RIEMANNIAN GEOMETRY OF Diff(s1)/5!

MARIA GORDINA AND PAUL LESCOT

ABSTRACT. The main result of the paper is a computation of the Ricci cur-
vature of Diff(S')/S!. Unlike earlier results on the subject, we do not use the
Kéhler structure symmetries to compute the Ricci curvature, but rather rely
on classical finite-dimensional results of Nomizu et al on Riemannian geometry
of homogeneous spaces.
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1. INTRODUCTION

Let Diff(S!) be the group of orientation-preserving diffeomorphisms of the unit
circle. This group is known as the Virasoro group in string theory. Then the
quotient space Diff (S*)/S! describes those diffeomorphisms that fix a point on the
circle. The geometry of this infinite-dimensional space has been of interest to
physicists for a long time in connection with string theory and string field theory
(e.g. 18], [7], [19]). A. A. Kirillov and D. V. Yur’ev in [13], and A. A. Kirillov in [12]
showed that the homogeneous space Diff(S1)/S! admits a left-invariant complex
structure and can be canonically identified with M, a certain space of univalent
functions on the unit disk in C.

Our motivation comes from stochastic analysis on infinite-dimensional manifolds.
In a series of papers written by H. Airault, V. Bogachev, P. Malliavin, A. Thalmaier
(2, 3, 4, 5]), the authors explored several possible approaches to the problem. For
example, [5] is a first step in an attempt to construct a Brownian motion on J°°,
the space of smooth Jordan curves of the complex plane which can be described as
the double quotient SU(1,1)\Diff(S')/SU(1,1). The connection between J> and
Diff(S!) is given by the conformal welding. A group Brownian motion in Diff(S!)
has been constructed by P.Malliavin in [14]. S.Fang in [10] described a Brownian
motion in Diff (S') corresponding to the H3/2-metric on Diff(S'), and computed its
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2 M. GORDINA AND P. LESCOT

modulus of continuity. A detailed study of the modulus of continuity was done by
H.Airault and J. Ren in [6].

It is well-known that the behavior of a Brownian motion on a curved space (finite-
or infinite-dimensional) is related to the geometry of this space. In particular, the
lower bound of the Ricci curvature controls the growth of the Brownian motion, so
it seems that a better understanding of the geometry of Diff(S)/S! might help in
studying a Brownian motion on this homogeneous space.

The approach taken in [8, 7, 19, 13] is to describe the space Diff(S')/S! as
an infinite dimensional complex manifold with a K&hler metric, find the Riemann
tensor corresponding to the Kahler structure, and finally compute the Ricci ten-
sor. These computations use symmetries of the curvature tensor coming from the
Kahler structure which are assumed to carry over from finite dimensions to infinite
dimensions.

The aim of present article is to compute the Riemannian curvature tensor and
the Ricci tensor for this space without appealing directly to the Kahler structure
symmetries. Rather we follow the path taken by the first author in [11]. There
the Riemannian curvature tensor and the Ricci tensor were computed for a class
of infinite-dimensional groups by using finite-dimensional computations of the Rie-
mannian curvature tensor by J. Milnor in [15] as definitions.

We will use the classical finite-dimensional results of K.Nomizu in [16] for ho-
mogeneous spaces as our definitions of basic geometric notions in this infinite-
dimensional setting. The Virasoro algebra has a natural almost complex structure
which has a zero torsion. This allows us to treat this structure as complex. Then
using finite-dimensional methods we can find a covariant derivative V compatible
with the complex structure. First we compute the original covariant derivative in
the natural trigonometric basis of the Virasoro algebra. This is a technical result
with respect to the main goal of this paper, and it is easy to check that the Ricci
curvature for this covariant derivative is not bounded. Then we compute the Rie-
mannian curvature tensor and the Ricci curvature corresponding to the covariant
derivative V compatible with the complex structure. The main result of the paper
is Theorem 4.11, which shows that the Ricci curvature for V is finite.

H. Airault in [1] computed the Ricci curvature of Diff (S*)/SU(1, 1) using the clas-
sical finite-dimensional results of K.Nomizu in [16]. Besides the fact that we study a
different homogeneous space, we show that even though the Ricci curvature tensor
converges to a finite number, the covariant derivative V is not a Hilbert-Schmidt op-
erator. This fact might pose difficulties if one attempts to define a Brownian motion
corresponding to the Riemannian structure of the homogeneous space Diff (St)/S?.
For further references to the works exploring the connections between stochastic
analysis and Riemannian geometry in infinite dimensions, mostly in loop groups and
their extensions such as current groups, path spaces and complex Wiener spaces
see [9], [11], [17], [18].

Acknowledgment. The authors would like to thank Bielefeld University, SFB
701 and the ZIF for invitations to Bielefeld in the summers of 2004 and 2005,
during which most of the work on this paper was completed. Professor Michael
Rockner first suggested the topic, and provided encouragement, help and fruitful
comments along the way. We are also grateful to Laurence Maillard-Teyssier for
useful discussions concerning Riemannian geometry. The first author thanks the
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Humboldt Foundation for financial support of her stay in Germany in summer of
2005.

2. VIRASORO ALGEBRA
In our exposition we follow [3].

Notation 2.1. We denote by Diff(S') the group of orientation preserving C°-
diffeomorphisms of the unit circle, and by diff(S') its Lie algebra. The elements
of diff(St) will be identified with the left-invariant vector fields f(t)%, with the Lie
bracket given by

[f.9] = fa—Tg. f.g € diff(8").
The Lie algebra diff(S!) has a natural basis

(2.1) fr = coskt, g, =sinmt, k=0,1,2....m=1,2....
The Lie bracket in this basis satisfies the following identities
1 —

1 m-n
[gmvgn] = 5 ((nm)gm+n+(m+n>mgm—n> , M 7é n,

s 9] = 5 (=) st (4 S )

Definition 2.2. Suppose ¢, h are positive constants. Then the Virasoro algebra
V. 1 is the vector space R & diff(S') with the Lie bracket given by

(23) [aﬁ—’—fa bH+g]Vc,h = Wc,h(fag)"i—i_[fa g]a
where k is the central element, and w is the bilinear symmetric form

’

2m
= — G
wenth) = [ (Ch—F O-55/0®) a0
Remark 2.3. If h =0, ¢ = 6, then w, p is the fundamental cocycle w (see [3])
2m
dt
- _ 143 o 22
wlr.) == [ (r+r9) oz

Remark 2.4. A simple verification shows that w,  satisfies the Jacobi identity,
and therefore V. j, with this bracket is indeed a Lie algebra.

ﬂ
o’

Notation 2.5. By diffy(S!) we denote the space of functions having mean 0. This
can be viewed as diff (S')/S, where S is identified with constant vector fields cor-
responding to rotations of S'.

Then any element of f € diffy(S!) can be written

f@t)= Z (ar frutbrgr) -

k=1
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There is a natural endomorphism J of diffy(S') such that J? = —I, namely,

(2.4) = (brfe—arge)
k=1
Notation 2.6. For any k € Z
O = 2hk+ 75 (/<:3 k).

Remark 2.7. Note that 6_ = —6y, for any k € Z. Let by = 0, then

wenlhdf) = [ (=50 O—5190) UNO5 -
I (Z 9k<bkfk—akgk)> (Z <bmfm—amgm)> o= 1> i)
k=1 m=1 k=1

3. RIEMANNIAN GEOMETRY OF Diff(S')/S!: DEFINITIONS AND PRELIMINARIES

We use the finite-dimensional results of [16] as our definitions with the following
convention.

Notation 3.1. Let g be an infinite-dimensional Lie algebra equipped with an inner
product (-,+). We assume that g is complete. Suppose that there are two subspaces,
m and b, of g such that g = m ® b as vector spaces. We assume that b is a Lie
subalgebra of g, and that [h,m] C m. Note that m is not assumed to be a Lie
subalgebra of g.

In our setting g = diff(S!), m = diffy(S!), h = foR. Note that the assumptions
in Notation 3.1 are satisfied since for any n € N

[fo, fn] = —ngn € m, [go,gn] =nfn € m.

Let G = Diff(S!) with the associated Lie algebra diff(S'), the subgroup H = S*
with the Lie algebra h C g, then m is a Lie algebra naturally associated with
the quotient Diff(S')/S!. For any g € g we denote by gm (respectively gy) its
m-(respectively h-)component, that is, g = gm+gp, gm € M, gy € h. By the
assumptions in Notation 3.1 for any h € h the adjoint representation ad(h) = [h, ] :
g — g maps m into m. We will abuse notation by using ad(h) for the corresponding
endomorphism of m. Define

B(fag) = Wc,h(fa Jg) = Wc,h(ga Jf)
Proposition 3.2. (f,g) = B(f,g) is an inner product on dif fo(S1).

Proof. It follows from properties of w, p, as stated in Remark 2.7. In particular, for
any f € diffy(S?)

I %; Olar (1P +0r(£)?).
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Notation 3.3. Let a be an affine connection defined by

a(z,y) = 5[yl Ul,y),

where U is defined by

B(U(xvy)az) = (B([z,z]m,y)+B(z, [y,z]m))

N | —

for any x,y,z € m. The relation between the covariant derivative V : m — End(m)
and « is given by

1
Vaey = a(z,y) = 5[% Ylm+U (z,y).

The covariant derivative V is not our main interest. In Definition 4.4 we will in-

troduce another covariant derivative, V, which corresponds to the Kahler structure
on Diff(St)/S*.

Lemma 3.4. Let A\, ,, = % for any n,m € Z. Then

m-—-n

Proof.

_ (2n+m)0,—(2m+n)0,

)\m,n _)\n,m = 0 =
m—+n

2hm(2n+m)+5 (m?—m)(2n+m)—2hn(2m~+n)+55 (n®—n)(2m-+n)

9m+n
2h(m—n)(m+n)++5(m—n)( (m+n)3—(m+n)) _m—n .

Omin 2
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Proposition 3.5.

Ul fa) = 5 (Ot A )+ O, A
:% [()\n,m—i—)\m,n)gwrn—i-m?mgn_m] ,m > m,

Ul fa) = 5 (Ot A )+ O, A

=5 | QoA " | >

U(fna fn) = /\n,ng2n = *U(gn;gn);

Ul 90) = 5 [O-man=n-m) = O+ ) o
:% { ernfn m—( anm,n)fmm} ;> m,

(s ) = 5 (O =A ) fonn= Ot A ]

= % {mTMfmn(/\n,er)\m,n)fern] ,m > n,

U(fnv gn) = *)‘n,ann;

1
1 [m+n
:5 —gn m nm+Am,n)gm+n , > m,
1
U(gmagn) - 5 ()\ )\—m n)gm n ()\n,m+)\m,n)gm+n]a
1 [m+n
:5 Tgm n— nm+Am,n)gm+n , M > Mn.
Proof. First,
2T
dt
c msyJn) = — emmn_zoa
we,h (fmy fn) ; mfng
27
dt 1
c ms9n) = — em myn5 - = __em(smn;
we,h(fims Gn) | Omgmgng s = =3 :
2m
dt 1
c my Jn) = 9m mJny_ — _emémn;
enlgns ) = [ bbb = 500
2m
dt

c ms9n) = Gm midns— = 0;
we,h(Gm In) ; Frngng

and therefore

B(fmafn) = B(gmagn) = %m(sm,na B(fmagn) = B(gmafn) =0

By the commutation relations (2.2)
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n2—k2
Gim—k|s fn)+B(fm, (”‘M%M‘FWQW—M)
=0.

2 2

m
B —k)gm —_—
((m=R)gnt T

B (fonr ), 56) = 3 (B({f Selms Fo)+B s [ Filo)) =
1
1

B (s ). 1) = 5 (B 96l Fu)+B s s 06]) =
() BFi o)+ (m K B Fo)+
(k=n)B(fm, fntk)+(n+E)B(fm, fin—k)) =
%((k—m)9n6m+k,n+(m+l<:)9n6|m,k|7n+
(k=100 O 5+ (4K OO ) =
l((n—2vvﬂb)6’n<5k,n_m+(2m+n)9nék,m+n+(2m—n)en(sk,m_mt
(1—20) 8105 (204172) O O+ (21— 11) Oy —r) =
1(((n72m)9n+(2n7m)9m) Sk n—m+((2m+n)0p+(2n+m)0p )0k m4n+
((2m=n)0n+(m—2n)0m)0k,m—n)

with the assumption that all the indices are positive. Thus

(n—2m)0,+(2n—m)0,,

(2m+n)0,+(2n+m)6,,
gnfma n> m)

U(fmvfn) = 49m+n Im4n 49n_m
2m~+n)0,+(2n+m)b,, 2m—n)6,+(m—2n)0,,
U(fmvfn) = ( )49 E_ ) Im4n ( )49 ( ) Im—n, M >N,

3nb,

(B([fm> frlms gn)+B(fms [9n, frlm)) =
2 ]{32

m2—
B _k m 7 71 Y m—k|>Yn)—
( ((m—k)gm+x+ k] Jim 1+ 9 )

B(U(fmagn)a fk) =

N =

1
4
B(fma (n_k)fk-‘rn"’—(k/’—i_n)f\kfm)) =

2 2

m°—k
((mk)en(sk,nm“i’m@nén,m—k (nk)emakymn(k+n)9m5m7|k—n) =

oo | —

(((2m—n)0,—(2n—m)0m )0k n—m~+(—(2n—m)0,,+(2m—n)0,,) 0k m—n

1
8
+(—(2m+n)0,—(Mm~+2n)0) 0k m—+n) -
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(B([fmagk]magn)+B(fma [gnagk]m)) =

N~

B(U(fm,gn)s 9x) =

1 k*—n?
£ (B s 00 1080)~ B (Rt ) ) =0

Thus
1[(2m—n)8,—(2n—m)0o,, 2m+n)0,+(m+2n)0,,
U(fmvgn):Z |:( ) 0 ( ) fnfm*( )9 _f ) fm+n:| ,n>m,
1[(2m—n)8,—(2n—m)0o,, 2m~+n)0,+(m+2n)0,,
U(fmvgn):Z |:( ) 0 ( ) fmfn*( )9 _f ) fm+n:| ,m>n,
3nb,
U(fnvgn) = 20, fon, m=mn

B(U(gmvgn)a fk) = % (B([gmvfk]m;gn)‘i’B(gmv [gnvfk]m)) =

(*B((mfk)karm‘i’(k‘i’m)f\k—m| ) gn>7B(gma (nfk)fk+n+(k+n)f|k—n\)) =

R

(=) B, 90) ) B g 0n)
(n—k)B(gm, fk+n)_(k+n)B(gm’ f\k7n|)) =0.

B(U(gmagn)agk) = % (B([gmagk]m;gn)+B(gma [gnagk]m)) =

1 m2—k:2 n2—k2
Z (B((k_m)gm+k+ | k| 9im—k|» gn)+B(gma (k n)gn+k+ | k| g|nk|))

[c

m2—k? n?—k?
((k’ m)6y, Ok n— m+| |9 nOn, Jm— k|+(k n)0pm Ok, m— n+| k|9 O, n— k)

1
3 ((n=2m)0p+(2n—1m)0m )0k n—m+((2m—mn)0p,4+(Mm—21)0,, )0k m—n
—((2m~4n)0y,+(2m~4n)0m )0k m+n) -
Thus
1 [ (n—2m)0,+(2n—m)o,, 2m+n)0,+(2n+m)0,,
U(gmagn) = = ( ) ( ) gn—m_( ) ( ) Im+n| N >m,
4 9n,m 9m+n
1 [(2m—n)0,+(m—2n)0,, 2m+n)0,+(2n+m)0,,
U(gmagn) = = ( ) ( ) mfn*( ) ( ) Im+n|,M >N,
4 Gm—n 9m+n
3nb,

U(g’m gn) = _%9271-
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Proposition 3.6.

vfmfn = )‘m,ngm-i-n, n>m,
m+n
mefn = )\m,ngm-i-n‘f'Tgm_n’ n <m,

vfnfn = )\n,nQQn - *Vgngny
vfmgn = _)‘m,nfm-‘rna n>m,

Vi Gn = —)\m7nfm+n+mT+nfm_n, n < m,
Vi.gn = =Annfon = Vg, fn,

VauFn = nmfmin =0 s 1> m,
Vgn,fm = _)‘n,mfm-l-na n <m,

Voun = =Amngmsn, n>m,

Vgmdn = mT—’—ngm_n—)\m,nngrn, n < m.

Proof. The main ingredients of the proof are the commutation relations (2.2),
Proposition 3.5 and Lemma 3.4. First, note that

Vinfn = %[fma fn]m+U(fma fn),

and therefore if n > m, then

1 1 m+n
vfmfn = Z ((m_n)gm+n_(m+n)gn—m) +§ |:()‘n,m+)\m,n)gm+n+?gn—m:| =
1 1 —
7 (=) 2\ Am )] gonen = {(mn)+2 (%*2%”)} Gntn =
A nGmtn;

if m > n, then

1 1 m+n
m-+n
Tgm—n+)‘m,ngm+n§

anfn = U(fﬂvfn) = A'rz,nan-

Similarly

1
vfmgn = §[fmagn]m+U(fmagn)a
and so for n > m

1 m-+n

Vingn = i ((n_m)fm-i-n"'(m"'n)fn—m) +§ B)

7)‘m,nfm+n;

fn—m_()\n,m+)\m,n)fm+n

and for m > n
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1 |m+n

VinGn = ((n7m>fm+n+(m+n>fmfn)+§ —fm n ( ner)‘Tn,n)fern

| =

mnfm+n+ fm n;
1
vfngn = §[fnagn]m+U(fnagn) = _)\n,ann-

Third,
1
Vgnfm = 5[971; fm]m+U(gn; fm),

and therefore for n > m
1 1 m+n
Vgnfm = 1 ((n7m>fm+n+(m+n>fn7m) 5 ——fn- m+(/\n,m+/\m,n)fm+n =
1 m+n An m+/\m7n
71(n*m)fm+n fn m—— B fm+n =

1 m+n 542N m,n
7Z(n7m)fm+n* 2 fn—m— 2 5 Jmtn =

m—+n
B fern m,nfern = vfmgn+[gn7fm];

7—fn m—

form >n
1 |{m+n

((nim>fm+n+(m+n>fmfn) +§ Tfmfn*(An,m“i’Am,n)fern

Vgnfm = -

n—

3 N

fm—i—n m,nfm—i—n = vfnLgn+[gna fm];

l\:) ‘

vfngn = §[fnagn]m+U(fnagn) = _)\n,ann-

Finally,

1
vgmg”l = 5 [gm) gn]m"’U(gm; gn))

and so if n > m, then

1 1 |m+n
VmGn = 1 ((n7m>gm+n*(m+n)gn7m) +§ {Tgnm()‘n,er/\m,n)ngrn] =

$gm+n*%()‘n,m+/\m,n)gm+n = —Am,ngm+n;
and if m > n, then

Vot = ()t () 5 |5
T 2N ) gt = megmfanm,ngmm;

gmn(An,m+>\m,n)gm+n:| =

n—m m-+n 1
4 gm+n+ 2 gmfnfi(T

vgn,gn = U(gnagn) = _)\n,nQQn-
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4. Diff(S1)/S* As A KAHLER MANIFOLD

The goal of this section is to introduce an almost complex structure on diffy(S?),
and then show that it is actually complex for an appropriately chosen connection.
Recall that J : diffp(S') — diffp(S') is an endomorphism defined by (2.4), or
equivalently, in the basis { fim, gn}, m,n =1,... by

me = —9gm, Jgn = fn
The next result is an analogue of the Newlander-Nirenberg theorem in our setting.
This statement also appears in [1] on p.255 as was communicated to us by H.Airault
after we submitted the present paper.

Proposition 4.1. The Nijenhuis tensor N (the torsion of the almost complex struc-
ture J) defined by

NX,Y)=2([JX,JY|a—[X,Y]m—J[X, JY|m—J[JX,Y]n)
vanishes on m = diff(St). Therefore J is a complex structure.

Proof. If m # n, then by (2.2)

N(fma fn) =2 ([Jfﬂ’m an]mf[fmvfn]m*l][fma an]m*J[mevfn]m) =
2 ([gms gnlw—[fm, falm+I [fms Gnlmt T [gm, falm) =
2 ((n=m)gmin+(n—m)J frnsn) = 0.

Then we can use

NUJX,)Y) =2 (—[X,JY|m+[JX, J(IJY)|m—J[JX, JY =T [X, J(JY )]n) ,
= N(X,JY);
NJX,)Y)=2(—[X,JY|u+[JX, J(IY)]n—J[JX, JY |u—J[X, J(JY)]n) =
=2J (—=JX, JY]u—J[IJX, Y]+ [J X, JY |m—[X,Y]|m) = —IN(X,Y)
to see that

N(fmafn) = N(ngvfn) = N(gmvjfn) = 7N(gm;gn) =0,
and
N(fmvgn) = 7N(gn7fm) = N(ngvgn) = 7<]N(gmvgn) =0.
[l

Lemma 4.2. J is a complex structure on m = diffo(S') with the covariant deriva-
tive

(Vi ) (fn) =(V 5 D) (gn) = (Vg,, J)(fn) = (Vg J)(gn) = 0, n = m,
(Vi D) (fn) =(V g, D) (gn) = =(mAn) frn—n, n <m,
(Vi) gn) ==V, J)(fn) = (M+n)gm—n, n <m.

Proof. We will use the fact that

If n > m, then
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)\m,nfm+n_)\m,nj(gm+n) = )\m,nfm—i-n_)\m,nfm—i-n =0.
If n < m, then

(Vi D)(fn) ==V, 90=J(Vy,, fn) =

m-+n m-+n
9 fmfn*)\m,nj(ngrn)* 2

m-+n m-+n
)\m,nfm-l-n_Tfm—n_)\m,nfm—i-n_Tfm—n = _(m+n)fm—n;

(vfn J)(fn) = )\n,ann*An,nJ(g?n) = An,nf2n*An,nf?n =0.
If n > m, then

Am,nfern* J(gm*n) =

(vfm ‘])(gn) = Am,nngrn4’>\7n,nJ(fern) = /\m,nngrn*Am,nngrn =0.
If n < m, then

(Vi) gn) = Vi, fo=I(Vi,9n) =

m-+n m-+n
)\m,ngm-i-n"’_?gm—n'i‘)\m,nj(fm-i-n)_ ) J(fm—n) =

m-+n m-+n
Am,nngrn“i’Tgmufn*>\7n,ng7n+n4’Tgmfn - (m“i’n)gmfn,

(vf'n, J)(gn) = )\n,ng2n+An,nJ(f2n) = 0

If n > m, then

(VQWLJ)(fn) = _vgmgn_‘](vgmfn) =
)\m,ngm+n+)\m,nJ(fm+n) = )\m,ngm-l-n_)\m,ngm—i-n =0.
If n < m, then

(vgnLJ)(fn) = _vgmgn_*](vgmfn) =

m-+n m-+n
- 9 gmfn+Am,ngm+n+Am,nJ(fn+m)+ 9 J(fmfn) =
m-+n m-+n

Tgm—n 2 gm—n+)\m,ngm+n_)\m,ngm+n = _(m+n)gm—n;
(Vgn J)(fn) = )\n,ng2n+An,nJ(f2n) = An,ng2n*>\n,ng2n =0.
If n > m, then

(Vo) gn) = Vg, fa=I (Vg 9n) =
_)\m,nfm+n+)\m,nJ(gm+n) = _)\m,nfm+n+)\m,nfm+n = 0.
If n < m, then
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(vgm‘])(gn) = vgmfn_J(vgmgn) =

m-+n m-+n
_)\m,nfm-l-n_Tfm—n_TJ(gm—n)+)\m,nJ(gm+n) =

m-+n m-+n
*Am,nfern*Tfmfn* Tfmfn+>\m,nfm+n - *(m“i’n)fmfna

(Vg I)(gn) = —AnnfontAnnd (g2n) = —Annfont+Annfon = 0.
O
Lemma 4.3. Let Q be the tensor field of type (1,2) defined by
4Q(z,y) = (VS )a+J(VyJ)x)+2J (Ve )y).
Then

m-+n

m—+n

Qfmsgn) = = =5 fa—m, n>m,
Qs ga) = " s 1 <,
Qo fu) = " fues 1> m,
Qom: fu) = =" fon m <,

2

Proof. First, note that

4Q(fma fn) = (van J)fm—l—J((an J)fm)—l—QJ((me J)fn)a

and therefore

4Q(fims fn) = (MAN)gn—m—(mAn)J (fn—m) = 2(m+n)gn—m, n >m;
4Q(fmy fr) = 2(m4N)gm—n, n < m;
4Q(frs fn) = = (Vg ) [o 43T (V 1, J) fn) =0, n=m.

Second,

4Q(fms gn) = Vg, ) fn+I (Vg ) fin) 2T ((V 1, T ) gn)
and therefore

4Q(fms gn) = = (mA4n) fa—m—(m+n)J (gn—m) = =2(m+n) fa—m, n > m;
4Q(fms gn) = 2(m~+n)J (gm—n) = 2(m+n) frn—n, n <m
4Q(fns gn) = (Vg ) futJ(Vg, ) fn)+2J((V§, J)gn) = 0.

Third, note that

4Q(gm, fn) = (Vs J)gm+I (V5 J)gm) +2J((Vy,, ) fr),
and therefore
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4Q(gm; fn) = (m+n)f"—m+(m+n)‘](gn—m) = 2(m+n)fn—ma n>m;
4Q(gm, frn) = —(Mm4+n)2J(gm—n) = —(Mm4+n)2fm—pn, n < m;
4Q(gn: fn) = —(Vg, J)gn+JI(V 1, J)gn)+2J ((Vg, J) fn) = 0.

Finally,

4Q(gma gn) = (ngn J)gm+J((v9n J)gm)+2‘]((vgm J)gn)a

and so

4Q(gm» gn) = (M+N)Gn—m— (ern) (fn—m) = 2(m+n)gn—m, n >m;
4Q(gmagn) = _2(m+n) (fm n 2( ) Im—n, N < M;
4Q(gn> gn) = (V1, J)gn+3J((Vg, J)gn) = 0.

Definition 4.4. The new covariant derivative is defined by

@zy = sz—Q(xa y)

Then combining the results of Proposition 3.6 and Lemma 4.3 we see that

m-+n
vfmfn *vfmfn (fm;fn): mnngrn*Tgnfm; n>m
vfmfn vfmfn (fmafn) = Am ngm+n; <M

@fnf" :vfnf" (f’mf _)\anQn
m+n
fms

@fmgn vfmgn fmagn = - m,nfm—i—na n<m

6fn,g" :vfngn_Q(fnagn) = _)‘n,ann

6gnfm :vgnfme(gn; fm) *An,mfern; n>m
m-+n

6gnfm :vgnfme(gna fm) = *An,mfern*Tfmfnv n<m
@gnfn :vgnfn_Q(gna fn) = _)\n,ann
gmIn =V g, gn—=Q(gm, gn) = —

Vondn =V 9n—Q(Gm: gn) = —
@gngn :vgngn_Q(gn,gn) = _)‘n,ng2n

@fmgn =V, 9n— fn—m— m,nfm-i—na n>m

Q(
Q(

m-+n
m,ngm—i-n_Tgn—ma n>m

<

m,ndm+n, N <m

Theorem 4.5. The covariant derivative V has the following properties

(1) V is the Levi-Civita covariant derivative, that is, it is metric compatible

and torsion free;
(2) V is not a Hilbert-Schmidt operator.
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Remark 4.6. The original covariant derivative V is also torsion free, which can
be checked by a direct computation

To(X,Y) =Vx (V)=Vy (X)=[X,Y]n

= <%[X, Y]m+U(X,Y)) - (%[Y, X]m+U(Y,X)> —[X, Y]
=U(X,Y)-U(Y, X).

Note that U(X,Y) is symmetric in (X,Y) due to the symmetry of B as can be
seen from Notation 3.3, and therefore Ty = 0. Similarly to the finite-dimensional
case the new covariant derivative V is torsion free if the almost complex structure
J has no torsion. This is indeed the case by Proposition 4.1.

Proof. (1) The torsion can be found by the following formula
T(x,y) = Tg(2.y) = Vay=Vya—[2,y]m

Let m # n, then

2 2

~ —n m-—n
T(fms fr) =V g0 fu— anfm 5 Imin= mg\mfm:
m-—-n +m2_n2 m-—-n m2_n2 —0
9 Im+n 2| — |g\m n| =" YImtn— 2|min|g|mfn\ =
T(fmagn) megn vgnfm fm+n f\mfnlz
m—+n n—m

m+n
—f|m7n\+()\n,m_)\m,n)fm+n_Tfm+n D) f\mfn\ =0

f(gmvfn) ngfn vfngm+ fm+n+ f\m n| =

m-+n

_Tf\mfnri_()\n,m mn)fm+n+ fm+n+ f|m n| =
= ~ n—m m2—n2
T - _ _n-m o _m7ont _
(gmagn) vmgn vgngm 2 Im+n 2|min|g\mfn|
m2—n2 n—m m2—n2
Anm*Amn m+nT 57 9 m-n|" "5 Im+n—5 1Y m-n| — Y-
(2)
Z (<@fmfnaﬁfmfn>+<@gmfnaﬁgmfn>) =
m=1
)\72n noern (m+n)29n,m A% n92n Nt )‘72n nomJFn
Z( Tl Ry R D DI I
m=1 m=n+1
(I

Notation 4.7. Let n € N, then define

Ly, = frntigm, L_m = fm—igm, where i2=—1.
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Lemma 4.8.

[Lmﬂ Ln] ( )Lern;
[L—maLn] = (m+n)Ln—m;
[Lin, L) =—i(m4n)Ly—n;

]

Ly L] =i(m—)L .
Proof.
(L Ln] =[fms fnl=1gm> gnl+i ([fim: gnl+[gm, fn]) =
(Mm=n)gm4n+i(n=m) fmin = i(n—=1m)Lintn;

[Lfm; ] [fm;fn] [gm;gn]+i ([fmvgn]f[gm;fn]) =

e
[LmaL—n] :[fmafn] [gmagn]"’i (_[fmagn]+[gmafn]) =

(m+n) |g\m n| = (m+n)f|m n| = i(m+n)Lm—n;

|m—
[Lfm; ] [fm;fn] [gmagn]f ([fmvgn] [gm;fn]):

(m=n)gm+n—1(n—1m) frmn = i(m—n)L_m_n.

Lemma 4.9.
@L Ln = *6L,mL7n = *21)\m,an+n,

Vi, L
v

Vi Ln=-Vi L p=—2i\nLon;
Vi, Ln=Vp,L_,=0.

= Vi, L p=i(m+n)Ly_pm, n>m;
L, = @LmL_n =0, m>n;

Proof. First,
61‘77 vfmfn gWLgn+7/ (vfnLgn+vgmfn) -

2>\m,ngm+n*2l>\m,nfm+n = *21)\m,n m+n-

Second,

Viwln =Vy, fat+Ve, gnti (@ =V fn) =
—(m=+n)gn—m+i(m+n) fr—m = i(m+n)Ly—m, n>m;
Vi_Ln =V, fatVy, gnti (@fmgn—@gmfn) =0, n<m.
Third,

@LmLfn :@fm fn+@gmgn7i (@fmgnfﬁgm fn) =
—(mAn)gn—m—i(m~+n) frn—m = —t(Mm4+n)Liy_pn, n>m;

@LmL—n :@fmfn"’@gmgn_i (@fmgn_@gmfn) =0, n<m.



VIRASORO GROUP 17

Finally, we have
@L, L_, *Vf fn gmgn (@fmgn+@gmfn) =
2>\m ngm+n+2l>\m nfern = 2'L)\m anmfn;
@Ln vfn fn gngn—i_l (vfngn+vgnfn) -
2)\n,ng2n*2l>\n,nf2n = *21)\n,nL2n;
@L,nLn :@fnfn—i—@gngn—i-i (@fngn_@gnfn) =0;
@LHL—n :ﬁfn fn+@gngn_i (@fngn_@gn fn) = 0;
vL Lon *Vf fn— gngn (6fngn+6gnfn) =
2)\n,n92n+21)\n,nf2n = Qi)\n,nL—Qn-

Definition 4.10. The curvature tensor Emy : me — mg is defined by
Rﬂﬂy = @Iﬁy_@yﬁl_ﬁ[myy]mc _ad([xa y]hc)’ T,y €9;
then the Ricci tensor Ric(z,y) : mg — mg is the trace of the map z — Emy

Theorem 4.11. The only non-zero components of the Ricci tensor are

L, L_, ) = _13n3—n nel
JI9_ V16n ’ '

66,
Proof. Note that for any «, 3,7 € Z we have ELWLQ Lg = CapyLatp+y for some
Cup~y € C. Therefore the only non-zero components of Ric(Lq, Lg) are when a+f =

0. We will deduce the formula for Ric(—L& \/\e_ \j\;_ in the case n € N, the case

n < 0 follows from this.
Suppose m # n, then

RpptnLlon=V1, Vi, Loy-V5, Vi LoV, r.nl-n—ad([Lmn, Ln]y) Ly =
~V. Ve, Loy—iln—m)Vr, L=~V Vi, Ly,
therefore
éLm,LnL_n =0, m>mn;
éLm,LnL_n =i(m+n)VL, Lm_n =0, m <n.
If m # n, then
Ry 0. L =V Vi L o~V Vi, L,
Vit z]n Lon—ad([Lom, Laly >L_n=
—V1, Vi . L p—i(m4+n)Vy,  L_, =
—Qi)\mynVLnL,m,nfz(m+n)VLn7mL,n =
—2(mA42n) A n L pn—i(m+n)Vr, , L_p,
thus
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RL,m,Ln,L—n :_2(m+2n))\m,nL—m+2(m+n))\m—n,nL—ma m>n;
EL,m,Lann ==2(m+2n) A nL_m—(2n—m)(m+n)L_,,, m < n.
Finally,
Ry 1, L=V Vp, Lo~V Vi  L_
76[L,W,Ln]mL7n*ad([L7n;Ln]h)Lfn =
—6n\pnL_p—2n%L_,.
Thus
ic
\/_ Vo
i 2(m~4n) Am—n,n—2(m+2n) A n, i (m+n)(2n—m)+2(m+2n)A\mn
m=n+1 9" 9” a

i 2(m+2n))\m,n7 "L (mAn)(2n—m)+2(m+2n) A

On, On

m= m=1
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i m+n )(2n—m) 13n3—n
=1
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