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ABSTRACT. Let p(t) € Cl[t] be a polynomial with distinct roots and nonzero
constant term. We describe, using Faa de Bruno’s formula and Bell polynomi-
als, the universal central extension in terms of generators and relations for the
hyperelliptic current Lie algebras g ® R whose coordinate ring is of the form
R =C[t,t™ u|u? = p(t)].

1. INTRODUCTION

Let p(t) € CJt] be a separable polynomial with nonzero constant term. In this
paper, using a general result of C. Kassel, we explicitly describe the universal central
extension of the Lie algebra g @ R where R = C[t,t~! u|u? = p(t)]. An algebraic
curve of the form C[t,u|u? = p(t)] is called a hyperelliptic curve if degp > 4, so
we called the universal central extension of g ® R, a hyperelliptic current algebra.
Modulo most of the center, this algebra is a particular example of a Krichever-
Novikov current algebra (see [KN87D|, [KN8&7a], [KN89]). See also the books [Shel2]
and [Sch14] for more information and background about these algebras.

In the 1990s M. Bremner explicitly described in terms of generators, relations and
using certain families of polynomials (ultraspherical and Pollaczek), the structure
constants for the universal central extension of algebras of the form g ® R where
R=C[t,t Y u|u? = p(t)] where p(t) =t —2bt+1 and p(t) = t3 —2bt2 +¢, b # +1
(see [Bre94al, [Bre94D), [Bre9s]). He determined more generally the dimension of
the universal central extension for affine Lie algebras of the form g ® R where R
is the ring of regular functions defined on an algebraic curve with any number of
points removed. This was derived using C. Kassel’s result [KL82], [Kas84]) where
one knows that the center is isomorphic as a vector space to Qr/dR. The case where
p(t) = t* — 2bt? + 1 was studied in [CFTI] and [CFTT3] where particular cases of
the associated Jacobi polynomials made their appearance. Thus the contents of
the current paper includes as special cases most of the above work. If the constant
term of the polynomial is zero, then some small modifications of the present work
will yield also an explicit description of the universal central extension. This is left
to the reader. We will later review some of the above cited work as needed.
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It should also be mentioned that in joint work with R. Lu, X. Guo and K. Zhao we
have described the center of the universal central extension of the Lie
algebra Der(R) for R as above ([CGLZIH]) and for the m-point ring R =
C[t,(t —a1)~t,...,(t — an)~!] for distinct complex numbers a; ([CGLZ14]). Here
also interesting families of polynomials arise in their description (for example the
associated Legendre polynomials when p(t) = 2% — 2btF + 1, b # +1, k > 1).

In our previous work (see [Cox08[CJT4l[BCF09,[CF11]), the authors used such
detailed information to obtain certain free-field realizations of the three point, four
point, elliptic affine and DJKM algebras depending on a parameter r = 0,1 that
correspond to two different normal orderings. These later realizations are analogues
of Wakimoto type realizations which have been used by Schechtman and Varchenko
and various other authors in the affine setting to pin down integral solutions to the
Knizhnik-Zamolodchikov differential equations (see for example [ATY91], [Kur91],
[EFK9g], [SV90]). Such realizations have also been used in the study of the Drinfeld-
Sokolov reduction in the setting of W-algebras and in E. Frenkel’s and B. Feigin’s
description of the center of the completed enveloping algebra of an affine Lie algebra
(see [FFRO4], [Fre5]).

Our main result Theorem [5.1]is a description of the generators and relations for
the hyperelliptic current algebra g ® R in terms of polynomials arising from Faa de
Bruno’s formula and Bell polynomials.

In future work the author plans to use results of this paper to describe free-field
realizations of the universal central extension of these hyperelliptic current algebras.
One can also see that the group of automorphisms of a commutative associate
algebra R over C induces an action of that group on the Kéahler differentials modulo
exact forms Qg /dR. In future work we will also describe for certain algebras R how
Qr/dR decomposes into a direct sum of irreducible submodules under this action.

2. BACKGROUND

As C. Kassel showed the universal central extension of the current algebra g® R
where g is a finite dimensional Lie algebra defined over C, is a vector space § =
(g®R)®QL/dR where QL /dR is the space of Kihler differentials modulo the exact
forms dR and where the Lie bracket is given by

(21)  [z®fiy®gl:=lay @ fg+ (z,y)fdg, [z®fw]=0, [w,w]=0,

where z,y € g, and w,w’ € Q% /dR. Here (z,y) denotes the Killing form on g and
£ dg denotes the residue class in Q}% JdR.

Consider the polynomial p(t) = t" + a, 1"~ + --- + ap, where a; € C and
a, = 1. Fundamental to the description of § where R = C[t, ¢t~ u|u? = p(t)], is
the following:

Theorem 2.1 ([Bre94b|], Theorem 3.4). Let R be as above. The set

(2.2) {t=Tdt,t=Tudt,... t—"udt}

forms a basis of Q% /dR (omitting t—"udt if ag = 0).



THE UNIVERSAL CENTRAL EXTENSION 2827

A straightforward calculation shows that

Lemma 2.2 ([CF1I]). If u™ = p(t) and R = C[t,t~, u|u™ = p(t)], then Q}/dR,
one has
n—1
(2.3) ((m+ Dn+im)t" T tudt = — Z((m +1)j +mi)a;t" " tudt mod dR.
j=0

Take from now on m = 2 and
n
pt)=(t—a1)-(t—an) =) at’
i=0

where the «; are distinct complex numbers and fix R = C[t, ¢, u | u? = p(t)] so that
R is a regular ring. Motivated by 23) we let Py ; := Py (ao,...,an—1), k > —n,
—n < i < —1, be the polynomials in the a; satisfying the recursion relations

n—1
(2.4) (2k+n+2)Pei=—> (3j+2k —2n+2)a;Pe_nsji

j=0
for k > 0 with the initial condition Pj; = 65, —n < k < —1.

3. COCYCLES

First we give an explicit description of the cocycles contributing to the even part
of the hyperelliptic current algebra. Set

(3.1) wo:=t~tdt, wy:=t"Fudt, forl<k<n,
where we omit w,, if ag = 0.

Lemma 3.1 (cf. [Bre94D), Prop. 4.2). Fori,j € Z one has

(3:2) thd(t7) = jéitjowo
and
e — " . 1
(3.3) tud(tiu) = (] + §k> ag0itj,—kWo-
k=0

Proof. First observe that

n
2udu = d(u?) = p/(t)dt = Z ia;t"™ ! dt.
i=0
The second congruence then follows from

tud(tu) = P dt 4t u du
cidi— - 1 it - _
= jtiti=1 (kz—oaktk> dt + 5t TN kagtt ! dt

k=0
~(. 1 itjrk—1
=> J+ gk ) art™ I,
k=0
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For the odd part we have
Lemma 3.2 (cf. [Bre94D), Prop. 4.2). Fori,j € Z one has

(3.4) tud(th) = j Dkt Pitj—1,-kwi ifi+j>-n+1,
> oh1 Q iy, — kW ifi+j<-n+1,
where P, ; the recursion relation 24) and Q,,,; satisfy

n

(3.5) —2(m — 1)aoQm.i = — Y _(3j — 2m +2)a;Qm—;.

j=1
form > n41 with the initial condition Qp; = 6pm,—i, 1 <m <nand —n <7 < —1.

Proof. We have

n—1
(3.6) (2(i+j)+n)t" 7 tudt = =Y " (3k+2(i+j)—2n)art™ " Fudt mod dR,
k=0
and similarly
n—1
(37) (2(’6 + ]) + n)Pi+j71,Z— = — 2(3]{) + 2(’& + ]) — 2n)akPi+j,n+k,17i.
k=0

So now assume for r > —n,

n—1
trudt = Z Prvk,nwn,k
k=0

(which certainly holds for r = —n, ..., —1). Then
n—1
T 3k+2r —2n+4 _
trtludt = — tr—rtktly dt
Y Z ( n+2r+4+4 ) h “
k=0
§§(3k+2r—2n+4>ap .
- - kL r4+1—n+k,l—nWn—1
== n+2r+4+4
n—1
= Pr+1,l—nwn—l-
1=0

Then for ¢ + 7 > —n + 1 one has

n—1 n
(38) tiy d(tj) = jti"’j_lu dt = j Z PiJrjfl,kfnwnfk: = j Z PiJrj,L,kwk.
k=0 k=1
We now take ([23])
(3.9) 2kaotFudt = — > (35 + 2k)a;th I Tudt,
j=1
and write it as
(3.10) —2(m — D)agt ™udt = — > (35 — 2m + 2)a;t~ (" Dudt,

j=1
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which certainly is true for m > n + 1. This leads us to the recursion relation

(3.11) —2(m = 1)aoQm.; = — »_(3j = 2m +2)a;Qm—;.
j=1
for m > n41 with the initial condition Qi = 0m,—i, 1 <m <nand —n <i < —1.
So now assume for r > 1,

n—1
tTrudt = Z Qr,k—nwn—k
k_

(which certainly holds for r =1,...,n as Qm,i = 6m,—i, L <m <nand —n <i <
—1.).
For r > n we have by (B11)

n

— 3 —2r)a;———————
t—(r+y dt = —( J4=(r+1=3)q, dt
u le 2rag “

n—1 n

a
S =T
- E E QrJrl —jk—nWn—k

kO]l

- Z Qr+1,k7nwn7k~

k=0
Then for ¢ + j < —n + 1 we have

n—1

(312) twd(t?) = T Tudt = § > Qivji1kntn- k—JZQ i1,k Wk
k=0 k=1

4. FAA DE BRUNO’S FORMULA AND BELL POLYNOMIALS

Now consider the formal power series
(4.1) Pi(z) := Pi(ag,...,an—1,2) := Z Pk,izk"’” = Z Pk,n,izk.
k>—n k>0
Then one can show that P;(z) must satisfy the differential equation

d Q(2) Ri(2)

(4.2) &0~ 50O = e
where

S ay2n ) = 2T"(2) + (n — 2)T(z),
and

An integrating factor is
Q(z) 1

_ dy —
2:T(z) ©* 7 L2072 JT(2)

1(z) = exp
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and so
us) Py = T [ e

The way we interpret the right hand hyperelliptic integral (7'(0) = a,, = 1 # 0) is
to expand R;(z)/T(2)3/? in terms of a Taylor series about z = 0 and then formally
integrate term by term and multiply the result by series for z("_2)/2\/T(z). Let us
explain this more precisely.

One can expand both y/T(z) and 1/T(z)3/? using Bell polynomials and Faa di
Bruno’s formula as follows. The Bell polynomials in the variables 21, 22, 23, ... are
defined to be

- m! z1\ 11 Zm—k+1 it
Bm,k:(zh ceey Zm—k-i—l) i Z llllg' L. lmfk%»l! (F) T ((m —k+ ]_)”

where the sum is over I} + 1l + - =k and Iy + 2ly + 3l3 + - - = m (see [Bel2g]).
Now Faa di Bruno’s formula [dB57)] (discovered earlier by Arbogast [Arb00]) for
the m-derivative of f(g(x)) is

m

I @) =3 FO9@) Bua(g' (@), " (@), .., gD (@),

dx™
1=0

Setting f(x) = 273/, g(z) = T(x), we get

_1\m I
(1) ey = L2 L

and T™®)(0) = kla,,_j so that

dm (D21 4+ 1!
e Fg@)lemo = Y %Bm,l(am_l, Um_ 2, .., (m— 1+ 1lar_y).
=0

As a consequence

m! dz™

ﬁ =3 L g™

m=0
o0 m
1 —DH21+1)N m
= g (Z %Bm,l(am_lﬂam_g,...,(m—l—|—1)!al_1)> 2™,
m=0 =0
and hence
(4.5)
I &= (=D 20+ 1)
Tm(ao, sy amfl) = m Z %Bml(am,l, 204m72, ey (m—l—i—l)!al,l),
1=0
where T}, (ag, - . ., am—1) are defined through the equation

1 00
= To(ag, ..., am-1)2"
3/2 Z m\t0, s bm—1
T(Z)/ m=0

Similarly for v/T(z) we set f(z) = \/z so that

ooy (—1)FTL(2K - 3)
f( )( ) - 9ok »(2k—1)/2
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for m > 0 and thus

T(z)

_ i mi <i (—=1)"1(21 - 3)”Bm,l(am71, 2am—9,...,(m—14 1)!(111)) z

2l
=0

We then form the formal power series

(4.6) Qi(2) :== Qi(ag, a1, ..., an-1,2) = Z Qk—n,izk = ZQk,iZIH_

k>n+1 k>1

for 1 <i <n. As above one can show that this formal series must satisfy

(47) T~ 550 = o
where
(4.8) P(z) —i)ajz , Q(z):=2zP'(2) +2(n+ 1)P(2)
and -
. mzl (3) — 2m + 2)a; Qi | 2™+
=\
Indeed

n

2ZP(Z)diZQi(Z) - Q(2)Qi(z) = Z Z(2(k‘ +n) —j —2n —2)a;Qy 2 T
k>1j=0

= — Z Z(] — 2k + Q)Gijﬂ‘ZjJrkJrn

k>1 =0

n

- 2(33' —2m +2)a;Qm—ji | 2™
m>n+1 \ j=0

m—1

i Z 3j —2m+2)a;Qm—j; | 2™
m=1 =0

= 5;(z).

An integrating factor is

B Q(z2) _ 1
w(z) = exp/—QZP(Z) dz = EEE ek

and so

(4.9) Qi(2) = 2"/ P(2) / %d”



2832 BEN COX

4.1. Example. In [CET13] we considered p(t) = 2* — 2cz? + 1. The polynomials
P_4,, have generating series

de2? — 1 S
P_y(c,2) = 2/1 —2¢c22 + 24/ . = dz = Z P_yn(c)z

2(24 — 2¢22 +1)3/2

de 16
4
=1+z —|—€ (32c —5)2 —I—ﬁc(Sc —3)
(2048¢* — 1248c +75) 1o u
— TIEE 27+ 0(27)
and P_y4 ,(c) satisfy the following recursion:
(4.10) (6 4+ 2k) Pr4(c) = 4kePyya(c) — 2(k — 3) Py (c).

The main result of [CFT13] is that these polynomials P_, ,,(c) are particular exam-
ples of the nonclassical associated Jacobi polynomials and they satisfy the following
fourth order linear differential equation:

Theorem 4.1 ([CETI3], Theorem 3.1.1). The polynomials P,, = P_4,, satisfy the
following differential equation:
16(c? — 1)2P\™) +160c(c? — 1) P — 8(c*(n® — 4n — 46) — n? + 4n + 22) P
—~24¢(n? —4dn — 6)P) + (n — 4)*n?P, = 0.
In the above cited work we also studied Py ,, the remaining cases of k=—3, —2,—1.

In particular all of these families of polynomials are orthogonal with respect to some
measure and satisfy an at most 4th order linear differential equation.

4.2. Example. Let us take p(t) = t% —2bt3 + 1. Then we get the recursion relation
for the Py ;’s as
(4.11)

5
(2k+8)Pri = — Y (3§ +2k — 10)a; Pry;—6.: = 2b(2k — 1) Py_3.; — (2k — 10) Ps_g.s,
j=0
for £ > 0. So that one can calculate by hand for example the first five nonzero
nonconstant polynomials for ¢ = —1;

b b2
Py = §,P57—1 =5

Py = élﬂ (76 =3), Pu_1= % (216° — 14b° + 1) .

Py = %b (56 — 1),

In this setting of p(t) we have
R_1(2) =62°, R_(2) =42, R_3(2) =22%, R_4(2)=6b2",
R_5(2) = 10b2* — 2z, R_g(z) = 14bz® — 4
and as an example using Faa di Bruno’s formula and Bell polynomials we get

224/26 — 223 + 1 / dz

2bz3 +1)3/2

b2S | b2t
=St
1

1
+ 15 (2167 — 146° +b) 2% 4 b7 (33 — 306° 4 5) 2% + O ().

- gb (56 —1) 2" + ng (7* —3) 217
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Note in the integral we take as the constant of integration to be 0.

One could conjecture that these polynomials Py ; are nonclassical orthogonal
and satisfy 6th order linear differential equations with polynomial coefficients in b
for each fixed i, —6 < i < —1. A similar conjecture can be made for polynomials
Py ; arising from p(t) = t2* — 2btk 41 for k > 4 where the order of the differential
equations would be 2k. We plan to investigate this in future work.

5. MAIN RESULT

Theorem 5.1 (cf. [Cox08]). Suppose ag # 0. Let g be a simple finite dimen-
sional Lie algebra over the complex numbers with Killing form (|) and for a =

(ag,...,an_1) define 1;;(a) € Qk /dR by

nopo TE NS 1
(51) wu(a) — Z’Z:l i+j—1, kWE Zfl +_] = n —+ 5
Zkzl Qi jt1,— kW ifi+j<-n+1.
The universal central extension of the hyperelliptic Lie algebra g® R is the Zs-graded
Lie algebra
g=g"od,
where

n

3’ = (g C[t,t7"]) @ Cwy, g = (g2 C[t,t "u) & P (Cwy),

k=1
with bracket
(5.2) [z @ty @] = [z,y] ® " + 8;1505 (2, y)wo,
n

i j i+j .

(5.3) [z @ tu,y @ tu] = [z,y] @ " p(t) + > (5 + ok | ardij—nwo,
k=0

(5:4) v @ tuy@t] = [z,ylu @t u+ j(@, y)vy ().
Proof. The identities (5.2) and (53] follow from Lemma B whereas (5.4) follows
from Lemma O
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