POSITIVITY OF THE RENORMALIZED VOLUME OF
ALMOST-FUCHSIAN HYPERBOLIC 3-MANIFOLDS

CORINA CIOBOTARU AND SERGIU MOROIANU

ABSTRACT. We prove that the renormalized volume of almost-Fuchsian hyperbolic
3-manifolds is non-negative, with equality only for Fuchsian manifolds.

1. INTRODUCTION

The renormalized volume Vol is a numerical invariant associated to an infinite-volume
Riemannian manifold with some special structure near infinity, extracted from the di-
vergent integral of the volume form. Early instances of renormalized volumes appear
in Henningson—Skenderis [5] for asymptotically hyperbolic Einstein metrics, and in
Krasnov [7] for Schottky hyperbolic 3-manifolds. In Takhtajan—Teo [10] the renormal-
ized volume is identified to the so-called Liouville action functional, a cohomological
quantity known since the pioneering work of Takhtajan—Zograf [11] to be a Kéhler
potential for the Weil-Petersson symplectic form on the deformation space of certain
Kleinian manifolds:

— 1
(1) a&VOIR = waP.

Krasnov—Schlenker [8] studied the renormalized volume using a geometric description
in terms of foliations by equidistant surfaces. In the context of quasi-Fuchsian hy-
perbolic 3-manifolds they computed the Hessian of Volgp at the Fuchsian locus. They
also gave a direct proof of the identity (1) in that setting. Recently, Guillarmou—
Moroianu [3] studied the renormalized volume Volg in a general context, for geomet-
rically finite hyperbolic 3-manifolds without rank-1 cusps. There, Volr appears as
the log-norm of a holomorphic section in the Chern—Simons line bundle over the Te-
ichmiiller space.

Huang—Wang [6] looked at renormalized volumes in their study of almost-Fuchsian
hyperbolic 3-manifolds. However, their renormalization procedure does not involve
uniformization of the surfaces at infinity, hence the invariant RV thus obtained is
constant (and negative) on the moduli space of almost-Fuchsian metrics.

There is a superficial analogy between Volg and the mass of asymptotically Euclidean
manifolds. Like in the positive mass conjecture, one may ask if Volg is positive for all
convex co-compact hyperbolic 3-manifolds, or at least for quasi-Fuchsian manifolds.
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One piece of supporting evidence follows from the computation by Takhtajan—Teo [10]
of the variation of Volg (or equivalently, of the Liouville action functional) on deforma-
tion spaces. In the setting of quasi-Fuchsian manifolds, Krasnov—Schlenker [8] noted
that the functional Volg vanishes at the Fuchsian locus. When one component of the
boundary is kept fixed, the only critical point of Voly is at the unique Fuchsian met-
ric. Moreover, this point is a local minimum because the Hessian of Volg is positive
definite there as it coincides with the Weil-Petersson metric. Therefore, at least in
a neighborhood of the Fuchsian locus, we do have positivity. We emphasize that to
ensure vanishing of the renormalized volume for Fuchsian manifolds, the renormaliza-
tion procedure used in Krasnov—Schlenker [8] differs from Guillarmou-Moroianu [3] or
from Huang—Wang [6] by the universal constant 27 (1 — ¢g) where g > 2 is the genus. It
is the definition from Krasnov—Schlenker [8] that we use below. These results are not
sufficient to conclude that Volg is positive since the Teichmiiller space is not compact
and Volg is not proper (by combining the results in Schlenker [9] and Brock [2], one
sees that the difference between Volg and the Teichmiiller distance is bounded, while
the Teichmiiller metric is incomplete). Another piece of evidence towards positivity
was recently found by Schlenker [9], who proved that Volg is bounded from below by
some explicit (negative) constant.

In this note we prove the positivity of Volz on the almost-Fuchsian space, which is an
explicit open subset of the space of quasi-Fuchsian metrics. While this improves the
local positivity result of Krasnov—Schlenker [8], it does of course not prove positivity
for every quasi-Fuchsian metric, that is therefore left for further studies.

2. ALMOST-FUCHSIAN HYPERBOLIC 3-MANIFOLDS

Definition 1. A quasi-Fuchsian hyperbolic 3-manifold X is the quotient of H? by a
quasi-Fuchsian group, i.e., a Kleinian group I' of PSLy(C) whose limit set is a Jordan
curve.

When the group I' is a co-compact Fuchsian group (a subgroup of PSLy(R)), the Jordan
curve in question is the 1-point compactification of the real line, and I'\H? is called
a Fuchsian hyperbolic 3-manifold. Equivalently, a quasi-Fuchsian manifold (X, g) is
a complete hyperbolic 3-manifold diffeomorphic to R x ¥,, where ¥, is a compact
Riemann surface of genus > 2 and with the hyperbolic Riemannian metric g on X
described as follows. There exist t; <t € R such that the metric g on [t], 00) x 3,
respectively on (—oo, ;] X Yo, is given by

(2) g=dt’ +g, 9 = gy ((cosh(t) + A* sinh(t))*, ),

where ¢ € [t],00), respectively, t € (—oo,t5], g& is a metric on X7 = {t} x ¥y and
A% is a symmetric endomorphism of TZOjE satisfying the Gauss and Codazzi-Mainardi
equations

(3) det(A*) = x* +1,
dV1I* = 0.



POSITIVITY OF THE RENORMALIZED VOLUME OF ALMOST-FUCHSIAN MANIFOLDS 3

Here, % is the Gaussian curvature of (X, g5°) and d¥ represents the de Rham differ-
ential twisted by the Levi-Civita connection acting on 1-forms with values in T*Z(jf.
By definition, IT* := g(jf(Ai-, -), called the second fundamental form of the embedding
Y5 < X, is the bilinear form associated to A*. Notice that the eigenvalues of A*
should be less than 1 in absolute value for the expression (2) to be a well-defined metric
for all t € R.

Definition 2 (Uhlenbeck [12]). An almost-Fuchsian hyperbolic 3-manifold (X, g) is
a quasi-Fuchsian hyperbolic 3-manifold containing a closed minimal surface > whose
principal curvatures belong to (—1,1).

Roughly speaking, an almost-Fuchsian manifold is obtained as a small deformation
of a Fuchsian manifold, which, by definition, is the quotient of H? by the action of a
co-compact Fuchsian group. In particular, Fuchsian manifolds are almost-Fuchsian.

Remark 3. By Uhlenbeck [12, Theorem 3.3], an almost-Fuchsian hyperbolic 3-manifold
X admits a unique minimally embedded surface ¥, whose principal curvatures are thus
in (—1,1). By taking ¥3 = ¥, the expression (2) is well-defined for all ¢ € R.

2.1. Funnel ends. Let (X, g) = I'\H? be a quasi-Fuchsian manifold. Recall that the
infinity of X is defined as the space of geodesic rays escaping from every compact,
modulo the equivalence relation of being asymptotically close to each other. By the
Jordan separation theorem, the complement of the limit set of I" consists of two disjoint
topological disks. The infinity of a quasi-Fuchsian manifold is thus a disjoint union
of two ‘ends’, corresponding to geodesics in H? pointing towards one or the other of
these two connected components. For an end of X, a funnel is a cylinder [ty,00) X
Y — X isometrically embedded in X so that the pullback of the hyperbolic metric
g of X is of the form (2) for t € [tg,00), where A satisfies the Gauss and Codazzi—
Mainardi equations as above. Notice that the gradient of the function ¢ on the funnel
[tg, 00) X ¥ is a geodesic vector field of length 1; thus {oo} X X is in bijection with
the corresponding end of X. A funnel has an obvious smooth compactification to a
manifold with boundary, namely, [to, 0o] x 3. On this compactification, the Riemannian
metric e ?'g is smooth in the variable e~ € [0,e7%). Define hg := tlirgo e 2t g to be the

metric induced on the surface at infinity {oo} x . Explicitly,
ho = Lao((1+ A%, ).

In this way, one obtains a smooth compactification X of X, together with a metric at
infinity, both depending at first sight on the funnels chosen inside each of the two ends
of X.

We emphasize however that each end of X admits several funnel structures. Consider
another cylinder [t(, co) x ¥’ — X isometrically embedded in X, for a different function
t" with respect to which the metric g takes the form (2). Then the gradient flow of ¢’
defines another foliation [t{, co) x ¥'. If this funnel determines the same end of X as
[to, 00) X X, then the two funnels intersect near infinity. Up to increasing t;, if necessary,
we can assume that [t), 00) x ¥/ — [tg,00) x X. Moreover, for t; large enough, the
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complement of the funnel [t{, c0) x ¥' in X is geodesically convex, hence its boundary
surface {t} x ¥’ intersects each half-geodesic along the ¢ flow in a unique point. Thus
Y is diffeomorphic to X.

The identity map of X extends smoothly on the corresponding compactifications in-
duced by the chosen foliation structures of each of the two ends; so the smooth com-
pactification of X is canonical (i.e., independent of the choice of the funnels). Moreover,
the induced metrics hg, h{, with respect to two foliations are conformal to each other.
It follows that the metric g induces a conformal class [hg] on {oo} X ¥ C 0 X.

Conversely, we recall that for a quasi-Fuchsian manifold (X, g), every metric hZ in the
associated conformal class on each of the two ends of X is realized (near infinity) by
a unique funnel, using a special function ¢ that decomposes the funnel as presented
above.

3. THE RENORMALIZED VOLUME

Let (X, g) be a quasi-Fuchsian hyperbolic 3-manifold. For each of the two ends of X
we choose a funnel with foliation structure [t;, 00) x ;, where j € {1,2}. Let hj, h3 be
the corresponding metrics on the boundary at infinity of X. Choose ¢, := max{t;,ts}
and set ¥ = Xy L ¥, so that [ty,00) x X is isometrically embedded in X. Denote by
ho the metric (h$, h2) on the disconnected surface ¥. For ¢ > ty, denote by K; the
complement in X of the funnels [¢, 00) x 3, which is a compact manifold with boundary
{t} x ¥ =:%;. Let II", H' : 3, — R be the second fundamental form, respectively the
mean curvature function of the boundary surfaces ¥; = 0K;.

The renormalized volume of X with respect to the metrics hy (or equivalently, with
respect to the corresponding functions ¢) is defined via the so-called Riesz regulariza-
tion.

Definition 4. Let (X, g) be a quasi-Fuchsian hyperbolic 3-manifold which is decom-
posed into a finite-volume open set K and two funnels. As explained above, let hy be
the metric in the induced conformal class at infinity of X corresponding to g and the
chosen funnels. The renormalized volume with respect to hg is defined by

Vol (X, g; ho) := Vol(K) + FPZZO/ eldg
X\K

where by FP we denote the finite part of a meromorphic function.

In Definition 4, we implicitly have used the fact, which follows from the proof of
Proposition 5 below, that the integral in the right-hand side is meromorphic in z. In
Krasnov—Schlenker [8], the renormalized volume is defined by integrating the volume
form on increasingly large bounded domains and discarding some explicit terms which
are divergent in the limit. We refer, for example, to Albin [1] for a discussion of the
link between these two types of renormalizations. For the sake of completeness, we
include here a proof of the equality between these two definitions. Some care is needed
since the addition in the definition of an universal constant, harmless in Guillarmou—
Moroianu [3] or Huang-Wang [6], drastically alters the positivity properties of Volg.
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Proposition 5. The quantity

Volks(X, g; ho) == Vol(Ky) — & [ H'dg, + trx (%),
paM

called the (Krasnov-Schlenker) renormalized volume Volks, is independent of t €
[to, 00), and coincides with the renormalized volume Volg(X, g; ho).

The definition of Volks and the independence of ¢ are due to Krasnov—Schlenker [§],
see also Schlenker [9, Lemma 3.6].
Proof. We use the notation from the beginning of this section. Let

g =dt* + g, g: = go((cosh(t) + Asinh(t))*.,")

be the expression of the metric g in the fixed product decomposition of the funnels
[to, 00) X X, as in (2). Recall that IT" = g,(A4,,) = 39, and H* = Tr(A;). For every
t € [tg, 00), one obtains

dg; = [cosh®t 4 det(A) sinh?(t) + Tr(A) cosh(t) sinh(t)]dgo
= [cosh®t + (K, + 1) sinh?®(t) + H° cosh(t) sinh(t)]dgo
(in the second line we have used (3) and the definition of H°), and
19, = go((cosh(t) + Asinh(t))(cosh(t) + Asinh(¢))"-, )
= g4((cosh(t) + Asinh(t))*(cosh(t) + Asinh(t))(cosh(t) + Asinh(t))"-,-)
= g4((cosh(t) + Asinh(t))"*(sinh(t) + A cosh(t))-, ),
A; = (cosh(t) + Asinh(t)) ™! (sinh(¢) 4+ A cosh(t)).

Denote by A;, Ay the eigenvalues of the symmetric endomorphism A, so A\; + Ay = H°
and A\j Ay = kg, + 1. We deduce

H'dg; = (cosh(2t)H® + sinh(2t)(kg, + 2))dgo.

The independence of ¢ is a straightforward consequence of the above formulas, we omit
it since is coincides with Lemma 3.6 from Schlenker [9]. Let us prove the second part
of the proposition. Fix ¢ € (tp, 00) and use as a new variable z € [t,00). The above
equations are of course valid if we replace t by = and ¢y by ¢. By the Gauss equation
and the expressions of dg, and H"g, with respect to dg; using the new variable x we
have:
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FP,—o / e_z‘xldg
X\K;
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2 H
— _sinh(20) / il
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1
=—= [ H'dg, +trmx(%).
4 Js,

O

Given a quasi-Fuchsian manifold (X, g), one would like to have a canonical definition
of the renormalized volume, which does not depend on the additional choices of the
metrics at infinity of X.

Definition 6. The renormalized volume Volg (X, g) is defined as Volg(X, g; hs), where
the metrics hg at infinity of X that are used for the renormalization procedure are the
unique metrics in the conformal class [hg] having constant Gaussian curvature —4.

This type of “canonical” renormalization first appeared in Krasnov [7]. Notice that,
by the Gauss—Bonnet formula, the area, Wlth respect to hg, of the boundary at infinity
{o0} x ¥ of each funnel of X equals — 2 . The following lemma appears in Krasnov—-
Schlenker [8, Section 7]; for the sake of completlon we include below a (new) proof using
our current definition of renormalized volume.

Lemma 7. Let (X, g) be a quasi Fuchsian hyperbolic 3-manifold. Among all metrics

ho € [ho] of area equal to —WX( , the renormalized volume Volg(X, g; ho) attains its
maximum, for hg = hs.

The lemma holds evidently for every x < 0 when we maximize Volg among metrics of
area —%x—n(z) in a fixed conformal class, the maximizer being the unique metric with
constant Gaussian curvature £ < 0 in that conformal class.
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Proof. From Guillarmou-Moroianu—Schlenker [4], recall the conformal change formula
of the renormalized volume. Let h be a metric at infinity of (X, ¢) and multiply h by
e?? for some smooth function w : {oo} x ¥ — R. We have that

(4) Volg(X, g;€*h) = Volg(X, g; h) — i/(|dw|i + 2Kkpw)dh.
2
In particular, for A = hg we obtain
(5) Voli(X, g:*ha) = Voln(X, gihs) < 2 [ wihs,
)

Now, we assume that €**hg has the same area as hg; so [, e*dhg = [ dhg. Write
w = ¢+ w, with ¢ being a constant and fz wtdhg = 0 (this is Hodge decomposition
for 0-forms on ¥). Using the inequality e > 1+, valid for all real numbers z, we get

/ dhy = / ¢ dhy = * / 2 dhy > €* / (1 + 2wh)dhgy = * / dhs,
b b by b b

implying that ¢ < 0. Hence fz wdhy = fz cdhgy < 0, proving the assertion of the
lemma, in light of (5). O

Moreover, when dilating hy by a constant greater than 1, the renormalized volume
increases. More precisely, we have:

Lemma 8. Let (X,g) be a quasi-Fuchsian hyperbolic 3-manifold. Let ¢ > 0 and let
[ho] be the induced conformal class on the boundary at infinity of X, which by abuse
of notation is denoted . Let ho be a metric in [ho]. Then

Volg(X, g; ho) = Volg(X, g; ho) — mx(2) Inec.

Proof. This is a particular case of the formula (4) for the conformal change of the
renormalized volume, in which w is constant:

Volg(X, g;e*hg) = Volg(X, g; ho) — iw/ 2kp,dho = Volgr(X, g; ho) — wmx(X2)
b
(in the last equality we have used the Gauss-Bonnet formula). 0

4. PROOF OF THE MAIN RESULT

Let (X, g) be an almost-Fuchsian manifold. By Uhlenbeck [12], recall that X contains a
unique embedded minimal surface, which we denote ¥ in what follows. By considering
the global decomposition X = R x ¥ (see Remark 3) we obtain two metrics k¢, hy in
the corresponding conformal classes at +-00 of X, defined by ha—L = (e ) t=to00- Using
the Krasnov—Schlenker definition of the renormalized volume from Proposition 5, it is
evident that, with respect to the globally defined function ¢ on the almost-Fuchsian
manifold X, we have
Volg(X, g; hT) = 0.

This quantity is therefore not very interesting, but it will prove helpful when examining
Volg(X, g).
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Remark 9. The vanishing of Volg(X, g; h(jf) is essentially the content of Proposition 3.7
in Huang—Wang [6], where a slightly different definition is used for the renormalized
volume. In loc. cit. the renormalized volume RV (X, g; hi) equals 7y (%) independently
of the metric on X, and its sign is interpreted as some sort of “negativity of the mass”.
We defend here the view that the Krasnov—Schlenker definition seems to be the most
meaningful, as opposed to Guillarmou-Moroianu—Schlenker [4] or Huang—Wang [6],
and that with this definition the sign of the volume appears to be positive, at least
near the Fuchsian locus.

Our goal is to control the renormalized volume of (X, g) when the metric at +oo is hi,
the unique metrics of Gaussian curvature —4 inside the corresponding conformal class
[hE] at infinity of X. Recall from Definition 6 that, for this canonical choice (with non-
standard constant —4) we obtain “the” renormalized volume of the almost-Fuchsian
manifold (X, g):

Volg(X, g) = Volg(X, g; h3).

Theorem 10. The renormalized volume Volg(X, g) of an almost-Fuchsian hyperbolic
3-manifold (X, g) is non-negative, being zero only at the Fuchsian locus, i.e., for g as
in Definition 1 with A =0 and go hyperbolic.

Proof. Denote the principal curvatures of the unique embedded minimal surface Y of
X by £ for some continuous function A : ¥ — [0, 00). Recall that sup |A(z)] < 1 and

that the decomposition of the metric g takes the form (2), for all ¢ 6 ]R

Lemma 11. The Gaussian curvature of hy is bounded above by —4, with equality if
and only if X is Fuchsian.

Proof. Let ¥; be the leaf of the foliation at time ¢. We compute the Gaussian curvature
Kpd s the limit of the curvature of e=?g; as t — +o00. From the proof of Proposition 5,
the shape operator of ¥; is A; = égt_lgg = (cosht + Asinht)"*(Acosht + sinht). By
the Gauss equation (3), we get

Kg, = det Ay — 1
= det[(14+A+e 1 -A)) T A+A—e(1-A)] -1

e (e
(e oi3) (L e o)

SO Ke-2tg, = €2k, converges to —2 G+:\\ + 1) < —4 ast — oo. The inequality for hy

is proved similarly. Clearly the equality holds if and only if A =0, i.e., A = 0. D

Using the Gauss— Bonnet formula Lemma 11 implies that the area of ({+o00} x ¥, h)
is at most equal to —mx(X)/2, which, again by Gauss—Bonnet, is the area of hjE

—4/dhi /thidho = 2m\(D) = 4/dh§5.
b
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So
(6) Vol(2, hy) < Vol(, hg) = —mx(%)/2,
with equality if and only if Ko = —4, which is equivalent to A = 0.
Let ¢ := Vol(X, hz)/Vol(X, hi). By (6), ¢ > 1. Applying Lemma 8 we obtain
Volg(X, g; hE) < Volg(X, g; *hd).
Since, by definition Vol(%, c2hi) = Vol(X, h%), Lemma 7 implies
Volg(X, g; 2hE) < Volg(X, g; hE) = Volg(X, g).
These inequalities are enough to conclude that Volz(X, g) > Volg(X, g; hi) = 0.

Let us now analyze the equality case. If (X, g) is Fuchsian, then the unique embedded
minimal surface ¥ of X has vanishing shape operator A, therefore A\ = —\ = 0. By
the proof of Lemma 11, we obtain that ;2 = —4, thus Volg(X, g) = 0.

Conversely, assume that (X, g) is almost-Fuchsian and that Volg(X,g) = 0. This
implies that Volg(X, g;hi) = Volg(X, g;c*hT) = Volg(X,g) = Volg(X,g;h3) = 0,
where ¢? was defined above as Vol(Z, h?j) /Vol(%, hE). Thus, ¢ = 1 implying, by using
the equality case in the inequality (6), that Ry = —4 and that A = —\ = 0. Thus,
the minimal surface ¥ is in fact totally geodesic, hence (X, g) must be Fuchsian. O
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