;X PP+ i
—
zr [y —[x (2
f—i—h\/ ZZ 1|2§ ) =%, (3.17)
1

4 General Properties and Proof of Theorem

Before we prove that the expressions () for the level-f Sugawara operators indeed satisfy the Virasoro algebra
with the correct central charge, we would like to discuss some general features of our new formula. In the next
section we will work out some explicit examples.

Since the operators () are purely transversal in terms of DDF oscillators, we immediately see that they
commute with the longitudinal DDF operators,

A, cl =0 vm,nez (4.1)

The commutation relations with the transversal DDF operators can be verified as follows. A straightforward
calculation yields

j ir.14] w pn 1 n zr w 2
[[[“]A}]mie yp( )i] = (rgj)(C ) X y ( )X' (4 )
Similarly, one finds that

E 4T X [Llg% (gt X1 — ij 1647
[ An7 X Ak Am—k ><] =2nd Am+n .
keZ

Inserting these results into formula (B.1§) we obtain

i pldy — A ni o
WLl = o ZM G
1 " =1 fdw 1% i Y (w)x
WZ ; |Cp_1|2f27ri {o < +H "

and therefore recover the formula ["47 | £14] = n 47 +n, in agreement with Eq. (.23).

It is instructive to have a closer look at the new expression for Eg], which reads

W _ [ 1o, (P=1)(d=2)h" pra
Ly'la) = {2—€a2—|— 24000+ 1Y) £+hV ZZKP 1|2]Ia (4.4)

rcAp=1

where a = A denotes the projection of a (resp. A) onto h*. Let us focus on the last term. We have the following
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Lemma 1 Let ¢ be a primitive £-th root of unity and let k =0,...,£ —1. Then

£—1

pk
rf_ = L2 =1)— Lkt —k). (4.5)
p=1

Prooff] With the elementary algebraic identity (for p # 0mod £)

1 1@—1
___E Y
1_<p_ é jC )
j=1

we immediately obtain

-1 cok = . -1 —
Z P —12 2 Z i) = ] Z UZCP(kﬂ D Le-1)%
p=1 i,7,p=1 i,5=1  p=0
Invoking the following well-known property of sums of roots of unity,
-1
¢ if n=0mod/
pn ’
ZC o {O else, (4.6)
p=0
we find that
-1 -1 . —1-k
Z ijzgp(kﬂ_” =/ Z i(i+k)+¢ Z i(i+k—12)
i,7=1 p=0 i=1 i=0—k
-1 —1-k
=0 ilithk—0+02 Y i
i=1 i=1
= L[E-1e20-1)+ Lk -0 —1)+ 20(t -1 - k)(¢ - k)],
and thus
- % 1 1 1 2
ZW = g(l=1)@20—1) = 3k(l—k) —z(t-1)
p=1
= H(?=1)— 3kl —k) q.e.d.

By use of this result and some well-known facts about the finite root system, we may rewrite the last term of
the above formula for Egé] as

Cpr a

ZZ P — 12 = E [%(62_1)—(1-.51)(5_(1._21))}
rcAp=1 I'EA+
- 1)1(621—2)hv stpat et

where p denotes the Weyl vector for the finite subalgebra. If we insert this into (Q) we arrive at the formula

(a+2p)-a

€5y —
Lo'la) = 5T

|a), (4.7)

in agreement with [@, Lemmal2.8.b)]. Note that we have not employed any properties of the affine Casimir
operator in our calculation.

3We would like to thank H. Samtleben for the crucial idea.

4Note that the term linear in k = r-a does not drop out upon summation over the roots but rather reproduces the Weyl vector.
This is due to the fact that the Lemma is valid only for 0 < £ < ¢ — 1 and thus different values of r-a have to be transported into
this range by multiples of ¢.
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It remains to verify that the operators () really do satisfy the Virasoro algebra with the correct central
charge. To this aim we split the Sugawara operators and introduce the following operators:

A= 0 L 1@ [ ®) (4.8)

with

d—
L) = %zzxw g

ne”z i=1

(2) — [€14% i
Lm i E-i—hv Z Z A {m— n><7

nez =1

nZ0(£)

1 dw i 14]
3) ._ m—1X ,ir-'2Y, (w) X
L’ = £+hv ZZW 1|27{2m' {w xe” X}' (4.9)
reAp=1

Observe that we have absorbed all terms involving “}4; into LS) so that the prefactor is “renormalized” to
(2¢)~1 with respect to (B.15), because these operators commute with the DDF oscillators “A?, with n # 0(¢).
We obviously have (with MKy = ¢)

-2
(L, D) = (m = n) Ly, + =5~ (m® = m)dm 0.
(LW, LE] = [LG), L] = 0. (4.10)
It is equally straightforward to show that
V)2
@) 1@ — ( — @ |, @d=2)l-1R")*/ 5 m
and
hV
2 3) — (3)
(L, L] = (m = ) = LS (412)

The remaining commutator requires more work. For its evaluation we need the operator product

r-s
x ey, (2)x x is 1, (w)x _ | (Zp = Wa) (2 = W)™y inltty (2)1is Ay, (w)x 4.13
><e Xxe X zp—w)(z—wq) ><€ X * ( . )
We write
-1
L. L) = >0 > I(r,s,p,9),
r,s€A p,g=1
with
1 1
I =
(r,S,p7 Q) 452(54— hv) |<p 1|2|<q _ 1|2
é r-s
« j{ dw 5 j{ win=1ytm=1 | Fp = W) (2 = 0) |0 inly, (o) is 1, () x |
i 27 (zp — w)(z — wg) ) :
0 =Ly,

Inspection of the term in curly brackets reveals poles of order 1,2 and 4, depending on the values of r-s and

p,q € {1,...,£—1}. As usual, there is no contribution for r-s = 0. Another useful observation is that
I(I‘,S,p, Q) :I(I', _Svpag_q) Vrasvpaqv (414)
It is therefore sufficient to consider the cases r's = —1 (& r+s € A) and r's = —2 (< s = —r); these lead to

the following results:
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1. If r-s = —1 and p = ¢ (pole of order 2), then

-1
1 3)
Z ZI(I‘, Svpap) = (n - m)mLm+nv

rcAp=1

after partial integration. For simply laced algebras and given r € A, there are always 2h" — 4 roots s such
that r-s = —1 (or +1)f| Hence

£—1
Z ZI(rasvpap) = (m - n)mLm+nv

rseA p=1
rs=—1

2. If r-s = —1 and p # ¢ (poles of order 1), then
I(I‘, S, D, q) = _I(Sa r, qvp)a
which vanishes upon (symmetric) summation over r,s, p, q.

3. If rs = —2 and p = ¢q (pole of order 4), then

Y4 ) (d—2)e(t— l)hv 3 . m
ZZI £ pp) = (m=n)grmgoy boen + 500 (m+z)5m+nv°’

rcAp=1

after partial integration and use of Lemma EI

4. f r-s = —2 and p # ¢ (poles of order 2), then

> Z —r,p,q) = (m— ”)mlﬁmm

p,q=1
red p#q

after partial integration.

Hence
3 3 _ (2) —hY (3)
(d—2)¢(£—1)nY 3 m
TR ( + ) Gmrno (4.15)

Adding up all contributions we get
820 = (m = )£+ (S5 4 bm) G,
with

b d—2+(d—2)(€—1)hvi (d—2)(¢>+ 1Y)
12 12000+ hY) 1200+ hY)

the central charge ¢ given by

(d=2)( = )(n")* | (d =20 ~1)h

—d—2

¢ M YA @+ h)?
_ (d=2)(14+hnY) (dimg
AR

5By Weyl invariance it is sufficient to prove the statement for the highest root 8. From the definition of the Coxeter number
and the Weyl vector we have

2(hY —1)=2p-0= ) s-6.
S€A+
The only contributions in the sum arise from the terms with s-0 = 1 (whose number we wish to compute) and with s-60 = 2.
However, the only positive root for which s-0 = 2 is s = 6, whence the result.
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in agreement with () Since this Virasoro algebra has not yet the standard form, we have to shift E([f].
Doing this we arrive at the desired result,

€] _ A4 c—+ 12b
L Em 24 5m 0
0, D=2
m 24000+ V) ™

Finally we would like to mention that expressions analogous to () in terms of DDF oscillators also exist
for the step operators "ET,. They read

r dz m rp tr—(r- 1y (2
“”Em:]{% {gamtrsrngi—eprie e ], (4.16)

0

One can show that these operators indeed satisfy the commutation relations (R.14) and (2.1§). In addition,
they allow a direct verification of the semidirect product )

5 Examples

In this section we present some examples. As already mentioned we will restrict attention to the Lie algebras
Eg, Eg and ElO-

When expanding the exponential operator in the new formula ), we notice that Lz] involves linear
combinations of the form

, |
D T () () AL, A (5:1)

my,...,mp Z0(£)

mi+...+mpyr=~€n

with
pra , ,
T ojna (@5 (M), . Z S T RN G TR (5.2)
p=lreA
here (m) is a coset representative for m, i.e., m = (m) + k¢ for some k € Z, (m) € {1,...,£—1}, and 7 denotes

the j-th component of the root r with respect to some basis {e;|1 < j < d —2} of h*. Since M > 2, the tensors
can be simplified by writing

-1
R om m
N(r-a; (mq),..., Z|<p_1|2 P 1) (CP — 1)
p=1
£—1 (m1)—1{m2)—1
Do gtk (s 1) (1) (5.3)
p:l k1:0 kQ_O
Invoking ([.q) we conclude that the numbers N(a-r; (m1),..., (mp)) are always real integers. Hence further

evaluation of the tensors 7;, . ;,, necessitates the computation of weighted sums over tensor products of real
roots of the following type:

ZN(r-a)r@...@r, (5.4)

with N(r-a) € Z. Such sums have not been considered in the literature so far, except in the simplest situation
where N = const. In this case the sums become invariant tensors w.r.t. the full Weyl group of the finite Lie
algebra under consideration. E.g., for Eg we have the following formula for the unweighted sums over tensor
products up to six tensor factors:

Z R 247]6(7 + 22k73)6(j1j2 o .5j2k—1j2k) for k=1, 2, 3, (5'5)
rcA
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where () denotes symmetrization with strength one and tensors with an odd number of indices vanish (this
is no longer true for the weighted sums (f.4)). The simple result (5.5) is explained by the absence of invariant
tensors other than d;; for k < 3 for the Weyl group 20(Es) = D4(2) ® Z3. For k > 4, new invariants appear in
accordance with the general theory since the exponents of Fg are 1, 7, 11, 13, 17, 19, 23, 29 [@]

It is clear that the presence of the factor N(r-a) in 7 (a) breaks the symmetry under the full affine Weyl
group down to that subgroup which preserves a; this is just the (finite) little Weyl group 20(a, §) introduced in
[E] As a consequence, the results will be the more cumbersome the smaller 20(a, §) becomes. For the examples
to be presented below we have therefore evaluated the relevant sums (@) on the computer. Inspection of the
explicit examples suggests that it may be difficult to find closed (or at least more elegant) general expressions
for them, and we have not tried to do so.

Let us illustrate the new formula and the above remarks with some examples for the exceptional Lie algebra
g = Eg with affine extension g = Eg and hyperbolic extension § = Ejo. In this (unique) case the finite root
lattice is selfdual, and consequently the extended affine root lattice coincides with the weight lattice of Fig
which is just the unique even selfdual Lorentzian lattice IIg ;. As a partial check on our results, we have have
recalculated (and reobtainedg) below directly by means of formula (4.60) in [ff] (the Lie algebra analog of

2.2(])), i.e., without use of ( ). Doing the calculation in this “old” way is impossible without massive use of
algebraic computer programs, whereas the new formula requires substantially less effort. In fact, knowing the
tensors @) (for this we must still rely on the computer), the calculation can be done by hand.

As our first example, we choose the fundamental dominant weight Ay = 2r_; + ro + 39 of level £ = 2 with
associated tachyonic vector a; = A; — 2§. We identify the polarization vectors €, with the orthonormal basis
vectors e;. The little Weyl group is 2(A1,8) = W(E;) ® Zy = C3(2) ® Z3. An exceptional property of the
level-2 sector is the vanishing of all tensors with an odd number of indices; this feature will be lost for higher
levels [¢| > 2. With the notation A%, = ""4"  we find

7
£2)ay) {% ST AL, LA A4S 1 %\/§A82}|a1>,
=1
7 7
2 2 7 3 i Z
£ cPay) = {& STAT AT+ AL ST (A7) (AR \/_ZA
7 .
+15% Z(Ag—l)z(Al—l)2 +BA% A%+ 5(A%,)7 + 1_76\/§A§2(A8—1)2
L)+ BVEAY ),
7 8 7
2 [ [ i i i
££]2|a1> = {1_76 ZA,gA,l +3 ZAszfz - a1 Z (A ))?(AF))?
i=1 i=1 i,k=1

7
+2 Z(Afil)Q(Aal)2 + AR A% 4+ 55 (A% )+ %\/5/184}|a1>,

i=1
7 7
£Pla;) = {29_02,41 AL ZAl AL, 482,41 ALy — & ST AT AT (AR )2
=1 i,k=1

7 6
+E ) A% AR (AF)) 2+%62A23A21(A8,1)2—6i4 D (AT (AF)2(AT)?
. .

i k=1 i k=1
6 6
+45 Z(A11)4(A771)2 - 153 Z(AQ)Q(AL)ZL + & Z(All)Q(Asfl)él
1=1 =1 =1

6
(AT D2(AR )+ & (A% )2(AT ) + g D (AL)0 + LAB A8 4 BT AS A8,
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"’144‘48 (A%))° — 320 30 (AL;)° — 28180 -1 I_IAZ %\/EA86}|31>- (5.6)

Our second example is the fundamental dominant weight Ag of level £ = 3 with associated tachyonic vector
ag = Ag — 24 and little Weyl group 20(Ag,d) = 20(As) = Ss. In terms of our standard basis of orthonormal
polarization vectors we found the results

8 8 8
£ jag) = {% DAL+ LY AA - > (1-60; + 125ij5jk6mAi1A11A’“1}|as>,
=1 i=1

i,5,k=1
8 8 8 8
3 i i i i i
Pl = {E AL+ ED AL+ E Y AL 1) (4
] i=1 i=1 i=1

8

— 3 Z (1 — 40,5 — 20,1, + 120,;0,5) A" A7 | AF |
7,k=1
8

Z 1 — 65ZJ + 125ij5jk)Ai_2Aj_2Ali2

k=1

8
704 Z 61]‘ + 6k + 46jk — 125ij6jk — 126jk5kl
7.k,

+ 2400 1,0k1 — 40i;081 — 88:.0;1) AL, AT AR AL

8
+ ﬁ Z (1 — 85ij — 125]‘1@ + 2461']‘53‘1@ + 165]‘;@61@1 — 3251’]’5]‘1@61@1 — 85jk5kl6lm
ig bk lm=1

— 165ij5jk5kl5lm + 645ij5kl + 165jk51m + 725ij5jk5lm + 485ij5k151m)Ai_2Aj71AlilAl_1A7_n1

8
b D (1= 1585 + 400,655, — 60830401 + 1448:5818181m — 144615811816t

i,4,k,l,m,n=1

+ 806, 0k1 O + 3208;50;101m O ) AL | AT | AR AL A™ A 1}|ag>, (5.7)

where now A%, = "4’ . This example illustrates that terms with an odd number of DDF oscillators need not
vanish in general. The invariance of under the little Weyl group Sg can be made manifest by switching to a non-
orthonormal and Sg invariant basis of polarization vectors. This leads to slightly simpler expressions. However,
this simplicity is an artefact caused by the size of the little Weyl group, which generically becomes trivial. In
addition we note that, by (5.1]), even the operator ﬁ[f]l will involve oscillator number mq + ... + myr = ¢ and
thus an exponentially growing number of terms with increasing level ¢.

6 Outlook

The above results nicely display the increasing “anisotropy” of the root space representations in terms of the
DDF basis with increasing level, a feature which we have already stressed before and which can be traced to
the decrease (and eventual triviality) of the little Weyl group at higher level. While the further exploration of
higher-level root spaces by direct methods as in [E] seems prohibitively difficult, prospects are much brighter
with our new formula () What is still missing at this point is an analogous and similarly explicit expression
for the full coset generators

Kb =llgle-- - 91)+...+19---@1eLl)-cf (6.1)

While the last term involves transversal DDF operators only by (), we have checked that the other terms

will introduce a dependence on the longitudinal DDF operators. Since the operators IC%] commute with the
affine subalgebra this might also shed some light on the long-standing problem of finding explicit expressions for
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the (non-polynomial) higher order Casimir invariants of affine algebras. We hope to come back soon to these
issues in another publication.

Acknowledgments: We are very grateful to P. Slodowy for sharing with us his expertise on Weyl groups and
their invariant tensors. We would also like to thank J. Fuchs for discussions about the representation theory of
affine Lie algebras.
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