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INFINITESIMAL CONJUGACIES
AND WEIL-PETERSSON METRIC

by A. FATHI and L. FLAMINIO

0. Introduction.

Let M be a closed manifold M and denote by MM the space of C*®
Riemannian metrics on M. For two Riemannian metrics g; and g in MM
we define their intersection (or geodesic stretch) as in [CF].

Let v be a g;-unit length vector and let ~y(t) be g;-geodesic with
initial velocity v parameterized by g;-arclength. For a fixed t > 0, define
¢(v,t) as the lower bound of go-lengths of paths homotopic to [0, t] with
endpoints fixed. Denote by Liouy, the Liouville measure obtained from g,
on the tangent unit bundle Sg, (M), note that we do not normalize this
measure as a probability measure. The intersection i(gz, g1) is defined by

lim ! ¢(v,t) dLioug, (v).

7;(92’91) =t—>oot s M
91

For surfaces of genus at least 2, the intersection for metrics of negative
curvature coincides, up to a universal constant, with the intersection of their
Liouville currents as defined by Bonahon [Bo]. Thus it is symmetric and
it depends only on the orbit of the metrics under Diffo(M), the group of
diffeomorphisms of M isotopic to the identity.

Before Bonahon, Thurston gave a definition of (g1, g2) for g1 and g2
metrics of constant negative curvature —1 on a surface [Wo]. He observed
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that the map gs — (g1, g2) has a unique critical point on Teichmiiller space
at g1. Moreover the second derivative of the above map at the critical point
is a (strictly) positive definite form and thus defines a Riemannian metric on
Teichmiiller space. Wolpert in [Wo] showed that this metric on Teichmiiller
space is proportional to the Weil-Petersson metric which is defined in the
following way. The tangent space to MM at g is the space of sections of
the symmetric bilinear forms on M. Thus the formula

. 1 " :
(S, T)wp = 5/ gl]gklsiijl d Vol
M

defines the Weil-Petersson metric on MM. The tangent space to Teich-
miiller space at a point, represented by a metric g in MM, can be
identified with the orthogonal complement in the tangent space ToMM
of the subspace tangent to the orbit of g under the action of Diffy M on
MM. Due to its invariance under that action, the Weil-Petersson metric
is well defined on Teichmiiller space.

In this paper we study the infinitesimal version of the Morse-Anosov-
Gromov conjugacy of geodesic flows for manifolds of negative curvature. We
apply this study to compute derivatives of the intersection. This, together
with some elementary theory of the representations of SL(2,R), yields
another proof of Wolpert’s theorem which does not use Complex Analysis.
Our proof is closer in spirit to the variational point of view on Teichmiiller
space described by Tromba in [Tr].

1. Background.

Let M be a compact manifold. Denote by SM the bundle of oriented
directions on M, i.e. SM = {v € TM | v # 0}/ ~, where v ~ v’ if and
only if 3¢ > 0,v = cv'.

Given a Riemannian metric g on M there is an identification of SM
with the unit tangent bundle S;M = {v € TM|g(v,v) = 1}. Thus the
geodesic flow g* on SyM determined by g can also be considered as a flow
on SM. With abuse of notation we will also denote this flow by g?.

Generalizing a definition of Bonahon [Bo], we define, for g of strictly
negative curvature, the space of geodesic currents C on M as the space
of positive transverse invariant measures to the gi-orbit foliation of SM
endowed with the weak topology. The fact that C is independent of the
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choice of the metric of strictly negative curvature g is due to the following
theorem ([An], [Gr] and [Mo]) :

THEOREM 1.1 (Morse-Anosov-Gromov). — If go and g, are two
Riemannian metrics of strictly negative curvature on M, there exists a
homeomorphism h : SM — SM homotopic to the identity which sends
orbits of g§ to orbits of g% bijectively. Moreover, if hy and hy are two such
homeomorphisms then there exists a real valued function t(v) on SM such
that Vv € SM, hy'ohy(v) = gf)(v)(v). We shall call such an homeomorphism
a (go, g1)-Morse correspondence.

The space of geodesic currents C is in bijection with the set of
positive finite measures on SM invariant under the geodesic flow gt. The
correspondence is given in the following way : if u is a geodesic current, T'
is a small transversal to the geodesic flow g* in SM and dt is the measure
on the orbits of the geodesic flow obtained from the parameterization gt,
the measure on SM that corresponds to pu is given locally by the product
p ® dt. We will denote this measure on SM by ®¢(u).

In particular, the Liouville measure obtained from g defines a current
that we will denote by Ay, or just by g, if there is no ambiguity. Closed
orbits of g* in SM define geodesic currents which we will call the Dirac
geodesic currents. They are in bijection with homotopy classes of oriented
closed curves in M, since for metrics of strictly negative curvature there
exists a unique closed geodesic in every homotopy class of curves. If « is an
oriented homotopy class of closed curves, we will denote the corresponding
current by A, or just by «, if there is no ambiguity. The following theorem
is a form of the Anosov closing lemma for Anosov flows [An].

THEOREM 1.2. — Multiples of the Dirac geodesic currents are dense
in the space of geodesic currents.

We define the intersection i(g, 1) of the Riemannian metric of negative
curvature g with the geodesic current p as the total mass of SM for the
measure ®,(u). The following theorem is clear from the definition.

THEOREM 1.3. — If g is a Riemannian metric with negative curva-
ture and « is an oriented homotopy class of curves in M, we have :

i(g,0) = lg(a).

An equivalent definition of i(g, ) is given by the following theorem :
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THEOREM 1.4. — Let g; and g2 be two Riemannian metrics of
negative curvature on M. For v € SM let (t) be a g;-geodesic with initial
velocity v parameterized by g;-arclength. For a fixed t > 0, define ¢(v,t)
to be the infimum of go-lengths of paths homotopic in M to «[0,t] with
endpoints fixed. For every geodesic current p, we have

i(92,) = Jim - /.; (0,10, (o).

Proof. — Without loss of generality (see the construction in [Gr],
[Gh] page 78, or the lemma on page 187 in [LM]), we can assume that
the conjugacy h from the geodesic flow of g; to the geodesic flow of g9
is at least C! along the orbits of the geodesic flow of g;. For v € Sy, M

v d
define 1(v) by h(gf(v)) = 93" (h(v)) and let 6(v) = —4:(v)¢=0. From
the definition it is not difficult to see that (h™1).®g,(u) = 0P, (k). It

follows that i(g2,p) = [g,,0(v) d®g, (1)(v). Since the measure &g, (1)
is invariant under the geodesic flow of g¢;, for every t > 0 we have

[ bedvnwe) = 5 [ [ blato)dsdey (o). 16 p : SM — M
SM SM JO

is the projection, note that fot 0(giv) ds is the go-length of the go-geodesic
s — phgiv,0 < s < t, and ¢(v,t) is the go-length of the go-geodesic
homotopic to s — pgfv, 0 < s < t with fixed endpoints. Since h is
homotopic to the identity, we can find a homotopy h,, 0 < u < 1 which
is C! with respect to u. By the compactness of M, the supremum K over
v € SM of the gs-length of the C! paths u +— ph,v,0 < u < 1 is finite. For
every v € SM and every t > 0 we have |p(v,t) — fot 0(gjv)ds| <2K. O

From the above theorem, it follows that the intersection of g; with
the Liouville current of g, coincides with the intersection of g; and g2 as
defined in the introduction.

THEOREM 1.5. — Let M_M be the space of Riemannian metrics
of negative curvature on M. The map

(g, ) E M_M xCri(g,p) €ER

is jointly continuous if M_M x C is given the product topology of the
uniform topology on the first factor and the weak topology on the second
factor.

Proof. — Observe that for g fixed u — i(g,p) is continuous by
definition of the weak topology on measures. On the other hand if g¢; is
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a Riemannian metric such that C~2g; < g < C?g, then from the previous
theorem Yy € C,C~i(g1, p) < i(g, 1) < Ci(g1, ). O

2. Infinitesimal Morse correspondences.

We will now give more details on Morse correspondences. Throughout
this section g will denote a smooth Riemannian metric of negative curvature
on a compact manifold M and g, will be a smooth one-parameter family
of smooth metrics on M of negative curvature with go = g. We will identify
the bundle of oriented directions SM with the tangent unit bundle SqM.
The generator of the geodesic flow of g on SM will be denoted by X.

For a proof of the following theorem see [MML], Appendix A, page
591.

THEOREM 2.1. — There exists a one-parameter family hq, of (9, 9o )-
Morse correspondences such that the map o — hyis smooth with values
in the Banach manifold of continuous maps SM — SM. The tangent to
the curve h, is a smooth curve of continuous vector fields Z, on SM. Two
different smooth choices h., and h, of (g, gs)-Morse correspondence yield
tangent vector fields Z/, and E which at o = 0 differ by a continuous
multiple of the generator X of the flow g.

Notation 2.2. — The tangent bundle T'(S; M) to S, M has a Whitney
sum decomposition T'(SgM) = H®V, where V is the vertical subbundle i.e.
the subbundle tangent to the fibers of the projection p : SgM — M, and
'H is the horizontal subbundle for the Levi-Civita connection of the metric
g. The subbundle H is the kernel of the connection map K : T(S,M) —
T(M). The restriction to the fiber V, of the connection map K is the
canonical identification of the V, with the g-orthogonal complement of v
in Tp()(M). With respect to the standard lift g of the metric g to S;M
this decomposition is orthogonal and the projection p : SgM — M is a
Riemannian submersion.

The vector X (v) is, by definition, the horizontal lift of v. We denote by
X+ the subbundle of T(S,M) of vectors g-orthogonal to X. Thus X (v)*
is the subspace of T,(S,M) spanned by V and the horizontal lift of the
g-orthogonal complement vt of v.

Remark 2.3. — From Theorem 2.1, it follows that the X+ component
of the vector field = is independent of the choice of a smooth curve h, of
(9, 9a)-Morse correspondences.
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Remark 2.4. — The (g, g1)-Morse correspondence, as we have seen,
is not unique. For a sufficiently small ¢, if g; is in a sufficiently small C2-
neighborhood of g we can choose the correspondence h so that the footpoint
of h(v) belongs to the hypersurface of points {exp, X | X L v, || X|| < ¢}
This choice makes the (g, g1)-Morse correspondence unique for every g¢; in
a C?-neighborhood of g.

Remark 2.5. — 1If g,, |a| < ag, is a smooth curve of C* negatively
curved metrics on M and the (g, g, )-Morse correspondence h, is chosen
as in the previous remark, then the derivative E of h, with respect to «
at a = 0 satisfies Tp(2(v)) L v for all v € S;M. Thus, by Remark 2.3, it
coincides with the X+ component of the vector field Z’ for any other choice
h, of (g, 9a)-Morse correspondences.

DEFINITION 2.6 (Infinitesimal Morse correspondence). —  Let g,
la] < ap, be a smooth curve of C* negatively curved metrics on M and
let ho be the (g, go)-Morse correspondence chosen as in Remark 2.4. We
call “infinitesimal Morse correspondence at g for the curve g,” the vector
field = given by the derivative of h, with respect to a at a = 0.

Our goal now is to find the relationship between the curve g, and the
infinitesimal Morse correspondence at g for the curve g,. We denote with
V¢ the Levi-Civita connection of g,. For ¢ = go we will denote its Levi-
Civita connection simply by V and R will be its curvature tensor. Remark
that 9,V is a (1,2) tensor field.

PROPOSITION 2.7. — Let E be the infinitesimal Morse correspon-
dence at g for the curve g, and let £ = Tp(ZE) be the projection of E in
TM along a unit speed g-geodesic y(t). Then £ satisfies the equation

(%) V3E+REA )Y +Tyy =790y, Ty) =0,

d
where we have set ' (t) = E’y(t) and T' = 0,V¥*|a=0- Equivalently, with
S = 8aga|a=07

: 1 1
(#%) VZE+R(E,Y)Y =-VySHY) + §(VS(7',7’))” + 5V SO

Moreover £ is the unique bounded solution of () satisfying g(£,v') = 0
along ~y(t). The vertical component of Z is given by V./&.

Proof. — Denote by M the universal cover of M and, to simplify
notation, let g, also denote the lift to M of the metric g, on M. Let ~(t)
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be a unit speed g-geodesic and let (a,t) €] — ap, ag[XR = Y4 (t) € M be a
smooth map satisfying the following conditions :

1) for each « the map t € R — v,(t) is a geodesic for g, and Yo =7;
2) for each « and t the point v4(t) belongs the hypersurface of points
{exp, X | X L+/(t), I X < e} '
Note that the geodesics 7, are not parametrized by arc-length.

The map (a, t) — v4(t) is jointly differentiable in « and ¢. This follows
from Theorem 2.1 and standard facts on ordinary differential equations.
Define £(a,t) = Oaa(t).

In the computation below we should pull back the Levi-Civita connec-
tions on T'M to | — v, o[ XR using the map (e, t) — v4(t) see [Kl], pages
46-47. As customary, in order to minimize notations we will proceed as if
the map (a,t) — 7(t) were an embedding.

Let V be a smooth vector field on M with compact support. From
the equation of the geodesics VS, v, (t) is a scalar multiple of v, (). Thus
for every a we have -

(1)
/ GV (va()), V2 1L (0)] dt

— 00

= / N 9alV (Ya (1)), Ya(®)1galVa(t), V% Vo (£)]galVa (), Ya(t)) " dt.

—00

Differentiating equation (1) with respect to a, at @ = 0, we obtain
for the left hand side

(2)

/ {g(VgV, V’Y"V/) +9(V, V§V7;7;|a=0) +S5(V, v’y"Y') +9(V, F'y"YI)} dt
—00

where for clarity we have suppressed the dependence on t.

Since £ and v, commute we have that V¢V, = V. V¢ + R(§,7,,)-
Using this and the fact that V.,,y' = 0 the above expression becomes

®) [ {00V Verhlamo) +a(ViREY)Y) +aViT 1)} .
—00
Since V¢, = V4, § we conclude that (2) equals
oo
@ | Aaviv3e+ Ree vy + Ty} .

In order to evaluate the derivative with respect to « of the right hand side
of (1) at @ = 0, it is convenient to observe that, since V.,»' = 0, the only



286 A. FATHI AND L. FLAMINIO

non zero contributions come from the derivative with respect to a of the
term V7, 7. Taking also in account that go(74(t), ¥o(t)) = 1 when a =0,
the derivative with respect to a of the right hand side of (1) at « = 0
simplifies as

6) [ oV o VeV vidamo) + 9 T} .
As before we can rewrite (5) as

oo
(6) / 9(V,7)9(v', Vi€ + R(E,7)Y + Typ') dt.

Now since £ is orthogonal to ' also V?Y,é and R(§,7')y' are orthogonal to
v" and (6) becomes

(7) / ” 9(V,v'9(+',Ty?')) dt.

Putting together (4) and (7) we have that differentiation of (1) for
a = 0 yields that for all V
/ {9(V,V2E+ REA Y + Ty —7'9(v',T)) } dt =
—o0
Thus the field £ along -y satisfies the equation
V2.E+ R(EAY )Y + Ty —+'9(,Ty) =0
which proves the first statement.

Notice that from the definition of Levi-Civita connection it follows
that ‘

9(Z,Tx¥) = L[VxS(Y, 2) + VyS(X, 2) - V5S(X, Y)].

1
From g(V,Ty) = VyS(Y,V) - 5VvS(¥,7) and g(+,Ty) =

1
—VA,/S (7,7), the above equation becomes

(#%) V2E+R(EA ) = -VySH(Y) + 5 (VS(7 V) + 3 19, S( A
proving the second statement.

Since by hypothesis (M, g) is negatively curved, the operator £ €
vt — R(&,v)v € vl is negative definite. It follows that Equation (*#) has
a unique bounded solution which is perpendicular to 4 at all times, namely
the projection of the infinitesimal Morse correspondence = at g along the
curve g,. The vertical component of Z is given by

Veg(Vh,1h) V2,
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evaluated at a = 0. Taking into account that g(7’,v’) = 1, that V¢v), =

V.. € and that V., L ' one sees that the vertical component of Z is given
by

V€
concluding the proof of the proposition. O
Remark 2.8. — As expected the infinitesimal Morse correspondence

along the variation g, depends only on g and S = 849a|a=0- Thus we can

simply speak of the infinitesimal Morse correspondence at g in the direction
of S.

Notation 2.9. — For a negatively curved metric ¢ on M, let us
introduce a new norm on sections of X+ by setting for a section x

MMW=iLMmM%@%waH—ﬂRﬂbMGWWJ%MWHde@@%

where K is the connection map and R the Riemann curvature tensor of the
Levi-Civita connection for g.

PROPOSITION 2.10. — In the hypothesis of Proposition 2.7 we have
IEN? = =5 [ LeS(v,0) dLious(v)
2 Jsm

where L=S(v,v) denotes the Lie derivative of the function v € SM —
S(v,v) in the direction of the vector field E.

Proof. — Let v be a point in SM. Let ~y(t) be the unit speed geodesic
with initial velocity v. Define v4(t) as in the proof of Proposition 2.7, and
&(t) = OaYa(t)|a=o. Observe that £ = Tp(E(v’)) and V£ = KE(v'). We
pull back the connection V to | — ag, ap[XR. We have

7 '
(8) Lz(S(v,v)) = aa§(7°;’—7;) .
”’ch" a=0,t=0

Since 9a[Valla=0 = 20(Va/0aV0: Va)a = 29(Vaya:6,7') = 20:(9(€,7')) —
29(&,Va oY) and since £ L 4" and Vg/9,7' = V7' = 0 by the equation
of geodesics, we have that 9,||v,]|> = 0 at a = 0. Thus

9) Lz(5(v,v)) = 005 (Ve Va)la=o,t=0-
From
805(7;’7:1) = (Va/aas)(’)’éxﬁ&) + 2S(V0/6a7;v7{1),
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using V5, Yala=0 = V€ and V,y' = 0, we obtain
(10)
908 (Yo Ya)la=o = (VeS)(v',7') + 25(Vy€,7)
= (VeS)(V,7) = 2(V48)(€,7) — 25(6, V')
+20,(S(¢,7)
=(VeS)(V,Y') = 2(V48)(€,7) + 20:(S(Tp(E(Y)), 7))

From equation (#x) we see that
(VeS)(',7') = 2(Vr8)(6,7) = 2[9(€, V) + g(R(E,7), )]
(11) =2[019(§, V&) — g(Vy§, VyiE)
+9(R(,7)7,6)]
and using (11) in (10) we obtain

5005 0las Vo) o = —0(V€, V0€) + 9(R(E 71, 6))
FOUSTHER),7) + 9(THER)), K2
Thus from (9)
(12)
5L=(5(0,0)) = ~g(KE(), KE()) + g(RTHEW)), v)o, THE®))
+ Lx[S(Tp(E()),v) + 9(Tp(E()), KEW))]

Integrating (12) over SM, the term Lx[S(Tp(E(v)),v) + 9(Tp(E(v)),
KEZ(v))] integrates to zero, since the geodesic flow preserves the Liouville
measure. The proposition is proved. O

3. Surfaces.

In the case of surfaces the equation for the infinitesimal Morse
correspondence can be simplified further.

Notation. — Let (M, g) be an oriented Riemannian surface of ne-
gative curvature. As before we identify SM with the unit tangent bundle
SgM.

Let J be the complex structure determined by g and the given
orientation. Then T(SM) has a trivialization (X, X+, ©) where

1) X (v) is the horizontal lift of v, i.e. the generator of the geodesic flow
of g;
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2) X1(v) is the horizontal lift of Juv;
d .
3) © = @Rg, where Rg(v) is the rotation of v by an angle 6, oriented
so that J = R, /5.

We denote by x the Gaussian curvature of g.

ProposITION 3.1. — Let S be a symmetric tensor field. Then the
infinitesimal Morse correspondence = at g in the direction of S for the
variation g, is given by

E=fXt+(Lxf)©

where f is the unique bounded solution to the equation

(13) (B3 + frop)v) = ~Lx(S(, /) + 3 Lxs (S(v,0)).

Proof. — Let «(t) be a g-geodesic, v, = v/(t). Let £(t) = p*E(vy).
Then &(t) = f(vt)Jvy. Since V,, Jvy = 0, equation (%) becomes

(L% f(ve))Jve + K 0 p(vg) f(vg) Jvy
— _V,. S'w) + %(VS(vt,vt))” + %VutS(vt,vt)vt.
Taking the g-inner product with Jv; we obtain the equation for f
L% f(ve) + ko p(ve) f(vs) = =V, S (v, Jvg) + %VJvtS(vt,vt).

Since vy and Juv; are parallel along ~(t), V,,S(vt, Jur) = LxS(vt, Jvt)).
Now from the relation between parallel transport and covariant derivative

d
VJvtS(vhUt) = ES(PsvtaPsvt)|s=O

where P* is the parallel transport along the geodesic with initial velocity
Jvi. But P°v is also the W5 |, where U5, is the flow generated on SM
by X+. Hence V,,S(vs, Ju;) = Lx1(S(v,v)), concluding the proof. O

4. Riemann surfaces.

We need to introduce some generalities on metrics of constant ne-
gative curvature. Refer to [Ta] and [La] for details. In this section g is

a Riemannian metric of constant negative curvature —1. Thus the vector
fields (X, X1, 0) satisfy

X,0]=-X+ [X+0l=X [X,X']=-©
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and thus are generators of an action of SL(2,R) = SU(1,1). The corres-
ponding embedding of su(1,1) in the vector fields on SM is given by

0 1/2 0 —i/2 N —i/2 0

(1/2 O)HX (i/2 0 )’"’X ( 0 i/Z)He'
In fact every metric of constant curvature on a compact surface M induces
an identification of M with I'\SU(1,1)/K, where I is a discrete group
of SU(1,1) determined up to conjugacy and K = U(1) is the subgroup
of diagonal matrices. With respect to this identification the unit tangent
bundle of M rests identified with I'\SU(1,1) and the above action with
the right action of SU(1,1) on I'\SU(1,1). Furthermore, the lift of the
Liouville measure of g under the covering map SU(1,1) — I'\SU(1,1)
is a Haar measure on SU(1,1). Thus Liou, is invariant under the action
of SU(1,1) on SM = I'\SU(1,1) and L%(SM,Liou,) decomposes as an
orthogonal sum of irreducible unitary representations of SU(1,1). The
occurring representations are of two types, indexed by the eigenvalues of
the Casimir operator : the principal series and the discrete series. Cyclic
vectors for the irreducible representation of the principal series are the lifts
to SM of eigenfunctions of the Laplacian on M. Cyclic vectors for the
irreducible representations of discrete series are the holomorphic sections
of the powers 7™M of the canonical line bundle TM and their complex
conjugates. These, as all symmetric tensors, yield functions on SM by
evaluation along the diagonal.

We introduce the complex vector fields on SM given by nt =
(X —iX1)/2 and n~ = (X +iX1)/2. The derivation n* is the formal
adjoint of —n~. The holomorphic (resp. anti-holomorphic) sections of 7™M
(resp. 7™ M) are given by the kernel of n~ (resp. n*) [GK]. They are also
called holomorphic (resp. anti-holomorphic) differentials. In particular the
holomorphic sections of 72M are called holomorphic quadratic differentials.
Complex conjugation is an anti-linear automorphism of L?(SM, Lioug). It
sends holomorphic sections of 7™M to anti-holomorphic sections of 7™M,
where 7" M is the bundle of differential of type (dz)™. We denote by
Hg (resp. Hp) the irreducible representation generated by a holomorphic
differential @ (resp. anti-holomorphic differential Q).

LEMMA 4.1. — For a given m, all irreducible representations Hg
generated by holomorphic sections @ of 7™M are equivalent. If Q) is such
a section, for every h € Hg we have (h,h) = 0 and ||h|| = V2|Rh| =
V2||Sh].

Proof. — The first statement is a standard fact of the Representation



INFINITESIMAL CONJUGACIES AND WEIL-PETERSSON METRIC 291

Theory of SL(2,R) (see [Ta] or [La]). Now, for n € Z, let H,, be the subspace
of L2(SM,Lioy,) of eigenvectors with eigenvalue ni for the operator ©.
From the commutation relation of n*, = and © it can be easily seen
that n* : H, — H,1;. For a given holomorphic section Q of 7™M, an
orthogonal basis for the irreducible representation Hg containing Q is given
by (7% Q)kz0. Thus Ho C D) Hn. Since @ € H_p, it follows that Q is

n>m

orthogonal to Hg and thus that Hg L Hg.

Since Sh = (h — 71)/21' and Rh = (h + h)/2 we have ||Sh|? =
(Sh,Sh) = (h — h,h = h)/4 = (|R]* + [[R]|* — 2R(h, h))/4 = |IA]?/2.
Similarly [Rh|2 = [|h]2/2. O

For proofs of the following two lemmata see, .for example, the paper
of Fischer and Tromba [FT], pages 336-337.

LEMMA 4.2. — Let M be a compact connected oriented surface and
9o, (for |a| < ag) a smooth curve of C*° Riemannian metrics of curvature
—1 with go = g. The symmetric tensor S = 8yga|a=0 decomposes uniquely
as a sum

S = Lyg+ Srr,

where V' is a C* vector field on M and St is a trace free divergence free
symmetric tensor.

LEMMA 4.3. — A trace free divergence free symmetric 2-tensor field
on a compact connected oriented Riemannian surface of curvature —1 is
the real part of a holomorphic quadratic differential.

Remark 4.4. — By 4.2 and 4.3, if g,, (for |a| < o) is a smooth
curve of C*® Riemannian metrics of curvature —1 with go = g and S is the
symmetric tensor field 0,9, at a = 0, we can write S = Ly g+ RQ with V
is a C* vector field on M and @ holomorphic quadratic differential. The
linearity of the equation (13) allows us to split its solution as a sum or the
solutions for S = Ly g and S = RQ.

We will now study the solution of equation (13) for S = RQ.

PROPOSITION 4.5. — Let S = RQ be a symmetric tensor field
which is the real part of a holomorphic quadratic differential Q. Then the
infinitesimal Morse correspondence = at g in the direction of S is given by
2= fX*++(Lxf)© where f = SF is the imaginary part of the the unique
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bounded solution F' to the equation

(14) L4¥F -F = %n+Q.

Proof. — Since @ is a holomorphic quadratic differential we have
Q(v,Jv) = iQ(v,v) and L,-Q(v,v) = 0. From X = n* + 7~ and
n~ = (X +iX1)/2 we obtain LxQ(v,v) = —iLx1Q(v,v) = L+ Q(v,v).
The right hand side of equation (13)

—Lx(RQ(v,Jv))+ %LX-L RQ(v,v)) =—RLx (Q(v, Jv))+ %%LXl (Q(v,v))
= -RiLx(Q(v,v)) + %WLX(Q(U, v))

= S MLx(Q(v,v)) = 2 SLx(Q(v,v) = £3Ly+ (Qu,v).

This concludes our proof. O

PROPOSITION 4.6. — There is a constant «y such that for every
closed surface M with Riemannian metric g of curvature —1, and every
quadratic differential () on M, the infinitesimal Morse correspondence =
at g in the direction of RQ) satisfies

HENT = ~lIell-

Proof. — Since £ = (RF)X* + R(LxF)© and the curvature is
constant —1, we have |||Z]|[? = ||RF|> + ||[RLxF|[®>. The linearity of
equation (14) implies that its solution F' belongs to the same irreducible
subspace Hg of L?(SM, Liouy) to which the Q belongs. Since all irreducible
representation Hg generated by holomorphic quadratic differentials () are
equivalent, we have ||F|| = a||Q| and | Lx F|| = B3||Q|| for some constants «
and 8 which do not depend either on M or on the quadratic differential Q.
Thus, using the second part of Lemma 4.1, we conclude that |||Z]|| = v||Q||
for some universal constant ~. O

In the remainder of this section we compute 7.

An irreducible representation of SU(1, 1) equivalent to the irreducible
subspace Hg of L?(SM, Liouy) to which @ belongs is the representation of
SU(1,1) on the Hilbert space H = L?(D, 37~ 1(1 — r2)2 dA), where dA is
the Euclidean area, given by (see [La])
az+b\ - 4 1 _[a b
Bz+d)(bz+a) where g —(l—) Zz)'

%ﬂd=f(
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The quadratic differential Q € L?(SM, Liou,) is sent by the equivalence

to the constant ||Q|| € H. An orthonormal basis for H is given by
k+3\"? |

(3

fields X, X+, © embed in su(1,1) by

XH(I(/)2 1(/)2) XiH(i% —2/2) @H(—g/z z'?2>‘

Thus the derivations Lx, Lx 1, Lx, Le, Ly+, L,- are sent to the operators

z*. Thus analytic vectors are dense in H. Recall that the vector

1
X(F)=2F + 5(:*~)F'  X*(F)=2izF + %(1 + 22)F
1 1
O(F) = 2iF +izF'  n™(F) =22F + 5zZF’ n (F) = —§F’
acting on analytic vectors F'.
LEMMA 4.7. — In the above equivalence of representations n*Q is
identified with 2||Q||z and the unique bounded solution F' of equation (14)

IQll=

corresponds to the function z — .
P 3(22-1)

Proof. — Without loss of generality we can assume that ||Q] = 1.
Since Q is identified with the constant 1 in H , n*Q is identified with
n* (1) = 2z. Thus the solution F is identified with a solution of the equation

(X% = 1)g(2) = 2

or of the equation

1 5
—(22-1)%¢" + 52(,22 —1)g' + (522 —2)g = 2.

4
The general solution of the above equation is
z C1 C2
9(2) =

321 (1=2(1+2°  (1=2°1+2)
and the only solution square integrable with respect to the measure
3771(1 — r2)2 dA is obtained for ¢; = c; = 0. O

PROPOSITION 4.8. — Under the hypothesis of Proposition 4.4 we
— 1
have |||E]||* = -ﬁllQllz-

Proof. — Again without loss of generality we can assume that ||Q|| =
1. From equation (14) we obtain that

_ 1-
FIL4XF —|F)* = 5FLy+Q
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and integrating by parts on SM we obtain
1
IFI?+ ILx F||* = —§(F, L+ Q).
Thus from Lemma 4.1 and the definition of Z we also have
- 1 1
HENP = IRFI? + IRLx F||* = §(HFH2 +IILxF|?) = —(E Ly Q).

By the previous Lemma 4.7

(F, L,,+Q)H <3(z2 > §<ioz2n+1’z>H
:

4 1
—-31t =3 (3) =5

NEN? = o
This concludes the proof since ||Q| = 1. O

Thus

5. Wolpert’s Theorem :
The second variation of ¢ is the Weil-Petersson metric.

LEMMA 5.1. — Let g, be a smooth curve of negatively curved
Riemannian metrics on the closed manifold M. For every geodesic current
u the function o — i(ga,u) is smooth. Moreover all its derivatives are
jointly continuous in « and p.

Proof. — By [LMM] Appendix A page 591, we can find a (g, 9o )-
Morse correspondence h, such that, if we write hq(gtv) = g¢°(t " ha(v),
then 8;v,(t,v) exists. Moreover, if we set 0,(v) = Oiq(t,v)i=0, then
the derivatives 9%, (v) exist for all k& and are all jointly continuous
in a and v. But as in the proof of Theorem 1.4, we have i(gq,p) =

Jsar 0a(v) dg (1) (v). o

PROPOSITION 5.2. — Let (M, g) be a negatively curved Rieman-
nian manifold and let g, be a smooth curve of Riemannian metrics on M
with go = g. Let Sy = 0ngo- Let = be the infinitesimal Morse correspon-
dence for g, at =0 . Let . be a geodesic current. Then

Ouilgm Wlaco = 5 [ 5(0,0)d8,(1)(0
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and
(15)

R 1
ORi(gas a0 = 5 [ aSa(v:0)lam0 82, (1))
2 Jsm

1 1
+3 ) L2800 a0 -7 [ 0,02 a0,

where LzS(v,v) is the Lie derivative of the function v — S(v,v) on SM in
the direction of =.

Proof. — By the density of the Dirac currents (Theorem 1.2) and
Lemma 5.1, we can assume that p is a Dirac current given by the oriented
homotopy class of the closed g-geodesic v. For each « let v, be a closed
ga-geodesic belonging to the homotopy class of 7. We can choose a
parameterization t — v, (t), 0 < t < £, such that v, (t) is jointly smooth in
a and t. For v € TM, we set ||v]la = (9o(v,v))/? and to simplify notation
o]l = [lv]lo-

We have :

. 1 Sa(Yas ¥ :
(16) Bulliale = 3 22003 | g ss o,
il

Since v, is a go-geodesic the second term integrates to 0, the first
derivative of the length ¢, of v, is given by

dey, 1 /‘ So (Yo Ya)
17 —_ = = ——~ dt.
(a7) do "2 )y Thala

Since £, is equal to i(ga, [Y]), this proves the first formula of the Proposition.

The second derivative of £, at a = 0 is given, since vy = 7, by

(18)

d2e, 1 /f 1

5 5 =3 Ty aasa 'Y,'Y a= dt

da2 a0 ) 0 ”7”( ( ))' 0
1 /‘ 1 98(mta)| 41 /"’ S(4,9) (almua> it
a T-n__ _ a_ " <112 .
2Jo 7l O |- 2Jo Al oo ),

In order to simplify (18), we will assume that the parameterization t —
~Ya(t) further satisfies the following conditions :

a) the g-geodesic v is parameterized by g-arclength;
b) the vector field X = 8,74 |a=0 along - satisfies g(X,+) = 0.

From the second condition we obtain that X is the projection under
the map Tp : T(SM) — TM of the infinitesimal Morse correspondence Z.
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From ] )
.. . Yo Ya
St o) = Kl (o0 1227 ).
: ° [Yall” 1Fall
differentiating with respect to a, we obtain at a =0
98 (Yo, Ya)

(19)

= IHIPL=S (3, 7) + S5, ) e Je)

o

a=0
Using the fact that v is a g-geodesic parameterized by g-arclength and
9(X,%) = 0, we also have

a=0

89(;)1117;)’0) .. . dg(X7 '7)

2 o lell =9 =29(V: X, %) = 22V g,
(20) da |, 9(Vx¥y,79) =29(V4X,%) o 0
Using (20) and the fact that ||¥|| = 1, equation (19) becomes

95 (Yas Ya) o

21 —_— =L=S .
(21) da |, L= (,7)
Furthermore from (16) and (20) we also have

OlHalla Loe
T ==5 .
da |,—g 2 (1,9)

Finally equation (18) becomes

@l —1/28 Sa (%, 9)] dt+1/[L S(%,4) dt 1/ZS(‘ ¥)? dt
do? 00 - D) 0 aRa\Ys Y )|a=0 ) 0 =7, Y 4 0 Y, Y .
This concludes the proof. O

When the geodesic current p is given by the Liouville measure induced
by g the formula given by Proposition 5.2 simplifies further especially if the
metrics g, assign the same volume to M.

PROPOSITION 5.3. — Let g, be a smooth curve of negatively curved
Riemannian metrics with constant volume on the closed manifold M with
go = g. Let S = 0agala=o and define H by S(v,w) = g(Hv,w). Then

d*i(gas 9)

I — |

a=0

gt [ s nma - 2 | avelto)

where s,,_1 is the volume of the (n—1)-dimensional unit sphere in Euclidean
space and = is the infinitesimal conjugacy along g, at g.

Proof. — Set S, = 0,9, and define Hy by S, (v, w) = go(Hav, w).
From

9adVol(ga) = %Tr(Ha) dVol(ga),
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differentiating with respect to a one more time and integrating over M, we
obtain

2
L‘%gga_) - %/M[Tr(aaHa) 4 %Tr(Ha)zldVol(ga)-

Since 95 Sa (v, w) = go ((H2 + 8aHa)v, w) we have Tr 0o Hy = Trg, 0aSa—
Tr H2 and equation (22) becomes

(22)

" da?2

Since we assume that Vol(gs) is constant , it follows that

2
& Vol(ga) / (Try, (3aSa) ~ Tr(HZ) + 5 Tr(H,)?] d Vol(gs)

23) [ Tro.(0a82)Vollgn) = [ [0(12) — 5 Te(Ha))d Vol(ga).

Integration over the fibers of the bundle SyM = SM — M gives
(24)

aSala=0(v,0) dLioug (1) = =2 [ Try(0,S0lom0)dVollg)  and
M

Sn—1

SMS(v,v)zdLioug(v) 12 / [2Tr H? + (Tr H)?d Vol(g).

From Propositions 2.7, 2.10, (24) and (23) we obtain :

d*i(ga; 9) _ Sno1 s 1 )
| =% /M[MH )~ 5 Te(H)?] dVol(g)+
_ 2_-_°9n—-1 2
HEIN 4nn+2 /[w:H (Tr H)?]d Vol(g),
and we are done. O

For next theorem see [Wo| Theorem 3.4 on page 152, Wolpert denotes
by A the intersection 1.

THEOREM 5.4 (Wolpert). — Let (M, g) be an oriented surface of
constant negative curvature -1 and let g, be a smooth curve of Riemannian
metrics on M of constant negative curvature with go = g. For S, =
OaYala=0, we write S = Lyg + RQ as in Lemmata 4.2-4.3 where Q is
a holomorphic quadratic differential and V is a smooth vector field on M.

Then _
d*i(ga,9)

1 2 _ _2_ 2 _ 2_71- 2
e = 31QI” = F1RQI” = IRl e,

a=0

where ||.||wp is the norm induced from the Weil-Petersson metric on
quadratic differentials.
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Proof. — Since the intersection (g4, g) is invariant under the action
of Diffo(M) on each of its arguments, it is sufficient to consider the
case S = RQ. Let J be the complex structure determined by g and the
orientation of M. As before, let H be defined by S(v,w) = g(Hv,w). If
v is a g-unit vector in the tangent space to M the matrix of H in the
orthonormal basis (v, Jv) is

( S(v,v)  S(v,Jv)
S(v, Jv) S(Jv,Jv))'

For S = RQ, from Q(Jv, Jv) = —Q(v,v) and Q(v, Jv) = iQ(v,v), we have
Tr(H?) = S(v,v)? + S(Jv, Jv)? + 28 (v, Jv)?
= 2(RQ(v,))? +2(3Q(v,v))* = 2/Q(v, v) .
Integrating over M
[ T @) avele)@) = 5 [ Te(E)oe) dLious) = QI
From Q(Jv,Jv) = —Q(v,v), we also have Tr(H) = RTr, Q = 0. From

Proposition 4.8 |||Z|||? = 21 |Q||?. Using the previous proposition we obtain

d*i(ga, 9) 1, g 3y 100 5 2
do? a=0——-22||Q|| +3lQU" = = lQl” = IRQII%

concluding the proof of the first 2 equalities.

(25)

To finish the proof, let us recall the definition of the Weil-Petersson
metric on quadratic differential. If we denote by ||.||; the norm induced by
g on the tensor bundle ®2T* M, we have ||Q||3p = [}, Q<2 d Vol(g)(x).
Now, since the fibers of ®%T*M are of dimension 1 over C, we have
|Q(v,v)| = ||Qz|ly for every g-unit tangent vector v € T, M. Remark that
by (25) this coincides with the formula we gave in the introduction. O
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